
National Center for Atmospheric Research
Annual Scientific Report

Fiscal Year 1991

Submitted to National Science Foundation
by

University Corporation for Atmospheric Research
June 1992



The National Center for Atmospheric Research

This institution is dedicated,
in partnership with the universities,

to excellence in the atmospheric and related sciences,
to the benefit of humankind.

This report is produced in compliance with Article VI, Paragraph 3,
of the current UCAR-NSF contract (ATM-8709659).

_



Contents

INTRODUCTION vii

ATMOSPHERIC CHEMISTRY DIVISION 1

Significant Accomplishments 1
Atmospheric Chemical Transformations Section 3
Atmospheric Kinetics and Photochemistry Section 6
Global Atmospheric Changes Section 11
Theoretical Studies and Modeling Section 17
Trace Gas Biogeochemistry Section 21
Chemical Symbols 30
Staff and Visitors 32
Publications 36

CLIMATE AND GLOBAL DYNAMICS DIVISION 39

Significant Accomplishments 40
Climate Sensitivity and Carbon Dioxide Research Group 42
El Nino/Southern Oscillation 43
Climate Modeling Section 44
Climate Analysis Section 52
Oceanography Section 57
Global Dynamics Section 63
Interdisciplinary Climate Systems Section 69
Staff and Visitors 75
Publications 78

ENVIRONMENTAL AND SOCIETAL IMPACTS GROUP 85

Significant Accomplishments 85
Climate Change and Water Institutions 86
Climate Change Policy Implications 87
Regional Scenarios Project 88
Societal Adjustment to Perceived Climatic Risks 90
Use and Value of Weather and Climate Information 91
Rates and Processes of Environmental Change 92
Climate Systems Modeling Project 93
Networking 93
Staff and Visitors 94
Publications 96



HIGH ALTITUDE OBSERVATORY

Significant Accomplishments 99
Coronal/Interplanetary Physics Section 103
Solar Interior and Lower Atmosphere Section 109
Terrestrial Interactions Section 129
Staff and Visitors 138
Publications 142

MESOSCALE AND MICROSCALE METEOROLOGY DIVISION 145

Significant Accomplishments 145
Baroclinic Waves, Cyclones, and Fronts 147
Mesoscale Convective Systems 151
Topographically Induced Circulations 157
Thunderstorm Electrification 160
Convective Initiation, Entrainment, and Cumulus Interactions

with Gravity Waves 160
Cloud and Precipitation Physics 163
Instrument Development and Measurement Physics 168
Marine Stratiform Clouds 169
Boundary Layers and Turbulence 170
Geophysical Turbulence Program 172
Model Development and Data Assimilation 174
Convective and Cloud Parameterizations 178
Experimental Forecast Activities 178
Field Experiments 181
Interactive Distributed Computing 186
Staff and Visitors 188
Publications 191

RESEARCH APPLICATIONS PROGRAM 199

Significant Accomplishments 199
Icing and Winter Storms 200
Thunderstorm and Summer Weather 209
Aviation Weather Development Laboratory 217
TDWR 219
Staff and Visitors 221
Publications 222

99



225ATMOSPHERIC TECHNOLOGY DIVISION

Significant Accomplishments 225
Research Aviation Facility 228
Surface and Sounding Systems Facility 239
Remote Sensing Facility 249
Research Data Program 253
Design and Fabrication Services 258
Staff and Visitors 260
Publications 262

SCIENTIFIC COMPUTING DIVISION 269

Significant Accomplishments 270
Workload 273
NCAR Computing Network: Major Components 275
NCAR Computing Network: FY 91 Review 280
Joint Use Projects 314
Outside Users of NCAR's Computing Resources 315
Staff 320
Publications 322

EDUCATIONAL ACTIVITIES 323

Significant Accomplishments 323
Advanced Study Program 324
Summer Employment Program 336
Information Support Services 337
Staff and Visitors 340
Publications 346





Introduction

The National Center for Atmospheric Research has a twofold scientific mission: to
pursue research questions confronting the atmospheric sciences and to support the
research of the university community by providing major computing facilities,

observational platforms, and instrumentation. Science programs are carried out by four

scientific divisions: Atmospheric Chemistry, Climate and Global Dynamics, Mesoscale
and Microscale Meteorology, and the High Altitude Observatory. The Atmospheric

Technology and Scientific Computing divisions develop, operate, and maintain research

facilities.

There are three additional programs: The Research Applications Program, with major
funding from the Federal Aviation Administration, is working to improve predictions of a

variety of weather hazards that affect aviation and to develop forecasting and
visualization products for the aviation industry. Scientists in the Environmental and

Societal Impacts Group research the societal impacts of climate change, both naturally

occurring and anthropogenic. The Advanced Study Program selects and places graduate
and postdoctoral fellows from numerous disciplines who wish to pursue postgraduate

work here at NCAR.

Much of the research at NCAR is interdisciplinary in nature. This year, with the

remodeling of the Foothills Laboratory, a new physical proximity of several groups

mirrored the new level of cross-disciplinary interaction. NCAR explored the flexibility of

other boundaries as well in fiscal year 1991 by forging practical links between scientific
research and technological development. Scientific output appeared as improved models

and new technology, in addition to publication of scientific papers. The growth of

interdisciplinary research represents a new balance in NCAR science. From this strong
base, NCAR will continue to search for answers to tough questions facing the

atmospheric sciences and to provide the best possible facilities to the research community

toward this end.



Introduction

This report provides an overview of all major research programs involving NCAR

staff and university collaborators. Each divisional chapter opens with a summary of

significant accomplishments for FY 91 and is followed by a list of staff and visiting
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Atmospheric Chemistry Division

The overall ACD objective is to further understand the complex processes mediated by
atmospheric interactions within the larger planetary system. ACD is increasingly designing
interdisciplinary programs to probe the complex interactions among oceans, ecosystems,
and the atmospheric interface they share. It is maintaining a balance between theoretical
and experimental research techniques while developing a hierarchy of mathematical models
to both guide and interpret measurements.

ACD continued its focus upon global-change issues within the Global Tropospheric
Chemistry Program (GTCP) and the International Global Atmospheric Chemistry (IGAC)
Program framework. The division expanded its modeling program to tighten the
integration among theoretical, laboratory, and field studies. ACD's stratospheric goals
were also redefined through its new Middle Atmosphere Chemistry, Radiation and
Transport program. MACRAT will include both modeling and in-situ and remote
observational studies of chemical composition, processes, and dynamics. The division
was also restructured to replace its previous alignment with project methodology to ones
reflecting sectional disciplinary goals.

Specific questions upon which ACD focused include the contributions of terrestrial
ecosystems to biogeochemical cycles, the relation between the oxidizing capacity of the
atmosphere and global change, and the mechanisms controlling the formation and
destruction of atmospheric ozone. Others included identifying the sources of rising
methane levels, probing sulfuric acid aerosol effects upon stratospheric equilibria, refining
fundamental reaction rate kinetics for model improvement, and relating changes in ozone
depletion with surface radiation levels.

ACD purposely increased its international connections through its visitor program and
new research collaborations. ACD was selected to build two NASA/EOS instruments
jointly between England and Canada, respectively, and is co-investigator on the Upper
Atmospheric Research Satellite (UARS) launched in September. ACD also enabled a
broader range of activities through collaboratively funded efforts with NOAA, EPA, DOE;
the Universities of Colorado, Washington State, and North Carolina State; the
Coordinating Research Council (CRC); the Gas Research Institute (GRI); the Chemical
Manufacturer's Association (CMA); and the Frost Foundation; as well as a wide range of
contracts with NASA.

Significant Accomplishments

Understanding the role of heterogeneous reactions in the polar regions has led to
concern about similar effects on naturally occurring aerosols at lower latitudes. The
1991 eruption of Mt. Pinatubo provided an opportunity to test ozone loss due to
heterogeneous chemistry on aerosol particles. Aircraft measurements were made of
the cloud composition within a month of the eruption. Large quantities of S0 2
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Atmospheric Chemistry Division

were present, but less HC1 was injected than by El Chich6n. Subsequent
measurements will track the evolution of the cloud and ozone losses.

* The first dynamic flow tube measurements were made in conjunction with York
University of N205 reactions on H 2S04 aerosols that simulate stratospheric size
and composition. The aerosols were produced in the laboratory and reaction rates
were monitored by coupling to a tunable diode laser. The fraction of collisions
resulting in reaction were higher than expected, giving new clues to the importance
of heterogeneous chemistry and the potential impact of stratospheric aerosols upon
climate change.

* Long-standing difficulties in measuring nitrate species were largely solved with
refinements to an ion chromatographic instrument that incorporated a liquid-phase
denuder tube to separate gaseous nitric acid from aerosol nitrates. The system
exhibits a time resolution of 15 minutes and is also one of the first to enable true in-
situ calibration.

* New techniques for measuring the photodissociation rates of 03 and N02 were
necessary to understand the rate of OH production in the troposphere. These novel
techniques not only provided new capabilities, but also were automated to enable
continuous unattended operation in support of the MLOPEX field study.

* To improve upon the hydrogen peroxide analytical technique developed at NCAR,
an HPLC was adapted to resolve other peroxides. This resulted in the discovery of
natural organic hydroperoxides and that methyl hydroperoxide concentrations often
exceed those of hydrogen peroxide.

* Two new nitrogen oxide detectors were developed, one miniaturized for use on
aircraft. The latter was the first to simultaneously measure and automatically
archive NO, N02, NOy, and 03 trace level concentrations with two-second
resolution.

* Laboratory measurements of halogenated hydrocarbon, N205 and chlorine nitrate
IR spectra will assist in detecting these species in the atmosphere and in assessing
potential greenhouse warming effects. Measurements of the visible and ultraviolet
absorption cross sections and quantum yields will enable improved calculation of
the atmospheric photodissociation rates of NO2, NO3, and HCHO.

* A hierarchy of tropospheric and stratospheric models was used to provide the first
photochemical explanation for observed levels of acetic acid in the troposphere, to
explain the tropospheric "ozone hill" observed in the tropics, and to describe the
behavior of ozone and other trace gases in the chemically perturbed polar regions.

* Eight years of SBUV (Solar Backscatter UV) ozone measurements were used to
monitor long-term variability of Kelvin waves in the stratosphere. These studies
showed strong modulation by the semiannual zonal wind oscillation. Rossby
normal mode oscillations were also identified in the global ozone field; both these
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Atmospheric Chemistry Division

and the Kelvin waves provide examples of linear wave behavior in the real
atmosphere, allowing detailed comparisons of observed transport and
photochemistry with linear wave theory.

* LIMS temperature data were used to develop the first global climatology of gravity
wave variance in the middle atmosphere as a function of latitude, altitude, and
season. These studies showed spatial and temporal correlations between gravity
wave variance and independently determined residuals in the zonal momentum
balance, providing the first support for the suggestion that gravity waves are
responsible for the inferred drag on a global scale.

* NCAR scientists were selected to participate in the NASA Earth Observing System
(EOS) program. The High Resolution Dynamics Limb Sounder (HIRDLS)
collaboration with Oxford University is intended to observe temperature and trace
gas distributions from the upper troposphere into the mesosphere. The
Measurement of Pollution in the Troposphere (MOPITT) experiment with the
University of Toronto will measure the global distribution of carbon monoxide
from the surface to about 12 km as well as column amounts of methane. ACD and
CGD will also lead an interdisciplinary investigation to interface modeling on global
and regional scales with EOS observations.

Atmospheric Chemical Transformations (ACT) Section

ACT concentrates on the budget and photochemical transformations of odd nitrogen
compounds and their interactions with other trace species, including radicals in the
troposphere and stratosphere. Odd nitrogen species to a large extent control the efficiency
of 03 production in the troposphere and exert considerable influence on the abundance and
cycling of hydroxyl and peroxy radicals which, together with 03, largely determine the so-
called oxidizing capacity of the troposphere. The section emphasizes 1) the development of
instrumentation for measurements of organic and inorganic odd nitrogen and other trace
species especially in, but not limited to, the remote atmosphere, 2) aircraft, balloon, and
surface-based field measurement programs, and 3) through collaboration with the TMS,
AKP, and TGB sections, the analysis and interpretation of experimental observations.

Mauna Loa Observatory Photochemistry Experiment (MLOPEX II)

ACT was responsible for the planning and organization of the second phase of this
remote troposphere field study. The experiment planning built upon the observations made
at the site in the spring of 1988 by incorporating an expanded suite of measurements
through collaborations with a number of universities and organizations in the United States,
Canada, and Germany. The study was formally linked to the NASA Pacific Exploratory
Mission (PEM-West) and the IGAC East Asia/North Pacific Regional Study (APARE)
program. Deployment to the observatory at an 11,000-foot altitude on the island of Hawaii
began in late August, and the first intensive was carried out in September and October.
Three more five- to six-week intensives are planned for January/February, April/May, and
July/August of 1992 in order to obtain observations over a year.
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Atmospheric Chemistry Division

ACT and Richard Shetter of AKP provided the overall design and layout of the four sea
containers to be used to house the experiments for the year-long study. These units will
also be used in future ground-based studies of tropospheric chemistry. At the observatory,
ACT was responsible for measurements of nitric acid, particulate nitrate, organic nitrates
including alkyl and peroxyacetyl forms, ozone, nitric oxide, nitrogen dioxide, total odd
nitrogen (with Gerhard Hibler from the NOAA Aeronomy Laboratory), and setting up and
collecting data from one of ATD's PAM stations. Grahek, Walega, Atlas, Hibler, and
Ridley set up the sampling towers, sea containers, and power distribution before the arrival
of the other experimenters at the site.

In the first half of 1991, ACT focused on developing or improving instrumentation
in preparation for MLOPEX II. These activities included:

* Nitric Acid/Particulate Nitrate Instrumentation. Lind led the development of
a new instrument for the measurement of nitric acid vapor and particulate nitrate. The
instrument has very high sensitivity as required for the remote atmosphere study, but, more
importantly, it allows measurements on a much faster time scale (-15 minutes) than is
possible using standard filter collection techniques. The instrument is essentially automatic
and uses an ion chromatograph and novel sample-collection technique. It is possible to use
the method for other species, but we have focused on nitrate and nitric acid in order to
readdress the imbalance of odd nitrogen species in the remote troposphere found during the
1988 study at Mauna Loa. As part of the preparation for MLOPEX, the instrument was
field tested and intercompared with other techniques at a site overlooking Boulder,
Colorado. Filter pack measurements were made concurrently by Richard Norton and
Susan Wells of the NOAA Aeronomy Laboratory, and mist chamber measurements were
made by Robert Talbot and Otto and Kirsten Klemm of the University of New Hampshire.
Lind and Atlas are preparing manuscripts detailing the results of the intercomparison.

* Organic Nitrate Instrumentation. A number of atmospheric models suggest
that multifunctional organic nitrates may be more abundant in the rural and remote
troposphere than simple alkyl nitrates. Consequently Atlas focused on developing methods
to identify and analyze hydroxy-alkyl nitrates at the pptv level. The target compounds were
ethyl and propyl hydroxy-alkyl nitrates, which are formed during the photochemical
oxidation of ethylene and propylene. Methods were developed to extract these compounds
from a charcoal adsorbent and chemically derivatize the hydroxy-nitrates to less polar
derivatives. It was found that t-butly silyl ethers formed a relatively stable derivative that
could be well separated from other normal components of ambient air. Furthermore, joint
work with visitors Ancie deKok and Arno Wedel showed that direct analysis of hydroxy
nitrates was possible using new non-reactive chromatographic columns. This work is
ongoing.

For MLOPEX, a new organic-nitrate instrument based on solid adsorbent, thermal
desorption and capillary gas chromatography was built around commercially available
instruments. In its present configuration, the new system allows measurement of C1-C6
alkyl nitrates as well as a variety of halocarbon compounds. In addition, Ridley
refurbished the packed column gas chromatograph and calibration instrumentation used for
measurements of methyl nitrate, peroxyacetyl nitrate, and peroxypropionyl nitrate for the
MLOPEX study.
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Atmospheric Chemistry Division

* Odd Nitrogen Instrumentation. Grahek, Walega, and Ridley constructed and
tested a new three-channel instrument for concurrent measurements of NO, NO2, and NOy
for the field work in Hawaii. The instrument has sufficient sensitivity for measurements at
the sub-10-pptv level. It was based upon the instrumentation developed several years ago
for smaller aircraft measurement programs but suitably modified for around-the-clock
operation. Hiibler (NOAA Aeronomy Laboratory) used one channel of the detector with
his total odd nitrogen (NOy) converter/inlet system during the first intensive of MLOPEX.
As part of ongoing work to further reduce the size of the three-channel instrument,
Weinheimer investigated the development of more efficient and smaller ozone generators.

Other Field Programs/Instrumentation

Balloon Program. Weinheimer has modified the nitric oxide instrumentation by
incorporating a new inlet system and converter to allow measurements of total odd nitrogen
(NOy). A flight is planned in 1992 on the Jet Propulsion Laboratory's gondola as part of a
UARS correlative flight.

SAGA-III. Atlas, in conjunction with Anne Thompson (NASA) and Walter Pollock,
Leroy Heidt, and Jim Greenberg of ACD, participated in the ship-based Soviet-American
Gas and Aerosol experiment in the equatorial Pacific. Samples collected were analyzed for
a variety of hydrocarbons, halocarbons, and organic nitrates. These data are being used to
evaluate interhemispheric gradients in trace gases and trace gas emissions from surface
waters along the equator. For example, anthropogenic pollutants such as perchloroethylene
and methylene chloride decreased uniformly across the ITCZ from the North into the South
Pacific. Organobromine compounds, though, were enhanced in the atmosphere over the
productive waters along the equator, presumably because of biotic sources of these trace
gases. Surprisingly, several alkyl nitrates showed similar enhancements along the equator
and were well correlated with the organobromine trace gases. These data suggest a
possible ocean source for alkyl nitrates, which needs to be evaluated further.

ROSE. Data collected on board the Sabreliner aircraft during NOAA's Rural Oxidants
in the Southern Environment study has been analyzed by Walega, Atlas, and Ridley, and
work is ongoing to interpret the measurements of alkyl nitrates, ozone, nitrogen dioxide,
nitric oxide, and total odd nitrogen and their relation to the development of regional three-
dimensional models. The aircraft data has provided a unique and highly detailed picture of
the vertical and horizontal distribution of these species in the free troposphere and within
the boundary layer. This work is ongoing with Michael Trainer, Shaw Liu, Gerhard
Hiibler, and Fred Fehsenfeld of the NOAA Aeronomy Laboratory.

AASE II/HSRP. Weinheimer, Walega, Grahek, and Ridley have reconfigured the
Sabreliner instrument for operation on the NASA DC-8 aircraft during the upcoming
Airborne Arctic Stratospheric Expedition II/High Speed Research Program. ACT will
provide concurrent in-situ measurements of ozone, nitric oxide, nitrogen dioxide, and total
odd nitrogen. A major portion of the funding of this work is from NASA.

APARE. Work was started to provide intercalibration of nitric oxide, ozone, and
carbon monoxide instruments at some of the East Asia/North Pacific Regional Study
ground stations in Taiwan, Korea, and China. In mid 1992, calibration standards or
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Atmospheric Chemistry Division

instrumentation for these species will be taken to each of the sites to ensure that data
collected and used for input in large-scale tropospheric models are comparable. ACT will
provide nitric oxide and ozone secondary standards while Alan Fried and Bruce Henry of
GAC will use their tunable diode laser system to provide references for carbon monoxide.
This work is funded primarily by NOAA.

Atmospheric Kinetics and Photochemistry Section

The AKP Section has engaged in a variety of laboratory and field studies to help define
the properties and concentrations of the reactive atmospheric transient species in
homogeneous reactions. These studies related directly to the improvement of our
understanding of the oxidizing capacity of the atmosphere. They involve the use of a
variety of kinetic and spectroscopic methods in the laboratory and new instrument
development for the field studies.

Instrument Development and Field Studies of Reactive Transients

Peroxy Radicals. Christopher Cantrell, Richard Shetter, John Lind, and Curt
Gilliland have developed a new and highly improved version of the chemical amplifier; the
original models of this instrument were conceived and constructed by Cantrell in
collaboration with Professor Donald Stedman (University of Denver). The measurement of
a small electrical signal is often accomplished by amplification to a larger, more easily
measured one. The technique of amplification has been applied to a chemical system in the
development of the chemical amplifier to measure the important peroxy radicals,
hydroperoxy (HO2) and organic peroxy (RO2 ), in ambient air (Cantrell, Shetter, McDaniel,
and Calvert, 1991; Cantrell, Shetter, Lind, Anthony McDaniel [student from University of
Colorado], Gilliland, and Calvert, 1991). The following chemical reactions illustrate the
principle involved:

HO2 + NO -- HO + NO2 (1)

HO + CO -> H + C0 2 (2)

H + 02 (+M) -> HO2 (+M) (3)

H02 radicals in ambient air enter the reactor portion of the instrument and encounter nitric
oxide (NO) and carbon monoxide (CO), which are introduced near the inlet in carefully
controlled amounts. Reaction (1) occurs, and since CO is added in large excess, the
reactions (2) and (3) occur following (1). Note that in (3) another HO2 radical is formed,
which can react further in the sequence of reactions (1)-(3) to form many molecules of
N0 2 for each H02 present in the air. Organic peroxy radicals react relatively efficiently as
well with NO to initiate a series of reactions that lead to HO2 radicals and eventually to the
series of reactions (1)-(3). This sequence of reactions does not continue indefinitely, but is
terminated largely by the reaction of HO with NO for the conditions which are employed.
A signal proportional to the peroxy radical concentration is determined from the difference
between that measured for NO2 with CO and that with N 2 flow replacing the CO. In this
way the signal from chemical species such as 03 that also oxidize NO to N02 is eliminated.
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Atmospheric Chemistry Division

The length of the chain of reactions (NO2 molecules formed per HO2 radical initially
present in air) is often several hundred, and the amount of N02 formed is readily measured
because of the "amplification" of the signal for HO2 . Until recently, the estimation of the
chain length has been difficult and the instrument in the recent past has been used largely as
a qualitative measure of the relative amounts of radicals present in the atmosphere as a
function of time. The newly improved instrument calibration of the chain length, and hence
the [H02], is achieved by using an uncalibrated, yet carefully controlled flow of HO2
radicals at a fixed elevated level. The ratio of NO2 signal in the absence of CO to that in the
presence of CO is determined. During the past year, the data obtained from continuous
(day and night) measurements in the 1990 ROSE study in Alabama have been analyzed
carefully to determine the success of the instrument in monitoring peroxy radicals.
Estimates of radical concentrations based upon deviations from the photochemical steady
state and theoretical calculations involving the many other measured trace gases present
during the ROSE study confirm the general accuracy of the direct experimental
measurements (Cantrell, Calvert, Shetter, and Lind, 1991). Further tests of the instrument
are under way in the MLOPEX-II studies, and intercomparisons are planned for this
instrument together with the matrix isolation method of Mihelcic, Miisgen, and Ehhalt
(1990). Measurements with the new instrument will provide new definitive tests of the
theory of ozone generation in the atmosphere.

The Rate of HO-Radical Generation in the Atmosphere; jo3
Determination. Most of the chemical changes that occur in the atmosphere are initiated
by the photolysis of ozone. This results from the sequence of reactions (4) and (5):

03 + hv - 0(lD) + 0 2 (4)

O( 1D) + H20 - 2HO (5)

A continuing problem in the modeling of the results of atmospheric field studies has been
the theoretical estimate of the rate of the reaction (4). Uncertainties in all of the parameters
that enter into this calculation (cross section and quantum yields of (4) as well as the solar
flux in the region of ozone absorption) are very large. It was evident that a direct
experimental measurement of the rate of (4), jo3, would be a valuable aid in such modeling
experiments. A new instrument that determines the rate of reaction (4) in the atmosphere
has been developed by Shetter, John Lind (ACT), Cantrell, and Calvert. It is based upon
the determination of the N 20 5 product formed in a photolyzed mixture of N 20 and 03.
The N 205 is measured continuously through its uptake in water and the measurement of the
conductivity of HN0 3 formed. The instrument has been used successfully for continuous
measurements during the first phase of MLOPEX-II. The measured rate of (4) appears to
be significantly higher than previous theoretical estimates suggest. The results point to
some source of error (possibly in the chosen 03 cross sections and quantum yields) in the
theoretical studies that must be identified and corrected before accurate theoretical modeling
of HO-radical generation rates from (4) and (5) can be achieved.

The Measurement of Hydrogen Peroxide and Organic Peroxides in the
Atmosphere. During the past year, Gregory Kok (joint with AKP and ATD) and
Thomas Staffelbach (visitor from the University of Bern, Switzerland) have developed and
deployed in MLOPEX-II a new instrument for the HPLC separation of organic
hydroperoxides (11 different species can be resolved) in the atmosphere. The first
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measurements from MLOPEX-II experiments during September indicate that hydrogen
peroxide and methyl hydroperoxide are the only such oxidants detected in the free
troposphere.

International Hydrocarbon Intercomparison. During the past year, AKP
personnel Eric Apel and Jack Calvert, together with Trace Gas Biogeochemical Section
personnel Patrick Zimmerman and James Greenberg, in cooperation with a team of
international scientists, have initiated an international program to judge the quality of the
ambient hydrocarbon analytical methods now employed. About 35 different laboratories
around the world are participating in the study. It has been designed by an international
committee and involves the analysis of specific standard hydrocarbon mixtures prepared to
our specifications by the National Institute for Standards and Technology (NIST) and the
National Physical Laboratory (England). The first of several mixtures have been analyzed
by Apel, sent out to the various participants as unknowns, the mixtures reanalyzed by
Apel, and the results of the analyses are now being evaluated. The study is continuing,
with special emphasis on the identification of analytical problems and the suggestion of
possible solutions to these problems. In a separate but related project, the NCAR group is
helping to evaluate the hydrocarbon analytical techniques used by the participants in the
Southern Oxidant Study, a major program to evaluate the role of natural hydrocarbons in
the development of ozone in the southern states.

Laboratory Kinetic Studies of Reactive Transients

The N 2 0 5 Species. John Orlando, Geoffrey Tyndall, Cantrell, and Calvert have
made the first measurements of the temperature dependence at low pressures of the rate
coefficients for the formation reaction of N 205:

NO3 + NO2 (+M) -- N 205 (+M) (6)

The experiments were carried out using the discharge flow technique, with laser-induced
fluorescence detection of NO3. These data, when combined with those of other workers
for higher pressures and other recent data of Cantrell, Shetter, and Calvert for the N 2 05
dissociation reaction (7),

N 205 (+M) -> NO3 + NO2 (+M) (7)

provide a definitive check on models of the atmosphere and experimental measurements of
the concentrations of NO3 and N 2 05 in the atmosphere.

The Collision-Induced Infrared Absorption by Oxygen. Although molecular
oxygen (02) is a homonuclear molecule with no dipole moment, collision-induced
absorption of infrared light by oxygen does occur in the 6-ptm region. This absorption
interferes with the determination of the atmospheric column amounts of water (H 2 0),
methane (CH4 ), and nitrogen dioxide (N02), which also absorb in this region. In order to
interpret these spectra properly and obtain column abundances for these species, one must
have accurate coefficients for the oxygen absorption as a function of wavelength and
temperature. Several recent studies have shown that existing data related to the collision-
induced absorption of oxygen are inconsistent and that more accurate laboratory data over
an extended wavelength range and over the full range of atmospheric temperatures were
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required to determine the H 20, CH 4 , and N02 amounts accurately. During the past year,
Orlando, Tyndall, Karen Nickerson (summer student from Colorado College), and Calvert
have determined the coefficients for oxygen absorption in the infrared induced by 02 and
N 2 over a wide range of wavelength (1400-1800 cm-1) and temperatures (225-356 K).
Problems related to earlier measurements by other groups were discovered. The
coefficients determined from the current data were used to calculate the absorption for 02 in
air as a function of temperature and wave number. Extrapolations of our data to a
temperature of 213 K led to absorption coefficients for air that are 20% lower than those
estimated by Timofeyev and Tonkov (1978), but they are in agreement with the
conclusions based on the measurements of oxygen absorption in the lower atmosphere.
The structured absorption features superimposed on the broad collision-induced absorption
band, which were observed at all temperatures studied, were interpreted in terms of the
presence of (02)2 and 0 2 -N2 van der Waals molecules with Hf for (02)2 estimated to be
1.1 + 0.5 kcal/mole.

The Rate Coefficient for the NH2 Radical with 02. The oxidizing capacity of
the atmosphere depends critically on the concentration of the NO and N02 species present.
Ammonia (NH3) gas is a ubiquitous component of the air and a potential source of these
species through its photo-oxidation in the atmosphere. Its source in the atmosphere is
thought to be controlled largely by biosphere-atmosphere interactions at the earth's surface.
Its loss processes include dry deposition, direct rain-out, removal in aerosols (NH4HSO 4,
NH4NO3), and chemical oxidation by HO-radicals: HO + NH 3 -> H20 + NH2. Although
chemical oxidation of NH3 probably accounts for only a relatively small fraction of the total
loss, the global flux of NH 3 is sufficiently high that the ultimate products of HO radical
attack could have a substantial influence on the other trace gases in the troposphere (NOx,
N20). The final products formed in ammonia oxidation depend critically on the products
of NH2 reactions in the atmosphere. The rate coefficients for NH2 reactions with 03,
NO2, and NO are reasonably well characterized from previous kinetic studies. However,
previous studies of the reactions with the major atmospheric gas, oxygen, provide only an
upper limit of about 3 x 10-18 cm3 molecule- 1 s- 1 (DeMore et al., 1990) with the formation
of NH2 02 believed to be unlikely (Patrick and Golden, 1984). With this rate coefficient,
the reaction of NH2 with 02 could still be a significant reaction pathway for NH2. In the
AKP laboratory, Tyndall, Orlando, Nickerson, Cantrell, and Calvert have used Fourier-
transform infrared spectrometry to study the products of the photo-oxidation of ammonia in
the presence of oxygen at 296 K. The data have been used to derive a new upper limit of 6
x 10-21 cm3 molecule -1 s-l for the reaction of NH2 with 02 to produce NOx at 296 K.
This upper limit is three orders of magnitude lower than previous estimates based on the
kinetics of NH2 loss and rules out the importance of the NH2-0 2 reaction in the
atmosphere. This work, coupled with other results, suggests that the NH2 radical in the
atmosphere will be oxidized by 03 and NO2 for normal conditions encountered, and the
effect of NH 3 on the NOx and N20 budgets depends critically on the presently unknown
products of the NH2 + 03 reaction. For conditions where [03] > 100 x [NOx], oxidation
will most likely lead to production of NOX, which is a radical source. For [03] < 100 x
[NOx], the most representative case for continental tropospheric air, NH3 oxidation will
lead to net loss of NOX and free radicals, which results in an N20 source. Further study of
the products of the 03 reaction (presumably, NH2 0 and its reaction products) will be
necessary before we understand completely the oxidation of NH 3 in the atmosphere.
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Peroxyacetyl Nitrate (PAN) as a Source of Methyl Nitrate in the
Atmosphere. PAN is a ubiquitous component of "photochemical smog," but because of
its relative stability in the free troposphere, it also may play an important role in the
transport of reactive nitrogen from polluted to more remote locations (Singh and Hanst,
1981; Spicer et al., 1983; Aikin et al, 1983; Ridley et al., 1990). The kinetic properties of
PAN have been studied for many years, and it appears to be well established that its major
formation reaction in the atmosphere is from peroxyacetyl radicals and NO2 in (8); its major
decomposition pathway is described well by (9) and (10):

CH3COO 2 + NO2 (+M) -> CH3COO2 NO2 (PAN) (+M) (8)

CH3CO002NO 2 (+M) --- CH3C00 2 + NO2 (+M) (9)

CH3COO 2 + NO - NO2 + CH3CO 2 (CH 3 + C02) (10)

Two minor decomposition channels, reactions (11) and (12), have been suggested to occur
as well by Senum et al., 1986, and Bruckmann and Willner, 1983, respectively:

CH3C002N0 2 -> CH30NO2 + CO2 (11)

CH3COO2NO2 -- CH3CO 2 + NO3 (12)

Although the measured rate coefficients for reaction (11) are small compared with k9 , the
reaction (11) can be important because it leads to the conversion of PAN to an even more
stable NOX reservoir, methyl nitrate. This reaction is currently believed to be the dominant
source of methyl nitrate in the remote atmosphere (Roberts and Fajer, 1989; Ridley et al.,
1990; Ridley, 1991; Walega et al., 1991). In light of discrepancies between modeled and
measured atmospheric levels of methyl nitrate and uncertainties regarding the existence and
rates of reactions (11) and (12), the AKP group (Orlando, Tyndall, and Calvert, 1991) has
studied the thermal decomposition of PAN with a particular emphasis on evaluation of the
relative importance of the three possible decay pathways, reactions (9), (11) and (12). The
study utilized Fourier-transform spectrometry to identify the various key products under a
variety of conditions (varied amounts of N0 2 added, temperatures from 298 to 345 K).
The results gave no evidence of the significant occurrence of the pathways (11) and (12).
The results indicate that these channels, if they occur at all, do so at a rate that is 10-4 times
as fast as dissociation by reaction (9). The fact that methyl nitrate does not appear to be
formed from PAN decomposition is in line with field measurements, in which attempts to
rationalize observed PAN/methyl nitrate ratios have been difficult. Methyl nitrate formation
from other sources, possibly from methane oxidation, needs to be considered before we
can understand its atmospheric budget. One possible route for its formation that should be
studied in future experiments is that involving the CH302-NO reactions. The major
pathway is reaction (13), but only a 0.02% channel to nitrate formation, reaction (14),
would be required to lead to significant methyl nitrate on a global scale.

CH30 2 + NO - CH30 + N02 (13)

CH30 2 + NO -4 CH 3ONO2
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While this reaction has not been observed experimentally, nitrate formation in the reaction
of NO with larger organic peroxy radicals is well demonstrated. A formula relating the
structure of the peroxy radical (R0 2 ) to the ratio of nitrate to N02 production in the R02 -
alkylperoxy radicals allows for a weak (0.4%) channel to methyl nitrate production from
reaction (14). Experimental studies to detect the occurrence of (14) are necessary for an
understanding of the CH3ON02 budget in the atmosphere. However, these measurements
will be difficult because the products of the major channel (13), CH 3 0 and N02, will
themselves react readily under the usual laboratory conditions to form methyl nitrate
through the rapid radical association reaction, CH30 + NO2 - CH 3ONO2 .

Studies of the Infrared Absorption Spectrum of CC14. The introduction of
chlorine containing compounds into the atmosphere (chlorofluorocarbons [CFCs], CC14,
etc.) has been identified as a major contributor to the ozone depletion observed in the
stratosphere in recent years. CC14 has an atmospheric lifetime of about 40-60 years and
does reach the stratosphere to influence the chemistry there. Model calculations (Granier,
1991) have shown that CC14 has an ozone depletion potential (ability to destroy ozone
relative to CFC-1 1 on a per gram basis) of roughly 1.05 + 0.15. It has been estimated that
CC14 is responsible for about 5-10% of the stratospheric ozone destruction caused by
halogens (Hammitt et al., 1987). Spectral data for CC14 at stratospheric temperatures has
not been available, and this has made unreliable the estimation of the ozone, temperature,
and atmospheric pressure from absorptions in the 800 cm-l region as well as estimates of
the [CC14]. The AKP group (Orlando, Tyndall, Calvert, and Alvin Huang, a summer
student from Rice University) has measured with FTIR equipment (0.05 cm-1 resolution)
the infrared absorption cross sections for carbon tetrachloride over the range 730-825 cm-1
at four different temperatures (298, 273, 248 and 223 K). The newly measured band
intensities are about 15% higher than recently published data suggest, and they lead to an
improved agreement between in-situ and remote-sensing measurements, but there is now a
larger discrepancy between the modeled and observed CC14 profiles.

Global Atmospheric Changes Section

During FY 91 the name of the former Global and Remote Observations Section was
changed to the Global Atmospheric Changes Section. John Gille serves as the section
head.

Analysis and Interpretation of Global Data

Several observational studies of equatorially trapped waves in the stratosphere have
been completed by William Randel, prompted by results from a collaborative study with
Byron Boville (CGD) using a high-vertical-resolution (0.7 km) version of the NCAR
CCM1 over 0-80 km. Specific questions to be addressed were 1) how realistic is the
upper tropospheric wave spectrum in the model (the forcing region for upward propagating
waves), and 2) what are the characteristics of, and how realistic are, the equatorial waves
found in the model stratosphere? To answer the first question, an extensive study of
observed upper tropospheric equatorial waves was made using eight years of ECMWF
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daily operational analyses; these were in turn validated by comparisons with observed
rawinsonde winds. Traveling waves in the troposphere are found to be episodic in time
and longitudinally localized; climatological spectra from these data are somewhat different
from previous estimates based on sparse station data, and give a reliable benchmark for
comparisons with models. Overall, the CCM1 tropospheric spectra are reasonably
realistic. The observed data also showed evidence that the equatorially trapped waves are
initiated by the meridional propagation of waves from extratropics.

Analyses of the stratospheric waves in the model led to a careful reanalysis of
temperature data from the Limb Infrared Monitor of the Stratosphere (LIMS). Randel,
Boville, and John Gille's results showed the first observational evidence for planetary
mixed Rossby-gravity waves in the upper stratosphere, a type of oscillation that had
previously been found only in the lower stratosphere. These newly identified features are
remarkably fast (phase velocities near 200 m s-1), and their analysis required a special
remapping of the LIMS data to avoid spectral aliasing. Strong Kelvin waves are also found
in the model; these are in reasonable agreement with LIMS temperature data, and
climatological Kelvin wave spectra obtained from Solar Backscatter Ultraviolet (SBUV)
ozone data by Randel and Gille and in an independent study by Isamu Hirota, Masato
Shiotani, and T. Sakurai (all from Kyoto University), and Gille.

Randel has also documented evidence for global normal mode Rossby waves in the
SBUV data. These are westward-propagating planetary waves, which are the free or
resonant oscillations of the atmosphere; they have been previously observed in
stratospheric geopotential height data. Normal modes in the ozone fields are evidenced by
enhanced spectral power and near-global coherence for traveling waves with periods of 5-
10 days. Detailed comparisons of the observations with calculations based on linear wave
transport and photochemistry show good agreement, suggesting that the normal modes
provide an idealized context to study linear wave behavior of trace constituents in the real
atmosphere.

Gille and Lawrence Lyjak conducted a study involving the chemical eddy transport of
ozone for the period of November 1978 through March 1979. The chemical eddy transport
is in the transformed Eulerian mean formulation that is due in part to air parcels traversing
regions of varying photochemical equilibrium concentration and chemical lifetime. This
type of transport is expected to be most important in the transition zone between regions
under dynamical control and those under photochemical control. The dynamic and
photochemical time constants are approximately equal in this zone. LIMS-derived zonal
wind data were used in the dynamical time constant calculations, and LIMS ozone and
temperature data were used to calculate the ozone chemical eddies. The calculation of the
ozone photochemical lifetimes used LIMS NO2 data, as well as J02 and jo 3
photodissociation rates and OH, HO2, and C10O concentrations from Guy Brasseur's two-
dimensional model. The zero line separating the regions of ozone loss and gain due to the
chemical eddy transports was referred to as the "null line" and was used as the reference
point for the study. The null line displays a regular seasonal variation in position, moving
equatorward from November until the Northern Hemisphere winter solstice, with regular
poleward movement thereafter. The dynamical time constant was calculated to be
approximately four days for the time period and region of interest (3 to 0.5 mb and north of
55N). Good agreement was found between the time evolution of the position of the null
line and the location where the chemical time constant equaled four days. It was therefore
concluded that the dynamical and chemical time constants were consistent. The results also
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suggested that the chemical calculations of ozone loss rates are not in error by a large
amount in that region of the atmosphere.

Acquisition of New Global Observational Data

Late in FY 91, the Upper Atmosphere Research Satellite (UARS) was successfully
launched aboard the space shuttle Discovery. Gille, Steve Massie, Paul Bailey, and David
Edwards spent considerable time preparing for analysis and interpretation of the data to be
returned by nine instruments aboard the spacecraft. Major efforts were directed to
development of software to model and invert the radiances observed by the Cryogenic
Limb Array Etalon Spectrometer (CLAES) experiment. Massie and Edwards made major
refinements to the capability to compute atmospheric transmittance and radiance at the IR
wavelengths observed by CLAES. Massie was also successful in parameterizing these
calculations for use in the retrieval algorithm. Bailey and Gille were involved in
establishing and implementing a data validation program within the UARS team for
verifying the data products to be produced during the mission.

Bailey, Daniel Packman, Cheryl Craig, and Charles Smythe developed various tools to
acquire UARS data from the NASA central data handling facility and put them into a form
that can easily be accessed by various computer systems at NCAR and within ACD. This
group was also responsible for the development of graphical display and analysis tools to
be used in previewing data sets as part of the initial validation effort.

Development of New Observational Techniques

HIRDLS. Gille, Bailey, William Mankin, and Michael Coffey have continued work
on the development of the High Resolution Dynamics Limb Sounder (HIRDLS)
instrument. HIRDLS was selected for flight as part of NASA's Earth Observing System
(EOS). It will provide temperature and composition data from the upper troposphere to the
mesopause, with high vertical and horizontal resolution. These data will make a major
contribution to studies of global change, especially as aspects dealing with ozone depletion,
global warming, troposphere-stratosphere exchange, and tropospheric chemistry. A team
to manage the HIRDLS development has been selected and is now in place. Subsequently
a formal proposal has been submitted for the instrument fabrication and test phases. Major
technical effort has gone into more detailed design of the instrument and specification of the
spectral channels.

MOPITT. The Measurement of Pollutants in the Troposphere (MOPITT) experiment,
being developed as a co-operative investigation between the University of Toronto and
NCAR, was also selected for flight on EOS. MOPITT will measure global profiles of CO
in the troposphere and total column amounts of CH4. Gille and Edwards completed a
study of the CH 4 measurement capability. They showed that if the pressure in the length
modulator cell is about 1 atmosphere, the sensitivity in a single pixel is better than 1 %,
limited primarily by uncertainties in atmospheric water vapor. Model development for
tropospheric CO and CH4 is also underway.

13
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Analysis of Airborne Spectroscopic Data

Volcanic Effects on the Stratosphere. In July 1991, Coffey, Mankin, and
Mark Abrams participated in an airborne expedition to study the effects of the June
eruptions of Mt. Pinatubo on the chemistry of the stratosphere. In June, Mt. Pinatubo in
the Philippines erupted explosively in one of the largest volcanic eruptions of this century.
In terms of the mass of material injected into the stratosphere, it was the largest volcanic
event since the eruption of Krakatoa, and was two to three times larger than the 1982
eruptions of El Chich6n in Mexico. The cloud of debris circled the globe in the tropical
regions in about three weeks.

An expedition was quickly put together to observe the cloud in the tropics. Several
instruments, including Coffey and Mankin's infrared spectrometer, were flown on the
NASA Wallops Flight Facility's Electra on four flights from Barbados. Coffey and
Mankin observed, among other species, the total column amount of S02, 03, and HC1
above the aircraft in the mid-troposphere. South of 20°N latitude, they observed column
amounts of SO2 ranging from 2.0 to 3.7 x 1016 molecules-cm- 2. Stratospheric SO 2 has
never been observed in the infrared before. These columns represent factors of 100 or
more increase over background levels. The column amount of HCl averaged 1.5 x 1015
molecules-cm- 2; this may represent some increase in HC1, but less than that observed
following the eruptions of El Chich6n. The HC1 amounts appeared to be well correlated
with those of SO2. The increased HC1 and especially the increased aerosol area following
the conversion of SO2 to H 2 SO4 may lead to ozone loss, particularly in mid- to high
latitudes in the winter. At the time of the observations, ozone levels were normal. Further
observations made from the NCAR Sabreliner in September will provide information on
the evolution of the chemistry of the cloud.

Trends of Stratospheric Trace Gases. One of the long-term goals of the section
is the determination of trends in stratospheric trace gases. Mankin and Coffey have an
archive of high-resolution infrared spectra of the stratosphere dating back almost 15 years.
From these data, they can measure the long-term changes in the composition of the
stratosphere. However, opportunities for collecting airborne spectra are relatively
infrequent and the data set is not dense. Data have been collected at different seasons in
different years. Mankin and Coffey have undertaken the systematic collection of data at
different seasons so that long-term trends can be differentiated from seasonal effects. They
will fly at midlatitudes in each season. The archival data can then be analyzed
simultaneously for seasonal and long-term changes. The first two seasons' data were
collected onboard the Sabreliner in June and September 1991. Seasonal effects of several
compounds are evident.

Some years ago, Mankin and Coffey published the trends of HC1 and HF in the
stratosphere; these are important for assessing the changes in halogen chemistry due to the
input of human-produced chlorofluorocarbons and other halogen compounds. The result
for HC1 was disputed by another investigator on the basis of his ground based data.
Recently, new analyses of those and other ground-based data by several investigators have
confirmed the values published by Mankin and Coffey. In addition, a preliminary analysis
of the present archive, representing more than twice the length of data record, also confirms
the value of the trend published earlier.
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It has been noted that the aerosol loading of the stratosphere in quiet times between
major volcanic eruptions has been increasing at a rate of about 5% per year. This increase
in aerosols has possibly serious consequences for the ozone layer because of the role of
heterogeneous chemistry, a role that has become apparent since the discovery of the
Antarctic ozone hole. It has been suggested that the origin of this nonvolcanic aerosol
increase is an increase in stratospheric OCS, perhaps due to anthropogenic influences on
the sulfur cycle. From their long-term record of OCS measurements in the stratospheric,
Mankin and Coffey were able to contradict the idea that OCS has been increasing rapidly.
Their data indicate an increase an order of magnitude smaller, and they are consistent with
no increase at all.

Polar Ozone Studies. Analysis has continued on the infrared spectra collected by
Coffey and Mankin in the 1989 Airborne Arctic Stratospheric Expedition. Abrams,
working with Coffey and Mankin and with G. C. Toon of the Jet Propulsion Laboratory,
has resolved differences in the retrieved columns of HC1 from the NCAR and JPL groups.
The spectra show no systematic differences; the differences in the retrieved columns are
due to different assumptions about the vertical distribution of HC1, a distribution that
cannot be determined from the data directly.

Study of the temporal evolution of the perturbed chemistry during January and
February 1989 has shown that the chemistry of the chlorine and nitrogen compounds
changes markedly during the time period. The changes are not continuous, however; much
of the conversion of Cl from reservoir species (HC1 and ClON02) to free chlorine took
place during a single event around 31 January. A synoptic scale disturbance in the
troposphere caused an extensive region of stratospheric cooling and production of polar
stratospheric clouds. During this one event, evidently much of the stratospheric air in the
outer region of the polar vortex was chemically processed by the PSCs, producing a rapid
change in the partitioning of the chlorine species.

Tunable Diode Laser Studies

Heterogeneous Chemistry Related to the Stratosphere. There is clear
evidence today that heterogeneous reactions, reactions in cloud water, on aerosol surfaces,
or on ice crystals {HNO3.3H 20(s) or other} can be a significant influence on the chemistry
of the atmosphere, including that of ozone. Alan Fried and Bruce Henry, with Michael
Mozurkewich (York University) and members of AKP (Orlando, Tyndall, Calvert), have
studied several reactions on well-characterized, monodispersed (nearly uniform size), small
aerosol particles of definite chemical composition. In the most recent work, we have
determined the reaction probabilities for N2 05 colliding with sulfuric acid aerosols (N 2 05 +
H20 [in the H2SO4-aerosol] -> 2HONO2). In theory, the occurrence of this reaction can
lead to significant alterations in the ozone column.

The importance of these processes has recently been further accentuated by two major
volcanic eruptions (Pinatubo and Hudson) which have significantly perturbed the
background stratospheric aerosol sulfate layer (Junge layer). This joint research effort
takes advantage of expertise in both sections to determine the rates of these reactions and
their dependence with temperature and the concentrations of water vapor and HC1.

15



Atmospheric Chemistry Division

Significant improvements have been implemented this past year in both the
experimental design and the apparatus employed in heterogeneous studies involving N20 5.
Sulfuric acid aerosol generation by homogeneous nucleation (S03[g] + H 2 0[g]) provides
more control over the aerosol size range and also the stability of the size distribution than
that obtainable from atomization of H2 S04. A differential mobility analyzer is used to
separate a small size range of aerosols to be used in the experiment. The accurate
knowledge of the diameter of the spherical particles and the number density of these allows
an accurate estimate of the surface area of the particles involved in the chemical change
which is under study. The reaction is allowed to occur in a flow chamber that is
constructed of triple-wall tubing and has a unique cooled prereactor section that holds a
crank mechanism for adjustment of the injector position. It allows the injector to move up
and down in an environment of constant temperature and humidity. The extent of reaction
for each injector position is determined using a tunable-diode laser system to follow both
water vapor concentrations and the N 20 5 concentration (by means of an NO-titration and
NO or NO2 detection). The average values for the reaction probability at several
temperatures ([H20] in the range 27-1702 ppm) are as follows (average value + la): 0.090
+ 0.013 (296 K); 0.161 ± 0.014 (273 K); 0.084 + 0.003 (279.4 K); 0.199 ± 0.024 (247
K); 0.156 ± 0.015 (230 K). The values obtained in this work are somewhat higher than
those measured by Hanson and Ravishankara (1991) using a wetted-wall, flow reactor,
and higher than the value (0.10 independent of temperature) used to date in the computer
modeling of the effects of the N 2 05-H2SO4 (aerosol) reaction on ozone levels in the
atmosphere.

Tropospheric Carbonyl Sulfide Studies. The tunable-diode laser system,
developed by Fried and Henry, with advice from Mankin and Coffey, in collaboration with
James Drummond (University of Toronto), was also employed in a number of other
studies this past year involving carbonyl sulfide (OCS) and carbon monoxide (CO).
Carbonyl sulfide is the most abundant atmospheric sulfur gas globally and is thought to be
the major precursor to the Junge layer during non-volcanic time periods. Long-term
perturbations to this layer from anthropogenic OCS enissions could thus significantly
influence earth's radiation budget and climate through increased solar scattering as well as
affect the global heterogeneous destruction of stratospheric ozone. Unfortunately, many of
the sources and sinks of OCS are still poorly quantified. Emission from automobiles is one
such example.

Measurements of OCS were carried out at the Colorado Department of Health
automotive test facility in Denver to address this question. These measurements were
designed to eliminate potential concerns encountered in previous OCS studies at this
facility. Measurements were carried out on a broad range of automobiles, including cars
without catalytic converters, older oxidation catalysts, and newer three-way catalysts, as
well as preliminary measurements with the National Institute of Standards and Technology
on diesel-fuel cars. Although OCS concentrations as large as 400 times that of ambient air
were sometimes measured in these studies, both gasoline- and diesel-powered vehicles
were found to be an insignificant global source of this gas when compared with other
sources. The major OCS sources, such as the oceans, soils, chemical and coal-fired power
plants, biomass burning, fall in the range between 0.1 and 1 Tg yearl. This compares
with a maximum possible source strength of 0.008 Tg year-1 for the combination of
gasoline- and diesel-powered vehicles. Automobiles, however, may significantly influence
local measurements of OCS, particularly in efforts to determine the background
concentration of this gas for detecting a potential secular increase.
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The tunable-diode laser (TDL) system was also employed in a carbon monoxide
intercomparison study with the NOAA Aeronomy Laboratory. Ambient measurements of
CO were intercompared using TDL and gas filter correlation (GFC) instruments. The latter
device has been employed in a number of field studies of CO in an effort to determine
spatial and temporal variations as well as secular trends. Very little information, however,
is available regarding the specificity of this instrument. This is in contrast to TDL
spectroscopy, which has proven to be highly selective for a variety of gases. The present
study was therefore carried out to address this critical need. Continuous ambient CO
measurements were acquired by both instruments collocated at NCAR for a one-week time
period. Measured CO concentrations in this study covered a wide range of values between
70 ppbv and 2 ppmv. A number of tests, including standards exchange and interference
spiking studies, were also carried out to further ensure the veracity of the results. After
both data sets were independently analyzed, the results were found to be in agreement to
within 6%.

Land Surface Remote Sensing

In FY91, ACD's Global Atmospheric Changes Section began a new research effort in
the area of satellite-based land/ocean surface remote sensing. Christine Ennis is working
with other members of ACD to develop this capability. Software and hardware purchases
established an image-processing workstation, which is being used to analyze data from
several satellite platforms. Sensors aboard the Landsat and NOAA weather satellites are the
basis of initial studies, with expansion to other satellite platforms and aircraft high-
resolution sensors planned for future efforts. The scientific focus of these studies is the
study of biosphere-atmosphere interactions. One initial area of emphasis is the study of
vegetation and its role in tropospheric ozone production. Biogenic hydrocarbon emissions
are recognized as an important factor in the regional photochemistry of several rural and
urban areas, notably the southeastern United States.

In FY 91, Landsat imagery was used to classify vegetation types at the Alabama site of
the 1990 Rural Oxidants in the Southern Environment (ROSE) field study. Combined with
other information obtained by Alex Guenther, Mary Wildermuth and Pat Zimmerman of the
TGB section, the imagery was used to estimate that isoprene accounts for about 80% of the
total biogenic hydrocarbon emissions in the ROSE region. In FY 92, the work will be
extended to estimate isoprene and terpene emissions and to extrapolate localized field data
to larger areas. Future remote sensing work will continue to be coordinated with ACD field
and modeling programs. Work with the Boreal Ecosystem-Atmosphere Study (BOREAS)
and the Southern African Fire-Atmospheric Research Initiative (SAFARI) is envisioned.

Theoretical Studies and Modeling Section

Guy Brasseur and David Erickson have initiated the global carbon cycle model
(GCCM) effort at NCAR. As part of this program, Erickson has developed a new theory
for a stability-dependent air-sea gas flux and has coupled the NCAR community climate
model (CCM) with satellite data describing surface ocean carbon storage. In related
studies, Erickson has examined the anthropogenic sulfur albedo forcings on atmospheric 2
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x C02 numerical experiments (in collaboration with Robert Oglesby of Brown University)
and has studied the influence of oceanic sources of CO on atmospheric chemistry (with
John Taylor, Australian National University).

Sasha Madronich and Peter Hess have studied the self-cleaning ability (oxidizing
capacity) of the atmospheric CH4-Ox-HOx-NOx system. Steady-state calculations show
extremely complex behavior, with distinct regions of good or poor oxidizing capacity,
depending on the loading of the atmosphere by natural and anthropogenic emissions. In
some intermediate regions, small changes in emission fluxes can result in large changes in
atmospheric concentrations, and these changes may cause sudden shifts between multiple
chemical states of the atmosphere.

Jean-Francois Miller of the Belgian Institute for Space Aeronomy, Brussels, in
collaboration with Guy Brasseur and Claire Granier, have completed the first version of the
intermediate model for annual and global evolution of species (IMAGES). This three-
dimensional model includes a detailed representation of chemical and photochenical
reactions in the troposphere. Surface fluxes of trace constituents are specified according to
an emission inventory taking into account biological, oceanic, and anthropogenic sources
as well as deposition rates on different types of ecosystems. The transport of chemical
tracers is derived from a semi-Lagrangian transport model established by Piotr
Smolarkiewicz (MMM) and Rasch (CGD). In order to save computer time in this
"intermediate" model, monthly mean winds are specified as well as eddy diffusivities
which account for the effect of wind variability. The model includes 24 levels in the
vertical; its horizontal resolution is 5° x 5°. The model results are currently being validated.

Didier Hauglustaine (University of Paris, France) in collaboration with Granier and
Brasseur, have begun a study of the possible climate changes at the earth's surface due to
the increase in anthropogenic emissions of greenhouse gases. For these studies, an energy
balance model for the earth's surface has been coupled to the NCAR two-dimensional
model. Temperature at the surface is calculated consistently with the entire model. The
heat storage in the oceans as well as the snow and sea ice albedo feedbacks is taken into
account. Different scenarios for the future increase of the greenhouse gases are considered
in order to evaluate the importance of the chemical feedbacks on the climate system.

Brasseur, Granier, and Stacy Walters have developed a new version (version 5) of the
NCAR chemical/dynamical/radiative two-dimensional model. This model now includes 62
species, belonging to the oxygen, hydrogen nitrogen, chlorine, bromine and sulfur
families, as well as methane and its oxidation products. Parameterizations of the polar
chemical processes occurring on the polar stratospheric clouds have been included.

Granier and Brasseur have modeled the effect of heterogeneous processes occurring on
the surface of the polar stratospheric clouds in the formation of the Antarctic ozone hole.
Laboratory studies have shown that similar heterogeneous reactions could occur on the
background sulfate particles present at every latitude in the lower stratosphere, which could
have an important influence on the levels of ozone depletion resulting from increased
concentrations of anthropogenic chlorine compounds in the atmosphere. The analyses of
some measurements performed in the northern mid-latitude regions suggest that ozone has
significantly decreased in late 1982 and 1983, which could be related to the eruption of El
Chich6n in Mexico. Parameterizations of the heterogeneous processes occurring on the
volcanic particles have been introduced in the NCAR two-dimensional model. The results
simulation have shown a few percent decrease in the ozone abundance for the same period.
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The June 1991 eruption of Mt. Pinatubo in the Philippines has injected at least twice as
much sulfur in the atmosphere as El Chich6n. Preliminary model results show that, as a
result of this volcanic eruption, the total ozone could be reduced by 5% to 15% in the
northern latitudes during the winter following the eruption.

Brasseur, in collaboration with Gerald Keating (NASA/Langley Research Center) and
Li Chen (University of Colorado, Boulder), has performed a model study of the ozone
response to solar variability. Using the NCAR two-dimensional model, the variations in
stratospheric and mesospheric chemical constituents and temperature as a result of solar UV
variations on the 27-day and 11-year time scale have been derived. These model results
have been compared with ozone and temperature variations derived from satellite data. The
NCAR two-dimensional model is also being adapted by Patricia Martinerie (ASP), in
collaboration with Brasseur and Granier, to study the chemical composition of the
atmosphere during the last glacial maximum. The objectives are to infer the changes in the
ozone layer, the oxidation capacity of the atmosphere, and the methane sink over the last
18,000 years. As a preliminary test, the model has been used to reproduce the pre-
industrial conditions (e.g., 18th century). A cooling of the stratosphere reaching locally
16°C and a decrease in tropospheric OH of about 20% were found. The two-dimensional
model has also been used by Brasseur, Granier, Raja Tallamraju, and Philip Rasch (CGD),
to assess the potential effects on the ozone layer of a fleet of high-altitude aircraft. The
possible changes in the chemical composition and thermal structure of the stratosphere due
to the aircraft emissions in the stratosphere of NOx, H 2 0, CO, and hydrocarbons have
been evaluated. The magnitude of the ozone changes depend on the scenario used for the
aircraft emissions. It has also been shown that the effects of the heterogeneous processes
occurring either on polar stratospheric clouds or on the background sulfuric-acid aerosol
could greatly affect the model predictions.

In collaboration with CGD scientists Rasch and David Williamson, Brasseur and
Walters are coupling a chemical scheme with the NCAR CCM. This scheme includes 30
species and approximately 100 chemical and photochemical reactions. The model will be
used for studies of the coupling of chemistry and transport in the troposphere and the
stratosphere.

Madronich has analyzed the atmospheric ozone data from the Total Ozone Mapping
Spectrometer (TOMS) instrument aboard the Nimbus 7 satellite over the period 1979-
1989, to derive the trends in ultraviolet-B radiation (UV-B, 280-315 nm) in relation to
several biological effects including erythema (sunburn), plant damage, and DNA damage.
Larger than previously believed increases were found in biologically damaging radiation at
mid- and high latitudes of both hemispheres. The annually integrated DNA-damage dose
has been increasing by + 5% per decade at 20°N and by about + 10% per decade in the
boreal regions, while in the Southern Hemisphere the trends are + 5% at 30°S, + 15% per
decade at 55°S, and + 40% per decade at 85°S.

Madronich, in collaboration with Shaw Liu and Stewart MacKeen of NOAA, has
shown that over large regions of the United States and Europe, anthropogenic sulfate
aerosols have reduced the UV-B radiation by 6% to 18% over pre-industrial levels. Future
efforts to improve regional air quality will likely bring to light the increases in UV-B due to
stratospheric ozone depletion.

Madronich, in collaboration with Brasseur and with Victor Filyushkin (NCAR visitor
from Central Aerological Observatory [CAO], Moscow) and Irena Petropavlovskykh (ASP
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student, also from CAO), has developed a fast radiative-transfer method for the
computation of diurnally averaged photodissociation rate coefficient, for inclusion in two-
and three-dimensional chemistry-transport models.

Hess, in collaboration with Jean-Francois Lamarque (ASP student from the Catholic
University of Louvain-la-Neuve, Belgium) has completed a case study of a stratosphere-
troposphere exchange event using the mesoscale model version 4 (MM4) mesoscale model
version 4 (MM4), developed by Pennsylvania State University and NCAR. Major changes
made to MM4 in this study include the incorporation of the CCM1 radiation code and the
introduction of a trace species with a distribution resembling that of ozone. In addition,
changes allowing the explicit resolution of the potential vorticity budget have also been
incorporated into MM4. The detailed budget of potential vorticity allows the determination
of processes responsible for stratospheric-tropospheric exchange; in particular, it allows the
understanding of the processes by which stratospheric (tropospheric) parcels lose (gain)
potential vorticity as they are incorporated into the troposphere (stratosphere).

An investigation of tropical convection in the vicinity of the equator has been completed
by Hess in collaboration with David Battisti (University of Washington), Rasch (CGD),
and Harry Hendon (University of Colorado). In this study, the NCAR community climate
model (CCM1) is run under conditions where the lower boundary is specified to be water
at a fixed sea surface temperature (SST). This study addressed how surface boundary
heating and cumulus adjustment processes affect the location, structure, energetics, and
dynamics of the intertropical convergence zone (ITCZ). Results show that the location of
the ITCZ is particularly sensitive to the underlying sea surface temperature and to the
convective parameterization scheme used. In turn, the location of the ITCZ affects the
structure and strength of the time-mean Hadley cells and the subtropical jets, as well as the
equatorial wave spectrum. In particular, only when two ITCZs straddle the equator is the
mixed Rossby-gravity wave mode prominent.

A modeling study investigating the relationship of the polar ozone distribution and the
equatorial quasi-biennial oscillation (QBO) has been undertaken by Hess in collaboration
with Donal O'Sullivan (Northwest Research Associates). In this study, a mechanistic
stratospheric model provides the input data set for an off-line tracer advection model. Two
data sets are generated: one associated with the westerly phase of the QBO, the other with
the easterly phase. It is found that during years when the QBO is in its easterly phase,
more ozone is transported into the polar regions than in years when it is in its westerly
phase. When ozone chemistry is parameterized in the off-line tracer model, the differences
in the ozone transport associated with the two phases of the oscillation are accentuated.

Rolando Garcia has developed a new version of the Garcia-Solomon two-dimensional
model, which includes a full IR radiation code, a parameterization for planetary wave
breaking, and a global domain that extends down into the troposphere. The model has
been used to study the effects of transport on the distribution of source gases (N 20, CH4,
etc.) in the stratosphere. The ability to model planetary wave transport results in more
realistic modeling of trace-gas distributions at high latitudes.

Garcia, in collaboration with Fabrizio Sassi, a Ph.D. student from the University of
Bologna, Italy, studied the stratopause semiannual oscillation using the NCAR CCM2.
This work showed the role of inertial instabilities in producing the easterly phase of the
QBO, but it did not succeed in simulating a realistic westerly phase. The latter result points
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to the need for an additional source of westerly momentum. Small-scale gravity waves,
not explicitly resolved by the CCM2, could provide such a source.

Garcia also collaborated with Murry Salby (University of Colorado) in studies of the
role of unstable Kelvin waves in producing the 40-60 day (Madden-Julian) waves in the
tropical Pacific Ocean. The results showed the importance of boundary level friction in
destabilizing the Kelvin wave by bringing the low-level convergence field into phase with
the wave-temperature perturbation.

Trace Gas Biogeochemistry Section

The research focus of the section is to develop an understanding of trace gas fluxes and
their relationships to atmospheric chemistry, biogeochemical cycles, and global change.
The strategy to accomplish this research includes the identification and classification of
atmospheric biogenic emissions and their photolytic products; development of the
technology to facilitate measurements of the distributions and fluxes of chemically and/or
radiatively important trace-gas species; laboratory studies to isolate and identify limiting
emission processes and potential interactions and feedbacks; and finally, integration of this
information into models that can predict emissions on local, regional, and global scales.
This research is a necessary prerequisite to an understanding of the chemical dynamics of
the atmosphere and realistic predictions of the consequences of global change on future
climate.

Intercalibrations and Intercomparisons

The ability for scientists to directly compare measurements is critical. As exploration of
the composition of the earth's atmosphere extends to remote locations and extremely low
concentrations, and as the elucidation of trends becomes more important, the requirements
for precision, accuracy, and reproducibility become more stringent.

TGB is presently participating in two intercomparisons for non-methane hydrocarbons
(NMHCs):

1. International Hydrocarbon Intercomparison: P. Zimmerman and J. Greenberg are
both members of the advisory panel, which met several times during the year to develop the
experimental design and protocol for the intercomparison. This intercomparison will
consists of three stages: (a) two-component mixture of known composition in ppb range;
(b) multi-component mixture of unknown composition in ppb range; (c) field
intercomparison. The program is now in the initial stage, and TGB has analyzed and
reported results for the Phase I mixture (Greenberg and Marisa Kadavanich, Metropolitan
State University). J. Greenberg and P. Zimmerman have also been largely responsible for
the analytical training of IHI personnel (E. Apel).

2. Southern Oxidant Research Program-Ozone Non-Attainment Southeast Regional
Ozone Network Hydrocarbon Measurement Technology and Standards Challenge Standard
Exchange: This intercomparison (P. Zimmerman, mission scientist) involved the analysis
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of a two-component mixture by the various participants in the 1991 SOS. Results from the
TGB analysis of this standard have been reported (Greenberg, Kadavanich).

TGB also formed a trace-gas standards committee to ensure that formal procedures are
developed within TGB and with outside colleagues such as those at the NOAA/ CMDL
laboratory for comparing standards for stable trace gases such as N20 and CH4. I. Heidt
chaired the group. During the summer of 1991, Heidt also organized a CO
intercomparison exercise conducted at NCAR with NOAA/ CMDL and NOAA/ PMEL
laboratories.

TGB (Stanley Tyler) is also working to develop intercalibrations with other laboratories
for isotopic ratios of samples and standards. The effort also includes collection procedures
for gases such as CH4, CO, C02, and H2 . Samples of air are exchanged with other labs at
each step of the measurement process (i.e., after collection, after concentration
measurements, after processing for isotopic analysis, after isotopic analysis), and
intercalibrations are maintained over time within our own laboratory.

Photochemically Active Trace Gases

MLOPEX II. The major ACD priority for FY 91 was MLOPEX II, an experiment
designed to give new and expanded information about the chemical and oxidative state of
the free troposphere in the Northern Hemisphere (see details in ACT section). Efforts in
FY 91 included both design and development of analytical and support systems and the
execution of the first intensive phase of the experiment (16 September-23 October). TGB
focused on the measurements of volatile organic compounds that play a key role in the
many atmospheric chemical processes. These measurements included non-methane
hydrocarbons (NMHCs), oxygenated NMHCs, and carbon monoxide (CO). A new gas
chromatographic instrument was designed for the NMHC measurements (Greenberg, along
with Bryan Lee and Edward Ellert), which included a fully automated, computer-controlled
system for each of two separate analytical channels. Air samples of up to 4 liters were
preconcentrated in a two-stage procedure, which allowed for determinations in the sub-
parts-per-trillion mixing ratio range for most NMHCs. A three-stage dynamic-dilution
system was also constructed (Eric Apel) to facilitate calibrations over the entire range of
concentrations expected. CO measurements were made with an automated gas
chromatographic system utilizing a mercury-oxide gas-reduction cell detector (Leroy Heidt
and Richard Lueb). Participants in the field phase of the experiment included Apel,
Greenberg, S. Schauffler (ASP), Arno Wedel (visitor), and Zimmerman.

Southern Oxidants Study. The Southern Oxidants Study (SOS) is a cooperative
research and assessment program on photochemical oxidants in the southern United States.
The TGB section participated in an SOS field study at a rural site near Metter, Georgia for
three weeks in August 1991. TGB participation was coordinated by A. Guenther and
Zimmerman and included ecological studies, leaf and branch level hydrocarbon emissions
studies, and measurements of ambient ozone and hydrocarbons at the ground and through
the mixing layer.

The ecological measurements were coordinated by Lee Klinger with participation by
Richard Lowe (CU) Kevin Guenther (visitor, UCSB), and Elisabeth Holland. A
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Geographical Information System (GIS) data base is being developed by Guenther,
Klinger and Christine Ennis (GAC section) based on these field data and remotely sensed
measurements. Hydrocarbon emissions from individual leaves and branches were
measured by Mary Wildermuth (CU) and are being correlated with the ecological
measurements to gain a better understanding of the ecological factors which control
hydrocarbon emissions. A tethered-balloon system, designed and built by the TGB
section, was operated by Zimmerman, William Bradley, and Guenther and used to measure
hydrocarbon and ozone concentrations at the ground and at heights up to 1 km above
ground level. In addition, tethersondes and airsondes were used to obtain meteorological
profiles. Samples were analyzed using GC/FID operated by Eugene Allwine (visitor,
Washington State University) and Kadavanich and GC/MS operated by Walter Pollock
(TGB).

Modeling of Non-Methane Hydrocarbon Emissions

TGB has developed a biogenic non-methane hydrocarbon (NMHC) emissions model,
which will be used by the U. S. Environmental Protection Agency and local regulatory
agencies to estimate the impact of biogenic NMHC emissions on photochemical oxidant
production. Guenther, Zimmerman, and Wildermuth have developed detailed NMHC
emission rate factors for the major U. S. land use types and included these in the model.
The model also contains mechanistic-emission rate algorithms that describe the response of
emissions to light and temperature. The algorithms were developed by Guenther, plus
Raymond Fall, and Russell Monson (CU). Methods of improving input data sets for the
model, particularly those based on remote sensing, are being developed in collaboration
with Ennis (GAC section) and Brian Lamb (Washington State University).

ACD is participating in the NASA-sponsored Boreal Ecosystem Atmospheric Study
(BOREAS), a multi-investigator, multidisciplinary field experiment planned for 1993 and
1994. Holland has worked with Steven Running (University of Montana), Halvore
Westberg, Steve Diltz, and Brian Lamb (Washington State University), and M. Lerdau
(Stanford University) to predict nonmethane hydrocarbon emissions from forests based on
an existing ecosystem model, "Forest-BGC." The first draft of the model is completed and
is undergoing thorough testing.

Radiatively Active Trace Gases

Natural Gas Flux Measurements. Methane leakage from natural gas production
and distribution systems is being quantified by TGB scientists (Guenther, Zimmerman,
Hills, and Tyler) in collaboration with Lamb and Westberg (Washington State University)
and Patrick Crill and Robert Harriss (University of New Hampshire). Previous estimates
of rates of leakage range from 0.5% to 15% of production, which suggest that this could be
a major global source of atmospheric methane. Guenther used a tethered-balloon system
to obtain vertical profiles of methane above a city (Galesburg, Illinois) that relies heavily on
natural gas as an energy source. These data have been combined with ground-level data
collected by WSU and UNH and are being used to estimate city-wide fluxes of methane.
Samples near major methane sources, upwind and downwind of Galesburg, were also
collected and analyzed by Tyler to isotopically characterize methane emitted from natural

23



24 Atmospheric Chemistry Division

gas distribution systems and to estimate their relative contribution to ambient methane
concentrations.

Guenther and Hills used a mobile laboratory, designed and built by the TGB section, to
estimate methane fluxes from natural gas production facilities. The mobile laboratory
included fast-response (1 Hz), real-time analyzers for hydrocarbons (FID based system),
and a tracer gas (ECD-based system). A global positioning system (GPS) provided a
record of the exact location and movement of the mobile laboratory. In collaboration with
WSU and UNH, a tracer experiment was conducted at a complex near Midland, Texas. A
tracer gas, sulfur hexaflouride (SF6 ), was released from various industrial wellheads and
pipelines. The measured SF6 emission rate and the ratio of ambient methane (above the
background concentration) and SF6 was used to estimate the methane emission rate from
each industrial source.

Cattle Methane. NCAR is continuing to collaborate with animal physiologists at
CSU (D. Johnson), WSU (C. Johnson), and with Lamb and Westberg, on studies of
methane fluxes from cattle. Measurement methodologies are being developed that use
internal tracers for free-ranging cattle and external tracers for cattle in concentrated areas
such as feedlots. The research is being supported partially by NASA and the EPA.

The internal-tracer technique will involve feeding an animal a tube containing a tracer
such as SF6 . Experiments conducted to date at WSU have shown that the tube will settle
and remain in the bottom of the rumen. At the end of the tube is a small plastic disk that
allows SF 6 to slowly permeate at a rate controlled primarily by temperature. Since the
rumen temperature is constant, the permeation rate is constant. The cattle will then be fitted
with a small collar containing a miniature sample pump and teflon bag (developed as part of
the TGB tethered balloon sampling system). A tube will be extended from the collar to the
proximity of the animal's mouth. The collar system will then collect an integrated sample
of the animal's respiration, which will include methane, carbon dioxide, and the tracer.
Since the tracer-release rates are known and are constant, the fluxes can be calculated from
the ratios of trace gases to SF6.

Isotope Measurements. Several measurement programs are underway that involve
the isotope studies laboratory headed by Tyler. Tyler and his co-workers (Gordon
Brailsford and Andrew Manning, visitors from Institute of Nuclear Sciences (INS), Lower
Hutt, New Zealand) routinely measure samples collected from Niwot Ridge for CH4 and
CO, 6 13CH4, and 14 CH4. Niwot Ridge is a mid-continental clean-air site which is used to
collect samples to compare with other mostly marine sites around the globe. This work is a
continuation of a collaboration with David Lowe and Martin Manning (INS) to compare
results with their site at Baring Head, New Zealand. Interhemispheric studies of methane
isotopes at clean-air sites complement studies of specific sources and help to constrain
global budgets.

Tyler and co-workers are also developing a methodology to measure d(D/H) ratios in
methane in the same samples for which they obtain 613C- and 14C-type data. This is an
ongoing project that has required the development of new technology. The measurement
program has progressed enough to illustrate its potential to differentiate methane source
contributions to ambient air; however, more work is needed to make the methodology
routine.
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The stable-isotope group has just completed a two-year seasonal study of uptake of
methane in temperate forested soils. This research program (done in collaboration with
Patrick Crill of the University of New Hampshire) includes measurements of the net flux of
methane and of the isotopic fractionation of the methane carbon during oxidation in soil.
In addition, the scientists are continuing collaborative studies of a temperate, forested bog
to obtain seasonal CH4 and C02 fluxes as well as 813C and 14C data on these gases.

Tyler and co-workers have collaborated with Prof. K. Minami (National Institute of
Agro-Environmental Sciences, Japan) and with Ralph Cicerone (University of California at
Irvine) to make a two-year study of a Japanese rice paddy field. The study includes two
different fertilization treatments and seasonal effects. The data include methane flux,
513CH4, and 14C measurements, as well as annual emission estimates and a flux-weighted
average 613CH4 calculation for the paddy field.

Methane emissions from cattle and cattle feedlots have been collected in order to
determine methane flux and 613CH4. This research is funded partly by EPA through ICF,
Inc. In the current work, we expect to make estimates of the importance of waste
treatment, sewage lagoons, and cattle diet toward methane production from feedlots.

Tyler has begun to correlate all the isotopic data for background methane and its
sources and sinks with data on source and sink strengths and distributions. These data will
be used in a three-dimensional GCM. By calculating source fluxes of 12C, 13C, and 14C
methane from measured isotopic data and comparing these fluxes to current data bases on
sources and sinks flux, anomalies can be revealed which will help focus future research.
Collaborators include Inez Fung (NASA Goddard Space Flight Center) and Brasseur
(NCAR).

During FY 91, the methodology for collecting large whole-air samples from aircraft and
determining the isotopic composition of carbon monoxide in the free troposphere was
developed by John Mak and Carl Brenninkmeijer (INS). For the first time, whole-air
samples were collected in the remote, free troposphere for the determination of 14 CO,
1 3 CO, and C 1 8 0. The samples were analyzed as a function of time and space. A series
of flights from Christchurch, New Zealand was undertaken in both November 1990 and
January 1991. Three additional sampling flights from Christchurch to Los Angeles,
California, were taken in February and August 1991. 14CO is produced cosmogenically,
and its only major sink is oxidation via hydroxyl radical (OH). Therefore, by determining
14CO abundances in the troposphere, one can back-calculate the OH distribution, which to
date is still not well known. Our data set implies a significant hemispheric difference in OH
concentration. The stable isotopes of CO provide information about sources and sinks.
Preliminary results indicate that the relative source strengths are not well known. This
work has helped to constrain the oxidative capacity of the lower atmosphere as well as to
partition the various CO sources.

Northern Wetlands Study. The 1990-91 Northern Wetlands Study (NOWES) is
a Canadian-sponsored project, organized by the Canadian Institute for Research in
Atmospheric Chemistry (CIRAC), designed to quantify trace-gas fluxes, primarily
methane, from the Hudson Bay lowlands (the second largest peatland in the world), and to
identify the important environmental and ecological factors controlling these fluxes. TGB's
participation, headed by Patrick Zimmerman and Lee Klinger, involved ground-based
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chamber measurements along a 70-km successional gradient spanning over 5,000 years.
Detailed environmental and ecological data were collected in conjunction with the trace-gas
measurements. Field sampling and laboratory measurements were assisted by James
Greenberg. Leroy Heidt, Richard Lueb, and Curtis Gilliland also assisted in trace-gas
analyses in the field laboratory. The results of these field studies are now being prepared
for publication.

Peat cores taken from each site were transported to NCAR for analysis of microbial
controls of methane production by Elisabeth Holland in collaboration with Dave Valentine
from CSU. The laboratory studies have been completed and provide interesting insights
into controls over methane production: (1) plant litter produced during the current year is
an important source of carbon for methane production; (2) pH is an important control over
methane production but methanogens can adapt to low pHs (< 4); and (3) temperature
provides an important control over methane production only when there is sufficient carbon
available to the methanogens.

Marcel Bog Methane Study. A collaboration between Lee Klinger, David
Valentine (CSU), and Elisabeth Holland involved a field and laboratory experiment in a
bog near Marcel, Minnesota, to examine the effects of organic substrate quality in
controlling methane emissions. During the summer of 1991, manipulations were
conducted at different stages of decomposition both in field plots and in the laboratory on
peat that was collected from the field site. Further laboratory measurements were made to
test hypotheses developed during NOWES laboratory studies. Measurements are nearly
completed and will be written up early in 1992.

Methane and Nitrous Oxide Modeling. Holland is working with Valentine
(CSU), David Schimel (UCAR/CSU), and William Parton (CSU) on the development of a
model of methane fluxes from terrestrial ecosytems. They have focused on wetlands where
methane production is the predominate process and on dryland ecosystems where methane
consumption is the dominant process. The background laboratory work necessary for
building the model is nearing completion and actual model building is under way.

Cynthia Nevison, an ASP student from Stanford University, spent the summer
working with G. Esser, (ILLASA, Vienna, Austria) on the development of a new version
of a terrestrial carbon cycle model that uses a monthly rather than an annual time step. The
new model will be useful for simulating the seasonal dynamics of C02 fluxes. Nevison is
now working with Holland on the development of nitrogen and nitrous oxide flux
submodels to be linked to Esser's Osnabruck model. Holland is also collaborating with
Fung (Goddard Institute for Space Science) on the development of a global model of N 2 0
fluxes.

Greenhouse. Research efforts in TGB will be greatly enhanced by the construction
of a new environmental research facility which will include a greenhouse and controlled
environment chambers. This new facility was made possible through a grant from the
Frost Foundation, a private research foundation with offices in Denver, Colorado. Cynthia
Schmidt, Patrick Zimmerman, Allan Lazrus, and Lee Klinger participated in helping to
obtain the needed funding. The research laboratories will allow the investigation and
manipulation of microcosms to isolate controlling variables, in addition to providing plant
material for the development and testing of new analytical tools. The greenhouse will be
nestled unobtrusively between the sidewall of the tree plaza and the circular stairway at the
NCAR entrance. It will help to maximize the effectiveness of the space beneath the
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stairway, now being used as an ecology laboratory. The greenhouse facility design has
been finalized, the proposal is out for bid, and the greenhouse should be completed next
year.

AEGIS. A proposal was completed for NSF describing the Atmosphere/Ecosystem
Gas Interchange Study (AEGIS). This project focuses on observing the environmental
factors controlling the exchanges of methane, carbon dioxide, and nonmethane
hydrocarbons between the atmosphere and wetlands. The second major goal is to relate
these dynamic relationships observed on a local scale to measurements of the gas fluxes
determined at a regional scale.

A field project was conducted at the Red Lake peatlands last summer by Allan Lazrus in
cooperation with Stanley Tyler and Jeffrey Chanton (Florida State University). Paul
Glaser (University of Minnesota) and Donald Siegel (Syracuse University) examined the
subsurface chemistry and other factors that might influence methane-emission rates. The
purpose was to complement this data with measurements of the surface emissions of
methane. In addition, the isotopic composition of both emitted methane and dissolved
subsurface methane was determined to understand the nature of the processes occurring in
the surface layer. Exchange rates of carbon dioxide between the surface and atmosphere
were also measured. Preliminary results show higher fluxes than were found in earlier
wetland work in Canada but similar 813 CH4 values for emitted methane.

STARE/SAFARI. Planning for the Southern African Fire-Atmospheric Research
Initiative (SAFARI) has begun. This component of the NASA-sponsored Southern
Tropical Atlantic Regional Experiment (STARE) will be investigating the tropospheric
ozone layer in the mid-Atlantic ocean. An initial meeting in Johannesburg, South Africa,
was held in September to define the scientific program and to identify necessary logistical
requirements. Participants included P. Zimmerman and A. Weinheimer, as well as
colleagues from the University of Wittwaterstrand, South Africa, Max Planck Institute,
Germany, and several other research institutions.

EOS. TGB is a participant in a NASA Earth Observing System (EOS) project. Their
current EOS involvement relates plant physiological and biogeochemical properties to
spectral signatures in the semiarid lands of southern Texas. This will facilitate monitoring
patterns of physiology and ecosystem function in response to climate variability and
directional change by remote sensing. Additionally, coordinated seasonal non-methane
hydrocarbon measurements will better elucidate the relationship of NMHC emissions to
environmental and plant physiological parameters.

David Schimel (UCAR/CSU) and Patrick Zimmerman are coordinating this multi-
disciplinary project. Steven Archer, a TGB visiting scientist from Texas A&M, has led the
ground-truthing measurements on canopy architecture and plant biogeochemistry. C.
Wessman and B. Curtiss (CU) have directed the remote-sensing effort to relate ground-
truthing measurements to satellite data. Alex Guenther and Mary Wildermuth have been
coordinating non-methane hydrocarbon measurements with these other efforts to relate the
NMHC emissions to environmental (PAR, T, RH) and plant physiological parameters
(e.g., foliar N, photosynthetic rate). Enclosure and ambient measurements were taken
during June and October field visits.
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Tropical Studies. TGB is participating in a collaborative study with William
Reiners (University of Wyoming), the Organization for Tropical Studies in Costa Rica, and
Michael Keller (ASP) to determine the impact of the conversion of tropical forest to pasture
on emissions of methane, nitrous oxide, and nitric oxide emissions. The research program
includes field measurements and laboratory measurements of the isotopic fingerprints of
methane carbon as well as experiments to determine the isotopic fractionation of methane
during its oxidation in the soil. The research is being supported jointly by NSF's
Atmospheric Sciences Division and the Environmental Protection Agency (EPA).

Airborne Arctic Stratospheric Expeditions (AASE). Interpretation of
AASE-I data continued in FY 91 through collaborations of Leroy Heidt, Walt Pollock, and
Guy Brasseur (ACD), Susan Solomon (NOAA Aeronomy Laboratory), and other principal
investigators of the expedition. These collaborations have resulted in new determinations
of trace-gas lifetimes based on our measurements, studies of the relative roles of chemistry
and transport, and studies of partitioning in the Clx and NOy families.

The development and calibration of analytical techniques to measure the CFC
replacements have been completed. This work, which has a major impact on both the
lifetimes and photochemistry cycles of the HCFCs, included measurements of the
remaining samples from AASE-I as well as those recently collected. This collaborative
work (with Solomon) has been accepted for publication in the Journal of Geophysical
Research.

Instrument Development

Infrared Absorption Gas Correlation Spectrometer. This is a portable
instrument to be used to measure methane accumulation in chambers. It can also
simultaneously measure C02 and a tracer such as SF6. This instrument is near completion.
We have made several modifications to the electronic data-acquisition package and its
software this year. It appears ready to begin final test by the end of this year.

High Performance Data Acquisition System. This system is a byproduct of
the gas correlation radiometer project. It is an eight-channel, analog-to-digital converter
that also provides software control of instruments and experiments. The analog-to-digital
conversion will achieve 24-bit resolution while placing as many as 100 conversion results
into computer memory each second. The digital sampling subsystem uses integration and
direct-memory-access techniques that free microprocessor capacity for processing data and
controlling experiments. The computer hardware provides a standard IBM-PC
environment, and data is stored on a standard 1.44 MB floppy disk. The entire system
occupies less than 5 liters and consumes less than 5 watts. This performance is largely due
to a special CMOS chip that was a major part of this development project.

Constant Volume Pump Controller. This device was developed to provide a
constant flow of fluid from electric motor-powered pumps, despite changes in flow
restrictions, power supply voltage, etc. The first applications of the device will be on
tethered-balloon air samplers and on the back-pack air pump system.

Fast Flame Ionization Detector. This device uses a hydrogen flame to ionize
hydrocarbon molecules that it detects electronically. A portable real-time instrument using
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this technique was built last year to detect methane. This year, because of some field
experience, the device was modified to improve its robustness. We are now achieving
about 20 ppb resolution using the current detector and electronics. The device has been
used to define methane plumes in natural gas and feedlot studies.

Mobile Trace Gas Laboratory (Van). As part of several field projects, we
equipped a Dodge window van to gather methane flux data. At this time, the instrument
complement consists of the flame ionization detector (above) and a sulfur-hexafluoride
instrument. These instruments are supported by battery power sufficient for several hours
of operation, a dynamic dilution trace-gas calibration subsystem, and a computerized data-
acquisition system. The van is also able to fill cans with air samples taken from select
locations.

Enzymatic Formaldehyde Detector. Teresa Campos and Allan Lazrus improved
the test for formaldehyde vapor which was initiated several years ago. There are three
basic improvements: (1) the detection limit has been lowered from 100 pptv to 20 pptv;
(2) the enzyme has been chemically bonded to an inert-solid substrate, greatly reducing the
cost of operation and increasing the suitability for monitoring applications; and (3) the lag
time has been reduced to about 2 minutes. The time resolution is also about 2 minutes.
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Chemical Symbols

12C, 13C, 14C
C1-C6
C180
CC14
CFC
CH20
CH 3
CH 3F
CH30
CH302
CH30NO2
CHC1F2
14 CH4
CH4
C10
C1ONO2
Clx
14CO^co
CO
CO2
COO2
COF2
813C

813CH4
D
F-11
F-12
F-22
H
H2
H2CO
H20
H202
H2S04
HCHO
HC1
HF
HNO 3
HO
HONO
H02
HSO4
JN02
jO2

J03
M
N20

carbon 12, carbon 13, carbon 14
compounds containing 1-6 carbon atoms
carbon 18 monoxide
carbon tetrachloride
chlorofluorocarbon
formaldehyde
methyl radical
fluoromethane
methoxy
methylperoxy
methyl nitrate
Freon-22 (chloro difluoro methane)
methane composed of 1 4C
methane
chlorine monoxide
chlorine nitrate
odd chlorine
carbon 14 monoxide
carbon monoxide
carbon dioxide
carbonate radical
carbonyl fluoride
a standard ratio of 13 C to 12C

a standard ratio of 13CH4 to 12CH4
deuterium
trichloro fluoro methane (CFC13)
dichloro difluoro methane (CF 2C12)
chloro difluoro methane (HCF2C1)
atomic hydrogen
hydrogen
formaldehyde
water, water vapor
hydrogen peroxide
sulfuric acid
formaldehyde
hydrogen chloride (hydrochloric acid when in solution)
hydrogen fluoride (hydrofluoric acid when in solution)
nitric acid
hydroxyl radical
nitrous acid
hydroperoxyl radical
bisulfate radical
photodissociation rate coefficient for N02
photodissociation rate coefficient fo 02
photodissociation rate coefficient for 03
a molecule that mediates a reaction
nitrous oxide
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dinitrogen pentoxide
amidogen radical
amidogen oxy radical
ammonia
non-methane hydrocarbon
nitric oxide
nitrogen dioxide
nitrogen trioxide
all oxides of nitrogen
atomic oxygen, oxygen
ozone
carbonyl sulfide
hydroxyl radical
nitrate radical
odd oxygen
peroxyacetyl nitrate
organic hydroperoxide
organic peroxyl radical
sulfur difluoride
sulfur hexafluoride
sulfur dioxide
sulfur trioxide (sulfuric acid anhydride)

N205
NH 2
NH20
NH3
NMHC
NO
N02
NO3
NOx, NOy
0, 02
03
OCS
OH
ON02
Ox
PAN
ROOH
RO2
SF2
SF6
S02
SO3
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Staff and Visitors

Staff
Division Director's Office

Guy Brasseur (director)
Michael Coffey (20%)
Teresa Rivas (50%)
Donna Sanerib (50%)
Paul Sperry (50%)

Atmospheric Kinetics and
Photochemistry Section

Jack Calvert (head)
Christopher Cantrell
Curtis Gilliland
Gregory Kok (50%)
John Orlando
Richard Shetter
Geoffrey Tyndall

Atmospheric Chemical Transformations
Section

Elliot Atlas
Frank Grahek
John Lind
Brian Ridley (head)
James Walega
Andrew Weinheimer

Global Atmospheric Changes Section

Paul Bailey
Michael Coffey (80%)
Cheryl Craig
David Edwards
Christine Ennis
Alan Fried
John Gille (head)
Bruce Henry
Karl Kneisel
Joanne Loh
Lawrence Lyjak
William Mankin
Steven Massie
Daniel Packman
William Randel
Charles Smythe
Douglas Woodard

Trace Gas Biogeochemistry Section

James Greenberg
Leroy Heidt
Alan Hills
Elisabeth Holland
Allan Lazrus
Richard Lueb
Water Pollock
Stephen Shertz
Stanley Tyler
Patrick Zimmerman (head)

Theoretical Studies and Modeling
Section

David Erickson
Rolando Garcia
Claire Granier
Peter Hess
Sasha Madronich (head)
Kathleen Mosher
Nanda Srimani
Stacy Walters

Visitor and Support Section

William Bradley
Selena Drum
Edward Ellert
Timothy Fredrick
Bryan Lee (leader, Technical Element)
Teresa Rivas (leader, Administration, 50%)
Donna Sanerib (50%)
Paul Sperry (head, 50%)
Marilena Stone
Sharon Vieyra
Jack Wainwright

Affiliate Scientist

Aaron Goldman, University of Denver
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Visitors

Mark Abrams; University of California,
Berkeley; August 1990 to July 1991; Global
Atmospheric Changes Section

Eugene Allwine; Washington State University;
July 1991 to August 1991; Trace Gas
Biogeochemistry Section

Steven Archer; Texas A & M University;
September 1991 to September 1992; Trace Gas
Biogeochemistry Section

Elliot Atlas; Texas A & M University;
September 1989 to June 1991; Atmospheric
Chemical Transformation Section

Mary Barth; University of Washington; August
1991 to August 1992; Theoretical Studies and
Modeling Section

Carol Beam; University of Colorado; August
1990 to May 1991; Technical Support and
Visitors Section

Gufranullah Beig; Physical Research Laboratory,
Ahmadabad, India; July 1991 to September 1991;
Theoretical Studies and Modeling Section

Bruce Bradshaw; University of Colorado;
September 1990 to May 1992; Global
Atmospheric Changes Section

Gordon Brailsford; Institute of Nuclear Sciences,
Lower Hutt, New Zealand; June 1990 to
November 1991; Trace Gas Biogeochemistry
Section

Tiffany Buckner; University of Colorado;
September 1990 to May 1991; Trace Gas
Biogeochemistry Section

Nadine Chaumerliac; Laboratory of Physical
Meteorology, Clermont-Ferrand, France; June
1991 to August 1991; Theoretical Studies and
Modeling Section

Li Chen; University of Colorado; May 1991 to
May 1992; Theoretical Studies and Modeling
Section

Guadalupe Cisniega; Gerencia de Energetcos
Alternaoa, Mexico City, Mexico; June 1991 to

July 1991; Atmospheric Kinetics and
Photochemistry Section

Cory Cleveland; University of Colorado;
September 1991 to May 1992; Trace Gas
Biogeochemistry Section

Ansie de Kock; University of Port Elizabeth,
Republic of South Africa; February 1991 to July
1991; Atmospheric Chemical Transformation
Section

Brian Eaton; unaffiliated; September 1991 to
October 1992; Theoretical Studies and Modeling
Section

David Edwards; Oxford University, England;
August 1989 to August 1991; Global
Atmospheric Changes Section

Scott Feeley; University of Colorado; September
1990 to May 1992; Trace Gas Biogeochemistry
Section

Victor Filyushkin; Central Aerological
Observatory, Moscow Region, Russia;
September 1990 to December 1991; Theoretical
Studies and Modeling Section

Ian Folkins; University of Toronto, Canada;
September 1991 to September 1992; Theoretical
Studies and Modeling Section

Douglas Fox; Brown University; June 1991 to
August 1991; Trace Gas Biogeochemistry
Section

Yue Fu; University of Colorado; May 1991 to
December 1991; Global Atmospheric Changes
Section

Paul Ginoux; University of Brussels, Belgium;
September 1991 to September 1993; Theoretical
Studies and Modeling Section

Roy Goldman; University of California,
Berkeley; May 1991 to September 1991; Global
Atmospheric Changes Section

Claire Granier; University of Paris, France;
December 1988 to December 1990; Theoretical
Studies and Modeling Section
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Alex Guenther; University of Colorado;
November 1990 to September 1991; Trace Gas
Biogeochemistry Section

Kevin Guenther; University of California, Santa
Maria; July 1991 to August 1991; Trace Gas
Biogeochemistry Section

Christopher Halvorson; unaffiliated; June 1991
to March 1992; Global Atmospheric Changes
Section

Gary Hampton; unaffiliated; April 1991 to
November 1991; Trace Gas Biogeochemistry
Section

Dana Hartley; Massachusetts Institute of
Technology; May 1991; Theoretical Studies and
Modeling Section

Didier Hauglustaine; University of Paris, France;
October 1990; October to November 1991;
Theoretical Studies and Modeling Section

Theresa Huang; University of Michigan; March
1991 to April 1991; Theoretical Studies and
Modeling Section

Charles Jaeger; University of Colorado; June
1991 to December 1991; Trace Gas
Biogeochemistry Section

Marisa Kadavanich; Metropolitan State
University; September 1990 to August 1992;
Trace Gas Biogeochemistry Section

Kimberly Kelly; Pacific Marine Environmental
Laboratory, NOAA; September 1991 to
December 1991; Trace Gas Biogeochemistry
Section

Shaw Liu; Environmental Research Laboratory,
NOAA, Boulder, Colordo; May 1988 to
December 1991; Theoretical Studies and
Modeling Section

Binu Lohani; Tribhuvan University, Nepal;
January 1991 to May 1992; Trace Gas
Biogeochemistry Section

Richard Lowe; University of Colorado;
November 1990 to June 1992; Trace Gas
Biogeochemistry Section

Winston Luke; University of Maryland; October
1990 to September 1991; Atmospheric Kinetics
and Photochemistry Section

Andrew Manning; Institute of Nuclear Sciences,
Lower Hutt, New Zealand; April 1991 to April
1992; Trace Gas Biogeochemistry Section

Edward Martell; October 1984 to September
1992; Theoretical Studies and Modeling Section

Michael Mills; University of Colorado; June
1991 to May 1992; Theoretical Studies and
Modeling Section

Denise Montzka; NOAA Aeronomy Laboratory,
Boulder, Colorado; July 1991 to March 1992;
Atmospheric Chemical Transformation Section

Geert Moortgat; Max Planck Institute for
Chemistry, Mainz, Germany; June 1991 to
September 1991; Atmospheric Kinetics and
Photochemistry Section

Jean-FranCois Miller; Belgian Institute for Space
Aeronomy, Brussels, Belgium; May 1991 to
August 1991; Theoretical Studies and Modeling
Section

Beverly Newmark; December 1990 to August
1991; Technical Support and Visitors Section

Mai Pham; University of Paris, France; May
1991 to June 1991; Theoretical Studies and
Modeling Section

Joseph Prusa; Iowa State University; September
1991 to May 1992; Theoretical Studies and
Modeling Section

Sandy Rehfeldt; University of Colorado; January
1991 to June 1991; Trace Gas Biogeochemistry
Section

Martin Riese; University of Wuppertal,
Germany; June 1991 to August 1991;
Theoretical Studies and Modeling Section

Peter Roth; Institute for Atmospheric Chemistry,
Jiilich, Germany; July 1990 to September 1990;
Global Atmospheric Changes Section

Murry Salby; University of Colorado; August
1984 to December 1991; Theoretical Studies and
Modeling Section
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Laurel Sanford; University of Washington; June
1990 to September 1990; Theoretical Studies and
Modeling Section

Fabrizio Sassi; University of l'Aquila, Italy; July
1990 to June 1992; Theoretical Studies and
Modeling Section

Thaddeous Sauvain; University of Colorado;
September 1990 to July 1991; Atmospheric
Chemical Transformation Section

Scott Sewell; University of Colorado; June 1991
to August 1991; Global Atmospheric Changes
Section

Anne Smith; University of Michigan; July 1991
to August 1991; Theoretical Studies and
Modeling Section

Glen Smith; University of Colorado; March
1991 to December 1991; Trace Gas
Biogeochemistry Section

James Smith; September 1987 to December
1990; Trace Gas Biogeochemistry Section

Susan Solomon; NOAA Aeronomy Laboratory,
Boulder, Colorado; November 1983 to December
1991; Theoretical Studies and Modeling Section

Alan Townsend; Stanford University; November
1990 to December 1991; Trace Gas
Biogeochemistry Section

David Valentine; Colorado State University;
January 1991 to December 1991; Trace Gas
Biogeochemistry Section

Todd Vanyo; University of Colorado; May 1991
to February 1992; Trace Gas Biogeochemistry
Section

Claire Waelbroeck; September 1989 to December
1990; Theoretical Studies and Modeling Section

Arno Wedel; German People's Study Foundation;
June 1991 to July 1991; Atmospheric Chemical
Transformation Section

Mary Wildermuth; April 1991 to November
1992; Trace Gas Biogeochemistry Section

Beiying Wu; Academia Sinica, Beijing, China;
January 1989 to January 1991; Global
Atmospheric Changes Section

Peicai Yang; Institute of Atmospheric Physics,
Academia Sinica, Beijing, China; June 1991 to
July 1992; Theoretical Studies and Modeling
Section

Barbel Spengler; Free University of Berlin,
Germany; March 1991 to April 1991; Theoretical
Studies and Modeling Section

Thomas Staffelbach; University of Bern,
Switzerland; January 1991 to December 1991;
Atmospheric Kinetics and Photochemistry
Section

Raja Tallamraju; November 1990 to December
1991; Theoretical Studies and Modeling Section

Bret Taylor; University of Colorado; November
1991 to July 1992; Trace Gas Biogeochemistry
Section
John Taylor; Australian National University,
Canberra; July 1991 to August 1991; Trace Gas
Biogeochemistry Section

Dimitri Tombroff; Management Unit of the
Methane Model, Brussels, Belgium; November
1990 to December 1990; Theoretical Studies and
Modeling Section
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Climate and Global
Dynamics Division

With the increased emphasis on global-change research in the 1990s, the Cli-
mate and Global Dynamics (CGD) Division is assuming a lead role at NCAR in
climate-system modeling. Our research is dedicated to the understanding of the
physical causes of present, past, and future climates and large-scale atmospheric
and oceanic dynamics, thereby contributing to the bases for prediction of weather
and climate. Over the last few years, we have focused our priorities on many cru-
cial issues of the global-change program. Our emphasis this past year has been
on (1) expanding and improving the community climate model (CCM); (2) in-
vestigating the mechanisms of global climate change and natural variability with
the CCM and other dynamical models; (3) investigating the limits of determinis-
tic weather forecasting and predictability of the climate system; (4) studying the
dynamics of global oceans and their interaction with the atmosphere; (5) study-
ing climate variability through analysis of global observational data sets; (6) im-
proving the treatment of clouds and their radiative properties in models and ex-
amining their effects on global energy balance; (7) developing satellite data as a
resource in the global geosciences; and (8) describing and modeling the interfaces
among the atmosphere, oceans, cryosphere, chemosphere, and land and biosphere
within the coupled climate-system concept.

We have also entered into a new, multifaceted phase of research with the ad-
vent of the NCAR Climate Modeling, Analysis, and Prediction (CMAP) program,
designed to support coordinated analytical studies, model development, test-
ing, validation, error estimation, and assessment of predictability. Under CMAP,
our objective is to understand and model the physical, dynamical, chemical, bio-
sphere, and human interactions involved in the earth's climate and thereby con-
tribute to a comprehensive theory of climate. We have begun to (1) improve the
modeling of physical processes and the development of numerical techniques to in-
tegrate components of the earth's climate system; (2) broaden the modeling effort
to include the ocean, land-surface processes, hydrology, cryosphere, and chem-
istry; (3) validate these components through comparisons of numerical model re-
sults and observational data; (4) examine the interactions of society and the cli-
mate system; and (5) expand the concept of the CCM, as it now applies to the
atmospheric model, to encompass other parts of the climate system as they are
fully tested and become available.

The following research groups make up the division-the Climate Sensitivity
and Carbon Dioxide Research Group (headed by Warren Washington), the
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Climate Modeling Section (David Williamson), the Climate Analysis Section (Kevin
Trenberth), the Oceanography Section (William Holland), the Global Dynam-
ics Section (Akira Kasahara), and the Interdisciplinary Climate Systems Sec-
tion (Stephen Schneider). The division office includes the director (Washing-
ton), deputy director (Trenberth), and division administrative and computing sys-
tems staff. Once a part of CGD, the Environmental and Societal Impacts Group
(ESIG), headed by Michael Glantz, transferred into the NCAR Director's Office
in fiscal year 1991 (FY 91). The move enables ESIG scientists to conduct research
on societal impacts and climate on a wider range of topics. Collaborations on a
variety of subjects continue between CGD and ESIG.

Significant Accomplishments

* Scientists completed extensive improvements of the CCM1 and declared the
latest version (CCM2) "frozen." In a near-final prototype of the CCM2,
they implemented and tested the biosphere-atmosphere transfer scheme
(BATS) which, when finalized in the CCM2, will be a major step forward in
the simulation of heat, moisture, and momentum transfers across the land
surface-atmosphere interface.

* In atmospheric model studies with the CCM2, researchers tested the newly
coupled model with trace gases (chlorofluorocarbons) and interactive chem-
istry. They simulated, with a stratospheric version of the CCM2, the trans-
port of an idealized stratospheric aerosol, such as produced by the eruption
of Mt. Pinatubo. From sensitivity studies, they also found that the direct
radiative effect of upper-tropospheric water vapor is small, but, with con-
vective processes, the magnitude of the greenhouse effect is similar to other
trace gases.

* Scientists completed studies of the North Atlantic circulation with the World
Ocean Climate Experiment (WOCE) Community Modeling Effort (CME)
model at 1/3° and 1/6° resolutions. The results show eddy structures much
closer to observations than previously noted.

* Scientists built a coupled model for El Nino/Southern Oscillation (ENSO)
using an aquaplanet version of CCM1 and an upper-equatorial ocean model
in a rectangular domain. Interannual variability in the model is realistic but
smaller than in the real atmosphere. Model-twin experiments (the first to
be conducted with coupled general circulation models, or GCMs) show that
predictability of the coupled system declines significantly after six months.

* In their basic studies of geophysical turbulence, scientists have made progress
in investigating the emergence of coherent vortices, energy-cascade pro-
cesses, and spatial inhomogeneities in initial conditions or forcing. These
studies should improve insight into the importance of small-scale processes.
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* Scientists developed tangent linear and adjoint versions of the
Penn State/NCAR mesoscale model (MM4) as a new diagnostic system to
evaluate forecast skill, predictability, sensitivity, and data assimilation.

* Scientists developed a new method of estimating forecast reliability in the
medium range; it will be implemented in an operational Monte Carlo fore-
cast system at the European Centre for Medium-Range Weather Forecasts
(ECMWF). In other studies, preliminary evaluations of 10- to 30-day low-
frequency variations indicated two separate forecast regime transitions.

* Scientists contributed to the study of possible ozone depletion by investigat-
ing the influence of wave motions and particle trapping by isolated vortices
on the transport and mixing properties of a fluid that, for example, appear
in ozone depletion in the atmosphere and salinity transport in the oceans.

* Scientists completed the first truly climatological simulations with a spe-
cial version of the MM4 driven by large-scale boundary conditions. The
three-year simulations with observed and GCM-derived boundary conditions
eclipse all previous efforts to simulate regional-scale climate with mesoscale
models.

* Scientists made available for paleoclimate research the global environmental
and ecological simulation of interactive system (GENESIS) climate model,
a highly modified and enhanced version of the CCM1. They also developed
and validated a biophysically based model of forests, a terrestrial carbon
cycle, and an equilibrium vegetation ecology (EVE) model for interactive
coupling to global climate models.

* Sensitivity analyses of the effects of interannual climate variability on a crop
model (Crop Estimation through Resource and Environment Synthesis, or
CERES) revealed significant (and sometimes counterintuitive) effects on the
probability of crop failures when temperature and precipitation variance or
both mean and variance are changed.

* Further research into the 1988 North American drought revealed more ob-
servational and modeling evidence to support the hypothesis that the drought
had its origins primarily in the changes of sea-surface temperatures (SSTs)
in the tropical Pacific associated with the 1988 La Nifia.

* Using geostrophic theory and perturbation analysis applied to baroclinic
systems, scientists gained new insights to explain further the relationships
between storm tracks and the jet stream and eddy variances and fluxes.
They elucidated a likely mechanism for the organization of storm tracks and
found that anomalous transients (which lead to low-frequency variations)
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maintain each other in a quasi-steady state. This may explain unusual long-
term weather events.

* Results from a greenhouse-effect modeling study of ENSO phenomena show
that ENSO continues to function in the tropical Pacific and that SST anoma-
lies superimposed upon a warmer mean lead to intensified ENSO effects in
the tropics. The changes in extratropical teleconnection patterns are also
associated with ENSO. Climate variability analyses of the annual mean
surface air temperature differences demonstrate that the Northern Hemi-
sphere (NH) warms faster than the Southern Hemisphere (SH) and that
land warms faster than ocean.

Climate Sensitivity and Carbon-Dioxide
Research Group

Coupled Atmosphere, Ocean, and Sea-Ice
Model

Washington, Gerald Meehl, Thomas Bettge, Lynda VerPlank, and Gary Strand
have conducted preliminary tests of a coupled global atmosphere, ocean, and sea-
ice model that can be used for transient (gradually increasing) CO 2 experiments.
The atmospheric component is the CCMO with upgraded physical processes, in-
cluding penetrative cumulus convection and a world ocean model with 20 levels
in the vertical and 1° horizontal resolution from Semtner and Chervin. The ocean
model has an Arctic Ocean, the sea-ice component is from Flato and Hibler for
the dynamics (which has to be recoded by David Pollard), and the thermody-
namic sea-ice model is from Albert Semtner (NCAR affiliate scientist from the
Naval Postgraduate School). The overall simulated climate is much improved,
particularly the oceans and sea-ice general circulations. The ocean model with at-
mospheric forcing alone yields the worldwide conveyor-belt circulation, a major
component of the climate system.

Role of Mesoscale Eddies in Global Ocean
Circulation

Robert Chervin, in collaboration with Semtner, investigated the role of mesoscale
eddies in the global ocean circulation, as simulated by an extended-term integra-
tion of the parallel ocean-climate model (POCM) with 1/2° horizontal resolu-
tion and 20 levels in the vertical. They found very large equatorward eddy heat
transports in the tropical Pacific near the equator. The convergence of these heat
fluxes is evidently required to warm equatorial upwelling, which connects to the
previously identified deep conveyor belt. This equivalent eddy heating is com-
parable to estimates from observations. Chervin and Semtner also identified an
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organized large-scale eddy transport of salt across the equator into the North Pa-
cific in the POCM results. This transport is associated with the salinity front at
the equator.

El Nifio/Southern Oscillation

Meehl, Grant Branstator, and Washington continued their study of the effects
of increased CO 2 on the ENSO in several model versions. In the global coarse-
grid coupled model, ENSO continues to function in the tropical Pacific, but the
ENSO SST anomalies are superimposed upon a warmer average SST caused by
the mean increase of atmospheric CO2 . This warmer mean SST causes evapora-
tion, low-level moisture convergence, and the resulting precipitation to be pro-
portionately greater than in present-day events. The anomalous east-west Walker
circulation then intensifies, and areas prone to drought experience higher risk of
more severe moisture deficits during the ENSO events in an increased CO 2 envi-
ronment. The change in climate basic state from the mean increase of CO 2 and
the resulting decrease of equator-to-pole temperature gradient are associated with
altered extratropical teleconnections during ENSO events with increased CO2.
The Pacific North America teleconnection pattern, evident in present-day com-
posite ENSO events, is more zonal in the ENSO events in the increased CO 2 envi-
ronment and results in changes of areas of anomalous warming and cooling in the
extratropics, particularly over North America.

Meehl, Washington, and Thomas Karl (National Oceanic and Atmospheric
Administration, or NOAA) continued their analysis of climate variability and cli-
mate anomalies from a slow increase of CO 2 in the global coarse-grid coupled-
climate model. Annual mean temperature differences in surface air for several
regions show that the NH warms faster than the SH and that land warms faster
than the ocean. The high northern latitudes outside the North Atlantic contribute
most to global warming and exhibit greater variability, whereas the high southern
latitudes contribute the least because of deep mixing in the circumpolar ocean.
Geographic patterns of regional climate anomalies forced by increased CO 2 in the
model are more evident with a longer averaging interval taken later in the inte-
gration.

Meehl and Washington, in collaboration with David Karoly (Monash Uni-
versity, Melbourne, Australia), explored the use of the consistent zonal mean
cross-section temperature-change patterns from a number of model simulations
as an example of a CO2 climate-change signal that could, conceivably, be de-
tected in observations. They also studied several other candidate mechanisms
that could produce such climate-change signals (e.g., increased SST and ENSO
and decreased stratospheric ozone concentrations). Compared with the CO 2 sig-
nal, the other candidate mechanisms had somewhat different signatures in zonal
mean temperatures as a function of height.
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Long-Time-Series Model Statistics

In his analyses of time-series model statistics, Garrett Campbell (visitor, Col-
orado State University) found that detection of climate trends on the scale of
CO2 warming would require at least 13 years of observations for a signal greater
than the natural weather variability (noise). This does not include measurement
errors or external forcing, such as volcanic events, since they are not included in
the model. Long-term consistent observations are the key to trend detection.

Campbell and James Hurrell are assembling six different long-term satellite
data sets into a common format for the CCM processor. None is quite long enough
to detect the trend magnitudes predicted by the model, however.

Campbell, in collaboration with Timothy Kittel (Climate Systems Modeling
Program) has been looking at modes of variation of the rhomboidal 15 (R15)
model runs with an ocean and the new mixed-layer runs. These studies will allow
comparison of the effect of the interactive ocean in C0 2-induced changes. One
simple conclusion is that increased CO2 leads to a decreased amplitude of the sea-
sonal cycle in the north polar areas.

Climate Modeling Section

Research in the Climate Modeling Section (CMS) involves a number of mod-
eling studies of the physical mechanisms governing the global climate system and
the numerical techniques required to represent these mechanisms. CMS scien-
tists carry out observational studies, especially the comparison of models with
observations. They are principally responsible for developing and testing new ver-
sions of the CCM and validating and using the CCM in the study of atmospheric
circulation. They also study simpler models, such as two-dimensional shallow-
water, zonally averaged chemical-dynamical models, and one-dimensional column-
radiation models. The CCM Core Group develops and maintains the standard
versions of the CCM and its ancillary postprocessing code.

Frozen CCM2

All members of CMS have been actively involved in the development and
preliminary evaluation of the most recent version of the CCM-CCM2 (frozen
30 September 1991). This effort included a large number of extended numerical
experiments investigating such issues as the specification of layered and convec-
tive cloud fraction, sensitivities to the formulation of moist convection, direct cou-
pling of the planetary boundary layer (PBL) with moist convection, formulation
of gravity-wave drag, formulation of horizontal diffusion in the lower stratosphere,
sensitivity to numerical stabilization techniques, simulation dependencies on the
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discrete vertical structure, and sensitivities to the formulation of boundary data
sets, including a new SST climatology.

The following paragraphs summarize the complete CCM2, and subsequent sec-
tions describe the research carried out this year. Almost all aspects of the CCM2
are improvements over the CCM1 and involve resolved dynamics, physical pa-
rameterizations, and the underlying code itself. The semi-implicit leap-frog time-
integration scheme, the spectral method for dry dynamics, and the fourth-order
horizontal diffusion are unchanged.

CMS scientists modified the dynamics and transport to include three-dimensional,
shape-preserving, semi-Lagrangian transport of water vapor and an arbitrary
number of additional fields, such as cloud water and chemical constituents. They
changed the vertical coordinate to a hybrid form, which is terrain-following near
the surface and which becomes a pressure coordinate above about 100 mb. The
standard configuration at which the CCM2 is frozen is T42 spectral resolution
and 18 vertical levels with an explicit lid at 3 mb. It uses a 20-min time step
by dynamically adjusting the spectral resolution of the top layer to maintain a
Courant number of less than 1.

All physical parameterizations of the CCM1 were replaced in the CCM2. The
PBL parameterization is a nonlocal scheme and the convection parameterization
is a simple mass-flux scheme. The CCM2 contains new cloud fraction and cloud-
albedo parameterizations, and the emissivities are determined from the liquid-
water path with liquid-water concentration currently specified. Solar radiation
consists of a delta-Eddington parameterization with 18 spectral bands. A Voigt
correction has been incorporated into the longwave parameterization. The model
includes a diurnal cycle with radiative heating rates calculated every hour and
absorptivities every 12 h. The land has specified soil hydrology and soil-heat ca-
pacity represented by a four-layer diffusion model. An interactive land-surface
process parameterization, such as BATS, is expected to be an option in the fu-
ture.

To simplify modification of individual components and to add operational flex-
ibility, such as multiple history files, the CMS staff rewrote the entire code for im-
proved readability and self-documentation. The code conforms to internationally
adopted plug-compatible physics standards that make it relatively easy to incor-
porate and test new parameterizations. It is highly vectorized (maintaining an
average speed of 150 mflops on a single processor of the CRAY Y-MP) and highly
parallel (using on the average 7.5 processors on a dedicated 8-processor CRAY
Y-MP at the standard T42 resolution).
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Specific CCM2 Developments

Cloud Radiation Parameterization. Jeffrey Kiehl continued to work on
the cloud-radiation parameterizations for the CCM2. He implemented final changes
to the cloud scheme and compared the CCM2 earth radiation budget and cloud
statistics to the data sets from the Earth Radiation and Budget Experiment (ERBE)
and the International Satellite and Cloud Climate Project (ISCCP). Remaining
biases in the shortwave cloud forcing in the CCM2 are thought to be due to back-
ground sulfate aerosols.

Kiehl and Bruce Briegleb compared the calculated top-of-atmosphere clear-sky
longwave fluxes with ERBE data, focusing on July 1989. The calculated fluxes
employ a narrow-band longwave radiation model, developed by Briegleb from an-
alyzed temperature and moisture profiles from ECMWF and SSTs from the Na-
tional Meteorological Center (NMC). Comparisons indicate that the ERBE clear-
sky fluxes are higher than calculated. This bias appears to be due to the ERBE
retrieval method which neglects regional variability in water-vapor amount.

Moist Convection and Cloud Fraction. James Hack refined a simple
stability-dependent treatment for moist convection for incorporation into the
CCM2. He generalized the implementation to accommodate convective-scale trans-
port of an arbitrary number of scalar fields and tested it in conjunction with tracer
studies being conducted by Williamson and Philip Rasch.

Hack and Kiehl continued refinement of a cloud-fraction parameterization
scheme for use in GCMs. This work has focused on the representation of both
convective and layered cloud amount and appropriate representations of cloud
liquid-water amounts.

Planetary Boundary Layer. In collaboration with Albertus Holtslag (NCAR
affiliate scientist from the Royal Netherlands Meteorological Institute, De Bilt),
Byron Boville made several improvements to the K-profile boundary parameter-
ization in the CCM, leading to the final version for the CCM2. The revisions re-
sult from extensive testing of the parameterization within the CCM by Boville
and Hack and from comparison of the parameterization with large eddy simula-
tions (LES) of the boundary layer by Holtslag, in collaboration with Chin-Hoh
Moeng (Mesoscale and Microscale Meteorology Division, or MMM). The behavior
of the parameterization and the perturbation quantities it provides to the moist
convection parameterization are a significant improvement over the original ver-
sion which, itself, was better than traditional, stability-dependent diffusion meth-
ods.
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Transport. Williamson and Rasch studied the sensitivity of the CCM2 model
climate to water-vapor transport. They compared simulations with the now-
standard, shape-preserving, semi-Lagrangian scheme to the earlier spectral scheme.
As with the CCM1, the two simulations involve delicate balances between the
various model components. However, the temperature and moisture responses
to the changed advection schemes are quite different in the CCM2 and the CCM1
and, in fact, are of opposite sign. With more realistic thermal and moisture struc-
tures driven by new physical parameterizations in the CCM2, errors in spectral
transport continue to directly influence the model climate, thus making it unsuit-
able for climate models.

CCM Core Group. The CCM Core Group (Linda Bath, Lawrence Buja,
James Rosinski, and Gloria Williamson), led by Hack, continued development
work on the CCM2. They made major modifications to the prototype model by
incorporating new physics components, instituting additional capabilities (history-
tape handling, initialization, multitasking, etc.), and significantly improving code
efficiency.

Throughout the first half of FY 91, continuing problems with the CRAY
Y-MP UNICOS operating system required a great deal of maintenance-level sup-
port for both the CCM1 and CCM modular processor. These maintenance activ-
ities, a responsibility of the CCM Core Group, continue at a somewhat reduced
level.

Role of Deep Convective Clouds

Kiehl examined existing observations and analyses that quantify the role of
deep convective clouds in determining upper-tropospheric water vapor. He also
examined this process within the prototype CCM2. In the model, moist processes
preceding a deep convective event can lead to a doubling of local precipitable wa-
ter. A substantial amount of this increase occurs in the upper troposphere. In ad-
dition to theoretical studies, Kiehl consulted with Brian Kerridge and John Har-
ries (Rutherford Appleton Laboratory, Oxon, England) on the use of microwave
limb scanning to observe upper-tropospheric water vapor.

While on leave at Cambridge University, Kiehl worked on improvements in the
radiation model employed in the University Global Atmospheric Modeling Pro-
gram GCM. He also worked with David Lary (Cambridge University) on gener-
alizing a source-function technique to calculate not only photodissociation rates,
but also atmospheric solar-heating rates.

Cloud Parameterization

While on leave at ECMWF, Rasch studied stratiform-cloud parameterizations
and the related parameterizations for turbulent diffusion and cloud fraction. He
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critiqued various schemes for stratiform-cloud parameterizations and proposed a
novel approach. Rasch also improved an experimental cloud-condensation scheme
developed at ECMWF by Herve Le Treut.

Resolved Convection Model. Kiehl, in collaboration with Mitchell Mon-
crieff (MMM), Hack, and V. Ramaswamy (Geophysical Fluid Dynamics Labora-
tory, or GFDL), defined a program to use a resolved convection model as a tool
for improving the parameterization of mesoscale convective systems for GCMs.
The Department of Energy (DOE) is funding part of this project through the At-
mospheric Radiation Measurements (ARM) program.

Quasi-Biennial Oscillation

Boville and Masaaki Takahashi (visitor, Kyushu University, Fukuoka, Japan)
extensively tested the sensitivity of their three-dimensional simulations of the
quasi-biennial oscillation (QBO) in an idealized mechanistic model of the strato-
sphere and extended them to include the effects of the annual cycle. They demon-
strated that, although relatively insensitive to horizontal resolution, the simu-
lations were strongly dependent on vertical resolution and the amplitude of the
wave forcing. At vertical resolutions coarser than about 1 km, QBO simulations
are not obtained. At finer vertical resolutions, the QBO period decreases slightly
with increasing resolution. Minor variations in the forcing amplitude easily com-
pensate for the vertical-resolution effects, but the wave amplitudes required to
force the QBO in the mechanistic model are much larger than can be justified by
observation. Including the effects of the annual cycle results in a requirement for
even greater wave forcing, calling some essential features of the Holton-Lindzen
theory into question. Takahashi and Boville further demonstrated that the CCM2
does not produce a QBO even though its equatorial wave amplitudes are in rea-
sonable agreement with observations, as shown previously by Boville and William
Randel (Atmospheric Chemistry Division, or ACD). Preliminary simulations with
a two-dimensional model indicate that a combination of Kelvin and Rossby grav-
ity waves from the original theory, together with a spectrum of gravity waves, is
likely to be essential in forcing the QBO.

Studies of Mt. Pinatubo Aerosol

With James Holton and Philip Mote (both of the University of Washington),
Boville conducted an idealized study of the stratospheric aerosol produced by
the 15 June 1991 eruption of Mt. Pinatubo in the Philippine Islands. They in-
troduced a conserved tracer into the lower stratosphere (near 24 mb, or 25 km)
over the Philippines and followed it for six months. The tracer was roughly anal-
ogous to the total sulfur dioxide (SO2) concentration, both in the gaseous phase
and dissolved in aerosol, since no sinks or conversions were considered. The bulk
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of the tracer was still confined to the tropics after six months, moving slowly up-
ward in the mean diabatic circulation; however, significant concentrations spread
from pole to pole after six months. In the SH stratosphere, weak planetary waves
spread the tracer to the edge of the polar vortex during July and August, but
it did not penetrate to the pole until the final breakdown of the vortex at the
end of November. In the NH middle stratosphere, no significant mixing of the
tracer occurred until the winter planetary regime began to build up in October.
In the first few weeks of the simulation, downward transport (to 100 mb) of small
amounts of tracer occurred in limited regions, apparently caused by small-scale
eddies generated by convection, followed by rapid meridional transport by syn-
optic waves. The simulated events bear a striking similarity to layers of dramat-
ically elevated aerosol concentrations in the lower stratosphere actually observed
by balloons, light imaging Doppler aircraft radars, and satellites (Stratospheric
Aerosol and Gas Experiment II, in particular), although the events in the atmo-
sphere may have been caused by injection of S02 at lower levels rather than by
downward transport as in the simulation.

Chemistry in CCM2

Fl1-Like Tracers. Williamson, Dana Hartley (Massachusetts Institute of
Technology, or MIT), and Rasch continued to experiment with scenarios of CFC-
like tracers in a prototype CCM2. They completed a two-year set problem pro-
posed at the World Climate Research Program Workshop on Long-Range Trans-
port of Trace Gases. They completed and submitted for comparison all requested
analyses and performed a four-year simulation with realistic emission and loss
processes. They are comparing the general characteristics of episodic events in
the model at selected points with those from data of the Atmospheric Lifetimes
Experiment/Global Atmospheric Gases Experiment, and they are examining the
grid-scale transport and subgrid-scale PBL and convective transports.

NO,-Like Tracers. Rasch, Guy Brasseur (ACD), and Williamson tested
scenarios of emission of an NO-like tracer in the upper troposphere and lower
stratosphere by supersonic aircraft to understand the dynamics and chemistry of
this region. They demonstrated a strong sensitivity in tracer distributions to the
flight-corridor scenario and revealed a much stronger transport of tracer down-
ward and equatorward than did a corresponding two-dimensional model (trans-
formed Eulerian mean).

Carbon Cycle. David Erickson (ACD), Rasch, Brasseur, and Williamson be-
gan development of a carbon-cycle model by adding anthropogenic surface sources
of carbon to the CCM2. In this configuration, the experiment closely paralleled
that of Fll described above; i.e., they examined the interhemispheric communi-
cation and the role of resolved transport and convective boundary-layer processes
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with respect to the CO2 distribution. They are adding to the model other pro-
cesses that influence the CO 2 distribution, such as biosphere source and sinks
(controlled in part by surface hydrology and photosynthesis) and ocean uptake
of C02 (controlled by the assumed partial pressure of CO 2 in the ocean surface
layer).

Coupled CCM-Chemistry Model. Scientists in CMS and ACD, led by
Rasch and Brasseur, have coupled the CCM2 and a family chemistry model for
investigation of the chemistry and dynamics of the upper troposphere and strato-
sphere. Rasch, Brasseur, and Richard Turco (University of California, Los Ange-
les) performed the initial work under a NASA grant to investigate the effects of
high-speed aircraft on the chemistry and dynamics of the upper troposphere and
stratosphere. Jerry Olson developed an off-line, shape-preserving, semi-Lagrangian
transport code (a subset of the CCM2), which is driven by CCM2 history files
and which produces the CCM2-like history files. Stacy Walters (ACD) is adding
a chemistry package to the code to produce a chemistry transport model for an
economical adjunct to the completely coupled model.

Water Transport

Rasch and Erich Roeckner (Max Planck Institute for Meteorology, Hamburg,
Germany) added the shape-preserving, semi-Lagrangian codes developed at NCAR
to the Hamburg GCM (called ECHAM), and the codes are now an integral part
of the ECHAM. Rasch and Roeckner are performing sensitivity studies to identify
the importance of cloud-water transport in model climate. The transport scheme
is also the standard for the advection of other trace species in the model.

Aquaplanet

Rasch collaborated with Peter Hess (ACD) and David Battisti (University of
Washington) in an aquaplanet study with the CCM. They used a Kuo-style con-
vection scheme developed by Rasch and a standard Manabe style in the CCM to
examine the interactions between the mechanisms of SST, convection, and condi-
tional instability of the second kind in maintaining the intertropical convergence
zone in an aquaplanet version of the CCM.

Atmospheric Model Intercomparison Project. Williamson, John Trues-
dale, and other CMS scientists are participating in the Atmospheric Model In-
tercomparison Project sponsored by the Environmental Sciences Division of the
DOE. DOE is providing computer time at the Lawrence Livermore National Lab-
oratory (LLNL) for a 10-year simulation of observed SSTs with the CCM2. Ap-
proximately 25 modeling groups around the world are participating in this exper-
iment, all using the same 10-year sea-surface data set. Scientists have ported the
CCM2 to LLNL for this experiment and carried out preliminary runs. They will
perform the main simulation in FY 92.
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Numerical Methods

Ruediger Jakob (visitor, University of Colorado), Hack, and Williamson began
implementation of a numerical test set developed last year in a spectral shallow-
water model. They will document this model and the numerical test suite and
make it available to the research and university community. Hack, Williamson,
and Jakob used this numerical framework to explore alternative techniques for
specifying reduced isotropic transform grids in global spectral models. Their ap-
proach is based on establishing the accuracy of the basic representation. In agree-
ment with previous empirical results from ECMWF, their results show that sav-
ings in excess of 25% are feasible with little or no compromise in the accuracy of
the spectral scheme.

Using conservative shock-capturing numerical methods with a flux form of the
equations on reduced grid, Rasch developed an alternate numerical approach for
the shallow-water equations.

Williamson and Olson developed an experimental version of the CCM2 that
uses semi-Lagrangian transport for the momentum and mass of the atmosphere as
well as for the water vapor. The semi-Lagrangian version does not have a time-
step restriction for stability; instead, the time step can be chosen from accuracy
considerations that currently seem to be driven by the physical parameteriza-
tions. With this semi-Lagrangian version, they can run higher resolutions with
the same time step as lower-resolution standard versions and at a significant sav-
ings in computing resources.

Williamson and Hack have been involved in a project with Paul Swarztrauber
and Richard Sato (both of the Scientific Computing Division, or SCD) and mem-
bers of Argonne National Laboratory and Oak Ridge National Laboratory (ORNL)
to port the CCM2 to a variety of massively parallel computers. They have made
significant progress in porting a prototype CCM2 to multiple-instruction, multiple-
data-stream and single-instruction, multiple-data-stream machines. DOE's Com-
puter Hardware, Advanced Mathematics, and Model Physics initiative is sponsor-
ing the project.

Williamson, Hack, Swarztrauber, and Sato organized the Second Workshop
on Numerical Solutions of Fluid Flow in Spherical Geometry. About 70 scientists
from the United States, Canada, Australia, and Great Britain participated. They
presented 30 papers on topics ranging from innovative numerical methods in a
shallow-water framework to complete state-of-the-art, operational atmospheric
models and applications to massively parallel computers.
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Climate Analysis Section

The goal of research in the Climate Analysis Section (CAS) is to increase un-
derstanding of the atmosphere through empirical studies and diagnostic analyses
of the atmosphere and its interactions with the earth's surface and oceans on a
wide range of time scales. Emphasis is on the atmospheric general circulation,
meteorological phenomena, and climate variations over several time scales, such as
those in blocking events; 40- to 50-day tropical oscillations; interannual variations,
such as the ENSO phenomenon; the 1988 North American drought; solar-weather
relationships; and longer-period trends.

A principal effort involves acquisition of data; evaluation, improvement, and
restructuring of data sets; development of climatologies; and using the data sets
in diagnostic studies. CAS scientists are also pursuing several theoretical and
modeling studies. Their research covers many subjects and includes participa-
tion in national and international programs-Tropical Ocean and Global Atmo-
sphere (TOGA) Program, ISCCP, ERBE, and Global Change. CAS scientists
interact with the Global Dynamics Section on planetary wave modeling; the In-
terdisciplinary Climate Systems and Cliate Modeling Sections on analysis of the
CCM data, validation of the CCM, and planning future experiments; and with
the Oceanography Section on problems involving atmosphere-ocean coupling of
mutual interest, such as TOGA.

Data Sets

Dennis Shea, Amy Solomon, Christian Guillemot, and Jeffery Berry continue
collaboration with staff in SCD's Data Support Section (DSS) to acquire and val-
idate data. Targets are conventional meteorological data and analyses, but model
and satellite data are increasingly included as well. Berry is developing an on-line
catalog of all global data sets in the CCM history-tape format.

Wilhelm May (visitor, University of Cologne, Germany), Roland Madden, and
Shea are producing a data base of 11 years of daily Tmax,,,, Tmin, and precipitation
for 8,000 stations. They will archive the data in synoptic and time-series order,
and the data will be accessible via the DSS.

Shea, Trenberth, and Richard Reynolds (Climate Analysis Center, NMC) pro-
duced a new SST climatology, documented in atlas form, as well as a time series
beginning in 1982, in a form suitable for the CCM. The climatology is available
through the DSS.

Shea used the 2° Shea-Trenberth-Reynolds SST climatology as a basis for de-
riving a series of SST climatologies at seven different Gaussian resolutions suit-
able for the CCM2. In addition, he derived at T42 a series of SST year-month
grids spanning 1982-1990, all obtainable from the DSS.
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Trenberth and Solomon continued their evaluation of global analyses from
ECMWF and NMC for 1979-1991. Berry updated ECMWF data with 2 newer,
more extensive, data sets-i1 in spectral form at T106 resolution, 4 times daily,
14 levels, from 1985 through 1989; and the other with the same data on a 2.5° grid
and twice daily extending through March 1991. Berry evaluated both data sets,
documented their problems, and put them into the CCM history-tape format at
T42 resolution. He analyzed the spatial spectra of several variables at many lev-
els and compared them with expectations from two-dimensional quasigeostrophic
theory. Documentation of implications of the information on the different scales
for processing, diagnostic studies, and displaying data has shown that ECMWF
archival and processing procedures lead to aliasing.

General Circulation

Rudolf Weber (visitor, Paul Scherrer Institute, Villigen, Switzerland), working
with Madden, documented the climatology of large-scale, traveling Rossby waves
in ten years of ECMWF analyses. In related work, Weber, Madden, and David
Baumhefner began to examine how these waves affect the skill of long-range fore-
casts. Madden and Harald Lejenais (University of Stockholm, Sweden) also docu-
mented a remarkable coincidence between the location of the ridge of the 16-day
wave and that of blocks. Some 20 to 40% of blocks, depending on longitude, ap-
pear to be related to the traveling wave.

Harry van Loon, Karin Labitzke (NCAR affiliate scientist from the Free Uni-
versity of Berlin, Germany), and Shea are producing a new atlas containing tele-
connections within the stratosphere and between the stratosphere and the tropo-
sphere. Van Loon and Labitzke are continuing to define the 10- to 12-year oscilla-
tion in the stratosphere.

Trenberth and Solomon completed their analysis of the mass budget in ECMWF
analyses and computed evaporation-minus-precipitation as a residual of the mois-
ture budget. Mass is not well conserved in the ECMWF analyses, either locally
in three dimensions or when vertically integrated. They have drawn implications
on how the analyses should be used and the need to validate the results. They
computed orographic forcing and concluded that it was too small in the ECMWF
model employed in the four-dimensional data assimilation.

Trenberth completed his study of storm tracks in the SH. The locations of the
jet stream and variance maxima of geopotential height, wind components, tem-
perature, moisture, vorticity, divergence, and vertical motion all bear a distinct
relationship to the storm track and so, too, do many flux quantities. The rela-
tionships can generally be understood in terms of geostrophic theory and pertur-
bation analysis applied to baroclinic systems.
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Hurrell and Dayton Vincent (Purdue University) completed their study of the
extent to which divergent circulations, induced by tropical heating, helped to
maintain westerly maxima in the SH subtropics during the First GARP (Global
Atmospheric Research Programme) Global Experiment. During southern sum-
mer, the dominant term in the zonal momentum budget was the Coriolis force
acting on the diabatically driven meridional circulation. In the South Pacific con-
vergence zone, however, transient eddies played an important role by partially
offsetting the strong Coriolis acceleration in the entrance region of the local jet
and accelerated the westerly flow in the exit region through both barotropic and
baroclinic processes. In further studies, Hurrell, Vincent, and collaborators from
the University of Cologne (Peter Speth, Thomas Sperling, Andreas Fink, and Ste-
fan Zube) reinforced this result for November 1984 to April 1985 and examined
the relationship to the tropical (40- to 50-day) intraseasonal oscillation.

Through medium-range forecasts with a recent version of the NASA Goddard
Laboratory for Atmospheres' atmospheric GCM, Hurrell and Vincent examined
the impact of enhanced meridional overturning on subtropical rotational flows
during January 1979. By reducing the latent energy supplied to the model at-
mosphere, they corroborated the observational conclusion that summertime sub-
tropical westerly maxima are largely forced by divergent outflow from transient
tropical heating events.

In his review of the role of tropical topography in global climate, Meehl found
that the Tibetan plateau provided the strongest topographical forcing of any of
the tropical regions considered. The heating and mechanical effects associated
with the elevated topography of the plateau have significant effects on global
climate. Other tropical continental areas without elevated topographical heat
sources can maintain monsoon regimes, but not of comparable intensity.

Meehl initiated a comparison of Indian summer monsoon characteristics in a
number of GCM simulations. These models included several versions and resolu-
tions of the CCM, as well as a GCM from the Bureau of Meteorology Research
Centre, Melbourne, Australia. Larger land-sea temperature contrast (between
southern Asia and the Indian Ocean) consistently resulted in a stronger monsoon
with more precipitation, so that the effects of land-surface conditions could be as
strong as those of interannually varying SSTs for year-to-year changes in Indian
monsoon intensity.

El Nino/Southern Oscillation and the
1988 North American Drought

Trenberth, with Branstator, continued work on the origins of the 1988 North
American drought-how it developed and possible causes. Observational evidence
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of a strong wavetrain across North America in the spring and summer, which pro-
vided large-scale support for the drought, indicated the probable importance of
the tropical Pacific Ocean, where SST anomalies had reversed from warm 1987
El Niniio conditions to very cold (La Nifia) conditions by April. Trenberth and
Solomon contrasted the diagnosed diabatic heating in the tropics during May
1988 (time of the drought) with other years. Differences qualitatively agreed with
changes in outgoing longwave radiation, as seen from satellite, and were consis-
tent with the changes in SST. Planetary-wave modeling of possible forcings indi-
cated that the changes in the tropical East Pacific were probably the main fac-
tor in setting up the drought circulation, whereas land-surface processes in the
drought area, although secondary, constituted an important feedback.

Meehl continued his study of biennial signals in the coupled ocean-atmosphere
system in the tropical Indian and Pacific oceans. Analysis of vertical ocean tem-
perature profiles from hydrographic station data showed that changes in upper-
ocean heat content contribute to the persistence of SST anomalies on the annual
time scale that are important to the biennial mechanism (first proposed by Meehl
in 1987). Results also suggest that the Indian and Pacific oceans are actively in-
volved in ENSO and that ENSO could be an amplification of the biennial cycle.

Meehl participated in an intercomparison of coupled model simulations of
ENSO to clarify the relative role of internal ocean wave dynamics in simulations
of ENSO. The coarse-grid coupled GCMs (such as that of Washington and Meehl)
simulated coupled sets of anomalies that appeared in the eastern equatorial Pa-
cific and moved west (SST modes), while the higher-resolution coupled models
produced coupled anomalies that either developed in place or slowly propagated
from west to east (ocean modes).

Meehl and Branstator used results from the analysis of ENSO in the NCAR
coarse-grid global coupled GCM to show that a changed climate basic state, asso-
ciated with a large change in external forcing (such as a doubling of atmospheric
CO2 ), would produce ENSO events in the tropics similar to those observed today,
but the response in the extratropics would be different from that presently ob-
served. Thus, ENSO in the paleoclimatic record could have a different signature
in the extratropics.

Climate Analysis

Shea and Murry Salby (University of Colorado) completed a detailed statisti-
cal analysis of recently reported solar-atmosphere correlations. They investigated
correlations that require stratification by the QBO and those that do not. The
results demonstrated that the source of high correlations obtained by stratifica-
tion is aliasing to low frequencies. Correlations with unstratified data were not
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explained by aliasing, but uncertainties in their interpretation and reliability leave
these quantities open to question as well.

Using 90 years of NH gridded sea-level pressure data, Hurrell and van Loon
began to examine the preferred time scales of atmospheric variability in the At-
lantic. Preliminary results indicate that most of the spectral power is near the
two- and ten-year bands, but the percentage of variance explained by these bands
varies greatly as a function of time. Hurrell, using ECMWF global analyses, is
examining atmospheric circulation changes associated with recent extreme events
of the North Atlantic oscillation. Van Loon is also studying the atmospheric cir-
culation associated with sea-ice variability around Greenland and Iceland. Eigil
Kaas (Danish Meteorological Institute, Copenhagen) and van Loon are examining
the role of the quasi-stationary waves in surface air temperature variability since
1950.

Madden continued a study of errors in estimates of the global mean temper-
atures due to imperfect space and time sampling. He used a simple statistical
model and a Monte Carlo technique to complement earlier results based on a
CCM simulation and ECMWF analyses.

With the 11-year record of daily temperatures reported on above and an analysis-
of-variance approach, Madden, May, and Shea are estimating the potential for
long-range prediction.

Trenberth and Hurrell, in collaboration with John Christy (University of Al-
abama, Huntsville), have extensively analyzed the state of the art of determining
monthly mean surface temperatures over the earth. They appraised the sources
of noise in the data, the numbers of observations, and the spatial coverage for
comparison with the climate signal. Over the oceans, SSTs are used in place
of surface air temperatures. They compared different analyzed SST fields from
the Comprehensive Ocean-Atmosphere Data Set, the Climate Analysis Center,
and the United Kingdom Meteorological Office (UKMO) to determine how re-
producible the fields are. They evaluated the data by comparing anomalies of
monthly mean surface temperatures with those of global satellite channel-2 microwave-
sounding-unit (MSU) temperatures for 144 months from 1979 to 1990. With the
marked exception of the eastern tropical Pacific where the large El Nino signal is
easily detected, the numbers of SST observations are insufficient to reliably define
SST or surface air temperature monthly mean anomalies over most of the oceans
south of about 10°N. MSU data provide an excellent complement to climate-
monitoring capabilities, but the MSU monitors a quantity physically different
from surface temperature.

Trenberth and Hurrell have also compared the MSU data with ECMWF monthly
mean temperatures throughout the atmosphere. The agreement between MSU
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and channel-2 weighted ECMWF anomalies is very good except over the tropics.
Results reveal changes in the ECMWF data-assimilation system with time and
show the need for reanalysis of all data using a state-of-the-art, four-dimensional
data-assimilation system.

Trenberth and Shea have begun to examine the moisture budget and hydro-
logical cycle over North America. They calculated and archived climatologies of
numerous quantities at all available levels for each rawinsonde station and will
make comparisons with ECMWF data.

Climate System Modeling

Trenberth is editor of a monograph, Climate System Modeling, to be published
in 1992. The book contains 23 chapters written by 23 scientists from the United
States and abroad and is divided into the following six parts: (1) the climate sys-
tem, (2) what has to be modeled (components of the climate system as observed,
important dynamical, physical, chemical, and biological processes, and nature of
the interactions of the components), (3) models of primary individual components
of the climate system, (4) physical climate system coupling and coupling of the
atmosphere and ocean, (5) applications of and results from the models to date,
and (6) future prospects.

Oceanography Section

This past year, Oceanography Section (OS) scientists focused on (1) under-
standing the large-scale ocean circulation through studies of the important pro-
cesses in the global ocean, and (2) examining the relationship of these processes
to the dynamics of climate through studies of the key air and sea interactions oc-
curring at their interface. This work involved studies in ocean circulation model-
ing, theory, and observations, and air-sea interactions. As in past years, emphasis
was on numerical modeling of basin- and regional-scale ocean circulation in equa-
torial and midlatitude regimes, development of global models, idealized process
studies in geophysical fluid dynamics, and analysis and interpretation of observa-
tional data.

New Initiatives

OS scientists began a major effort to develop a common coupling strategy for
ocean and atmosphere interaction. This involved the development of a sophisti-
cated interface between the ocean and atmosphere to provide realistic coupling
with correct conservation laws when a variety of space-time information (air-sea
fluxes) is passed back and forth. Four different ocean models will be coupled to
the atmospheric CCM2 in the next year or so. These models have different pur-
poses and represent the range of space and time scales of interaction necessary to
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determine how air-sea coupling works. The regional equatorial ocean model by
Peter Gent and Mark Cane (Lamont-Doherty Geological Observatory), the re-
gional (North Atlantic) high-resolution CME model of Frank Bryan and Holland,
the global surface ocean model of William Large and James McWilliams, and the
global modular ocean model of Holland, Bryan, and Julianna Chow will all make
use of this interface, allowing careful study of the various coupling strategies for
climate applications.

Modeling of Midlatitude Ocean Circulation

The series of simulations of the North Atlantic at 1/3° horizontal resolution,
begun as part of the WOCE CME, continues to be a major component of the re-
search effort by Holland and Bryan. An important part of model verification is
testing the sensitivity of the solutions to various modeling choices. In this spirit,
they are running experiments with alternative specifications of wind stress. Us-
ing the Trenberth-Large climatology derived from ECMWF operational analyses,
Holland and Bryan completed a simulation and started an additional experiment
with climatological wind stress from the CCM2. While there are significant differ-
ences in the circulation and properties of the model on regional scales (especially
in the tropics), the large-scale midlatitude circulation remains relatively insensi-
tive to the choice of wind-stress forcing.

Bryan, Holland, and Chow made a number of improvements in the initializa-
tion method for the 1/6° version of the CME model that have resulted in a solu-
tion with significantly reduced noise levels and the ability to reach lower values of
dissipation. This should yield an even more realistic, very-high-resolution repre-
sentation of the general circulation of the North Atlantic. An initial experiment is
under way.

Gent and McWilliams continued their studies of the balanced dynamics of the
oceanic general circulation. With Dale Haidvogel (NCAR affiliate scientist from
Rutgers University), they investigated the influence of the lateral stress bound-
ary condition on the separation-point dynamics of western boundary currents in
midlatitude gyres. Particular findings were the upstream migration of the sep-
aration point with an increasing ratio of wall stress to tangential velocity and
the control of separation by a local adverse pressure gradient. Another project
was the numerical implementation of a parameterization of the isopycnal mix-
ing of material properties, including buoyancy, to represent the important influ-
ence of mesoscale eddies when they are otherwise excluded from the solution by
the coarseness of grid resolution. In a quasi-adiabatic, wind-driven gyre solution,
well-behaved steady solutions exist despite the absence of an explicit vertical vis-
cosity. Another project, with Irad Yavneh (visitor, 'Weizmann Institute, Rehovot,
Israel), is the development of robust, efficient, time-implicit solvers of primitive
and balance-equation models by multigrid techniques.
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Studies by Holland, Bryan, and Chow of conveyor-belt overturning circulation
in a 1° version of the North Atlantic CME model have continued with a focus on
the control of the northward heat flux by freshwater fluxes in the Atlantic sector
of the global ocean. When different initial conditions were chosen, they found sev-
eral solutions, some with strong meridional overturning and some with minimal
overturning. These results suggest that an ocean driven by present-day freshwater
fluxes and the heat flux law of Haney and Han can have at least two metastable
states representing very different oceanic circulation and consequent northward
heat transports. Holland, Bryan, and Chow are examining the dependence of
these results on the details of the surface boundary forcing and determining the
consequences for greenhouse and other climate-change scenarios.

The parameterization of subgrid-scale bottom topography is a topic of impor-
tance. Variable bathymetry on a range of space scales exerts a strong but poorly
understood influence on the ocean circulation. Recent theories suggest that the
interaction of mesoscale eddies and sloping topography could exert a force on
the large-scale circulation comparable to that of the wind. To test some of these
ideas, Bryan incorporated into the 1/6° version of the CME a parameterization of
this effect developed by Greg Holloway (Institute of Ocean Sciences, or IOS, Pa-
tricia Bay, British Columbia). The sense of the forcing is such that it would tend
to ameliorate a number of deficiencies in existing solutions, specifically poleward
overshoot of the Gulf Stream and an underdeveloped deep western boundary cur-
rent. Further experiments are necessary to tune the model parameters before sci-
entists can fully evaluate this scheme.

Holland, Antonietta Capotondi (Advanced Study Program, or ASP), William
Schmitz (Woods Hole Oceanographic Institution, or WHOI), and Randolph Watts
(University of Rhode Island) continued studies of high-resolution Gulf Stream dy-
namics. To understand the nature of the climatology of a quasigeostrophic model
with and without data assimilation, they are using satellite altimeter data to in-
troduce realistic space-time variability into the models. In other experiments with
the primitive equations to understand downstream meander processes and cross-
stream heat fluxes and to keep the Gulf Stream vertical structure locally realistic,
they are seeking to introduce in-situ data (T, S, inverted echo-sounder observa-
tions).

Phillip Hsueh (Florida State University) and John Schultz (ASP) are work-
ing with Holland on the development of a regional model of the interaction of the
East China Sea with the open ocean western Pacific. This past year, they built
a high-resolution model and tested open-boundary conditions. A numerical ex-
periment is under way to examine exchange processes across the Kuroshio Stream
and to interpret the various balances for the East China Sea region.

Large and Gregory Crawford (ASP) completed the data analysis of upper-
ocean response to atmospheric storms from the Ocean Storms Experiment. These
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data will form the basis for an extensive study to determine and model the im-
portant processes governing midlatitude SST changes during fall and winter. The
ultimate goal is to parameterize episodic cooling events in basin- and global-scale
models.

Equatorial Circulation

Gent and Cane continued to refine and improve the upper-equatorial-ocean,
primitive-equation model they developed. Changes to the vertical ocean mixing
and heat-flux parameterizations have improved the simulation of the annual cycle
in the Pacific.

Gent and Esther Brady (UCAR visitor) began further diagnoses of the model
results. They are analyzing the heat budget in the central Pacific Ocean where
the onset and retreat of the equatorial cold tongue are not very well captured.
They are also analyzing the budgets of potential vorticity and the Bernoulli func-
tion, especially in the undercurrent along the equator. This is to test Brady's hy-
pothesis, drawn from ocean data, that the two functionals are related in the core
of the undercurrent.

Studies in Geophysical Fluid Dynamics

McWilliams, in collaboration with Patrick Gallacher (Naval Oceanographic
and Atmospheric Research Laboratory, or NOARL), Moeng, John Wyngaard
(PSU), and Hendrik Tennekes (NCAR affiliate scientist from Royal Netherlands
Meteorological Institute), has investigated a stress-driven, stably stratified, LES
of the PBL. The stratification vertically compresses an Ekman-layer-like velocity
profile, and buoyancy entrainment causes a slow deepening of the layer. McWilliams,
with Stuart Marlatt (ASP) and Sedat Biringin (University of Colorado), is con-
ducting another LES investigation of the influences of irregular bottom topogra-
phy on the PBL. Steady secondary circulations partly replace the vertical trans-
port by transient turbulence. These and other LES solutions also provide stan-
dards by which various PBL parameterization schemes are assessed for their va-
lidity.

McWilliams and others are conducting several numerical investigations of geo-
physical turbulence under idealized conditions. One such study, with Lorenzo
Polvani (Columbia University) and Michael Spall (WHOI), is the free evolution
from randomly balanced initial conditions in the shallow-water equations at fi-
nite Rossby number; primary interest is in the coherent vortices that emerge and
their efficiency of gravity-wave generation. Another study, with Pascale LeLong
(visitor, University of Washington), is the free evolution in nonrotating stably
stratified turbulence; the primary result here is that the path of energy cascade
to dissipation is toward smaller vertical scales in the horizontal kinetic energy, but
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the same issues of coherent vortex emergence and gravity-wave generation are also
relevant here. With Geoffrey Vallis (University of California, Santa Cruz) and Vi-
taly Larichev (Shirshov Institute of Oceanology, Moscow, Russia), OS scientists
are investigating solutions of geostrophic turbulence with spatial inhomogeneity in
either the initial conditions or the forcing for the rate of relaxation through which
the inhomogeneity is diminished. In particular, the mechanisms of relaxation are
quite different in the vertical and horizontal directions, for example, isopycnal
form stresses and material advection of potential vorticity.

In two-dimensional turbulence, the phenomenology of coherent vortices and
their control of the cascade and dissipation rates have been well established. This
year, McWilliams, Weiss, and George Carnevale and William Young (both of
Scripps Institution of Oceanography), and Yves Pomeau (Ecole Normale Superieure,
Paris, France) proposed a scaling theory for two-dimensional turbulence as a fun-
damental large Reynolds number solution in which both the properties of the vor-
tex population and the low-order statistical moments (e.g., energy, enstrophy)
have self-similar temporal evolution with interrelated power-law exponents. This
theory has been reasonably well confirmed by finite Reynolds-number solutions of
the fluid equations. It also has been confirmed in a new punctuated-Hamiltonian
dynamical model that uses the individual vortices as its elements. When the vor-
tices are well separated, they evolve by conservative Hamiltonian dynamics (e.g.,
as in point vortices), but, during close approaches, abrupt nonconservative trans-
formations (such as the merger of two like-sign vortices into one) occur instan-
taneously. This punctuated-Hamiltonian model can be used to investigate the
vortex distributions within the population, as well as a variety of initial vortex
configurations, with much greater efficiency than a comparable fluid dynamical
model.

Ralph Milliff and McWilliams applied a bounded shallow-water approxima-
tion primitive-equation model to study the time- and space-scale characteristics
of ocean boundary-pressure adjustment. They used plots of boundary pressure
vs. time and their spectra to understand the transfer of properties (i.e., energy,
enstrophy) from fast time scales and high wave numbers to slower and longer
boundary wave-guide signals. As part of this effort, Gent, McWilliams, and Mil-
liff devised a diagnostic scheme for the separation of the bounded shallow-water
model velocity solutions into streamfunction, velocity potential, and a residual-
velocity component that is both nondivergent and irrotational. They will check
the optimal consistent quasigeostrophic model of boundary-pressure adjustment
against the primitive-equation solution at low Rossby number.

Ocean Observations

Milliff, who joined the section upon completion of a UCAR postdoctoral fel-
lowship, is primarily responsible for numerical experiments associated with the
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OS role as part of the Science Definition Team for NASA's scatterometer project
(NSCAT). The section's NSCAT team (Holland, Large, McWilliams, and Milliff)
has designed a suite of numerical experiments to examine the effects of high wave
number and high-frequency surface forcing on ocean models. In the first phase
of this research, Large, Holland, and James Evans (University of South Carolina)
studied high-frequency forcing effects on a basin-scale quasigeostrophic model.
They are extending ECMWF wind-field analyses to synthesize high wave num-
ber surface wind-stress fields comparable to the anticipated products from scat-
terometers. They will use the synthesized data to diagnose basin-scale sensitiv-
ity to high wave-number forcing in isolation and then in combination with the
high-frequency forcing. They will increase the sophistication of the ocean model
physics such that full primitive-equation model studies with real scatterometer
wind-stress forcings will be sensible when the data come on line.

NASA's Topography Experiment (TOPEX) satellite is scheduled to fly next
summer. Holland continues his participation in preliminary observational analy-
ses and model studies with his science team of Lee Fu and Victor Zlotnicki (both
of NASA's Jet Propulsion Laboratory) and Paola Malanotte-Rizzoli (MIT). The
altimeter has the potential for giving oceanographers a comprehensive synoptic
view of oceanic transience, and the data sets, combined with ocean numerical
models, will provide an opportunity for fundamental studies of the role of eddies
in the large-scale circulation.

After many years of planning, OS scientists are now involved in the five- to
seven-year observational phase of WOCE. Large is participating in a major Cana-
dian contribution to the WOCE TOGA Surface Velocity Project with Paul LeBlond
(University of British Columbia, Vancouver), Richard Thomson (IOS), Gordon
Swaters (University of Alberta, Edmonton), and David Krauel (Royal Roads, Vic-
toria, British Columbia). The planned 5-year array of mixed-layer drifters in the
northeast Pacific Ocean was maintained, with a total of 51 drifters now deployed.
The collaborators plan regular mapping and intensive observational arrays with
the objective of determining the mean state and interannual variability of the
Alaskan Gyre. Of particular interest is the relationship to surface wind forcing.
OS scientists will combine the data with other WOCE efforts to provide complete
5-year coverage of the entire north, south, and equatorial Pacific Ocean. OS sci-
entists are interested in WOCE global data sets because of their direct relevance
to ocean modeling, including sea-surface altimetry from TOPEX and surface wind
stress from WOCE's scatterometer project (NSCAT), and in Core III studies in
the Atlantic.

Coupled Models

Gent and Joseph Tribbia used their coupled model to study the predictabil-
ity of the ENSO phenomenon. The model consists of an aquaplanet version of
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the CCM1 coupled to the equatorial model in a rectangular basin. They ran sev-
eral model-twin experiments to show that the coupled system is sensitive to small
changes in SST. The model-twin experiments estimate the predictability time in
atmospheric models, but they have not been used before in coupled models. The
predictability time varies considerably, depending on when the initial change of
SST is made. It varies from about six to eight months when the coupled system
is going from a warm to a cold event. Thus, the onset of El Niiio may be easier to
predict than its demise.

Large and McWilliams made significant progress in the development of a global
numerical model of the upper ocean and sea ice for intradecadal climate stud-
ies. They completed a one-dimensional version of a coupled atmosphere, ocean,
and sea-ice model; designed the three-dimensional model; and prepared histori-
cal data sets to provide boundary conditions. They developed a general coupling
strategy that conserves fluxes while allowing great flexibility in the time-stepping
and forcing of the model components. The upper-ocean model includes a novel
ocean boundary-layer parameterization adapted from atmospheric models; it is a
nonlocal specification of the eddy fluxes with rates determined by surfaces fluxes
and vertical extent set by a critical Richardson number condition. This model
has been successfully tested against known ocean solutions, such as wind-driven
mixed-layer deepening, pure convection, daily cycling, and seasonal shoaling.
The sea-ice model is a one-dimensional thermodynamic version of a full three-
dimensional model adapted in collaboration with W. Brechner Owens (WHOI).
Using code from the recently completed CCM2, the collaborators coupled a one-
dimensional radiative-convective atmospheric model to the above one-dimensional
ocean and ice models and began testing. So that each grid point can represent
varying fractions of ocean, sea ice, and land, they modified the model for hetero-
geneous, bottom-boundary conditions without increasing the computationally de-
manding radiation calculations. Scott Doney (ASP) added a simple ecosystem
model to the upper-ocean model to simulate biological production and nutrient
cycling on multiyear time scales.

Holland, Bryan, and Williamson continue their coupling of the high-resolution
CME North Atlantic model to the CCM2. The focus of the initial phase of this
project has been on a careful evaluation of the flux biases in the existing models.
In collaboration with CMS scientists, they are planning special runs of the CCM2
to produce high-density data sets of air-sea interaction and marine boundary-
layer quantities. Preliminary evaluation of the early CCM2 control runs suggests
that the air-sea fluxes over the North Atlantic are realistic and promise a high-
quality coupled model.

Global Dynamics Section

The goal of research in the Global Dynamics Section (GDS) is to increase un-
derstanding of the mechanisms and theoretical predictability of large-scale atmo-
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spheric variability on time scales of days to years in order to predict transient
global circulations in the atmosphere beyond present practical limits. GDS sci-
entists employ three approaches in their research: (1) numerical and theoretical
studies with a hierarchy of physical models ranging from the nondivergent vortic-
ity equation to a coupled atmosphere and ocean model, (2) investigation of the
cause of low-frequency variability and experimentation with the CCM to explore
the practical skill of predicting low-frequency variability, and (3) sensitivity anal-
ysis of numerical prediction to atmospheric initial conditions and design of im-
proved data assimilation, particularly for tropical forecasting.

Coupled Ocean-Atmosphere Model for
TOGA Studies

Tribbia and Gent, working with Yen-Huei Lee and Brian Kauffman, have de-
veloped a coupled ocean-atmosphere model suitable for studying the dynami-
cal mechanisms of the ENSO phenomenon. To reduce the computational costs
and elucidate the dynamical essence of the ENSO cycle, they simplified the at-
mospheric model only in its treatment of radiative fluxes and the elimination of
continentality. The ocean model is a primitive-equation, upper-ocean model of
an idealized equatorial Pacific basin. After a number of sensitivity studies of the
model behavior, GDS scientists performed a 15-year integration of the coupled
system to optimize the model climatology. This integration showed a very accu-
rate time-mean climatology of equatorial SST, a good simulation of the seasonal
cycle of SST in the tropics, and a rather weak simulation of the interannual vari-
ability associated with El Ninio. Work in progress includes examination of the
dynamic predictability of the interannual behavior of the coupled system. De-
spite its rather weak variability, GDS scientists have noted that, when the leading
empirical orthogonal function (EOF) of equatorial SST has small amplitude, the
coupled system loses its predictability in less than three months. Because this
mode of variability is somewhat phase-locked to the seasonal cycle, small ampli-
tudes of this EOF invariably occur in boreal spring, and GDS scientists thus find
agreement with the predictive behavior of simpler ENSO models. They plan fur-
ther studies to ascertain the dynamical predictability of the ENSO cycle and the
midlatitude anomalies induced by the equatorial circulation changes inherent in
this cycle in a version of the coupled system that incorporates realistic continen-
tality and oceanic boundaries.

Cause of Atmospheric Low-Frequency
Variability

Struck by the importance of anomalous transient eddy fluxes in maintaining
episodes of prominent low-frequency flow anomalies in the CCM, Branstator un-
dertook a study of the organizing mechanisms of storm tracks and continued this
work during a collaborative leave at the Max Planck Institute for Meteorology.
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Using a linearized form of the CCM, he determined to what extent the e eer position
and intensity of storm tracks are simply dictated by the configuration of the time-
mean flow. Calculations with this linear storm-track model show that, to a sur-
prising degree, storm-track anomalies can be attributed to contemporaneous shifts
in the quasi-stationary waves. These anomalies in the theime-mean flow act pri-
marily by steering rather than by causing the regions of maximum baroclinity to
change. Low-frequency anomalies help to organize the very eddy fluxes that con-
tribute to their maintenance. Furthermore, Branstator has numerically generated
a state with this property. By coupling the linear storm-track model to a steady-
state model forced by eddy fluxes, he produced a state in which anomalous tran-
sients and anomalous low-frequency variations maintain each other in a steady
state. This state may be a prototype for observed teleconnection patterns.

Using a hierarchy of atmospheric models in which the responses of planetary-
scale motions to prescribed tropical heating anomalies are investigated, GDS sci-
entists have extensively studied the physical mechanisms of tropical midlatitude
teleconnections. Although the basic dynamics of teleconnections can be explained
by horizontal propagation of planetary waves and the barotropic instability of
background flow, many questions still remain. One concerns the mechanism of
generating barotropic disturbances (vorticity sources) by tropical heating. An-
other is the role of baroclinic instability in the transient response of a baroclinic
atmosphere to tropical forcing. In particular, a major problem is understand-
ing how the tropical anomalous forcing and barotropic instability are influenced
through interactions with transients excited by baroclinic instability. In order to
overcome the deficiencies of past studies based on linear atmospheric models and
to understand the role of baroclinic instability, Kasahara and Branstator are con-
ducting numerical experiments with an aquaplanet version of the CCMOB. To fa-
cilitate comparison of nonlinear results with corresponding linear model solutions,
they have designed the experiments so that the specifications of tropical forcing
and background climatological flows are identical to those used in the earlier work
of Kasahara and Pedro Silva Dias (University of Sao Paulo, Brazil). They empha-
sized examination of the role of the vertical shear in the background flow in the
generation of the equivalent barotropic motions excited by tropical heating.

Having noted that blocking is an infrequent phenomenon in the GCM used
at the Danish Meteorological Institute, Kaas and Branstator examined blocking
events in simulations of CCMO to determine features of the model's climatology
that may affect blocking frequency. They found that blocking coincides with a
distinct anomaly in the zonal mean flow, and this holds true for blocking in na-
ture as well. Furthermore, experimentation with the CCM indicates that the
zonal mean anomalies do not just accompany blocks but can actually cause sig-
nificant changes in the frequency of blocking.
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Dynamical Forecast at Extended Range

Baumhefner evaluated the forecast skill of 10- to 30-day low-frequency vari-
ability during the winter of 1990-91. At least six major transitions of the planetary-
scale flow occurred during this period and, therefore, this timing was excellent
for testing the model's ability in forecasting regime transitions. Baumhefner de-
veloped various quantitative definitions of transition and compared them with
synoptic patterns. During these transitions, he examined for skill the six- to ten-
day mean operational forecasts from the NMC and ECMWF. Four of the six
transitions proved to be very difficult to forecast and, surprisingly, the skill was
quite good in two cases. One of these cases appears to be strongly influenced by
a Branstator-type 23-day mode. In a more rigorous experiment with the CCM,
he is just beginning to determine the sensitivity of the Monte Carlo ensembles
to regime transitions in terms of length of forecast and nature of the initial per-
turbations. Preliminary results show a very good forecast for December, which
included two transitions.

Baumhefner also continued the diagnosis of monthly forecast skill from a 50-
case sample for the winters of 1978-79 through 1989-1990. Skill evaluated from
this sample showed an approximate Gaussian distribution of range with nearly
40% at or above a skillful 0.5 anomaly correlation. The 5-day time mean skill
early in the forecast was not well correlated to 30-day skill. In contrast, the 10-
day time-mean centered at day 15 proved to be the most influential indication
of 30-day skill. These results imply that monthly skill derives from correct back-
ground flow prediction and not the prediction of high-frequency variations within
or at the beginning of the month.

Branstator and Baumhefner, working with Andrew Mai, continued their search
for flow components that are easily predicted by numerical forecast models. In
examination of 11 winters of ECMWF forecasts, they found that flow components
projecting onto the leading EOFs of daily analyses tend to be much better fore-
cast than components that project onto the trailing EOFs. Encouraged by this
discovery, they used a nonlinear minimization procedure to find the most easily
forecast flow components. In the extended range, the ECMWF model is twice as
skillful at predicting these optimum patterns as it is at predicting a typical flow
component. The study has also shown that the scientists can markedly improve
forecast skill by constructing spatial filters to remove the flow components histori-

.cally difficult to predict.

Tribbia has furthered his investigation of the linearized approach to stochastic
dynamic prediction, which seeks to utilize short-time information on the evolution
of the probability distribution in phase space to initiate a Monte Carlo ensemble
of small size of initial perturbations. While on collaborative leave at ECMWF,
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Tribbia worked with Franco Molteni and Timothy Palmer to implement an op-
erational Monte Carlo forecast system designed to estimate forecast reliability
in the medium range. This work involved the construction of optimally amplify-
ing modes of a 19-level T21 primitive-equation model. Tribbia utilized efficient
numerical methods that have allowed the solution of the massive eigenproblem
resulting from the optimization of growth. In addition to the straightforward op-
erational application of these structures, the use of high vertical resolution and
the primitive equations will permit theoretical study of the effects of vertically lo-
calized and/or ageostrophic circulations on the dynamics of the amplification of
small perturbations.

Predictability and Sensitivity Analysis
of a Regional Forecast Model

Ronald Errico, working with Tomislava Vukicevic (Earth Observing System)
and Kevin Raeder, developed tangent linear and adjoint versions of MM4 in order
to study predictability, prediction of forecast skill, sensitivity analysis, and data
assimilation. The tangent linear model, used to determine the evolution of per-
turbations about nonlinear model forecasts, is highly accurate for perturbations
as large as those expected for analysis errors. They introduced no further approx-
imations in the corresponding adjoint model, which integrates sensitivities back-
ward in time. Errico and Vukicevic have shown how its results can indicate which
features of initial and boundary fields and model parameters are most critical for
determining the subsequent evolution of a particular forecast. They demonstrated
the usefulness of the combined application of tangent linear and adjoint models in
studying the sensitivity of initial conditions for two genesis cases of the Alpine lee
cyclone and the Atlantic explosive cyclone.

Analysis of Hadley and Walker Circulations

Tropical Data-Assimilation Problem. Despite their importance to an ac-
curate description of the Hadley and Walker circulations, the daily analyses of
the horizontal divergence and moisture fields are unreliable in the tropics. This
is reflected by large disagreement in their daily values produced by operational
forecasting centers. Errico worked with Ronald Gelaro (NOARL) on an examina-
tion of short-time-scale dynamics of Hadley circulation behavior. They attempted
to ascertain which scales of the circulation are quasi-stationary and oscillatory.
In particular, they examined the effects of moist convection on the generation of
dynamic imbalances of the Hadley circulation.

With satellite radiometric imagery data, Kasahara and Arthur Mizzi, with Leo
Donner (NCAR affiliate scientist from the University of Chicago), are developing
a data-assimilation procedure to improve analyses of the divergence and mois-
ture fields in the tropics. This research results from an effort to ameliorate the
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precipitation spin-up problem that is a prediction model's deficiency in produc-
ing realistic tropical precipitation rates at the beginning of the forecast period.
What is lacking in a conventional initialization for numerical forecasts is a pro-
cedure to initialize the atmospheric state for physical processes in the prediction
models, particularly cumulus convection in the tropics. Scientists need to tune
the initial conditions of wind, temperature, and moisture so that the calculated
precipitation rates are realistic initially. There is no guarantee, however, that the
predicted precipitation rates remain realistic during forecast periods. In fact, the
experiences of operational centers demonstrate that the predicted precipitation
rates undergo large temporal changes in the form of overshooting or undershoot-
ing. Kasahara, Mizzi, and Donner are focusing their work on understanding the
mechanism of precipitation overshooting and undershooting and experimenting
with its control procedure. Through this research, they will be able to check the
quality of first-guess fields in data assimilation and incorporate observed precipi-
tation estimates into the objective analysis of meteorological fields.

Coherent Structures in the Atmosphere
and Ocean Turbulence Flows

The atmosphere and ocean contain many kinds of coherent structures, includ-
ing waves, jets, and vortices. Weiss studied the influence of waves on the trans-
port and mixing properties of a fluid. Such properties are important in many geo-
physical problems, including acid precipitation and ozone depletion in the atmo-
sphere and salinity transport in the oceans. Weiss found that free Rossby waves
and topographically forced waves can have a significant impact on the transport
properties of the flow, producing enhanced transport and anomalous diffusion. He
developed a similar technique to study particle trapping by isolated vortices.

Along with McWilliams, Carnevale, Young, and Pomeau, Weiss studied the
properties of coherent vortices in two-dimensional decaying turbulence. They im-
proved a previously developed point-vortex model and developed a renormaliza-
tion technique that allows study of the asymptotic scaling regime reached during
the decay. They extended previous numerical experiments to longer times and
found excellent agreement with their recently proposed scaling theory. They also
used this scaling theory to answer questions about the rate, pathway, and end-
state of the decay.

In collaboration with Sue Haupt (University of Colorado) and Marie Dahleh
(University of California, Los Angeles), Tribbia has been studying the stability
of westward-propagating modon solutions to the equivalent barotropic vorticity
equation. They found that such solutions seem susceptible to a tilting instability-
in contradiction to the theoretical proofs of the nonlinear stability of such flows.
A potentially important difference may involve the difference between the shallow-
water equations and the filtered vorticity equation. Numerical experiments to de-
duce the linear stability of these structures and to settle these discrepancies are
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under way. To date, Tribbia and his collaborators have concentrated on the fil-
tered equations with a discrete vortex formulation.

Resuming his earlier studies of turbulent Couette flow, Philip Thompson has
found that the conditions for the stationarity of average velocity, average vortic-
ity transport, and total eddy kinetic energy lead to an integral equation for the
vorticity transport. In the limiting case of a very large Reynolds number, the
vorticity transport is concentrated in narrow regions near the interior edges of
the boundary layers, and the integral equation reduces to a nonlinear algebraic
equation. One of its solutions corresponds to laminar flow; the others represent
possible states of statistical equilibrium in turbulent Couette flow. Thompson is
investigating the stability of these equilibrium states to determine which exists in
physical actuality.

Climate System Modeling Program Summer
Workshop

Tribbia, in collaboration with David Houghton (University of Wisconsin), or-
ganized the scientific program for the first Climate System Modeling Program
Summer Workshop at the University of Wisconsin. The workshop, intended for
graduate students in their first or second year, consisted of instructional lectures
on modeling the physical, chemical, biological, and societal components of the
global climate system. Emphasis was on the coupled-system aspects of the model-
ing problem. Forty-three students attended the course, and 20 speakers lectured.

Interdisciplinary Climate Systems
Section

Scientists in the Interdisciplinary Climate Systems (ICS) Section conduct re-
search on the relationships between climate change and global environmental sys-
tems. Their emphasis is on the regional and global coupling of the atmosphere
with systems like the biosphere, soils, sea ice, and chemistry. Although ICS sci-
entists, of necessity, must develop research in specialized disciplinary areas, such
as land-surface processes or sea ice (and indeed will make such packages available
for the CCM effort), their primary goal is the study of the evolution of climate
change on decadal or longer time scales, with emphasis on coupling to soil or bi-
ological systems and paleoclimatic analysis. For these purposes, high-resolution
GCMs are simply impractical because they cannot be run over the many decades
needed for meaningful equilibrium or transient runs. For example, forests require
hundreds of years to reach equilibrium and, therefore, runs of even a few decades
are not useful in these applications.
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Global Environmental and Ecological
Simulations of Interactive Systems (GENESIS)
Climate Model

ICS scientists chose to optimize a low-resolution version of the CCM1, having
completely recoded and directed it toward emphasis on surface processes, future
coupling of biospheric processes, and paleoclimatic simulation. Starley Thompson
and David Pollard completed GENESIS, the ICS model, and made it available
to interested users in the paleoclimatic community in the summer of 1991. Built
on the pioneering work of Robert Dickinson (University of Arizona) in BATS and
the simple biosphere (SiB) work of Piers Sellers (NASA Goddard Space Flight
Center), the model includes a new land-surface transfer scheme called LSX, as
well as a simple ocean mixed layer with Q-flux option and fully dynamical sea ice.
The model permits easy modification for biospheric or other packages by those
not highly skilled in coding techniques.

ICS scientists have produced sets of the 15-year R15 runs in order to tune the
model to the present climate and to test its sensitivity to various model param-
eterizations. For instance, they turned out a set of four runs with various water-
vapor transports (spectral, linear, and cubic semi-Lagrangian), and they are in-
vestigating the effects of adding dynamical sea-ice advection.

Thompson and Pollard hosted a workshop at NCAR to introduce the GEN-
ESIS model to prospective paleoclimate users. Representatives from PSU (Eric
Barron group), the University of Wisconsin (John Kutzbach group), Texas A&M
University (Gerald North and Thomas Crowley group), the University of Texas
at Arlington (Bette Otto-Bleisner), and the University of Michigan (Lisa Cirbus-
Sloan) attended and received documentation and hands-on training with the model.
Apart from NCAR, GENESIS is now running on the CRAY Y-MP at the Earth
Systems Science Center at PSU.

Modeling Biospheric Interactions

Jon Bergengren (visitor, University of California, Santa Barbara) collaborated
with Thompson to develop and validate EVE, which was designed primarily for
interactive coupling to global climate models. EVE simulates equilibrium plant
communities as a function of climate in a two-stage process. First, a life-form
submodel predicts the occurrence and relative adaptedness of 102 vegetation life
forms based on the values of seven ecoclimatic predictors derived from monthly
mean temperature, precipitation, and relative humidity. Then, a plant commu-
nity submodel uses the output of the life-form submodel and, through application
of parameterizations of fundamental ecological processes (e.g., competition for
light, succession following fire), simulates the equilibrium plant community struc-
ture that best suits the climate. EVE simulates only the state of natural vegeta-
tion and is not dynamic in the sense of producing time series of plant conditions.
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However, ICS scientists have incorporated some dynamic, ecological principles
into EVE's equilibrium solutions. EVE may be run for specific locations using cli-
matological data for sites, or it can be used for global simulations with globally
gridded data.

With four different global-change scenarios from the global climate models
of the Goddard Institute for Space Studies (GISS), GFDL, UKMO, and Oregon
State University (OSU), ICS collaborators have used off-line simulations of the
ecological effects of global climate change arising from a doubling of atmospheric
CO2 . In general, the largest changes in life form and biome distributions occur in
cool temperate and boreal zones. In particular, because of high-latitude warming,
boreal evergreen needleleaf trees (e.g., spruces) and arctic tundra forms consis-
tently decrease in area by substantial percentages. Some warm temperate forms
(e.g., southern pines) move northward into cooler temperate regions. All of the
climate models produced an increase in temperte deciduous broadleaf forest,
but not enough to compensate for the loss of boreal forest. All models produce
a decline in global forest and a large increase in global grasslands, mainly in the
temperate zone. The UKMO model produced the largest overall changes in glob-
ally important biomes, presumably a result of the largest increase in global mean
temperature.

The role of the terrestrial ecosystems as sources or sinks of carbon and changes
in these fluxes that may arise from climatic change are crucial to developing a
comprehensive theory of climatic change. Gordon Bonan has been developing
an ecosystem CO2 flux model that simulates photosynthesis and respiration by
vegetation and microbial respiration during decomposition. The exchange of en-
ergy and moisture between vegetation and the atmosphere, as described by land-
surface models, such as BATS, SiB, and LSX, provides the overriding framework
with which to study the biosphere-atmosphere exchange of CO2 . Thus, the carbon-
flux model is entirely compatible with the land-surface transfer schemes used with
the GCMs.

Testing of Bonan's model has been limited to boreal forests near Fairbanks,
Alaska. Field conditions range from from cold, wet, nutrient-poor soils underlain
with permafrost to warm, mesic, nutrient-rich soils without permafrost. The abil-
ity to accurately simulate C02 fluxes along this gradient is a significant validation
of the model and indicates its generality. In addition, the simulated seasonal cy-
cle of canopy photosynthesis has been compared to the seasonal cycle of the re-
motely sensed normalized difference-vegetation index, which is thought to reflect
canopy photosynthesis. Bonan is comparing other remotely sensed data, such as
synthetic-aperture radar, that can detect the metabolic state of the forest canopy,
to the simulated-canopy physiology.

Bonan is expanding the model to other vegetation types and testing it for a
variety of forest types-boreal needle-leaved evergreen and broadleaved deciduous
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forests, cold temperate needle-leaved evergreen and broadleaved deciduous forests,
and warm temperate needle-leaved evergreen forests. These forests occur along a
large climatic gradient from Alaska to Florida. The tests will establish the gener-
ality of the model and highlight problem areas.

In collaboration with Filippo Giorgi and Dickinson, Patrick Kennedy contin-
ued work on the interfacing of BATS with the latest program libraries of CCM1
within the latest CRAY operating system environment (UNICOS). Although
CCM2 did not become available in FY 91, BATS was connected to the PLX13
CCM2 prototype and integrated numerous times. The longest integration has
been one month, with significant impact on the PLX13 water budget.

In consultation with Jerry Olson (Oak Ridge, Tennessee) and by coarsening
Olson's finer-scale data set, Kennedy made a T42 resolution vegetation data set
for the BATS. They constructed similar soil-data sets. Joint efforts continue with
scientists at the U.S. Geological Survey in Tucson, the University of New Hamp-
shire, and Macquarie University. Dickinson and Kennedy developed several ex-
perimental versions of the BATS/CCM1, including radiation tuned to satellite
observations, interactive ice and SST, and a carbon budget.

Stephen Schneider, Larry McDaniel, and Terry Root (University of Michigan)
are collaborating on a study of the influence of climatic changes on the abundance
and ranges of birds wintering in North America. Climate factors combine with
vegetation distributions (both potentially affected by global warming) to have a
major influence on birds. They will first study bird and climate relationships in
isolation and later use vegetation-change scenarios derived by ICS scientists to
refine the analyses.

Analysis and Impacts of Climate Variability

Linda Mearns continued her analysis of variability statistics for climate vari-
ables relevant to the climate-impact analysis produced by the GCMs (i.e., the
NCAR CCM). She has investigated several new models, including runs of the
Thompson version of the CCM1 by Oglesby and Saltzman. The focus has been
on validating the control run for interannual variability of temperature and change
in variability in the doubled CO 2 run. This analysis is useful because it indicates
a great deal of regional variability in the direction of change of interannual tem-
perature variability, a result that contrasts with several studies of other GCMs
(e.g., GISS).

Mearns's investigation of the comparative success of different versions of the
NCAR CCM in reproducing important aspects of the Indian monsoon has contin-
ued. (This has also involved the development, with McDaniel, of a very detailed
daily precipitation observational data set that should be useful to the modeling
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community at large.) Significantly, Dickinson's CCM1 (both prescribed SST and
mixed-layer versions) is more successful at reproducing the major features of the
monsoon than other versions of the CCM (such as the CCM1). Mearns and Mc-
Daniel are investigating the reasons for these differences. So far, the evidence is
that the Dickinson version produces a significantly deeper low over the Tibetan
plateau region because of higher temperatures in that region in late spring and
early summer. Investigation of the differences in the albedos of that region be-
tween the different models is now under way. A common error in other models
that do very poorly in reproducing the Indian monsoon is also present in the
Dickinson version-an overly deep trough in the western Pacific and attending
large local overestimation of precipitation.

Mearns completed a detailed sensitivity analyses of the effect of changed inter-
annual climate variability on a deterministic crop model (CERES). She conducted
sensitivity analyses with climate data from Goodland and Topeka, Kansas. Re-
sults indicate significant changes in the probability of crop failures with changed
interannual variability of both temperature and precipitation when variance alone
is changed. Interesting and somewhat counterintuitive results occur when the
variance changes are coupled with mean changes; i.e., a variance decrease does
not always mitigate a temperature increase, as occasionally claimed. In addition,
Mearns constructed a scenario of changed mean and variability of temperature
and precipitation from a GCM experiment, which also provided interesting results
on the importance to crops of changes in variability.

Embedding the Mesoscale Model in a
GCM

Because biological or hydrological impact assessments require regionally de-
tailed climatic scenarios, ICS scientists have invested considerable resources in
bridging the scale gap between the GCM grids and local applications.

Filippo Giorgi continued development of the new climate version of MM4, in
collaboration with Gary Bates, Maria Marinucci (visitor, University of L'Aquila,
Italy), and Gerardo DeCanio (Italian Commission for Research and Development
of Nuclear and Alternative Energy Sources, Rome). They implemented a number
of physics parameterizations in the climate version of MM4: (1) the boundary-
layer scheme originally developed by Holstlag, which includes nonlocal vertical
transport of momentum, energy and water vapor; (2) the latest version of BATS
(BATS1E); (3) the cumulus convection scheme originally developed by George
Grell (MMM), essentially a simplified and efficient Arakawa-Schubert parameter-
ization; (4) the CCM2 radiative-transfer package (implementation soon to be ini-
tiated); (5) split explicit time-stepping technique, originally developed by Errico,
that allows more than double the model time step; and (6) the perturbation pres-
sure gradient force (PGF) formulation, which should minimize the truncation er-
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ror associated with the PGF term in a models (implementation soon to be initi-
ated).

Giorgi performed several climate simulations with the nested MM4-CCM, in
collaboration with Marinucci, Bates, Christine Brodeur, and Zong Yang (Mac-
quarie University, New South Wales, Australia). They completed and/or analyzed
the following runs:

1. A three- and one-third-year simulation with the MM4 driven by observa-
tions, with focus on the model surface climatology. They have identified, and in
some cases corrected through improvement of the model physics, model biases
over different regions of the western United States.

2. Two continuous 3.5-year simulations with the MM4 driven by the Thompson-
Pollard version of the CCM over the entire United States, one for present-day cli-
mate and one for 2xC02 climate. Analysis has begun.

3. A 2xCO2 climate-change scenario with the MM4 driven by the Washington-
Meehl version of the CCM over Europe. They generated the scenario using en-
sembles of mid-season month (January, April, July, October) simulations for dou-
bled CO2 concentrations (2xC0 2) and control runs. Emphasis of the analysis has
been on the effect of the nesting on the simulated change in large-scale and sur-
face climatic variables.

4. A number of wintertime simulations with the MM4 over the Great Lakes
region. They have analyzed the sensitivity of the simulated lake-effect precipita-
tion on different model resolutions. The results indicate that, although significant
lake-effect precipitation is simulated at resolutions of 45 to 90 km, a resolution of
15 km may be necessary to accurately reproduce the structure of the lake-effect
precipitation systems.

5. A number of month-long simulations with the MM4 driven by ECMWF
analyses over southeastern Australia.

6. Regional paleoclimatic runs over the western United States for 18,000 years
BP with the MM4 driven by Kutzbach's CCM runs. The purpose of the study
is to identify the contribution of lake effects from Lake Lahontan and Lake Bon-
neville on the local hydrologic budget of the respective basins. Such effects may
be important in explaining the high-stand lake levels 18,000-15,000 years BP.
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The research activities of ESIG are geared toward providing insights into how
societies might better understand and cope with the interactions between human
activities and atmospheric processes. In fiscal year 1991, ESIG continued to cate-
gorize its activities into three areas: research, linkage, and outreach. Research is
undertaken by group members individually, with others in the group or in other
divisions within NCAR; linkage refers to collaborative research with others at uni-
versities and in government organizations; outreach pertains to lectures, work-
shops, symposia, publications, and fellowship. ESIG's research activities include
the areas of the interactions of climate and society and the value and use of me-
teorological information. The following descriptions provide some highlights of
ESIG's activities during FY 91.

Significant Accomplishments

* Several studies were completed related to water resources management and
situations of institutional, legal, and political conflict, that are analogues
to adjustments that might have to be made to the potential impacts of
climate change. These include the Colorado-Amudarya project, the Two
Forks Dam veto, and property rights and groundwater development in the
San Luis Valley.

* The theory of large-scale policy and the concept of "scale" were applied
to the problems in the design and implementation of strategies to prevent,
stabilize, mitigate, or adapt to global warming from a theoretical perspec-
tive.

* Joint projects with the former Soviet Union, Brazil, and Vietnam to assess
potential impacts of climate change were developed using Michael Glantz's
methodology of forecasting by analogy.

* The ongoing project dealing with how the frequency of extreme climate
events would change with global climate change focused on the so-called
"spatial analogue" for climate change, in which a spatial relocation is sub-
stituted for a temporal change in climate.

* A scholarly, multidisciplinary publication (Teleconnections Linking World-
wide Climate Anomalies) on the physical, statistical, and societal aspects
of teleconnections was released.
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* Factors influencing state drought contingency planning and adjustments to
freeze risks by the Florida citrus industry were studied.

* The effect of autocorrelation for a discounted, infinite horizon version of
the so-called dynamic cost-loss ratio decision-making model was studied.
This research provides a natural framework for assessing the economic
value of forecasts of an autocorrelated climate variable.

* A new initiative on the rates and processes of climate-related environmen-
tal change was developed.

* A new initiative to establish an electronically based environmental net-
work within the Baltic states and to connect them to the United States
was started.

Climate Change and Water Institutions

Colorado-Amudarya project. Glantz organized a cooperative project un-
der the auspices of the U.S. Fish and Wildlife Service between the United States
and some of the republics of the former USSR. The comparative project focuses
on the Colorado River and the Amudarya River. Its goal is to assess the Colorado
River Compact and the management of the Colorado River System. From this as-
sessment, the project hopes to provide insight on how to manage the Amudarya
River system through cooperation among the several newly independent states
through which the river passes. This activity is linked to United Nations, Rus-
sian, and Kazakh attempts to better understand the dynamics of the demise of
the Aral Sea and the associated societal consequences.

The Two Forks Dam veto. Steven Rhodes, Kathleen Miller, and Lawrence
MacDonnell (University of Colorado Law School) completed the first part of a
planned research project on institutional responses to climate change, focusing
on water institutions in the western United States. The first study addressed the
issue of regional water provider responses, using the recent veto by the Environ-
mental Protection Agency of a large water-storage project in Colorado (the Two
Forks Dam) as an analogue to a reduced regional water supply that has been hy-
pothesized to occur with global warming. The study focuses on the institutional,
legal, and political influences that are likely to guide metropolitan Denver water
providers in their attempts to make long-term adjustments to the loss of the Two
Forks project. The findings indicate that society will respond to the impacts of
climate change in the context of existing regional institutional relationships and
structures, and that understanding these constraints represents an important step
in planning for future responses to a possible global warming.
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Property rights and groundwater development in the San Luis Val-
ley. Miller, Rhodes, and MacDonnell extendedheir onoing study of thir onosoe influ-
ence of climate variability on water institutions. They examined how climatic
uncertainties contributed to a conflict among users over the water resources of
Colorado's San Luis Valley. The conflict resulted from a proposal to develop and
export a large volume of groundwater from the valley's aquifer system. They
found that the conflict was heightened by the relatively insecure property rights
of present users of the resource. The measurement and enforcement of property
rights to groundwater resources have been made difficult by the combined effects
of climatic variability, historically variable and poorly monitored water use, and
the complex nature of the resource. They argue that similar problems may be-
come more frequent in future decade as a result of climate change and that simi-
lar policy recommendations may be relevant fr b oth current and potential future
situations.

California drought management. To further document institutional re-
sponses to extreme climatic conditions, Miller has collected and analyzed infor-
mation on public- and private-sector responses to the ongoing California drought.
She has paid particular attention to the development and operation of the State
of California Water Bank, through which the State Department of Water Re-
sources facilitated the voluntary short-term transfer of a large volume of agricul-
tural water to urban users. Attention was also focused on the debate surrounding
competing legislative proposals to radically alter California's water-transfer laws.
This research is part of ESIG's endeavor to further the understanding of interac-
tions among climate, institutional change, and resource management.

Climate Change Policy Implications

The theory of large-scale policy applied to climate change manage-
ment. Rhodes addressed the concept of "scale" in the design and implemen-
tation of strategies to prevent, stabilize, mitigate, or adapt to global warming
from a theoretical perspective. He looked at present policy proposals on climate
change (national as well as international) through the application of Paul Schul-
man's theory of large-scale policy. Schulman argues that there is a class of public
policies whose support requirements are so substantial that they may uniquely
be called "large-scale policies." Large-scale policies are characterized by indivisi-
bility, great aspirations, and independence from conventional political oversight.
Schulman's theory provides a new perspective on why many climate-change man-
agement strategies simply may not be feasible. He suggests it is not because they

would be expensive and economically disruptive, but because they are unsustain-
able over the necessary long term. The theory of large-scale policy helps to illu-
minate obstacles that are not evident from the perspective of conventional policy

analysis tools. A paper on the application of Schulman's theory has been submit-

ted for publication.
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Great Lakes toxic sediments and climate change. Rhodes and Karen
Wiley (Colorado School of Mines) pursued research on the long-term remediation
of contaminated bottom sediments in "areas of concern" (AOCs) in the Great
Lakes Basin. The AOCs are shoreline regions that have experienced substantial
environmental degradation as a consequence of generations of industrial, agricul-
tural, and other activities, as well as urbanization. Most AOCs are river estuar-
ies, ports, and harbor areas in highly urbanized settings. Under the U.S.--Canada
Great Lakes Water Quality Agreement and subsequent amendments, national,
state, provincial, and local governments are committed to the long-term ecolog-
ical restoration of the Great Lakes. This includes the remediation of contami-
nated sediments. Remedial Action Plans are being developed for each AOC; yet,
based on experience at individual AOCs and at other contaminated sites across
the United States and Canada, the actual implementation of cleanup is likely
to take several years, if not decades, because of technical, budgetary, and public
opinion constraints.

Rhodes and Wiley suggest that the cleanup of contaminated sediments at the
AOCs may benefit from an improved understanding of the possible impacts of
global warming on the water levels in the Great Lakes. Global climate modeling
currently suggests a substantial reduction in net basin water supply sometime in
the next century. This presents both problems and opportunities in the design
of long-term ecosystem restoration for the Great Lakes Basin and for sediment
cleanup in particular. With declining lake levels, toxic sediments could be ex-
posed to the atmosphere and made airborne. On the other hand, declining lake
levels might allow cheaper, more benign sediment cleanup methods to be imple-
mented in the future. The results of this study will be published in FY 92.

Regional Scenarios Project

Throughout FY 91, Glantz edited the manuscripts for the Climate Variabil-
ity, Climate Change and Fisheries project. This completed ESIG's project of ex-
panding the study of society's ability to cope with climate-related environmen-
tal change in the marine environment. These scientific papers will appear as an
edited volume published by Cambridge University Press.

Glantz collaborated with Russian scientists to develop a forecasting-by-analogy
project for Russia. This project has been designed to help Russian scientists (le-
velop the field of climate-related impact assessment and to identify a pool of climate-
related impact researchers. The project will follow the methodology developed by
Glantz to assess potential societal responses to the impacts of climate change.
It includes case studies on flooding in Leningrad, frosts in Georgia, Caspian Sea
level rise, Aral Sea decline, changes in streamflow in the Volga River system, cli-
mate variability and the agricultural development of virgin lands in Kazakhstan
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in the 1950s, and exploitation of the Far Eastern Seas. This project will be fi-
nanced by the World Climate Impacts and Response Strategies Program of the
United Nations Environment Programme (UNEP).

Glantz collaborated with Antonio Magalhaes (Esquel Foundation, Brazil) in
preparing a climate-related impact assessment study in Brazil. There were 15
case studies, covering such topics as the effects of drought on occupation and em-
ployment, on public finances, on health and nutrition, on power supply and power
rationing; the effects of freezes on coffee and citrus crops; and the effects of floods
on the Great Swamp, on the salt industry, and on the city of Rio de Janeiro. The
summary report (authored by Magalhaes and Glantz) will appear in print in Jan-
uary 1992.

Glantz also assisted Vietnamese scientists (Nguyen Huu Ninh, Center for En-
vironment Research, Education and Development, Hanoi) in developing and car-
rying out a national climate-related impacts project. The project studied the ef-
fects of present-day climatic variability on the natural environment and economy
of Vietnam, and evaluated the implications of possible long-term climate changes.
The project, funded by UNEP, included case studies of climate impacts on agri-
culture, human health, energy production and use, mangrove forests, and coastal
fisheries. It also served to establish a country-wide group of researchers involved
in climate-related impact assessment.

Extreme meteorological events and climate change. Richard Katz con-
tinued research with Barbara Brown (NCAR/RAP) on an EPA-funded project
dealing with how the frequency of extreme climate events would change with
global climate change. Work focused on the so-called "spatial analogue" for cli-
mate change, in which a spatial relocation is substituted for a temporal change
in climate. In particular, it was established that the relative frequency of ex-
treme temperature events varies spatially in a relatively simple way. A statistical
paradigm for climate change that is sufficient to account for these spatial pat-
terns was proposed. This paradigm allows the location (e.g., mean or median)
and scale (e.g., standard deviation or interquartile range) parameters to change,
but not the shape of the distribution of a climate variable. In this way, a statisti-
cal justification is provided for the concept of a region, permitting the application
of the spatial analogue for climate change.

Katz examined, with Juan Garrido (University of Extremadura, Badajoz,
Spain), how the frequency of extreme precipitation events on a monthly or sea-
sonal time scale would change as the median or scale parameter of the probability
distribution of total precipitation changes. The results obtained are in qualitative
agreement with those previously derived by Katz and Brown for extreme tem-
perature events. Specifically, the frequency of extreme precipitation events is rel-
atively more sensitive to changes in the scale parameter than to changes in the
median. The more extreme the event, the more sensitive it is to these changes.
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Mary Downton and KIatz have cdeveloped a statistical mlnethod to test and ad-
just for variance inhomogeneity in tinme-averaged temperature data. Changes in
instruments, observation time, andl location of weather stations can cause serious
discontinuities in climatic data. If the data are not corrected, such non-climatic
inhomogeneities can bias estimates of historical climate change. Previous efforts
to deal with data inhomogeneities have focused on changes in the mean. Recent
studies, however, include changes in the frequency of extreme events, such as
freezes and heat waves, which would be affected by inhoinogeneities in the vari-
ance of temperature data. Preliminiary evaluation of the method has revealed
variance homogeneities which are large enough to le of practical significance at
some stations. Adjustment factors estimated from short homogeneous periods are
imprecise, but the method can be valuable for screening out stations that have an
unacceptably high variance inhomogeneity. Evaluation of the method will con-
tinue in FY 92.

Societal Adjustment to Perceived
Climatic Risks

Factors influencing state drought contingency planning. Rhodes and
Donald Wilhite (University of Nebraska) have researched why so many states in
the United States developed and adopted formal drought response contingency
plans in the 1980s. Today, 23 states have formal drought response plans, com-
pared with 3 in 1982. However, not all states adopting such plans since 1982 have
experienced, or routinely have, droughts. Several of those states with drought
plans are in humid and subhumid regions. Rhodes and Wilhite speculate that
several influences unrelated to drought prompted many states to adopt formal
drought plans. These are: (1) improved capabilities of state governments, cou-
pled with the Reagan-era New Federalism initiative of the early 1980s; (2) federal
intrusions into state water management; (3) state experiences with federal emer-
gency management policies andc agencies; and (4) changes in water rights systems
in some states. However, even though development of drought plans by some
states may have been prompted by influences other than drought experience, the
states that now have such contingency plans will bie better prepared to cope with
future drought than those states that have not engaged in such planning.

The freeze risk to Florida citrus. Severe freezes are a serious problem for
the citrus growers of central Florida. Downton and Miller completed a project ex-
amining: (1) the role that freeze risk plays in the investment decisions of Florida's
citrus growers, and (2) the influence of several atmospheric circulation patterns
on winter temperatures in Florida. The investment decision portion of the study
examined the combined effects of differences in risk aversion and risk level on
growers' planting decisions. The second portion of the study investigated possi-
ble climatic causes of intermittent freezes. The Pacific/North American pattern
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is shown to be particularly influential. The North Atlantic Oscillation is also sig-
nificant, but the Southern Oscillation does not show a direct effect. A decreasing
trend in Florida winter temperatures since 1947 can be explained by fluctuations
in the Pacific/North American and North Atlantic circulation patterns.

Use and Value of Weather and
Climate Information

Societal aspects of mesoscale research. Glantz organized a workshop on
the Societal Aspects of the Mesoscale Initiative, assisted iby visiting scientist Les-
ley Tarleton (Universities Space Research Association). The workshop partici-

lants came ftom several disciplines and represented academia, industry, and gov-
ernmllent. The goal of the workshop was to provide a framework for a societal as-
pects research program that would be a part of the Mesoscale Research Initiative,
focusing on identification and elnhancement of the social, economic, and environ-
mlental benefits associated with improved mllesoscale research. A workshop report
was published.

Hydrologic teleconnectionis. Katz worked with Marc Parlange (University
of California, Davis), translating teleconnections with total monthly or seasonal
precipitation into terms more useful for hydrologic applications. Specifically, they
established to what extent dcrought years in California result from fewer storms
or from less intense storms. This research provides an example of how additional
statistical information about the nature of teleconlnections can be revealed if finer
time scales are examined. It suggests ways in which better stochastic models for
time series of daily precipitation amounts might be derived.

Decision-making with autocorrelation. IKatz examined the effect of au-
tocorrelation for a discounted, infinite-horizon version of the so-called dynamic
cost-loss ratio decision-mlaking mllodel. On each occasion, the decision imaker is
faced with the choice of whether or not to take )protective action, with the strat-
egy selected so that the net zpres(ent valle of current andl future expenses is mini-
mized. Alt-lough it is well known that climate variables are temlporally correlated,
this property is usually ignored in studies of the economic value of weather and
climate forecasts. In Katz's study, conditions were established under which a de-
cision maker would incur substantial unnecessary expense if decisions were based
on the erroneous assumnption of an independent climate. This research provides
a natural framework for assessing the economic value of forecasts of an autocor-
related climate variable. It also indicates why informlation about changes in au-
tocorrelation is necessary in order for decision makers to fully adapt to global cli-
mate change.
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Mesoscale weather and aviation safety. Rhodes assessed the use of infor-
mation on mesoscale meteorology in the planning and siting of the new Denver
International Airport, the first major commercial airport to be built in the con-
tinental United States in nearly 20 years. The project has been controversial in
the Denver metropolitan area since its inception,' and, oppoinents argued that the
hazards of mesoscale weather had been ignored in the selection of the new air-
port's location. However, weather in fact plalSyed a large part in the pursuit of a
new regional commercial airport. In this case, efforts to make a political issue out
of mesoscale meteorology were counterbalanced by the extensive weather analysis
accompanying the new Denver airport project.

One of the principal concerns of new airport planners was to understand the
meteorology of the new airport site area 25 kmn northeast of downtownr Denver.
They wanted to determine whether it was substantially different from the prevail-
ing weather conditions at the existing Stapleton International Airport. The new
Denver airport site coincidentally was located in a region of the eastern plains
of Colorado that had been thoroughly studied since the late 1970s, during the
PROFS (Program for Regional Observing and Forecasting Service), JAWS (Joint
Airport Weather Studies), CLAWS (Classify, Locate, Avoid Wind Shear), and
CINDE (Convection Initiation and Downburst Experiment) projects. This pro-
vided a unique research base with which to assess both historical and contem-
porary meteorology of the new airport site area. NCAR scientists were asked to
conduct a comparative weather assessiment. They concluded that there was no
appreciable difference in mesoscale conditions between the new airport site and
Stapleton, and that the possibility of slightly -more convective activity was neu-
tralized by the new site's greater distance from the mountains, larger and better
airfield design, and ongoing technological improvements in adverse weather detec-
tion and warning systems used by air traffic controllers.

Rates and Processes of Environmental
Change

Glantz developed a new multiyear research, education, and training initiative
for ESIG on rates and processes of climate-related environmental change. Many
of the environmental changes with which decision imakers are concerned today
derive from human activities: deforestation, desertification, varying lake levels
and streamflow, and land conversion (not necessarily degradation). Rates of en-
vironmental change are often as important as the mlagnitude of change over the

long term. When those rates take on a crisis element (high stakes involved, per-
ceived threat, short time to act), dlecision imakers appear to take a more serious
view. Despite their importance, there is often little agreement about those rates,
which often vary by a factor of two or more. Glantz developed plans for a multi-
year, multidisciplinlary, multinational project to assess and improve the reliability
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and objective use of estimated rates of environmental change resulting from de-
sertification, deforestation, changing lake and streamflow levels, and increasing
greenhouse gas levels. Anthropogenic processes underlying those rates will also be
studied. ESIG's first activity will be to convene a multidisciplinary, multinational
workshop (15-20 participants) from the physical and social sciences and humani-
ties (e.g., environmental philosophy, environmental law) to prioritize the key rates
and processes in environmental change so the project can be undertaken in the
multiyear time frame.

Climate Systems Modeling Project

Glantz assisted Joseph Tribbia (CGD, NCAR) in planning the Coupled Cli-
mate Systems Modeling summer colloquium in Madison, WVisconsin (organized by
Tribbia and David Houghton of the University of Wisconsin). Rhodes conducted
the human interactions session at the colloquium. Glantz also prepared (with Jer-
rold Krenz, University of Colorado) the sole chapter on the human aspects of the
climate system as part of the Climate System Modeling volume that the project
is producing.

Networking

Glantz visited the newly independent country of Latvia to help develop a
climate-related impacts network in Latvia, Lithuania, and Estonia. Glantz met
with several environmental groups at the university and some government leaders
in order to begin the network in the Baltic states. First discussions were also held
on the possible development of BaltNET, an electronically based environmental
network.

ESIG has continued its activities in the area of networking research centers,
institutes, and individuals dealing with climate-related impact. The Network
Newsletter, which deals with this topic, continued to expand its subscription list,
with financial contributions by UNEP and, beginning in FY 91, the National
Oceanic and Atmospheric Administration. ESIG has been assisting UNEP in
carrying out its networking responsibilities, supported by the UNEP Governing
Council.
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Staff and Visitors

Staff

Barbara Brown
Mary Downton
Juan Garrido (long-term visitor)
Michael Glantz (head)
Dale Jamieson, adjunct scientist
Richard Katz
William Kellogg, adjunct scientist
Maria Krenz
Robert Luneburg (long-term visitor)
Lawrence MacDonnell, adjunct scientist
Mark Meo, adjunct scientist
Kathleen Miller
Patricia Parisi (long-term visitor)
Steven Rhodes
Jan Stewart
Samuel Wheeler (long-term visitor)
Don Wilhite, adjunct scientist

Visitors

Pal Ambrozy; Hungarian Meteorological Service; 19 Oc-
tober to 27 October 1990; extreme meteorological events

Emanuel Antal; Hungarian Meteorological Service;
19 October to 27 October 1990; extreme meteorological
events

Stanley Changnon; Illinois State Water Survey, Chain-
paign, IL; 9 December to 12 December 1990; Mesoscale
Research Initiative

Hal Cochrane; Colorado State University; 9 December to
12 December 1990; Mesoscale Research Initiative

Peter Curson; Macquarie University, Australia; 30 June
to 2 July 1991; plague research in Colorado

Margaret Davidson; South Carolina Sea Grant Consor-
tium, Charleston, SC; 9 December to 12 December 1990;
Mesoscale Research Initiative

Tibor Farag6; Hungarian Meteorological Service; 19 Oc-
tober to 27 October 1990; extreme meteorological events

Graham Farmer; US Agency for International Develop-
ment FEWS Project; 17 December to 19 December 1990;
famine early warning systems

Lucy Feingold; University of Delaware; 3 January to
12 January 1991; fisheries and climate change

Heidi C. Frisch; University of Denver; 9 September to
30 November 1991; resource economics

Berhane Gizaw; Relief &t Rehabilitation Commission, Ad-
dis Ababa, Ethiopia; 17 December to 19 December 1990;
famine early warning systems

Eve Gruntfest; University of Colorado at Colorado
Springs; 9 December to 12 December 1990; Mesoscale
Research Initiative

Charles Ilerrick; National Climate Program Office, Wash-
ington, DC; 8 August to 9 August 1991; climate impacts
and the IPCC

Bill Hooke; Department of Commerce, Washington, DC;
9 December to 12 December 1990; Mesoscale Research
Initiative

Erzsebet Kozma; Hungarian Meteorological Service;
19 October to 27 October 1990; extreme meteorological
events

Wangari Maathai; University of Nairobi; 1 October to
2 October 1990; environment and development

Gordon McKay; Canadian Climate Centre (retired),
Downsview, Ontario; 9 December to 12 December 1990;
Mesoscale Research Initiative

Larry Mooney; National Weather Service Forecast Of-
fice, Denver, CO; 9 December to 12 December 1990;
Mesoscale Research Initiative

Csaba Nelles; Hungarian Meteorological Service; 19 Oc-
tober to 27 October 1990; extreme meteorological events

Valery Neronlov; USSR Man & th-e Biosphere Program,
Moscow, Russia; 25 May to 7 June 1991; arid region wa-
ter resources management

Ralph Nield; University of Nebraska; 21 October to
24 October 1990; extreme meteorological events

Nguyen Huu Ninh; Hanoi University, Vietnam; 7 March
to 14 March 1991; climate impacts research

Nikolai Orlovsky; Turkmmen Academy of Sciences,
Aslhklabad, Tturkmenistan; 25 May to 7 June 1991; arid
region water resources management

Marc Parlange; University of California at Davis; 1 July
to 9 August 1991; teleconnections and hydrrology

Tom Potter; National Weather Service, Salt Lake City,
Utah; 9 December to 12 December 1990; Mesoscale Re-
searclh Initiative

Bill Riebsame; University of Colorado; 9 December to
12 December 1990; Mesoscale Research Initiative

Phillipe Roqueplo; Center for the Study of Social Move-
ments, France; 17 May to 28 May 1991; scientific aspects
of global climate change

J. Collins Ross; University of Colorado; 9 September to
20 December 1991; climate impacts research
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Moses Sarkisov; Turkmen Academy of Sciences,
Ashkhabad, Turkmenistan; 25 May to 7 June 1991; arid
region water resources management

Richard H. Skaggs; University of Minnesota; 21 October
to 25 October 1990; extreme meteorological events

Thomas R. Stewart; State University of New York; 9 De-
cember to 12 December 1990; Mesoscale Research Initia-
tive

Robert Stoffel; Emergency Response Institute, Olympia,
Washington; 9 December to 12 December 1990;
Mesoscale Research Initiative

Y. Takano; Shimizu Corporation, Tokyo, Japan; 6 August
to 7 August 1991; Aral Sea rehabilitation project

Lesley Tarleton; Universities Space Research Association;
8 October 1990 to 31 January 1991; planning and admin-
istration of Mesoscale Research Initiative Workshop

David Victor; Massachusetts Institute of Technology;
1 June to 15 August 1991; climate impacts research

Don Wilhite; University of Nebraska; 9 December to
12 December 1990; Mesoscale Research Initiative

Igor Zonn; Center for International Projects, Moscow,
Russia; 25 May to 7 June 1991; area region water re-
sources management

Jon Zufelt; US Corps of Engineers, Hanover, New Hamp-
shire; 9 December to 12 December 1990; Mesoscale Re-
search Initiative
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Publications

Refereed Publications

BROWN, B.G., and R.W. KATZ, 1991: Use of statisti-
cal methods in the search for teleconnections: Past,
present, and future. In Teleconnections Linking World-
wide Climate Anomalies: Scientific Basis and Soci-
etal Impact (M.H. Glantz, R.W. Katz and N. Nicholls,
Eds.), 371-400. Cambridge University Press, Cam-
bridge, United Kingdom.

GLANTZ, M.H., 1990: Running on empty: Irrigation is
depleting a vast reservoir under the American Great
Plains. The Sciences, November/December, 16-20.

_ 1990: Climate variability, climate change and
the development process in sub-Saharan Africa. In Cli-
mate and Development (H.J. Karpe, D. Otten and P.
Trinidade, Eds.), 173-192. Berlin: Spring-Verlag.

, 1990: Does history have a future? Forecasting
climate change effects on fisheries by analogy. Fish-
eries 15, 39-44.

, 1991: On the interactions between climate and
society. In Resources, Environment, and Population:
Present Knowledge, Future Options (K. Davis and
M.S. Bernstam, Eds.), 179-200. Oxford University
Press, New York, NY.

, 1991: The use of analogies in forecasting ecologi-
cal and societal responses to global warming. Environ-
ment 33, 11-15, 27-33.

, R.W. KATZ, and N. NICHOLLS (Eds.), 1991:
Teleconnections Linking Worldwide Climate Anoma-
lies: Scientific Basis and Societal Impact. Cambridge
University Press, Cambridge, United Kingdom.

KATZ, R.W., and B.G. BROWN, 1991: The problem of
multiplicity in research on teleconnections. Interna-
tional Journal of Climatology 11, 505-513.

KELLOGG, W.W., 1991: Response to skeptics of global
warming. Bulletin of the American Meteorological Soci-
ety 72, 499-511.

, 1991: Overview of global environmental change:
The science and social science issues. Marine Technol-
ogy Society Journal, 25, 5-11.

MILLER, K.A., 1989: Hydropower, water institutions
and CO2-induced climate change: A Snake River case
study. International Journal of Water Resources De-
velopment 5(2), 71-83.

, 1990: Water, electricity, and institutional inno-
vation. In Climate Change and U.S. Water Resources
(P. Waggoner, Ed.), Wiley, New York, NY, 367-393.

, 1991: Response of Florida citrus growers to the
freezes of the 1980s. Climate Research 1, 133-144.

*NICHOLLS, N., and R.W. KATZ, 1991: Teleconnec-
tions and their implications for long-range forecasts. In
Teleconnections Linking Worldwide Climate Anomalies:
Scientific Basis and Societal Impact (M.H. Glantz,
R.W. Katz, and N. Nicholls, Eds.), 511-525. Cam-
bridge University Press, Cambridge, United Kingdom.

RHODES, S.L., 1991: Rethinking desertification: What
do we know and what have we learned? World Devel-
opment 19, 1137-1143.

*WHITE, M.E., and M.W. DOWNTON, 1991: The
shrimp fishery in the Gulf of Mexico: Relation to cli-
matic variability and global atmospheric patterns. In
Teleconnections Linking Worldwide Climate Anomalies:
Scientific Basis and Societal Impact (M.H. Glantz,
R.W. Katz, and N. Nicholls, Eds.), 459-491. Cam-
bridge University Press, Cambridge, United Kingdom.

Otiher Publications

BROWN, B.G., and R.W. KATZ, 1991: Characteristics
of extreme temperature events in the U.S. Midwest
and Southeast: Implications for the effects of climate
change. Preprint, Seventh AMS Conference on Applied
Climatology, 10-13 September, Salt Lake City, Utah,
J30-J36.

DOWNTON, M.W., and R.W. KATZ, 1991: Changing
temperatures: Climate change or inhomogeneous data?
Preprint, Seventh AMS Conference on Applied Clima-
tology, 10-13 September, Salt Lake City, Utah, 111-
118.

*FARAGO, T., and R.W. KATZ, 1990: Extremes and
design values in climatology. World Climate Pro-
gramme Report No. WCAP-14. World Meteorological
Organization, Geneva, Switzerland, 43 pp.

GLANTZ, M.H., and L.E. FEINGOLD (Eds.), 1990:
Climate Variability, Climate Change and Fisheries.
ESIG/NMFS/EPA Study. Available from National
Center for Atmospheric Research, Boulder, Colo.,
139 pp.

, 1990: Report of the Workshop Mesoscale Re-
search Initiative: Societal Aspects. ESIG Report,
2G pp.

KATZ, R.W., 1991: Towards a statistical paradigm for
climate change. Preprint, Seventh AMS Conference on
Applied Climatology, -10-13 September, Salt Lake City,
Utah, 4-9.
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RHODES, S.L., 1990: Book review of The Political Lim-

its of Environmental Regulation, by B. Yandle. Envi-

ronment and Natural Resource Administration Newslet-
ter 14, 8-9.

____ , 1991: Book review of Scenarios of Socioeco-

nomic Development for Studies of Global Environ-

mental Change: A Critical Review, by F.L. Toth, E.

Hiznyik, and W.C. Clark (Eds.). Colorado Journal of

International Environmental Law and Policy 2, 93-99.

*An asterisk denotes a non-NCAR author.
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High Altitude Observatory

The research goal of the High Altitude Observatory (HAO) is to understand the sun
and the earth's space environment as a physical system. Although there is an
astrophysical component in HAO's research, the primary interest is the physical
processes that govern the sun, the interplanetary medium, and the earth's upper
atmosphere, ionosphere, and magnetosphere as an integral solar-terrestrial system.
Together with NCAR's Atmospheric Chemistry Division and Climate and Global
Dynamics Division, HAO is also striving to understand the coupling of this solar-
terrestrial system to the earth's lower atmosphere.

The sun's magnetic field makes it a variable star. The combined action of
convection and rotation generates the solar magnetic field in cycles of approximately 22
years. This magnetic field alters the outward flow of energy-directly, by transforming
fluid energy into magnetic energy and by providing additional modes of energy
transport to the outer layers, and indirectly, by altering both the convective and the
radiative transport efficiencies. In the solar atmosphere, the magnetic fields control the
thermal and dynamic properties of plasmas that, in turn, give rise to the wealth of
physical phenomena associated with the variable outputs of the sun in radiation,
particles, and magnetic fields. Understanding the physics of these phenomena is both
intellectually challenging and essential to our desire to be able to predict solar
variability.

The sun is the principal forcing agent of the terrestrial environment. The different
degrees of variability across the spectrum of solar radiation and the coupling of the
earth's upper atmosphere with a variable interplanetary medium have direct as well as
catalytic influences on the terrestrial environment that we have not yet fully understood.
Yet understanding these influences is crucial to our ability to separate anthropogenic
from natural causes in society's current concern about global change. The study of the
sun and its physical effects on the earth's upper atmosphere, pursued as a broad
scientific program at HAO, lays the foundation for the eventual application of our
knowledge to such areas as global change in the earth's atmosphere-biosphere system.
In two sections of HAO there is also significant work on problems of stellar physics
analogous to the solar topics emphasized. The unusual breadth of the program strains
the available resources but is necessary for a coherent approach to the understanding of
solar variability and its terrestrial impacts. Fortunately, the unifying theme of solar
variability produces strongly overlapping interests in HAO's three sections and leads to
a healthy level of interaction and cooperation.

Significant Accomplishments

* A new simulation model, the thermosphere/ionosphere/electrodynamic general
circulation model (TIE-GCM), has been developed that computes associated
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dynamo electric fields and currents, and the electrodynamic feedback on the
neutral and plasma motion and thermodynamics. The results of model
simulations have demonstrated strong electrodynamic feed-back processes not
present in earlier versions of the NCAR-thermosphere/ionosphere general
circulation model (TIGCM) that included empirically specified electrodynamics.
For example, near the magnetic equator, the afternoon uplift of the ionosphere by
an eastward electric field reduces ion drag on the neutral wind, so that relatively
strong eastward winds can occur in the evening. In addition, a vertical electric
field is generated by the low-latitude wind, which produces east-west plasma
drifts that correlate with the wind direction, further reducing the ion drag and
resulting in stronger zonal winds.

A version of the TIE-GCM has been extended downward into the mesosphere
with a boundary near 60 km. This model is being developed to examine
thermosphere-mesosphere physical and chemical coupling processes and also to
determine the depth into the earth's atmosphere that the effects of solar and
auroral variability penetrate. This new model calculates global distributions of
neutral gas temperature and winds, the height of constant pressure surfaces and
global compositional distributions for O, 02, N2, He, Ar, CO2, CO, H 2, H 2 0, H,
OH, HO2 , NO, N( 2D), N(4S), NO2, and 03. It also calculates the properties of the
ionosphere including the electron and ion temperatures and the electron and ion
number densities including: O*(2P), O( 2D), O+(4S), O, N' , NNO and the
D-region positive and negative ions. The large-scale circulation has been
calculated for equinox and solstice conditions using lower boundary
climatological forcings and Rayleigh friction. This first version of the model
does not include realistic gravity wave parameterizations but they will be
included in the coming year. The initial results suggest strong chemical and
dynamic couplings between the upper mesosphere and lower thermosphere.

* HAO researchers have found evidence for the presence of localized sources of
acoustic emission in the part of the sun's envelope that lies just below the visible
surface. Using observations obtained at the National Solar Observatory's vacuum
tower telescope, these researchers find a scattering of relatively small regions,
each at most a few thousand kilometers in diameter, that are emitting excess
acoustic noise in the frequency range between 5.5 and 7.5 mHz. Acoustic flux
estimates suggest that the energy emitted by these sources at still lower
frequencies may provide significant driving for the sun's global oscillations. A
peculiar and so far unexplained feature of the sources is that they appear to
cluster near (but not on) sites where the magnetic field is strong. Research on
questions related to these sources is continuing.

* Paul Charbonneau (visitor, University of Montreal, Quebec, Canada; now HAO
scientist) and Low are developing a numerical code to construct magnetostatic
equilibrium states by an artificial frictional relaxation that takes a nonequilibrium
to a state of extremum in total energy. The goal of the code is to treat the
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formation of electric current sheets, using finite element methods to track
magnetic flux surfaces, in regimes not accessible by analytical methods. The
long-term goal is to extend the numerical code to three-dimensional geometry.

* Victor Pizzo (now at NOAA's Space Environment Laboratory) and Sime have
developed a numerical model of the interplanetary scintillation of radio sources
used to simulate the g-maps introduced recently by Anthony Hewish (University
of Cambridge, England) and colleagues and now being investigated as a
promising solar terrestrial activity forecasting tool. By using a reasonable model
of the interplanetary density structure, based on coronal and in-situ data, they
have been able to show that there is a distinct signature in g-maps due purely to
this nonevolving structure as it rotates with the sun. This signature has many of
the characteristics which might at first glance be thought to arise from CMEs
(coronal mass ejections). It is also similar to the signature claimed by Hewish
and others as indicating the outward propagation of CMEs. By identifying this
pattern as due to the tilted dipole background, they have been able to remove the
confusion that the source of these patterns, thought to be eruptive, was in coronal
holes. Rather, their association with holes comes from their origin in the
interaction region between slow solar wind and the high speed streams that do
indeed arise in coronal holes. The initial tests with a static density model have
been followed up by the use of a hydrodynamic code to simulate a true dynamic
solar wind density distribution.

* In fiscal year 1990 and early FY 91, Tim Brown and Jesper Schou (graduate
research assistant, University of Arhus, Denmark) developed a program to
produce extremely realistic time series of artificial oscillations data, using
specified mode parameters as input. Subsequently, Schou has written and tested
an analysis code that uses a maximum-likelihood criterion to fit the Fourier
transforms of the observed mode data to a model containing the mode
frequencies, line widths, rotational frequency splittings, and amplitudes. By
operating on the Fourier transform of the observations (instead of the power
spectrum), this technique is able to use previously discarded phase information,
thereby extracting more information from the raw data than has hitherto been
done. Tests of this method using artificial data have proved satisfactory, and
Schou is now applying the technique to data from the April-June 1989 run.

* Charbonneau carried out a series of numerical simulations aimed at quantifying
the efficiency of mass and angular momentum transport in radiative zones by
large scale flows in presence of strong horizontal turbulence. This was motivated
by recent attempts to explain via strong horizontal turbulence the puzzling
difference between the relative efficiencies of mass and angular momentum
transport apparently required by coupled rotational and chemical evolutionary
models of the sun. The simulations show that even though the proposed
mechanism is viable, i.e., it is in principle consistent with existing observational
constraints, some rather delicate fine tuning is required to achieve the required
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efficiency without obliterating transport altogether. This suggests that other
potential mechanisms, (such as magnetic transport) should be examined prior to
accepting the horizontal turbulence hypothesis.

* Bruce Lites, in collaboration with Goran Scharmer (Royal Swedish Academy of
Sciences, Stockholm), Thomas Bida (graduate research assistant, University of
New Mexico), and Anders Johannesson (University of Lund, Sweden), continued
observational study of convection in the strong field limit. These three
researchers examined the fine structure of sunspots revealed by spectra of
extremely high-angular resolution obtained at the Swedish Solar Observatory on
the island of La Palma, Canary Islands, Spain from 1987 to 1991. They
developed techniques to produce images representing physical parameters of the
atmosphere (magnetic field strength, Doppler velocity, line strength, etc.) derived
from detailed quantitative analysis of individual spectra in a scan of the active
region. The analysis technique permits one, for the first time, to construct such
"spectoheliograms" of the quantitative physical parameters in their proper
two-dimensional context of the solar image, and with angular resolution
approaching or even exceeding that of filter-based instruments. The techniques
have allowed them to view for the first time the fine structure of sunspot
magnetic and velocity fields in quantitative detail. Bida, along with Birgetta
Larsson (Stockholm University, Sweden), Lites, Johannesson, and Scharmer, are
extending this technique to spectra which obtain simultaneously Stokes I and V.
These measurements enhance considerably the diagnostics for magnetic field and
orientation within sunspots.

* A study of the applicability of the inversion method for analysis of Stokes
profiles developed at HAO to spatially unresolved Stokes measurements of active
region magnetic flux tubes was initiated by Ulrich Grossman-Doerth (visitor,
Kiepenheuer Institute for Solar Physics, Freiburg, Germany) Lites, and Andy
Skumanich. They found that, in the absence of measurement noise, the HAO
inversion method yielded accurate estimates of both flux tube fields and
photospheric sizes, i.e., fill fractions, for synthetic profiles of realistic models of
flux tubes generated by Grossman-Doerth and his Freiburg colleagues and
averaged over different size resolution elements. This result will allow advanced
Stokes polarimeter (ASP) measurements of the Stokes profiles of active regions
to be inverted with confidence.

* In a joint collaborative study, Judith Lean (Naval Research Laboratory), Bill
Livingston (National Solar Observatory [NSO] Kitt Peak), Skumanich, and Oran
White (visitor, unaffiliated) have considered the problem of estimating the sun's
radiative output during the Maunder Minimum Era when sunspot (by inference
the magnetic) activity appears to have been essentially absent. Correcting the
measured solar irradiance, i.e., the solar "constant," for the darkening effects of
sunspots, these authors found an excellent correlation of the resulting irradiance
with contemporaneous chromospheric Ca+ K-irradiance measurements. The latter
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has previously been shown to be proxy for nonspot magnetic activity on the sun.
Presuming such magnetic activity decreases along with spot activity so that it is
absent during the Maunder Minimum Era, and so that only a basal Ca+
K-irradiance holds, the authors have estimated the solar constant to have been a
0.25 Ca+ K-solar constant correlation. Such a decrease would induce, according
to some thermal models of the earth's atmosphere, a decrease of 0.2 degrees C to
0.6 degrees C in the global terrestrial equilibrium temperature. This is somewhat
short of the approximately 1 degree C cooling experienced during the Little Ice
Age of the Maunder Minimum Era. However, it would appear that solar
variability may play a significant role in climate change.

Coronal/Interplanetary Physics Section

The long-range goals of the Coronal/Interplanetary Physics (CIP) Section are to
describe observationally and theoretically the physical properties of the solar corona and
its interplanetary extension into the solar wind and to understand the physical processes
that determine the state of this extended solar atmosphere as an integral physical
system. Pursuit of these broad goals includes studies of the role of the large-scale solar
magnetic field in coronal structures; specific relationships among phenomena in the
solar wind, the corona, and the lower layers of the solar atmosphere; long-term
variations in the coronal and solar wind characteristics; and effects of the solar wind
upon the interplanetary and terrestrial environments. These studies lead to a substantial
(and desirable) overlap in research and personnel with the other sections of the
observatory. CIP's research program has encompassed observing projects that use both
ground-based and spacecraft-borne instruments, interpretative studies using these and
other observations, and a theoretical effort aimed at understanding basic coronal and
interplanetary physical processes, as well as specific phenomena revealed by
observations. The section's interests extend beyond the solar system to other space and
astrophysical systems where similar phenomena may occur or similar physical processes
may be important.

Theoretical Studies of Coronal Magnetic Fields

The magnetic field generated in the solar convection zone extends out into the solar
corona, where it is sufficiently strong (the energy density in the field is about an order
of magnitude greater than that in the plasma) to dominate coronal dynamics.
Spatial inhomogeneities or temporal changes in the solar field, or flows of the coronal
plasma, all produce electric currents in the corona and a magnetic force comparable to
the two other major forces (solar gravity and the pressure gradient force) acting on the
plasma. This effect gives rise to a rich variety of magnetically controlled structures; for
slowly changing or quasi-steady conditions these structures range from magnetically
open and closed regions with dimensions comparable to the size of the sun itself to a
host of smaller-scale magnetic loops containing plasma in various thermodynamic states
in the low corona and chromosphere. The hydromagnetic equilibrium of these
structures, including the outward expansion of the solar wind along open magnetic field
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lines; the stability of any equilibrium state; and the onset of eruptions leading to
time-dependent phenomena pose interesting questions that are pursued systematically in
the CIP Section. While magnetohydrodynamic (MHD) theory and modeling are an
observatory-wide program, the dominance of magnetic effects in the corona and the
observability and resolvability of coronal magnetic structures have led to a focus of this
program on coronal problems.

The topology of a magnetic field in electrically conducting plasma is fixed by its
evolutionary history under the "frozen-in" condition. In general, the preservation of the
field topology requires the presence of electric current sheets if the field relaxes to an
equilibrium state. Current sheet formation in the presence of magnetic neutral points
has been known for decades dating back to works by Syrovatskii (deceased), Peter
Sweet (University of Glasgow, Scotland), and others. More recently, Eugene Parker
(University of Chicago) showed that electric current sheets can form under general
astrophysical circumstances in the absence of magnetic neutral points. This process
may set the stage for local magnetic reconnection and is attractive as a mechanism for
coronal heating. Boon Chye Low and Richard Wolfson (Middlebury College) have
recently demonstrated this property for a two-dimensional force-free magnetic field
anchored rigidly at the base of the corona. The initial field was taken to be quadrupolar
in topology, with no magnetic neutral point; evolution to a new topology including
current sheets was demonstrated analytically. This result has been questioned by Judith
Karpen, Spiro Antiochos, and Rick DeVore (all of the U.S. Naval Research Laboratory),
on the basis of a numerical simulation. These authors claim that the formation of the
electric current sheets in the Low-Wolfson model depended on the use of rigid
boundary conditions to the extent that if the boundary is flexible and subject to gravity
and pressure forces, no current sheets would form. Low showed that this criticism is
based on an erroneous interpretation of the forces associated with electric current sheets,
and constructed an explicit model to demonstrate how an electric current sheet might
form if the boundary is a flexible, gravitationally stratified layer. Suggestions for
future, physically well-motivated numerical simulations were given.

The basic techniques of Low and Wolfson for the demonstration of electric current
sheet formation was extended by Low to the case of a quadrupolar magnetic field in an
isothermal atmosphere under the influence of a uniform gravity. Using the special class
of isothermal magnetostatic solutions of Ellen Zweibel (University of Colorado) and
Hundhausen, it was found that the additional forces of gravity and pressure gradient can
enhance the effect of magnetic flux expulsion between magnetic surfaces to form an
infinitely thin current sheet-an effect that the Lorentz force alone can bring about
during the relaxational approach to a force-free state in the original Low-Wolfson
model.

In the low corona where solar wind expansion speeds are small, the quiescent state
of the magnetized atmosphere can be approximated by a static equilibrium. An ongoing
program continues to expand our understanding of these magnetostatic equilibria to
more complicated geometries. In 1985, Low derived a class of analytic solutions
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describing magnetostatic atmospheres with variations in all three spatial coordinates.
These solutions raised the possibility of modeling long-lived (hence quasi-static)
features of the corona with a new degree of geometric realism. Recently, he has
reduced the nonlinear equation for force balance to a simpler statement based on
Ampere's Law, giving the electric current density explicitly in terms of the magnetic
field under the condition of static equilibrium. In this formulation of the static problem,
the magnetic field is solved for in a boundary value problem, in terms of which the
equilibrium pressure and density distributions can be constructed by explicit analytic
formulae. This development opens the door for studying long-lived, large-scale
structures in realistic geometries in the solar atmosphere. Low is studying a special
subclass of the solutions that is amenable to analytical treatment and direct application
to the interpretation of solar field measurements using the magnetograph.

The above reduction of the magnetostatic problem to Ampere's Law gives an
electric current density made up of two systems, one aligned with the magnetic field
and the other across the field to generate the Lorentz force. In the formulation, these
two current systems are separately conserved. Low has generalized this reduction
procedure in order to treat the general situation in which the two current systems are
coupled to each other. The analysis of this more complex situation with illustrative
analytical examples is being pursued.

The study of time-dependent phenomena in the solar corona (such as coronal mass
ejections) presents a still more difficult theoretical problem than the static (or quasi-
static) states described above. Several years ago Low constructed a theory of a y = 4/3
polytropic atmosphere. The gravity in the original theory is taken to be an externally
imposed 1/r2 field. Although it was pointed out that the theory could be extended to
allow for the self-gravity of the flowing plasma, no solutions of the more complex case
could be constructed. Low has obtained such solutions for expanding and contracting,
self-gravitating spheres and spheroids embedding axisymmetric magnetized cores.
These solutions are of basic astrophysical interest, and they offer an opportunity for
testing time-dependent MHD codes that include self-gravity as an important effect.

C. W. Barnes and Peter Sturrock (Stanford University) had previously suggested
that a highly twisted, initially closed, force-free magnetic field might have enough
energy to become fully open. This attractive suggestion as a possible flare mechanism
was shown by Jean Jacques Aly (National Center of Scientific Research, France) to be
untenable, based on Aly's widely accepted conjecture that the basic theory of the force-
free magnetic field sets the energy of the open-field configuration to be the upper bound
of the energies of the force-free fields having the same magnetic flux distribution at the
boundary. In 1986, Low had pointed out the possibility that a closed, twisted, force-
free magnetic field may have enough energy to open up not all but a fraction of its total
flux, thus allowing for a transition to a partially open configuration, with no violation of
Aly's conjecture. Numerical calculations to demonstrate this possibility in the fully
nonlinear regime have been performed by Wolfson and Low. An interesting result that
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followed this demonstration is the absence of numerical convergence for certain types of
magnetic twist, which suggests the phenomenon of hydromagnetic nonequilibrium.

Paul Charbonneau (visitor, University of Montreal, Quebec, Canada; now HAO
scientist) and Low are developing a numerical code to construct magnetostatic
equilibrium states by an artificial frictional relaxation that takes a nonequilibrium to a
state of extremum in total energy. This code, first developed for the two-dimensional
cartesian system, has been shown to work well in recovering the analytical solutions of
Zweibel and Hundhausen. The goal of the code is to treat the formation of electric
current sheets, using finite element methods to track magnetic flux surfaces, in regimes
not accessible by analytical methods. The long-term goal is to extend the numerical
code to three-dimensional geometry.

Yung-Ping Chou (graduate research assistant, Columbia University) is studying the
stability of isothermal, three-dimensional plasma loops of finite cross sections embedded
in a background magnetized atmosphere. Low previously constructed a family of three-
dimensional magnetostatic models for the plasma loops and showed that the subset of
models with electric currents confined in the infinitely thin skin of the loop boundary
are linearly (mechanically) stable under the rigid line-tying boundary condition on the
magnetic lines of force. Chou is investigating the stability of the other models in the
family which admit volume currents, both field-aligned and cross-field current. Chou,
Amitava Bhattacharjee (Columbia University), and Low are investigating the role of
resistive boundary layers in determining the stability of coronal magnetic fields.

Coronal Observations

Continued operation of the Mark III coronameter and the Hat prominence monitor at
the Mauna Loa Observatory in Hawaii added to the HAO data base for long-term study
of the corona. Passage of the path of totality for the solar eclipse of 11 July 1991,
provided the opportunity for several unique observations. David Sime and Jack Streete
(visitors, Rhodes College) collaborated on nearly simultaneous observations with the
Mark III instrument and the HAO white light coronal camera, with the goal of
improving the photometric and polarimetric calibration of the former. Despite the poor
and rapidly changing transmission and polarization of the sky produced by dust injected
into the earth's atmosphere by the Mt. Pinatubo eruption, analysis of these observations
is expected to improve limits on the absolute calibration of the Mark III instrument.

Two other programs were carried out from the Mauna Loa site during this eclipse.
Another photograph was added to the historical series taken with the radially graded
neutral density filter. Sime also collaborated with observers at the James Clerk
Maxwell telescope at the Mauna Kea site in observing a large solar prominence during
the eclipse. The latter group provided the first observations of such a prominence at a
wavelength of 1.3 mm. Initial analysis indicates the presence of a cool (3,000 K)
sheath surrounding the Hot-emitting region of the prominence.
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A careful examination of Mark III coronameter data has revealed that the field of
view of the instrument is located about one-tenth of a solar radius higher above the sun
than previously thought. Sime and Richard Fisher (now at Goddard Space Flight
Center) have shown that this relocation of the field implies a significant change in the
photometric calibration of the Mark III; the instrument is some 19% more sensitive than
believed. It obviously implies an offset in the location of features in the corona. For
studies of CMEs, this implies different heights for any given time in the trajectory but,
in most cases, does not affect the inferred velocities. Implications for studies that
compare the K-coronal observations with data from other instruments need to be
evaluated individually. In the case of the recent study by Frank Orrall (University of
Hawaii), the case for claiming the presence of a high degree of filamentary structure in
the corona is weakened.

Work on the refurbishment of the Mark III instrument was finished and the upgrade
of the observing system was worked around the special eclipse programs. Planning for
an Advanced Coronal Observing System to replace the Mark III instrument and provide
major improvements in related observations of the solar chromosphere progressed to the
point where a proposal for support of the former was made to the Keck Foundation.
Collaborators on this proposal included Robert MacQueen (Rhodes College) and Streete
and Hugh Hudson and Robert Lin (both of the University of California).

Coronal Mass Ejections

A major part of our interpretive program remains focused on the phenomenon of
coronal mass ejections, the relationship of mass ejections to solar activity, and the role
of this phenomenon in solar-terrestrial physics. Chris St. Cyr (now at Goddard Space
Flight Center) and Joan Burkepile completed the first catalog of 1,300 mass ejections
observed during the 1980 and 1984-1989 epoch of observations with the Solar
Maximum Mission coronagraph. Several hundred copies of the catalog, published as an
NCAR Technical Note, were distributed in response to requests from interested
researchers. A major effort has gone into measuring the speed of as many mass
ejections as possible and providing a uniform set of morphological descriptions of the
entire set of ejections. This material will be added to a second catalog by the same
authors.

The complete set of speed measurements adds statistical weight to several previous,
preliminary, conclusions regarding mass ejections. In particular, the high-latitude mass
ejections that occur without major solar flares and well away from the strong and
complex magnetic fields common to active regions have average speeds only about 10%
lower than those that occur in the active latitudes. Thus any model or theory that can
explain the formation of the high-latitude ejections in the absence of flares and other
familiar forms of activity should also be capable of explaining virtually all coronal mass
ejections. Art Hundhausen, Burkepile, and Andrew Stanger continue to determine
additional properties of the set of 1,300 + ejections (in particular, their masses and
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energies) and examine detailed correlations with X-ray emission, prominence eruptions,
and other manifestations of solar activity.

In response to the suggestion that the slow evolution of large-scale, coronal,
magnetic fields leads to mass ejections (in particular, the high-latitude events mentioned
above), Sime has examined the possibility that the latitude gradient of the speed of
coronal rotation might be a mechanism by which coronal field structures could be
stressed to the point of losing equilibrium. He finds that the temporal and spatial
distribution of the velocity gradients and coronal structures of sufficient size matches
that of CMEs. Further, the size of these gradients is consistent with the rate of
footpoint motion shown to be required for such evolution by Low, Fisher, and Richard
Munro (Ball Brothers).

Solar Wind Acceleration

Observations of quasi-steady high-speed solar wind streams show that the proton
mass flux density at 1 AU is remarkably constant, varying by less than 10% over long
time periods. These observations are problematic, because simple theoretical models
predict that the proton mass flux density is a sensitive function of the coronal base
temperature, which is not expected to be unvarying to the degree required by the
observations. Leer, Holzer, and Shoub have investigated the possibility that the
presence of alpha particles in the solar corona can reduce the sensitivity of the proton
mass flux to the coronal base temperature. They have found that for an alpha particle
to proton density ratio at the coronal base as small as 10%, alpha particles can
significantly reduce this sensitivity. Much larger alpha-to-proton density ratios in the
lower corona are likely to occur, so the effect of alpha particles in regulating the solar
wind flux is potentially quite important.

Solar Wind Structure

Victor Pizzo (now at NOAA's Space Environment Laboratory) and Sime have
developed a numerical model of the interplanetary scintillation of radio sources used to
simulate the g-maps introduced recently by Anthony Hewish (University of Cambridge,
England) and colleagues and now being investigated as a promising solar-terrestrial
activity forecasting tool. By using a reasonable model of the interplanetary density
structure, based on coronal and in-situ data, we have been able to show that there is a
distinct signature in g-maps due purely to this nonevolving structure as it rotates with
the sun. This signature has many of the characteristics that might at first glance be
thought to arise from CMEs. It is also similar to the signature claimed by Hewish and
others as to indicate the outward propagation of CMEs. By identifying this pattern as
due to the tilted dipole background, we have been able to remove the confusion that
resulted from Hewish's finding that the source of these patterns, claimed by him to be
eruptive, was in coronal holes. Rather, their association with holes comes from their
origin in the interaction region between slow solar wind and the high speed streams that
do indeed arise in coronal holes. The initial tests with a static density model have been
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followed up by the use of a hydrodynamic code to simulate a true dynamic solar wind
density distribution. A number of statistical tests of the published data lend confidence
to our interpretation.

Solar Interior and Lower Atmosphere Section

Although the variability of the sun is small relative to its total energy output, or
relative to the variability of some other stars, fluctuations in the solar output of
radiation, fields, and energetic particles are responsible for significant changes in the
space environment surrounding the earth. Such changes are known to cause significant
perturbations of the upper atmosphere of the earth, and they might also be a natural
cause of climatic change.

Solar magnetic activity is the driver for the known variability of the sun on time
scales ranging from seconds to decades (and perhaps longer). The source of solar
activity lies in the interior of the sun, and it is believed to result from the interaction of
convection and rotation in the outer one-third of the solar envelope: the solar dynamo.
It manifests itself at the surface of the sun and above in a variety of fascinating
phenomena including sunspots, solar flares, prominences, and coronal mass ejections.
These phenomena are interesting subjects of study in their own right as they represent
the physical behavior of magnetized plasmas in regimes unattainable in terrestrial
laboratories, and as they are perhaps the only physical system where we may reasonably
hope to understand in detail those processes responsible for a wide variety of
astrophysical phenomena. Their study is indeed important to improved understanding of
the physical system that drives the variability of the local space environment of the
earth.

The long-range goals of the Solar Interior and Lower Atmosphere Section are then
(1) to explore the physical state of the interior of the sun by whatever means are
appropriate, including the surface diagnostics (such as observed magnetic field structure
and solar oscillations) and theoretical modeling; (2) to improve our understanding of the
physical state of the lower part of the observable solar atmosphere (the photosphere,
chromosphere, and chromosphere-corona transition region) using observational,
theoretical, and numerical techniques; and (3) to develop the detailed physical
connection of processes observed in the atmosphere to those inferred for the interior, the
corona, and the interplanetary medium. Emphasis is given to investigation of
phenomena related to the magnetic activity cycle, including their relationship to and
consequences for the upper solar atmosphere. These goals are broadly interpreted to
encompass the study of the "quiet" solar atmosphere, which also participates in the solar
activity cycle and whose phenomena (such as granular convection and intense magnetic
"flux tubes") are important components of the larger problem of solar magnetic activity.
In the following paragraphs a brief description is given of aspects important to the study
of the solar interior and lower solar atmosphere in order to set the stage for the
following, more detailed descriptions of research in this section during FY 91.
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Radiation is believed to transport most of the energy outward from the center of the
sun to a distance of about two-thirds of the solar radius. At that point, the opacity of
the plasma increases dramatically due to the lower temperature, and convection becomes
the dominant means of energy transport. Standard models of the interior of the sun are
unable to match precisely the observed frequencies of the solar p-mode oscillations, and
these models emphasize the reality of the solar neutrino problem. A knowledge of the
physical state of the solar interior is needed not only to understand stellar evolution, but
also to explore the origin of solar and stellar magnetic activity. One long-range goal of
the section is to improve observable diagnostics of the solar interior in order to
constrain the knowledge of the variation in temperature, pressure, density, and rotation
with solar radius and latitude. Such information is of utmost importance to improving
the theory of the solar magnetic dynamo operating in the solar convective region, and to
improving our knowledge of the physics of convection as well. The approach to these
problems is both theoretical (investigation of the dynamo process and the mechanisms
for generation and propagation of solar oscillations) and observational (acquisition and
analysis of oscillation data).

Study of the sun provides us with details of magnetic activity in one star at one
particular moment of its evolutionary history. Through observation of other stars at
different evolutionary states, with rotation rate, mass, and chemical composition
differing from that of the sun, we may be able to further constrain the physical
processes causing magnetic activity. Two approaches to the observational study of
activity in other stars are currently being pursued at HAO. First, indicators of stellar
magnetic cycles and rotation are accessible in spectra of stars taken over a period of
time. The second technique is very new: the attempt to observe nonradial p-mode
oscillations of other stars. If stellar oscillations are observable, then these data will
provide precise information on the conditions within other stars, in a manner similar to
the way solar oscillations probe the interior of the sun. HAO plays a leading role in
this new and potentially powerful area of astrophysics: asteroseismology.

The visible surface of the sun is known as the photosphere. It represents the
interface at which the transport of energy suddenly changes from dominantly convective
in the interior to dominantly radiative in the lower solar atmosphere, and above. The
photosphere is thus a region of "convective overshoot." The study of its structure, or
granulation, is the foundation for understanding the convective and radiative processes
that govern the physical makeup of stellar atmospheres. The "quiet" solar photosphere
can be characterized as a dynamically restless radiating plasma that is threaded
occasionally by very small, isolated, and quite intense concentrations of magnetic flux
("flux tubes"). Within the isolated flux tubes, the convective transport of energy is
partly suppressed. The gas pressure within the tube is significantly reduced relative to
its surroundings, the lowering of pressure being compensated for by the magnetic
pressure. This effect, along with the small lateral dimension of flux tubes, allows them
to be nearly transparent to radiation from the surrounding hot convective region. Thus
the radiation from the "walls" of flux tubes overrides the convective deficit and
produces an apparent brightening of the feature. The variability of the total solar
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irradiance associated with the solar magnetic cycle has been linked recently to the
number of these small-scale magnetic flux tubes in the solar photosphere.

Variability of the total solar irradiance on shorter time scales has been observed to
be associated with the life cycle of individual solar "active regions," which are
identified by the presence of large-scale magnetic concentrations such as sunspots and
pores. Unlike flux tubes, these features are large enough that the radiative exchange of
energy with the surrounding vigorous convection is insignificant in comparison to the
reduction in convective energy transport, so that the features appear dark. Associated
with these photospheric features are locally induced subsonic (and perhaps supersonic)
flows that, in the case of sunspots, are known as the Evershed flow. The nature of the
stability and thermodynamics of these magnetic concentrations is one of the major
puzzles for solar physics, and quantitative understanding of their structure is a major
goal of the section.

In the chromosphere, which overlies the photosphere and is transparent to the bulk
of the photospheric radiation, the nature of the energy supply changes. It appears that
the dissipation of mechanical energy from waves and/or the dissipation of electric
currents induced via horizontal motions of field footpoints provide the main energy
source. Whether this energy is released in situ or propagates to this region from below
(via waves) or from the corona above (via either energetic particles or conduction), or
both, is poorly understood. Furthermore, there is increasing evidence that the
mechanism responsible for heating the chromosphere is distinct from that for the
corona. Also evident is that associated transient motions frequently have nearly sonic
velocities, yet they are contained, being "frozen in" by the local, nearly force-free
magnetic field.

Such complex interactions between a flowing, radiatively cooling plasma and the
local magnetic field are evident over the entire solar surface, but are especially
pronounced in active regions. For the most part, these are regions of closed magnetic
fields in which the corona, transition region, and chromosphere are intimately tied. The
enhanced magnetic flux in the active regions is accompanied by enhanced radiative
output as well as flaring: the dramatic conversion of magnetic energy into radiative
energy, both thermal and nonthermal, and kinetic energy associated with violent bulk
motion at chromospheric levels and above. Similar phenomena appear to occur on a
reduced scale outside active regions.

Even though the solar chromosphere and corona contribute only a tiny fraction of
the total solar radiative output, these layers give rise to most of the ultraviolet radiation
from the sun, which has a strong influence on the upper terrestrial atmosphere.
Furthermore, this ultraviolet radiation is many times more variable than that of the
integrated solar radiation, and the root of this variability is the solar magnetic field.
Therefore, another major long-term goal of the section is to understand the nature and
modulation of energy transport and transformation in the solar atmosphere, including
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heating of the chromosphere, transition region, and corona and heat transport by thermal
conduction and advection.

In order to address these problems, scientists in the Solar Interior and Lower
Atmosphere Section adopt two fundamental approaches, inferring the physical state of
the solar interior and atmosphere (1) through interpretation of observations, and (2)
through the development of models (both analytic and numerical) of the solar interior
and atmosphere. From the observational side, a vigorous area for investigation of the
solar interior involves helioseismology, and the section plays a major international role
in this research. The Fourier tachometer, developed jointly by HAO and NSO, was
operated for a number of years to investigate solar oscillations. The fundamental
principle of operation of this device has been adopted for two new oscillations facilities:
the Global Oscillations Network for ground-based observations and the Michaelson
Doppler imager for observations from space. Scientists in this section will play major
roles in both facilities. In addition to the Fourier tachometer, a new instrument is being
developed at HAO to precisely observe the oscillatory modes of the sun that are most
sensitive to the rotation deep within the core. This instrument, based upon the
magneto-optical filter, will also be used to measure winds in the sodium layer in the
upper atmosphere of the earth.

A parallel development is occurring in the observational study of the lower solar
atmosphere: recent work demonstrates that the physical processes controlling this region
take place on very small size scales. Recognizing this, the observational research in this
section increasingly centers upon high-resolution solar physics, with particular emphasis
upon precision polarimetry to reveal the structure of the magnetic field in sufficient
detail for quantitative analysis. To this end, HAO and NSO have led in the
development of the ASP, a new instrument that will provide vector magnetic field
measurements with unprecedented clarity and precision. This new instrument has now
been deployed at NSO.

Members of the section also avail themselves of opportunities to conduct
observations from both space- and ground-based facilities. Data already on hand from
HAO's previous Stokes programs and from the Skylab mission, the Orbiting Solar
Observatory (OSO-8), and Solar Maximum Mission (SMM) satellites, as well as data
acquired during observing runs at national or international facilities, form an important
component of the research effort. Members of the section are also leading efforts to
promote space and ground-based instrumentation for high-resolution solar physics,
including the large earth-based solar telescope (LEST), a complementary high resolution
multinational facility to serve the needs of solar physics in the coming two to three
decades. Theoretical study of the solar interior at HAO now emphasizes the study of
mechanisms of generation and propagation of oscillations in the solar envelope, the
interaction of oscillations and waves with subsurface magnetic fields, the rotational
evolution of solar-type stars, and the solar dynamo.
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Theoretical study of the lower solar atmosphere is also progressing at HAO in
several areas: the improvement of techniques for computation of radiative transfer in
spectral lines formed in stellar atmospheres, the transfer of polarized line radiation,
simulation of compressible convection, and radiative and MHD models of such
quasi-steady magnetic features as sunspots, plages, and network flux tube structures.
These models, when developed, will include the complete energy and momentum
balance and appropriate connection with the upper solar atmosphere. Their development
presents a difficult challenge that will require several years of effort and a step-by-step
approach involving both theoretical modeling and observational programs that provide
the data with which models may be tested. The effort will encompass other scientific
sections of HAO as well as outside collaborators.

The Solar Interior

During FY 91 operation of the HAO Fourier tachometer was brought to a close.
Although the data acquisition phase has now ended with this instrument (its function
soon to be supplanted by the Global Oscillations Network), the comprehensive analysis
of old Fourier tachometer data sets, begun two years ago, proceeded well during FY 91.
Two major data sets concerning global solar p-mode oscillations (from November-
December 1987 and April-June 1989) have now been completely reduced, yielding
power spectra with resolution as good as about 0.1 microHz, for all spherical harmonics
with angular degree greater than 4 and less than 120. The next step is to derive the
important parameters of the oscillation modes present in these spectra, i.e. their
frequencies, amplitudes, and line-widths. In order to arrive at meaningful interpretations
of these parameters, however, it is necessary to devise methods that are as error-free as
possible for estimating them from the spectra, and to understand the systematic errors
that remain. Tim Brown, Kurt Bachmann (visitor, Widener University), and Jesper
Schou (graduate research assistant, University of Arhus, Denmark) have been engaged
in this effort through much of the last year.

In FY 90 and early FY 91, Brown and Schou developed a program to produce
extremely realistic time series of artificial oscillations data, using specified mode
parameters as input. Subsequently, Schou has written and tested an analysis code that
uses a maximum-likelihood criterion to fit the Fourier transforms of the observed mode
data to a model containing the mode frequencies, line widths, rotational frequency
splittings, and amplitudes. By operating on the Fourier transform of the observations
(instead of the power spectrum), this technique is able to use previously discarded phase
information, thereby extracting more information from the raw data than has hitherto
been done. Tests of this method using artificial data have proved satisfactory, and
Schou is now applying the technique to data from the April-June 1989 run.

Bachmann, who arrived in the middle of FY 91, has been engaged in testing more
conventional methods for extracting mode parameters from oscillations power spectra;
methods similar to those used at some other institutions. Implementing these techniques
will allow straightforward comparisons of Fourier tachometer results with those from
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other instruments, and will provide a computationally efficient method for estimating
differential effects in p-mode parameters; for example, the change in p-mode
frequencies with time, or the variation in line width with azimuthal order. By year's
end, Bachmann had completed a working analysis code, and was in the process of
investigating the sensitivity of the results to variations in input parameters and starting
guesses for the fitting process.

In collaboration with Bruce Lites, Tom Bogdan, and John Thomas (NCAR affiliate
scientist, University of Rochester), Brown has been investigating the nature of the
processes driving the solar p-modes, and the behavior of p-modes in regions permeated
by strong magnetic fields. Using a data set acquired by Lites and Thomas, this group
has found evidence for significant excess acoustic emission arising from scattered points
on (or slightly below) the solar surface. The emission from these sources is seen at
frequencies near or above the photospheric acoustic cutoff frequency (5.5 mHz). It is
thought that the sources may also radiate at lower frequencies, but that this radiation
would be trapped just below the photosphere by the stratification of the solar envelope,
and hence would be more difficult to detect. Preliminary analysis of this same data set
by other means suggest that the absorption of acoustic waves by sunspots and plage
regions (reported some years ago by Braun, Duvall, and LaBonte) does indeed occur,
but that the phenomenon may be more complicated than previously suspected.

Kumar and Richard Kerswell (visitor, Massachusetts of Technology [MIT]) have
calculated the change in solar p-mode frequencies due to nonlinear interactions among
modes. They find that the typical frequency shift is about 1uHz or about 0.1% the
mode frequency. Thisis a small and yet non-negligible effect since mode frequencies
have been measured to an incredible accuracy of 0.01%. However, this result has no
practical implications for the solar structure at the moment.

Bogdan, along with Fausto Cattaneo, Andrea Malagoli, and Robert Rosner (NCAR
affiliate scientist), all of the University of Chicago, have continued their work on a
detailed numerical study that seeks to quantify the acoustic emission from supersonic
turbulent convection at high Rayleigh number, and identify the basic sources of sound
in chaotic and highly stratified three-dimensional flows that are able to sustain transient
shocks. Bogdan and his collaborators hope to elucidate the basic physics of sound
production by chaotic turbulent convection and provide insight into the pressing
question of the excitation and damping of the solar acoustic oscillations. Their study
relies on the analysis of completed numerical simulations that were carried out on
various supercomputers and that employed a novel multidimensional implementation of
Woodward and Colella's piece-wise parabolic method (PPM) algorithm on a 256 by 256
by 56 grid. Throughout the simulation the various fields (e.g., velocity, pressure,
temperature, and density) were projected onto the p-mode eigenfunctions at regularly
spaced time intervals, and power spectra of these time series were computed. These
power spectra revealed peaks located quite close to, but slightly below, the characteristic
frequencies obtained from the linear eigenvalue calculation. The line widths were found
to be substantially in excess of those predicted by the linear theory, indicating that the
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quality factor of the mode is determined primarily by turbulent excitation rather than
through damping via thermal conduction. During the simulation, various sources of
sound, such as the fluctuating entropy and vorticity fields, were likewise projected onto
the linear acoustic eigenfunctions in order to ascertain those aspects of the flow that
contribute significantly to the excitation and damping of the individual p-modes.

As the strength of the dynamo within the solar convection zone depends critically
upon the rotation rate of the sun, the evolutionary history of solar and stellar magnetic
activity is strongly coupled to the evolutionary history of the rotation. Keith
MacGregor and coworkers have previously developed a parameterized description of
internal angular momentum transport, together with a direct computation of the rate of
angular momentum removal by a magnetically coupled stellar wind, to trace the
rotational evolution of solar-type stars. MacGregor and Graham Barnes (HAO summer
undergraduate student, Yae University) traced the evolution of the distribution of
rotational velocities among stars of solar mass, starting from an assumed pre-main
sequence distribution at an age - 106 years, and extending to an age - 108 years (i.e.,
past the time of arrival on the zero-age main sequence). This work was done using a
previously developed model which treats internal angular momentum redistribution,
angular momentum loss due to a magnetically coupled stellar wind, and changes in
internal structure for a single star. Their objective was to determine under what
conditions the observed rotational velocity distributions for sun-like stars in young, open
clusters (ages - 50 - 100 x 106 years) could be reproduced. Such clusters contain
significant populations of both rapidly (v sin i >- 30 km s-1) and slowly (v sin i <- 10
km s-1 ) rotating stars. It was found that an age spread within a cluster could not, by
itself, account for the observed distributions. Instead, rotational velocity distributions
like those observed for G dwarfs in young clusters could be derived if it was assumed
that the surface magnetic field strength (and hence the angular momentum loss rate) was
independent of rotation rate for sufficiently rapid rotation. In this way, the ultra-fast
rotators in clusters like a Persei were the most rapidly rotating stars in the original,
pre-main sequence distribution. A careful analysis of measured rotational velocities in
a number of young clusters by David Soderblom (Space Telescope Science Institute),
John Stauffer (Harvard-Smithsonian Center for Astrophysics), MacGregor, and Burton
Jones (Lick Observatory) has reached a similar conclusion.

Charbonneau and MacGregor have completed the first stage of their investigation of
angular momentum transport in the radiative interior of the sun. They have considered
an idealized problem in which a spherical "envelope" permeated by a large scale
magnetic field is rotationally accelerated following the impulsive spin-up of an
underlying "core." Such a model problem not only provides an extremely stringent test
of the numerical scheme (due to the presence of boundary layers and other high
amplitude transients), but it is also ideally suited to study the effects of magnetic field
geometry on the internal redistribution of angular momentum. Their large set of
numerical simulations demonstrates the extreme sensitivity of solutions to the level of
magnetic field anchoring onto the core, and provide an clear illustration of the
importance of phase mixing in damping toroidal oscillations. Even in the most
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favorable circumstances, i.e., a fully core-anchored magnetic field, poloidal fields of
strength of order of 1 Gauss require about 106-107 years to bring about a state of near-
uniform rotation. Although this is much less than the main sequence lifetime of the
sun, it is of the same order as rotational braking time scales for similar stars having just
arrived on the main sequence, and larger that typical evolutionary time scales on the
pre-main sequence. This suggests that some level of differential rotation may persist in
stellar interiors even in the presence of magnetic fields. Charbonneau and MacGregor
have now begun the second stage of their research plan, which consists of modeling the
rotational evolution of the sun, from its arrival on the main sequence to the present age.
They are using the standard Weber-Davis two-dimensional MHD wind model to
compute the rate of angular momentum loss, and follow the magnetically mediated
internal redistribution of angular momentum using the numerical tools developed and
tested on the aforementioned model spin-up problem. The residual differential rotation
(if any) at the solar age is of particular interest, in the light of the increasingly accurate
solar internal rotation profile determined from helioseismological data.

Charbonneau carried out a series of numerical simulations aimed at quantifying the
efficiency of mass and angular momentum transport in radiative zones by large scale
flows in presence of strong horizontal turbulence. This was motivated by recent
attempts to explain via strong horizontal turbulence the puzzling difference between the
relative efficiencies of mass and angular momentum transport apparently required by
coupled rotational and chemical evolutionary models of the sun. The simulations show
that even though the proposed mechanism is viable, i.e., it is in principle consistent with
existing observational constraints, some rather delicate fine tuning is required to achieve
the required efficiency without obliterating transport altogether. This suggests that other
potential mechanisms, (such as magnetic transport) should be examined prior to
accepting the horizontal turbulence hypothesis.

The variation of the solar rotation rate with depth at the present epoch is an
important boundary condition, not only for these studies of stellar evolution, but also for
understanding the source of stellar magnetic activity. The rotation rate deep within the
sun is of particular interest, but it is also particularly difficult to measure using
helioseismology techniques, as only the oscillatory modes of lowest degree penetrate
deeply into the solar interior. Steven Tomczyk and Alessandro Cacciani (visitor,
University of Rome) have continued the development of an instrument optimized to
observe these low-degree oscillation modes. In addition, Seth Veitzer (visitor,
University of Colorado) has joined the project in the past year. The instrument is based
on the principle of the magneto-optical filter, which has been used in the past to
produce Doppler images of the sun with high wavelength stability. In particular, a
two-beam version of the magneto-optical filter is used to produce simultaneous images
of the sun in two narrow wavelength bands, allowing the determination of the Doppler
shift of low degree oscillation modes with high accuracy. A prototype of the instrument
has been completed and preliminary observations of the sun have been obtained in
November 1991. These data are presently being analyzed. It is hoped that a completed
version of this instrument will be placed into service in 1992.
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Stellar Oscillations

Brown, in collaboration with Ronald Gilliland (Space Telescope Science Institute),
finished during FY 91 the second stage of analysis of time series photometric data of
stars in the old galactic cluster M67. The purpose of this study was to understand (and
perhaps extend) the limits to ground-based charged coupled device (CCD) time series
photometry, and ideally (given cooperation on the part of the stars) to detect sun-like
pulsations in the F-type subgiants near M67's main sequence turnoff. Among the
serendipitous discoveries turned up in the examination of these photometric data were 3
6 Scuti stars, all pulsating with multiple periods and all classified as blue stragglers.
Gilliland and Brown have analyzed the periods of two of these pulsating stars in some
detail. They conclude that both show evidence for nonradial pulsation modes, and that
in one case, the frequency splitting between modes of a rotationally-split 1 = 1 triplet
suggests that the star is noticeably aspherical, perhaps because of magnetic activity.

In the realm of stellar Doppler spectroscopy, Brown and Scott Horner (graduate
research assistant, University of Chicago), in collaboration with Rosner, constructed a
laboratory echelle spectrograph in FY 91. This instrument was developed with the aim
of understanding how to make stellar Doppler measurements that are both extremely
precise and extremely stable. To this end, it is necessary to investigate the sources of
spectrograph instability in a laboratory setting, so that the interaction between
stabilization techniques and methods for increasing transmission may be understood.
The spectrograph behaves much like an observatory bench-mounted echelle, but rather
than observing stars, it is used to compare two nominally stable laboratory sources to
one another. To date, this spectrograph has been used to test the properties of a set of
molecular iodine absorption cells, which are to be long-term wavelength standards.
Using two of these cells in conjunction with facilities at Kitt Peak National
Observatory, Horner has obtained ten nights of high-precision spectroscopic data on four
late-type giants, to search for moderate-period pulsations in these stars. Analysis of
these data will form the larger part of Homer's Ph.D. thesis.

Once Horner has finished with the laboratory echelle spectrograph, the major optical
components will be remounted and used to construct a high-precision spectrograph to be
installed at the Mt. Hopkins Observatory in Arizona. This project, a collaboration with
Robert Noyes and Peter Nisenson (both of Harvard-Smithsonian Center for
Astrophysics), is being jointly funded by HAO and by the Smithsonian Institution. Its
aim is to use a spectrograph optimized for Doppler sensitivity to study variations in the
radial velocities of stars, with particular emphasis on stellar pulsations and on the search
for low-mass companions to late-type stars. The current schedule calls for this
spectrograph to go into operation late in FY 92.

Sunspots and Flux Tubes

Sunspots are probably the most familiar structures of the solar atmosphere.
However, many of their fundamental properties, such as the structure of their magnetic
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fields, are poorly understood, challenging our best efforts in high-resolution observations
and the study of magnetized, radiating plasmas. They also represent the best
opportunity to observe and understand the physics of convection in a strong magnetic
field.

Any observational information that bears on the subsurface structure of sunspots and
flux tubes is vital to the efforts described above to model such structures. Much of the
effort to date has used observable signatures at the surface as an upper boundary
condition, and as the only observable constraint. A new realm of investigation is now
opening using the scattering of p-mode oscillations by sunspots and flux tubes to infer
subsurface conditions. Observational work in this area has been in progress by several
groups within the past few years.

Bogdan, Brown, Lites, and Thomas are continuing their analysis of simultaneous
data obtained both with the Fourier tachometer in Tucson and with the Vacuum Tower
Telescope and the universal birefringent filter at NSO. The latter data now appear to be
the most promising. In reduced form they consist of a series of images of Doppler
velocities obtained from the wings of the Fe I k 5576A line and imaged onto two arrays
of 256 x 320 CCDs at equally spaced time intervals. Series of images were obtained
for a sunspot located close to disk center, and a region of quiet sun. The best data set
was a continuous run of approximately five hours resulting in a frequency resolution of
A v = 5.41 x 10'2 mHz. The pixel dimensions were 1.661 x 1.329 arcseconds, yielding
Doppler images approximately 7 arcminutes on a side. In addition to the sunspot data,
a control data set of quiet sun of similar duration was obtained and is also under
analysis.

In order to separate the disturbances outside the sunspot into incoming and outgoing
waves, the Doppler velocities from each image are projected onto a set of
quasi-orthogonal basis functions of the form [ P,(cos 0) (2 i / nt) Q(cos 0) ] exp (i m
4) for some set of I values (typically containing 30-40 elements), for each value of m.
Fast Fourier transforms (FFTs) of the amplitudes of these basis functions are then
computed, and the power at positive frequencies describes incoming waves while the
power at negative frequencies accounts for the outgoing waves. The characteristic
p-mode ridges are easily discernible for both the incoming and outgoing waves
individually. By differencing these power spectra for incoming and outgoing wave
power, one obtains the absorption coefficient as a function of the p-mode degree I along
each p-mode ridge.

During the past few years Bogdan, with co-workers, has mounted a sustained effort
from a theoretical perspective in order to clarify the complex physical nature of the
interaction of waves and oscillations in nonuniform magnetic field structures in both the
solar interior and atmosphere. Bogdan and Hendrik Spruit (Max-Planck Institut fur
Physik und Astrophysik, Germany) have investigated the possibility that the reported
absorption of sound waves by sunspots is a consequence of the conversion of p-modes
to flux tube-guided slow modes (s-modes) by the sunspot magnetic field. To quantify
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the coupling between p-modes and s-modes, they studied the normal modes of
oscillation of a plane-parallel complete adiabatically stratified polytrope threaded by a
uniform vertical magnetic field. Unlike the p-modes, the s-mode disturbances in this
atmosphere are not trapped in a resonant cavity but are free to propagate downward
along the magnetic field lines. Through their coupling with the p-modes in the
uppermost levels of the atmosphere where the Alfven speeds and sound speeds are
comparable, the s-modes provide a means to damp the p-mode oscillations.
Consequently, the magnetized polytrope possesses only quasi-normal modes of
oscillation with complex eigenfrequencies. The ratio of the real to the imaginary
component of each frequency is the Q, or quality factor, of the quasi-mode, which
varies inversely with the strength of the p-mode and s-mode coupling.

Spruit and Bogdan then argue that the absorption suffered by a p-mode incident
upon a sunspot should scale inversely with the Q of the corresponding internal
quasi-mode of the magnetized atmosphere typical of the sunspot interior. For the
complete adiabatically stratified magnetized polytrope, the quality factor shows
interesting variations with the horizontal wavenumber along a given p-mode ridge:
along the nth p-mode ridge there are n distinct localized high Q regions that punctuate
the overall monotonic decrease of the quality factor from low- to high-wavenumbers,
and beyond the last high Q feature the s-mode damping becomes so severe that the
p-mode ridge ceases to be discernible. The implication for sunspot seismology is that
the absorption coefficient should show modulation along a p-mode ridge with varying
horizontal wavenumber. The spacing and locations of these localized absorption
minima along the p-mode ridges allows one to easily distinguish this absorption
mechanism from other competing mechanisms, and offers the diagnostic potential of
determining the depth in the sunspot where the Alfven and sound speeds are
comparable.

Of relevance to the interaction of waves with sunspots, but also of broader
relevance to astrophysics, is the recent work by Bogdan, MacGregor, and Michael
Knolker (Kiepenheuer Institute for Solar Physics, Freiburg, Germany). They have
studied the damping of temperature fluctuations in a radiating fluid. Their work extends
the classic result of Edward Speigel (Columbia University) by accounting for the finite
photon time of flight while not making the restrictive assumption of local
thermodynamic equilibrium or prescribing a priori some connection between the angular
moments of the perturbed radiation field. For the purpose of this preliminary study they
do omit acoustic waves, however, by neglecting fluid motions. For disturbances that
are optically thick and parameters for which the optically thin cooling time is much
longer than the time for a photon to travel one mean-free path, the researchers'
formalism recovers Speigel's result. When these two conditions are not satisfied, more
complicated behavior ensues. In particular, the researchers find that the temperature
fluctuation does not follow a simple law of exponential decay, but instead can oscillate
with a monotonically decreasing envelope. The perturbed radiation intensity develops a
highly oscillatory dependence on direction with the components of the perturbed
radiation pressure tensor oscillating out of phase with the perturbed mean intensity.

119



High Altitude Observatory

One result of this novel behavior is that the Eddington factor is an oscillatory function
of time. Bogdan, MacGregor, and Knolker plan to include acoustic waves in their
formalism in order to study the damping of sound waves in a radiating fluid with
opacity inhomogeneities, a problem of immediate concern to sunspot seismology.

The invariance of the central or axial vertical magnetic field strength and the shape
of the radial distribution of the vertical field, i.e., the flux distribution, for two
different-sized sunspots observed with the Stokes II instrument (19 Mm radius spot) and
the prototype ASP (6.7 Mm radius) were found by Skumanich to be positive
confirmation of a lateral (i.e. radial) self-similarity of the magnetic flux in sunspots.
Skumanich also found that the vertical self-similarity assumption introduced by Schluter
and Temesvary, i.e., the shape invariance with height, was satisfied throughout the
sunspot except in the outer penumbra where, presumably, the presence of a current
sheet "breaks" the vertical similarity. The invariance of the lateral magnetic flux
distribution is a signature of the scaling law associated with the role of the confining
pressure in the invariant ambient nonmagnetic atmosphere and the invariance of
magneto-convection to the lateral size of spots.

Sunspots participate in several unique modes of oscillation. These oscillations may
dissipate significant amounts of energy in the chromosphere above sunspots, they
provide information about the atmospheric structure of sunspots and their interaction
with their surroundings, and they represent modes of magneto-atmospheric oscillation
that actually occur in a magnetized stellar atmosphere. Recognizing this, Lites and
Thomas have continued their observational studies of oscillations within sunspots.
Their most recent observations, made at the NSO Sunspot Vacuum Tower Telescope
and now under analysis, represent decided improvement over previous observations of
sunspot oscillations through usage of new technology detectors and image stabilization
techniques. They hope to clarify the growth of oscillations with height in the umbral
chromosphere and their subsequent development into shock waves through simultaneous
measurement of lines formed from photospheric to chromospheric heights. Using the
same observations, they expect to determine the behavior of the "running penumbral
waves"; specifically, the lower and upper heights where they occur and the relative
amplitudes at these heights. Such information will help to identify the driving source
and the oscillatory mode responsible.

Efforts to model the magnetostatic structure of sunspots and flux tubes, including a
more realistic treatment of the energy balance and multidimensional radiative transfer,
are in progress by MacGregor, Pizzo, and Paul Kunasz (unaffiliated). If the energy
equation is to be incorporated properly into such models, they must embrace the effects
of transport of energy by convection (below the visible surface), by radiation (in the
visible layers, and within thin magnetic structures), and by as yet unspecified processes
in the chromosphere and above. They have incorporated radiative energy transport into
Pizzo's earlier magnetostatic models in a physically realistic way, and they treat other
energy transport mechanisms (convection and nonradiative heating of the upper layers)
as a parameterized energy input spatially distributed within the model. The
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multidimensional treatment of the radiative transport is essential to a physical
representation of the boundary layer between the sunspot and the field-free medium
outside. The formidable task of merging these numerical techniques was accomplished
in FY 90, and solutions have been obtained for both the force and energy balance in
two-dimensional slab geometry using a grey absorptive opacity, local thermodynamic
equilibrium (LTE), and a nonradiative heating function that is specified as a function of
height in the upper layers. For layers in the model that are unstable to convection, the
model is forced to obey an adiabatic stratification. Lower boundary conditions of the
model deep in the convection zone may satisfy one of two conditions: (1) p = constant
(magnetic inhibition of convection), or (2) T = constant (free convective transport).
They found that two-dimensional radiative effects become important only for models
with the first boundary condition, where convection is inhibited at the lower boundary
by the magnetic field, and then only for flux tubes of quite small diameter (<100 km).
In this case, the reduced opacity of the gas in the tube permits the external radiation
field to penetrate the tube, thereby modifying the structure of the internal atmosphere.
The results suggest that the relative importance of two-dimensional radiative transfer
depends not only on the size of the magnetic structure but also on the efficiency of
convection within it. For this reason, Pizzo, MacGregor, and Kunasz continue to work
on improving (among other things) the treatment of convective energy transport utilized
in the model. They also intend to extend and enhance the model to incorporate: (1)
effects arising from partial ionization of hydrogen in subphotospheric layers; (2)
structures with sharp gradients and current sheets; and (3) magnetic structures with
cylindrical rather than planar geometry.

Lites, in collaboration with Goran Scharmer (Royal Swedish Academy of Sciences,
Stockholm), Thomas Bida (graduate research assistant, University of New Mexico), and
Anders Johannesson (University of Lund, Sweden), continued his observational study of
convection in the strong field limit. They examine the fine structure of sunspots
revealed by spectra of extremely high angular resolution obtained at the Swedish Solar
Observatory on the island of La Palma, Canary Islands, Spain, from 1987 to 1991.
They developed techniques to produce images representing physical parameters of the
atmosphere (magnetic field strength, Doppler velocity, line strength, etc.) derived from
detailed quantitative analysis of individual spectra in a scan of the active region. The
analysis technique permits one, for the first time, to construct such "spectoheliograms"
of the quantitative physical parameters in their proper two-dimensional context of the
solar image, and with angular resolution approaching or even exceeding that of
filter-based instruments. The techniques have allowed them to view for the first time
the fine structure of sunspot magnetic and velocity fields in quantitative detail. Bida,
along with Birgetta Larsson (Stockholm University, Sweden), Lites, Johannesson, and
Scharmer, are extending this technique to spectra which obtain simultaneously Stokes I
and V. These measurements enhance considerably the diagnostics for magnetic field
and orientation within sunspots.
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The Quiet Sun

Although there has been significant progress in understanding the structure of the
quiet photosphere, the quiet chromosphere and transition region remain very much
unknown. The difficulties in study of these regions of the atmosphere occur both in the
observational domain where these upper layers of the solar envelope are known to be
extremely inhomogeneous and variable, and in the theoretical domain where magnetic
fields dominate the structure, nonlocal radiative processes are important, and the
atmosphere is highly dynamic in nature. On the observational side, Lites, Wolfgang
Kalkofen (Harvard-Smithsonian Center for Astrophysics), and Robert Rutten (Utrecht
University, The Netherlands) have begun studies aimed at clarifying the dynamical state
of the quiet solar chromosphere as seen at high angular resolution. They have found
substantial evidence that the chromosphere above the bright "network"
regions-corresponding to regions of enhanced magnetic fields in the photosphere
below-participate in relatively long period oscillations (periods of eight minutes and
longer). This is in strong contrast to the dominant three-minute period of the quiet
chromosphere in the cell interior regions. Furthermore, these network oscillations have
no observed connection with the velocity disturbances in the photosphere immediately
below, in strong contrast to the three-minute oscillations in the cell interiors where a
strong correlation exists.

Rutten and Lites are also studying the "bright point" phenomenon in the quiet cell
interiors. This is a cyclic occurrence of enhanced chromospheric emission which is
very localized within the quiet sun away from the chromospheric network. It appears to
be a purely hydrodynamic phenomenon rather than one associated with magnetic fields,
and it may represent a mode of shock wave heating of stellar chromospheres that is
independent of the magnetic activity of a star: the basal level of chromospheric heating
on stars that support minimal chromospheric activity. From time series of high-
resolution spectra obtained several years ago and from a new data set obtained in the
fall of 1991, Lites and Rutten are searching for the particular conditions within the
atmosphere that allow bright point oscillations to occur. They are also collaborating
with Mats Carlsson (Oslo University, Norway) and Robert Stein (Michigan State
University), who are carrying out one-dimensional but otherwise realistic
radiative-hydrodynamic simulations of shock wave development in the quiet solar
chromosphere. It is hoped that this marriage of detailed observational investigation of
the solar phenomenon and theoretical modeling will soon result in a rather
comprehensive understanding of this phenomenon.

Philip Judge (visitor, University of Colorado; now HAO Scientist) has reduced data
from the S082B spectrograph, which flew on Skylab during 1973. He continues to
analyze data obtained above the solar limb with the aim of understanding the structure
and energy balance of the solar chromosphere through emission line diagnostics
available in the mid-UV region (2000-2820A). The work, undertaken in collaboration
with Carole Jordan (University of Oxford, England), Anders Johansson (University of
Lund, Sweden) and Uri Feldman (Naval Research Laboratory), involves studying strong
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lines of the iron group, which are of vital importance to the energy balance of
chromospheric plasmas in the sun and many other areas of astrophysics. The spectra
are very complex, containing many hundreds of lines. Nevertheless, systematics in the
spectra reveal unambiguous clues to the nature of the emitting chromospheric structures
and to the atomic and radiative processes exciting the lines. This project, still in its
infancy, will continue for several years to come.

Judge has also studied UV lines of Si-II in Skylab data of the sun and in
International Ultraviolet Explorer (IUE) and Goddard high resolution spectrograph
(GHRS) (from the Hubble space telescope) data of late-type stars, in collaboration with
Carpenter (NASA Goddard Space Flight Center) and Harper (University of Oxford,
England). The aim is to use these lines as diagnostics of chromospheric structure. The
intersystem lines are potentially sensitive diagnostics of the chromospheric electron
density, but earlier problems identified with comparisons of observed and theoretical
line ratios computed using the best available atomic data revealed disturbing
disagreements. A comparison of high-quality solar and stellar data (from the GHRS) in
plasmas of different electron density has now clarified the situation. Further
calculations of collisional data are now underway in collaboration with Anil Pradhan
(Ohio State University). In future, analyses of these lines will be applied to obtaining
constraints on the structure of the chromosphere of the sun and stars.

Shoub completed a study of the validity of the Fokker-Planck equation in
applications where close Coulomb scattering may be important. Such conditions may
exist in nonequilibrium plasmas such as those created by solar flares, and it may also
find applications in steady-state circumstances where significant departures from
Maxwellian particle distributions exist, as in the case of the chromosphere-corona
transition region. By calculating the full Boltzmann integral for the relaxation of
nonequilibrium, test-particle distributions for like-particle Coulomb interactions, he was
able to demonstrate that the close encounters become important to the evolution of the
thermal state of the plasma.

Stokes Polarimetry

A major new instrument for observing the detailed structure of the vector magnetic
field within the solar atmosphere has now been completed. The ASP is a collaborative
effort between HAO and NSO. It is located at the vacuum tower telescope at NSO
Sunspot. Within the coming years this instrument will provide vector magnetic field
observations with a dramatic increase in angular resolution, accompanied by
unprecedented precision in the accuracy of the field measurements, and simultaneous
sampling of the field over a range of heights in the solar atmosphere. Most of the
effort expended by the HAO instrumentation group during FY 91 was devoted to
completion of the instrumentation for this project. The scientific requirements for this
instrument led to the development of extremely fast (twice video rate), low-noise
(50-70 e-read noise) cameras. These cameras and their associated video processing
electronics were completed at the end of FY 91 and represent a significant advance in
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technical capability for solar observations. The instrumentation was deployed at NSO
Sunspot in December 1991.

A study of the applicability of the inversion method for analysis of Stokes profiles
developed at HAO to spatially unresolved Stokes measurements of active region
magnetic flux tubes was initiated by Grossman-Doerth (visitor, Kiepenheuer Institute for
Solar Physics, Freiburg, Germany) Lites, and Skumanich. They found that, in the
absence of measurement noise, the HAO inversion method yielded accurate estimates of
both flux tube fields and photospheric sizes, i.e., fill fractions, for synthetic profiles of
realistic models of flux tubes generated by Grossman-Doerth and his Freiburg
colleagues and averaged over different size resolution elements. This result will allow
ASP measurements of the Stokes profiles of active regions to be inverted with
confidence. Jorge Sanchez Almeida (visitor, Institute of Astrophysics of the Canaries,
Spain) during his visit in FY 91 investigated a number of aspects of Stokes polarimetry.
With V. Martinez Pillet (Institute of Astrophysics of the Canaries, Spain), he considered
the way in which the diffraction of a telescope affects the polarization of light at the
focal plane. Several interesting and useful properties resulted from this study including
the property that the polarization introduced by the telescope, if integrated over its
diffraction pattern, may be represented by the average of Muller matrices corresponding
to the individual rays passing through the optical system. This analysis may serve as a
basis for understanding the polarizing properties of future telescopes that produce
diffraction-limited images suitable for precise polarimetry. Sanchez Almeida also
considered the formal solution of the radiative transfer equation for polarized light in
two formalisms (the Miller matrix and coherency matrix formalisms). He demonstrated
the equivalence of these two formalisms and showed that both systems may be reduced
to systems of seven independent differential equations that describe the Stokes
parameters. Using the correspondence of these two formalisms he derived the general
expressions for response functions (i.e., the response of Stokes profiles emerging from
an atmosphere to perturbations of physical parameters at any point within the
atmosphere) in the Stokes parameter formalism.

Sanchez Almeida and Lites used data from the HAO Stokes II instrument obtained
in 1980 to classify the systematic asymmetry of Stokes profiles in large sunspots.
Using the perturbation method of Landolfi, they inverted the Stokes profile data to
extract gradients of line-of-sight velocity within the sunspots. The results of this
inversion suggest that asymmetries in the Stokes profiles arise from an Evershed flow
that increases with depth. This behavior of the Evershed flow is consistent with prior
inferences using other means. They also explored the behavior of the broad-band
circular polarization with position in a sunspot (i.e., the Stokes V signature of the
sunspot integrated over the entire observed line profile). They find that the observed
behavior of the broad-band circular polarization can be reproduced by a magnetic field
that becomes more horizontal with increasing depth. The implications of this possibility
for the overall magnetic configuration and current structure of a sunspot are under
investigation.
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Solar-Terrestrial Coupling and Global Change

In a joint collaborative study, Judith Lean (Naval Research Laboratory), Bill
Livingston (NSO Kitt Peak), Skumanich, and Oran White (visitor, unaffiliated) have
considered the problem of estimating the sun's radiative output during the Maunder
minimum when sunspot (by inference the magnetic) activity appears to have been
essentially absent. Correcting the measured solar irradiance, i.e., the solar "constant,"
for the darkening effects of sunspots, these authors found an excellent correlation of the
resulting irradiance with contemporaneous chromospheric Ca+ K-irradiance
measurements. The latter has previously been shown to be proxy for non-spot magnetic
activity on the sun. Presuming such magnetic activity decreases along with spot activity
so that it is absent during the Maunder Minimum Era, and so that only a basal Ca+
K-irradiance holds, the authors have estimated the solar constant to have been 0.25 Ca+
K-solar constant correlation. Such a decrease would induce, according to some thermal
models of the earth's atmosphere, a decrease of 0.2 degrees C to 0.6 degrees C in the
global-terrestrial equilibrium temperature. This is somewhat short of the approximately
1 degree C cooling experienced during the Little Ice Age of the Maunder Minimum Era.
However, it would appear that solar variability may play a significant role in climate
change.

White continues to work with Bill Livingston, Jack Harvey (both at NSO Kitt
Peak), and Steve Keil (NSO Sacramento Peak) in the analysis of measurements of both
the spectral irradiance indices for the Hel 10830 and CaII K lines. Such spectral
irradiances are the radiative energy losses for the solar disc visible from the earth and,
therefore, describe the sun as a star throughout its activity cycle. These programs
generate the time series describing chromospheric variability from 1975 to 1991. The
measured indices are the basic surrogates for absolute UV and EUV solar irradiances
for lines formed in the upper photosphere, chromosphere, and lower transition region.
They also serve as surrogates for the total solar irradiance corrected for sunspot effects.
White's research on the Call K time series places these solar data in the context of the
distribution of levels of chromospheric activity for solar-type stars published by
Baliunas and Jastrow (1991). The solar data for cycles 21 and 22 fall on the upper side
of the Baliunas-Jastrow stellar distribution. This places the current solar state at the
high activity extreme, well removed from the so-called Maunder minimum state
identified by Baliunas and Jastrow.

White participates in the Upper Atmosphere Research Satellite (UARS) program
through the Solar Stellar Irradiance Comparison Experiment (SOLSTICE) project at the
Laboratory for Atmospheric and Space Physics (LASP), University of Colorado. He
provides solar physics expertise to that project team, and has been collecting the
background solar data for comparison with the spectral irradiance data from SOLSTICE.
Time series for the variation of Lyman alpha have been generated for the period from 3
October 1991 to date, and the Lyman alpha changes track those seen in both Hel 10830
and Call K very well. The important result is that the SOLSTICE data are much less
noisy than any of the ground-based measurements. These new irradiance data contain
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measurements of HI, CI, CII, CIV, Sill, SiIV, MgII, Call, and NV as well as the
continua between 120 and 400 nm. The UARS mission is the first of the long-term
measurement programs linked directly to the global change program, and the solar
measurements from active cavity radiometer irradiance monitor, or ACIMII (Jet
Propulsion Laboratory), solar ultraviolet spectral irradiance monitor, or SUSIM (Naval
Research Laboratory), and SOLSTICE (LASP) begin the next string of absolute solar-
irradiance measurements from space for the coming decade.

White was appointed by the U.S. Department of Agriculture (USDA) as a special
consultant to help the agency begin a basic measurement program of the ultraviolet B
(UVB) spectrum (300 to 280 nm) from the ground. This is a difficult spectroscopic
measurement because the ozone cutoff is both sharp and deep: the solar flux at the
ground drops eight orders of magnitude in the UVB band. This measurement program
is an extreme example of ground-based solar spectroscopy where one has to design for
high wavelength accuracy, wide dynamic range, and absolute radiometry. Because of
the growing concern for the effect of increasing UVB radiation on both plants and
animals, this national project has some urgency for proper execution. White chaired the
committee to evaluate proposals to the USDA for instrument development and
operation. The contract was awarded to the State University of New York, and two
spectroradiometers are now under development.

White serves on the Solar Influences Working Group of the U.S. Global Change
Committee chaired by Lean. This group is charged to examine our current
understanding of the sun's influence in climate change and set priorities for the national
research program. This study is now complete and covers solar influences in the lower,
middle, and upper atmosphere of the earth, the heliosphere, as well as basic questions in
the physics of solar variability. This study will set in motion a research program that
extends beyond purely terrestrial questions to decadal studies of solar variability in all
of the aspects.

Radiative Transfer

Ivan Hubeny (Goddard Space Flight Center) and Lites succeeded in modifying the
Scharmer-Carlsson multilevel non-LTE transfer code to incorporate the effects of partial
redistribution of photons in both frequency and angle, and to calculate the radiative
transfer solution for a detailed model hydrogen atom including partial redistribution in
both the Lyman alpha and Lyman beta lines using the most complete redistribution
functions available. These initial computations are now being examined in light of
model solar atmospheres in order to investigate if redistribution effects can account for
long-standing discrepancies between observed and computed Lyman line intensities.

Judge has continued a collaboration with Mats Carlsson (University of Oslo)
studying theoretically the UV lines of neutral oxygen, formed in the chromosphere of
the sun and of a wide variety of late-type stars. The basic formation mechanisms for
the resonance lines are now understood and the interpretation of these observed line
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profiles has been made clear. The solar-stellar connection is vital to this kind of work
in which very large changes in the chromospheric plasma properties are used to guide
the interpretation of results from the complex non-LTE calculations required. Judge
will continue to work with Carlsson in applications of these results to measurements of
solar data from the high resolution telescope and spectrograph and stellar data from
various missions.

Astrophysical Topics

The breadth of science needed to carry out research on solar-terrestrial phenomena
often leads HAO staff members into investigations and collaborations in related areas of
astrophysics. In the following, some of these related astrophysical investigations are
described. An assumption inherent to most models of dust-driven winds from cool,
evolved stars is that the radiative and collisional drag forces acting on an individual
grain are in balance throughout the flow. MacGregor and Robert Stencel (University of
Colorado) have checked the validity of this supposition of "complete momentum
coupling" by comparing the grain motion obtained from such a model with that derived
from solution of the full (including inertia) grain equation of motion. They find that for
physical conditions typical of the circumstellar envelopes of oxygen-rich red giants,
silicate grains with initial radii smaller than about 5 x 10-6 can decouple from the gas
near the base of the outflow. The result suggests that small grains by themselves may
not be capable of producing mass loss of the type observed to occur from real giants
and supergiants.

MacGregor and Stencel have extended their treatment of grain dynamics to include
the Coulomb drag experienced by a charged grain in a partially ionized plasma. In the
radiative environment of an evolved star with Teff <- 3000 K, grains acquire a charge
primarily by accreting electrons and ions from the ambient gas. In a steady state, the
grain is negatively charged, and interacts with the other charged particles contained
within a sphere of radius the Debye length centered on its instantaneous position. For
the low fractional ionization (fion 10-3-10-4) of the gas in dusty, red giant winds, it is
found that the drag force resulting from such interactions is small in comparison with
the drag due to direct collisions with neutral particles. It may, however, be a dominant
effect in the circumstellar envelopes of hotter objects with higher fractional ionizations
(fion.>- few x 10-2).

Andrew Hamilton (University of Colorado), Kumar, Ed Lu (visitor, Stanford
University), and Alex Matthews (University of Colorado) have investigated the
nonlinear evolution of the two-point mass correlation function in a flat universe. They
have found a general formula that fits the results of self-similar N-body simulations of
George Efstathiou (University of Oxford, England) and others, which had Q=1 and scale
free initial power spectra 6k2 k", (6k is the Fourier transform of the density
perturbation (Q/Q), for the index n between -2 and , ad nd also works well with the cold
dark matter (CDM) power spectrum. The inverse of this formula, applied to the
correlation function measured today, gives the initial, linear correlation function which

127



High Altitude Observatory

is related to the initial power spectrum in a simple manner. Hamilton and others have
applied the inverse formula to the Harvard-Smithsonian Astrophysical Center redshift
survey, the Infrared Astronomical Satellite (IRAS) redshift survey, and the automated
plate measurement (APM) survey, and find that the index of the reconstructed initial
power spectrum is close to -1 for all of the data sets mentioned above. The search for
primeval galaxies, and the determination of their properties, is one of the major goals of
observational cosmology. They will provide important input to galaxy formation
theories, and will also be used to test various cosmological models. Toward this goal
many observers have carried out deep-sky surveys, leading to the discovery of numerous
faint blue galaxies. However, the nature of these galaxies, their redshift, and how they
are related to present-day galaxies is poorly understood. What is known is that they are
at a redshift less than three (due to lack of redshifted Lyman continuum break in the U
band), and probably at redshift greater than one (the faint galaxies are gravitationally
lensed by foreground galaxies). Also the comoving number density of faint galaxies is
claimed to be larger by a factor of 10-20 compared to galaxies today. To determine the
relation of these objects to present day galaxies, Efstathiou and others measured their
angular correlation function. These authors claim that the faint galaxies (B magnitude
between 24 and 26) are less clustered than what is expected of today's galaxies at a
redshift of 1.5 in the standard CDM cosmogony. However, Kumar and Simon White
(Institute of Astronomy, Cambridge, England) find that Efstathiou and others
underestimated the redshift evolution of the two-point correlation function of galaxies in
the CDM cosmogony. Using their estimate of the evolution of galaxy correlation
function they find that the angular correlation function of faint galaxies, measured by
Efstathiou and others and Neuschaefer and others, is consistent with the CDM model.

Large Earth-Based Solar Telescope

Members of the HAO staff continue their ongoing efforts to promote U.S.
participation in the funding of LEST. This past year has seen the completion and
submission of a proposal to NSF for the U.S. contribution to the design phase of LEST.
The U.S. Scientific and Working Group for LEST, chaired by Jeffrey Linsky
(University of Colorado), has named Lites as one of three principal scientists on this
proposal. The proposal also requests funds for further development of adaptive optical
correction of seeing (a development crucial to the success of LEST), which will be
carried out at NSO's Sacramento Peak facility and at the Lockheed Palo Alto Research
Laboratories. HAO is continuing its support of these ongoing efforts with the goal that
LEST will be accessible to the national solar physics community. In particular, its
advanced Stokes polarimeter is viewed as an important step toward an instrument that
will ultimately be sited with LEST. Lites was named the U.S. representative to LEST
and elected vice president of the LEST foundation.

Orbiting Solar Laboratory

The planned Orbiting Solar Laboratory (OSL) was dealt a serious blow during the
year, in that it was delayed from an imminent new start to a start in the FY 97-FY 98
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time frame. Several HAO scientists remain keenly interested in the potential science of
the OSL program. They will continue to be proponents for this extremely important
NASA mission for solar physics.

Terrestrial Interactions Section

Studies of the response of the earth's environment to the variable nature of the sun
encompass a wide range of topics, from solar wind and magnetosphere coupling to the
modulation of the middle and upper atmosphere by solar radiation. Understanding the
chain of events involved in the coupling of solar and auroral energy to the terrestrial
environment is a major goal of the Terrestrial Interactions Section.

Raymond Roble, Arthur Richmond, Holzer, and Robert Dickinson (University of
Arizona) are a team that is participating in the NASA Space Physics Theory Program.
The management and scientific use of the NCAR Coupling, Energetics, and Dynamics
of Atmospheric Regions (CEDAR) data base also occur within the section.

Thermospheric and Ionospheric Dynamics (TIE-GCM)

A new simulation model of upper atmospheric dynamics has been constructed that
includes self-consistent electrodynamic interactions between the thermosphere and
ionosphere. This model was constructed as a collaborative effort by Roble, Cicely
Ridley, and Richmond and it is called the NCAR TIE-GCM. The TIE-GCM computes
self-consistently the coupled thermosphere and ionosphere dynamics, the associated
dynamo electric fields and currents, and the electrodynamic feedback on the neutral and
plasma motions and thermodynamics. The model is an extension of the
thermosphere/ionosphere general circulation model described in earlier reports. The
primary difference between the two models is the self-consistent calculation of dynamo
electric fields in the TIE-GCM, as well as the use of a realistic magnetic field model
instead of a dipole magnetic field. The TIE-GCM calculates global distributions of
neutral gas temperature, zonal, meridional, and vertical winds, heights of the constant
pressure surfaces, number densities of the major constituents 02, N2 , and 0, and of the
minor neutral constituents N(2 D), N(4S), NO, He, and Ar. It also solves for the
ionospheric structure giving global distributions of O+(2P), O( 2D), O+(4S), 02, NO +, N+,
N 4, electron density, and ion and electron temperatures. The Eulerian model of the
ionosphere is solved on the same geographic grid as the neutral atmosphere and it
allows mutual couplings between the ionosphere and thermosphere to occur at each
model time step. The ionospheric dynamo model uses the calculated neutral wind
together with electric conductivities derived from the ion and neutral density
distributions to compute the electric potential, fields and currents at each model time
step.

The TIE-GCM has been used to calculate thermospheric and ionospheric structure
for solar minimum and maximum conditions for both equinox and solstice. The results
show much better agreement with many of the observed features than were obtained
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with the older TIGCM. For example, the TIE-GCM results show that near the magnetic
equator, the afternoon uplift of the ionosphere by an eastward electric field reduces the
ion drag on the neutral wind so that relatively strong eastward winds can occur in the
evening. In addition, a vertical electric field is generated by the low-latitude wind,
which produces east-west plasma drifts that correlate with the wind direction, further
reducing the ion drag and resulting in stronger zonal winds. At high latitudes the model
also predicts that substantial dynamo electric fields are generated by the neutral
thermospheric winds, which have a potential for feedback with the magnetospheric
current systems.

This new model will be used extensively during the next year for comparisons with
CEDAR and various satellite data as well as for simulations using different geophysical
conditions.

TIGCM

The TIGCM is a community model, and it has been used for a large number of
investigations by graduate students, postdoctoral fellows, visiting scientists and
university collaborators. Two of the studies with the TIGCM during the past year
include the following: (1) Cassandra Fesen (Dartmouth College) and Jeffrey Forbes
(visitor, Boston University) have used the TIGCM to study the effects of upward
propagating diurnal and semidiurnal tides on the properties of the coupled
thermosphere-ionosphere system; and (2) Fesen, Richmond, and Roble found that
auroral disturbances significantly alters the tidal structure in the thermosphere that
propagates upward from the middle atmosphere. They showed that the aurora
introduces considerable variability in the tidal structure in the thermosphere and may
account for much of the variability that has been observed in the lower thermosphere.

Forbes, Roble, and Fesen used the TIGCM to evaluate the role of upward-
propagating diurnal and semidiurnal tides in determining the zonal mean states of the
thermosphere and ionosphere above 100 km. They showed that upward-propagating
tides produce significant acceleration and compositional effects on the zonal mean state
of the lower thermosphere. This was demonstrated by forcing the TIGCM with upward
propagating tidal components at the lower boundary height of 97 km and examining the
differences in the zonal mean fields compared with results obtained in the absence of
lower boundary forcings. Tidal dissipation, primarily the diurnal mode, generated
significant westward acceleration of the mean flow in the low-latitude lower
thermosphere and produced enhanced mixing that altered the low-latitude compositional
structure giving better agreement with the available data than had been obtained
previously.

Phil Wilkinson (DAS, Ionospheric Prediction Service, Radio and Space Services,
Sydney, Australia), Edward Szuszczewicz (Science Applications International
Corporation), and Roble studied the physical processes responsible for intermediate,
descending, and sporadic ion density layers in the lower ionosphere using the TIGCM.
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The results show that the layering process is identifiable with meridional wind shear
nodes that produce a convergence of ions. They also showed that electric fields have an
important role in the effectiveness of the ion-convergence and downward transport at
altitudes above 125 km. These layers appear to require a close phasing between the
diurnal and semidiurnal tides in the lower thermosphere to reproduce the observed
behavior.

Allen Burns (University of Michigan), Timothy Killeen (NCAR affiliate scientist,
University of Michigan), and Roble have used the results from the TIGCM to construct
an empirical vector spherical harmonic model of neutral temperature, winds and density
for use by the scientific community in comparing model predictions with observations
being obtained in CEDAR studies. The vector spherical harmonic model is also being
used by the U.S. Air Force Space Forecast Center for density predictions to determine
drag on satellites. They have also used the model to study the physical and chemical
processes responsible for compositional variations and ionospheric density depletions
that occur during geomagnetic storms.

Geoffrey Crowley and Jacqueline Schoendorf (both of Lowell University), and
Roble have used the TIGCM to study wavenumber two features generated by auroral
activity in the polar lower thermosphere. These predicted density features have been
verified using satellite measurements and the physical mechanism responsible for the
structure is being investigated.

Mark Burrage and Vincent Abreu (both of the University of Michigan), Fesen, and
Roble have used the TIGCM to study geomagnetic activity effects on the equatorial
neutral thermosphere and to compare predictions with observations. The Atmosphere
Explorer-E satellite data demonstrated that significant geomagnetic storm induced
perturbations of upper thermospheric N2 and 0 densities extend into the equatorial zone,
but are mainly restricted to the midnight-early morning sector. The qualitative features
of the observations were reproduced by the TIGCM, although the model simulations
appear to slightly overestimate the storm temperature and density enhancements,
primarily in the nighttime thermosphere. These results suggest that the auroral inputs
used in the simulation were overestimated from solar wind parameterizations used in the
model.

Manfred Rees and Dirk Lummerzheim (both of the University of Alaska), Barbara
Emery, and Roble are using the TIGCM to study the thermospheric response to the
great red auroral storm of 13 April 1981. For this study, the auroral particle and ion
convection inputs came from the Assimilative Mapping of Ionospheric Electrodynamics
(AMIE) study using various ground-based and satellite data. The initial TIGCM run
predicted thermospheric and ionospheric properties much larger than had been observed
by satellites and ground-based instruments. This analysis identified a problem with the
aeronomy in the TIGCM that eventually led to the inclusion of metastable ion species
O0(2 P), 0O( 2 D), and 0'( 4 S), into a new model version. Fifteen additional chemical
reactions were included in the TIGCM aeronomic scheme with the result that model
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predictions are now in much better agreement with observations. This aeronomic
correction to the model also resolved problems with several other simulation studies.

Roble and Ridley used the new TIE-GCM to predict the time-dependent
thermospheric and ionospheric response to the 11 July 1991 total solar eclipse. The
TIGCM predicted that the temperature will decrease 50 K and winds of 75 m s' 1 will
converge into the path of totality. Station predictions for Hawaii and Central America
were made indicating that substantial effects would occur in the ionosphere above these
stations. The TIE-GCM also predicted significant electrodynamic effects will follow the
path of totality.

Henry Rishbeth (visitor, University of Southampton, England) and Roble are also
using the TIGCM to investigate ionospheric effects associated with global change.
TIGCM runs with doubled CO2 indicate that the global mean thermospheric temperature
will cool by about 50 K and thermospheric densities will decrease by about 50% at a
given altitude compared to present day conditions. In the lower thermosphere NO will
decrease dramatically and N(4S) densities will increase in response to the colder
temperatures. The TIGCM also predicts that the peak of the ionospheric F-2 region will
drop by about 25 km in altitude and there will be smaller plasma scale heights in
association with the colder temperatures. The global structure of the ionosphere is
predicted to change substantially during the 21st century.

Maura Hagan (visitor, MIT) and Roble have been using the CEDAR data base to
study the TIGCM predicted ionospheric structure over various incoherent scatter radar
stations. By comparing TIGCM predicted ionospheric structure over the Millstone Hill
and Arecibo radars with data they identified missing aeronomical processes, primarily
the metastable ion chemistry, that was missing from the model. When these processes
were included much better agreement with observations was obtained for the days
analyzed. Future studies will use radar data and TIGCM runs to examine the physical
and chemical processes responsible for the observed structure and variability.

Frank Marcos (Air Force Geophysics Laboratory [AFGL]), Killeen, and Roble have
continued their investigation into the possible use of the TIE-GCM for prediction of
density variations for satellite drag. They performed time-dependent simulations, using
realistic auroral and solar forcing, during periods when satellite data were available for
comparison with model predictions. Time-dependent studies for 22 March-10 April
1979 have been made and the results show that TIE-GCM predictions of thermospheric
density variations are better than similar predictions using an operational empirical
model. Another period that has been examined is the 10-20 July 1982 period, when a
large Kp=9 geomagnetic storm produced considerable variability in thermospheric and
ionospheric properties. The results of the TIE-GCM density predictions again were
better than empirical model predictions suggesting that the TIE-GCM is capable of
simulating the thermospheric and ionospheric response to auroral storms reasonably
well.
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TIME-GCM

A new thermosphere/ionosphere/mesosphere/electrodynamic general circulation
model (TIME-GCM) has been developed that calculates all of the processes described
for the TIE-GCM but extends the lower boundary downward into the mesosphere. This
new model has a horizontal grid of 5 degrees latitude by 5 degrees longitude with 37
constant-pressure surfaces in the vertical extending between 60 and 500 km altitude
with two grid points per scale height vertical resolution. The model time step is 6
minutes. The model calculates global distributions of neutral gas temperature and
winds, the heights of constant pressure surfaces and global compositional distributions
for O, 02 N2, He, Ar, CO2, CO, H2, H20, H, OH, HO2, NO, N( 2D), N(4S), NO 2 and 03.
It also calculates the properties of the ionosphere including the electron and ion
temperatures and the electron and ion number densities including: O+(2P), O+(2D),
O+(4S), O0, N+, N +, NO + and the D-region positive and negative ions. The model
includes non-LTE CO2 cooling and 03 heating. Gravity wave effects are parameterized
in the early version of this model in terms of Rayleigh friction. Diurnal and
semidiurnal tides are included as lower boundary forcings as well as the zonal mean
latitudinal geopotential height and temperature distributions.

This version of the TIME-GCM has been run for solar minimum equinox and
solstice conditions for quiet geomagnetic conditions. The calculated zonal mean
distributions of chemical constituents compare favorably with similar fields obtained
from zonally averaged models of the middle atmosphere, indicating that the
TIME-GCM is capable of giving a reasonable three-dimensional representation of the
chemistry and dynamics of the mesosphere. The results also suggest significant
couplings occur between the lower thermosphere and upper mesosphere. During the
next year improved gravity wave parameterizations will be included and the mesosphere
and lower thermosphere response to solar and auroral variability will be investigated.

Tidal Effects on Atmospheric Sodium

Forbes and Roble have developed a high-resolution two-dimensional model of the
mesosphere and thermosphere to study the effects of tides on the structure of sodium in
the lower thermosphere and upper mesosphere region. Starting from the deposition of
neutral sodium by meteors, the model solves for the distributions on NA', NA, NAO,
NAOH, NAO2, as well as all of the mesospheric and thermospheric chemistry
incorporated into the TIME-GCM. The results show that tides have a significant
influence on the NA' distribution, tending to produce ionization layers that move
downward during the day in general agreement with the downward phase of the
convergent node of the tides. This type of process may partly be responsible for some
of the sporadic-E ionization layers that have been observed in the ionospheric-E region.
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Auroral Physics

Lummerzheim, Rees, and Roble have also developed parameterizations of energetic
electron and proton precipitation for use in the TIME-GCM for calculating global
effects of energetic particles on the middle atmosphere. These parameterizations are
important for determining ionization rates and odd hydrogen production rates in the
TIME-GCM to evaluate the global impact of energetic particle precipitation on the
structure and dynamics of the mesosphere and lower thermosphere region. TIME-GCM
predictions will be compared with data from UARS, which was successfully launched in
September 1991.

Gravity Wave and Airglow Interactions

Paul Hays (University of Michigan) and Roble have developed analytic and
numerical models that investigate the interaction of gravity waves with the composition
layers of the mesosphere and lower thermosphere and with airglow emission layers,
such as from OH, O, NA, etc. The gravity model also includes a turbulence
parameterization that acts when the gravity wave breaks. This model has been used by
Mingzhao Luo (University of Michigan) in her thesis research to help in the
interpretation of airglow measurements that she made using a ground-based image plane
detector spectrophotometer. The results of the gravity wave model are also being used
by Hays to help design ground-based and satellite instrumentation for the study of upper
atmosphere airglow features and dynamics.

Comparative Terrestrial Planetary Thermospheres

Stephen Bougher (visitor, University of Arizona) and Roble have completed a study
of comparative terrestrial planetary thermospheres. They used globally averaged models
of Venus, Earth, and Mars to determine the solar cycle response of these planets to
variations in solar EUV and UV output over a solar cycle. The results show that the
solar cycle global mean exospheric temperature variation is about 60 K for Venus (190
to 150 K), 520 K for Earth (740 to 1,260 K) and 110 K for Mars (180 to 290 K). They
are also using thermospheric general circulation models for each of the three planets to
determine the global circulation, thermosphere, and compositional response over a solar
cycle for each planet. The results show that Venus has the smallest variation over a
solar cycle primarily because of strong CO2 cooling. Earth has the largest solar cycle
variation and Mars is second. The results also indicate that tidal forcing at the lower
boundary is needed in the Mars TGCM to obtain better agreement with the available
observations. Bougher, Fesen, Roble, and Ridley are now modifying the Mars TGCM
to include tidal forcings at the lower boundary.

Assimilative Mapping of Ionospheric Electrodynamics

The AMIE project has continued to develop and utilize the objective procedure for
synoptic mapping of high-latitude ionospheric electric fields and currents using a
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combination of ground-based and satellite-based measurements of electric fields,
ionospheric conductivities, and magnetic perturbations. The period of 14-15 January
1988 (one of the Global Ionospheric Simultaneous Measurements of Substorms
[GISMOS] campaigns) was analyzed by Delores Knipp (U.S. Air Force Academy),
Emery, Richmond, and Mark Hairston (University of Texas at Dallas). Simultaneous
observations in the northern and southern hemispheres demonstrated that very different
electric field patterns can exist in the two hemispheres during periods of strongly
northward interplanetary magnetic field. The period of 13 April 1981 was the first to
use digital hourly, as well as 1 min, magnetometer data in the analysis. Emery created
AMIE files of electric potential, auroral energy flux, and mean auroral energy as input
to the TIGCM study described earlier.

Yosuke Kamide (visitor, Kyoto Sangyo University) and Richmond used AMIE to
examine magnetic substorm variations in the electric fields during a period (25 October
1981) when observations from the DE-2 satellite could be combined with ground-based
magnetometer and incoherent scatter radar observations. It was found that the high-
potential region centered on the dawn side of the polar region develops a secondary
maximum in the midnight region during the main phase of the substorm.

Charles Hutchins (summer undergraduate student visitor, University of Michigan)
carried out an analysis of electric fields during the 25 October 1981 period together
with Richmond in order to determine optimal mapping parameters for the AMIE
procedure, and to determine how well AMIE can estimate the large-scale high-latitude
ionospheric convection using only observations of electric fields from DE-2 and from
the Chatanika and Millstone Hill incoherent-scatter radars, without including
magnetometer data. The results are being used to improve the AMIE algorithm.

Ionospheric Wind Dynamo and Coupling with
Thermosphere/Ionosphere Dynamics

The NCAR TIE-GCM was enhanced to allow an examination of height-varying
electric fields in the equatorial region. Richmond, Ridley, and Roble showed that
dynamo electric fields contribute to enhanced eastward neutral winds along the magnetic
equator in the evening due to two effects: by raising the ionospheric F2 layer, which
reduces the ion drag coefficient acting on winds below the F2 peak; and by causing the
ionospheric plasma to drift eastward in the evening, which reduces the ion drag force
because of the reduced differential velocity of neutrals and ions. In a related study,
David Crain (Utah State University), Rod Heelis (University of Texas at Dallas),
Graham Bailey (University of Sheffield), and Richmond used a more detailed model of
the equatorial ionosphere, combined with a simple wind model and a dynamo
calculation, to examine the generation of equatorial electric fields and their feedback
onto the plasma density and ionospheric conductivity. They showed that the F-region
ionosphere is a major contributor to electric field generation at all times of day.
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Douglas Brinkman (University of California, Los Angeles), Richard Waltersheid
(Aerospace Corporation), Richmond, and S. Venkateswaran (University of California,
Los Angeles) investigated wave-mean flow interactions in the storm-time thermosphere
using a two-dimensional model. They found that the storm-time temperature change
due to the circulation induced by gravity waves is 1/3 to 1/4 that due to the mean
meridional circulation at altitudes above 150 km in the equatorial region.

Atmospheric Gravity Wave Studies

Nikolai Gavrilov (visitor, St. Petersburg State University, Russia) and Richmond
investigated atmospheric gravity waves using observations of thermospheric temperature
and wind variations above the St. Santin incoherent-scatter radar in France, and of
tropospheric and stratospheric wind variations above the MU coherent-scatter radar in
Japan. A seasonal variation of gravity-wave intensity was inferred from the
thermospheric observations, with a maximum in winter. The vertical flux of horizontal
momentum inferred from the troposphere-stratosphere observations, using a new
technique to correct the radar echoes for off-vertical reflection, was estimated to be
significant for the dynamics of large-scale atmospheric motions.

CEDAR Data Base

The CEDAR data base, managed by HAO, has expanded its services and holdings.
This year, data from several middle atmosphere radars was included, as well as data
from a couple of Fabry-Perot interferometers and an HF radar. The UNIX Spare Server
from Sun Microsystems arrived in December 1990, and was opened to the CEDAR
community in June 1991. There have been about 70 logins (35-40 students) from 23
U.S. and 6 foreign institutions. Both interactive code developed by Millstone Hill and
batch jobs developed by Roy Barnes of NCAR are available. Aside from the logins,
about 20 tape requests were filled in FY 91.

HAO's CEDAR group with funding from NSF sponsored the 1991 Summer
CEDAR Workshop, attended by 254 participants including 117 students. Emery was
the local organizer. The meeting included 16 workshops, a poster session where the
best student posters were selected, four tutorial lectures, and two short courses--one on
lidar and the other on airglow instrumentation. The tutorials and short courses were
video-taped for mostly university users.

Observations of Gravity Waves

An instrument, based on a magneto-optical filter, is under development by Tomczyk
and Hays to observe the Doppler shift of the terrestrial radium airglow emission, for the
purpose of observing gravity waves in the earth's upper atmosphere. This instrument
will take advantage of the extremely large resolution-solid angle product of the
magneto-optical filter to observe the radium airglow emission over a region on the sky
with half-cone angle of 5 degrees with a spectral resolution of 0.005 nm and with an
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aperture of 50 mm. This past year, with the help of Bifford Williams (summer
undergraduate student of Ohio State University), a prototype of this instrument was
designed and constructed. Initial observations of the radium airglow emission will be
taken this winter.
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Meteorology Division

The research program of the Mesoscale and Microscale Meteorology (MMM) Divi-
sion is directed towards understanding atmospheric phenomena on space scales of milli-
meters to a megameter, on time scales of seconds to a day. The research activities are de-
voted to the study of (1) the physical mechanisms that govern the behavior of mesoscale
weather systems and the factors that determine their predictability; (2) the basic nature
of moist atmospheric convection, its interaction with topography and other lower bound-
ary effects, and how cloud and precipitation microphysics and large-scale dynamical fac-
tors influence its behavior; and (3) the fundamental atmospheric processes that operate
on scales of up to a few kilometers, including boundary-layer processes, turbulence, and
cloud and precipitation microphysics.

The MMM scientific program combines theoretical and laboratory work, numerical
model development and experimentation, and design, coordination, and conduct of ma-
jor field experiments. This scientific program complements and extends university-based
research through vigorous scientific visitor support, collaboration in field work, and com-
munity use of major modeling, data analysis, and display systems that are developed and
maintained by the division.

The division is organized into three sections: Mesoscale Prediction, Convective Mete-
orology, and Microscale Meteorology. The principal focus of research within each of these
sections corresponds, respectively, to the three areas mentioned above. The division also
contains NCAR's Office of Field Project Support (OFPS), which provides a focal point
for interagency and international field project planning and implementation for NCAR
and NSF.

Significant Accomplishments

* During January-March 1991, the mesoscale model, version 4 (MM4), developed by
Pennsylvania State University and NCAR, was used to provide real-time forecasting
support for the Winter Icing and Storms Project (WISP-91). Preliminary assessment
of the results indicates that mesoscale detail in the initial conditions is an important
contributor to the accuracy of short-range forecasts and that higher model resolution
together with better-resolved topography improves predictions of the spatial and tem-
poral structure of cold fronts.
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* Observational studies of nocturnal mesoscale convective complexes have revealed a
mechanism that promotes their formation. When a low-level jet overrides a stationary
front, the combination of lifting and differential advection can cause local conditions
that are more unstable to deep convection than the preexisting daytime boundary
layer.

* Comparative studies of primitive-equation and semi-geostrophic models in three di-
mensions have documented that, in contrast to earlier comparisons in two-dimensional
models, the semigeostrophic (SG) model produces significant errors in the large-scale
structure of baroclinic waves.

* The role of the mesoscale in general circulation models is being studied by exploiting
archetype theoretical models to formulate a new mean flow representation of orga-
nized mesoscale convection.

* Using a three-dimensional adaptive-grid nonhydrostatic model, MMM has shown
high-resolution simulations of long-lived squall lines developing within a domain of
1,000 x 1,000 km reproduce many of the observed features of large mesoscale convec-
tive complexes that have not been realized in previous more-idealized simulations us-
ing smaller domains.

* High-resolution windstorm simulations identified small-scale structures that result
from the tilting of vortex tubes created in the wave-breaking region subsequently
propagated out of that region.

* Regime diagrams quantified how flow characteristics depend on thermal forcing for
a given Froude number as well as how inflow velocity and stability profiles compare
against data from the Hawaiian Rainband Project (HaRP).

* Techniques for initializing a numerical model with Doppler radar data have been de-
veloped and applied to three gust-front cases that were observed in a field program in
northeastern Colorado in 1991.

* A semi-Lagrangian representation of an arbitrary Eulerian transport algorithm has
been generalized into a theory of a class of semi-Lagrangian approximations to the
evolution equations of fluid dynamics.

* A new technique for measurement of the fluxes of chemical constituents was demon-
strated through calculations and a prototype system flown on the NCAR King Air.
The technique, called intermittent sampling, allows use of relatively slow-response
sensors for measuring turbulent fluxes by quickly sampling the air, then holding the
sample for a longer period while the species concentration is measured.

* Using observations obtained from the NASA ER-2 aircraft during the Airborne Arc-
tic Stratospheric Experiment (AASE), MMM has shown that even at temperatures
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as cold as 193 K, the majority of stratospheric sulfuric acid droplets remain liquid
and deliquesce in response to changing temperatures. This, and the rapid onset of
droplet formation near 192 K, led to the postulation that the rapid onset of polar
stratospheric cloud formation might be a consequence of homogeneous freezing of the
supercooled sulfuric acid droplets.

* MMM has shown how longwave radiational cooling, entrainment, latent heating, and
surface heating each contribute to the thermodynamic differences between updrafts
and downdrafts in the upper part of stratocumulus-capped mixed layers through con-
ditional sampling of fields generated by large-eddy computer simulations. This is an
essential step in examining the role that these processes play in controlling the cloud
evolution.

* Major planning and preparation for the Stormscale Operational and Research Me-
teorology (STORM) Fronts Experimental Systems Test (FEST) field experiment in-
cluded the development and effectuation of substantially new concepts in the areas of
field project control and coordination, data management, and experimental forecast
centers.

* The STORM Data Management Center of OFPS provided leadership and coordina-
tion for data management in the Convection and Precipitation/Electrification Exper-
iment (CaPE), including the organization of data collection in the field. These data
can be located through the STORM Data Management System Data Set Guide.

* OFPS provided major contributions to the preparation of the national mesoscale re-
search plan, Predicting our Weather: A Strategic Plan for the U. S. Weather Research
Program, to be published in early 1992 by the Subcommittee on Atmospheric Re-
search of the Committee on Earth and Environmental Sciences.

Baroclinic Waves, Cyclones, and Fronts

Dryline Fronts

Parsons and Melvyn Shapiro (NOAA Wave Propagation Laboratory [WPL]) are con-
tinuing their study of the dynamics of the dryline. The dryline is a moisture front in
south-central United States dividing warm moist air that has moved over the Gulf of
Mexico from hot dry air characteristic of the high inland plateaus of the southwestern
United States. Although this boundary is the predominant initiator of convective events
over large areas of west Texas and Oklahoma during the spring and summer, the circu-
lation along its leading edge is relatively unknown. This study employed a Doppler lidar
to measure the air motions associated with a nocturnal dryline prior to the outbreak of
convection. They found the dryline to be a gently sloping boundary between the two air
masses with little density difference across the boundary. This research, when contrasted
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with their previous study of a late afternoon and early evening dryline that had a sig-
nificant density difference and a steep leading edge, clearly suggests a diurnal variation
in dryline structure. However, in both cases convection was initiated as cold fronts ap-
proached the dryline from the west. A dual-channel radiometer was used to measure the
vertically integrated water vapor at the lidar site and exhibited a dramatic mesoscale in-
crease in water vapor as the front approached. Hence, this study also demonstrates the
potential value of continuous radiometric profiling in the nowcasting of convective out-
breaks.

Comparisons of Primitive-Equation and Semigeostrophic
Models

Chris Snyder, William Skamarock, and Richard Rotunno have completed their com-
parative study of primitive-equation (PE) and SG models. These comparisons were car-
ried out in the course of adapting the Klemp-Wilhelmson cloud model to simulate large-
scale baroclinic waves, and represent the first real test of the SG system in three dimen-
sions. They found that the SG model makes significant qualitative errors in the large-
scale structure of the mature disturbance, in contrast to previous comparisons of SG and
PE solutions for two-dimensional frontal flows, where the SG system is quite successful.
Through a small Rossby-number asymptotic analysis, they have also identified the princi-
pal effects that are neglected by SG theory, and have shown that solutions of an extended
equation set that includes these effects agree more closely with the PE solutions.

Effects of Spherical Geometry on Baroclinic-Wave Evolution

The effects of spherical geometry on the nonlinear evolution of baroclinic waves were
investigated by Jeff Whitaker and Snyder by comparing integrations of a two-layer PE
model in spherical and cartesian geometry using basic states with nearly identical poten-
tial vorticity (PV) structure. Although the linear normal modes are very similar, signifi-
cant differences develop at finite amplitude. Anticyclones (cyclones) in spherical geome-
try are relatively stronger (weaker) than those in cartesian geometry. For this basic state,
the strong anticyclones on the sphere are associated with anticyclonic wrapping of high
PV in the upper layer (i.e. high PV air is advected southward and westward relative to
the wave). In cartesian geometry, large quasi-barotropic cyclonic vortices develop, and
no anticyclonic wrapping of PV occurs. Because of their influence on the synoptic-scale
flow, spherical geometric effects also produce significant differences in the structure of
mesoscale frontal features.

A standard midlatitude scale analysis indicates that the effects of sphericity enter in
the next-order correction to 3-plane quasi-geostrophic dynamics. At leading order these
spherical terms only affect the PV inversion operator (through the horizontal Laplacian)
and the advection of PV by the nondivergent wind. Scaling arguments suggest, and nu-
merical integrations of the barotropic vorticity equation confirm, that the dominant geo-
metric effects are in the PV inversion operator. The dominant metric in the PV inversion
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operator is associated with the equatorward spreading of meridians on the sphere, and
causes the anticyclonic (cyclonic) circulations in the spherical integration to become rela-
tively stronger (weaker) than those in the cartesian integration. This study demonstrates
that the effects of spherical geometry are as important as leading order ageostrophic ef-
fects in determining the structure of evolving dry baroclinic waves and their embedded
mesoscale features.

Fronts and Gravity Waves

Snyder, Skamarock, and Rotunno are currently investigating the development of grav-
ity waves during frontogenesis. They have examined two-dimensional deformation- and
shear-induced fronts with a nonhydrostatic numerical model, both prior to frontal col-
lapse (without explicit dissipation in the model) and following the inviscid collapse (by
including horizontal diffusion). For the inviscid deformation front, both model initial-
ization and time variation of the imposed deformation rate can be significant sources of
propagating gravity waves. The intrinsic acceleration of the frontal circulation as collapse
is approached does not appear to generate waves, at least in simulations with horizontal
resolution of 15-25 km. Indeed, if care is taken in the model initialization, the frontal up-
draft is smooth and agrees with with semigeostrophic solutions up to the time at which
the front becomes poorly resolved. In the shear-induced front with dissipation, stationary
gravity waves appear over the nose of the front after the time of inviscid frontal collapse.
Work is continuing to determine the mechanisms that might produce such waves, and to
further investigate inviscid fronts at higher resolution.

Thermal Structure of a Simulated Marine Cyclone

Ying-Hwa Kuo, Richard Reed (University of Washington), and Simon Low-Nam com-
pleted a study on the thermal structure of a mature marine cyclone. They performed a
fine-mesh model simulation of the Ocean Ranger storm which occurred on 13-14 Febru-
ary 1982 near Newfoundland, to study its thermal structure and airflow. In particular,
they investigated the structures of the occluded front and the secluded pool of warm air
that appeared near the center of the low and examined the formation of these structures
with the help of a large number of air trajectories. They found that the largest thermal
gradient occurred along the occluded front, not along the warm or cold fronts, and that
the intense gradient was caused by strong frontogenesis along the occluded portion of the
front. The occluded front was embedded within air that was earlier located within the
baroclinic zone ahead of the low center, not air that was in proximity to the historical
warm and cold fronts. The warm air within the seclusion likewise originated in the baro-
clinic zone ahead of the low. The seclusion at low levels resulted from a tongue of slower
moving, relatively warm air being pinched off by colder, more rapidly moving air that cir-
culated about the low center from front to rear.

Detailed features of the storm that differed from the classical occlusion model include:
(1) the sharpness of the thermal gradient along the inner part of the occluded front, (2)
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the presence of a secluded pocket of warm air near the rear of the occluded front, (3) the
formation of the occluded front by frontogenesis in the baroclinic air mass ahead of the
low rather than by a joining of the initial warm and cold fronts, (4) the transformation
of the low-level occluded front to a warm front aloft without the existence of an inter-
vening cold front, and (5) the lack of middle- and upper-level cloud above the occluded
warm front along much of its length. The fundamental occlusion process described in the
Norwegian model, however, was verified. Warm air of widely ranging temperature was
squeezed aloft by the sinking and spreading of colder air that encircled the low center.

The Ocean Ranger Storm has also been simulated by Dudhia, Kuo, and Low-Nam
with a 10-km nonhydrostatic version of MM4 in the region of the seclusion and low-pressure
center and with a 6.67-km grid over the cold front. The cold-front simulation revealed
fine structures such as line elements in a narrow surface frontal updraft, and a pre-frontal
band in the warm sector air. Both bear resemblance to commonly observed cold-frontal
features.

Climatology of Explosive Cyclones

Shou-Jun Chen (long-term visitor, Beijing University, People's Republic of China) and
Kuo conducted a synoptic climatological analysis of explosive cyclogenesis off the East
Asian coast for the period 1958-87 based on the Beijing Meteorological center's histor-
ical surface maps. They found that the two areas most favorable for rapid cyclogenesis
were the eastern Sea of Japan, and the northwestern Pacific, to the east and southeast of
Japan. The latter was located very close to the warm Kuroshio current. The frequency
of explosive cyclogenesis exhibited a local minimum over Japan. The geographical dis-
tribution of explosive-cyclogenesis frequency suggests that explosive cyclogenesis is influ-
enced by the landmass of Japan. In addition, they found a positive correlation between
explosive cyclogenesis frequency and the El Nino episodes during this period. However,
the physical relationship between these two phenomena is not well understood.

Simulation of Colorado Cold Fronts

Dudhia simulated two cases of Colorado cold fronts using the nonhydrostatic ver-
sion of MM4 with a 5-km grid and high-resolution topography. Both were nested within
20-km grid simulations and used data from 12-13 February 1990 and 6 March 1991 WISP
cases, respectively. The former was a cold front that intensified from a broad to a sharp
temperature gradient during the simulation. This frontogenesis and the flow interactions
with the Rocky Mountains are currently being analyzed. The 6 March 1991 case was
rather weaker and appeared mostly as a sharp specific humidity discontinuity that moved
south through the network. Later the simulation produced a low-level convergence line in
northern Colorado. This simulation is now being compared with surface portable auto-
mated mesonet (PAM), upper-air, profiler, and Research Data Support System (RDSS)
data.
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Potential Vorticity Dynamics of Cyclones

Christopher Davis (ASP visitor) has examined the general application of PV concepts
to the study of observed balanced-flow phenomena, primarily extratropical cyclones. The
specific issue has been to diagnose the effect that the condensation of water vapor has
on baroclinic development. PV is a convenient dynamical variable to use because its
most significant tropospheric source is condensational heating. Localized positive per-
turbations of PV are often created in the lower troposphere near the updraft region of cy-
clones. These perturbations are believed to have diabatic origin since that they are found
in air that has undergone saturation and they have a much larger magnitude than could
be accounted for by simple advection. Davis, in collaboration with Kerry Emanuel (Mas-
sachusetts Institute of Technology), developed a means by which one can calculate the
wind and temperature fields associated with a given PV perturbation. From these, the
interaction of diabatically produced PV with the remainder of the flow can be deduced.
In addition, Davis has proposed a method of estimating the vertical motion associated
with PV perturbations, thereby allowing one to assess the feedback of diabatically pro-
duced PV onto the heating distribution itself.

The effect of moisture on the evolution of a cyclone over the central United States on
15 December 1987 was investigated using PV diagnostics. A large-amplitude, wave-like
perturbation on the tropopause existed prior to the intensification of the surface cyclone.
The vertical structure was highly transient. As a result, despite abundant precipitation,
only a modest PV perturbation was produced in a location that could enhance the to-
tal cyclonic circulation. Davis, in collaboration with Kuo and Zitian Guo (MMM visi-
tor), diagnosed MM4 simulations of this case and confirmed the location and intensity of
the low-level PV perturbation observed in the data. Its diabatic origin was verified us-
ing simulations with and without latent heat release included. The effect of moisture on
the upper-level structure was also examined. The PV gradient at the tropopause was in-
creased in the region of anti-cyclonically curved upper-level flow. The jet in this region
was strengthened and the upper-level ridge was intensified significantly. Despite changes
at upper and lower levels due to condensation, the baroclinic component of development
was essentially unaltered, indicating that the dynamical feedback of latent heat release
was minimal in this case.

Mesoscale Convective Systems

Vertical Momentum Transport

An archetype two-dimensional dynamical model developed by Mitchell Moncrieff pro-
vides an exact theory of the momentum transport by travelling mesoscale convective sys-
tems and similar phenomena. The system-scale dynamics are assumed to dominate local
processes in the flux formulation and are modeled by a stationary airflow regime consist-
ing of a two-branch updraft and a downdraft.
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The stationary flow parameters are defined by a regime equation derived from ele-
mentary nonlinear Lagrangian conservation properties and the eulerian volume integral
of the horizontal momentum equation. The ratio of the pressure perturbation behind the
system normalized by the updraft kinetic energy per unit volume is the primary dimen-
sionless quantity that controls the dynamics of the archetype system. The three-branch
model degenerates to conservative density current theory while another limiting case con-
sists of a form of propagating positive pressure jump. The modeled upper tropospheric
flow deceleration is consistent with the observed effect of tropical cloud clusters on the
mean flow and the production of an upper tropospheric vertical vorticity dipole.

Margaret LeMone and Moncrieff are compiling documented examples of vertical trans-
port of horizontal momentum by organized convection and comparing them to predic-
tions using Moncrieff's archetype models for two-dimensional convective bands and the
Schneider-Lindzen representation that assumes that clouds transport cloud-base momen-
tum without modification; thus net momentum tranpsort is simply a product of the ver-
tical mass flux and the difference between cloud-base and envirionmental wind. In apply-
ing the Moncrieff scheme, the various parameters are determined from the line structure
and the environmental sounding. Ten cases ranging from shallow Hawaiian rain bands to
oceanic squall lines to continental U.S. squall lines have given encouragingly good agree-
ment between the data and the Moncrieff scheme, with outliers where expected: when
convection is more three-dimensional or when momentum has obviously been generated
in the convection. Results of comparisons between the observations and the Schneider-
Lindzen scheme have been mixed.

Multiscale Cloud Systems over the Tropical Western Pacific

Moncrieff is developing a theoretical model of the dynamics of the so-called "'west-
erly wind burst" that is an episodic synoptic-scale phenomenon that appears in the In-
dian Ocean and propagates eastwards into the western Pacific (or can develop in situ).
This nonlinear theory describes the stationary dynamics of the phenomena in terms of a
Rossby number and a gyre dimension. Preliminary studies indicate at least two regimes
exist, namely one that is an antisymmetric dipole straddling the equator (with no cross
equatorial flow) and another that is a single gyre having strong cross-equatorial flow.
These regimes are idealizations of synoptic events that could force the marked episodic
convective activity in the tropical western Pacific.

Nocturnal Mesoscale Convective Complexes

It has long been known that there is a pronounced nocturnal maximum to thunder-
storm activity in the central United States. Previous studies have linked this maximum
to the existence of mesoscale convective complexes (MCCs). Parsons and Stan Trier have
studied the mesoscale conditions preceeding the formation of a nocturnal MCC using
data from the Preliminary Regional Experiment for STORM (PRE-STORM). They found
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that the MCC formed in response to destabilization of the flow by diurnally varying re-
gional circulations. Specifically, they found that convective instability developed when a
low-level jet overrode a stationary front advecting moist unstable air over the front. Both
the low-level jet and the characteristics of the front varied diurnally in a manner that
promoted advection of air over the front during the night. The Os found above the front
at night are comparable to those present in the daytime boundary layer to the south of
the front suggesting that the air was advected out of the diurnal boundary layer and over
the front before significant radiational cooling could take place. Parsons and Trier were
able to show that the combination of lifting and differential advection resulted in an en-
vironment over the front that was more unstable to deep convection than the daytime
boundary layer (i.e., less convective inhibition and greater lifted indices). This mecha-
nism may at least partly explain the pronounced nocturnal thunderstorm maximum that
occurs over this region.

Downbursts

Downbursts are intense small-scale downdrafts, sometimes with strong rotation about
their vertical axis, that can pose significant hazards to aviation. Parsons and Morris
Weisman have completed a numerical study of rotating downbursts that demonstrates
that, contrary to the hypotheses of previous investigators, rotation influences the vertical
pressure gradient in a manner that inhibits the strength of the downdraft. They also in-
vestigated the mechanism by which rotation is produced, finding that the vorticity within
the downburst is first created by tilting on the flanks of the updraft and is subsequently
stretched by the downdraft as the updraft collapses due to precipitation loading. The
spatial correlation between the downdraft and the region of vorticity creation within the
updraft depends on the vertical shear in the midtroposphere. The sign of the rotation in-
duced by this mechanism is opposite to that produced in rotating supercells. In contrast
to previous numerical studies of downbursts that have produced a strong downdraft by
placing a region of precipitation in a uniform environment, Parsons and Weisman's simu-
lations are among the first that reproduce the full lifecycle of the convective event.

Although Doppler radar has been the primary observational tool for the study of
downbursts, it has been difficult to determine the forcing mechanism for downbursts us-
ing these data sets. Parsons and Trier have begun a numerical study that determines the
forcing mechanisms of downbursts from the gross characteristics of the airflows. They
found that for a given downdraft strength downbursts driven by melting and evapora-
tion descend far slower than downbursts driven by precipitation loading. In addition,
pronounced convergence into the downburst near the melting level seems to be corre-
lated with the relative importance of melting. The fluid analogy for downbursts driven
by melting and evaporation is a cold thermal in which vertical pressure forces drives an
internal circulation that causes the magnitude of the maximum downdraft to exceed the
rate of descent of the downburst. In contrast, downbursts driven by precipitation load-
ing descend more rapidly than the magnitude of the downdraft since precipitation par-
ticles descend at the speed of the downdraft plus the terminal velocity of the particles.
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This study provides a physical framework for nowcasting downbursts using Doppler radar
data. This work also discounts the penetrative thermal-hypothesis for downbursts by
providing further support for downbursts being viewed as a subcloud phenomena.

Rear-Inflow Jets

The flow structure of a mature squall line often includes a system-relative current of
air that feeds into the stratiform precipitation region from the rear at midlevels. These
rear-inflow jets play a crucial role in supplying potentially cold and dry mid-level air to
aid in the production of the convective and mesoscale downdrafts. However, the impact
of these jets on the subsequent evolution of the convective system as a whole has not yet
been clarified.

Weisman has investigated these rear-inflow jets through a series of idealized simula-
tions of convective systems using a three-dimensional non-hydrostatic cloud model. He
found that the rear inflow develops in response to the horizontal buoyancy gradients
along the rear flank of an upshear-expanding convective system, with the strength of the
rear inflow increasing both with increasing convective available potential energy (CAPE)
and increasing magnitudes of the environmental vertical wind shear. For environments
characterized by weak-to-moderate shear and weak-to-moderate CAPE, the rear inflow
descends and spreads along the surface well behind the leading edge of the gust front,
and the subsequent convective activity becomes weaker. However, for environments char-
acterized by strong shear and strong CAPE, the rear inflow remains elevated as it ap-
proaches the leading edge of the system, and strong, upright convective cells are gener-
ated along the gust front. The elevated jet promotes deep lifting at the leading edge of
the gust front by contributing to a balance between the horizontal vorticity generated by
the cold pool and the opposite horizontal vorticity inherent in both the ambient shear
and the lower portion of the rear-inflow jet.

Explicit Simulation of Three-Dimensional Squall-Line Systems

Skamarock, Weisman, and Joseph Klemp have extended recent simulation results for
squall-line type convective systems by employing a three-dimensional adaptive nonhydro-
static model to study the evolution of fully three-dimensional convective systems. These
studies differ from previous squall-line simulations in that the convective systems are no
longer constrained by small domain sizes or the assumptions of two-dimensionality or pe-
riodicity in the along-line direction, and they also include the effects of the Coriolis force.
For these initial studies, a 200-km-long squall-line segment is initialized in a 1,000-km
square domain and allowed to evolve in a horizontally homogeneous environment charac-
terized by various strengths, depths, and orientations of the environmental wind shear.
These simulations reproduce many observed characteristics of convective systems that
are not realized in the more idealized simulations, such as the tendency for the squall-line
to expand and reorient itself relative to the environmental shear vector. With the Cori-
olis force included, anticyclonic outflow develops aloft in the anvil region along with a
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cyclonic vortex in the rear inflow at midlevels beneath the anvil region. These latter fea-
tures are recognized as significant components of observed long-lived MCCs, although
their physical cause and influence on system evolution are not well understood. The
present results demonstrate how these features may be generated as part of the natural
evolution of the convective system, as opposed to being a manifestation of the interac-
tions with pre-existing larger-scale features.

Another feature of significance that develops within these large long-lived convective
systems for environments having strong vertical wind shear are coherent bow-shaped seg-
ments of convective cells referred to bow echoes. Weisman has previously demonstrated
how the strength and longevity of these features are tied to the development of a strong,
elevated rear-inflow jet, which helps to promote deep lifting at the leading edge of the
system. Cyclonic and anticyclonic vortices on the northern and southern ends of the sys-
tem, respectively, referred to as bookend vortices, also contribute significantly to system
structure. The present results demonstrate how the inclusion of the Coriolis force en-
hances the development of the northern cyclonic vortex for simulations extending beyond
4 h, promoting an evolution to the simulated bow echo that more closely matches obser-
vational models.

Effects of Resolution on Convective Simulations

To establish a firmer basis for convective parameterizations within finer-scale mesoscale
models, Weisman, Klemp, and Skamarock are continuing investigations into the reso-
lution dependence of explicitly modeled convective systems. By varying the resolution
within a nonhydrostatic cloud model between 1 and 12 km, they are systematically doc-
umenting the effects of varying resolution on the physical response for simulated two-
dimensional convective systems. Preliminary results suggest that horizontal grids as coarse
as 4 km may be sufficient to reproduce the meso-convective circulations and net momen-
tum and heat transports produced in finer-scale simulations. For 8- and 12-km grids, cer-
tain overall aspects of the circulation and transports are still reasonably represented, but
the timescale of the convective evolution is much slower than in the finer-scale simula-
tions.

This result stems from the fact that even within the fine-resolution simulations, the
circulation produced during the mature phase of the convective system is largely hydro-
static, as the cold pool at the surface and warm perturbations aloft produce mesoscale
pressure fields that generate the flow. The relative slowness of the evolution in the coarse-
resolution cases is thus most directly related to the development of these temperature
perturbations. In particular, the cold pool intensifies much more slowly in the coarse-
versus-fine resolution cases. Analyses are continuing to determine the factors restrict-
ing the evolution of the cold pool in these cases, and to identify more clearly the phys-
ical processes that need to be parameterized to replicate the fine-resolution results in
mesoscale models.
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TAMEX Squall Lines

Trier and Parsons have continued a numerical study of prefrontal squall lines observed
during the Taiwan Area Mesoscale Experiment (TAMEX) that produced heavy rainfall
(in excess of 90 mm at some locations) over the southern portion of the island. The con-
vective structure within the simulated systems contained an intense, long-lived cell on the
southern flank of the line that was deeper and produced significantly more precipitation
than the shorter-lived cells. Their current research is concentrating on understanding the
dynamics of these longer-lived cells and comparing these cells to previous studies of su-
percells. Preliminary results indicate that the long-lived cell in their simulation evolves
by ingesting weak shallow cells (possibly forced by gravity waves) that form out ahead
of the gust front. Steady cells that evolve by incorporating feeder cells have been docu-
mented observationally but this process has not been replicated in prior numerical simu-
lations.

Sue Chen and Kuo began a numerical study of a prefrontal squall line in the vicinity
of a large-scale low-level jet (LLJ) observed during TAMEX Intensive Observation Period
(IOP) 2. The squall line produced heavy rainfall over the northern portion of the island
(maximum of 20 mm in 3h). The purpose of their study is to simulate this squall line
with real data so that the interaction of the squall line with its mesoscale environment
and with the mountains of Taiwan can be examined. Three model grids were used with a
horizontal resolution of 60-km, 20-km and 5-km, respectively. The first two model grids
used the hydrostatic version of MM4 with multi-scale four-dimensional data assimilation
(FDDA). By including the special TAMEX upper-air soundings along with conventional
data in the FDDA experiments, the model simulated a realistic squall-line environment.
The model output from the above simulation was interpolated to the third model grid,
which used the nonhydrostatic version of MM4 without FDDA. The nonhydrostatic sim-
ulation reproduced realistic IOP2 squall-line propagation speed and line features. Pre-
liminary model results suggest that the squall line was maintained by the front to rear
low-level high Be inflow. The moist large-scale LLJ did not appear to supply high Be air
into the squall line. The descending low 0e rear to front flow was produced by the squall
line's internal dynamics.

Role of the Mesoscale in General Circulation Models

Moncrieff is beginning to study the problem of the mesoscale in general circulation
models by exploiting his archetype theoretical models to formulate a mean flow represen-
tation of organized mesoscale convection and hence provide a dynamical basis for the pa-
rameterization of this hitherto unexplored problem. Presently, the focus is on mesoscale
momentum fluxes because this is demanding in terms of a mean flow dynamical repre-
sentation. Mass and momentum fluxes are obtained from the dynamical model instead of
being based on the averaging approximations characteristic of most current parametriza-
tion techniques. This approach develops the concept that organised convection is a struc-
tured physical entity that is quite distinct from a stochastic process. Mass flux criteria
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are used to define an amplitude function for the mesoscale flux divergence to incorporate
the flux laws into the large scale equations. The approach can be extended to include
thermodynamic fluxes by using generalised conservation properties to represent baroclinic
vorticity generation, among other processes.

Cold Air Outbreaks over the China and Japan Seas

Masataka Murikami of the Meteorological Research Institute in Toshuba in Japan and
Terry Clark and Bill Hall have been collaborating over the last two years on simulat-
ing cold outbreaks over the China and Japan Seas which lead to extensive snow storms
in Japan. Murikami visited NCAR this last summer and has continued with a three-
dimensional simulation experiment. The results of both two- and three-dimensional simu-
lations are still being analyzed. The analysis will include decomposition of the fields into
their geostrophic and ageostrophic components for analysis of large-scale and mesoscale
exchanges of heat, moisture and momentum.

Topographically Induced Circulations

Hawaiian Rain Band Dynamics

Rasmussen and Smolarkiewicz conducted further studies on the evolution of cloud
bands forming upwind of the island of Hawaii on 1 August 1985 using the Clark high-
resolution numerical model and available field observations. The cloud bands are initi-
ated by the vertical motion produced above an arc-shaped convergence zone located just
upstream of the island. The convergence zone was shown in their previous studies to be
formed by the interaction of the trade-wind flow with the island obstacle under the low-
Froude number flow regime. An important aspect to the creation of the convergence zone
is the formation of a reverse flow region over the upstream side of the island. This re-

versed or "downslope" flow is enhanced by the effects of nocturnal cooling on the volcano
slope, and it varies in depth from 50 to 300 meters. Clouds initiate at the upstream edge
of this shallow reversed flow, which coincides with the location of the convergence zone,
and subsequently dissipate after they move away from the low-level forcing region.

This scenario of cloud formation and evolution compared well with aircraft and satel-
lite observations for this case. Analysis of HaRP sounding data suggests that the trade-
wind environment upstream of the island of Hawaii is usually favorable to the formation
of cloud bands in this manner. Downslope surges of cold air from the volcano slope were
shown to enhance the depth and strength of the downslope flow, leading to enhanced
cloud formation at the leading edge of the downslope flow. Clouds were also observed
to initiate upstream of the convergence zone due to the deceleration of the flow and weak

large-scale ascent associated with the formation of a gravity wave above the convergence
zone.
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Moncrieff is producing a two-dimensional theoretical model to explain the macroscale
dynamics of Hawaiian rainbands. In this theory the upstream island-scale airflow is rep-
resented by an elevation of the trade-wind inversion that appears as a free surface and a
gravity current represents the offshore flow in the model. The theory defines a complex
parameter space (that may be relevant to other phenomena), but in terms of Hawaiian
rain bands it rrepresents a characteristic free surface displacement that must exceed the
depth of the offshore flow. Moreover, the Froude number of the offshore flow can have a
large range of values so that the potential temperature perturbation in the (stable) off-
shore flow is not a limiting factor, in contrast to classical gravity current theory.

Low Froude Number Flows Past Three-Dimensional Obstacles

Jon Reisner (ASP graduate student from Iowa State University) investigated effects of
the surface thermal forcing upon idealized low Froude number flows past three-dimensional
obstacles. This research extends the previous findings of Smolarkiewicz and Rotunno on
thermally unforced, strongly stratified flows past mesoscale mountains. Reisner's results
from the numerical simulations, exploiting both the anelastic nonhydrostatic model of
Clark and the hydrostatic isentropic code based upon Smolarkiewicz's forward-in-time
differencing methods, revealed that a flow structure, characterized by the location, ex-
istence, or both of the singular points in the flow, is strongly sensitive to the thermal
forcing imposed. Using results from numerical experiments, regime diagrams have been
constructed that quantify how flow characteristics depend on thermal forcing for a given
Froude number as well as inflow velocity and stability profiles. The predictive capabilities
of these diagrams were examined by comparing the model results against data available
from HaRP. The data analysis shows that the diurnal transition, due to surface heating,
from blocked (low Froude number) to unblocked (large Froude number) flow regime oc-
curs in approximately the same amount of time as was predicted by an idealized simula-
tion using the Froude number representative of a natural flow past the island of Hawaii.

Role of Island-Scale Airflow in Rain Initiation

L. Jay Miller and Tuttle have continued their investigation of the role of low Froude
number airflow in the initiation of convective rain showers upwind of the island of Hawaii
during HaRP. They are developing a climatology of radar echoes, their structure and evo-
lution to help determine the relative contributions to rainfall on the island from convec-
tion initiated within the nearby zone of strong convergence and from radar cells that ad-
vect into the area. This climatology will also be used as a framework for other observa-
tional, theoretical, and numerical modeling studies.

A large fraction of the rain cells that eventually reached the island did not originate
within visible cloud bands typically located about 10-30 km upwind of the island and as-
sociated with convergence between westerly offshore flow and the easterly trade winds.
On many project days there were also a significant number of small, scattered cells and
clusters of cells that advected into the area of radar coverage. However, their origin is
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difficult to ascertain: they may have been ordinary trade wind cumulus or they may have
been initiated within a broad, far-upstream mesoscale convergence zone where the flow
first started decelerating as it came under the influence of the island. Low-level mesoscale
winds from a technique called racking radar echoes by correlation (TREC) on one project
day showed a decrease in speed by about 2 m s-1 across a zone 10 to 20 km wide cen-
tered about 60 km upstream. This weak convergence could help either to initiate convec-
tion or to organize existing convection.

The nearby zone of strongest convergence does initiate cells that are at first widely
separated along a gently curving arc, 60-100 km long. These cells start 3-5 km across,
but later enlarge to 5-8 km as more and more cells develop and fill in the arc. As other
scattered cells and clusters of cells advect through this nearby convergence zone from far-
ther out, they too organize into more line-like rain bands with similar dimensions. As
both kinds of rain bands advect toward the island at a speed and direction consistent
with the trade winds, the lowest-level offshore flow appears to be disrupted, becoming
more easterly owing to downward transport of horizontal momentum in the rainy regions.
Alternatively, it is possible that the flow only appears to have changed direction, with the
offshore flow now confined to a much shallower layer below the lowest radar scan. This
is partially supported by the fact that, once most of the rain cells have passed over the
original zone of offshore flow and reach the coastline, westerly flow is again established
to distances of 10-30 km, but much too quickly for air to advect this far eastward from
the island. Miller and Tuttle propose that, although low-level convergence may play a
major role in triggering and organizing convection, it is thermal buoyancy from latent
heat release that is more likely responsible for sustaining vertical circulations within these
rainbands as they passively advect toward the island.

Windstorm Simulation

Terry Clark and Bill Hall, together with John Brown and Robert Banta of NOAA,
and have continued their collaboration on a modeling and observational project aimed at
predicting windstorms in the front range area. The focus of the project is to determine
the utility of mesoscale models for predicting local windstorms as well as to further our
understanding of windstorm dynamics. During the last year simulations were performed
using three two-way interactive domains over the front range for simulating the 9 Jan-
uary 1989 windstorm case. This allowed resolutions of 1 km in the horizontal and 0.5 km
in the vertical. This high resolution resulted in interesting small scale structures start-
ing near the surface on the lee slope. These structures appear to result from the tilting
of vortex tubes which were created in the wave-breaking region and subsequently propa-
gated out of that region. Further analysis and comparison with observations will proceed
over the next year.
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Thunderstorm Electrification

Sailplane Instrumentation Evaluation

In preparation for CaPE, several instrumentation modifications and upgrades were
made to the NCAR sailplane measurement system. Most significant were the additions of
four electric field mills around the fuselage and a microprocessor-based data logger. With
a system of eight field mills, the sailplane can now measure the three-dimensional elec-
tric field vector with some redundancy. Calibration and evaluation of electric field data
are being done in collaboration with William Winn, New Mexico Institute of Mining and
Technology (NMIMT). The new data logging system and an upgraded computer provided
improved access to data in the field during CaPE.

The Particle Measurement Systems two-dimensional probe with induction ring is be-
ing continually evaluated and improved. Data analysis is being carried out by Dye and
Breed, in collaboration with Thomas Marshall (University of Mississippi). Preliminary
analysis of particle charge data collected in Colorado in both snow showers and graupel
showers indicate that the aggregates are rarely charged (greater than 1 pC) as opposed
to the graupel. These observations in contrasting particle growth regimes may further
elucidate details in microphysical charge separation during ice-ice collisions.

Convective Initiation, Entrainment, and
Cumulus Interactions with Gravity Waves

Convergence-Line Tornadoes

On 15 June 1988, four tornadoes developed in and near Denver, Colorado, along the
Denver convergence-vorticity zone (DCVZ), near its intersections with two thunderstorm
outflow boundaries. Although the tornadoes formed in proximity to each other in time
and space, two observed by Edward Szoke and Rotunno differed distinctly in appear-
ance. One was typical of tornadoes in this area, with the vortex mainly defined by dust,
whereas the other had an unusually large condensation funnel. Szoke and Rotunno have
examined why the tornadoes were so visibly different using data from two networks of
nearby automated surface stations. Their hypothesis is that the visual differences were
primarily the result of local variations in low-level moisture.

Cumulus Entrainment

Wojciech Grabowski and Terry Clark continued their studies on the dynamics of the
cloud-environment interface instabilities. These instabilities evolve into entraining ed-
dies which lead to the entrainment of environmental air into convective clouds. They
extended studies to consider fully three-dimensional rising buoyant thermals. Using the
same type of twin experiment as in the two-dimensional studies, they were able to show
that the early time energetics of the three-dimensional problem is very similar to that of
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the two-dimensional rising thermal. The evolution of the laminar shear layer proceeds
with the same type of physics as in the two-dimensional case. The eddies which evolve
in this perturbed shear layer derive their energy from both shear and convective pro-
duction terms. As in the two-dimensional case, the shear production dominates at the
thermal sides whereas the convective production near the top. The simulations were also
extended sufficiently long in time to allow for a transition to turbulence. The level of tur-
bulence was evaluated using enstropy budget analysis typically used for homogeneous
isotropic turbulence. Experiments studying the influence of environmental shear on the
entrainment dynamics were also performed. These experiments are currently undergoing
analysis and being written up for possible submission for publication.

The Denver Cyclone

A collaborative research effort is underway to better understand the frequent forma-
tion of enhanced convergence and circulation in the vicinity of Denver, called the Den-
ver Cyclone, where the initiation the convection is greatly enhanced. The researchers
involved include Szoke, Roy Rasmussen, Andrew Crook, John Brown (NOAA Forecast
Systems Laboratory [FSL]), and James Wilczak (NOAA WPL). An experiment was de-
vised that used the varied measurement capabilities present during WISP-91, and a Den-
ver Cyclone case was successfully documented on 14 March 1991. This marked the first
time that detailed measurements on a Denver Cyclone day were taken both in the cy-
clone and upstream, and included measurements from NCAR cross-chain Loran atmo-
spheric sounding system (CLASS) and mobile soundings, NCAR PAM stations, and crit-
ical aircraft data from the University of North Dakota and the University of Wyoming.
Early examination of the data indicates that strong stability and a correspondingly low
Froude number was present early in the day during the organizing phase of the Denver
Cyclone, in agreement with the low Froude number requirements of the theory proposed
by Smolarkiewicz and Rotunno for the formation of an eddy like the Denver Cyclone.
However, the measurements also reveal a change in stability during the day that would
put the Froude number outside of the range needed for the Smolarkiewicz and Rotunno
hypothesis, and in some agreement with the mixed-layer modeling work of Wilczak and
Glendening. These issues will be examined during further analysis of the data and model
simulations.

Szoke and John Augustine (NOAA National Severe Storms Laboratory [NSSL], Boul-
der) have continued a collaborative study to determine the mean characteristics of the
Denver Cyclone by compiling a number of years of of mesonet data from northeastern
Colorado. By examining a number of stratifications of Denver Cyclone occurrence and
nonoccurrence it is possible to detect mean features of the flow and thermal fields that
can be used to further understand the Denver Cyclone. Further stratifications will be
based on associations of the feature with severe weather and tornadoes to help with the
forecasting of these events. Initial analyses have revealed that although there is variation
in where the feature develops, there is a strong signal of its occurrence in the mean flow
over the eastern Denver area. Other features that appear in the means include evidence
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that the stability is somewhat greater for stronger Denver Cyclone days, in agreement
with some theories regarding its formation. Further aspects are under study, including
particular features of the flow that might control the formation of the Denver Cyclone,
such as the direction of the ambient flow, or the vertical temperature stratification, and
aspects that can be compared with numerical modeling experiments.

Thunderstorm and Nonsupercell Tornadogenesis

Investigators in MMM (Crook, Fankhauser, Foote, Tuttle, and Wade) and Atmo-
spheric Technology Division, or ATD, (Mueller and Wilson) completed a study of thun-
derstorm and associated nonsupercell tornado formation based on data from the Con-
vection Initiation and Downburst Experiment (CINDE) conducted near Denver in 1987.
Thunderstorms were triggered at the intersection of a pre-exesting convergence line and
horizontal convective rolls. The primary effect of the convergence line was to deepen the
moist layer locally and provide a region that was potentially favorable for deep convec-
tion. The timing of storm development was apparently related to the attainment of a
balance between horizontal vorticity in the opposing flows on either side of the conver-
gence line. The effect was to cause the uplift along the convergence line to become more
erect and to deepen the zone of convergence. Model results also indicated that for the
given environmental conditions storm initiation was very sensitive to the depth of the
convergent zone.

Storm initiation was found to coincide frequently with the location of misocyclonic
circulations spaced periodically along the convergence line. Model results suggested that
this occurred because both were caused by concentrated regions of convergence and strong
updrafts. The misocylones resulted from stretching of existing vorticity associated with
the convergence line and they tended to form where a convective roll intersected the con-
vergence line contributing to locally enhanced convergence and vertical motion. Some
misocyclonic circulations deepened suddenly and strengthened when they became collo-
cated with the deep intense updraft of an overlying convective cloud. This co-location of
convective and misocyclonic updrafts was responsible for the advection and stretching of
the vertical component of vorticity, leading in the most intense cases to the development
of some observed nonsupercell tornadoes.

A Wintertime Denver Cyclone

Numerical simulations by Crook have been performed of a Denver Cyclone that de-
veloped on 14 March 1991 during the WISP experiment. The observations taken on this
case are unique in that the flow upstream of the Palmer Divide was measured by both
aircraft and mobile CLASS sounding units. Preliminary numerical results indicate that
the flow around Pikes Peak is important in the development of this cyclone.
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Cloud and Precipitation Physics

Hydrometeor Evolution

Robert Rauber, Kenneth Beard, and Harry Ochs (all of the University of Illinois at
Urbana-Champaign) along with L. Jay Miller have begun a study of how giant raindrops
(diameters of 5-8 mm) form in rainbands upwind of the island of Hawaii (HaRP, 1990).
From results in the 1985 Joint Hawaiian Warm Rain Experiment, Rauber, Beard, and
Ochs proposed that a recirculation process led to the formation of these giant rain drops.
It is expected that the addition of Doppler radar measurements in HaRP will help de-
termine if their hypothesis is correct. Thus far, Rauber and Miller have been working on
the synthesis of Doppler winds in a particularly strong rain band cell that occurred on 10
August 1990. This cell was penetrated by the NCAR Electra, while making microphysi-
cal measurements.

First Echo Studies and Precipitation Formation

Charles Knight has been attempting to use radar first echoes at very sensitive levels,
-20 to -30 dBZe, to study first precipitation formation in cumulus clouds. Using a 5-cm
radar in North Dakota (1989) and Hawaii (1990), radar returns were easily detected at
these levels as soon as any cloud is visible to the naked eye. This led to an ambiguity in
interpreting the early echoes: to the extent that the echoes arise from Bragg scattering
by fluctuations in refractive index, they could not be interpreted in terms of hydromete-
ors.

Observations in CaPE (July-August 1991) using the dual-wavelength CP-2 (10 and 3
cm) show how to resolve this ambiguity. The Bragg scattering component in the Florida
cumulus reaches +5 dBZe at 10 cm and it appears so far to conform to the theory, which
predicts that the Bragg component for 3 cm should be 19 dB weaker when expressed as
radar reflectivity factor. Thus the wavelength-independent Rayleigh particle scattering
component can be deduced from the dual-wavelength data. A great deal of data was ob-
tained in CaPE and is being analyzed, with L. Jay Miller, both to verify the technique
and to investigate first precipitation formation.

Polar Stratospheric Clouds and Sulfate Particles

James Dye and Darrel Baumgardner (Research Aviation Facility [RAF]) have ana-
lyzed observations obtained with the NASA ER-2 aircraft during the AASE conducted
during January and February 1989 from Stavanger, Norway, to study the chemistry and
physics of the polar stratosphere, especially with regard to polar ozone loss. Using mea-
surements of particle concentration and size obtained from the forward scattering spec-
trometer probe (FSSP) model 300, they have shown that even at temperatures as cold
as 193 K, the majority of the stratospheric sulfuric acid droplets remain liquid and deli-
quesce in response to changing temperatures. Previously sulfuric acid droplets had gen-
erally been assumed to be frozen by 195 K, the approximate temperature at which polar

163



Mesoscale and Microscale Meteorology Division

stratospheric clouds (PSCs) could form in the Arctic. Furthermore, the frozen sulfate
particles had been assumed to act as nuclei for the nitric acid trihydrate (NAT) particles
which form most of the PSCs.

Comparison of the FSSP measurements with simultaneous measurements of H 2 0,
N 2 0, and NOY made by other investigators on the ER-2 show that there are broad re-
gions in the Arctic in which temperatures are sufficiently cold (about 195 K) for NAT
particles to form, but are not observed. Thus, large supersaturations of HNO3 with re-
spect to NAT particles apparently exist. The FSSP measurements show that the main
body of PSC clouds do not appear until temperatures reach 192 to 191 K. The rapid on-
set of PSC appearance near 192 K coupled with the observation that most of the sulfu-
ric acid droplets remain liquid to the point of PSC formation led Dye to postulate that
the rapid onset of PSC formation might be a consequence of homogeneous freezing of the
supercooled sulfuric acid droplets. This hypothesis is supported by laboratory studies
which show that sulfuric acid can be supercooled to very cold temperatures.

If homogeneous freezing of the sulfuric acid droplets is important in the formation
of PSCs, it can happen only once in a given airmass in the polar vortex. Once the par-
ticles in the stratosphere are frozen, they will remain frozen and, if this scenario is cor-
rect, might readily act as nuclei for NAT particle formation shortly after saturation of
HNO 3 with respect to the NAT surface occurs. This scenario is supported by the obser-
vations from Antarctica, where temperatures in the polar vortex are much colder than
those needed for freezing of the sulfate particles. In Antarctica, PSCs were observed to
occur near the temperature at which HNO3 becomes saturated with respect to NAT.

As part of this work Baumgardner and Dye have done a detailed characterization of
the FSSP 300's operating characteristics and have evaluated its limitations. These stud-
ies show that measurements from this probe are affected by Mie scattering ambiguities,
index of refraction uncertainties, nonuniform laser illumination, uncertainties in sample
volume definition, and time response roll-off. After applying appropriate corrections, they
estimate the number and mass concentration uncertainties in the FSSP 300 at about 25%
and 60%, respectively.

Wave-Cloud Studies

There has been much scientific interest and debate on supercooling of liquid water
droplets, especially with respect to how low a temperature they may supercool before
freezing. The practical reasons for these considerations include questions of aircraft icing
and the conditions under which ice fogs form at the surface. Since the rate of ice produc-
tion has a major effect on particle phase, size, and shape, and consequently on the radia-
tive properties of clouds, this question is of fundamental importance in studying the role
of clouds in climate.

Many laboratory experiments have shown that pure water may be supercooled to
about -40°C before it freezes "homogeneously" (i.e. without being "seeded" by impuri-
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ties). Applying these results to droplets in the atmosphere is problematical since droplets
are presumed to grow on soluble cloud condensation nuclei (CCN) that could reduce the
freezing temperature below -40°C but may also contain insoluble particles that could
raise it above -40°C.

In November of 1989 and 1990 Andrew Heymsfield, Larry Miloshevich, Nancy Knight
(MMM visitor), and Don Hagen (University of Missouri at Rolla) have used the relatively
simple case of orographic wave (lenticular) clouds to address this question. They used a
numerical model of cloud particle growth and homogeneous nucleation to predict the mi-
crophysical properties of highly supercooled wave clouds. They then compared the model
predictions with in-situ measurements from the NCAR Sabreliner over a temperature
range of -20 to -47°C.

The numerical model predicted that homogeneous ice neucleation should produce a
a complementary set of rapid simultaneous changes in cloud properties. These include
the disappearance of liquid water, a decrease in relative humidity from close to water sat-
uration to ice saturation, an increase in mean particle size, a change in particle concen-
tration, and an increase in the temperature of the ambient air from the release of latent
heat that accompanies the phase change. Heterogeneous ice nucleation is unlikely to be
accompanied by such rapid changes.

They found that the model predictions realistically simulated the observations in the
temperature range from -37 to -47°C, leading to the conclusion that homogeneous nu-
cleation may occur in wave clouds at temperatures below -40°C. Such a nucleation pro-
cess is possible because the supercooled droplets contain CCN. They plan to extend this
work to the more complex case of ice nucleation in cirrus clouds.

Fundamental Physics of Ice Formation

Charles Knight's research on the nonequilibrium antifreezes continued along several
different lines, as follows: (1) circular dichroism measurements on aligned and oriented
antifreeze molecules within single ice crystals, as a function of crystal orientation (with
Greg Dewey, University of Denver); (2) structure-function studies of artificial analogues
of the winter flounder antifreeze peptide FPLC-6, produced by peptide synthesis, alter-
ing the peptide sequence in purposeful ways to elucidate the important binding sites to
ice; and (3) completing a detailed study of the effects of an antifreeze glycopeptide on
ice growth as a function of molecule size. The glycopeptide polymer comes in a range of
lengths built from repeats of a three-peptide sequence-from 4 to 55 repeats. The effects
on ice growth show qualitative changes as a function of polymer length that have been
hard to explain. A phenomenological explanation in terms of the adsorption of limited
segments of the molecules to the ice in which the adsorbed segment length is a function
of both molecule size and solution concentration appears finally to bring the observations
together in a coherent way.
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Cloud Mixing Processes

Bradley Baker (long-term MMM visitor, University of Washington) has found inho-
mogeneities in droplet concentration at small scales (on the order of one centimeter) in
regions of cloud relatively homogeneous at larger scales. This result is based on analy-
sis of droplet spacing data obtained from airborne measurements with a modified cloud
droplet spectrometer. Baker has also found cloud remnants several centimeters to several
tens of centimeters wide in otherwise clear air up to several hundred meters away from
clouds, and clear air gaps of the order of ten centimeters wide inside clouds from mea-
surements with this probe during HaRP. The reasons for these observations are not yet
clear, but they promise to be useful in gaining an understanding the mixing processes im-
portant in cloud evolution.

Contrail Studies

Cooper and Loren Nelson carried out an observational study of contrail formation.
Measurements of threshold temperatures and humidities required for contrail formation
were examined to determine if these were consistent with standard theoretical explana-
tions. The data set showed a consistent offset from standard predictions, and the off-
set was well outside likely experimental errors. These measurements suggested that the
mechanism of contrail formation is not that used for the standard theory, and a revised
mechanism (featuring the freezing of solution droplets formed in the exhaust wake) was
proposed and shown to be consistent with the measurements.

Airflow Simulations for Weather Modification Projects

Roelof Bruintjes (South Afican Weather Bureau), Eric Betteron (University of Ari-
zona), Terry Clark, and Bill Hall are collaborating on a modeling study of airflow and
clouds over the Mogollon Rim in North Central Arizona. This project is part of the Ari-
zona Project or previously the Arizona Snowpack Augmentation Project funded through
NOAA to the Arizona Department of Water Resources and its overall purpose is to de-
velop cloud seeding technology. The research of this project is a major portion of Bruin-
tjes' Ph.D. thesis work to be completed by the end of 1991. This project also involves a
couple of case studies from South Africa which are part of Bruintjes' thesis and will also
be described in journal papers.

Interpretation of Multi-parameter Radar Data in Continental
Cumulus Congestus

Using data from the multi-parameter NCAR CP-2 radar and ground based photog-
raphy, John Tuttle and L. Jay Miller have investigated the nature and origin of radar
echoes in an isolated cumulus congestus that developed over the CINDE network on 4 Au-
gust 1991. During CINDE, CP-2 had dual-wavelength (reflectivity measurements at 10
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cm, Zio, and 3 cm, Z 3 , wavelengths) and dual-polarization capabilities. In a rain or grau-
pel media, Z 10 = Z 3, but Z10 can become measurably larger than Z 3 in regions of hail.
Bragg scattering from refractive index gradients (humidity and temperature fluctuations)
can also result in Z 0l > Z 3. The dual-polarization ratio (ZDR) provides information on
the aspect ratio (ratio of horizontal axis to vertical axis) of the scatterers and differs from
unity for nonspherical scatterers having a preferential orientation, e.g., raindrops and in-
sects.

During the first hour of its life, the cloud consisted of a succession of small cells rising
to 8 km (-20°C) and dissipating. In the interior of the cloud, Z 10 was often a minimum
with a cap of somewhat higher reflectivity (0-5 dBZ) at the cloud edges. The absence
of any Z 3 signal indicate that precipitation size particles were not present, and the Z 10

echo was likely due to humidity gradients as dry environmental air mixed with the cloudy
moist air. Beneath cloud base, the boundary layer was was filled with weak echo (< 15
dBZ) having large ZDR values, consistent with scattering from insects. Occasionally, a
lifting of the high-ZDR echo to 1 or 2 km above cloud base was observed. This seemed
to occur beneath newly developing updrafts and is indicative of insects being carried out
of the boundary layer into the cloud. The fact that the cloud system existed for over an
hour without producing any significant precipitation size particles demonstrates the rela-
tive inefficiency of continental clouds in forming precipitation.

Later, the cloud became more vigorous with cloud tops reaching 12 km. The cloud
became filled with 55-dBZ echoes as precipitation developed. New cells formed on the
upwind flank of the cloud and their initial reflectivity echoes were typically observed well
above the melting level, indicative of precipitation formation through the ice process.
In at least one cell, however, the initial echo occurred below the melting level and ZDR
measurements indicate that raindrops were being advected into its updraft from an older
adjacent cell. The cloud rapidly grew to 35 dBZ in ten minutes from the time the cloud
top passed through the melting level. This rapid growth, initiating from recirculating
raindrops, is in contrast to the relatively slow growth seen in the cells developing precipi-
tation through the ice process.

Radar Measurement of the Boundary-Layer Top

In the warm season the boundary layer is typically filled with insects that can be de-
tected with sensitive radars. John Tuttle has developed a radar technique to measure the
height of the boundary layer out to ranges of 50-60 km from the radar. The technique
uses the Doppler velocity measurements to determine where a radar beam passes out of
the boundary layer echo. By doing the analysis on each beam in a volume scan, the two
dimensional structure of the boundary layer top can be determined.

The technique echnehas been applied to several CINDE cases when a Denver convergence
zone was observed. In each case, considerable spatial and temporal variability of the
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boundary layer top was noted, with spatial variations of order 1 km or more over the do-
main. Temporal variations typically showed an increase in the tops from early to mid-
afternoon, consistent with the mixed layer deepening due to solar heating. The high-
est tops occurred over the convergence zone and were well correlated with the locations
where storms eventually formed.

A key assumption is that sufficient scatterers are mixed to the top of the boundary
layer, otherwise the derived tops may be lower than the actual mixed layer. Preliminary
comparisons of the radar-derived tops to those determined from soundings show reason-
able agreement.

Instrument Development and Measurement Physics

Flux Measurement Techniques

A new technique for measurement of the fluxes of chemical constituents was investi-
gated by Cooper, Lenschow and Diana Rogers (RAF) through calculations and through
development of a prototype sampling system for use on research aircraft. The technique
features collection of samples representing small distances in space, but preservation of
those samples long enough to be processed through slow-responding detectors. Theoret-
ical work by Leif Kristensen (Affiliate Scientist from Denmark) and simulation studies
demonstrated that the fluxes so obtained are essentially equivalent to those measured us-
ing fast-responding sensors via the standard eddy-correlation technique, so long as the
sample spacing is comparable to or smaller than the integral scale for the scalar flux.
With this technique, many standard but relatively slow sensors can be used to measure
fluxes from research aircraft. This development will continue with the construction of a
more versatile and general sampling system.

Ken Davis (ASP) and Lenschow have developed a technique for calculating trace gas
surface fluxes from measurements of mean vertical mixing ratio gradients in the convec-
tive boundary layer. This method is useful for flux measurements of species for which
fast response instrumentation is unavailable, but for which accurate mean concentration,
or concentration difference, measurements are feasible. Davis has tested this method us-
ing tethered balloon measurements of isoprene collected by the Atmospheric Chemistry
Division (ACD) during the Atmospheric Boundary-Layer Experiment (ABLE-2A) over
the Amazon Basin, and during the Rural Oxidants in the Southern Environment (ROSE)
over southeastern United States. The observations agreed well with model predictions of
the surface emission. With this technique, it may someday be possible to make large area
surveys of trace gas surface fluxes using airborne or satellite remote profiling technology.

Temperature Measurement

Paul Lawson (MMM and RAF visitor) carried out a comparison of measurements
from a new airborne thermometer that he developed with the standard airborne ther-
mometer used on the NCAR aircraft, and showed that the standard instrument under-
estimated turbulent heat flux in the convective boundary layer. The new temperature
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probe is capable of resolving temperature fluctuations on the order of 1 m, and has been
shown to be less affected than the standard instrument by sensor-wetting errors in cloud.

Marine Stratiform Clouds

Composite Structures

Ilga Paluch and Donald Lenschow have used high resolution ozone, temperature, liq-
uid water, and humidity data to study transport and mixing in the lower troposphere
over the eastern Pacific Ocean in summer. The data were sampled with a horizontal res-
olution of about 5 m using the NCAR Electra aircraft during the First ISCCP (Interna-
tional Satellite Cloud Climatology Project) Regional Experiment (FIRE).

In this area and season the lower troposphere contains a stratocumulus-topped bound-
ary layer with stably-stratified, subsiding air above it. The latter consists of horizontal
layers with relatively little vertical mixing. This lack of coupling means that the layers
are free to travel at different horizontal velocities, and consequently have different origins.
To determine sources of air in the different layers, they examined mixing lines on ozone
versus total water mixing-ratio plots. These mixing lines formed unique patterns charac-
teristic of each of the sampled air masses.

They found that in the research area > 400 km offshore, away from known pollution
sources, the free troposphere usually consisted of a mixture of air from several sources:
(1) moist, ozone-depleted boundary-layer air, (2) very dry air with high ozone contents,
which probably originated in the middle or upper troposphere, (3) air with low ozone and
moderate, varying moisture contents, which they inferred to be the residues of convective
clouds that had formed over the ocean upstream of the research area, and (4) occasion-
ally air from continental sources. On one occasion, when data were collected only 100
km off the California coast, this air formed a layer just above the inversion with anoma-
lously high ozone and moisture content. This layer probably represents an intrusion of
polluted air from the California coast driven by a baroclinic circulation.

Physical Processes

There are many physical processes involved in the formation, maintenance and dis-
sipation of marine stratocumulus. These include longwave radiational cooling, entrain-
ment, latent heating, surface heating, solar heating, and drizzle. These processes all play
a role in generating and dissipating turbulence within the stratus-topped boundary layer,
and it is the turbulence that determines the extent of mixing and entrainment that con-
trols the cloud evolution. Exactly how these individual physical processes affect the tur-
bulence within the stratus-topped boundary layer remains an unsolved problem. Moeng,
in collaboration with Shaohua Shen (an NCAR visiting scientist from National Research
Center for Marine Environment Forecasts in China) and David Randall (Colorado State
University), examined the first four above-mentioned physical processes. They studied
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the contribution of each process to the thermodynamic differences between the updraft
and downdraft branches of turbulent circulations through conditional sampling of fields
generated by large-eddy computer simulations (LES). They also shrlowed that the heat
and moisture fluxes can be described well by the mean thermodynanmic differences be-
tween updrafts and downdrafts. Consequently, they process-partitioned the heat and
moisture fluxes and showed that each process contribution to the total flux is consis-

tent with its contribution to the mean thermodynamic differences between updrafts and
downdrafts. The sum of all the process-partitioned fluxes gives net fluxes that agree well
with those obtained directly from LES.

Boundary Layers and Turbulence

Stochastic Particle Modeling

Jeff Weil (visitor, University of Colorado) has used Lagrangian stochastic models to
compute scalar dispersion in the convective boundary layer (CBL) and forest canopies.
The model is a statistical approach in which one follows the random trajectories of pas-
sive "particles" in a turbulent flow given the Eulerian velocity statistics.

For the CBL, calculations have been made of point or line dispersion in the early
morning when the boundary layer depth and surface heat flux increase rapidly with time,
i.e., the turbulence field is unsteady. The model was reformulated to account for time
changes in the vertical velocity variance and skewness. The calculations show the concen-
tration reduction primarily due to the moving upper "lid" or CBL top and more gen-
erally to the unsteadiness in the turbulence. As would be expected, this reduction-
particularly in the maximum surface concentration-is more significant for the more ele-
vated sources, i.e., they "feel" the effect of the moving lid sooner than do the near surface
sources. By comparison to unsteady Gaussian turbulence (a reference case), the results
for unsteady skewed turbulence show enhanced dispersion for near surface sources and
somewhat reduced dispersion for the most elevated sources. This is consistent with ear-
lier results for a steady CBL.

Recently, Weil used the stochastic model to estimate flux "footprints"-the horizon-
tal distribution of the vertical scalar flux at a fixed measurement height (z,n)-from a
continuous surface area source in the CBL. This work was done in collaboration with
Thomas Horst (ATD). The calculations show that the footprint has a relatively short
downwind extent and a peak flux which decreases monotonically with z,,. The footprint
downwind horizontal scale is , (Uh/w*)(z,/h)2/ 3 wihere U is the mean wind speed, h
is the CBL depth, and w* is the convective velocity scale. The short horizontal scale is
due to the rapid vertical mixing in the CBL. In addition, they showed that the fooprints
or flux profiles when nondimensionalized using w, hit etc., collapse to a nearly universal
curve for Zm in the lower half of the CBL. This an:ia planned fuiture work has application
to the determination of surface flux distributions of chemica. l pcies from aircraft flux
measurements.
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Weil also made calculations of scalar transport in a forest canopy in order to circum-
vent the problems with eddy-diffusion models, e.g., the models' inability to deal with
countergradient fluxes. The ultimate aim is to develop simple parameterizations for use
in climate models. Weil obtained good agreement between model and wind-tunnel mea-
surements of concentrations and vertical fluxes from an elevated area source in a canopy.
Current work focuses on an interactive canopy source in which the emission strength de-
pends on the difference between the stomatal and local ambient concentrations; this is
one of the first applications to such a source. The results demonstrate the capability to
generate the vertical concentration distribution given the specific canopy properties-leaf
density distribution, leaf surface resistance to scalar transfer, etc. Depending on the ver-
tical distribution of these properties, results show that the concentration profiles can be
monotonically increasing or decreasing with height or exhibit local maxima or minima
within the canopy; such a variation is found in real forest canopies.

Boundary-Layer Modeling and Parameterization

Anders Andren (Uppsala University, Sweden) and Moeng generated a neutrally strat-
ified boundary layer flow from LES which they used to examine the dissipation and pres-
sure closures that are needed in second-order closure models. From the explicitly calcu-
lated LES data, they obtained the characteristic length (and time) scales of turbulent
kinetic energy and scalar variance dissipations. They also evaluated the slow (i.e., due
to turbulence-turbulence nonlinear interactions) and rapid (i.e., due to mean wind shear
effects) contributions to pressure effects. From their results, they were able to simplify
a second-order closure model to the commonly-used eddy diffusivity model and evaluate
the diffusivity model for pure shear-driven turbulent flow.

Moeng and Peter Sullivan continued their work on planetary boundary-layer (PBL)
model evaluation and development for climate-related modeling studies in collaboration
with Jim McWilliams, Joe Tribbia, Bill Large (all in CGD), Pierre Koclas (Canadian Me-
teorological Center, Canada), Anders Andren, Bert Holtslag (KNMI, Netherlands), and
John Wyngaard (Pennsylvania State University). Four PBL data sets have been gen-
erated by LES: predominantly buoyancy-driven (i.e., free convection), weakly convec-
tive with shear, pure shear-driven without a capping inversion (i.e., Ekman case), and
shear-driven with a capping inversion. Using this LES data base, they evaluated five
PBL models-eddy diffusivity (or K-profile), level-2 single-point closure, Richardson-
number-dependent K-profile, stability bound, and mass flux-and found that the vertical
distributions of the mean wind, temperature, and turbulence fluxes varied significantly
among them.

Effects of Clouds on Clear-Air Chemistry

In a joint effort between MMM and ACD, Mary Barth (postdoctoral visitor) has be-
gun a project, which is part of the Tropospheric Effects of Cloud Chemistry (TECC)
study, to examine the effects of clouds on clear air chemistry. The goal of this project
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is to determine the role of clouds in the transport and transformation of chemical con-
stituents to improve chemical transport models. In the initial phase of the project, Barth
is developing a mesoscale cloud model that parameterizes the microphysical growth pro-
cesses of cloud water, rain, cloud ice, snow, and graupel, and that includes both gas and
aqueous phase chemistry. She is constructing this two-dimensional microphysics-chemistry
model by combining the dynamical framework of the Klemp-Wilhelmson cloud model
with a bulk-water, modified Kessler microphysics parameterization developed by Steve
Rutledge (Colorado State University) and Peter Hobbs (University of Washington) and
adding a chemistry scheme developed by Dean Hegg (University of Washington), Rut-
ledge, Barth, and Hobbs. Besides examining the effects of clouds on the clear air chem-
istry, the microphysics model being developed may be used as a tool to evaluate dynami-
cal and microphysical processes in mesoscale convective systems.

Geophysical Turbulence Program

A major effort of the geophysical turbulence program (GTP) is to provide to the tur-
bulence community codes and data sets generated from these codes. The geophysical tur-
bulence model (GTM) developed by Robert Kerr has been used, along with methods uti-
lizing the statistical theory of turbulence, for the research activities discussed below.

Waves and Turbulence in Stably Stratified Flows

One suggested explanation for the large turbulent scales of the mesoscale is that the
motions are stably stratified turbulence. A prototype is the concept of two-dimensional
turbulence. The problem was investigated some years ago by Olivier Metais (visitor from
Grenoble, France) and Jackson Herring, with somewhat negative conclusions. However,
at that time, the resolution of the direct numerical simulation was considered marginal to
adequately incorporate these effects. More recently, Pascale Lelong (visitor, MMM and
CGD), Kerr, and J. McWilliams (CGD) have studied stratified turbulence with the more
advanced GTM code. Lelong was able to incorporate the balanced initial data scheme of
McWilliams, so as to strictly minimize the overall presence of waves in the initial data
and also in the subsequent development of the flow. The results indicated that strati-
fied flow dissipates energy much more rapidly than is characteristic of two dimensional
flow. The results suggested and that a surprisingly high vertical resolution is needed to
adequately resolve fine structure of the flow (about two times the horizontal resolution).
Moreover, the isolated structures found in two-dimensional flow were absent in strongly
stratified turbulence, which is consistent with the relatively large dissipation. This study
confirmed that waves and turbulence interact only weakly in stably stratified flows.

Effect of Small Scale Structures on Scale-Size Distribution
of Turbulence

Direct numerical simulation (DNS) of three-dimensional turbulence shows small scale
vortical tubes, distributed throughout the flow. The impact of these on the scale size dis-
tribution (energy spectra) of the flow is as yet uncertain, not only because of the limited
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resolution of the DNS (relatively low Reynolds numbers) but also because their intensity
and mean spacing has yet to be fully understood. Kerr and Herring have begun a pro-
gram to assess the effects of these structures on turbulent flows, by direct numerical sim-
ulations, and their comparisons with statistical closures. The latter may be regarded as
structureless theories of turbulence, and consequently the differences between their pre-
dictions and actual flows measures the role of the structures in altering the energy spec-
trum. The results indicate surprisingly little effect for three-dimensional isotropic flows,
especially in scale ranges characteristic of the energy cascade. The next thrust is to as-
certain the dimensions of the vortex tubes relative to other turbulence length scales, and
to see if such structures are entirely in the dissipation range.

Vortex Reconnection

The tubular vortex structures noted in the above section may-if aligned in an an-
tiparallel fashion-merge, with a resulting dissipation, and reconnect. Such an event
would be one way in which energy is passed to progressively smaller scales, and be an im-
portant mechanism in creating and modifying boundary layer structures. It is as yet an
unsettled question if in the limit of vanishingly small viscosity the vorticity at the point
of reconnection becomes singular. Such a question is vital in deciding how to model the
reconnection process. Previous calculations clearly showed effects inconsistent with the
prevailing opinion that the three-dimensional incompressible Euler equations do not have
a singularity. The general response was that the calculations were still not sufficiently
clean to demonstrate that there is a singularity or explain why other higher resolution
calculations do not show them. To answer these questions a more accurate numerical al-
gorithm was constructed, which demonstrated why other computations failed to yield sin-
gularities. If the initial data are properly filtered, so that no spurious small scale struc-
ture intervenes between the vortex tubes, then the numerical data is consistent with the
existence of a singularity as the viscosity vanishes.

Convection in Low Prandtl Number Convection

Olivier Thual (ASP) used the GTM, in addition to his own code, to study waves in
low Rayleigh and low Prandtl number convection between parallel plates. This serves as
a prototype for stellar convection, with the conductivity representing radiative conductiv-
ity. The results indicate a highly intermittent chaotic regime, which-at modest Rayleigh
numbers-is consistent with the zero-Prandtl-number-limit equations of Spiegel.

Potential Vorticity in Isotropic Turbulence

Herring, in collaboration with Kerr and Rotunno of MMM, has been analyzing Ertel's
three-dimensional PV for isotropic turbulence. The study shows that the dissipation of
the variance of potential vorticity is dissipated roughly uniformly at all scales, which viti-
ates the application of cascade ideas to PV. Some new calculations of a Taylor-Green vor-
tex advecting a passive scalar have been begun to highlight these effects more strongly.
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Model Development and Data Assimilation

Mesh Refinement Scheme for MM4

In collaboration with Piotr Smolarkiewicz, Georg Grell (visiting scientist) has com-
pleted the development of a new mesh refinement scheme for the Penn State/NCAR
MM4 that implements a class of monotone interpolators. Tests of this scheme on an ide-
alized case, as well as a number of real data cases, were found to be much superior to
the regularly used quadratic or cubic-spline interpolators. In contrast to the old nest-
ing scheme of MM4, no increased diffusion or smoothing was necessary at the lateral
boundaries of the finer grids. These interpolators have been incorporated in the standard
version of MM4 which will be used in the real-time mesoscale experimental numerical
weather prediction for STORM-FEST.

Adaptive-Grid Model Development

Skamarock and Klemp have continued model development based on adaptive grid-
refinement solution techniques, with the most recent adaptive cloud model application
being a study of squall-line evolution in idealized, three-dimensional environments. In
order to make the adaptive grid-refinement technology available to the wider modelling
community, Skamarock and Ming Xue (Center for the Analysis and Prediction of Storms,
Norman, Oklahoma) have constructed a generalized adaptive grid interface for three-
dimensional atmospheric models. Pre-existing models are easily plugged into the new
generalized interface, and the interface itself runs efficiently over a wide variety of com-
puter architectures. Skamarock and Louis Wicker (National Center for Supercomputing
Applications, University of Illinois at Urbana-Champagne) have successfully placed the
cloud model developed by L. Wicker and R. Wilhelmson into this adaptive-grid interface.
Testing of the interface is continuing with this model, after which the interface will be
available to the general modeling community.

Stability of Time-Split Numerical Schemes

Skamarock and Klemp have completed a study of splitting schemes used in both hy-
drostatic and nonhydrostatic atmospheric models. The splitting schemes are necessary
so that time steps in numerical integrations are not limited by the fast modes in the sys-
tem (acoustic modes in the nonhydrostatic models, gravity modes in the hydrostatic sys-
tem). It has not been generally recognized that schemes used in hydrostatic models for
integrating gravity modes can be used in nonhydrostatic models for integrating acoustic
modes and vice-versa. Of the explicit time-split schemes, it was found that the scheme
used in the Klemp-Wilhelmson cloud model possesses the best combination of efficiency
and need for minimal filtering. Several possible new schemes that are being tried by vari-
ous modeling groups have been shown to be inherently unstable.
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Nonhydrostatic MM4

A new version of MM4 based upon the fully compressible nonhydrostatic equations,
but using the existing detailed physics packages, has been tested on a variety of cases
on grid lengths ranging from 5-20 km. There are currently few nonhydrostatic models
designed specifically to use real data analyses for the initial and boundary conditions.
Comparison against hydrostatic results at the coarser resolutions for cases involving mid-
latitude Atlantic cyclogenesis and wintertime Colorado fronts have helped to verify that
the new model works properly.

Finer-resolution simulations have been made possible by allowing one-way nesting
that can also provide finer terrain resolution. Current work involves incorporating the
multiple-grid two-way nesting capability developed by Georg Grell and four-dimensional
data assimilation by the nudging technique. Graphics capabilities for this version have
been brought to the level of those for the hydrostatic model by Sue Chen and Dave Gill.
Several Mesoscale Prediction Section members and Pennsylvania State University staff
are using this model for their studies.

Four-Dimensional Data Assimilation

In collaboration with ATD, simulations have been carried out on WISP cases from
1990 and 1991, as part of the DOE ARM project. The simulations were run by Zitian
Guo (MMM visitor) and Dudhia. An observation system simulation experiment made
use of a 5-km nonhydrostatic simulation to provide the "truth." Single-column profiles
from this data were assimilated into a 20-km hydrostatic model in various idealized ar-
rays. Verification from simulations of a case of cold frontal passage has shown that a
500-km square region over the Rocky Mountains and Colorado plains can be character-
ized well by a 3 x 3 array of hourly soundings spaced on a 167-km grid. Further refine-
ment of the profiling grid makes only small additional improvements.

Guo and Dudhia applied the hydrostatic model to a WISP-91 case (6 March, ARM
IOP 4), and assimilated data from the six special CLASS sites at three-hour intervals.
Tests on assimilating only integrated precipitable water (PW), as compared with the ob-
served water vapor profile, have shown that PW serves as a good substitute where high-
temporal resolution water vapor profiles are not available. Other tests indicated that us-
ing a subset of the six CLASS stations can give almost the same results as using all six
and yields significantly more accurate results than with no assimilation.

Wind-Field Partitioning in a Limited Area

Qiu-Shi Chen (long-term visitor, Beijing University, PRC) and Kuo completed a study
on wind-field partitioning and reconstruction over a limited area. They showed that over
a limited region, a given wind field cannot be uniquely partitioned into rotational and di-
vergent components, as is done over the globe. Instead, a wind field must be partitioned
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into three components: nondivergent, irrotational, and harmonic wind components. The
harmonic wind component represents the contribution of vorticity and divergence out-
side the limited area to the interior wind fields. The key to the partitioning and recon-
struction problems is to solve the harmonic wind component. Chen and Kuo developed a
harmonic-sine series and a harmonic-cosine series expansion and applied them to these
problems. They showed that both series expansions were effective in the partitioning
and reconstruction of a wind field in a limited region. Results based on real-data test-
ing showed that their method is considerably more accurate than methods available in
the literature.

Support for Community Use of MM4

Sue Chen continued to manage the support for community use of the MM4. A princi-
pal component of this support involves maintaining and updating a community-use com-
puter account on the MMM VAX called "MESOUSER" that is designed for MM4 users.
The MESOUSER account also functions as a forum for communication between model
developers and users. When errors are found, and modifications are necessary, Chen up-
dates the code and sends e-mail messages out to the users. Chen also provided consulta-
tion to users of the mesoscale modeling system and maintained the documentation. Over
300 consultation requests were received during the year and 60 users were actively using
the MESOUSER.

Improved Numerical Methods for Atmospheric Modeling

Smolarkiewicz has extended the forward-in-time (dissipative) advection schemes, often
referred to in meteorological literature as Crowley-type schemes, on advection equations
with arbitrary forcing, source terms, or both, included. Since such equations constitute a
prototype of prognostic equations for fluids, these developments are relevant to a variety
of atmospheric problems. The thesis of the work is that no matter how accurate the ad-
vection scheme employed, the entire equation is approximated to at most O(At), which
is a consequence of disregarding forcing terms in the derivation of Crowley-type schemes.
The consequences of this truncation error may be quite severe depending upon the par-
ticular problem at hand. The compensation of this error is simple and easy to implement
in any numerical model using forward-in-time differencing. The results derived have im-
portant practical implications as the inclusion of these forcing-dependent terms releases
the need for the use of artificial viscosity stabilizing dissipative algorithms for highly non-
linear flows.

Smolarkiewicz has generalized the formalism of Smolarkiewicz and Rasch, allowing
for semi-Lagrangian representation of an arbitrary Eulerian transport algorithm, onto a
theory of a class of semi-Lagrangian approximations to the evolution equations of fluid
dynamics. These approximations derive from elementary properties of differential forms.
Values of a fluid variable b at any two points of the space-time continuum are related
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through the integral of the space-time gradient of 'I along an arbitrary contour connect-
ing these two points (Stokes' theorem). Noting that spatial and temporal components of
the gradient are related through fluid equations, and selecting the contour composed of
a parcel's trajectory and the appropriate residual, leads to the integral form of the fluid
equations, which is particularly convenient for finite difference approximations. In these
equations, the inertial and forcing terms are separated such that forces are integrated
along a parcel's trajectory (the Lagrangian aspect), whereas advection of the variable is
evaluated along the residual contour (the Eulerian aspect). The virtue of this method is
an extreme simplicity of the resulting solver; the entire model for a fluid may be essen-
tially built upon a single one-dimensional Eulerian advection scheme while retaining the
formal accuracy of its constant-coefficient limit. The Lagrangian aspect of the approach
allows for large Courant number (> 1) computations in a broad spectrum of dynamic
applications.

Embedding of a Nonhydrostatic Model within a General
Circulation Model

The development of the Clark model by William Hall and Terry Clark has contin-
ued. A prototype of an initialization package which links the Clark model up with the
European Centre for Medium-Range Forecasts (ECMWF) model in a one-way interac-
tive sense has been completed and is being tested. This package uses either T106 or T213
data as initial and boundary conditions for the outer most domain of the nonhydrostatic
anelastic framework. This project was the first serious test of the spherical and vertically
stretched grid coordinates implemented last year. As a result of this application many
minor problems associated with this earlier model conversion were rectified.

The evaluation of the new initialization scheme continues two case studies have been
used. The first is a T106 Atlantic high pressure forecast off the eastern U.S. seaboard.
This is primarily an adiabatic case which has minimal problems associated with matching
of physics between the ECMWF model and the nonhydrostatic anelastic Clark model.
The second case is a 1 December 1990 forecast of strong downslope winds over western
Canada by the T213 model during its research testing.

Initialization of a Nonhydrostatic Numerical Model with
Radar Data

Techniques for initializing a numerical model with Doppler radar data have been ex-
plored by Crook and Tuttle based on the Clark model. Two-dimensional boundary layer
winds are first obtained by TREC. The vertical component of the wind is then calculated
by applying the mass continuity equation. The time tendency of the three-dimensional
winds is then estimated by using several TREC volumes and filtering in time. Once the
three-dimensional wind and its time tendency are known, a dynamic retrieval is per-
formed to obtain the pressure and buoyancy. Numerical simulations can then be per-
formed from these initial fields of wind and buoyancy.
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This method has been applied to three gust front cases that were observed in a field
program in northeastern Colorado in 1991. The retrieved buoyancies compare well with
soundings taken before and after the passage of the gust fronts. Forward time integra-
tions have also been performed of these gust fronts and have produced propagation speeds
that are consistent with observations.

A topic of continuing research is a method to match the boundary layer winds with
the flow above (currently measured from a single sounding). One technique that is being
evaluated is to solve the linear gravity wave equation, given the vertical velocity at the
top of the boundary layer together with the mean wind and stability from the sounding.

Convective and Cloud Parameterizations

A Shallow Convection Parameterization

In collaboration with Evelyn Grell (NOAA WPL), Georg Grell developed a coupled
shallow convection parameterization. The shallow convection is forced only by subgrid-
scale processes, such as surface energy fluxes and radiation. This scheme parameterizes
some of the physical processes more explicitly. It envisions bubbles which rise through
the top of the planetary boundary layer, and are driven by planetary boundary layer
fluxes. Earlier MM4 simulations without the inclusion of shallow convection showed un-
realistic sounding structures in the presence of strong surface energy fluxes. These un-
realistic sounding structures were removed with the inclusion of the shallow convection
scheme.

Experimental Forecast Activities

Experimental Forecast Facilities

The planning and formulation of the Experimental Forecast Facility (EFF) concept
continues to advance as STORM-FEST (1 February-15 March 1992) approaches. The
basic idea of an EFF is to combine a National Weather Service Forecast Office (WSFO)
with a research institution, a university, or both, in order to increase the interaction be-
tween the operational and research branches of meteorology. Benefits should come to
both areas with such an arrangement, especially with the operational deployment of new
measurement technologies such as profilers and Doppler radars. The use of these data
sets will be enhanced by the improved interaction between the operational and research
communities.

In 1990 Szoke was involved in an increased level of planning for EFF activities during
and beyond the STORM period. The STORM-FEST program is offering an opportunity
to better establish the Boulder-Denver EFF, as Boulder will be one of the tain opera-
tion centers for FEST and will utilize a mix of forecasters and nowcasters from NCAR,
NOAA, and WSFO-Denver. Part of the daily routine during FEST will involve close
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communication with the other established EFFs (at Norman, Oklahoma, collocated with
the NSSL, the next-generation weather radar [NEXRAD] Operational Support Facility,
and the Norman WSFO, and at Kansas City, Missouri, collocated with National Severe
Storms Forecast Center, and the newly established Kansas City, Missouri, WSFO), and
with the National Meteorological Center (NMC), Washington, D.C. The FEST fore-
casting activities will provide an excellent opportunity to evaluate the expanded data
sets (including profilers, extra soundings, several Doppler radars, the Aeronautical Ra-
dio, Inc., communication, addressing, and reporting system (ACARS), winds, etc.) and
mesoscale analysis schemes (including those from NOAA FSL and NMC) in real time.
Additionally, the opportunity to evaluate several numerical prediction models in a real-
time forecast exercise will be unprecedented. The models currently scheduled to be avail-
able for the morning forecast discussion (transmitted to Norman and Kansas City each
morning during FEST) include NMC's limited fine-mesh (LFM) and regional analysis
and forecast system (RAFS) models, the MM4, and possibly the regional atmospheric
modeling system (RAMS) model. MMM will provide a special display system for the
MM4 in real time at the Boulder forecast center for FEST. The subjective evaluation of
the forecast models and observational data in real time should provide excellent guidance
for research efforts to improve mesoscale forecasting systems.

A key part of an EFF is to have some researchers that can serve as forecasters to en-
hance the researcher's understanding of the problems faced in operations, foster commu-
nication between operations and research, and allow more interested forecasters to take
part in research projects. Szoke continued to work visiting forecast shifts in fiscal year
1990, in both public and aviation shifts.

Real-Time Mesoscale Model Forecasting for WISP

Phil Haagenson and Dave Gill used the MM4 in real-time support of WISP-91. WISP,
initiated by RAP, is a mesoscale field experiment designed to improve the detection and
forecasting of aircraft icing, and to further the understanding of winter storms. A two-
way interacting nested version of MM4 was employed, with a fine-grid interval of 30 km,
a coarse-grid interval of 90 km, and 23 computational levels. The PBL was represented
by a multi-layer scheme developed by Blackadar with surface sensible heat, moisture, and
momentum fluxes. The precipitation physics included a modified Arakawa-Schubert cu-
mulus parameterization with convective downdrafts, and explicit prediction of cloud and
rain water. (The forecast distribution of cloud and rain water proved to be very useful
because it provided guidance for the aircraft operations.)

During the period from 15 January through 2 April 1991, 25 pairs of 36-h forecasts
were made using initial conditions produced by two different analysis systems. Two si-
multaneous forecasts were generated to evaluate the impact of differences in the initial
conditions on the forecast product. One initialization employed a traditional Cressman-
type objective analysis in pressure coordinates using an analysis from NMC's nested-grid
model (NGM) enhanced with conventional surface and upper-air observations. The other
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initialization, developed at FSL, is obtained from a 3-h intermittent data assimilation of
profiler, aircraft, and satellite data in addition to conventional observations (Mesoscale
Analysis and Prediction System [MAPS]). The MAPS analysis employs regional optimal
interpolation in hybrid sigma and isentropic coordinates. The lateral boundary condi-
tions for each pair of MM4 forecasts were extracted from the NGM forecasts. Prelim-
inary assessment of the results suggests that mesoscale detail in the initial conditions
can be very important for short-range forecasts. Also, the use of a high resolution grid
and better-resolved topography in MM4 improves its capability of predicting the tem-
poral and spatial structure of cold fronts. Haagenson is evaluating all pairs of forecasts
using conventional measures of verification. The verification scores for MM4 are also be-
ing compared with those calculated for the NGM forecasts corresponding to the same
domain.

Real-Time Forecasting for STORM-FEST

Following the success of real-time mesoscale experimental numerical weather predic-
tion for the WISP project, Grell, Haagenson, Gill and Kuo have developed a new ver-
sion of the MM4 to be used for real-time forecasts for STORM-FEST, from 1 Febru-
ary through 15 March 1992. A two-way interactive nested-grid option will be employed
with a grid resolution of 20 km by 60 km and 27 vertical levels. Thirty-six-hour fore-
casts will be made once per day routinely, and increase to twice a day during intensive
observing periods. Hourly output from the 20-km grid will be provided to the experiment
operations center at Kansas City, Missouri, and Boulder to guide the field operation of
STORM-FEST. This version of the modeling system includes a 12-h dynamic initializa-
tion to provide the best possible initial condition for the forecast. During the 12-h pre-
forecast period, the model will be nudged toward the 3-h high resolution analysis pro-
vided by the FSL MAPS analysis.

National Weather Service Collaboration

Wade served on the National Weather Service Data Review Committee for upper-air
soundings which meets periodically to address data quality problems within the National
Weather Service (NWS) sounding system. The last meeting was in Silver Spring, Mary-
land, in May 1991. Wade also reviewed a draft version of the revised Federal Meteorologi-
cal Handbook No. 3 on Upper Air Soundings during the past year (a 400-page document).
In January, Wade presented a paper entitled "Improved Low Humidity Measurements
Using the Radiosonde Hygristor" at the Seventh Symposium on Meteorological Observa-
tions and Instrumentation held in New Orleans, Louisiana.

Multiple-Doppler Radar Data Analysis Support

William Anderson and L. Jay Miller have made a number of additions and improve-
ments to the MMM multiple-Doppler radar wind synthesis programs, consisting of solid
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position radar interpolation (SPRINT) for interpolation from radar measurement loca-
tions (either spherical or coplane coordinates) and of custom editing and display of re-
duced information in cartesian space (CEDRIC) for the synthesis of three-dimensional
winds from gridded radial velocities. These programs are used by a number of scientists
at NCAR, government agencies, and universities both in the United States and abroad.
Anderson modified SPRINT so that coordinated dual-Doppler radar measurements taken
at coplane (cylindrical) coordinates could be interpolated either to gridded locations
within the original series of coplanes or directly to cartesian locations. He also modi-
fied CEDRIC so that coplane-gridded radial velocities could be synthesized into coplane
winds, which are then transformed to cartesian components at cartesian locations. An-
derson converted all graphics in CEDRIC to take advantage of NCAR's new graphical
kermal system (GKS), including color displays.

Miller continued his tutorial support to scientists who want to use both SPRINT and
CEDRIC software. Robert Rauber (University of Illinois at Urbana-Champaign) vis-
ited NCAR (MMM and ATD) for three months to learn about the analysis of multiple-
Doppler radar measurements, particularly those taken during HaRP 1990. Rauber has
incorporated extensive material provided by Miller and others into notes for a graduate
course in radar meteorology at the University of Illinois. Miller and Anderson have also
provided guidance on using SPRINT and CEDRIC to scientists and graduate students
at the University of Oklahoma and at Colorado State University, as well as scientists in
other divisions at NCAR.

Field Experiments

Office of Field Project Support

The OFPS, headed by Richard Dirks, supported three field program activities over
the past year: scientific planning and implementation of the STORM Program (U.S.
Weather Research Program), operational planning, coordination and preparation for
STORM-FEST, and data management and limited field support for CaPE.

STORM Program

The interagency STORM Project Office, established in OFPS in 1988, is directed
by Richard Dirks, with John Cunning (NOAA) as deputy director, and David McGuirk
(NOAA) as data manager. New staff in 1991 included Jim Moore, Facilities Coordina-
tor, Rex Fleming, FAA Program Coordinator, and John Pflaum, Hydrology Programs
Coordinator and Steve William, Field Data Specialist. Dirks continued to participate in
interagency planning through the working team established by the subcommittee on At-
mospheric Research of the Committee on Earth and Environmental Sciences. A national
mesoscale research plan entitled Predicting Our Weather: A Strategic Plan for the U.S.
Weather Research Program will be published in early 1992.
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Several STORM documents have gone through the review and revision stage and will
be published in early 1992. These included the STORM I Winter Phase Experiment De-
sign edited by Donald Johnson (University of Wisconsin) and Cunning, the STORM I
Summer Phase Experiment Design edited by William Cotton (Colorado State Univer-
sity) and Cunning, and the STORM Data Management Plan edited by McGuirk. Other
STORM working groups continue to develop plans for future field experiments.

McGuirk is working with the ATD's Research Data Program, Unidata and various
federal agencies to implement the STORM Data Management System in time for STORM-
FEST. The system provides scientists a single on-line access point for data inventories,
order entry, and limited on-line data for interactive browsing and network delivery. A
joint project with Unidata and NOAA's FSL has succeeded in providing wind profiler
data to universities in near real time. Another joint project with FSL and the National
Climatic Data Center for developing an on-line data access capability for STORM data
sets is nearly complete and should be operational by 1 January 1992.

STORM-FEST

Plans for the STORM-Fronts Experiment Systems Test (STORM-FEST) have been
prepared. Approximately 70 scientists attended planning workshops, at NCAR in April
1991 and at Kansas City, Missouri, in November 1991, to develop the STORM-FEST Op-
erations Plan. Moore and Williams (OFPS), Margaret LeMone and Chuck Wade (MMM),
together with Duane Stevens (University of Hawaii) and Robert Grossman (University of
Colorado), participated in siting NCAR ATD field facilities. The field operations control
center will be located at Richards-Gebaur Air Force Base, just south of Kansas City.

LeMone, Robert Grossman of the University of Colorado, Robert Zamora of NOAA
WPL, and James Moore have been working with other STORM-FEST investigators in
the design and placement of the STORM-FEST boundary-layer array. Located in north-
eastern Kansas, the array lies within a 50-km square centered on Seneca. The array has
will have dual-Doppler coverage from CP-3 and CP-4 and lies in rolling terrain. PAMs
and NOAA WPL 915-MHz wind and temperature profilers will be located at the center
and corners of the square. An NCAR CLASS system and a high-resolution interferometer
sounder (HIS), operated by W. Smith of the University of Wisconsin, will lie at or near
the center of the array. The CLASS will provide soundings and the HIS will provide tem-
perature and humidity profiles. The Atmospheric-Surface Turbulent Exchange Research
(ASTER) facility, near the eastern corner of the box, will provide surface fluxes and mi-
crostructure.

The array is designed to examine in detail the boundary-layer structure associated
with evolving fronts and to evaluate the measurements taken by the new instrument
systems. Using the Doppler and boundary-layer data, investigators will examine such
things as boundary-layer influences on frontal collapse, the generation of gravity waves by
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fronts, dissipation within the frontal zone, and the resemblence of fronts to density cur-
rents. During fair weather, analysis of fields and intercomparisons with aircraft will be
used to evaluate the instrument systems used. The fair-weather data should also offer the
opportunity to study the structure and evolution of the baroclinic fair-weather boundary
layer, with the larger-scale structure defined by the larger-scale FEST array.

Wade designed the large scale (38-station) PAM network which will be used in the
STORM-FEST field experiment in early 1992. The network ranges from eastern Kansas
to central Illinois, and from southern Iowa to southern Missouri.

HaRP

William Cooper, Richard Carbone (ATD), and W.-C. Lee (ATD) have examined data
from HaRP to learn mechanisms of rain band forcing and especially the formation of
convergence lines upwind of the island. The measurements indicate that cooling by ear-
lier precipitation falling over the island is particularly important in forcing subsequent
downslope flow.

CaPE

A number of MMM Division personnel (D. Breed, J. Dye, J. Fankhauser, B. Foote, S.
Williams, E. Szoke, and C. Wade) were active in the planning and execution of the CaPE
experiment conducted in the Cape Canaveral area of east-central Florida during the past
summer (8 July-18 August 1991).

During CaPE, from 16 July to 11 August, 23 research flights and one tower flyby were
carried out with the NCAR sailplane. Fourteen of these flights included useful cloud pen-
etrations. In addition, data gathered in rain while flying on tow, which occurred on sev-
eral other days, may also be of interest. Six of the flights reached the -5 0 C level, and the
highest altitude attained was 8.8 km (about -250 C). Conditions conducive to lightning
strikes were encountered on three days. Copious data on particle size and charge were
obtained from the PMS 2D probe with the induction ring, although the sensitivity of the
charge data appear to be no better than 2-3 pC due to noise. The total in-cloud time for
the sailplane during CaPE was ~409 min.

Daniel Breed and James Dye, in collaboration with J. Jones (NMIMT) and Robert
Solomon (University of Washington), provided scientific and operational guidance for
electrical measurements made on the NCAR King Air and sailplane. Preliminary anal-
yses of cases with enhanced electric fields suggest that clouds that become significantly
electrified do so rapidly, over a period of a few minutes. Furthermore, it appears that the
presence of ice particles preceded strong electrification in all those cases. This is in spite
of the fact that the coalescence or "warm rain" process was active, and substantial reflec-
tivities (to 50 dBZ or more) were evident prior to and during the cloud penetrations.
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Steve Williams coordinated data management for the CaPE experiment. He coor-
dinated proper collection of all data during the CaPE field phase and is now preparing
comprehensive inventories and catalogs of all CaPE data sets. This information will be
published as a printed catalog in November and will be available on-line early next year.
Other OFPS staff participating in the CaPE field experiment were Moore, McGuirk, and
Wayne Brazille.

TAMEX

The TAMEX project office, headed by Kuo, continues to provide the support of ser-
vice and data management for university, NOAA, and NCAR scientists. The goal of
TAMEX research is to improve prediction of heavy rainfall events. In order to trans-
fer the research findings from TAMEX research into operational use, a TAMEX fore-
cast exercise is planned for May and June 1992 in Taiwan. Jointly with the TAMEX
project office in Taiwan, the TAMEX project office conducted a planning workshop for
the TAMEX 1992 forecast exercise in May 1991 at Taipei. This was followed by a pi-
lot experiment from 20 May to 20 June 1991, to examine forecasting issues. The U.S.
project office held a review meeting for the pilot experiment in late June 1991 at NCAR.
Later, Kuo worked with George Chen (National Taiwan University) to organize an In-
ternational Conference on Mesoscale Meteorology and TAMEX, 3-6 December 1991. A
special session on TAMEX scientific results produced 16 papers presented by U.S. and
Taiwan TAMEX scientists. Immediately following the conference, a TAMEX workshop
was held in Ken-Ding (7-10 December) with a specific focus on the detailed planning for
the 1992 TAMEX forecast exercise. Six U.S. representatives attending the workshop were
Richard Johnson (Colorado State University), John Cunning (NOAA), John Flueck (Uni-
versity of Nevada at Las Vegas), John McGinley (NOAA FSL), Rod Scofield (NOAA Na-
tional Environmental Satellite, Data, and Information System [NESDIS]), and Ying-Hwa
Kuo.

In order to provide an effective communication between researchers, the TAMEX
Project Office regularly publishes the TAMEX Newsletter. During the last year, two is-
sues were distributed containing important information regarding data management for
conventional and Doppler radar data sets, special technical workshops, the TAMEX re-
search highlights, and a list of TAMEX publications. The editor of this newsletter is
Twyla Barrett.

Sue Chen continued to provide data services to TAMEX scientists. She recently com-
pleted a FDDA for TAMEX IOPI and IOP2 periods with a 60-km version of the MM4.
Examination of the assimilated data sets showed that the simulated position of the Mei-
Yu front and the upper level trough and ridge were close to the observed. This high-
resolution, four-dimensional, dynamically consistent model data set can be used, in con-
junction with the observed data set, for diagnostic studies of the mesoscale systems ob-
served during TAMEX IOP1 and IOP2.
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Trier continued to process requests from TAMEX investigators for Doppler radar data
taken during the TAMEX field phase. He also aided other investigators in reading and
converting Republic of China Aeronautics Administration (CAA) field format Doppler
radar data taken after TAMEX to universal format.

EMEX

LeMone is working with Edward Zipser and Chris Lucas (Texas A & M University),
Brian Mapes (University of Washington), and Brian Ryan (Commonwealth Scientific
and Industrial Research Organization [CSIRO], Australia) on characterization of updrafts
and downdrafts in convective systems in the Equatorial Mesoscale Experiment (EMEX).
Early results, to be published as part of Lucas' M.S. research, suggest diameters similar
to those observed in the Global Atmospheric Research Program (GARP) Atlantic Tropi-
cal Experiment (GATE), TAMEX, and in hurricane rain bands.

Diameters of the sampled convective cores are surprisingly small over the ocean (even
the strongest 10% of convective cores can have diameters of about 3 km, there has been
some objection as to how the cores are defined: basically, the vertical velocity has to
be greater than 0.5 m s - 1 continuously for greater than 500 meters. By this definition,
higher-frequency turbulence could lead to events being artificially divided into two or
more events. In answer to this objection, LeMone has filtered the data to eliminate cores
less than about 1 km in diameter to see the effect on the larger cores. The filtering has
created some "mergers" of smaller cores into larger ones, and tends to stretch out other
cores slightly.

Aircraft Operations

Aircraft operations involving the NCAR and University of Wyoming King Airs were
concentrated in two broad areas of research activity: (1) the investigation of boundary-
layer processes responsible for the initiation and development of new convection, and (2)
cloud penetrations made to study microphysical processes relevant to precipitation for-
mation and cloud electrification. The relatively high frequency of thunderstorms in the
Florida area and the recurrent diurnal development of the coastal ocean-land sea breeze
front provided abundant research opportunities. Research flights were conducted on 25
of the 28 days that the aircraft were available, and preliminary examination shows that
data will satisfy nearly all of the scientific objectives. High-resolution multilevel thermo-
dynamic and kinematic data were collected across evolving sea breeze fronts, horizontal
convective rolls, and thunderstorm outflow boundaries, all of which have the potential for
initiating and/or enhancing convective development. Simultaneous bilevel measurements
made by the King Air's during repeated penetrations of growing convective clouds pro-
vided the histories of cloud particle development and the associated build-up of electric
fields while clouds were typically under the surveillance of two or three Doppler radars.
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PAM and CLASS

Wade participated in CaPE as principal investigator for the PAM and CLASS facil-
ities. Prior to the experiment Wade was responsible for finding locations for 47 PAM II
stations and seven CLASS upper-air sounding sites. This activity involved interaction
with NASA, U.S. Air Force, FAA, state and local officials in Florida, as well as local res-
idents, in securing permission to locate these facilities across central Florida. Wade also
secured an additional $73,000 in outside funds (over and above deployment pool funds)
to deploy sounding stations on both a peninsular scale, as well as a storm scale. Wade
also coordinated additional soundings from NWS, the Cape Canaveral Air Force station,
Melbourne, Florida, and the University of Lowell. A total of over 1200 soundings were
made from these 11 sounding sites during the six-week experiment. During the experi-
ment, Wade served as sounding and aircraft coordinator.

Interactive Distributed Computing

During FY 91, MMM continued to provide community support for the NCAR Graph-
ics package running on VAX/VMS systems. Sixty-five orders for the VAX/VMS ver-
sion 3.0 of the NCAR Graphics Package were distributed during the year. Pat Waukau
worked on the distribution of the package with Alfred Criswell. William Boyd provided
software support for the package along with consulting assistance for its installation and
use.

Klemp, Weisman, Boyd, and Paul Pinkney (student assistant, University of Colorado)
continued development of a new version of SIGMA, a software package for the interac-
tive analysis and graphical display of large data sets. While the old version of SIGMA
ran only on VAX/VMS systems, the new version runs on both VAX/VMS and UNIX
systems. It also uses network common data form (netCDF) for data portability between
different computer architectures, including the Cray, VAX, and UNIX workstations. Im-
plementation of the new SIGMA has now become sophisticated enough to replace the
basic capabilities of the old SIGMA. Procedures were incorporated to run diagnostic
calculations along with a number of application-specific procedures, such as trajectories
and vertical profiles. Scientists who have moved their work to the division's UNIX work-
stations have begun using the new version of SIGMA. Interest in the UNIX version of
SIGMA from outside the division increased. As part of the Scientific Computing Divi-
sion's (SCD) effort to make NCAR Graphics more interactive, SCD obtained the UNIX
version of SIGMA. The UNIX version of SIGMA was also distributed to several univer-
sity scientists.

Klemp, Boyd, Matt McIrvin (summer visitor, Harvard University), and Chris Phillips
(student assistant, University of Colorado) continued development of PolyPaint, a graph-
ics package used to render large complex data sets in three dimensions. The user inter-
face to PolyPaint was redesigned to provide both a command-line and a Motif graphical-
user interface. The interface communicates with the PolyPaint software through a com-
mon command language. This design also provides users with a batch capability and the
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ability to call PolyPaint from FORTRAN code. Boyd designed this interface and worked
with Phillips to implement it. McIrvin added a number of new features to PolyPaint.
He extended the netCDF data format used by PolyPaint to handle data in terrestrial or
planetary coordinate systems. PolyPaint uses this information to automate coordinate
transformations. Cartesian, and spherical transformations along with Mercator and sinu-
soidal map projections are now available.

Another new feature is the ability to color surfaces using 24-bit red-green-blue (RGB)
values from alternate data sets. This capability treats the data set used to color the sur-
face as a raster field which is mapped onto a polygon set during the rendering stage. It
is particularly useful for mapping imaging data on to surfaces like terrain. Boyd created
a new version of PolyPaint, version 3.0, incorporating the new interface and PolyPaint's
new features. A number of example and test programs were written to help people use
the new version. Test scripts were developed using PolyPaint's new command language
to illustrate PolyPaint's features and to test bug fixes. Distribution of the new version
began in the fall after the PolyPaint manual was rewritten.
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The Research Applications Program (RAP) conducts basic and applied research and
develops technical products for national users of the aviation weather system in close
collaboration with other NCAR divisions, most notably the Mesoscale and Microscale
Meteorology (MMM) Division, the Atmospheric Technology Division (ATD), and the
Scientific Computing Division (SCD). In its early days, RAP dealt nearly exclusively with
wind shear in convective storms and successfully developed a system to warn of wind shear
hazards to aviation for the Federal Aviation Administration (FAA). More recently, the RAP
mission has been extended to consider a broad array of mesoscale meteorological problems
related to the successful operation of the U.S. and global aviation system.

Significant Accomplishments

* RAP completed a successful 12-week field program for the Winter Icing and Storms
Project (WISP). Emphasis was on understanding the processes leading to the
presence of supercooled liquid water to improve forecasts of icing conditions and on
providing the ability to transfer the results of other geographic areas. Scientists
documented the importance of the Denver Cyclone circulation in winter storms;
established a relationship between wind shear at cloud top and the production of
large supercooled water droplets; performed real-time runs with a nested-grid
regional model (MM4); continued to develop a forecasting methodology for aircraft
icing; and tested the use of a dual-wavelength technique for mapping liquid water.
Also during winter 1991, first-look icing products were provided to aviation system
users in Denver using NOAA Forecast Systems Laboratory's (FSL) Local Analysis
and Prediction System (LAPS), and verifications studies were flown.

* Major support was provided to the Convection and Precipitation/Electrification
Experiment (CaPE) in equipment, personnel, and scientific leadership. RAP also
conducted the CaPE Nowcasting (CaPOW) experiment to transfer knowledge of
thunderstorm initiation to U.S. Air Force and National Weather Service (NWS)
forecasters, situated at the Kennedy Space Center (KSC) base weather station, and
supported convection weather product developments for the FAA, especially in
transferring results to operational agencies and in transferring Denver area concepts
to other geographical areas.

* RAP upgraded its Demonstration Facility to the Aviation Weather Development
Laboratory (AWDL), providing real-time and near-real-time operational
demonstrations of aviation weather products.

* An aviation weather climatology was completed for the FAA's Flight Service
Station Program to assist the FAA in understanding the uniqueness of aviation
weather conditions at 200 potential or existing auxiliary flight service station sites in
the United States. This effort is expected to lead to a first-ever aviation weather
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climatology, which should assist in the understanding of aviation weather product
needs throughout the United States, including Alaska.

* Refinements continued to be made to the terminal Doppler weather radar/low-level
wind shear alert system (TDWR/LLWAS) integration algorithms. RAP conducted
an operational demonstration of the TDWR/LLWAS system at Stapleton
International Airport.

* Case studies were completed showing the detailed, interlinked physical processes
responsible for storm formation and evolution as part of RAP's effort to automate
convection initiation forecast procedures.

* Studies and demonstrations were conducted to uplink wind shear information to
NASA aircraft that flew in Denver in summer 1991. RAP also participated in the
study of onboard wind shear detection equipment.

Icing and Winter Storms

WISP

Scientists associated with WISP conducted a field program along the Front Range of
the Colorado Rocky Mountains from 15 January to 5 April 1991 (WISP91). Thirty-six
scientists from seven institutions addressed both basic and applied topics in winter storms
research, including scientists from Colorado State University, University of Wyoming,
University of North Dakota, University of Wisconsin, Desert Research Institute, NCAR, and
NOAA. Scientists from NCAR included Roy Rasmussen, Marcia Politovich, Wayne Sand,
Charles Chappell, Gregory Stossmeister, Ben Bernstein, Jeff Cole, Kimberly Elmore, and
Cathy Kessinger from RAP, and William A. Cooper, Mitchell Moncrieff, Edward Szoke,
William Kuo, and Philip Haagenson from MMM.

Winter storms in the Colorado Front Range area have several unique characteristics
that make them interesting candidates for a wide range of studies. The Palmer and Cheyenne
Ridges are seemingly minor terrain features, yet they can greatly affect airflow and cloud
formation (see discussion in later sections). During the winter, cold fronts with both Pacific
and Arctic origins pass through the area. Some fronts produce deep cyclonic storms with
locally heavy snowfall. With others, weak anticyclonic flow around cold high pressure
centers in the northern plains can create persistent cloudiness with little precipitation because
of weak upslope forcing.

The two main scientific objectives of WISP are to improve our understanding of the
dynamical and microphysical processes leading to the production and depletion of supercooled
liquid water, and to improve forecasts of aircraft icing in winter storms.
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To achieve the first objective, research related to the physical processes producing and
depleting supercooled liquid water (SLW) was planned. Processes that produce SLW include
upslope flow during anticyclonic and cyclonic storms, local topographic lifting, conditional
symmetric instability (CSI), cold air damming and barrier jets, passage of synoptic and
mesoscale fronts, jet streaks, and circulations produced by diabatic processes. Processes that
deplete SLW include ice crystal formation, growth, and entrainment. To achieve the second
scientific objective, research related to aircraft icing detection and prediction was undertaken.
Of particular interest were the processes leading to the formation of large supercooled water
droplets (50-100 pm in diameter), which are potentially hazardous to aircraft.

The observational strategy utilized for WISP was based on collecting in situ and
remotely sensed data that could be used to increase understanding of the various processes
active during winter storm events. One advantage to locating a field study in the Denver,
Colorado, area is the abundance of observational facilities already in place as part of
experimental networks operated by NOAA and NCAR. To augment these observational
platforms, additional instruments were sited in optimal locations for a thorough sampling of
storms as they passed through the project area. The effect of the Palmer Ridge on the
development of SLW was especially noted. The facilities available during WISP91 included
the University of Wyoming King Air aircraft, the University of North Dakota Citation
aircraft, the University of Chicago/Illinois state water survey radar (CHILL), the NCAR CP-3
and Mile High radars (MHRs), University of North Dakota radar, seven cross-chain Loran
atmospheric sounding system (CLASS) sites, 49 portable automated mesonet (PAM) stations,
and three NOAA microwave radiometers. In addition, a volunteer snow observer network
was established for the WISP domain. Field operations were conducted from RAP's AWDL
in Boulder. FSL conducted a forecasting exercise focusing on icing and snowfall as part of
WISP, also in the AWDL. Prototype winter aviation products such as snowfall rate, icing
severity index, and point snow forecasts were prepared in the AWDL as part of this activity.
Real-time dual-Doppler analysis was also conducted during WISP91 and the resulting wind
vectors displayed in the AWDL.

Modeling was performed in real time during WISP to aid operations. In particular, the
mesoscale model, version 4 (MM4), developed by Pennsylvania State University and NCAR
was run during WISP91 to make 36-hr forecasts prior to operational periods. The model was
run on the CRAY (shavano) using a special real-time queue, and the output was sent via
high-speed datalink to a color workstation in the AWDL, where it was used in conjunction
with real-time weather information to make operational decisions. The output for each of the
25 model runs is being analyzed by Haagenson to evaluate model performance.

WISP scientists collaborated with scientists involved with several research projects
also operating in the Colorado Front Range. The University of North Dakota participated in
the WISP program as part of their ongoing FAA-supported research on the use of next
generation radar (NEXRAD)-type radars to detect aircraft icing. During WISP91, they
contributed an aircraft, a 5-cm Doppler radar, and supporting personnel. The 5-cm radar
served as a dual-Doppler pair for both CHILL and MHR. Another important collaboration
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during WISP91 involved the U.S. Department of Energy's Atmospheric Radiation
Measurement test phase. Scientists from ATD's Surface Sounding System Facility (SSSF)
and the Wave Propagation Laboratory (WPL) at NOAA were the primary participants.
During the main period of the test (15 February-15 March 1991), data were collected by a
variety of instruments at a number of sites within the WISP domain to evaluate their
performance as potential components of the ARM Cloud and Radiation Testbed (CART). At
Platteville, Colorado, three wind profilers were operated (at frequencies of 50, 405, and 915
MHz). In addition, CLASS soundings were taken every 90 min during both WISP and ARM
intensive observing periods. Ten PAM stations were placed in the vicinity, as well as an
atmosphere-surface turbulent exchange research facility (ASTER) to measure the surface
turbulent fluxes. Humidity profilers were also measured at the Platteville site using the
high-resolution interferometer sounder (HIS) from the University of Wisconsin. At Stapleton
Airport and Roggen, Colorado, wind and temperature were measured with a 915 MHz wind
profiler with a radio acoustic sounding system (RASS). Atmospheric radiation was also
measured at that site using baseline station pyranometers, pyrgeometers, and a pyrheliometer.

WISP also collaborated with atmospheric studies in complex terrain (ASCOT91), a
project conducted between 28 January and 8 February 1991 in the vicinity of the Rocky Flats
nuclear plant (between Denver and Boulder). The main goal of ASCOT91 was to study the
effects of local nocturnal flows generated in the canyons and off the slopes of the Front
Range on the transport and dispersion around Rocky Flats. Data were collected with a variety
of instruments, including a network of towers and minisodars, hourly tethersonde flights, two
hourly rawinsondes, Doppler lidar scans of the Rocky Flats area, and occasional tetroon
releases.

NCAR, NOAA, and university scientists are currently conducting research using the
data collected during WISP90 and WISP91. Areas of ongoing research include case studies
of the 1990 Valentine's Day storm and the 6 March 1990 blizzard, processes leading to the
production of large droplets, conditional symmetric instability in Front Range snow storms,
SLW formation during the passage of shallow cold fronts, ice crystal formation and evolution,
and numerical model performance.

SLW in Colorado Front Range Winter Storms: Case
Study of the 1990 Valentine's Day Storm

The Valentine's Day storm of 1990 was an anticyclonic, upslope storm that occurred
during WISP90 and was characterized by a relatively warm cloud top temperature (-15 to
-10°C), and significant amounts of SLW (up to 0.7 g m-3). This storm produced sustained
periods of liquid water during the first two days and snowbands the last day. Rasmussen,
Masataka Murakami (visitor, Meteorological Research Institute, Ibaraki, Japan), and
Stossmeister conducted a detailed case study of this storm with the goal of understanding the
production and depletion of SLW in shallow upslope storms.
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The data used to study this storm came from CP-3 and MHR, the University of
Wyoming King Air aircraft, NOAA radiometers, surface PAM stations, Program for Regional
Observing and Forecasting Services (PROFS) stations, CLASS sounding systems, wind
profilers, NWS soundings, and satellites. These data show that a shallow upslope cloud
formed in the Colorado Front Range 7 h after the passage of a cold front from the north. As
measured by three radiometers located along the Front Range, this cloud contained SLW
above 0.2 mm for the next 30 h. During this high SLW period, two aircraft flights were
conducted. The analysis concentrated on the time period of the first aircraft flight, between
1711-1900 UTC, a period during which conditions were nearly steady as revealed from a
time series of the CLASS sounding data. Radar reflectivities during this period were mostly
less than 20 dBZe.

The data collected from this flight show the presence of two distinct layers of SLW,
one near cloud top and the other between cloud base and the middle of the cloud. In the
northern portion of the domain (near Greeley), low concentrations of dendritic ice crystals
were present in the lower SLW layer, with little or no ice present in the upper SLW layer. In
the southern portion of the domain (near Elbert), no ice crystals were present in either SLW
layer; instead, low concentrations of large drops (up to 200 pm) were found to exist from
cloud top to cloud base temperature. The region near Greeley had a cloud top temperature
near -15°C, while the region to the south had a cloud top temperature of only -11.5°C. The
cloud top region was also characterized by strong shear of the horizontal wind, with a
Richardson number less than 0.25.

These results suggest that the upper SLW layer was entraining air from aloft which
was relatively deficient in ice nuclei, and that the lower SLW layer consisted of boundary
layer air rich in ice nuclei. To investigate this further, this case was simulated with a version
of the Clark model that has the Murakami ice microphysics parameterization implemented.
This scheme includes equations for the nucleation of ice crystals by deposition and
condensation freezing. The model was initialized with an upstream sounding and run with
both a constant vertical profile of ice nuclei and a profile with decreasing concentrations of
ice nuclei with respect to height. The model results showed best agreement with observations
when run with the latter profile, suggesting that the vertical profile of ice nuclei may indeed
be important in this case. Unfortunately, no measurements of ice nuclei were made during
this flight. Such measurements are planned to be made during future field experiments of
WISP.

Progress on National-Scale Icing Forecasting

One of the tasks under the FAA-sponsored Aircraft Icing Forecast Improvement
Program is the forecast of regions of aircraft icing on a national scale.

RAP and NOAA collaborated on the development of automated procedures for
generating aircraft icing forecast guidance, based on Nested Grid Model (NGM) output
available from the National Meteorological Center (NMC). Thresholds of temperature and
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relative humidity were derived to define regions of potential icing hazard, based on previous
studies of aircraft icing environments and on several months of comparison of the NGM
fields with pilot reports of icing encounters. These regions of potential hazard were
contoured on the NOAA Advanced Weather Interactive Processing System (AWIPS)
prototype workstation either on discrete pressure levels or as vertical cross sections in time or
space, using the workstation's grid-to-graph capability.

A verification exercise was conducted to evaluate the performance of this technique. A
year's worth of forecasts (initialization, 6, 12, and 18 h) and icing pilot reports were collected
and compared. Approximately 75% of the pilot reports were captured by the delineated icing
hazard regions. Little trend was seen in forecast accuracy as a function of time from the
model run. These results were quite similar to those found for icing forecasts generated by
the National Aviation Weather Advisory Unit (NAWAU). One reason for the similarity is
that similar information such as model outputs of temperature and humidity fields were used
in forecast preparation.

Methods are being investigated to improve these automated forecasts. NAWAU staff
have implemented the NGM icing guidance on a McIdas system and are working on
modifications such as the inclusion of vertical velocity fields to further define the icing threat
area. During the Stormscale Operational and Research Meteorology Program-Fronts
Experiment and Systems Test (STORM-FEST), which will take place during winter 1992,
output from the National Meteorological Center (NMC) Eta model (the next-generation
operational forecast model) will be available to investigators. This model includes an explicit
cloud water field that offers some promise for improving forecasts of aircraft icing. Icing
forecasts made with the Eta model and the MM4 model will be evaluated against pilot reports
of icing during the STORM-FEST program and with research aircraft data when available.

Studies of Large Supercooled Droplets

WISP was designed specifically to study the production and depletion of SLW in
winter storms. One area receiving special attention was large droplet formation. Flight plans
were drafted specifically to look for large drop regions: research aircraft ascents or descents
were made through the entire depth of the cloud, and vertical sawtooth patterns were
conducted through the upper 100 m of cloud. During WISP, several encounters with large
droplet regions were recorded.

Icing caused by large supercooled droplets can present a significant hazard to aviation.
Large-drop icing is defined in WISP as icing caused by drops of 25-250 pm diameter. These
large drops can flow along the airfoil prior to freezing and may accrete on surfaces not
protected by de-icing equipment.

Measurements from the University of Wyoming King Air research aircraft formed the
basis of a master's thesis completed by Brenda Pobanz (University of Wyoming).
Twenty-nine cases were examined during which the aircraft ascended or descended through
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the tops of stratiform clouds in California and Colorado. In twenty-four of these cases, wind
shear near cloud top was found to be associated with the presence of large droplets.
Politovich is working with John Marwitz (University of Wyoming) and Pobanz to examine
these cases in further detail and to prepare the work for publication.

Wind shear at the top of a cloud may cause turbulence and possibly Kelvin-Helmholtz
waves, entrainment of subsaturated air, and inhomogeneous mixing. Or, the turbulent mixing
process itself may provide opportunities for broadening the droplet size distribution to form
coalescence embryos.

The vertical extent of the wind shear layers varied substantially from 20 to 400 m,
with an average of 150. Politovich and Cole have been working with WPL to investigate
methods for remote detection of stable shear layers using a combination of wind profilers and
RASS. This may aid in identifying potential large droplet regions.

An important question for continuing investigation is how large do supercooled
droplets need to be to cause a significant decline in aircraft climb capability. Examination of
research aircraft data, including performance parameters as well as microphysical data, will
help to answer this question. Paul Lawson (long-term visitor with RAP, MMM, and FSL,
from SPEC, Inc.) and Politovich adapted an ice accretion and aircraft performance model
developed at NASA to accept temperature, liquid water content, and droplet size data from
selected WISP cases for comparison with aircraft measurements.

Upstream Conditions Associated with the Denver Cyclone:
Case Study of 14 March 1991

The Denver Cyclone is a terrain-induced, mesoscale wind gyre of approximately
50 km diameter that forms on the north side of the Palmer Divide. The cyclone generally
forms when the large-scale flow is from the south or southeast. Three possible mechanisms
have been advanced to explain the formation of the cyclone. First, numerical simulations and
laboratory experiments have shown that a vortex will form in the lee of an obstacle such as
the Palmer Divide if the Froude number of the flow is small. The Froude number is the ratio
of the flow speed to the stratification and height of the obstacle. Second, if the large-scale
flow has an easterly component, then a vortex can form north of the Palmer Divide due to
blocking by the Front Range of the Continental Divide. Third, numerical experiments with a
mixed layer model have indicated that vorticity can form in the lee of an obstacle if
divergence exists in the Reynolds stress profile.

Previous studies of the Denver Cyclone have been hampered by the fact that most
observations have been taken in the lee of the Palmer Divide, whereas the mechanisms
discussed above depend on the upstream flow. In an attempt to remedy this situation, a
detailed upstream data set was collected on a Denver Cyclone that formed on 14 March 1991
during WISP. Two aircraft, the University of Wyoming King Air and the North Dakota
Citation, flew a stacked pattern approximately 100 km upstream of the Palmer Divide.
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Soundings from a mobile CLASS unit were also taken at this location. These measurements
revealed that when the cyclone was forming the average upstream flow was close to
southeasterly with a speed of 6 m sl'. The Brunt-Vaisala frequency measured at low levels by
the CLASS sounding was 0.013 s'1, giving a Froude number based on the height of the
Palmer Divide (800 m) of 0.60. This value is at the upper limit predicted by low Froude
number theory for lee vortex formation.

Numerical simulations are being performed with the observed upstream flow to
investigate the importance of the three mechanisms discussed above. The observed low
Froude number suggests that one or both of the first two mechanisms are playing a role.
Preliminary numerical results also indicate that the flow around Pikes Peak is important in the
development of the cyclone.

Work on the Denver Cyclone study is being performed by Rasmussen, Stossmeister,
and Andrew Crook of RAP, and Ed Szoke, John Brown, and Jim Wilczak of NOAA.

The Interaction of a Secondary Cold Front
With the Denver Cyclone

Bernstein and Politovich completed a preliminary analysis of the interaction of a
secondary cold front with the Denver Cyclone. On 26 February 1990, a strong cold front
passed through the WISP observational network, located in northeast Colorado. Behind this
front, a high pressure center located just north of the Montana/Canada border produced
northeasterly flow in the WISP area. As the high pressure center moved southeastward
during the next 12 hours, winds in Colorado became southeasterly. A Denver Cyclone
circulation began to develop approximately six hours later.

This mesoscale flow pattern persisted well into 27 February, and at 2100 Greenwich
Mean Time (GMT) on that day a secondary cold front moved southward from Wyoming into
northern Colorado. As this front approached the WISP area, it encountered the firmly
entrenched Denver Cyclone, which featured southeasterly winds at 10 m s -' on its east side
and northerly 7 m s-' winds on its west side. The surface boundary between these two flow
regimes extended in an arc-like fashion from approximately 40 km northeast to 60 km south
of Denver. Originally oriented from west to east, the front became deformed as it attempted
to continue southward across this marked discontinuity in the local wind structure. On the
west side of the Denver Cyclone, the front continued to move southward at 8 m s', while on
the east side it moved southward at only 3 m s- .

Although the front may have been retarded at the surface on the east side of the
cyclone, it may have been lifted over the surface southeasterly flow there. Sounding data
from a CLASS station located on the northeast side of the Denver Cyclone showed that
significant cooling had occurred in a 75 mb layer centered near 700 mb between 1800 and
2100GMT. Also, winds at 150-200° in that layer at 1800GMT backed to 100-130° by
2100GMT. Surface frontal passage at the CLASS station was marked by an immediate
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temperature fall of 1.5°C, a windshift from 120° to 60°, and wind gusts of 10 m s' 1. Surface
pressure rises normally coincident with frontal passage had begun one hour earlier.

The enhanced upslope component of the winds as it neared the Palmer Ridge on the
west side of the cyclone, coupled with a strong inversion and wind shear near the cloud top,
provided ideal conditions for icing. Aircraft in the Denver area reported moderate to severe
icing, and a fatal accident occurred near Stapleton Airport during the evening of 27 February.
Although evidence is not conclusive, icing is a possible cause of this accident.

The University of Wyoming's King Air research aircraft conducted a research flight
shortly after the passage of the secondary front at Denver. Liquid water contents were high,
with sustained values exceeding 0.5 g m'3, in a widespread stratiform cloud 2 km thick.
Cloud top temperature was -10°C, and ice crystals were present only in very low
concentrations. Large supercooled droplets were encountered in a limited area near the top of
the cloud. The mission eventually was terminated due to icing; measurement probes iced up
and became useless, and in some portions of cloud the aircraft had difficulty maintaining
altitude. Calculations to quantify the effect of ice accretion on performance of the aircraft are
underway.

Results from the 27 February 1990 case study are preliminary at this time and are
based primarily on mesonet and sounding data. Further research is planned using WPL's
RASS temperature data, as well as three-dimensional horizontal wind field data from Doppler
radar and aircraft.

Preliminary Icing Severity Index (ISI)

The icing severity index system in current use (trace, light, moderate, and severe) is
subjectively based on pilots' concepts of their airplanes' ability to deal with icing and is not
closely related to the meteorological conditions. Thus, the meteorologist has little upon which
to base an icing forecast regarding expected severity.

A meteorologically based system is therefore desirable, and preliminary work has been
completed by Politovich and Wayne Sand. A review of icing literature provides a general
consensus that aircraft icing is most strongly influenced by SLW content, temperature, and
droplet size, in that order. The median volume diameter (mvd) was chosen to characterize the
droplet size spectrum. Aircraft-specific factors, such as airspeed, airfoil shape, and the
efficiency of anti- or de-icing equipment, were not explicitly included as part of this index
system. The correspondence of ISI values with icing severity for a given airframe is properly
a separate exercise.

Implementation of this system for the WISP91 field season consisted of two steps:
(1) definition of ISI categories, and (2) calculation and display of these categories. Coarse
categories of SLW,temperature, and mvd were chosen that attempted to reflect the present
ability to detect or forecast the quantities. To each combination of categories, a severity
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value was assigned. A ten-level scale was used, with number increasing with icing severity.
The clear/rime/mixed ice distinction was not taken into account nor was the
continuous/intermittent nature of the icing environment. A zero was used to depict areas with
no icing expected.

LAPS provides a three-dimensional hourly analysis of cloud location, temperature,
SLW content, and droplet mvd with 10-km resolution over the state of Colorado. NCAR and
NOAA have collaborated to develop techniques for obtaining the specific variables used to
calculate ISI. Comparisons of the LAPS-calculated icing parameters were made with values
measured from the research aircraft during the 1990 WISP field season. Overall, the trend of
increasing LAPS SLW with increasing measured values looked promising. Based on these
encouraging results, it was decided to use LAPS to calculate ISI over the Denver area.

Two displays of the ISI were implemented during the 1991 field season. One was a
horizontal plan view covering 50 nm around Stapleton International Airport. Altitudes from
6,000 to 20,000 ft MSL at 2,000 ft increments were selectable from a mouse-driven menu.
The other display was a vertical cross section through any of the four arrival gates, from
Stapleton Airport to 50 nm out and from 6,000 through 20,000 ft MSL.

Preliminary analyses of the LAPS ISI and its components have been conducted.
Temperature was generally well analyzed with an rms error of about 2°C. However, neither
SLW content nor mvd was well evaluated by LAPS, which led to a rather poor comparison of
LAPS-calculated ISI with that based upon research aircraft measurements. Part of the reason
for the poor correlation between LAPS-calculated SLW and aircraft measurements was likely
due to the higher number of cases with convection occurring in 1991. Also, during the 1990
field season, many of the storms were shallow, anticyclonic events with long-lasting
widespread uniform cloud, whereas during the 1991 effort more of the storms were associated
with fast-moving cyclones or fronts. Even though the LAPS output is updated hourly, many
of the data inputs are only updated on a 3-h or longer time scale. The 10-km averaging
scheme used for the aircraft data in the comparisons may have smoothed out important
variations in SLW on smaller scales. Clearly, these data sets must be more thoroughly
analyzed before final conclusions are reached about the accuracy of LAPS.

RAP's analysis continues on the use of LAPS to calculate ISI including evaluating
whether to continue use of the ten-level index or to use fewer categories. Another question is
whether inclusion of droplet size in the ISI is realistic, given not only that LAPS has limited
capability to determine mvd, but also that the national-scale forecast models run by NMC
(with which RAP intends to pursue icing forecasting) do not include this calculation. RAP is
also examining research aircraft performance during flights in icing conditions to determine
which ranking of SLW, temperature, and mvd is most appropriate to properly characterize the
effect on flight.
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Thunderstorm and Summer Weather

Convection and Precipitation/Electrification
Experiment (CaPE)

The field phase of CaPE was conducted in east-central Florida during the period
8 July to 18 August 1991. There were five basic objectives of CaPE:

* Identification of the relationships among the co-evolving wind, water, and electric fields
within convective clouds

* Determination of the meteorological and electrical conditions in which natural and triggered
lightning can (and cannot) occur, and understanding the initiation and propagation of
lightning

* Development of mesoscale numerical forecasts (2-12 h) of wind, clouds, and thunderstorms,
employing data assimilation

Improving techniques for performing short-period forecasts (nowcasts, < 2 h) of convection
initiation, downbursts, and tornadoes

* The characterization of precipitation particles and remote estimation of rainfall.

To accomplish these objectives, a large array of diverse sensors was assembled. The
primary data collection platforms were:

* Eight aircraft, including NCAR and University of Wyoming King Airs, NCAR sailplane,
South Dakota School of Mines T-28, NASA Lear Jet, NASA ER-2, NASA T-39 and
NOAA P-3

* Four ground-based radars, including NCAR CP-2, CP-3 and CP-4 and New Mexico Institute
for Mining and Technology (NMIMT) X-band

* Ninety-nine mesonet stations, including 47 NCAR PAM stations and 52 U.S. Air Force and
KSC wind towers

* Ten balloon sounding sites, including one NCAR mobile CLASS, six NCAR stationary
CLASS, one Lowell University Loran system, Cape Canaveral Weather Station ground
meteorological device (GMD) and U.S. Air Force radio automated theodolite system
(RATS)

* KSC 30-station electric field mill network
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* Five lightning detection systems, including KSC Lightning Location Protection System
(LLP), KSC Lightning Detection and Ranging System (LDAR), ONERA's VHF
interferometer, University of Florida's five-station system and NMIMT's system

* Five photographic sites.

In addition, Geostationary Operational Environmental Satellite (GOES) rapid-scan
data were collected on 12 days. At any one time, there were some 150 people in the field.

RAP played a major role in the organization, planning, and conduct of CaPE and
provided considerable funding for the communication consoles, workstations, and photography
network. RAP was the primary organization in preparing, printing, and distributing the
Scientific Overview and Operations Plan. Many of the positions within the operations center
were staffed by RAP scientists, and G. Brant Foote, John McCarthy, and James Wilson
served as operations directors.

The CaPE project brought together a large diverse group of scientists and students
from 16 universities, NASA, U.S. Air Force, NOAA, and NCAR who then succeeded in
collecting a unique, comprehensive data set on the initiation and evolution of thunderstorms.
The weather was very cooperative in that thunderstorms occurred in the research area on
better than 90% of the days. The project was highly visible with scores of visitors from
universities, government institutions, and news media. Coordination of data collections was
made possible by the excellent real-time data displays and communication facilities fielded by
ATD'S Research Data Program. RAP contributed substantially to the development and
funding of the operations center.

Unique to the project was the simultaneous measurement by aircraft of the electric
fields and precipitation particles within evolving convective storms, at the same time three
Doppler radars measured the three-dimensional fields of wind, precipitation rate, and
precipitation type.

Data were collected from multiple sensors on a diverse set of circumstances, which
included evolution of sea breezes and river breezes; evolution of gust fronts; evolution of
horizontal convective rolls; initiation and noninitiation of storms associated with horizontal
convective rolls, sea and river breezes, gust fronts and the interaction of these convergence
lines; evolution of electrical fields in convective clouds; artificial triggering of lightning in
convective clouds; evolution of microbursts; development of stratiform trailing region with
squall lines; multi-parameter radar and photographic evolution of cumulus clouds from first
visual appearance; and remote sensor measurement of rainfall.

Results from CaPE data analysis should improve the ability to provide detailed
forecasts of convective storm initiation and evolution together with the onset, intensity, and
decay of lightning. This also includes the very practical information on what conditions are
likely to result in triggered lightning by space vehicle launches.
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CaPE Nowcasting Experiment (CaPOW)

CaPOW was conducted as a cooperative effort among RAP, the U.S. Air Force Cape
Canaveral Forecast Facility (CCFF), and the Melbourne NWS office. For CaPOW, one
scientist from each agency formed a three-member team working to predict convective cell
locations. Nowcasting was done over a large area with particular emphasis on convection
impacting the Cape Canaveral Air Force Station (CCAFS) and KSC. Cathy Kessinger was
the project leader for CaPOW, with additional participation from Edward Brandes (visitor,
National Severe Storms Laboratory) Rita Roberts, and Cynthia Mueller. Captain William
Bauman was the lead person from CCFF and Michael Sabones was the lead from NWS.

Scientific objectives for CaPOW were:

* To produce 30-min predictions (nowcasts) of the initiation and evolution of
convective cells via prediction of the low-altitude locations of 35 dBZe reflectivity
contours

* To evaluate the spatial and temporal quality of the nowcasts at the end of each day
to improve forecaster skill

* To educate forecasters in the interpretation and use of Doppler radar imagery.

The CaPOW Operations Center was located at the CCAFS in the Range Operations
Control Center (ROCC). This location allowed the CaPOW forecasters to interact with
operational meteorologists responsible for daily weather advisories at CCAFS/KSC. Available
data sets included the CP-4 Doppler radar, CLASS, and PAM. A two-dimensional cloud
model capable of simulating the sea breeze front and the interactions of low-level, convergent
boundaries was used. In addition, the data sets used by the U.S. Air Force, including high-
resolution satellite imagery, were available.

Nowcasts were prepared over a 10,000 km2 area defined by a quadrilateral roughly
centered on the CP-4 radar location. In this region, 30-min nowcasts of the locations of
35 dBZe reflectivity contours at 0.3° elevation angle were prepared and recorded. Forecasts
were made on the half hour and verified on the next half hour. The three forecasters worked
as a team to produce consensus predictions. At the end of operations each day, a statistical
evaluation of nowcast quality was generated and used to improve forecaster skills.

Scientific highlights for CaPOW were many. They included verification that
conceptual models developed in Colorado for convection initiation also apply in Florida, that
the combination of high-resolution visual satellite imagery with conventional and Doppler
radar fields was necessary for making accurate nowcasts, that boundary layer features as seen
by Doppler radar are more subtle in Florida than in Colorado, and that local terrain effects
have a large influence on convective development.
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As an educational and technology transfer endeavor, CaPOW was quite successful. In
addition to the four NCAR scientists, there were 12 NWS, one National Severe Storms
Forecast Center, and ten CCAFS/KSC meteorologists who participated in CaPOW. Given the
high-level of education needed by most forecasters, nowcasting skill scores were relatively
low; however, the exercise of bringing together scientists with different backgrounds and
experience and exchanging information, ideas, and knowledge was extremely valuable.

Gravity Wave Structure

Analytic studies by Teddie L. Keller quantified both the horizontal and vertical
variability of nonhydrostatic gravity wave momentum flux (u'w'). In particular, it was
found that for partially trapped waves, a larger percent of the contribution to the total
momentum flux occurs further downstream the higher one goes in the vertical. This is due to
the fact that the flux has a substantial contribution from leakage of the wave as it propagates
horizontally downstream. For several of the cases studied, the flux had to be measured as far
as 200 km downstream before the final value was obtained. Because of this, measurements
made at multiple heights, but over a limited horizontal region, can give a false impression of
a vertical flux divergence. These results are particularly relevant to aircraft measurements of
gravity waves, since the area of sampling of the wave activity is necessarily limited. Insight
gained from this study is being used to interpret data from the CaPE experiment of gravity
waves excited by convective rolls in the boundary layer.

Initialization of a Nonhydrostatic Numerical Model
With Radar Data

Techniques for initializing a numerical model with Doppler radar data have been
explored by Crook and John Tuttle. The model used for these tests is the nonhydrostatic
numerical model written by Terry Clark (MMM). Two-dimensional winds in the boundary
layer are first obtained by a technique called TREC (tracking radar echoes by correlation).
This technique assumes that reflectivity is a passive tracer which is advected with the local
wind. It can thus give reasonable answers in the boundary layer where the reflectivity is
primarily due to small insects; however, TREC is not applicable in storms where sources and
sinks of reflectivity exist. Briefly, the TREC technique finds the translation vector that will
give the maximum cross-correlation between two reflectivity volumes spaced a few minutes
apart.

Once the horizontal wind is calculated, the vertical component can be determined from
the mass continuity equation. A dynamic retrieval is then performed to calculate the pressure
and buoyancy. To obtain reasonable results, it has been found that it is important to include
the time tendency terms. These tendencies are estimated by applying a least-squares fit to
several TREC volumes. Once the buoyancy and three-dimensional wind has been determined,
a numerical simulation can be performed.
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This method has been applied to three gust front cases that were observed in a field
program in northeastern Colorado in 1991. The retrieved buoyancies compare well with
soundings taken before and after the passage of the gust fronts. Forward integrations have
been performed from these initial conditions, and although there is some gravity wave activity
generated in the stable air above the boundary layer, these do not seem to have a significant
impact on the motion of the gust front. The gust front propagation speeds also compare well
with observations.

A topic of continuing research is a method to match the boundary layer winds with the
flow above (currently measured from a single sounding). One technique that is being
evaluated is to solve the linear gravity wave equation, given the vertical velocity at the top of
the boundary layer and the mean wind and stability from the sounding.

Radar Measurement of the Boundary Layer Top

In the warm season, the boundary layer is typically filled with insects that can be
detected with sensitive radars. Tuttle has developed a radar technique to measure the height
of the boundary layer out to ranges of 50-60 km from the radar. The technique uses the
Doppler velocity measurements to determine where a radar beam passes out of the boundary
layer echo. By doing the analysis on each beam in a volume scan, the two-dimensional
structure of the boundary layer top can be determined.

The technique has been applied to several Convection Initiation and Downburst
Experiment (CINDE) cases when a Denver convergence zone was observed. In each case,
considerable spatial and temporal variability of the boundary layer top was noted, with spatial
variations of order 1 km or more over the domain. Temporal variations typically showed an
increase in the tops from early to mid-afternoon consistent with the mixed layer deepening
due to solar heating. The highest tops occurred over the convergence zone and were well
correlated with the locations where storms eventually formed.

A key assumption is that sufficient scatterers are mixed to the top of the boundary
layer, otherwise the derived tops may be lower than the actual mixed layer. Preliminary
comparisons of the radar-derived tops to those determined from soundings show reasonable
agreement.

Radar-Based Automated Analysis and Short-Term
Forecasting of Convective Storm Characteristics

The ability to make short-term predictions of the location and severity of convective
storms is a central aspect of the RAP science program. One of the approaches, developed by
Mike Dixon, involves the automated analysis of radar measurements. The goals of this
program are:

* To identify individual storms in volume-scan radar data
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* To track the storm units with time

* To analyze the properties of the storms

* To make up to 30-min forecasts of storm position and severity.

The analysis procedures and software relevant to this task have been developed in
RAP over the past year or so. The analysis steps are detailed below.

* The polar radar data are mapped to Cartesian space.

* An algorithm based on three-dimensional Cartesian reflectivity data identifies individual
storms. (A storm is defined as a contiguous volume in which a chosen reflectivity
threshold is exceeded.) A large number of storm properties are computed.

* A combinatorial optimization algorithm matches the storms from one scan with those from
the next to produce storm tracks in time. The implementation of this algorithm is
complicated, but the essence is as follows. Each storm at time 1 is considered a possible
predecessor of each storm at time 2. If there are m storms at time 1 and n storms at time 2,
there are m x n possible pairs. For each of these pairs, a statistic may be computed
reflecting the likelihood that the pair represents the same storm identified for each scan.
The job of the combinatorial optimization step is to find that set of pairs which maximizes
the sum of the likelihood statistics. The algorithm itself is based on the optimal design of a
pipe flow network, with the objective of minimizing the energy loss in the network. The
storms are analogous to nodes in the network, and the maximization of the likelihood
statistic is analogous to minimization of energy loss.

This matching process is complicated by the fact that storms may split or merge
between scans, so that two storms at time 1 may track to one storm at time 2 (merger), and
vice versa for a split. The present system does not handle mergers, and terminates one of the
two tracks that formed the merger. A new version of the algorithm, which is almost
complete, identifies mergers by comparing storm forecast centroids at time 2 with the
projected area of actual storms at time 2. If the forecast centroids fall within the projected
area, a merger is considered to have occurred. Splits are treated in an analogous manner.

* Forecasts are computed for a number of the storm properties using a weighted linear model.
The forecast properties currently included are echo centroid, top, base, volume, mean area,
precipitation mass, rain flux, rain area, and projected area.

* The Cartesian radar data are displayed and overlaid with the past storm tracks and their
forecasts. Plots of the following are also displayed: time history of storm volume,
precipitation mass, area and rain flux; time-height profile of reflectivity, precipitation mass,
estimated vorticity; histograms of the percentage of volume (and area) as a function of
reflectivity.
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With the availability of real-time dual-Doppler winds, the time-height profiles of such
variables as the true vertical component of vorticity and certain vorticity production terms
could also be displayed. These may prove very useful, for example, to the tornado prediction
problem.

Dixon will run this analysis and forecast system during the 1992 summer project
centered around Denver. RAP scientists will evaluate its performance from the perspective of
a human forecaster relative to other methods. In addition, an automatic evaluation procedure
will be run using the raw Cartesian radar data for verification.

Denver Summer Nowcasting Evaluation

Wilson and Mueller continued work in developing and evaluating models for time-and
place-specific forecasts of thunderstorm growth. During the summers of 1988, 1989, and
1990, 30-min nowcasts of thunderstorm initiation, dissipation, and extrapolation were made
for the Denver area. Forecasts were based on -(1) linear extrapolation of radar precipitation
echoes, -(2) stability as measured by a morning sounding, -(3) visual observation of cloud
type and development, and -(4) monitoring radar detected boundary layer convergence lines
(boundaries) to determine possible locations of new storm growth. The latter aspect makes
these nowcast experiments unique because it enables forecasts of storm formation to be made
at small time (< 1 h) and space (< 25 km2) scales. Results of the nowcast experiments
indicate that the forecasters are able to improve on persistence and linear extrapolation
forecast methods.

Wilson and Mueller evaluated the utility of sounding and mesonet data for forecasting
the precise time and location that storms would form along radar-detected boundary layer
convergence lines. The results indicated that due to the near neutral environment expected
during a Denver summer afternoon, surface temperature and/or dewpoint fluctuations of
2-4°C can be significant for storm initiation. Because of small-scale boundary layer
fluctuations in temperature and moisture of this magnitude, sounding and mesonet data are
limited primarily to identifying stable regions where storm initiation is unlikely.

Convergence Line Detection Algorithm

A sensitive Doppler radar can detect convergence lines in the optically clear boundary
layer during the warm season. Monitoring these convergence lines can provide important
wind change information for airport operations; such convergence lines have also been shown
to be important in the initiation of thunderstorms. RAP thunderstorm nowcasting experiments
to date have relied on human identification and tracking of these convergence lines. To help
automate this function Kent Goodrich and Diane Rogers have been developing a convergence
line detection algorithm that involves both Doppler radial velocity gradients and identification
of reflectivity thin-line geometry.
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It has been found empirically that convergence lines are associated with large
gradients in radial velocity. Presumably these result primarily from strong convergence,
rather than shearing gradients, but because of arbitrary viewing angles associated with the
radial direction from the radar, the following procedure has been found useful. The radial
velocity data are first passed through a median filter, and then a two-dimensional
least-squares linear fit (a plane) is made to the data locally. The velocity gradient is taken to
be the maximum gradient in any direction on the plane. All data points with gradients greater
than 2.5 x 10-3 sec' 1 and with radial convergence greater than 0.5 x 10-3 sec -' are considered
candidate points of a convergence line.

The thin-line algorithm searches for a signature in the reflectivity field similar to that
of a bump in a rug (i.e., a long thin line of enhanced reflectivity). This is accomplished
mathematically with a second-order least-squares fit, estimating the curvature of the
reflectivity surface, Z¢ (x, y), at each point. If the curvature in the direction in which it is
greatest is greater than 0.013 dBZe m' 2, and its value divided into the curvature in the
perpendicular direction is less than 0.2, then the point is potentially part of a convergence
line. The set of potential points acquired from the shear detection and the thin-line detection
schemes are combined. From this union, the program decides where a convergence line
exists using numerous grouping techniques.

This algorithm was run as an operational experiment during the 1991 TDWR
demonstration. No rigorous evaluation was conducted at that time, but the intuitive feel was
encouraging; however, the method appeared unstable and inconsistent in its detections. Since
that time, much effort has been put towards enhancing the algorithm. Rogers and Goodrich
have added a linearity check on the thin-line scheme, stabilizing the detections, incorporated a
tracking scheme that also adds some time-history and should result in more stability, and have
a number of other upgrades in progress.

Isolated Event Forecast Evaluation

Isolated meteorological events may be defined as those phenomena that have typical
scales which are much less than the scales separating individual occurrences of the
phenomena. Hurricanes, fronts, thunderstorms, tornadoes, and microbursts are examples of
phenomena that may be classified as isolated events. The forecasting of such features often
involves making specific statements about the location, timing, and intensity of the event.
The scales associated with the expected errors in such forecasts can be quite large, often on
the scales of the event separation rather than the scales of the event itself. For this and other
reasons, the contingency table methodology that has often been used to analyze these types of
forecasts often proves to yield incomplete and unsatisfactory results.

Peter Neilley has been exploring a new approach to the problem of isolated event
forecast evaluation. The proposed technique is based upon the concept of closeness of the
forecasted event to the verified event. For each type of event, the relevant forecast
parameters (e.g., position, timing, and magnitude) are identified. The closeness of any
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particular forecast is then determined as the difference between these parameters for the
forecast and the verification.

Forecast skill is then measured as the improvement of the closeness of the forecasts
over a random (or climatological) distribution of forecasts. Statistical analysis of a large
sample of forecast evaluations is used to make useful statements about the quality of the
forecast system such as mean biases (e.g., the events are on average predicted to occur too
late) and forecast resolution (e.g., the typical spatial error of the forecasts). Up until now,
forecast evaluation methodologies have not been able to provide directly this sort of valuable
information.

Education

Wilson completed the preparation of educational materials to be used in the Center for
Operational Meteorology Education and Training (COMET) distance learning program; he
was the subject matter expert for what is termed "The Convection Initiation" video module,
the first video module prepared by COMET. The teaching materials are contained on a video
disk that can be viewed on a workstation at the student's home institution. The student can
interactively view and respond to the teaching materials. The purpose of this module is to
teach meteorologists how to use Doppler radar, satellite, and mesonet data to forecast
thunderstorm initiation in weakly forced synoptic situations.

The module includes (1) conceptual models where students are given materials for
basic understanding of storm initiation; (2) tutorials where actual radar, mesonet, and satellite
data are used to demonstrate storm initiation; (3) questions where students are tested on their
new knowledge of mesoscale meteorology and Doppler radar interpretation; and (4) practice
cases in which students identify radar features and forecasts where storm initiation is likely to
occur. The data used in the modules were primarily obtained from field programs that
utilized ATD facilities. The module has been very well received by NWS and U.S. Air Force
forecasters who have been involved in its testing prior to widespread dissemination to all
meteorologists at WSR-88D radar field sites.

Aviation Weather Development Laboratory (AWDL)

Research and development activities associated with the FAA's AWDL started this
year. This NCAR laboratory is being developed to support the prototype evaluation of
weather products and systems developed by NWS, Massachusetts Institute of Technology
(MIT) Lincoln Laboratory, NCAR, and commercial vendors. This evaluation consists of
determining the scientific validity of products, correctness of algorithms, utility of products in
the aviation environment, and suitability of user interface. The AWDL includes the
installation of testbed systems in the FAA's Air Route Traffic Control Center (ARTCC) in
Longmont, Stapleton Terminal Radar Control (TRACON), Stapleton air traffic control tower,
the Denver Flight Service Station, and United Airlines Denver Operations Center.
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The AWDL receives sensor data from multiple radars, mesonet stations, profilers, and
satellites. It also has access to the full range of NWS products and commercial weather
products, NWS operational models, FSL and NCAR experimental models, and real-time
databases. The major objective of the AWDL is to evaluate products developed using these
data sources to eventually be hosted as part of a national aviation weather system that will
include an aviation gridded forecast system (AGFS) to be developed by FSL, a regional
aviation weather products generator (RAWPG) and a national aviation weather products
generator (NAWPG) to be developed by NCAR, and an Integrated Terminal Weather System
(ITWS) to be developed by MIT Lincoln Laboratory.

NCAR's objective in developing an aviation weather system for the FAA is to provide
products to aviation users who are not trained in atmospheric science. The products will be
designed to use the very best models and data sources available, yet be required to summarize
vast quantities of data into very simple displays and data bases that require no user
interpretation. Sometimes the presentation may be as simple as the sounding of an alarm
when specified conditions occur. While FSL's responsibility is primarily in the collection and
assimilation of data to support these products, RAP's job is to test and demonstrate prototype
software to produce this very user-friendly aviation set of functions.

Once RAP develops a new product in the AWDL, users will be brought in to see, try,
and critique the product in the laboratory. Once the product has been iterated to something
operationally useful, it will be installed in operational sites (mostly in the Denver area) for
periods of operational evaluation. It is not intended that these prototype products become a
permanent part of local operations, but that they are run long enough for users to judge the
merits of national development. Part of this operational evaluation includes collecting data to
help quantify the operational benefits of the products. These data will be used by the FAA,
in conjunction with estimates of development cost, to determine the most efficient use of
scarce development dollars.

During the periods of operational evaluation, the products will actually be produced in
the AWDL at RAP and shipped over high-speed communications links to the user sites. The
AWDL operations center contains numerous computing facilities and displays that allow
personnel not only to monitor the products being delivered to the sites, but also to conduct
scientific research on the validity of the products. Meteorologists, data analysts, and
technicians are stationed in the AWDL to monitor performance during operational periods.

During 1991, icing products were provided to selected Denver area users for
evaluation of the general utility of the human interface. These products and displays were
developed at RAP using LAPS data provided by FSL. Because of the preliminary nature of
the prototype, users were cautioned against making operational decisions based upon the data,
but instead were asked to take the time to provide their general observations about the
product utility.
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An ultimate goal of the planned FAA development work is the integration of all
available data to generate an aviation hazard product that defines with high temporal and
spacial resolution the four-dimensional areas that should not be used for routing aircraft. To
be successful, this product must be both timely and accurate. The probability of detection or
prediction must be very high, and the false alarm rate must be very low to achieve user
acceptance. The product must not only identify the three-dimensional shape of the hazard
areas, but also the nature of the hazard and the magnitude of the hazard in aviation terms so
that the hazard area can be stratified by type of aircraft. This hazard area definition is to be
made available not only to the controllers and pilots directly, but also to the air traffic control
tower and cockpit automation systems to be used for automatic real-time planning and
adjustment of routes, altitudes, and times.

One of the most challenging product development efforts will be associated with
developing a capability to accurately predict the three-dimensional location of these hazard
areas at least four hours into the future. RAP scientists have been developing, testing, and
demonstrating nowcast products that attempt to accurately forecast certain hazards 30 min in
advance, but the longer timeframe needed and the need for automated prediction make this
goal one of the most ambitious in the AWDL.

TDWR

Research and development activities associated with the FAA-sponsored TDWR
program continued this year. The NCAR MHR was shared between the FAA and NWS to
support the Denver Front Range community and the aviation needs of Denver's Stapleton
Airport. A radar scanning strategy was used that allows the radar to partially emulate a
TDWR and a WSR-88D (NEXRAD). The major objective of the TDWR program this year
was to continue testing and demonstrating algorithms that combine data from the Stapleton
Airport ground-based LLWAS with the TDWR to produce a single, concise wind shear alert
to air traffic controllers and pilots. The prototype TDWR/LLWAS integration software was
developed, tested, and demonstrated by RAP.

The TDWR demonstration at Stapleton Airport was conducted between 1 June and
31 August 1991 from noon to 7 p.m. daily. Wind shear alerts from the integrated TDWR and
LLWAS and other TDWR weather products were provided to the Stapleton air traffic control
tower, TRACON, the Longmont ARTCC Center Weather Service Unit (CWSU), and United
Airlines Stapleton Operations Center. During demonstration periods, the TDWR system
protected pilots departing and arriving into Stapleton from wind shear, and provided air traffic
controllers with geographic weather displays for strategic planning of air traffic. The TDWR
system was operated from the AWDL at RAP. The AWDL contained numerous computing
facilities and display systems that allowed scientists and engineers to monitor the TDWR
system as well as conduct scientific research on convective storm systems. The TDWR
algorithms were also run during WISP to evaluate their performance during winter conditions.
During the winter test, no weather products or alarms were provided to FAA facilities.
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During the 1991 TDWR summer demonstration period, wind shear alerts and other
products were provided to FAA facilities on geographic situation displays (GSDs), and the
runways' approach and departure corridors' wind shear alerts were provided to controllers on
alphanumeric ribbon display terminals (RDTs). The graphical user interfaces and display
concepts of the GSDs and RDTs were developed at RAP. Advanced weather products that
were tested and/or demonstrated this year included gust front detections and position
forecasts, precipitation intensity, LLWAS winds, storm motion vectors, tornado positions, and
5-min wind shear predictions.

Between 8 July and 15 August, the NASA 737 aircraft flew in the Denver area to
gather wind shear information for the development and testing of airborne look-ahead wind
shear detection systems. RAP developed the capability to uplink TDWR wind shear products
into the 737 cockpit as well as waypoints that allowed the NASA pilots to fly into known
wind shear conditions. RAP is developing advanced wind shear detection algorithms that will
convert wind-speed loss into an airborne performance loss factor called the F-factor. The
F-factor, developed at NASA, measures the aircraft's ability to fly through wind shear. RAP
is testing methods that convert ground-based Doppler shear values to F-factors. This may
provide the capability to directly compare wind shear warnings from both TDWR's and
airborne systems.
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Atmospheric Technology Division

Operational observing and associated facilities of the Atmospheric Technology Division (ATD) include
research aircraft, remote sensing systems, atmospheric sounding instruments, automated surface systems,
and interactive computing facilities. These facilities are staffed with skilled scientists and technicians who
operate and deploy the equipment. ATD's development capability resides primarily in its staff of scientists,
engineers, and programmers. Development programs are routinely undertaken in collaboration with other
NCAR divisions and university scientists.

The ATD technical staff routinely advises and assists users of its facilities in experimental design and
planning for field programs, in sampling and measurement techniques, and, in some instances, in the
design and fabrication of special equipment. Field data are quality assured and processed before
distribution to users. Assistance in analysis of these data is also frequently included in the broad research
support services provided by ATD.

The division supports a wide variety of scientific disciplines, including mesoscale meteorology, cloud
physics, atmospheric chemistry, boundary-layer meteorology, and air-sea interactions. In recent years, use
of the facilities by the atmospheric chemistry and oceanography communities has grown. There has been
a trend toward deploying facilities over larger networks that emphasize the simultaneous study of a
multiplicity of atmospheric spatial and temporal scales. These changes have directly influenced ATD's
plans to develop new systems. These plans include focusing on the needs for longer-range aircraft,
improved field control and communications systems, and a wide variety of remote-sensing systems for
more rapid and complete acquisition of four-dimensional observational data sets. One result is that ATD
is in an excellent position to support future process studies of climate and hydrologic systems and
biogeochemical dynamics in the U.S. Global Change Research Program, as well as mesoscale
meteorological and cloud physical studies in the proposed U.S. Weather Research Program.

The division works closely with other NCAR divisions, universities, NSF, and other federal agencies
to ensure that its current facilities and long-range plans provide for instruments and services most needed
by the scientific community.

ATD goals are

* To provide unique centrally administered observing facilities and associated data support services
for use in research programs by the atmospheric and oceanic sciences communities

* To continually improve these facilities and services, and to develop next-generation facilities as
community requirements dictate, by means of strong internal development programs.

Significant Accomplishments

* Convection and Precipitation/Electrification (CaPE) Experiment: Among the 16 field projects
supported by ATD during the year, CaPE required the most ATD observing facilities. The project
was supported with the CP-2, CP-3, and CP-4 Doppler radars, the King Air and Explorer
(sailplane) research aircraft, seven cross-chain Loran atmospheric sounding systems (CLASS), a
network of 47 portable automated mesonet (PAM) stations, and a prototype field operations
control center. The large number of facilities involved, the widespread locations of the
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deployments, and the highly lightning-prone environment provided the most challenging field
effort for ATD since the Genesis of Atlantic Lows Experiment (GALE). The major CaPE research
goals included studies of initiation of convection, precipitation formation processes in convective
storms, and storm electrification and lightning. In pursuit of these goals, a very large, high-quality
data base was collected.

Integrated Data Display: Zeb, a comprehensive software system for real-time and post-analysis
data display and integration, was brought to operational status in fiscal year (FY) 91. The first
field use of Zeb occurred in CaPE (described above), and that use was highly successful. Doppler
radar, surface meteorological observations, aircraft flight tracks, sounding data, and electric field
measurements were ingested and displayed in real time on a network of UNIX workstations.
Attendant capabilities include flexible overlay among diverse data sets, options for viewing data
in horizontal or vertical projections at arbitrary heights and orientations, animation of displays,
options to select a broad array of map and grid overlays, and tools for remote control of observing
systems. Preparations for Zeb's use as a post-analysis tool continued successfully through the end
of FY 91. Distribution of the Zeb software and associated CaPE quick-look data sets to CaPE
investigators is planned for early FY 92.

* Kuwait Oil-Fire Smoke Atmospheric Experiments Program (KOSAMP): The 1990-91 Gulf War
and subsequent massive smoke plume resulting from the burning of the Kuwait oil wells instigated
this collaborative project involving the NCAR Electra and the University of Washington Convair
aircraft. With less than a month's notice, ATD personnel installed, interfaced, and tested more
chemistry, aerosol, and lidar equipment than had ever previously been flown on this aircraft.
KOFSE has produced one of the most unique data sets on anthropogenic pollution ever collected.
The measurements showed that the smoke plume characteristics were surprisingly different than
expected. The plume was composed of hydrophilic particles with high albedo, contained
greenhouse gas concentrations that were barely higher than background levels, and had little or
no self-lofting. With these data, several hypotheses of possible global climate changes resulting
from the smoke plume have been proven incorrect. Subsequent to the field program, ATD was
asked by the World Meteorological Organization (WMO) and funded by several agencies to lead
an effort to archive all ground-based, airborne, and satellite data sets taken in the Kuwait region
following the Gulf War. This work is now in progress.

Electra Doppler Radar (ELDORA): Major progress was made during FY 91 on ELDORA, the
most ambitious observing system development that NCAR has ever attempted. ELDORA is a
3-cm, high-powered, dual-Doppler radar that is being developed for use on NCAR's Electra
aircraft as a joint project by NCAR and the French Centre de Recherche en Physique de
l'Environnement (CRPE). A first lab test of prototype radar components was successfully
conducted during FY 91. In addition, the antenna and rotodome design and aircraft modifications
were initiated. Other significant milestones in FY 91 included a major effort to redefine the
common Doppler radar data format and to develop improved standards for the processing of such
data. During the summer of 1992, the radar will be installed on the Electra and flown in a test
program prior to its first use in the Tropical Ocean Global Atmosphere (TOGA) program's
Coupled Ocean-Atmosphere Response Experiment (COARE) from November 1992 through
February 1993.

CP-2 Restoration: During FY 91, the CP-2 radar was brought back into operational status for the
CaPE field project. This effort was funded jointly by the Federal Aviation Administration (FAA),
NASA, U. S. Air Force, and NSF. Restoring the radar to operation after it was in storage for
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several years was a major effort. A temporary CP-2 staff was assembled and put to work in the
fall of 1990. By early 1991, a rudimentary radar was operating, and good data were collected
during the 1991 Winter Icing and Storms Project (WISP). The CP-2 operations for CaPE were of
excellent quality, with the radar in its best condition ever. The data recovery rate during CaPE was
over 98%. Based on these successes, ATD is leading an effort to bring the CP-2 radar back into
operation as an NSF-funded facility.

Lightweight Digital Dropwindsonde (LDD): Significant improvements were made to the NCAR-
developed LDD during the past year. These include a new "ram chute" (for which a patent
application has been submitted), an improved case, surface-mounted electronic boards, and both
Loran and Omega receiver capability. Extensive aircraft drop tests have been conducted.
Construction of 300 sondes has begun for the U.S. Air Force, cosponsor (with NCAR and NSF)
of this important development. Licensing of the technology to the private sector is being pursued,
and an exclusive license will be awarded in the second quarter of FY 92.

* Integrated Sounding System (ISS): Significant progress has been made during FY 91 on the
development of the ISS and the assimilation of ISS measurements into mesoscale numerical
models. Six ISSs are being developed jointly with the NOAA Aeronomy Laboratory for use in
TOGA COARE. A successful test of a gyro-stabilized shipboard wind profiler platform was
conducted in June 1991 off the U.S. East Coast; this represented the first time that a wind-
profiling Doppler radar had been successfully operated at sea. During the winter, a simulated ISS
was operated in conjunction with the WISP-91 field program in northeastern Colorado. Profiles
from the ISS and six CLASS sites were assimilated into the mesoscale model, version 4 (MM4)
developed by Pennsylvania State University and NCAR to test the sensitivity of the retrieval of
precipitable water and water vapor profiles to the number of profile sites. This model also tested
the nature of the water vapor observations.

* Airborne Radiometers: Understanding of global climate change processes requires a good
understanding of radiative fluxes and energy balances at many different wavelengths. ATD has
responded to this need during FY 91 by developing two new spectral radiometers for airborne use:
the spectral vegetation radiometer (SVR) and the global diffuse spectral radiometer (GDSR). The
SVR is a three-wavelength radiometer that facilitates airborne investigations of surface cover. This
small, lightweight instrument measures spectral radiation at 650, 760, and 862 nm. Analysis of
the individual measurements and their ratios enables the SVR to distinguish between different
photosynthetically active surfaces such as lush vegetation, sparsely vegetated surfaces, soil, and
water. Shaded areas are also easily detected. The GDSR is a temperature-controlled spectral
radiometer with a motorized shadeband for use as a spectral pyranometer or as a sun photometer.
Several wavelengths (368, 415, 500, 650, 780, 818, and 862 nm) are monitored to provide a broad
spectral range. When used as a shaded pyranometer, the GDSR measures spectral global and
diffuse irradiance. When used as a sun photometer, the instrument measures spectral direct
irradiance. From analysis of these measurements at multiple wavelengths, a number of important
atmospheric optical parameters can be derived, such as aerosol optical depth, aerosol size
distribution, aerosol absorption, single scattering albedo, and precipitable water. The GDSR was
flown on the King Air during test flights in December 1991.
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Research Aviation Facility

Mission and Goals

The Research Aviation Facility's (RAF) mission is to develop and operate instrumented research
aircraft for the atmospheric science community at a level of technical sophistication and operational
complexity not generally available elsewhere.

RAF goals are

* To operate the research aircraft safely and reliably. Aircraft safety is of paramount importance in
RAF's strategy.

* To provide research aircraft users with comprehensive support, so that RAF participates as an
integral part of the scientific and technical research team. RAF assists in planning and conducting
field experiments; provides data processing and quality control; documents instrumentation
characteristics and limitations; and, when appropriate, assists during the analysis phase of
experiments.

* To anticipate the future scientific needs of the atmospheric science community and to develop
research systems (aircraft, instruments, and data acquisition systems) suited to those needs. RAF's
scientific and engineering staff monitors research needs and technological developments that can
be applied to those needs.

Aircraft Fleet and Instrumentation

During FY 91, the research aircraft fleet consisted of:

* A Beechcraft Super King Air Model B200T, a very flexible and versatile twin-engine turboprop
aircraft that can be equipped to support studies in cloud physics, boundary-layer meteorology,
mesoscale dynamics, atmospheric chemistry, oceanography, and other research areas.

* A North American Rockwell Sabreliner Model NA265-60, a twin-engine jet capable of a
maximum flight altitude of about 41,000 ft. The Sabreliner is often used for studies of atmos-pher-
ic chemistry in the upper troposphere and lower stratosphere, ice particles at high altitudes, upper
tropospheric and lower stratosphere dynamics, and tropospheric-stratospheric exchange processes.

* A Lockheed Electra Model L-188C, a four-engine turboprop aircraft used for missions requiring
long ranges, large payloads, or extended flight over water. This aircraft is often used to study
tropospheric chemistry or meso-synoptic-scale storms and cloud systems.

These aircraft have inertial navigation systems and gust probes to measure wind components and
turbulent air motions, and have basic systems to measure state parameters such as temperature, pressure,
and dew point. All can be equipped with probes that detect cloud and precipitation hydrometeors, and with
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other sensors that record infrared and visible radiation, liquid water content, concentrations of some
chemical species, surface temperature, photographic images, and high-frequency fluctuations in temperature
and water vapor. In addition, the platforms are designed to be flexible to allow user-supplied or other
specialized equipment to be installed in the aircraft and integrated with the data systems to meet particular
needs, generally at modest program cost.

Field Support and Test Projects

During FY 91, RAF supported 12 university, NCAR, or other-agency projects, flying 212 separate
flights for a total of 598 flight hours. Field programs supported during FY 91 included studies of storm
dynamics, atmospheric chemistry, cloud physics, planetary boundary-layer processes, air-sea interaction,
and tests of newly developed instrumentation. Some of the field programs are described below. Research
use of RAF aircraft is summarized in Tables 1 and 2.

Instrument Test Program. A number of new instruments or enhanced capabilities were tested on the
King Air, Sabreliner, and Electra during the year. Also tested was the suitability of various sensor
locations on the top and bottom fuselage of the King Air. Measurements from these locations were
compared with model airflow studies to determine concentration factors at target points. A new three-
waveband radiometer was tested and used to remotely determine surface cover characteristics. An airborne
j(NO2 ) actinometer system was tested on the Electra. Testing of an advanced dropwindsonde system
continued for ATD's Surface and Sounding Systems Facility (SSSF). The new NCAR ice crystal impactor
device was also tested. A new wetbulb temperature probe was flown in piggyback mode during the
Tropical EXperiment in MEXico (TEXMEX) program. The concept of a conditional sampling program
was successfully tested on the King Air. Finally, the new King Air and Electra data display and recording
systems were successfully tested and used in several research projects.

Table 1. Summary of Disposition of FY 91 Flight Requests.

No. of No. of
Projects Hours

No. of
Missions

Requested Flown Requested Allocated Flown

King Air 9 5 570 216 213.51 88

Sabreliner 5 4 146 136 123.7 71

Electra 6 3 574 264 260.52 53

Total 20 12 1,290 616 597.7 212

'Includes 56.5 hours of cost-recovery flight time.

2Includes 162.1 hours of cost-recovery flight time.
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Table 2. Summary of FY 91 Aircraft Use.

Particulate Airborne Inlet Research (PAIR) Programn. In this project, the King Air conducted flight
operations in the marine environment offshore from Rhode Island to obtain detailed information on factors
contributing to problems associated with collecting bulk aerosols from aircraft platforms. This area was
selected to provide a sufficient range in particle sizes to evaluate two new systems over the widest range
of sampling conditions. Two unique aerosol inlet systems were prepared for PAIR and mounted in
symmetrical (with respect to airflow) locations on top of the King Air. The two inlets were maintained

KA

SL
EL

King Air
Sabreliner
Electra

Atmospheric Chemistry
Atmospheric Electricity
Boundary Layer
Cloud Physics

D
E
MS
R

= Atmospheric Dynamics
= Evaluation of instruments
- Mesoscale
= Radiation

User Project Aircraft' Science2 Research Hours
Period Flown

Huebert/U. of RI PAIR KA AC 10/8-10/26/90 52.8

Stenlund/NCAR L2D2 Test KA E 11/20/90 2.6

Hagen/U. of MO Spont. Ice Nucl. II SL CP 11/1-3/90 42.5
Heymsfield/NCAR

Smith/Yale U. Chemical Layering SL AC 1/7-29/91 54.3
Kok/NCAR

RAF/NCAR Instrumentation Test KA E 12/5/91 10.0

RAF/NCAR Instrumentation Test EL E 1/4-18/91 9.1

Nickerson, et al./ MexCAPS KA AC, MS 2/1-21/91 56.5
NOAA

Radke, et al./NCAR KOSAMP EL AC, R 5/1-6/10/91 162.1

Emanuel/MIT TEXMEX EL MS, D, CP 7/1-8/15/91 89.3

Mankin/NCAR SLATT I SL AC 6/17-28/91 9.8

Mankin/NCAR SLATT II SL AC 9/20-27/91 17.1

Fankhauser, et al./ CaPE KA D, CP, BL, AE 7/15-8/12/91 91.6
NCAR

2 AC
AE
BL
CP
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in similar configurations, with the relative attitude and tip shape of one of the units being adjusted from
flight to flight. Comparing the two systems, including direct measurements of the material collected on
the inlet walls, provided the data needed to examine the influences of aircraft pitch, yaw, and airspeed on
the sampling techniques.

Spontaneous Ice Nucleation Studies, Phase II. The Sabreliner supported flight operations for this
program, which was designed to further the understanding of spontaneous ice nucleation within cirrus and
predominantly wave-generated lenticular clouds along the front range of the Rocky Mountains. The
microphysical measurements closely followed those obtained during the previous program in 1989, except
for the addition of a forward scattering spectrometer probe (FSSP) Model 300 and a small-ice detector.
Concurrent aerosol measurements by staff from the University of Missouri at Rolla were made in real time
with a prototype aircraft system, in contrast to the 1989 project, when bag samples were collected.

Chemical Layering in the Lower Stratosphere. The Sabreliner operated out of two different locations
to obtain these measurements. At first, the Sabreliner obtained in-situ measurements of stratospheric
layering to compare with those from vertically pointing VHF radars at the Illinois Flatland site near
Champaign, Illinois. These radars had observed mysterious reflecting layers that supplementary chemical
data from the Sabreliner were expected to help explain. The second phase of the program was conducted
from Edmonton, Alberta, Canada. The measurements from Edmonton focused on deep aircraft penetrations
into the lower stratosphere made possible by the lowering of the tropopause with increased latitude. The
height of the tropopause during most of the field phase was low enough at Edmonton that flight plans
requiring excursions to extreme northern latitudes were not needed. The new NCAR fast 03 instrumenta-
tion used on this project performed very well (as did the cryogenic hygrometer) and helped define
stratospheric regions of interest to both principal investigators (PIs).

Mexico City Air Pollution Studies (MexCAPS). The King Air conducted flight operations in early
1991 in support of the Mexico City Air Pollution Studies (MexCAPS) Program. This was a collaborative
effort among NCAR, NOAA, the Department of Energy (DOE), and the Instituto Mexicano del Petroleo
(IMP), and was designed to provide basic pollutant and flow pattern data in the environs of Mexico City.
The participation of the King Air was funded on a cost-recovery basis by the IMP. The aircraft was
equipped with the standard complement of meteorological instrumentation, along with an extensive array
of air chemistry analyzers. Air chemistry measurements included CO, 03, SO2, NO-NOy, and aerosol
concentrations in the 0.01- to 3.1-jpm size ranges. Surface measurements of selected pollutants, tethered
balloon soundings, and optical aerosol lidar data were collected by participants from the Los Alamos
Laboratory under DOE funding. Preliminary results indicate that local dispersion patterns are dominated
by orographically induced micrometeorological features. General pollutant and aerosol distributions
exhibited extreme complexity in both the vertical and horizontal dimensions.

Kuwait Oil-Fire Smoke Atmospheric Measurements Program (KOSAMP). The Electra conducted
flight operations from Bahrain from 19 May to 10 June 1991. The main focus of the research was to
measure the dynamic, thermodynamic, radiative, chemical, and particulate characteristics of the smoke
plume generated by burning oil wells in Kuwait. An extensive array of instrumentation was installed on
the aircraft, including sensors for measuring 03, CO, S02, H2S, OCS, CH4, formaldehyde, and total
hydrocarbon. Particulates were measured in situ with a range of optical sensors and filter samplers and
were measured remotely with two lidars operating at three wavelengths (0.5 pm, 1 pmn, and 10.6 upm). The
radiation balance was measured with upward and downward-looking short, long, and UV wavelength
radiometers, and the SSSF lightweight Loran digital dropsonde (L2D2) system was used to make a large
number of soundings. Initial results indicate some very interesting land-sea interactions, well-defined wave
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structure, and a complex interaction between the naturally occurring dust and the soot generated by the
fires.

Stratospheric Latitudinal and Temporal Trends (SLATT). Two field phases, summer and fall, were
completed with the Sabreliner. The Sabreliner provided the platform for the Atmospheric Chemistry
Division (ACD) Fourier transform spectrometer to measure the latitudinal and seasonal variation, as well
as the long-term temporal trends, in column amounts of stratospheric chemical species. Air samples were
also collected for laboratory analysis. These measurements are extremely valuable not only for defining
the seasonal cycle of many species for comparison with two-dimensional models, but also for making the
existing data record more valuable by extending the time base for determining trends and by reducing
uncertainty due to seasonal and latitudinal effects in deducing trends. The spring flight series is scheduled
for April 1992.

Tropical EXperiment in MEXico (TEXMEX). The Electra flew nine coordinated missions with the
NOAA P-3 to monitor tropical storm genesis over the eastern Pacific during July and part of August 1991.
The research area centered offshore from Acapulco, Mexico. The experiment tested a specific hypothesis
on the development of tropical cyclones from cloud clusters, which holds that genesis occurs when a deep,
vertical column of the atmosphere becomes nearly saturated on the mesoscale, so that there is no source
of low-entropy air for downdrafts to export to the subcloud layer. Therefore, multiple aircraft penetrations
of cloud clusters were performed near the altitude of minimum equivalent potential temperature. Several
target clusters did intensify and were subsequently designated as tropical depressions and, later, hurricanes.

Convection and Precipitation/Electification (CaPE) Experiment. The King Air flew 26 research
missions during the CaPE program. This large field experiment was established to track Florida's frequent
thunderstorms and study their evolution, electric fields, and rainfall. The missions included boundary layer
flights to map conditions for convective cloud formation, and in-cloud microphysical and electrical
measurements to study precipitation formation and cloud electrification.

Instrumentation Development Activities

RAF scientists conduct research and development to maintain NCAR research aircraft as state-of-the-
art research facilities and to develop new capabilities that match community measurement needs. The
present strategy guiding RAF development activities focuses on three areas: development or acquisition
and calibration of new in-situ instruments, development of new airborne remote sensors, and improvements
in the accuracy and reliability of existing instruments that provide basic measurements of temperature,
pressure, humidity, and wind. Instrumentation development activities that were ongoing or completed in
FY 91 are summarized below.

Spectral Vegetation Radiometer (Lutz Bannehr, Project Leader). The SVR is a three-wavelength
radiometer that facilitates airborne investigations of surface cover. Designed and constructed this past year,
this small, lightweight instrument measures spectral radiation at 650, 760, and 862 nm. Analysis of the
individual measurements and their ratios enables the SVR to distinguish between different photosyntheti-
cally active surfaces such as lush vegetation, sparsely vegetated surfaces, soil, and water. Shaded areas
are also easily detected. Recent test flights have shown that the SVR is also capable of distinguishing
algae or vegetation on water surfaces. This new instrument will be a valuable addition to the RAF
complement of radiation sensors, especially for future oceanographic and boundary layer flux studies
where the radiative properties of the surface need accurate characterization.
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Global Diffuse Spectral Radiometer (Lutz Bannehr, Project Leader). The capability of RAF to
analyze spectral radiation has been limited until recently to very broadband measurements with instruments
that were designed for ground-based use. Understanding global climatic change requires a much better
understanding of radiative fluxes and energy balances at many different wavelengths. RAF has responded
to this need by developing a temperature-controlled spectral radiometer with a motorized shadeband for
use as a spectral pyranometer or sun photometer. Several wavelengths (368, 415, 500, 650, 780, 818, and
862 nm) are monitored to provide a broad spectral range. This spectral radiometer is a very compact,
lightweight instrument that will greatly increase RAF's capability for making accurate radiometric
measurements. When used as a sun photometer, the GDSR measures direct irradiance; aerosol optical
depth, aerosol size distribution, and precipitable water can be derived from analysis of the measurements
at multiple wavelengths. When used as a shaded pyranometer, the GDSR measures spectral global and
diffuse irradiance. These measurements will be used to calculate the ratio of direct to diffuse irradiance,
optical depth, precipitable water, ratio of absorption to backscattering, aerosol absorption, estimation of
the total global irradiance, and single scattering albedo. The GDSR is presently being tested and calibrated
and was flown on the King Air during test flights in December 1991.

Radiometer Measurement Upgrades (Lutz Bannehr, Project Leader). Significant improvements have
been made in software algorithms used to analyze radiometric measurements, particularly those from the
short-wave and ultraviolet radiometers. Processing algorithms have been developed to account for the
altitude of the aircraft, the sun zenith angle, and the mounting locations of the radiometers. These
improvements have resulted in accuracy increases of 10% to 15%.

High-Speed High-Altitude Aerosol Probe (Darrel Baumgardner, Project Leader). Atmospheric
aerosols have a major role in the modulation of global climate because of their radiative absorption and
scattering characteristics. More accurate measurements are needed of aerosol properties to better
characterize the magnitude of these climatic effects. NASA has funded an RAF effort to develop a new
aerosol probe that will eliminate problems with present airborne aerosol spectrometers (e.g., slow time
response, samples disturbed by airflow distortion) and that will provide improved information about the
optical properties of the aerosols. Development of this probe has just begun; the present effort is focused
on modeling of the optics and design of the pulse processing electronics. The prototype probe is scheduled
for completion by March 1993.

Aerosol Calibration System (Darrel Baumgardner, Project Leader). A sophisticated aerosol
generation system is being developed to provide a calibration system for aerosol probes presently being
flown or developed at RAF. This system will produce monodispersed particles with compositions that can
be varied to match those expected to be found in the troposphere and stratosphere and with sizes ranging
from 0.3 to > 10 Mrn. A calibration system of this complexity is necessary for interpreting measurements
from airborne aerosol probes, since these optical devices are sensitive to the refractive index of the
particles.

Kuwait Data Archive Project (Darrel Baumgardner and Richard Friesen, Project Leaders). The oil
fire wells in Kuwait presented the opportunity to study one of the largest anthropogenic pollution clouds
ever produced. (See RAF Staff Research Activities section below.) The Electra participated in measuring
this immense smoke plume in spring 1991. Subsequently, RAF was asked by the WMO to lead the effort
in collecting all data sets taken in the Gulf region that pertain to atmospheric questions. RAF is being
jointly funded by NSF, NOAA, the Defense Nuclear Agency (DNA), DOE, and the Environmental
Protection Agency (EPA) to archive all ground-based, airborne, and satellite measurements that were taken
in the region of the Kuwait oil well fires following the Gulf war. (See RAF Staff Research Activities
section below.) A data base that catalogs all the metadata describing these measurements is being created,
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and the actual data will be archived on the NCAR mass storage system. Interested users will be able to
peruse the data base and obtain subsets of data on media of their choice.

Airborne Aerosol Inlet Systems (Darrel Baumgardner, Project Leader). A workshop was convened
in February 1991 to gather the leading experts in aerosol inlet technology. The focus of the workshop was
on particle losses in inlets and techniques to minimize these losses. The results of this workshop, which
were published in an NCAR Technical Note, have led to a better understanding of the salient problems
of sampling aerosols from aircraft and to efforts to redesign the present inlet system for better sampling
efficiencies.

Investigations of Flux Sampling Strategies (William Cooper, Project Leader). Working in
collaboration with Diana Rogers and Don Lenschow, Cooper continued developing an intermittent
sampling technique for measuring trace gas fluxes. A new technique for measuring fluxes of chemical
constituents was investigated through calculations and through developing a prototype sampling system
for use on research aircraft. The technique features collecting samples representing small distances in
space, but preserving those samples long enough to be processed through slow-responding detectors.
Simulation studies demonstrated that the fluxes so obtained are essentially equivalent to those measured
using fast-responding sensors via the standard eddy-correlation technique, so long as the sample spacing
is comparable to or smaller than the integral scale for the scalar flux. With this technique, many standard
but relatively slow sensors can be used to measure fluxes from research aircraft. This development will
continue with the construction of a more versatile and general sampling system.

Airborne Wet Bulb Thermometer (William Cooper, Project Leader). There are presently no
instruments available for the airborne measurement of wet bulb temperature, yet this parameter is a
fundamental atmospheric variable used to characterize adiabatic isenthalpic processes. This measurement
is particularly needed in clouds, where the wet bulb temperature is much more appropriate to the study
of cloud droplet growth processes than the dry bulb temperature. Additionally, there is no reliable method
for measuring in-cloud temperatures without partial wetting of the sensors. The wet bulb temperature can
be deduced from the dew point temperature that is measured with chilled mirror sensors; however, these
have relatively slow response times and require an iterative process to deduce the wet bulb temperature.

A prototype wet bulb thermometer has been built and preliminary flight tests conducted. This
prototype version has three thermocouples, one that is wetted with a wick, one that is wetted with a
droplet spray, and a reference thermocouple that remains unwetted. The initial results are quite
encouraging and are achieving response times that are comparable to the normal dry bulb temperature
sensors (and much faster than dew point measurements). A more refined system is being developed for
the Atlantic Stratocumulus Transition Experiment (ASTEX) project. Changes include redesign to improve
response time and improved wetting techniques to give a more uniform liquid surface on the sensor.

Instrumentation Developmentfor the Sailplane (James Dye, Project Leader). The sailplane was used
for electrification and cloud microphysical studies during the CaPE project. The aircraft instrumentation
was modified before this project to include a number of improvements in data recording and navigating.
An Exabyte recording system (2.2 gigabyte capacity) has been installed in place of the pulse code
modulation (PCM) tape recording system, with a substantial savings of weight and power. A global
navigation system was also added to the sailplane to provide precise coordination of aircraft position with
measurements from ground-based radar and other aircraft.

Inertial Navigation System (INS) Replacement (Richard Friesen, Project Leader). The aging Litton
LTN-51 inertial navigation systems have been replaced in two of the NCAR aircraft with new Honeywell
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laser reference systems. An extensive evaluation was made of three different systems before deciding on
the Honeywell system as the best choice. The first system was installed on the Electra, and test flights
evaluated its performance in January 1991. Since that period, another system was installed on the King
Air. Both systems have operated flawlessly during four major field projects and more than 150 flight hours
on the Electra and 100 hours on the King Air. The laser reference system is expected to have better
reliability, but somewhat less accuracy than that of the Litton LTN-51. This will increase uncertainty in
wind measurements, but comparisons between the two systems indicate that this will not be a significant
problem. Efforts are underway to characterize the accuracy of the Honeywell system as extensively as the
RAF has done previously with the Litton LTN-51.

Data Analysis Package Upgrade (Richard Friesen, Project Leader). The RAF computing facility now
consists of a network of workstations linked with a high-powered fileserver. This architecture will be used
to support the majority of RAF processing needs in the future. GENeral Scientific Data PROcessor
(GENPRO) has been used for many years to process all RAF flight data on the Cray computers. This
processor is slowly being converted to run on RAF computers, and is expected to be fully operational by
the end of FY 92 with the same utilities and function presently on the Cray. Replacing "dumb" terminals
with high-powered workstations having high-resolution graphics has led to the development of interactive
software packages for analyzing aircraft data. In particular, the WINdow Display System (WINDS)
software (see Airborne Data Display System Upgrade below), which was developed for real-time displays
on aircraft, has been modified for ground use to peruse aircraft data.

Radiometer Calibration System (Vince Glover, Project Leader). Until recently the pyranometers and
pyrgeometers flown on NCAR aircraft have required calibration by the manufacturer, which is time-
consuming and very expensive. These radiometers are used extensively in the majority of projects flown
by RAF because of the role that radiation plays in driving global climate change. RAF is now developing
its own calibration system, which will allow more frequent calibrations and closer quality control. This
system will allow simultaneous calibration of a number of shortwave and ultraviolet radiometers and will
also provide an absolute calibration for the new GDSR.

Airborne Data Display System Upgrade (Mary Griffith, Project Leader). Upgraded display and
recording systems have been installed and tested on all NCAR aircraft. The major improvements were
transitions from reel-to-reel recording to high-density, compact, 8-mm Exabyte recording systems and
replacement of the HP-1000 display computers and monochrome graphic displays with high-powered Sun
Sparc workstations with high-resolution graphics. Gary Horton developed a flexible interactive display
system that provides multiple windows with multiple time traces, track plots, soundings, histograms, or
statistical listings. This display system was used extensively during KOSAMP, and received favorable
reviews from international scientists who were able to use the system with a minimum of training.

Airborne Actinometry (Winston Luke, Project Leader). Atmospheric photolytic reactions are among
the most important chemical processes occurring in both the natural and urban troposphere. The photolysis
of NO2 is of primary importance in the photochemical production of 03, whose photolysis in turn regulates
the formation of OH. Photolysis rates, while easily calculable under clear-sky conditions, are quite
uncertain due to aerosol scattering and cloud albedos. No direct measurements have been made in clouds.

RAF has begun the development of a simple, lightweight airborne actinometer to measure the
photolysis rate of NO2 (j(NO2)). A dilute mixture of NO2 is passed through a cylindrical quartz cell
mounted on the aircraft fuselage and exposed to downward solar flux. The decay of the NO2 is monitored
to provide a direct measure of j(N0 2). Initial tests were made on the Electra in January 1991 with
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encouraging results. The instrument's performance and durability are now being improved through some
design changes. The new actinometer should be available for general use in late FY 92.

Airflow Analysis (Diana Rogers, Project Leader). RAF has continued to evaluate the effects on
airborne measurements of distortions caused by the body of the aircraft. The characteristics of all NCAR
aircraft bodies have been put into the RAF computer as distributed source models. Airflow around the
aircraft is being simulated with a flow code developed by Hillyer Norment that includes compressible flow
and lift. The flow studies have been used for four major studies this year. (1) The trajectory of droplets
over the top of the King Air is being studied by Rogers and Twohy. These calculations are important for
understanding the sampling efficiency of the counterflow virtual impactor (CVI). (2) Evaluation of the
velocity gradient over the top of the Electra fuselage has shown the possibility of severe shear zones that
might contribute to the break-up of large drops before they can be detected by the particle measurement
probes. (3) The flow around the Sabreliner wing was modeled as part of a study funded by the Boeing
Space and Defense group. (4) RAF was also funded by NASA to study the flow around the NASA ER-2
high-altitude aircraft that is used on the Arctic and Antarctic Ozone projects. NASA is particularly
interested in understanding the effect on particle measurements of flow characteristics at aerosol inlets.

The NCAR Airborne Infrared Lidar System (NAILS, Ron Schwiesow, Project Leader). NAILS is
a multi-year effort to develop a Doppler lidar for measuring winds in the clear atmosphere. In FY 91,
heterodyne aspects of the system aboard the Electra were tested when flight opportunities existed. With
vibrational loading from the aircraft, it was not possible to achieve a frequency lock between the local
oscillator and transmitter lasers. To overcome this difficulty, a new, more rigid optical resonator has been
designed (a patent disclosure on the technique has been submitted). In addition, the transmit optical
module has been redesigned to provide a better measure of offset frequency between transmit and local
oscillator lasers. NAILS was used in KOSAMP in a direct-detection (backscatter only) mode because its
comparatively long wavelength (10.6 ipm) provides preferential signal from larger particles in the
atmosphere and greater penetration of thick smoke. In this sense, it is complementary to the shorter
wavelength (1.06 and 0.53 pm) lidars also used in KOSAMP. Operation during the extended experiment
revealed areas for improvement in the electronic signal processor. Designs for processor improvement
using newly available, high-speed digital subsystems are underway.

Ultraviolet Hygrometer (Ron Schwiesow, Project Leader). A paper was published in FY 91 that
describes the principle of operation and preliminary test results of a prototype ultraviolet hygrometer
instrument based on a new concept. The instrument uses two paths and two wavelengths to correct for
changes in lamp output and window transmission that result from the rapid changes in the environment
of an airborne instrument. UCAR has submitted a patent application on the idea. There is substantial
interest in the instrument within the atmospheric/oceanic sciences research community.

NSF TOGA COARE special funds are supporting the design and construction of an improved version
of the UV hygrometer. As a result of suggestions from an advisory committee, a separate intake head has
been developed, based on a Rosemount 102 housing, to help reject liquid water and to allow easier
installation on a variety of aircraft. The electrodeless lamp design has been improved to use standard
window sizes and make mounting easier. The optics cube, the heart of the system, is being redesigned by
ATD's Design and Fabrication Services (DFS) for easier manufacturing and maintenance.
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RAF Staff Research Activities

The major research-oriented event of FY 91 for RAF was the KOSAMP project. The Gulf War and
subsequent firing of the Kuwait oil wells instigated a joint aircraft project by NCAR and the University
of Washington and funded by NSF, the National Geographic Society, DNA, and Chevron. RAF assembled
the largest instrument package ever to be installed on the Electra in less than a month after the aircraft
became available for research. With a team of eight RAF scientists and five university researchers, the
Electra flew almost 100 flight hours in the Gulf area during the period 19 May-10 June. Extensive
chemical, aerosol, radiometric, and lidar measurements were made during this period, with a number of
major surprises. Whereas initial predictions had been that the oil fires would simulate conditions that
would verify the nuclear winter hypothesis, the aircraft measurements indicate that the oil smoke from
these fires has negligible global effects because of the lack of self-lofting, the water solubility of the
majority of smoke particles, and the higher-than-expected plume albedos.

RAF scientists involved in KOSAMP were Baumgardner, Cooper, Kok, Luke, Radke, Schillawski,
Schwiesow, and Twohy. All of these investigators have been involved in writing papers on their findings
during this project, and half a dozen papers were presented by them at a special session of the 1991 fall
American Geophysical Union (AGU) meeting.

In addition to KOSAMP, RAF staff were involved in numerous other research activities during the
year. Lutz Bannehr, an Advanced Study Program (ASP) appointee working at RAF since January 1991,
has been working on radiometer instrument development and measurement corrections. (See Radiometer
Measurement Upgrades section above.) He is presently modifying a radiation model that he developed.

Darrel Baumgardner has focused the majority of his energy on studies of cloud processing of aerosols.
He gave two seminars and three conference presentations on this topic during FY 91 and is presently
preparing a paper for publication in collaboration with Anne Jochum of the DLR (Deutsche Luft und
Raumfahrt-German Aerospace Establishment). The results of his evaluation of airborne aerosol
measurements show elevated aerosol concentrations and larger particle sizes near cloud boundaries. This
characteristic has been seen in both continental and maritime clouds. Initial speculation is that cloud
outflow, elevated humidity, and possibly gas-to-particle conversion contribute to the elevated values.

Baumgardner was the project leader for KOSAMP and conducted a workshop to discuss archiving of
the data. He is presently involved with analyzing plume particle data and assessing their radiative effects
on the local plume dynamics.

Baumgardner and Dye were principal investigators in the second Airborne Arctic Stratospheric
Experiment. They are chiefly involved with the operation of the FSSP-300 and the analysis of
measurements from this probe. The effects of the Mt. Pinatubo eruption are clearly observable from their
measurements and promise to be an interesting addition to the data set.

Baumgardner has continued to evaluate microscale measurements that he made with the particle
spacing monitor during the Hawaiian Rainband Project (HaRP) and has submitted a paper on this device
for publication. He has also collaborated with investigators from other research organizations who are
interested in using these measurements in evaluating other aspects of cloud microstructure.

Ed Brown has continued his efforts to improve wind measurements from aircraft. He has been engaged
in a collaborative effort with NOAA to characterize static pressure errors in their sensors so that they can
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improve their accuracy of air motion measurements. Brown will travel to the DLR next year to work on
a similar effort with that aircraft facility.

In addition to his instrument development efforts, Al Cooper has been involved in several other
research activities. In an observational study of contrail formation, measurements of threshold temperatures
and humidities required for contrail formation were examined to determine if these were consistent with
standard theoretical explanations of contrail formation. The data set showed a consistent offset from
standard predictions, and the offset was well outside likely experimental errors. These measurements
suggested that contrail formation is not described well by the standard theory, and a revised mechanism
featuring the freezing of solution droplets formed in the exhaust wake was proposed and shown to be
consistent with the measurements.

Cooper, in collaboration with Rit Carbone and Wen-Chau Lee, examined data from HaRP to better
understand mechanisms of rainband forcing and especially the formation of convergence lines upwind of
the island. The preliminary nature of rainband structures and circulations was described in a conference
paper, and subsequent work has focused on mechanisms for formation of the downslope flow that often
accompanies rainband formation. The measurements indicate that cooling by earlier precipitation falling
over the island is particularly important in forcing subsequent downslope flow.

Cooper was involved as one of the principal investigators during KOSAMP. These data provide good
characterization of the turbulent diffusion of a large plume because the plume was mapped at the same
time that turbulence-scale wind measurements were collected. He is presently evaluating these data to test
some theories of turbulent diffusion.

Dye has been involved with a number of research projects. His involvement in CaPE represents his
continued studies of atmospheric electricity and electrification of clouds. He was the principal investigator
for the sailplane (see Instrument Development for the Sailplane above), and directed its operations during
the project. Results are still preliminary, but initial review of the data promise some interesting new
information on the coupling of cloud particle processes and electrification.

Dye's involvement with the Arctic Ozone project has produced what may be eventually considered
a landmark paper describing the process by which stratospheric sulfate particles freeze homogeneously to
form nuclei for nitric acid trihydrate formation. The measurements made by Dye and Baumgardner during
the first Airborne Arctic Stratospheric Experiment support this hypothesis and provide an important
component of our understanding of how polar stratospheric clouds form.

Greg Kok has completed two major field projects in the past year. The first of these was in conjunc-
tion with Ron Smith of Yale University. This project used the Sabreliner for a detailed study of chemical
layering near the tropopause. Fast-response measurements of temperature, condensation nuclei, and ozone
were made, along with slower measurements of water vapor and carbon monoxide. The flights were based
out of Edmonton, Alberta, Canada. Data analysis is presently underway.

The second major field project involved measurements of hydroperoxides and formaldehyde during
the KOSAMP program. These studies indicated the presence of 10-20 ppbv formaldehyde in the smoke
plume. The formaldehyde is believed to have originated from the combustion process. Concentrations of
hydrogen peroxide were about 1 ppbv within the plume. The origin of these concentrations is uncertain.
The data analysis is continuing and will correlate these measurements with the data measured on the other
chemical species.
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In conjunction with ACD, considerable effort has been devoted to the development of an automated
system to collect and measure organic hydroperoxides. This work has been largely undertaken by Thomas
Staffelbach, a visitor from the University of Bern in Switzerland. This instrument was used for the first
time in September in the Mauna Loa Observatory Photochemistry Experiment (MLOPEX) II. Information
on the data obtained is given in the ACD section of this report.

Don Lenschow has worked with Ilga Paluch of the Mesoscale and Microscale Meteorology (MMM)
Division in using high-resolution ozone, temperature, liquid water, and humidity data to study transport
and mixing in the lower troposphere over the eastern Pacific Ocean in summer. The data were sampled
with a horizontal resolution of about 5 m using the Electra aircraft during the First ISCCP (International
Satellite Cloud Climatology Project) Regional Experiment (FIRE) in FY 88.

Ken Davis (ASP) and Lenschow have developed a technique for calculating trace gas surface fluxes
from measurements of mean vertical mixing ratio gradients in the convective boundary layer. This method
is useful for flux measurements of species for which fast response instrumentation is unavailable, but for
which accurate mean concentration, or concentration difference, measurements are feasible.

Cynthia Twohy took a two-month break from her doctoral studies to participate in KOSAMP. Aside
from evaluating data from that project, she is analyzing CVI data for her thesis and expects to complete
the requirements for her degree in June 1992.

Winston Luke, a visitor at RAF, has focused the majority of his attention on analyzing trace gas
measurements from KOSAMP, and has prepared several papers for publication on this topic. He is also
analyzing the results of measurements from the prototype actinometer that was his principal instrument
development effort in 1991.

Ron Schwiesow has emphasized research on remote-sensing technology and applications. These efforts
have resulted this year in a paper on lidar measurements of a sloping aerosol layer intersecting a marine
stratocumulus cloud deck, a paper on the NAILS development, and a paper on heterodyne lidar, as well
as the patent application and disclosure mentioned earlier. His collaboration with lidar efforts at DLR has
led to several joint conference papers and abstracts.

Surface and Sounding Systems Facility

Mission and Goals

The mission of the Surface and Sounding Systems Facility (SSSF) is to provide surface-based in-situ
and sounding measurements and associated data-processing and analysis software to support atmospheric
research. The facility also engages in related scientific research to maintain and support a leadership role
in the operation and development of state-of-the-art measurement systems. SSSF engages in the following
major activities:

* Operation of advanced surface- and upsonde- or dropsonde-based immersion-sensing systems to
support field research of atmospheric scientists

* Development of new in-situ and remote surface and sounding systems in cooperation with other
ATD facilities, NCAR divisions, NOAA, and universities
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* Development of new data telemetry systems to support ATD's field data communications needs

* Development and maintenance of editing, display, and applications software

* Development of operational and analytical techniques for optimum use of field facilities, and
transfer of these techniques to the atmospheric sciences community, including sensor calibration,
instrument deployment, data collection, and data analysis methods

* Scientific research and engineering development to support, demonstrate, and advance these
capabilities.

The emphasis of SSSF has been to support mesoscale and boundary-layer experiments in keeping with
national scientific priorities in atmospheric chemistry, mesoscale precipitation systems, cumulus
convection, boundary-layer processes, and air-surface interaction. SSSF has focused significant resources
over the past year on several important developments of improved and advanced observing systems, while
continuing to support numerous requests for field measurements. SSSF's strategy has been to meet
community needs for field support and, at the same time, to optimize the use of remaining facility
resources to develop new observing systems that will meet the field-support requirements of future major
experimental programs of national interest, such as the Stormscale Operational and Research Meteorology
(STORM) program, the Global Tropospheric Chemistry Program, and other Global Change research
programs such as TOGA COARE.

Significant Accomplishments

Significant progress has been made on the development of the integrated sounding system (ISS) and
the assimilation of ISS measurements into mesoscale numerical models. Six ISSs are being developed
jointly with the NOAA Aeronomy Laboratory for use in TOGA COARE. Three systems will become
NCAR/NSF national facilities after TOGA COARE. A successful test of a gyro-stabilized shipboard wind
profiler platform was conducted in June off the U.S. East Coast; this represented the first time that a wind
profiling Doppler radar had been successfully operated at sea. During the winter, a simulated ISS was
operated in conjunction with the WISP-91 field program in northeastern Colorado. Profiles from the ISS
and six CLASS sites were assimilated into the MM4 mesoscale model developed by Pennsylvania State
University and NCAR to test the sensitivity of the retrieval of precipitable water and water vapor profiles
to the number of profile sites and the nature of the water vapor observations (i.e., profiles vs precipitable
water column amounts).

Development of the Next Generation Upper-Air Sounding System (NEXUS) began during the year,
with significant progress to date. The NEXUS development is cosponsored by NCAR and NSF and the
National Weather Service (NWS), and is based on NCAR-developed CLASS and Kanton Island sounding
system (KISS) technology. NEXUS will obtain winds through the use of Loran and Omega navaid signals,
and will be capable of incorporating the Global Positioning System (GPS) dropwindsonde at a future date.
The system is PC-based and will support any of several commercial radiosondes and both 400 and 1680
MHz telemetry. The official NWS and NCAR design review was successfully completed during the third
quarter, and testing of the first prototype system will begin in the second quarter of 1992.

Field project support using Atmospheric-Surface Turbulent Exchange Research (ASTER) began during
the year. The system was successfully deployed in three diverse programs: (1) Full Look at Turbulent
Kinetic Energy (FLAT), a basic turbulence study in Wyoming; (2) WISP-91, a mesoscale study in
Colorado; (3) and the San Joaquin Valley Air Quality Study (SJVAQS), a trace gas exchange study in
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central California. In addition to the sophisticated in-situ measurement capabilities of ASTER, the software
program Cockpit was developed to provide real-time display and diagnostic capabilities. Ongoing hardware
development is focusing on additional sensors and expansion of the ASTER Data Acquisition Module
(ADAM) communications capability from 8 to 16 channels. The ASTER development team was awarded
NCAR's 1991 Technology Advancement Award.

Significant improvements have been made to the NCAR-developed lightweight digital dropwindsonde
(LDD) during the past year. These include a new "ram chute" (for which a patent application has been
submitted), improved case, surface-mounted electronic boards, and both Loran and Omega receiver
capability. Extensive aircraft drop tests have been conducted. Construction of 300 sondes has begun for
the U.S. Air Force, cosponsor (with NCAR and NSF) of this important development. Licensing of the
technology to the private sector is being pursued, and an exclusive license will be awarded early in the
second quarter of FY 92.

Another significant SSSF accomplishment was the receipt of the 1991 NCAR Technical Support
Award by Cathy Irwin, Kurt Knudson, Errol Korn, and Carmen Paneitz for their exceptional support of
more than 15 field projects over the past two years.

Field Support Activities

SSSF's field support activities in FY 91 are summarized in Table 3 and described below.

Atmospheric Radiation Measurements (ARM). ASTER was used in Platteville, Colorado, for six
weeks to measure fluxes of momentum, sensible heat, and latent heat in support of the DOE-supported
ARM program. These fluxes have been computed and delivered to William Kuo (MMM) for use in a four-
dimensional data assimilation (4DDA) model of the boundary layer during the measurement period. The
effect of these data on the model will be studied to assist in the design for surface flux measurements at
the ARM Clouds and Radiation Testbed (CART) sites.

Convection and PrecipitationlElectrification (CaPE) Experiment. Forty-seven PAMs and seven
CLASS systems were deployed in central Florida between 8 July and 21 August 1991 to support CaPE.
Eight PAMs were enhanced to monitor direct, reflected, and net solar radiation, as well as soil and surface
temperatures. Eleven others had pyranometers added. Six PAMs were co-located with fixed CLASS sites
to provide surface measurements for initialization of the sounding data. NCAR's portable Geostationary
Operational Environmental Satellite (GOES) base station gathered PAM data and received post-flight
CLASS data transferred via modem. Both data sets were ingested into the CaPE operations center data
archive in real time.

CaPE was one of the most challenging projects ever supported by SSSF in fielding PAM and CLASS.
Preparation time between WISP-91, Cooperative Oklahoma Profiler Studies (COPS-91), MLOPEX-II, and
CaPE was only marginally adequate. Environmental factors, especially lightning, contributed to equipment
difficulties, and the large-scale commitment of the PAM inventory contributed to a shortage of spare parts.
Overall data recovery for PAM was 95% before adjusting for some data quality problems experienced.

CaPE also presented a number of operational problems for CLASS. The intense thunderstorms and
prolific lightning caused havoc with the CLASS electronics. By the end of the project, the overall data
recovery as a percentage of total possible data was 86.6%, representing 724 flights. This compares to a
typical data recovery of approximately 92%. Improvement in data recovery through the project was
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Table 3. SSSF FY 91 Field Support Activities.

Project PI Topic Location System(s) Dates

Walt
Dabberdt
(NCAR)

Roger
Wakimoto
(UCLA,
et al.)

Howard
Bluestein
(U. of OK)

Definitions of appropriate
surface layer parameters
for ISS development

Development of short-
term prediction tech-
niques for convection
initiation, precipitation,
and cloud electrification

Investigation of physical
properties of drylines,
frontal circulations, and
mesoscale convective
systems

Measurement of the com-
plete turbulent kinetic
energy balance

Carpenter, ASTER,
WY 1 mobile

CLASS,
9 PAM

MLOPEX-II

RAP
Thunder-
storm

Brian Ridley
(NCAR)

Rita Roberts
(NCAR)

Global distribution and
seasonal variations of
reactive species

Wind shear and micro-
burst detection

Mauna Loa
Observatory,
HI

N.E. Colo-
rado

1 PAM 1 Jul-
(On go-
ing)

1 CLASS, 1 Jun-
1 PAM 30 Aug

1991

Surface flux measure-
ments for air pollution
studies

Winter icing and storms
forecasting techniques

Central
San Joaquin
Valley, CA

N.E. Colo-
rado

significant and can be attributed to procedural changes, system enhancements, and the efforts of SSSF's
field support crew.

Because of the problems encountered during CaPE, a number of changes have been made in PAM and
CLASS. These include hardware, software, and procedural enhancements. These improvements are
expected to result in higher data-recovery rates when the systems are again deployed in CaPE-like
environments.

ARM

CaPE

COPS-91

Platteville,
CO

Central
Florida

Central
Oklahoma

ASTER,
8 PAM,
1 CLASS

6 CLASS,
1 mobile
CLASS,
47 PAM

15 PAM

11 Feb-
31 Mar
1991

8 Jul -
23 Aug
1991

1 May-
31 May
1991

FLAT Steve
Oncley
(NCAR
et al.)

9 Sep-
17 Nov
1991

SJVAQS

WISP-91

William
Massman
(USFS)

Roy
Rasmussen
(NCAR)

ASTER

5 CLASS,
1 mobile
CLASS,
39 PAM

8 Jul -
10 Aug
1991

15 Jan -
15 Mar
1991
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Cooperative Oklahoma Profiler Studies (COPS-91). This project, sponsored by the National Severe
Storms Laboratory (NSSL), NASA, the University of Oklahoma, the NOAA Wave Propagation Laboratory
(WPL), and Colorado State University, was run at NSSL from 15 April to 20 June. Fifteen PAM-II
stations were deployed between Amarillo, Texas, and Norman, Oklahoma, for operations during the month
of May. Eight stations were widely spaced at approximately 100-km intervals across the panhandle of
Texas and western Oklahoma. The remaining seven stations were tightly clustered with 20-km spacing
near Norman. Four of the PAM stations were enhanced to measure the radiation budget (three in the
widely spaced network and one in the clustered net). The objective of the widely-spaced network was to
fill in gaps in the existing synoptic network for studying the behavior of the dryline. The tightly-clustered
stations were located within range of dual-Doppler coverage and were used for complementing radar
analyses of circulations normal to the dryline and to fronts.

Full Look at Turbulent Kinetic Energy (FLAT). The FLAT experiment, with investigators Steven
Oncley (ASP postdoctoral fellow), Jim Wilczak (NOAA/Wave Propagation Laboratory, or WPL), Thomas
Horst, John Wyngaard (MMM), and Al Bedard (NOAA/WPL), was the first investigation of the turbulent
kinetic energy (TKE) budget in the atmospheric surface layer in which all terms were measured directly.
Some terms in the budget equation drop out because the field site, near Carpenter, Wyoming, is highly
homogeneous in the horizontal (i.e., flat). ASTER was used to measure the shear production, buoyant
production/destruction, and turbulent transport terms. The system collected data continuously during a
ten-week period from September to November 1990. Nine PAM stations were deployed in a 3 x 3 km grid
surrounding the ASTER site to evaluate the assumption of horizontal homogeneity. One station was
enhanced with radiation sensors to compare the albedo measured at the ASTER site with that of adjacent
fields. Planetary boundary-layer (PBL) measurements were also included in FLAT. Mobile CLASS made
several series of soundings at three sites separated by 25 km. Each triad of CLASS soundings was
designed to measure horizontal temperature advection throughout the boundary layer. These measurements
will also be used to study linkages between the surface layer and the PBL, to support a detailed
one-dimensional model of PBL growth, and to scale the surface-layer data.

Mauna Loa Observatory Photochemistry Experiment (MLOPEX-II). The ongoing MLOPEX-II, under
the direction of Brian Ridley and Jim Walega of ACD, is intended to increase understanding of the global
distribution and seasonal variation of reactive species (ozone, hydrocarbons, carbon dioxide, etc.) and their
photochemical products in the free troposphere. To this end SSSF supplied one PAM-II station with the
usual sensors, except that a Rotronics humidity sensor was used to replace the normal psychrometer. Due
to the lack of local base station support, SSSF is collecting the data using a modified IBM-XT computer
connected by cable to the PAM-II station. The data are transferred daily to a workstation in Hilo for
instant analysis to help determine daily experimental activity. A WWV clock board was installed in the
IBM-XT to allow time stamping of the data and time calibration of the PAM transmitter. Custom software
was written to allow for operation of the clock board and for local collection of the data. Normal archiving
is being performed in Boulder for post-analysis of the data. The station was shipped to Hawaii in June
and performed perfectly during the first intensive operating period with no intervention from SSSF
personnel.

Research Applications Program (RAP) Thunderstorm Weather Project. NCAR's RAP utilized one
CLASS system from 1 June to 30 August 1991 to support their ongoing efforts directed toward
thunderstorm forecasting, and to support a joint RAP/NASA wind shear detection experiment. A mid-day
sounding was taken to initialize Terry Clark's three-dimensional numerical model to aid in forecasting and
decision-making. NASA's B-737 aircraft also used the mid-day CLASS soundings to characterize the
atmosphere it would be flying in and to initialize the NASA Terminal Area Surveillance System (TASS)
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microburst modeling program. Subsequent releases during the day were timed to coincide with the passage
of gust fronts, with a sounding before and after frontal passage.

San Joaquin Valley Air Quality Study (SJVAQS). ASTER was deployed in this summer (8 July to
10 August) study in an area west of Fresno in the central valley of California. The program was sponsored
by the California Air Resources Board to quantify the deposition flux of ozone to crop vegetation, and
served to produce input data for several air quality models used for regulatory purposes. The ASTER
facility was sited in a cotton field. Two other ground-based surface flux facilities were deployed: (1) the
Environment Canada facility in a raisin-grape vineyard, and (2) the University of California at Davis
system in a dry grass field. The Environment Canada Twin Otter instrumented aircraft overflew all sites.
ASTER measured the surface soil heat flux; fluxes of sensible heat, momentum, water vapor, carbon
dioxide, and ozone at five meters; humidity and temperature profiles to ten meters; and incoming and
outgoing long- and short-wave radiation. This program has provided valuable intercomparisons of the
ASTER facility with other ground-based systems and with an aircraft system.

Winter Icing and Storms Project-91 (WISP-91). WISP utilized 39 PAM stations, 5 fixed CLASS
systems, and one mobile CLASS system between 15 January and 31 March 1991. It was the second in
a series of deployments sponsored by NCAR, NOAA, and the FAA, with substantial university
participation. Its primary goals were to investigate the production and depletion of supercooled liquid
water in winter storms and thereby to enhance aircraft safety through improved forecasts of icing
conditions. The PAM network covered a wide area of northeastern Colorado, southeastern Wyoming, and
southwestern Nebraska. Five CLASS stations were dispersed throughout this area, and the mobile CLASS
system was operated there as well. Several PAM stations were enhanced with radiation budget sensors;
most of these sites were co-located with the CLASS stations. Additional enhancements to the standard
PAM station included 12 sites with Rotronic humidity sensors and 6 with Young snow gauges. Overall
PAM data recovery was good at approximately 98%. Approximately 400 soundings were taken from the
6 CLASS systems during WISP. Overall data quality and recovery were good.

Sensor and System Developments

Atmosphere-Surface Turbulent Exchange Research (ASTER). The ASTER facility became
operational in the fall of 1990. Since then it has been deployed on three projects: FLAT-90, ARM-91,
and SJVAQS-91. During those projects, development efforts centered around software display capabilities
to increase the flexibility of the system.

The software effort was aimed at real-time display capabilities to provide a quick look at data for
scientific and diagnostic needs. Program Cockpit is an example of this work. Cockpit provides a real-time
display of all data parameters transmitted by each ADAM deployed. Each data parameter has its own time
series display window that is updated every one to two seconds. A ghost image of past data remains on
the display allowing a look at the past history of sensor performance. The ghost can be removed with a
key stroke while the real-time display continues. At present, each display is a square approximately 2 in.
x 2 in., which allows for all data parameters coming in from one ADAM to be displayed simultaneously.
Future development will allow the user to click on one of these windows to bring up a full screen display
of that one data parameter. Other software development centered on 24-hour diagnostic outputs. These
displays provide a 24-hour time series hardcopy of each data parameter. Running in an automatic mode,
these displays are available each day, allowing support staff to evaluate performance of the system so that
they can carry out the necessary maintenance.
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In support of a future project in 1992, development has started on implementing new hardware in the
ADAM units to expand to 16 serial-channel communication. This work involves the integration of a new
VME bus communication card which will replace the present eight-channel serial communications card.

CLASS Hardware Upgrades. The after-CaPE project review identified several weaknesses in the
CLASS system. It was decided that significant hardware upgrades were required. The CLASS hardware
upgrades fell into two categories: surface support systems and computing systems. The old HP200 and
300 computers have now been retired and new 486 DOS computers have taken their place. CLASS now
operates off a hard disk, and backups occur on streamer tape. Data integrity and system protection have
been addressed with new lightning and serial data protection, including new uninterruptible power
supplies. A new antenna configuration greatly improves signal reception when a sonde passes overhead.

Lightweight Omega Digital Dropwindsonde (LOD2). Work on the design and testing of the LOD2
continued during FY 91. All of the major design features for the program were completed and tested
during the year: easily replaceable battery pack, reliable parachute deployment using the NCAR-developed
cone chute, machine-assembled electronic circuit boards using surface-mount components, and both Omega
and Loran navaid receiver designs. The sonde case was redesigned early in the year to give it more
rigidity and to make it submersible. The case was originally molded styrofoam, which caused it to float
when dropped in the ocean. This violated a NOAA anti-pollution requirement. In addition, the Air Force
spring-force launch tube tended to crush the styrofoam case. The case was replaced by a resin-impregnated
cardboard tube.

Five aircraft drop tests of the LOD2 sonde were made during the year. All major problems have now
been solved with the exception of reliable Omega antenna deployment. Design changes have been made
that are expected to solve this remaining problem. Drop tests are planned with an Air Force C-130 to
verify that this is the case. Production of 300 LOD2 sondes for delivery to the Air Force is scheduled to
begin early in FY 92. The drawing package is also nearing completion and will be delivered with the
sondes.

Sensor Performance. The performance of the dropsonde pressure sensor has been improved so that
the maximum error under rapid temperature changes is now under 1 mb. The improvement was achieved
by changing to a peizoresistive pressure sensor from another manufacturer and by the addition of an
external temperature compensation circuit. The development of the heated substrate hygristor (for humidity
measurements) has been minimal during the past year. However, a restart of development efforts is
planned for FY 92.

Enhanced GOES Telemetry. In FY 91 SSSF continued to participate in the Satellite Telemetry
Interagency Working Group (STIWG) in coordinating the efforts ofCyberlink Corporation, the engineering
firm that performed the GOES Data Collection System (DCS) analysis for higher data rates. This effort
is proceeding slowly, mostly because of the large number of persons involved in the decision-making
process. STIWG represents the user agencies funding this effort, the equipment manufacturers, and the
National Environmental Satellite Data and Information Service (NESDIS), which manages the system.
Cyberlink completed and presented the results of their investigation into a code division multiple access
(CDMA) alternative during 1991. The users have agreed that a higher-rate system should be developed,
and Cyberlink was retained to prepare initial certification standards for the new transmitters and to prepare
specification documents for the acquisition of demodulators and test transmitters for NESDIS. By late
1991, these documents were nearly completed and plans were being implemented to have Cyberlink assist
in the preparation of a request for proposal. This represents real progress toward the implementation of
the high-rate platforms, and off-the-shelf field units should begin to appear by mid-1994. For the research
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community, the higher data rate platforms mean that larger data sets can be accommodated via GOES
(such as full-resolution profiles from the ISS being developed by SSSF), and that frequent reporting of
medium length data messages will be possible (such as from the proposed PAM-III to be developed by
SSSF).

Integrated Sounding System (TOGA COARE). The Phase I effort for the development of a shipboard
stabilization system for the UHF wind profiler antenna was completed during the year. The stabilization
system consists of a gyro-stabilized platform that removes the ship's pitch and roll, a set of accelerometers
for removing the ship's vertical acceleration (i.e., heave), a GPS satellite navigation system to measure
ship's heading and speed (i.e., to place the calculated horizontal winds in the correct frame of reference),
and a north seeker to establish ship's heading when not moving. A commercial source for the stable
platform was identified and a system was purchased for testing. The profiler antenna was redesigned by
the NOAA Aeronomy Laboratory for electronic beam steering, instead of mechanical beam steering, so
that the only requirement for the stable stplatform is to maintain the antenna in a horizontal orientation.

An eight-day sea test of the stable platform and UHF wind profiler took place in early June on board
the NOAA research ship Malcom Baldridge. The ship sailed from Miami, Florida, to Norfolk, Virginia,
then to San Juan, Puerto Rico. During this test, the ship encountered a variety of oceanic and atmospheric
conditions. Both NCAR CLASS and Omega sounding system balloons and rawinsondes were launched
from the ship during the tests to obtain independent wind profiles for comparison with those from the
UHF profiler. Results of the comparisons show good agreement with an rms difference of about 1 m si.
Examination of the 30-second averaged Doppler spectra indicated that the uncorrected radial Doppler
velocities produced good, useable wind profiles, even during rough seas. An analysis of the vertical
accelerometer data revealed that the dominant wave period was about five seconds, which indicates that
the 30-second averaged radar Doppler spectra should smooth out any wave-generated offset to the Doppler
velocities.

The Phase II proposal to complete the ISS development and to produce two shipboard ISSs and one
land-based ISS for TOGA COARE was funded during the year. Completion of the development system
and the two additional ISSs will take place during FY 92.

Next Generation Upper-Air Sounding System (NEXUS). NEXUS is a joint effort between NCAR and
NWS for the development of a prototype, navaid-based sounding system. The goal is to produce a system
that will serve both the daily synoptic needs of the NWS and the research needs of the atmospheric
science community. This system will be the basis for all future balloon sounding systems developed in
SSSF and will be adapted to dropsonde operations as well.

The cornerstones of the new atmospheric sounder are the Loran and Omega navaid windfinding
techniques developed in the NCAR CLASS and KISS. NEXUS will support a variety of navaid
radiosondes from different manufacturers at both 400 and 1680 MHz. A state-of-the art, electronically
steerable, patch antenna system is being developed for tracking 1680-MHz sondes. A conventional high-
gain Yagi-type antenna will be used to track the 400 MHz sondes. The design also features an advanced
balloon inflation shelter that can be adapted, in a future upgrade, to semi-automated launch capability. All
aspects of data collection and processing are highly automated and require a minimum of input and
interaction from the operator. System software runs under the UNIX operating system and is written
entirely in C language.

Four prototype systems are currently under development, and construction is expected to be completed
in the summer of 1992. NWS will take delivery of the first three systems for performance testing and
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evaluation at various locations throughout the United States. The fourth will be retained by SSSF for
system support and implementation of further enhancements. All variants will have the same basic
sounding capabilities but there will be differences concerning types of windfinding supported, equipment
shelters, and other details.

Solid-State Humidity Sensors. Since the development of PAM-I in 1975, several approaches for direct
humidity measurements have been investigated. This was continued during FY 91 with the field
intercomparison of a Vaisala humidity probe, a Rotronic probe and a standard PAM-II psychrometer.
Results of this test showed good correlation between the two solid-state probes.

Research and Technique Developments

Conditional Sampling Technique. A conditional sampler was tested during SJVAQS-91. The
technique uses three valves to switch the flow into one of three sample bags corresponding to air in
updraft, downdraft, and near zero vertical wind regions. Air from these bags was manually transferred to
sample flasks which were analyzed for CO2 concentration by NOAA's Climate Modeling and Diagnostic
Laboratory. The difference in concentration between the updraft and downdraft samples was used to
calculate fluxes of CO2 using the conditional sampling method described by Businger and Oncley. These
fluxes compared favorably with those measured by eddy-correlation with ASTER's sonic anemometers
and infrared H2 0/CO2 sensor. A prototype reactive-gas conditional sampler (for gases that cannot be stored
in bags without degradation) has also been constructed. Development of an automated sampler is planned
for 1992.

Tom Horst and Joost Businer have continued the analysis of the conditional sampling method in a
paper to be submitted to J. Atmos. Sci. Businger developed a mixing length argument that suggests that
the coefficient of proportionality, b, is insensitive to atmospheric stability. They also have found that b
is a function of the local turbulence statistics and is relatively insensitive to the statistical distribution. In
addition, Horst has found a closed-form expression for b assuming joint-Gaussian statistics. This
expression will be used in the analysis of the SJVAQS-91 data.

Flux Footprint Modeling. The flux footprint relates the vertical flux measured at some height above
the surface to the surface distribution of emission/deposition fluxes. Tom Horst and MMM visiting
scientist Jeff Weil have completed theoretical calculations of the flux footprint for the atmospheric surface
layer. These calculations demonstrated good agreement between analytic and stochastic model estimates,
and the model estimates confirm Horst's proposal of a universal normalized footprint function. It is
apparent from their calculations that other recently proposed footprint functions are either incorrect or a
poor approximation of the correct footprint. A paper describing this research has been accepted for
publication in Boundary-Layer Meteorology. Horst and Weil are currently extending this research with
stochastic model calculations of the flux footprint for the convective boundary layer. They reported their
initial results at the Fifth International Conference on Precipitation Scavenging and Atmosphere-Surface
Exchange Processes.

FLAT Data Analysis. Analysis of data from the FLAT experiment has started under a grant from the
U.S. Army Research Office. The focus of this research to date has been on the measurement of pressure
fluctuations, using a probe developed by Al Bedard (NOAA/WPL). Steven Oncley, in cooperation with
Jim Wilczak (NOAA/WPL), has verified that the data from these probes are reasonable by examining the
balance of the horizontal heat flux. Efforts in 1992 will concentrate on reducing the direct dissipation
measurements, examining pressure spectra, and combining all of the data to obtain the turbulent kinetic
energy balance.
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Integrated Data Assimilation/Sounding System (IDASS). Four-dimensional assimilation of ISS data
into the mesoscale model developed by Pennsylvania State University and NCAR is being pursued by
Walt Dabberdt, together with MMM scientists Bill Kuo and Jimmy Dudhia. Water vapor mixing ratio
profiles and precipitable water (PW) observations from the WISP-91 field program have been assimilated
into the MM4 model to test the sensitivity of model predictions to the density, frequency, and nature of
the water vapor observations. Preliminary results for a single stratiform case indicate that PW estimates
are very sensitive to data assimilation but not to the number and type of observations. Future work will
focus on other case studies, simulation of winds and temperature, and potential improvements using a
newly developed nonhydrostatic model.

Interferometry. In collaboration with Radian Corporation, SSSF is developing a prototype UHF radar
interferometer for simultaneous planetary boundary layer three-dimensional wind, virtual temperature, and
flux profiling. The technique's main feature is that it uses multiple receivers to derive the various profiles
from a single (generally) vertically pointed transmitted beam.

Sub-Arctic PAM. The PAM system was originally designed for use in moderate climates; however,
the increasing scope of surface-based observation networks has precipitated development of a PAM station
suitable for deployment in sub-Arctic regions. The goal of the development is a PAM station suitable for
use in the Boreal Ecosystems Study (BOREAS), a multiyear program that is geared towards evaluating
the role of the boreal forests in global climate change.

A prototype sub-Arctic PAM design was completed this year. Two stations were built (by modifying
existing PAM-II systems) for deployment in the BOREAS project. The deployment will be used as a field
evaluation to verify the effectiveness of the system, as well as to locate problem areas that need additional
work. This first version of the sub-Arctic PAM station is limited to use where AC power is available; the
lack of solar radiation during winter prevents the use of the standard PAM solar power system. A goal
for future versions of sub-Arctic PAM is the ability to operate in remote areas without AC power.

Aside from general modifications to allow PAM to operate at temperatures down to -40°C and below,
the major enhancement to the system was the addition of a data logger which is deployed as a part of the
radiation sawhorse. The data logger replaces a large bundle of cables running between the sawhorse and
the PAM, thus eliminating a weak link in the PAM data acquisition system. It also adds flexibility by
making the addition of unique sensors to the stations an easier task. Although sub-Arctic PAM is a
derivative of PAM-II, the development effort is, in part, a precursor to development of PAM-III.

Turbulent Wake Studies. Walt Dabberdt has continued his fluid modeling research with Walter
Hoydysh of the Environmental Science and Services Corporation, and has explored the growth of turbulent
wakes in the lee of both idealized two-dimensional and irregular three-dimensional bluff bodies. Two wake
models have been evaluated: a simple frontal area model, and a new time-dependent wake model. Results
of the work are presented in a paper that has been accepted for publication in the Journal of Wind
Engineering.
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Remote Sensing Facility

Mission and Goals

The mission of the NCAR Remote Sensing Facility (RSF) is to provide state-of-the-art remote sensing
capabilities and associated data processing and analysis software to support atmospheric sciences research.
RSF staff also conduct related scientific research to maintain and support a leadership role in the operation
and development of remote sensing systems. In meeting these mission requirements, RSF engages in the
five following major activities:

* Development and field operation of remote sensing facilities, especially Doppler weather radar
systems, in support of atmospheric sciences research

* Support to users of RSF facilities in the form of consulting on field project design and
implementation, data analysis, and data interpretation

* Development and operation of interactive computing capabilities, display systems, and software
to edit, display, and analyze data collected by RSF remote sensing systems

* Scientific research in topics related to ATD-supported activities

* Collaboration with scientists and engineers from universities and other parts of NCAR to develop
new observing facilities and data analysis techniques.

RSF support activities FY 91 have focussed on studies of subtropical convective storms, storm
electrification, storm initiation and forecasting, winter storms and aviation icing, and microburst
observation and warning. RSF development activities in FY 91 have been concerned with improvements
to the capabilities and reliability of the C-band radars, airborne Doppler radar development, radar data
processor and data system improvements, bringing the CP-2 radar back into operation, and upgrades to
the Mile High Radar (MHR). RSF has also assisted in the planning of and preparation for major mesoscale
and sub-synoptic scale observational research programs, including TOGA COARE and STORM Fronts
Experiment Systems Test (FEST).

Radars and Capabilities

RSF operates four research Doppler radar systems and is developing an airborne Doppler radar system,
Electra Doppler radar (ELDORA). A description of the operational radars follows.

CP-3 and CP-4 C-band Doppler Radars. The CP-3 and CP-4 C-band Doppler radars are a pair of
easily transportable, fully coherent Doppler radars. They have a peak transmitted power of 1 megawatt,
beamwidths of 1 degree, an antenna gain of 44 decibels, and scan rates of up to approximately 20 degrees
per second. These are the radais of choice for field programs not requiring S-band capabilities or in-depth
cloud microphysical measurements. During FY 91 a program of upgrades to these radars was continued,
which has improved overall radar system quality and reliability.

CP-2 S- and X-Band Doppler Polarization Radar. The CP-2 radar is a unique radar which consists
of a dual polarization, S-band Doppler radar and an incoherent X-band Doppler radar. The S-band radar
can switch polarization on a pulse-to-pulse basis. The X-band radar transmits in H-polarization and
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receives in V- and H-polarization, thus measuring depolarization ratio. During FY 91 a major effort was
mounted to bring the CP-2 radar back into operational status for the CaPE project. In addition to collecting
excellent data in CaPE, the CP-2 radar provided valuable aviation icing detection data in the Denver area
from January to March 1991.

Mile High Radar. The MHR is a modern S-band Doppler radar operated under contract from the FAA
and NWS to provide a real-time, high-quality radar data service to FAA and NWS users. The data are
used by them to generate real-time aviation hazard products, real-time severe weather warnings, general
public forecasts, and for ongoing research efforts in aviation weather, storm warning, and hydrology. The
MHR is sited 18 kilometers northeast of Denver's Stapleton International Airport. Data from the radar are
fully available to the scientific research community on a non-interference basis.

Field Support Activities

RSF support activities during FY 91 focussed on CaPE, WISP, and MHR operations, plus some
continued data processing and support activities for the HaRP project. These activities are listed in Table
4 and described below.

Table 4. RSF FY 91 Field Support Activities.

Project PI Topic Location Dates

CaPE Roger Wakimoto, Convection, Central Florida, 8 Jul -
(UCLA, et al.) Precipitation, Cape Kennedy 23 Aug

Electrification

FAA/NWS MHR N/A Convective Northeastern 1 Oct 1990 -
Support Storms Colorado 30 Sep 1991

RAP Thunderstorm Rita Roberts, Forecasting of Northeastern 1 Jun -
Project (NCAR, et al.) Thunderstorm Colorado 30 Aug 1991

Development

WISP-91 Roy Rasmussen, Winter Storms, Colorado Front 15 Jan -
(NCAR, et al.) Aircraft Icing Range 31 Mar

Convection and Precipitation/Electrification Experiment (CaPE CP-2, CP-.3, CP-4). During the
summer of 1991, RSF supported CaPE in Florida with the CP-2, CP-3, and CP-4 radars. CaPE involved
more than 100 researchers from many institutions: 25 universities, NCAR, NOAA, NASA, FAA, and the
U.S. Air Force. It was the largest field effort for RSF since the Microburst and Severe Thunderstorm
(MIST) program during the summer of 1986. CaPE was a multi-faceted program which included a large
number of research topics: the initiation of convection; studies of precipitation formation and evolution
in convective storms; studies of the relation between storm electrification and precipitation formation;
development of short-term mesoscale numerical forecasts of convection, downbursts and tornadoes; and
development of improved rainfall measurement techniques.

RSF's support to CaPE included a major refurbishment of the CP-2 multi-parameter radar, as well as

support with the CP-3 and CP-4 C-band Doppler radar systems. Since the CP-2 radar had been out of
service for several years, it was a major accomplishment to restore the radar to service for CaPE.
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Preliminary results indicate that the program was highly successful and is already producing significant
findings.

FAA/NWS MHR Support Activities. The MHR was operated daily during the summer convective
season (defined as 1 May through 11 September 1991), and supported the RAP Thunderstorm Weather
Project in Northeastern Colorado from 1 June to 30 August providing forecasts of thunderstorm
development. The MHR was also on-call during forecasted storms through the winter season (November
1990 through April 1991). About 80% of MHR staff time was devoted to these operations and
maintenance activities. In Addition, the MHR supported the RAP Thunderstorm Weather Project in
Northern Colorado from 1 June to 30 August, providing forecasts of thunderstorm development. MHR data
are fully available to the research community and have been used in hazards case studies, dual-Doppler
analysis technique development, and various hydrological and climatological studies.

Winter Icing and Storms Project (WISP-91 CP-2, CP-4, MHR). During the winters of 1990 and
1991, RSF supported WISP in the Colorado Front Range area with a C-band radar, MHR and, in 1991,
the CP-2 radar. This research primarily focused on studies of the structure and cloud physics of winter
storms that produce major aircraft icing events. (Icing is a significant cause of aircraft crashes, particularly
for small aircraft.) In 1991 the addition of the CP-2 radar to WISP provided the first real-time icing data
product. Although only in preliminary form, the real-time data were used by air traffic controllers to divert
aircraft from the altitudes and locations where the worst icing was occurring. WISP has been highly
successful, with research results being published on anticyclonic upslope storms, heavy snowfall events,
shallow cold fronts, ice crystal formation and evolution, and numerical forecast model performance.

Observing System Development Activities

RSF development activities in FY 91 were concentrated on ground-based and airborne radars. Some
development activities, particularly those in the areas of data systems and signal processing, were common
to the various radar systems.

C-band Radar Upgrades. Beginning in FY 90, an extensive C-band radar renovation program was
initiated. This involved replacing the antennas, complete refurbishment of the pedestal and antenna drive
systems, addition of new digital signal processors, renovation of the receivers, replacement of the
intermediate power amplifiers, and replacement of the radar data system computers and all operational
software. This renovation program was continued during FY 91. It will be largely completed by the time
of STORM-FEST during winter 1992. This program will greatly improve the reliability of and data quality
from the radars, thus significantly increasing their scientific utility.

ELDORA Airborne Doppler Radar. ELDORA is an X-band, dual Doppler radar which is being
developed by RSF for use on the Electra aircraft. The planning and design work for ELDORA began in
FY 1984. ELDORA is a joint development between NCAR and CRPE. An NCAR-CRPE joint
development and use agreement was signed in January 1990. The radar construction began during FY 90
and will be completed in FY 92. A first lab test of prototype radar components was conducted during
March 1991. The antenna/rotodome design was initiated in FY 91, and aircraft modifications were started
in mid-1991. During the summer of 1992, the radar will be installed on the Electra and flown in a test
program. The results from these tests will be used to evaluate the new system prior to its first use during
the TOGA COARE field program to be held November 1992 through February 1993. Milestones in FY
91 included a major effort by RSF staff, jointly with CRPE and NOAA airborne Doppler radar scientists,
to redefine the common Doppler radar data format and to develop improved standards for the processing
of airborne Doppler radar data.
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CP-2 Restoration. During FY 91, the CP-2 radar was restored to operational status for the CaPE field
project. This effort was funded jointly by the FAA, NASA, U. S. Air Force, and NSF. Restoring the radar
to operation after having been in storage for several years was a major effort. A temporary CP-2 staff was
assembled and put to work in the fall of 1990. By early 1991, a rudimentary radar was operating, and
good data were collected during the winter WISP-91 field program. The CP-2 operations for CaPE were
of excellent quality, with the radar in its best condition ever. The data recovery rate during CaPE was over
98%. Based on these successes, ATD is leading an effort to restore the CP-2 radar operational status as
an NSF-funded facility.

MHR Upgrades. During FY 91, MHR upgrades included improvements in signal processing
capabilities, tape recording, antenna structure and control, transmitter stability, and erdata analysis
algorithms. Considerable effort was directed toward overall MHR system reliability and some major
maintenance problems were dealt with during the year. An extensive effort in FY 92 will be directed
toward real-time ground clutter suppression, point target detection and removal, and velocity/range
dealiasing. Many aspects of the MHR developments have substantially assisted other RSF radar
development activities. The tape recording work was also useful in efforts regarding base data recording
and research data access for the Weather Surveillance Radar-1988 Doppler (WSR-88D) and the next-
generation weather radar (NEXRAD).

University Interactions

RSF had extensive university interaction during FY 91, much of which came in the course of the
WISP, HaRP, and CaPE field projects and in the planning activities for future field experiments.
Hildebrand, Johnson, Lee, Keeler, and other RSF staff assisted with planning for the STORM-FEST
project. Hildebrand put substantial effort in supporting various university researchers with TOGA COARE
planning. Hildebrand, Lutz, and Keeler worked with Professors Bringi and Chandrasakhar at the Colorado
State University (CSU) concerning CaPE and multiparameter radar development. Keeler continued his
interactions with the National Central University of Taiwan regarding upgrades of their weather radar and
use of wind profilers. He also visited McMaster University to assist staff there in the use of pulse
compression techniques and conversion of their radar to weather-related activities.

Education and Training

In FY 91 RSF continued its commitment to assist universities whenever possible in support of
education. At any given time during the year, four to eight students from local colleges and universities
were employed at RSF as student assistants. They worked with RSF engineers and scientists on-projects
closely related to their fields of study. These students included three who were earning their master or
doctoral degrees. Several times during FY 91 the RSF facilities were toured by graduate engineering
classes. Hildebrand and Keeler are on the thesis committees of several graduate students. Keeler is an
adjunct professor at CSU, where he assisted in teaching meteorological radar courses. RSF also hosted a
summer employment student, a sophomore studying electrical engineering at Cornell University. She
worked under the supervision of Wen-Chau Lee in analyzing HaRP data.

RSF Staff Research Activities

The RSF airborne Doppler radar development activity included several research efforts during the year.
Hildebrand continued his collaboration with Jacques Testud (CRPE, France) in studying the effects of mis-
alignments of the airborne radar antenna on Doppler measurements.
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Lee, Carbone, and NOAA researchers completed a new radar data analysis technique called Velocity
Track Display (VDT). VDT uses a harmonic analysis of single airborne Doppler radar data to deduce the
full radial wind field of a hurricane. This technique has been so successful that it is now being routinely
applied as an analysis tool for operational NOAA P-3 hurricane penetrations.

Hildebrand and Lee initiated an effort to coordinate airborne radar data analysis technique
developments. This effort included an evaluation of analysis software needed and formation of a
cooperative approach among NCAR, NOAA, and CRPE to develop and maintain this software.

Wilson has continued his studies of short-term weather forecasting and of the processes leading to the
initiation of convective storms. During FY 91 Wilson collaborated with Roger Wakimoto (UCLA) in
leading the highly successful CaPE project in Florida.

Johnson and Lee continue their efforts in the analysis of data from HaRP. During FY 91 Johnson
wrote a paper on Hawaiian rainband reflectivity structure. Johnson and Lee performed a preliminary
analysis of upwind island airflow based on Doppler radar observations of chaff during HaRP.

Keeler continued his research on rapid-scan radar design, and as a part of this effort developed a
numerical model of a rapid-scan pulse-compression radar. The model includes a simulation of a complex
transmitted waveform, the multiple scattering from individual precipitation particles in a cloud,
accumulation of the received signal at the antenna from the individual scatterers, and signal processing
of the received signal. This numerical model will be of significant use in selecting candidate waveforms
for use in the radar.

Frush completed his studies of velocity unfolding techniques for radars using multiple pulse repetition
frequencies, showing graphically the effects of velocity measurement uncertainty on the unfolding process.

Research Data Program

Mission and Goals

The Research Data Program (RDP) supports the scientific user community and the ATD facilities via
service and development in each of the following areas:

* Data archival and distribution-through operation of a comprehensive data archive of
multi-platform ATD data sets and timely distribution of these data via appropriate media

* Analysis software tools-through development, maintenance, and user support of advanced
software tools for editing, display, overlay, scientific processing, and analysis of ATD and other
data sets

* Field project control-through development and support of software tools for real-time integration
and display of field data, provision of limited field communications services, and support for
project planning

* Networking and distributed computing-through coordination of distributed computing manage-
ment within ATD to maximize connectivity and compatibility among ATD Facilities and ATD
users outside of NCAR.
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Data Management

RDP serves as a "one-stop" source for ATD data sets, associated documentation, and consulting
services related to data access and analysis software. Data archived and distributed through RDP in FY
91 include aircraft (Sabreliner, Electra, and King Air), radar (CP-2, CP-3, CP-4, and MHR), PAM, and
CLASS measurements. Data handling will expand in FY 92 to include ASTER measurements.

The ease with which scientific users are able to survey available data sets and acquire those of
principal importance to their scientific goals is a matter of growing concern and action within ATD.
Current experience makes clear that self-help tools enabling researchers to query the type, spatial and
temporal coverage, and status of data sets obtained through field programs will greatly improve the process
of selecting and acquiring specific data sets for analysis. Particularly important are tools to cross-reference
the availability and coverage of complementary data sets.

RDP took its first steps in FY 91 to meet the needs for help tools for data sets by beginning study of
the use of relational data base software to catalog ATD data sets. Close collaboration with the STORM
project office in this area is expected to yield significant progress in FY 92 through application of Empress
commercial data base software to AiT needs. Data users will be able to remotely access the RDP (or
STORM project office) data base via dial-up or Internet. Data base tools will provide easy access to data
coverage information for the full complement of ATD data types, and will provide simple means to order
or directly acquire the data sets desired. Orders for documentation or software will be handled similarly.

In FY 91 data distribution was accomplished via network transfer, conventional 9-track tapes, PC
floppy disks, and high-density 8-mm cassettes using Exabyte data recording technology. Favorable
experience with the relatively low-cost, high-capacity Exabyte medium indicates that this technology is
likely to play a significant role in short-term archival and data distribution activities over the next several
years. As shown in Table 5, 37 non-NCAR researchers requested and received data management support
from RDP in FY 91. Approximately six to eight additional users (not shown in Table 5) initiated network
data transfers directly, without contact with RDP. Additional data management support was provided to
NCAR researchers from MMM, ACD, ASP, RAP and ATD.

Data Analysis Support

RDP's Research Data Support System (RDSS) is a user-oriented data analysis facility and development
center for data display and analysis software. RDP scientific and programming staff provide consultation
and support to community scientists making use of RDP analysis tools, which support the perusal, editing,
and gridding of radar (or lidar) data, display and manipulation of PAM data, and editing and display of
CLASS and other sounding data.

The RDSS computing system includes a SUN-4/280 computer, two SUN Sparc-2 workstations, several
SUN IPC and SLC workstations, and a VAX 11/780. Multiple tape drives (9-track and Exabyte) and large
disk storage capacity available to the scientific user provide for flexible ingestion and manipulation of
large data sets.

FY 91 users of the RDSS facility are shown in Table 6. Intensive use of the facilities by eight
university investigators outside of the Boulder area was accomplished by visits to RDP during which RDP
staff provided consultation. These investigators are marked by asterisks in Table 6. Other remote users
accessed the system via dial-up lines or Internet.
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Table 5. Non-NCAR Researchers Receiving Data Distributions
From RDP in FY 91.

Researcher

Nolan Atkins
Sharon Barma
Howard Bluestein
Yi-Leng Chen
Russ Dickerson
Jiuhua Feng
Carl Friehe
Scott Grenell
Robert Grossman
Ismail Gultepe
Francisco Guzman
Donald Hagen
Jim Hudson
Barry Huebert
Matt Kelsch
Pat Kennedy
Steve Koch
Don May
Raymond McAnelly
Robert McMillen
Paul Mitchell

Gerry Nespor
Ken Pickering
Nick Powell
Robert Rauber
David Raymond
Roddy Rogers
Paul Smith
Ron Smith
Ramesh Srivastava
Jerry Streit
Tsutomu Takahashi
Danny Taylor
Steven Vasiloff
Roger Wakimoto
Sandy Yuter
Edward Zipser

Affiliation

UCLA
NMT
U. of Oklahoma
U. of Hawaii
U. of Maryland
U. of Hawaii
UC Irvine
U. of Washington
U. of Colorado
NASA Goddard
Inst. Mexicano Petroleo
U. of Missouri, Rolla
DRI
U. of Rhode Island
NOAA FSL
Colorado State U.
NASA Goddard
Fort Lewis College
Colorado State U.
NOAA ATDD, Tenn
MIT Lincoln Labs
GE Aerospace
NASA Goddard
Colorado State U.
U. of Illinois
NMIMT

McGill U.
SDSMT
Yale U.

U. of Chicago
Los Alamos Nat'l Lab
Kyushu U., Japan
Baruch U.
NSSL
UCLA

U. of Washington
Texas A&M U.

Data Type

Radar, PAM
Radar, Aircft
PAM

PAM, Radar
Aircft

Aircft
Aircft
Aircft
PAM
Aircft

Aircft
Aircft
Aircft
Aircft
Radar
Radar
PAM
PAM
Radar
Aircft
PAM
Radar
Aircft
Radar
Radar, Aircft
Radar, Aircft
Radar
PAM, Radar
Aircft, misc
Radar, PAM
Aircft

Radar, Aircft
PAM
Radar
Radar, PAM
Radar
Aircft

Project

CaPE and misc.
HaRP
COPS-91
HaRP
ConWaves
HaRP
SMILE, FASINEX
HaRP
CINDE
FIRE

MEXCAPS
SPIN
HaRP
PAIR
MIST
misc.
COPS-91
MIST
misc.
PAIR
MIST
CINDE and misc.
EMEX
WISP-91
HaRP
HaRP
HaRP
MIST
HaRP

HaRP, MIST
MEXCAPS
HaRP
BARUCH
MHR
CaPE
CaPE
EMEX

I

-
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Table 6. Users of the Research Data Support System (RDSS) in FY 91.

User

V. Bringi

Jay Chalmers

Yi-Leng Chen*

Thomas Christian

Charles Curtiss

David Fitzjarrald

Gregory Forbes*

Fred Gould

Debbie Gracio*

Robert Grossman

Mark Hjelmfelt*

Jorgen Hojstrup

Blimowsky

Kevin Knupp

Steve Koch

Kent Leonard

Sharon Lewis

Chris Lucas

Don May

Ron Melton*

David Priegnitz*

Edward Roberts

D. Ruffieux

T. Takahashi*

Art Urban

J. Vivekanandan*

Glenn Wardell

Patrick Wright

Staff of ATD, MMM, CGD, SCD, RAP

Affiliation

Colorado State U.

NCSA

U. of Hawaii

NOAA Atmospheric Studies

U. of North Dakota

SUNY

Pennsylvania State U.

NOAA/FSL

Battelle Pacific NW Lab

U. of Colorado

SDSMT

RISOE, Denmark

U. of Wyoming

U. of Alabama

NASA/Goddard

NOAA

NMIMT

Texas A & M U.

Colorado State U.

Battelle Pacific NW Lab

SDSMT

NWS

NOAA

Kyushu U.

NOAA/FSL

Colorado State U.

U. of Maryland

NASA/MSFC

NCAR

RDP analysis tools are developed and maintained to facilitate portability to users' home computing
facilities. While many users visited RDP to use these tools in FY 91, implementation of RDP tools at
users' institutions increased in FY 91, as shown in Table 7. The full breadth of distribution of RDP
analysis tools to date is shown in Table 8.

_ ____
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Table 7. RDP Software Distributions in FY 91.

Radar Utilities:

(Perusal, Editing,
and Interpolation)

Carl Kreitzberg (Drexel U.)

Robert Kropfli (NOAA/WPL)
Menon (Colorado State U.)

Robert Rauber (U. of Illinois)
Ron Reinhart (U. of North Dakota)
Tom Seliga (U. Washington)
Ramesh Srivastava (U. of Chicago)
Brett Whissel (Florida State U.)

Piotr Czapski (U. of Washington)
Sandra Yuter (U. of Washington)
Yi-Leng Chen (U. of Hawaii - Manoa)

Table 8. Institutions Utilizing RDP Software in FY 91.

RDP Software User

Radar Perusal & Editor

ROBOT

NSSL, U. of Oklahoma, Texas Tech U., Silicon Graphics,
Sutron Corp., Penn State U., U. of Alabama, U. of Washington,
Oregon State U., SUN Microsystems, UCLA, Florida State U.,
NOAA/WPL, Colorado State U., U. of Chicago, Australian
Bureau of Meteorology Research Center (BMRC), Texas A&M
U., St. Louis U., U. of Hawaii, NASA, Dalhousie U., North
Carolina State U., U. of Illinois, Drexel U., U. of North Dakota

NASA Langley, NASA Johnson, Colorado State U., Sutron
Corp., Meso Inc., UCLA, San Diego State U., U. of Maryland

VAD U. of Helsinki, Florida State U., NASA Goddard, Illinois
Natural History Society, NOAA ERL, DLR (FRG), U. of
Washington, U. of Hawaii, Drexel U.

REORDER Oregon State U., UCLA, NOAA/WPL, Colorado State U.,
Drexel U., U. of Chicago, NASA/Huntsville

Field Project Support

Convective and Precipitation/Electrification Experiment (CaPE). Utilizing substantial outside funds
to augment NSF base-funded services, RDP implemented Zeb real-time data visualization software and
communications systems for voice and data in support of the field project control needs of CaPE. Field
control operations were centered in RDP's two inter-connected Mobile Operations Center for
Communication and Analysis (MOCCA) vans located in Melbourne, Florida. A network of eight UNIX
workstations provided real-time data ingestion and highly flexible integrated data displays for six operator
positions dealing with project functions such as radar or aircraft control, nowcasting, sounding
coordination, and overall project direction.

�--�--
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The high level of operations control afforded by the Zeb display software and associated communica-
tions links allowed systematic coordination of simultaneous radar and aircraft operations. Through closely-
directed measurement strategies, systematic observations linking cloud dynamics, microphysics and
electrical properties were obtained in unprecedented detail.

Development Activities

* Integrated Data Display. Zeb, a comprehensive software system for real-time and post-analysis
data display and integration, was brought to operational status in FY 91. The first field use of Zeb
occurred in CaPE (described in the CaPE section above) and that use was highly successful.
Doppler radar, surface meteorological observations, aircraft flight tracks, sounding data, and
electric field measurements were ingested and displayed in real time on a network of UNIX work-
stations. Preparations for Zeb's use as a post-analysis tool continued successfully through the end
of FY 91. Distribution of the Zeb software and associated CaPE quick-look data sets to CaPE
investigators was set for early FY 92.

* Aircraft Winds. Collaboration between RDP and RAF in FY 91 yielded a new capability to
incorporate highly accurate Global Positioning System (GPS) aircraft position information into
calculation of winds measured by aircraft. Use of GPS-derived position information eliminates
inaccuracies in derived winds resulting from drift in the position information available from
inertial navigation systems. The improved wind-finding technique is being first applied to HaRP
Electra measurements, where studies of the orographic influence of the island of Hawaii are
particularly dependent upon accurate wind measurements.

* Data-base Tools. Collaboration between RDP and the STORM project office in FY 91 has led
to first steps toward use of Empress data-base software to support users' needs for interactive
query regarding available data, software, and documentation. This commercial data-base package
provides a broad suite of data-base tools to be run on a networked UNIX workstation within RDP.
Users will access the workstation from their home institutions via Internet or dial-up line, and will
operate within a carefully designed environment of interactive data query tools. Testing of a
prototype system is expected to begin in FY 92. Planning for related data-base tools directed
specifically toward support for KOSAMP measurements also began in FY 91, and will be
implemented utilizing project funds in FY 92.

In addition to software development, a significant portion of RDP programming staff time is devoted
to user consulting, software maintenance, and system and network management.

Design and Fabrication Services

Missions and Goals

The primary goals of Design and Fabrication Services (DFS) are to provide engineering service
through the Mechanical Design Group, fabrication service through the Machine Shop, and logistics and
maintenance support through the Logistics Group. The Mechanical Design Group often participates in
project efforts by contributing development team members. The Machine Shop performs machining,
welding, sheet metal, cleaning and anodizing, electropolishing, and assembly and repair service. The
Logistics Group provides logistics services, equipment maintenance and repair, and general site
maintenance for the Marshall site.
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The Mechanical Design Group and Machine Shop provide service to all of NCAR, while the Logistics
Group activities are generally limited to ATD, with the prime focus on the RSF radars.

Activities of the Past Year

Major development efforts that involved the Mechanical Design Group and/or the Machine Shop
during FY 91 included the following:

* MLOPEX (ACD; Shetter)

* CP-2 radar upgrades (RSF; Lutz)

* CP-3/CP-4 radar upgrades (RSF; Lewis)

* Solarimeter (RAF; Bannehr)

* MHR upgrades (RSF; Pratt)

Machine Shop support was distributed among the various NCAR divisions and other groups as shown
in Table 9.

TABLE 9. Machine Shop Support.

Hours Percent

Atmospheric Chemistry Division 7,479.5 57.2

Atmospheric Technology Division 4,356.0 33.3

High Altitude Observatory 871.0 6.7

NCAR Directors Office (Maintenance) 166.0 1.3

Scientific Computing Division 85.5 0.7
Research Applications Program 42.5 0.3
University of Rhode Island 28.5 0.2
National Oceanic and Atmospheric Administration 25.0 0.2
University Corporation for Atmospheric research 11.5 0.1
Mesoscale and Microscale Meteorology Division 4.5

Total Hours Charged 13,070.0 100.0
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Staff and Visitors

Division Director's Office

Richard Carbone (director)
Warren Johnson (assistant director)
Kay Miloshevich (50%)
Will Piper
Robert Snow
Shelley Zucker

Research Aviation Facility

Herminio Avila
Linda Banks
Harold Barber
Darrel Baumgardner
Jeffrey Bogen
Henry Boynton
Edward Brown
William Cooper (33%)
Michael Daniels
William Dawson
James Dye (33%)
Richard Friesen
Lowell Genzlinger
Vincent Glover
Joanne Graham
Mary Griffith (75%)
Michael Heiting
Victoria Holzhauer
Gary Horton
Barbara Knowles
Gregory Kok (50%)
Paul LeHardy
Donald Lenschow (33%)
James Lundahl
David McFarland
Aref Nammari
Robert Olson
Jerry Pelk
Lawrence Radke (manager)
James Ragni
Edward Ringleman
Diana Rogers
Ronald Ruth (50%)
Allen Schanot
Richard Schillawski
Ronald Schwiesow
Joel Sloss
Michael Spowart
Paul Spyers-Duran
Richard Taylor
Jerry Tejcek
Kim Weaver
Kurt Zrubek
Norman Zrubek

Surface and Sounding Systems Facility

Edgar Aden
Gerald Albright
Anne-Leslie Barrett
Karen Bowie
Joost Businger (15%)
Edward Chamberlain
Harold Cole
Forrest Cook (25%)
Walter Dabberdt (manager)
Celia Darnell
Anthony Delany
Tom Gardner
Ray Giles
Terrence Hock
Thomas Horst
Catherine Irwin
Kurt Knudson
Errol Korn
Vincent Lally
Dean Lauritsen
Charles Martin
Matthew Michaelis
John Militzer
Claude Morel (50%) (15 Mar 91)
Santiago Newbery
Kenneth Norris
James Owens
Carmen Paneitz
Mary Ann Pykkonen
Steven Semmer
Sigvard Stenlund
Marcel Verstraete
Gary Wright

Remote Sensing Facility

Patricia Alonzo
Jose Alvistur
Gary Blair
Jeff Bobka
Robert Bowie
Michael Carpenter
Shawn Copeland
Richard Cornelius
Don Ferraro
Charles Frush
Richard Gagnon
Jack Good
Bryant Heberlein
Peter Hildebrand (manager)
Jean Hurst (37.5%)
Bill Irwin
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Jeffrey Keeler
Alyssa Krissen
Brian Lewis
Eric Loew
Jon Lutz
Richard Neitzel
Richard Parsons
Frank Pratte
Mitch Randall
Robert Rilling (50%)
Cathy Stack (37.5%)
Michael Strong
Hung Viet Ta
Margaret Taylor
Robert Upthegrove
Joseph VanAndel
Joseph Vinson
Craig Walther
Jim Wilson (50%)
James Ziese

RDP Staff

Visitors

Lutz Bannehr; Flinders University of South Australia; 3
January 1991 to 30 March 1992; ASP

Stephan Borrmann; University of Mainz, Mainz, Germany;
7 July 1991 to 31 July 1993; ASP

Jorgen Hojstrup; Riso National Laboratories, Roskilde,
Denmark; 1 August 1991 to 1 August 1992; SSSF

David Johnson; unaffiliated; 1 October 1990 to 31 August
1991; RSF

Wen-Chau Lee; University of California, Los Angeles; 1
October 1990 to 31 August 1991; RSF

Winston Luke; University of Maryland; 22 October 1990 to
30 September 1992; ACD

Claude Morel; unaffiliated; 20 August to 30 September
1991; SSSF

Christopher Burghart
Michele Case
Celia Chen (50%)
Forrest Cook (50%)
Jonathan Corbet
Paul Herzegh (manager)
Jean Hurst (38%)
Erik Miller (50%)
Kay Miloshevich (50%)
Claude Morel (50%) (15 Mar 91)
Cynthia Mueller (38%)
Richard Oye
Robert Rilling (50%)
Ronald Ruth (50%)
Cathy Stack (25%)

Design and Fabrication Services

Page Baptist
Jeff Bobka
Jim Ellis
Jack Fox
Robert Garramone
Paul Geisert
Alfred Hansen
James Holt
Michl Howard
Paul Johnson (manager)
James Layton
Ivan Lee
Hayden Mathews
Alvin Sapp
Kevin Scott
Robert Upthegrove
Bart Woodiel

Philippe Nacass; Meteo-France; 1 August 1991 to 31 August
1992; RAF

Gerhard Peters; University of Hamburg, Federal Republic of
Germany; 2 September to 4 November 1991; SSSF

Cynthia Twohy; University of Washington; 1 June 1988 to 1
June 1992; RAF

Joshua Wurman; Massachusetts Institute of Technology; 1
September 1991 to 31 August 1992; RSF
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The NCAR Scientific Computing Division provides supercomputing resources and related
services to support research in the atmospheric, oceanic, and related sciences. SCD makes these
resources and services available to the NCAR scientific staff and to university researchers
throughout the nation. SCD also provides meteorological and oceanic data sets and related data
services to scientific investigators around the world. These data sets come from an SCD-
maintained archive of computer-accessible research data. The archive is a unique store of
observed data and analyses that are used for major national and international atmospheric and
oceanic research projects. Much of the research in the disciplines supported by SCD requires
large computer models and generates large amounts of data. SCD's mission is to provide:

· Supercomputing resources needed for the development and execution of large, long-running
numerical simulations and the archiving, manipulation, and analysis of large data sets
Network and data communications capabilities required for an international user community
to access NCAR computational and data resources
A computing environment that emphasizes reliability, high performance, and user
productivity.

To carry out this mission, we have assembled a computer network that offers a variety of
hardware, software, and communication facilities. Functionally, the NCAR computing network
contains four components: (1) mainframe computing systems to provide computing and data
processing services; (2) network servers to provide mass storage, hard copy output, and a host of
other services required in a distributed computing environment (DCE); (3) Mainframe and Server
Network (MASnet) and the Local Data Network (LDN) to provide high-speed paths for
communication among the mainframes and network servers; and (4) communication systems to
provide access to SCD services by local and remote users. In addition, we provide user support
and administrative services.

A diagram of these components is shown in Figure 1. A chart of our organization in support of
these functions is shown in Figure 2.

Figure 1. Functional diagram of NCAR computing facilities.
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Figure 2. SCD organization.

Significant Accomplishments

Our Scientific Program Evaluation Committee (SPEC) panel determined that "SCD has made
great strides over the last few years in improving the quality and quantity of the computer
resources that it manages." Also, personnel at the Navy Underwater Systems Center (NUSC)
conducted an experiment in which they evaluated the quality of computing at several
supercomputer centers; SCD was generally considered to be the best of those evaluated.

We performed the following hardware upgrades:

- Installed a CRAY Y-MP2/216 for use by the Model Evaluation Consortium for Climate
Assessment (MECCA)

- Upgraded the mass storage system (MSS) cartridge readers from IBM 3480s to double-
density IBM 3490s, effectively doubling the capacity of the MSS archive; updated
EXABYTE cartridge capacity to double density and added quad racks for higher-density
open-shelf storage of cartridges

- Purchased a new Auspex Network Server that will replace and eventually augment the file
services provided by the IBM 4381 front end

I
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- Purchased a high performance parallel interface (HIPPI) switch for prototyping a HIPPI
interface to the MSS

- Purchased a cluster of four IBM RS/6000/550 workstations to research their use as
compute servers

- Completed the video animation laboratory at the Mesa Laboratory (ML).

* The following advances were made in software:

- Boosted Text and Graphics Server (TAGS) performance with a new version of TAGS
software

- Initiated the phase-out of the IBM Conversational Monitor System (CMS)
- Improved NCAR Graphics capabilities
- Upgraded the shavano operating system to UNICOS 6.1.

Regarding local-area networks (LANs), made progress towards using a fiber distributed data
interface (FDDI) network, completed Phase I of providing high-speed networking to the
Foothills Laboratory, and successfully subnetted the Y-MP to the ML.

- Released a new, improved, and expanded version (Version 3) of the Multigrid Scientific
Software Package, MUDPACK, and distributed it to over 50 users and organizations

- Began the implementation of the NCAR Community Climate Model Version 2 (CCM2) on
the Connection Machine 2 and completed the conversion of the radiation parameterization,
which represents the majority of the physics parameterizations of the model.

SCD acquired or introduced a number of new capabilities:

- Developed an FDDI prototype network
- Added a network node for the Family of Services (FOS)
- Offered first usage of video animation by scientific community and connected the MSS to

that system
- Provided real-time forecasting support on the CRAY Y-MP8/864 for the Winter Icing and

Storms Project (WISP)
- Designed the communications system for FL
- Installed the FORTRAN-lint (FLINT) source code analyzer, making it available to users for

the first time
- Initiated use of color 4 x 5 film and E6 (Ektachrome) film.

We provided the following enhancements for our user community:

- Made significant increases in on-line documentation and provided many new documents
- Offered training classes on NCAR Graphics and UNIX
- Added new workstations in the user area
- Reduced the number of lost jobs
- Initiated consulting at FL
- Handled 100% growth in consulting contacts.
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* SCD's role in data support expanded in the following areas:

- Completed initial work for preparing data for reanalyses, including organizing an
information workshop and preparing a 50-page planning document

- Began to assemble several large advanced data bases of National Meteorological Center
(NMC) data

- Completed several data exchange programs for ocean data, including a century-long set of
ocean surface and weather data from the USSR (as it was known for most of that time) and,
from Canada, the world's most complete data set from moored and drifting ocean buoys

- Increased the use of the Internet for data distribution
- Distributed World Ocean Circulation Experiment (WOCE) data via workstation-based

software on low-cost, high-volume storage technology in collaboration with IBM and
TRW.

* SCD continued to play an active role with the American National Standards Institute (ANSI)
FORTRAN Standards Committee and chaired the X3J3 Committee to define the FORTRAN
90 language.

* A list of meetings for which several SCD staff provided support follows:

SIGCOMM-SIGGRAPH Workshop on Graphics and Networking. SCD staff hosted
and served on the organizing committee for the SIGCOMM-SIGGRAPH (Special Interest
Group Communications-Special Interest Group Graphics) Workshop on Graphics and
Networking, held 16-18 January 1991 at NCAR. The purpose of the meeting was to
assemble key members of the graphics and networking communities, including people
involved in research, development, and standards, to discuss common concerns.

Eighth SCD User Conference. SCD hosted the Eighth SCD User Conference, from 28
February through 1 March 1991 at NCAR. The purpose of this meeting was to discuss the
high-performance computing needs and the vast data storage requirements of climate and
ocean modeling in the 1990s.

The Executive Committee of the Institute for Electrical and Electronics Engineers,
Inc. (IEEE) Mass Storage System and Technology Technical Committee (MSSTC).
SCD hosted a meeting of the IEEE MSSTC on 11-12 March 1991 at NCAR. The purpose
of the meeting was to discuss organizational details for the Eleventh Symposium.

Applied Information Systems Research Workshop. SCD hosted the Applied
Information Systems Research Workshop on 23 July 1991 at NCAR. The purpose of the
workshop was to exchange information on the respective research efforts being conducted
under the program, in which NCAR is a participant.

Eleventh IEEE Mass Storage Symposium and Digest of Papers. SCD staff served on
the organizing committee for the Eleventh IEEE Symposium on Mass Storage Systems,
held 7-10 October 1991 in Monterey, California. The focus of the symposium was to
examine the state of distributed storage environments. SCD staff were responsible for local
arrangements, registration, and producing the symposium proceedings, the Digest of
Papers.
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Second Computer Hardware, Advanced Mathematics, and Model Physics Project
(CHAMMP) Workshop on Numerical Solutions of Fluid Flow in Spherical Geometry.
SCD staff provided logistical and organizational support for the Second CHAMMP
Workshop on Numerical Solutions of Fluid Flow in Spherical Geometry, held 10-11
October 1991 at NCAR. The purpose of the workshop was to discuss the development of
improved numerical methods for atmospheric models and the provision of algorithms that
are more applicable to future massively parallel computers.

Supercomputing '91. SCD staff provided organizational support for Supercomputing '91,
the fourth annual conference on high-performance computing, held 18-22 November 1991
in Albuquerque, New Mexico. The purpose of the conference was to discuss the research,
development, integration, support, and use of a high-performance computing environment.

Supercomputing '92. SCD staff provided in fiscal year 1991, and will continue to provide
in FY 92, organizational support for Supercomputing '92, the fifth annual conference on
high-performance computing, which will be held 16-20 November 1992 in Minneapolis,
Minnesota. The purpose of the conference is to focus on the past, present, and future roles
of supercomputing in society with a special emphasis on its potential as an aid to discovery.

SCD staff hosted a meeting for representatives of the U.S.-USSR Bilateral Data Exchange
Agreement, on 16-20 September 1991 at NCAR. The purpose of the meeting was to plan
for the data exchange during 1992-93.

Workload

In FY 91, SCD provided supercomputing services to 1,388 users: 514 from NCAR, 726 from
the university community, and 148 from cost-recovery projects and Cray grants. Over 70% of the
central processing unit (CPU) hours used on NCAR supercomputers were devoted to problems
whose execution required more than one CPU hour, and over 50% for problems that required
more than four CPU hours. It is clear that NCAR's supercomputers are used for problems that
specifically require a supercomputer.

Potential users must receive an allocation of general accounting units (GAUs) to use SCD's
computers. Table 1 shows GAU usage by broadly defined scientific disciplines.
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AREA OF INTEREST % of GAU USE

Climate 38
Climate
General Circulation
Radiative Processes
Satellite Meteorology

Oceanography 14
Oceanography

Basic Fluid Dynamics and Miscellaneous 11
Basic Geophysical Fluid Dynamics
Numerical Methods
Turbulence
Wave Processes
Economic and Societal Impact Studies
Computer Science
Other

Regional Meteorology 19
Planetary Boundary Layer
Dynamic Meteorology
Mesoscale and Regional Scale Models
Surface Conditions, Hydrology
Tropical Meteorology
Numerical Weather Prediction
Objective Analysis and Diagnostic Studies

Chemistry and Upper Atmosphere 7
Aerosol Physics
Atmospheric Chemistry
Upper Atmosphere Dynamics and Aeronomy

Cloud Physics 8
Radar Meteorology
Severe Storm and Cloud Physics
Data Processing (Aircraft, Balloon)

Astrophysics 3
Astrophysics
Solar Interplanetary Medium
Solar Physics
Physics of Planetary Atmospheres
Solar-Terrestrial Relations
Magnetohydrodynamics and Plasma Physics

Total 100

Table 1. General Accounting Unit (GAU) allocation in SCD.
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NCAR Computing Network: Major Components

The major components of the NCAR computing network are summarized below.

Mainframe Systems

Mainframes in our network include a CRAY Y-MP8/864, a CRAY Y-MP2/216, an IBM 4381
input/output (I/O) front end, a Connection Machine 2 (CM-2), and a Meiko Computing Surface
(CS) from Meiko Scientific Corporation (currently on loan). These systems provide the
computing power to run the large simulations required by our users.

The CRAY Y-MP8/864, known as shavano, runs UNICOS, the UNIX-based operating system
for Cray Research, Inc. computers. It has 8 processors, 64 million words of central memory, an
internal speed of 6 nanoseconds per calculation, a 256-million-word solid-state disk (SSD), and
60 billion bytes of disk storage.

The CRAY Y-MP2/216, known as castle, also runs UNICOS. It has 2 processors, 16 million
words of central memory, an internal speed of 6 nanoseconds per calculation, a 128-million-word
SSD, and 20 billion bytes of disk storage. The CRAY Y-MP2/216 is used only by MECCA
grantees.

The front end is an IBM 4381, configured to support interactive computing and file services.
It has dual processors, 24 megabytes of memory, 20 billion bytes of disk storage, and 126 ports.
It uses the Virtual Machine/System Product High Performance Option (VM/SP HPO) and IBM
Advanced Interactive Executive (AIX/370) operating systems. Current plans call for this front
end to be phased out by the end of calendar year 1991. Its functions will be replaced by an
Auspex File Server and by a yet-to-be-determined UNIX front end.

The CM-2 is an 8,192-processor computer manufactured by Thinking Machines Corporation
(TMC). It is used by members of the Center for Applied Parallel Processing (CAPP) at the
University of Colorado and NCAR. The CM-2 performs thousands of computations
simultaneously (in parallel).

The CS consists of separate processing elements (which may be non-identical) connected by a
software-reconfigurable switch. Meiko's CS Tools software will be used to manage running
models on the CS. This system is expected to be available for use through December 1991.

Network Servers

Network servers provide a distribution of functions that makes possible substantial economies
in support and expansion of our facilities. By isolating functions in special-function network
nodes, we can make changes on one node with minimal or no disruption to other nodes, and each
node can be configured optimally for the function it provides. Functionally, SCD's network
servers include: (1) a mass storage system, (2) a file server, (3) TAGS gateway servers, and (4) an
access server.
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The MSS allows users to store and access massive amounts of data from the mainframes or
from workstations. Access from the MSS is at the file level. The MSS is a hierarchical system
that currently has two levels of storage. The first level consists of an on-line disk farm, which
provides very quick access of relatively small, often-used data sets, and a Nearline StorageTek
4400 Automated Cartridge System (ACS) that provides quick access of large, often-used data
sets.

The second storage level provides off-line cartridge tape storage for archival purposes. This
storage level currently holds about 750,000 files totaling 19 terabytes (TB) of information. On a
daily basis, the system handles approximately 6,300 requests involving about 1,200 gigabits (Gb)
of data.

The file server allows SCD and its users to augment the disk available to the Cray mainframes
via the cross-mounting of files, makes available large amounts of temporary disk space to all
users, and provides access to files at the record level. SCD has provided file service from several
machines, particularly the IBM front end. At the end of FY 91, an Auspex NS5000 Network
Server with 15 gigabytes (GB) of disk storage was purchased and will be used initially to replace
the front-end file-server functions.

TAGS is intended to provide hard-copy output on several types of media. Currently, only
film output is created by this node.

Paper output is produced on Xerox 4050 laser printers driven by an IBM 3090 Mass Storage
Control Processor (MSCP). The gateway servers provide batch-spooled access to NCAR's other
distributed resources. Currently, there are two gateway servers: Internet Remote Job Entry
(IRJE) and MASnet Internet Gateway System (MIGS). These gateways provide a buffer between
the NCAR computing center and the rest of the world, and protect against loss of information
when communications are disrupted.

Access servers provide interactive access for users of NCAR's distributed resources. These
users may not have access to workstations of their own, may not have good network access to
NCAR, or may be away from their usual work sites. Access servers provide a variety of
interactive services. Currently, the IBM front end serves as an access server. It will be phased
out at the end of calendar year 1991 and replaced by a UNIX front end. This replacement is part
of SCD's plan to become a UNIX-only center. We believe that by standardizing on one operating
system, we will simplify usage of the center's services for users and reduce training requirements
for SCD staff.

MASnet And LDN

MASnet and LDN provide hardware and software mechanisms for interconnecting the SCD
mainframes and network servers, as well as provide access to them from UCARnet (the UCAR
local-area network) and national networks. These systems have been constructed from Network
System Corporation (NSC) hardware components and use software developed by SCD.

Communication Systems

Most scientists use desktop computers and/or departmental computers for software
development and analysis of model results. We refer to these systems as "user nodes."
Invariably, they need to communicate with other computing systems via networks in a distributed
computing environment. Through the technologies of communications, local-area networks
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(LANs), wide-area networks (WANs), network gateways, user workstations, and window
interfaces, SCD is assimilating the user nodes into an integrated environment with the mainframes
and network servers of the NCAR computing facility.

Local Access

SCD is responsible for communication links throughout UCAR and NCAR organizational
units in the Boulder area, supporting voice, data, and slow-scan video services.

Figure 3. Ti links: traffic configuration matrix (not to scale).

Through a combination of FDDI, ethernet, the Transmission Control Protocol/Interet
Protocol (TCP/IP), other protocols, and network gateways, most NCAR scientific and facility
divisions enjoy full interconnectivity, including access to the NCAR supercomputer facilities.
The combination of an FDDI backbone and the ethernets that link individual UCAR and NCAR
organizational units is known as UCARnet. By mid-1992, most of the UCAR and NCAR
organizational units will be located at either ML or FL. The FDDI backbone has already been
extended to FL, and by the time it is fully occupied, staff will have communication services at
least equal to ML.

Remote Access

With modem networking technology, national and international networks offer an attractive
avenue of access for remote users; in particular, they offer relatively high bandwidth. SCD has
moved rapidly to be a node on selected national and international networks. NCAR is a backbone
node on NSF's network, NSFNET, and also on the NASA Science Network (NSN), NASA's
Space Physics Analysis Network (SPAN), and the Because It's Time Network (BITNET). SCD
also managed a satellite-based network called the University Satellite Network (USAN) that
connected NCAR with, and provided Internet access to, six remote sites in the atmospheric,
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oceanic, and related sciences. During FY 91, the USAN satellite was decommissioned and the
satellite connections were replaced with land-based connections for those sites that wanted to
retain direct connections. In addition, SCD has provided long-distance dial-up access to NCAR
facilities. For several years, this service has been provided via the value-added services of
SprintNet (formerly Telenet). In FY 90, the SprintNet service was supplemented with direct dial-
up service via wide area telecommunications service (WATS) lines for those individuals in
locations not serviced by SprintNet. As use of the national networks increased, the need for
SprintNet diminished. Consequently, SprintNet was discontinued at the end of FY 91. All long-
distance dial-up service was then handled by 9600 baud WATS lines.

User Support

SCD strives to provide a high level of service to its users and actively solicits their input. The
SCD director and several of his staff visit at least six university sites each year in an effort to stay
current with user issues and to inform university users of SCD's new services and future plans.
SCD also encourages user participation through a number of advisory committees. These include:

* The SCD Advisory Panel. This panel is composed of 12 appointed representatives from
universities and nonprofit research organizations, a representative from the University
Corporation for Atmospheric Research and the National Science Foundation, and invited
observers. The panel meets twice each year and advises the staff on long-term planning and
requests for university computing allocations.

* The SCD Users Group (SCDUG). This group is composed of two representatives from each
NCAR division and all interested observers. The group, which meets at NCAR on a monthly
basis, has an agenda that covers a broad range of computing issues. During the past year, the
group led user testing of the AIX/370 operating system on the IBM 4381. AIX/370 is a UNIX
alternative to the conversational monitor system front end. Under the auspices of SCDUG,
the Computing and Communications Committee continued its work on issues related to FL.

* The Mass Storage System Advisory Committee. This group comprises at least one
representative and an alternate from each NCAR division. The group meets at NCAR on a
monthly basis to provide input for future development and user needs of the Mass Storage
System. All interested users are welcome to attend.

* The Visualization Users Group (VUG). This group comprises representatives from each
NCAR division and Unidata, UCAR's University Data Project. The group meets monthly,
providing direction to the staff on enhancements to NCAR Graphics and visualization items
and reviewing software designs and services.

* SCD User Conference. This conference is held at NCAR approximately every 18 months and
all users are invited to attend. Conference themes vary, depending on the latest software and
hardware changes and division plans. Attendees are invited to provide planning input and
share their ideas on current operations.

* Site Liaison Workshop. This workshop is held at NCAR approximately every two years. Site
liaisons from over 20 universities, who assist users of NCAR supercomputers, are invited to
attend and obtain in-depth training. During this week-long workshop, participants are invited
to present their opinions on a variety of computing issues to SCD management.
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In addition, SCD uses special advisory groups when specific input is needed, such as the
Technical Advisory Group, the Computer Output Committee, and the Documentation Advisory
Committee.

Consulting

To assist scientists in the use of our facilities, SCD provides consulting and information
services, documentation, training, software libraries, and assistance with the installation of the
NCAR Graphics package.

User consulting is provided by highly-skilled professional programmers 38.5 hours per week
by telephone, electronic mail (e-mail), or in person. User project completion reports consistently
rate the quality of SCD's user support services as "very good" to "excellent."

A user area providing a variety of graphics workstations and personal computers (PCs) is
available to SCD visitors 24 hours a day, 7 days a week. A full set of vendor and SCD
documentation is available for reference.

Documentation

As the complexity of the supercomputing environment has increased, so has the need for
documentation. Because SCD must document locally developed software such as that for the
MSS, MASnet, and NCAR Graphics, we cannot rely solely on vendor documentation. To fill this
need, SCD has developed and maintains a comprehensive set of written and on-line documenta-
tion. A catalog describing SCD and vendor documentation is updated every six months and
distributed to all users once a year.

Training

SCD offers on-site training classes to help new users quickly assimilate into NCAR's
computing environment. By the end of a class, students have gained a basic introduction to the
SCD computing environment, including the use of scripts to control job execution under UNICOS
and commands to access the MSS and output servers.

Software Libraries

The SCD-supported applications software contains over 8,000 subroutines and functions,
spanning 24 mathematical libraries. Requests for new software are given priority according to
overall usefulness, quality, cost, and effort required to support the product. SCD provides an on-
line repository of documentation for most of the mathematical software as well as source code for
the non-proprietary libraries.

NCAR Graphics

The NCAR Graphics package provides a wide range of capabilities to scientists and
researchers - graphs and grids, contours, halftone contours, dashed lines, maps, area fill, field
flows, text labels, legends, three-dimensional (3-D) displays, color conversion, and moviemaking
tools. Its functions are heavily oriented toward organizing large amounts of numerical data and
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producing concise visual representations of these data. Each of the graphics utilities is a
Fortran-callable routine or package of routines for solving relatively complex graphics problems.
NCAR Graphics was developed for portability, device independence, and conformance to the
Graphical Kernel System (GKS).

The NCAR Graphics software is now in widespread use in universities and scientific
laboratories. It is installed at over 1,000 sites, and the latest version based on GKS resides at over
700 sites.

NCAR Computing Network: FY 91 Review

The major and extended components of the NCAR Computing Network are summarized
below.

Supercomputer Support

The Systems Section Supercomputer Group installs, maintains, administers, and enhances the
software systems for the CRAY Y-MP8/864 and CRAY Y-MP2/216 computers. The Y-MP
operating software is actually three operating systems with support products, utilities, libraries,
and compilers. UNICOS, an interactive system derived from AT&T UNIX System V, controls
the central processor activity. The input/output subsystem (IOS), composed of four processors
dedicated to communication with the operator work station (OWS), networks, peripheral
equipment, and the MSS, has its own non-UNIX operating system. The OWS, which includes a
Motorola microprocessor, runs its own version of UNIX.

The group administers, maintains, and modifies the standard release software to provide
enhancements for better performance, improved accounting, and connections to equipment and
networks not supported by the standard software. User assistance and troubleshooting are also
important aspects of the group's supercomputer support role.

For the Supercomputer Group, FY 91 presented another opportunity to participate in the
installation of a major supercomputer system, the Y-MP2/216, used in support of MECCA.

After hardware installation, the group, with the support of other division members and Cray
Research, Inc., installed the UNICOS 5.1.11 release and all other necessary support software, and
then monitored its seven-day acceptance test period. It was formally put into production 15 July,
and has been delivering well above 90% of its cycles to users ever since. Although the
Y-MP2/216 has a smaller configuration than the Y-MP8/864, the Y-MP2/216 has sufficient
resources to run the models for which it was tailored. UNICOS was sized and tuned to best suit
the machine configuration and workload, to provide higher scheduler priority to interactive
processes, and to put an upper limit on the amount of memory allowed to batch work during the
daytime hours. Being a dedicated machine, it is limited to running a small number of models at a
time.

A major effort undertaken this summer was the upgrade of the Y-MP8/864 operating system
from the UNICOS 5.1.11 release to the 6.1.4 release. It required considerable cooperation,
coordination, and many hours of effort by the people involved to accomplish a smooth transition.
In addition to our rebuilding and testing the system, local libraries, accounting, and NCAR
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Graphics software had to be rebuilt and extensively tested to ensure they all worked properly.
Once all components of the software were in place, the system was stress-tested for an extended
period by running selected user jobs under heavy load. This careful planning and testing paid off
when the system was put into production on 9 September.

Mass Storage

The NCAR Mass Storage System is a central archive that stores data used by research models
supported by SCD's compute servers. Some of the data are brought into the MSS from field
experiments and observations. The bulk of the data is generated by research models. Over the
next two fiscal years, SCD faces a growing requirement to archive data from high-performance
computers and field data. Even greater demands for archiving data will be required for
meteorological and oceanic simulation models.

During FY 91, the Mass Storage System Group implemented both hardware and software
changes that increased archive capacity and data transmission rates, supported a new compute
server, and incorporated TCP/IP access to the MSS.

Hardware changes included new archival storage devices, a new import/export device,
additional bandwidth on the LDN, and a new compute server connection. The archival devices
were upgraded, which more than doubled the capacity of the archive. A double-density 8-mm
cartridge drive was added as an import/export-supported device. An additional Network Systems
Corporation remote device module-extended (RDM-E) adapter was added to the LDN switch,
increasing the overall bandwidth. Finally, a CRAY Y-MP2/216 running UNICOS was connected
to the MSS via the existing LDN.

Software modifications and additions were implemented to enhance the ability of the client
machine to write data to the interface, improve the bandwidth on the LDN, provide FTP access to
the MSS, integrate the IBM 3490E cartridge subsystem, support an unlimited number of storage
hierarchies, and enhance the space utilization of the MSS disk farm. Software supporting a user
interface that allows asynchronous write requests from the Cray was developed. Software
modifications made to the Cray IOS allow multiple concurrent LDN data channels, increasing the
effective bandwidth of the LDN. MSS archive devices were upgraded to double the capacity of
the MSS. To improve MSS response times for user requests, the MSS storage hierarchy concept
was enhanced and space utilization of the MSS disk farm is being modified.

Hardware

Major hardware changes were made during FY 91. The most notable was the replacement of
the IBM 3480 cartridge subsystem with the IBM 3490E cartridge subsystem, which resulted in
doubling the MSS archive capacity. A new import/export device was added to enhance the MSS
interface to the EXABYTE 8-mm helical-scan cartridge drives. The LDN bandwidth to the
CRAY Y-MP8/864 was enhanced with the addition of a third NSC RDM-E adapter. A second
compute server, a CRAY Y-MP2/216, was connected to the MSS via the LDN.

An additional EXABYTE adapter/drive was added to the import/export capabilities of the
MSS. The Quarterdeck/EXABYTE adapter allows 8-mm helical-scan cartridges to be read and
written in double-density format, increasing the capacity of each cassette from 2.3 GB to more
than 5.0 GB.
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Adding a second compute server (a CRAY Y-MP2/216) and a channel to the Y-MP8/864
increased the bandwidth requirements of the LDN from 6 MBps to 12 MBps. Previously, the
LDN matched the 6-MBps requirement by having available two NSC RMD-E adapters. A partial
solution to this mismatch was provided by the addition of an NSC RDM-E channel adapter,
which increased total bandwidth capability to 9 MBps.

Software

Major software changes were made to allow asynchronous write requests over the LDN,
increase the bandwidth on the LDN, provide FTP access to the MSS, access the new IBM 3490E
cartridge subsystem, allow an unlimited number of storage hierarchies, and support a new strategy
to enhance the space utilization of the MSS disk farm.

The MSS client application interface on the compute servers running UNICOS and TAGS
was enhanced to allow asynchronous write requests.

Improvements were made to UNICOS that allow additional LDN data channels to be attached
to the Cray IOS.

A major update was made of the IBM multiple virtual storage (MVS) operating system on the
mass storage control processor (MSCP) to allow MSS connection of the new IBM 3490E
cartridge subsystem. Additionally, the MSS was modified to support the double-density feature
of the IBM 3490Es.

To allow the addition of future storage hierarchies and to better define the current hierarchy
structure, the MSS master file directory (MFD) was modified for an unlimited number of storage
levels.

The amount of MSS activity for small files has increased to the point that the system is unable
to retain the optimum number of files on the disk farm. The major space utilization problem of
the disk farm is fragmentation. Currently, all disk farm-resident files must reside in contiguous
or adjacent disk tracks. As files are written and removed, collections of unused disk tracks are
created. Many times, these unused disk track groups are not large enough to hold new files, thus
creating fragmentation. A software project was started in FY 91 to address this problem. The
project allows disk farm-resident files to be written to smaller, contiguous disk tracks or extents,
allowing up to 16 of these extents per file. This technique can utilize previously unusable disk
track groups, reduce the amount of unusable disk tracks, and allow a greater number of files to
reside on the disk farm.

Distributed Services

The computing environment in general, and scientific computing in particular, are undergoing
an increasingly rapid evolution. Some of the results of this evolution have made advanced
computing, visualization, and communications capabilities available to users, often on their desks
or in their immediate work areas, in the form of affordable, networked workstations or personal
computers with bitmapped displays. As a result, SCD's traditional role as the provider of
supercomputer cycles and the data archive is also evolving.
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To help extend these capabilities to the user, SCD makes available part of the computing
support matrix that will provide access to NCAR's computing resources. Composed of high- and
low-speed LANs at NCAR, and WANs and LANs at the user's site, this matrix will provide
access to the resources shown in Figure 4 and will allow for a seamless environment, making
these resources appear as an extension of the user's workstation.

Figure 4. Resources available as extensions of the user's workstation.

These resources include:

* interactive and batch capabilities of compute servers
* archive services
* UNIX file systems
* software libraries and documentation
* gateway service for remote batch queuing and third-party batch requests
* front-end servers for terminal users
* graphics on the user's workstation or on other output devices.

Compute Servers

Recently, parallel computation has received close attention. While there are several different
styles of parallel computing, the focus for the Distributed Services and Scientific Visualization
Section is loosely coupled computing-a cluster of complete computer systems.

Each member of the cluster has its own processor, memory, and secondary storage, and is
connected by communications links (dedicated or network) to the other members.

MSS

CM-2
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During FY 91, SCD received a Meiko Computing Surface on a short-term loan from Meiko
Scientific Corporation. The Computing Surface (CS) consists of separate processing elements
(which may be nonidentical) connected by a software-reconfigurable switch. Meiko's CS Tools
software will be used to manage running models on the CS. This system is expected to be
available for use through December 1991.

SCD started to investigate parallel computing as it applies to a compute cluster. Initially, we
plan to acquire a cluster of four IBM RS/6000 workstations. This cluster, when operating in
parallel, will be a valuable tool for deciding how to use distributed processors on NCAR
computing problems. Operating singly, it will augment our ability to offer floating point
operations (flops) in interactive and batch environments.

File Servers

As the distributed environment evolves, access by users to files stored in various places across
the network becomes more important. These files have various purposes for the user:

* Home directories provide permanent long-term storage for a user.
* Project directories provide shared long-term storage for groups of users.
* Temporary space provides short-term storage of large files that cannot be kept in home or

project directories. (This type of space may be used to allow record access to small portions
of a large data set.)

* Workstation support directories provide vendor and local software for common architectures
of workstations.

As the number of workstations and stand-alone systems increased along with the users' needs
to access large files, the current file-sharing technology, based on Sun Microsystem's network file
system (NFS), started to show limitations. At the beginning of this decade, software and
hardware optimized for file sharing started to appear.

Near the end of FY 91, SCD acquired an Auspex NS5000 Network Server with 15 GB of disk
storage and 4 ethernet interfaces. We tested the NS5000 with various clients. Initial results
showed the NS5000 has ample reserve to drive multiple ethernets at full capacity, as well as to
overwhelm slower ethernet bridges, requiring a reconfiguration of SCD subnets. We also tested
the NS5000 on the NCAR LDN. Initial results showed that, for transfer to or from the LDN to
memory, the NS5000 is 10% slower than a Sun-4/390. This, in turn, is half the speed of the
CRAY Y-MP8/864.

We have begun to consolidate file service for all of SCD's workstations and to assume file
service provided by AIX/370 on the IBM 4381.

Text and Graphics Server

SCD provides several types of output media under TAGS. However, at this time, only film is
created by the TAGS system. Paper output is produced on Xerox 4050 laser printers driven by an
MSCP.

In December 1990, we installed a new version of the TAGS software. The main purpose of
this version was to increase the independence of the software from output devices and to provide
performance improvements. In January 1991, TAGS had a record month, with approximately
750,000 images produced on various film formats. Two new color film formats were made
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available; E6 35-mm and E6 4 x 5 sheets. Support for the older color Video News Film (VNF)
format was dropped. A new raster input format, hierarchical data format (HDF) from the
National Center for Supercomputing Applications (NCSA), was added. Version 3.0.1 of the
NCAR Graphics C translator was installed, allowing users to have CGM files rasterized with
high-quality output similar to that which appears on their workstation screens. TAGS was also
interfaced to the LDN. We began integrating the batch video output device into TAGS.
Investigation of PostScript support continued at a lower priority.

Gateway Servers

The gateway servers, IRJE and MIGS, provide batch-spooled access to NCAR's other
distributed resources. These gateways provide a buffer between the NCAR computing center and
the rest of the world, and allow for disruptions in communications and service without the loss of
information.

Routine maintenance, administration, and documentation updates were performed for both
gateway servers. MIGS was moved to a larger system to accommodate the increasing load. IRJE
was modified to use the NCAR Central Post Office (CPO) to resolve a user's default mail
addresses.

Access Servers

Access servers are systems that provide interactive access for users of NCAR's distributed
resources. These users may not have access to workstations of their own, may require 24-hour
service and support, may not have good network access to NCAR, or may be away from their
usual work sites. The access servers provide a variety of services such as editing, job submission
and output return, electronic mailboxes, interactive previewing of graphics, and the ability to
make requests of other distributed resources.

Interactive access to NCAR facilities, especially for users without front-end capability, has
been primarily through the IBM 4381, which is currently running both the IBM VM/SP HPO and
the AIX/370 operating systems. AIX/370 was brought in as a UNIX alternative to the CMS front
end. AIX/370 also provides NSF file services to the CRAY Y-MP, workstations, and servers.

The major goal was to begin the conversion of the front-end user base from CMS to UNIX.
The IBM 4381 did not prove to be a cost-effective UNIX platform, so the decision was made to
replace it with a UNIX front-end machine and a dedicated, high-performance NFS file server.

By the end of FY 91, the development of CMS-to-UNIX migration tools and procedures was
accomplished. NCAR's link to BITNET was moved via the UNIX remote spooling communica-
tions subsystem emulation program (UREP) to a UNIX system.

Support Services

Support Services comprise all of the other tasks and support functions required to keep a
distributed computing environment operational.

Administration of all SCD non-supercomputer and non-MSS systems continued. Many
systems were upgraded to vendors' latest operating system versions. In addition, several new
types of workstations from various vendors were made available to users for testing and
evaluation. A recommendation to standardize UNIX user IDs and group IDs was reached; this
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should ease the transition to the distributed environment. A configuration control system (CCS)
was initiated to help manage the wide variety of software on all UNIX systems. Public and
licensed source code was made available to users via NFS. NCAR-created or -supported libraries,
documentation, and code were consolidated to a single system, ftp.ucar.edu, where users may use
anonymous FTP to retrieve items.

Use of the Domain Name System (DNS) was fully implemented. Since DNS provides this
function dynamically, administrators in each division may assign names and addresses to
workstations and other systems under their control without having to worry about updating large
lists of names for systems elsewhere. Three systems running the Network Time Protocol (NTP),
NCAR, handles, and windom, were designated as network time servers. These servers allow any
system running NTP to synchronize its clock to within a fraction of a second with atomic clocks
maintained by the National Institute of Standards and Technology (NIST). Several systems were
configured as backup CPO systems.

Data Services

Family of Services. Unidata offers a package called Family of Services (FOS). This package
runs on a system connected to the weather wire services. The FOS package reads the National
Weather Service data provided by dedicated lines, interpolates it onto a common grid, and places
it in a data archive in network common data format (netCDF). The FOS also provides weather
maps generated from the FOS database. These maps are presented in a number of graphics
formats.

During FY 91, FOS ran on several SCD systems and proved the value of providing a central
server that is easily accessible to NCAR users. SCD utilized the distributed capabilities of FOS to
provide this service on several systems: a Sun-3, an IBM RS/6000, and an IBM 4381 running
AIX/370. However, these systems were not available for the entire year, which caused an
interruption in the data collection.

NCAR Library System. Because of the planned decommissioning of the IBM 4381, the
NCAR Library has made plans to move its on-line databases to an IBM RS/6000 system running
AIX with Sirsi Corporation's Unicorn software. This system will assume the functions that were
performed by the Spires/Prism software on the 4381.

User Interface

X Window System Development. X Window System development support consists of two
parts: X Window System Graphical User Interfaces (X-GUIs) for access to SCD services, and
X Window System developers' software library support.

X-GUIs to the SCD Servers. We continued the development of the X-GUIs for UNIX
workstations. User Services staff performed a beta evaluation on the X Window System user
interface for submitted asynchronous batch jobs. User Services also evaluated an X-GUI that
accesses the Distributed Software Libraries (DSL). We provided X-GUIs for MSS and physical
tape access. We consulted with User Services and SCDUG to determine priorities for other
X-GUIs to SCD services.

X Window System Developers' Library Support. This year, we continued making X
Window System applications available to as many different types of workstations as possible.
SCD serves as a repository and library of X Window System software including the development
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toolkits and Xlib, the X Window System bottom library. We consulted on X Window System
interface builders, X Window System libraries, and configuration issues. We ported useful client
applications acquired from the "contrib" portion of the MIT X Window System distribution, and
from other sites using the X Window System. We offered binaries for standard hardware
platforms for X Window System versions XI 1R3, XI 1R4, and for the application interface
standards OSF Motif and the MIT distribution. We recommend that, for now, first-time
X Window System users use the MIT distribution binaries. As either Open Look or Motif
evolves into the true industry standard, we will guide users to adopt that standard. We are
experimenting with the first-time user, graphical X Window System interface builders. We
investigated a number of these interface builders this year. They are all adequate, but costly,
averaging $3,000 to $5,000 per seat.

Network Access

Local-area Networks and Communications

New high-speed networking technologies are emerging rapidly. For the most part, these are
highly complex but necessary to establish the distributed computing environment demanded by
NCAR scientists and users. Electronic mail systems and their information servers are also closely
associated with networking. It is imperative that we remain current with the new networking
technologies and standards for directory services that are fundamental to establishing a successful
distributed computing environment.

The following projects were accomplished during FY 91:

* Built an FDDI testbed network, gathering valuable information for a production network
* Implemented the first two phases of the plan to provide high-speed networking to the

Foothills Laboratory
* Completed plans for the next phase for high-speed links between the Mesa and Foothills

laboratories, and completed the RFPs for the equipment and services
* Completed the phase-out of USAN's satellite-based system by converting the remaining

USAN members to land-based services
* Completed the plan for the full subnetting of the Mesa Laboratory UCARnet, including the

subnetting of some off-mesa sites
· Completed investigation of the use of large Internet Protocol (IP) packets on the NSC

HYPERchannel.

Wide-Area Networks

The day-to-day operation of the interconnections to external networks requires regular
hardware and software maintenance and user support. Hardware support deals primarily with the
routers and gateways to each of the connected networks. Software support involves activities
such as maintaining the mail system and routing elements in a very complex Internet
environment.

During the past year, changes continued to occur in wide-area networking at NCAR. In
addition to participating as a major hub for Internet traffic, new tools and services from the
NSFNET Network Operations Center (NOC) have come into existence, the introduction of a T3
node to the NSFNET is in progress, and new initiatives in national networking have been
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proposed (the National Research Education Network [NREN] in particular) that will impact or
involve NCAR. Participation in the activities of the Internet Engineering Task Force (IETF) and
the Federation of American Research Networks (FARNET) has enhanced NCAR's role in the
new initiatives.

Mexican Satellite Network Connection. NCAR supplied the initiative and manpower for the
satellite link to the Mexican sites, Universidad Nacional Autonoma de Mexico (UNAM) and
Institute Tecnologico y de Estudios Superiores de Monterrey (ITESM), and prepared a new site,
Consejo Nacional de Ciencia y Tecnologia (CONACYT). This project is jointly funded by NSF's
Division for Networking and Communications Research and Infrastructure (DNCRI) and NASA.

USAN. The primary regional network we have been involved with is USAN. USAN has been
converted from satellite transmission to leased land lines, and USAN, as an entity, has been
discontinued. Former USAN users can access NCAR and other resources on NSFNET and the
rest of the Internet. A statistics-gathering system for the new terrestrial lines has been installed.
The full cost-recovery plan has been implemented.

Other Network Connections. Cooperative efforts with Los Alamos National Laboratory
(LANL) resulted in the establishment of a 56-kilobits-per-second (Kbps) link between NCAR and
Los Alamos. NCAR staff were also heavily involved in the establishment of a link between
NCAR and the Boulder Laboratories of the Department of Commerce. Both sites now have
gateway service onto NSFNET.

Support continued for SprintNet to provide interactive access to users not on the Internet, but
this service was discontinued at the end of FY 91 in favor of a more cost-effective 9600-bps
WATS service from Sprint.

SPAN Support. SPAN is a NASA-sponsored, DECnet-based network with over 5,000 nodes
across the world. SCD provided centralized administration and support for the NCAR link to
SPAN. SCD maintains a SPAN/Internet gateway to handle remote login, e-mail, and file
transfers between the two networks.

BITNETICREN. The RSCS software on the 4381 was replaced by UREP on a Sun.

Scientific Visualization

Many new visualization techniques have been developed over the past few years. Since the
number of SCD staff assigned to visualization development is limited, we work with our scientific
advisory panel and user groups to determine which techniques best serve the needs of our users,
and we concentrate our efforts in those areas.

SVG Focus

Currently, there are four primary areas of focus for visualization: support of software and
services, development of NCAR Graphics, development of and services for video animation and
multimedia, and support of a visualization infrastructure.

288



Scientific Computing Division

Support of Software and Services. The two main areas of emphasis in FY 91 were: (1) the
migration from the NCAR System Plot Package (SPP) pre-GKS version of NCAR Graphics on
SCD computers to the GKS/Computer Graphics Metafile (CGM)-based version of NCAR
Graphics, and (2) support for users of NCAR Graphics at NCAR and at their home sites. About
50% of SVG staff time was dedicated to support functions.

Maintain and Support NCAR Graphics Software. NCAR Graphics is a continually
evolving package. In FY 91, three new releases were issued. Release 3.1.0 was a major release;
significant new functionality added to the package required extensive documentation. Releases
3.1.1 and 3.1.2 were minor in that they were primarily oriented toward bug fixes.

Support the Auto-installation Process. Based on the user systems and our ability to access
systems for software installation, we added support for the Sun SPARCstation, the DEC 5000,
and the IBM RISC System/6000.

Before a new release of NCAR Graphics was issued, it was installed and tested on all
supported systems. This involved running extensive tests of all utilities. Each new release of
NCAR Graphics was made available to the NCAR divisions. In addition, tapes in multiple-
format options were distributed to the international community. We also provided technical
consulting and resolved trouble reports.

Extensive consulting services were provided for the package. By the end of FY 91, the
Scientific Visualization Group (SVG) was handling about 210 user contacts per month, requiring
about 220 hours of staff time. Installation consulting moved to the SVG from User Services so
that it could be integrated more fully with porting NCAR Graphics to new systems, which had
always been done in SVG.

Investigate the Interoperability of Visualization Software and SCD Systems. SCD
integrates NCAR Graphics with other inexpensive visualization tools available to the community.
For example, we tested a process for porting NCAR CGMs to a Macintosh computer. This
process enables NCAR Graphics users to use "point-and-click" plot editing to achieve high-
quality publication graphics.

Integrate Visualization Services and Multimedia Output on SCD Systems. SCD provided
and supported translators and filters for moving data and images between software tools and
output media, including printers, film, slides, and video. We installed and supported NCAR
Graphics on the UNICOS Crays at NCAR. We supported the C CGM interpreter CTRANS on
TAGS. We provided the Sun rasterization process that supports the TAGS option.

Convert to GKS/CGM Graphics at NCAR. Through a coordinated and concentrated effort,
the User Services Section, the High Performance Systems and Networking Section, the TAGS
Group, and the SVG displaced the pre-standards version of NCAR Graphics at NCAR.

The Distributed Services staff converted production black-and-white film and microfiche
processing from the RSX-1 IM-based Dicomed On-line Operating System (DOOS) to the Sun-
based TAGS and installed the new C language translator in support of CGM output.

SVG staff developed a filter to convert pre-CGM graphics metafiles to NCAR CGMs so that
old metafiles stored on the MSS could still be produced. They also converted the Printer
Simulation Format (PRSIM) utility, which merges text and graphics to portable Fortran for
incorporation into TAGS.
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NCAR Graphics Development. The SCD SPEC Review Committee made several
recommendations to improve NCAR Graphics. One such recommendation was to improve the
ease of use of NCAR Graphics utilities. In response, SVG staff developed a plan that adds a text-
based command line interface to NCAR Graphics on top of the graphics libraries, followed by a
GUI on top of the command line interface. These higher-level interfaces will make it easier for
programming researchers to use NCAR Graphics and make NCAR Graphics available to non-
programming researchers.

Release 3.1.0 of NCAR Graphics with new capabilities was completed in FY 91. These new
capabilities are listed below:

* Three enhanced scientific utilities

Another user entry, CPSPS2, was added to the contouring package, CONPACK. (CPSPS2
allows for irregular grid spacing in the X and Y dimensions.) New fonts, sizing, and
location-control features were added to the text generating PLOTCHAR utility. The AREAS
utility was augmented to sense the precision level of the host computer and internally adjust
the precision as required.

* The CGM viewing package, NCAR View

An interactive text-based CGM frame-level editor was added. An interactive text-based user
interface was added to the CGM translator to be used from many graphics terminals and
workstation windowing systems. A CGM rasterizer, supporting a number of raster formats,
was added to the CGM translator, CTRANS. A new, improved interface was added to the
interactive display tool (IDT).

* New device drivers for graphical output to devices

A number of device drivers were added for monochrome and color output of PostScript in
portrait or landscape mode, as well as for Digital VT240 and VT340 terminals.

Video Animation Development and Services. Video animation plays several roles in today's
scientific computing and visualization environment. Perhaps the most important is the utilization
of video output as another form of hard-copy output, like film or paper. Video animation may be
used for routine analysis, for communication with colleagues, and in presentations. It is
becoming increasingly common for journals to accept video material as a part of a published
paper. Who can say what the scientific journal article of the future will look like? Some form of
scientific multimedia that integrates text, equations, still graphics, animation, and audio could be a
major graphical innovation.

NCAR is involved in many research activities, such as global change, that see widespread
media interest. As a result, we are experiencing an increased demand from broadcast agencies,
public television, and corporate producers for video materials on these subjects. There is a
growing demand from within NCAR to supply these materials as well, advertising NCAR's role in
the global research community.

During the past three years, SCD has invested considerable resources in developing this
growing area of technology. This approach is consistent with other national research centers, and
our program is comparable to many others. We are just beginning to exploit the marriage of
computer and video, and growth in this area has been tremendous. The technology has the
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potential to grow even more with the advent of high-definition television (HDTV) and improved-
definition television (IDTV). Some people believe that the scientific and technical markets, rather
than the consumer markets, will drive this evolution. Either way, it's an important development
and will be increasingly integral in the scientific computing environment.

Development Activities. In FY 91, SCD solidified the basic capabilities that support many of
the needs discussed above, ranging from providing the polished productions to be shown at a
conference to the less flashy, but equally important, activities that enable research scientists to
accomplish their daily work.

Based on experiences gained in earlier endeavors, we integrated a new, interactive video
animation system that addressed many previous problems and shortcomings. The hardware was
professional-quality video equipment and included an Abekas A60 Digital Frame Recorder, a Sun
SPARCstation with special video hardware, Umatic VTRs, VHS/S-VHS VTRs, an edit controller,
and an Amiga personal computer with video processing hardware. Figure 5 provides a general
diagram of the system.

Figure 5. Mesa Laboratory interactive video animation system.

Software was developed that emphasized ease of use and commonality with popular
visualization tools used at NCAR, i.e., NCAR Graphics and PolyPaint. The new system provided
excellent picture quality, reasonably fast animation rates, and a choice of mastering formats,
including VHS, S-VHS, Umatic, and Umatic-SP. The process of producing a basic presentation-
quality video was streamlined, allowing animated segments to be quickly edited and annotated
using a PC-based character generator. The new system also now provides video digitizing, a
function that will be useful to scientists who employ video recorders as part of data acquisition
systems, i.e., airborne scanners.

__

291



Scientific Computing Division

While projects frequently require presentation-quality results, many scientists also need to
produce basic animated video output on a routine basis. In FY 91, the decision was made to
address the need for a "video line printer" service through TAGS.

During FY 91, the divisions moving to the new Foothills Laboratory requested SCD's help to
develop and support an interactive animation facility at that location. SCD decided to base both
the Mesa and Foothills laboratories' interactive systems on Sony optical disk recorders and use the
existing Abekas A60 Digital Frame Store to support the TAGS video output capability. The
video animation facility at the Mesa Laboratory was designed, purchased, integrated, and made
operational. Equipment purchased for the Foothills Laboratory system will be operational in
FY 92. Design work was completed for the video subsystem for the TAGS environment, and the
process of hardware and software integration began late in the year, with the expectation of the
service becoming available in FY 92. The TAGS video system is very similar to the interactive
system (described under Distributed Services, "Text and Graphics System").

Scientific Use. Throughout FY 91, SCD saw regular use of the interactive video animation
facilities by the NCAR scientific staff as well as by remote users of NCAR's computing resources.
Animation projects in climate modeling, oceanography, solar physics, atmospheric chemistry,
mesoscale meteorology, and others have been completed, representing work from all of NCAR's
scientific divisions. Scientists who use NCAR computing services from remote sites have
traveled to Boulder solely to produce a videotape of their research work. Organizations not
currently using SCD resources have also expressed a desire to use our video animation services.
Many organizations are in the process of attempting to provide similar capabilities, and SCD acts
as a consulting resource in this field.

Support of a Visualization Infrastructure. Projects during FY 91 included:

* CU Student Project

The SVG sponsored a software development project called the Global Visualization
Environment (GLOVE). GLOVE is a quick-look tool for visualizing scientific data and map
information that includes a GUI to the color contouring package CONPACK. It also supports
all ten of the standard NCAR Graphics mapping transformations.

* NASA Applied Information Systems Research Workshops

In FY 90, SCD submitted a proposal to NASA entitled "An Interactive Interface to NCAR
Graphics." The partial funding of this proposal in FY 91 allowed SCD to add a Software
Engineer II to the visualization development staff. All NASA awardees held a workshop in
Boulder, Colorado, 22-24 July 1991. Several other sites with an interest in interactive NCAR
Graphics expressed a desire to collaborate with SCD in this effort.

* DEC/NCAR Joint Research Project

SCD concluded its Joint Research Project (JRP) with Digital Equipment Corporation (DEC)
in December 1990. A second Digital DECstation 5000 was acquired under the DEC JRP
grant and installed for SCD use.
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* SLATEC Plotting Library

SCD continued to work with DOE, NASA, and NSF-funded supercomputing centers to create
portable graphics libraries. FY 91 project goals were to define a visualization reference
model, review unifying visualization environment packages such as AVS, and share
visualization software.

* Unidata

SCD continued to promote the use of Unidata's netCDF as an interface for scientific data sets
and is incorporating netCDF data input into new visualization tools.

* UCAR Foundation

SCD continued to support NCAR Graphics technology transfer by the UCAR Intellectual
Property Management Program through meetings, presentations, demonstrations, and
contributions of software and on-line documentation tapes. In FY 91, we worked with UCAR
intellectual property personnel to copyright major release 3.1 of NCAR Graphics and develop
suitable licensing contracts.

* NCAR Visualization Users Group

SCD continued to be active in NCAR VUG by participating in meetings, giving presentations
and demonstrations of plans and prototype tools, and disseminating information through the
visual@ncar.ucar.edu news group.

* WaveFront National Academic Advisory Program

WaveFront Technologies Inc. is a leading supplier of software for scientific visualization and
for the creation of dynamic 3-D imagery. SVG staff participate in their academic advisory
program. WaveFront provides its software and training to SCD at no cost, including the use
of their Advanced Visualizer software. In return, we offer suggestions to assist them in their
future development strategies. SCD participated in arranging a visit to NCAR by WaveFront
development staff to discuss NCAR visualization needs. This contributed to the design of a
new WaveFront product called the Data Visualizer. One of the input data formats supported
by the Data Visualizer is Unidata's netCDF format.

Data Support

The Data Support Section (DSS) maintains a large, organized archive of computer-accessible
research data that is made available to scientists around the world. The archive represents a
unique store of observed data and analyses and is used for major national and international
atmospheric and oceanic research projects.

There are now over 380 distinct data sets in the archive, ranging from less than 1 MB to over
1 TB. On 4 August 1991, the DSS had a total of 65,518 bitfiles on the MSS, with a total volume
of 2.689 TB (21.51 Terabits [Tb]), an increase of 0.252 TB from 13 August 1990. DSS data are
13.9% of the total MSS data and 9.16% of the bitfiles.
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DSS staff provide assistance and expertise in using the archive and help researchers locate
data appropriate to their needs. Users may obtain copies of data on tape or use data directly on the
NCAR MSS. DSS staff also assist scientists by providing data access programs (to read and
unpack data) and other software for data manipulation, as well as a variety of written materials.

From September 1990 to August 1991, DSS staff handled many requests for information
about data, data processing tools, and on-line access programs. Staff handled 386 requests for data
to be sent off site. These requests required data from 475 data sets. Data were selected from 4,285
archive volumes (holding 121 GB), and 85 GB were shipped to users. Users received the data on
977 round tapes, 151 cartridges, 32 EXABYTE tapes, and 153 PC floppies. In addition, some
users received data by electronic transfer. We sold 13 copies of the NMC gridpoint compact disk-
read only memory (CD-ROM).

Major tasks completed in FY 91 follow:

* Reanalysis Project. Initial work was completed so that we could begin to prepare data for
analyses. This included holding an information workshop, preparing a 50-page document,
and preparing proposals.

* CD-ROM. DSS staff completed a draft text that briefly describes scientific CD-ROMs and
plans for making such CDs in the United States.

* Global Assessment. Many scientists performing global assessment studies (such as those at
the U. S. Environmental Protection Agency [EPA]) are using our archive of climate model
data. We are acting as the world model data center for these studies. New Canadian and
Geophysical Fluid Dynamics Laboratory (GFDL) model data sets were made available. New
texts describing the general circulation model (GCM) runs were prepared.

* NMC Data. We created several large advanced archives. A basic model on sigma
coordinates was begun in September 1990. Higher-resolution models were begun in March
1991, and a new model began production in June 1991.

* ECMWF Data. The new major advanced archives for 1985 to 1989 from ECMWF were
available as of June 1990. One of five was updated through March 1991.

* Ocean Data. Several data exchange programs completed in FY 91 made two new large data
sources available for the Comprehensive Ocean-Atmosphere Dataset (COADS) update
project. The former Soviet Union provided the century-long (1888 to 1989) USSR Marine
Ship Data archive (24.4 x 106 reports of ocean surface and weather conditions). The Canadian
Marine Environmental Data Service (MEDS) made available the world's most complete data
set from moored and drifting ocean buoys (1980 to 1990, 4.3 x 106 reports of oceanic/
atmospheric boundary layer conditions). In order to incorporate these data into COADS, the
original data format was mapped into the uniform format used at other levels of COADS data
processing. Software to accomplish this was doubly written (written independently by two
different programmers and cross-checked) to minimize format transformation errors. These
rigorous data manipulation steps were required to insure the highest-quality end product.
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Activities to support oceanic research at NCAR, throughout UCAR, and across the world have
been greater than ever before. New data sets were acquired and made available on the MSS,
and numerous copies of them and other older data sets were distributed. We have seen a
steady shift toward data requesters wanting products deliverable via the network systems, i.e.,
FTP. Currently, only small data sets are distributed this way. There is, however, a growing
demand to extend our ability to deliver much larger data sets.

* Data Exchange. DSS staff participated in several international data exchanges. During 1991,
formal U.S.-USSR data exchanges were very active. Several data sets were exchanged under
each program. For example, NCAR received 24,400,000 ship observations from the USSR
from 1989 to 1991. This will increase the volume of COADS input data by about 20%.

* Inventories. Three more detailed inventories were prepared for on-line access. A total of 24
inventories, including several types of surface, upper air, and satellite data sets, are now
available.

Computational Support

The Computational Support Section (CSS) provides state-of-the-art expertise in aspects of
computing beneficial to the atmospheric and oceanic sciences communities. This expertise is
communicated via consulting, publications, software development, and training. Performance
monitoring and benchmarking studies are conducted to ensure the efficient use of the current
computing resources and to aid in selecting the most appropriate future computers. This section
also processes all university requests for computing resources and plays an active role in the
FORTRAN standards effort.

Allocation of Resources

In the past year, 168 requests were approved for a total of 17,122 GAUs. Processing these
requests involved soliciting opinions from reviewers in all areas of atmospheric science. An
article was written for the April 1990 SCD Computing News announcing changes in the
allocations of outside resources.

"Quick" Y-MP Grants. Available time on the Y-MP allowed university atmospheric
researchers to apply for up to 50 GAUs to be used by 30 September 1990. These were not
reviewed. The resources were earmarked for the Y-MP only, and the grants expired on that date.
Eight such grants for 235 Y-MP GAUs were made.

Cray University Research Grants. After a cursory review, 21 university Cray Research
proposals for 5,465 CPU hours were received and forwarded to Cray for consideration.
Concurrently, 12 university proposals for 1,493 CPU hours were approved.

CHAMMP Interagency Organization for Numerical Simulations

The CHAMMP Interagency Organization for Numerical Simulations (CHAMMPions), which
is funded in part through the DOE CHAMMP initiative, is intended to provide the technological
advances required to support the development of an atmospheric circulation simulation system on
parallel supercomputers. This project is one component of the CHAMMP effort to develop an
advanced climate model with throughput capability significantly greater than that of current
models. The interdisciplinary teams at each of the three national research institutions, Oak Ridge
National Laboratory (ORNL), Argonne National Laboratory (ANL), and NCAR, jointly perform
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research in three related areas: advanced numerical methods, model development, and parallel
software tools. The results of the project are made available to the research community via
research papers, parallel algorithm libraries, software tools, and parallel implementations of
atmospheric circulation models.

In FY 91, four meetings took place in support of CHAMMP, including one at NCAR.

Numerical Methods and Parallel Algorithm Development. Research was conducted for the
development of efficient parallel algorithms for computing Fourier transforms on the Connection
Machine. Algorithms were also developed for efficiently transposing data on the CM-2 that will
improve the efficiency of spectral transform methods on the CM-2. In addition, the Second
CHAMMP Workshop on Numerical Solutions of Fluid Flow in Spherical Geometry was
organized for 9-11 October. A joint proposal with ORNL and ANL, entitled "Improvements to
Parallel Algorithms for Climate Modeling," was accepted for CHAMMP funding.

Working Parallel Atmospheric Model. In FY 91, a spherical harmonic transform version of
the shallow-water model, which was developed by CGD staff, was implemented on the CM-2.
The Legendre transform, which is the computationally intensive core of the method, was studied
for efficient implementation on the CM-2. This version of the shallow-water model served as a
prototype for the implementation of the dynamics portion of the NCAR CCM2 on the CM-2.

The implementation of CCM2 on the CM-2 began in April 1991 when the most recent version
of the model was made available from CGD. The model code is being converted to FORTRAN
90 array syntax for parallel execution on the CM-2. Major sections of the model physics have
been converted, and parallel CM-2 versions of the dynamics and semi-Lagrangian transport
sections have been designed and are being implemented on the CM-2.

Performance and Benchmarking

CSS staff routinely benchmark new computer systems in the high-performance, workstation-
to-supercomputer class of machines. The benchmark set includes a simple, two-dimensional
shallow-water equations model and a complex, three-dimensional climate model.

Systems benchmarked in FY 91 included an NEC SX-X/12 supercomputer at the Houston
Area Research Center (HARC), the IBM RS/6000/550, and the Sun SPARCstation 2. In
addition, the benchmark set was sent to Fujitsu for testing their VP2000 systems, and to Kendall
Square Research and Meiko Scientific Corporation for testing their parallel systems.

With the move to a more distributed computing environment, network performance is critical
for a good user environment. CSS conducted studies on the NFS performance between the
CRAY Y-MP and other network file servers. The Prestoserve board from Legato and the NFS
software package from Interstream were tested, and results showed that they improved the NFS
write performance for Sun servers by a factor of 2 to 3, depending on file size. CSS staff
developed procedures to measure response times for interactively executing a set of commonly
used UNIX commands. These procedures will be run routinely on the CRAY Y-MP to monitor
any changes in interactive response times for the CRAY Y-MP.

Work was done on the performance analysis of the MSS as seen from the Y-MP users' view.
Tests of MSS disk farm performance, run from the Y-MP, showed that the data rate was largely
independent of file size and that significant delays appeared to be occurring during file delivery.
This led to an examination of the system log files to see if any problems could be identified and
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easily rectified. Although the High Performance Systems and Networking Section has made
changes that show reductions in the transmission delays, the delays persist because they come not
from the MSS, but from the Y-MP's loader and scheduler.

EOSDIS Activities

Prototyping. The Computational Support Section is an active participant in the Earth
Observing System Data Information System (EOSDIS) planning activities for data acquisition
and distribution. Data from the satellite is expected to be invaluable for the atmospheric sciences
community.

In late 1989, two EOSDIS prototypes were begun: the TOVS Algorithm Porting Exercise
(TAPE) Project and the WOCE Data Rebinning Project.

The main benefit of TAPE was the insight gained on the problems of porting and optimizing
satellite data reduction software from a workstation to a supercomputer environment.
(Optimization is a major problem in EOSDIS.) Work continued on the TAPE Project through
early FY 91. However, our participation in this activity ceased prior to any effort to run the
program remotely.

The WOCE Rebinning Project has produced useful information on data compression and
mass storage. By June 1991, the corporate partner, IBM, was able to demonstrate ordering a
subset of the WOCE data remotely.

EOSDIS Data Panel Activity. The CSS has participated in the EOSDIS data panel activities
for the last two and one-half years. Activities included reviewing the Phase B EOSDIS
implementation plans and the draft versions of the EOS Core System Request for Proposal (RFP).
The CSS participated in a number of EOSDIS workshops to rework the EOSDIS statement of
work and technical requirements documents, and to prepare EOSDIS Version 0 software goals.

The EOSDIS Land Surface Testbed. The joint EOSDIS Landsurface Testbed Proposal of the
University of Colorado (CU), University of California at Santa Barbara (UCSB), and NCAR was
selected from last year's responses to NASA's Research Announcement (NRA) . Under this
proposal, an on-line data distribution and interactive display system will be developed and
installed at NCAR for collecting, archiving, distributing, and analyzing operational weather
satellite data for use in land surface studies. Because NASA provided the funding to CU, it was
agreed that CU would buy the equipment and hire a person to work on the project at NCAR.

The Data Node Proposal. CSS staff drafted an unsolicited proposal to establish a data node to
facilitate quick access to the most-used data at NCAR. A small data center, or node, would be
established on the Internet to include the most-requested NCAR data items, along with some
satellite data of interest for EOSDIS Version 0. The proposal was submitted to NOAA's Office of
Satellite Data Processing and Distribution but not funded in FY 91.

The NOAA Data Center Upgrade Study. CSS staff performed a study of NOAA data centers
to review their status, to develop a projection of their growth, including the needs of global
change and EOSDIS Version 0 activity, and to provide an analysis of the requirements for
upgrades to handle the increased computational, archival, and communications loads during the
next five years.
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Software

MUDPACK. A package of portable vectorized Fortran subprograms for automatic
discretization and solving of two- and three-dimensional real and complex linear elliptic partial
differential equations (PDEs) using multigrid iteration has been developed. Boundary conditions
can be any combination of periodic, mixed derivative, or Dirichlet. The solution region must be a
rectangle in two dimensions or a box in three dimensions. The multigrid iteration can include
Gauss-Seidel point relaxation, any combination of line relaxations, or planar relaxation (in three
dimensions only). All methods use relaxation on alternating points, lines, or planes for
vectorization and convergence improvement. Second-order finite differencing is used to
discretize the PDEs. Deferred corrections are used to improved approximations from second to
fourth order.

The Fortran multigrid scientific software package MUDPACK has undergone an expansion
and improvement requiring a substantial recoding effort. Version 3.0 of MUDPACK now
includes over 98 files (the original was 45 files) constituting over 100,000 lines of code and
documentation. The most important enhancements and changes during FY 91 were:

* A new method of access has been implemented. The solvers are now available in Cray-
relocatable binary form. Documentation and test files are on the Distributed Software
Libraries (DSL) utility.

* Ten new fourth-order solvers that use "difference corrections" or "deferred corrections" to
improve approximations from second to fourth order have been added to MUDPACK.

* New parameters that allow more flexibility in choosing grid sizes have been incorporated in
all solvers. This is especially important when asymmetric grid sizes are required (a frequent
need in meteorology).

* An inconvenient grid size constraint, when there are periodic boundary conditions and line
relaxation is selected in the periodic direction, has been eliminated.

* New "hybrid" multigrid/direct method solvers, which use Gaussian elimination whenever the
coarsest subgrid is encountered within multigrid cycling, have been added to MUDPACK.
These eliminate the usual multigrid constraint that the coarsest grid consist of "few" points.
This provides even more grid size flexibility.

* All MUDPACK documentation files have been reformatted and improved. All test programs
have been standardized and rerun on the CRAY Y-MP. The Fortran linkage tester was used
to check the entire package. A two-hour MUDPACK software lecture was given at the
Multigrid Short Course at the University of Colorado, Denver.

MUDPACK documentation and software were distributed (usually electronically via FTP) to
over 50 people throughout the research community. Additionally, MUDPACK binary libraries
for Version 3.0 were set up at the University of Pittsburgh Supercomputing Center, the San Diego
Supercomputing Center, the University of Illinois Supercomputing Center, the University of
Michigan Computing Center, NASA Goddard, and the Jet Propulsion Lab (JPL). Since the Cray
binary for MUDPACK is now available via anonymous FTP, distribution is more widespread
than indicated and will be more difficult to track in the future.
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Standards

The value of standards is easily seen within the scientific community where portability of
Fortran programs from machine to machine and vendor to vendor is important. Standards also
enhance the reliability of these codes. For these reasons, CSS staff have played an active role in
the Fortran 90 standards effort in the United States and internationally.

CSS staff continued their participation in the national ANSI Fortran Standards Committee
(X3J3), as well as the international group of Fortran Experts (WG5) under the ISO.

The ISO standard, Fortran 90, is currently being processed for acceptance as a U.S. standard
under ANSI. A six-week letter ballot of the U.S. Information Processing Committee (X3)
concluded 1 September. 1991, and, if there are no objections, the ISO draft will be sent as an
American National Standard to the Board of Standards Review for final publication in the United
States.

Research

Research is a key effort in the Computational Support Section. During FY 91, research was
conducted on the multigrid algorithm for solving elliptic equations, on the implementation of
fluid dynamical models on massively parallel processors, and on partial differential equations
(PDEs) in computational fluids.

Operations and Plant Engineering

The SCD Operations Section is responsible for the continuous operation of the NCAR
computer center and for keeping it in first-rate condition. Operations staff members are present
24 hours a day, 365 days a year. They control the traffic flowing through the electronic highways
of networks that represent incoming calculations to be processed, various forms of output that
represent terminal graphics (black-and-white or color film and slides), data to be transferred back
to the user, and data to be archived on the NCAR MSS. They also monitor the operating systems
on the mainframe computers to make sure they are operating as designed, and are responsible for
monitoring the many electrical and mechanical subsystems required to support the needs of a
supercomputer center. These staff also assist users during the evenings and weekends when the
User Services staff are not available.

Operational Summary

There were three paramount events in 1991 that affected the Operations Section. The first
event was the loss of funds due to the reordering of budget priorities. Because of this, and
because we could not replace personnel who left the division, we were unable to continue
providing the PC hardware repair function performed by the Office Support Project. The
Operations Section also relinquished a sizable amount of its consumables budget (i.e., film,
printer paper, toner, and cartridges).

The second event, effective 1 August, was a division reorganization that moved the SCD
Maintenance Group from the Operations and Maintenance Section to the High Performance
Systems and Networking Section.
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The last event concerned the effect of the reorganization on the Macintosh support provided as
part of the Office Support Project. The person originally responsible for providing Macintosh
support was assigned other duties, thus reducing the support available. Originally, the Office
Support Project had one part-time and two full-time staff members. Project staff are now reduced
to one person and whatever resources the part-time person can dedicate to this project.

In general, staff members did an outstanding job in planning and executing the removal of the
CRAY X-MP/48 and the installation of the CRAY Y-MP2/216. The operators became more
skilled in troubleshooting network connect problems, testing transmission paths, and correcting
problems to insure prompt network access to our computer systems.

The color film we use was switched from VNF to Kodak Ektachrome. There were two main
reasons for the change. First, Ektachrome film has a higher resolution and more precise color
format. Second, the price of Ektachrome dropped to nearly the same as VNF. Ektachrome film
requires a different chemical process for film development, which necessitated an upgrade to a
different configuration of the chemical processing tanks.

Statistical Summary

One way of measuring the operational potential of the SCD computing center is through
statistics. Statistical highlights are listed below:

* IBM 3480 Tape Cartridge Activity. The number of tapes with data in the library increased
steadily throughout the year.

* Xerox Laser Printer Activity. The number of images and pages produced varied monthly,
while data for all the other categories increased.

* Microfilm Activity. Operations staff acquired from Princeton University another Dicomed to
serve as a spare, in case of failure of our primary-color Dicomed. The number of microfiche
frames increased dramatically in the middle of the year. The 35-mm film activity fluctuated
greatly throughout the year. However, volume output increased for both types of media.

Security

Computer security involves activity on two fronts. The first is physical security required to
protect the NCAR SCD computing and communications hardware investment. The second type
protects NCAR resources from electronic intrusion and virus attack.

For physical security, NCAR and SCD rely on the RUSCO card reader system, door alarms,
and the vigilance of the Operations staff. Electronic intrusion involves a different and more
difficult type of security challenge. We continue to attract our share of unsuccessful attempts to
access (log onto) our computer systems.

A program sponsored by the Software Engineering Institute of Carnegie Mellon University,
called the Computer Emergency Response Team (CERT), continues to provide a collection point
for information, including problems and solutions, on all forms of software and operating system
vulnerabilities. Using e-mail over the Internet, CERT alerts us to problems that occur on an
almost real-time basis. CERT also coordinates solutions and passes us that information. During
FY 91, we continued to monitor this information.
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Computer Center Space Requirements

Nearly 34,000 IBM 3480 tape cartridges were added to the MSS inventory, bringing the total
to 115,780 tape cartridges. We had originally planned to remove a wall at the south end of the
center to create additional space for another two years. This plan, however, became unnecessary
when IBM introduced its 3490 double-density tape cartridge drives, which allow a slow migration
from 200 MB to 400 MB per tape without replacing the media.

Utilities. A review of the following facility and physical plant elements would be incomplete
without mentioning that the installation of the Y-MP2/216 required modifications to the electrical
and air conditioning systems.

Electricity. The NCAR Facilities and Support Services (FSS) staff continued to use an
electrical power monitoring device to create a data base of the actual power consumption of our
circuits as well as ground-load information and noise. This will prove valuable in controlling our
grounding grid and calculating the actual power draw vs the perceived power requirements as
conceived by the manufacturer. There is often a big difference.

Air Conditioning. Three old Liebert air handlers were replaced by new, more efficient
Liebert units.

Communications. The Gandalf Private Automatic Computer Exchange (PACX) switch was
purchased in 1982 and is no longer supported by the manufacturer, Gandalf, Inc. Because
technology has moved forward several generations, the technology is no longer of interest to
Gandalf. No new parts are available, and the machine has failed twice this year. We now have a
supply of spare boards and are able to make our own repairs. A second small version of the
PACX was built to test repaired boards.

Computer Center Environment. The negative air pressure problem in the computer center
still exists. FSS has designed and begun the bidding process for a fresh-air replenishment system.
This system will produce a positive air pressure in the center.

We added many more sensors to the Anatel Environmental Monitor (AEM). The unit proved
invaluable in notifying us when temperature, water flow, humidity, chilled water, and so forth,
approached preset limits. On 16 occasions to date, this advance notification allowed us to react to
and correct problems that would have caused computer shutdowns.

Using a Macintosh running HyperCard, our SCID database has been an invaluable resource.
SCID was used to keep track of SCD office space, all the wire connections, machine connectivity,
equipment layouts, and moves for the entire computer center. As a result of the recent
reorganization, SCID was used in a new application to monitor and control office space.

The air conditioning system in the Dicomed room was upgraded and reworked to provide
constant cooling. A new Stoltz humidifier was installed in the film processing room to reduce the
static electricity produced when film is being handled.

Office Support Project

The emphasis this year in software support was on networking tools and operating system
software. An update to PC/TCP, for which SCD maintains a site license, improved terminal
emulation and network printing capabilities and added the ability to multitask network
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applications using Microsoft Windows 3.0 on 386-based systems. NFS-client software was also
licensed for PCs. MacTCP was licensed for NCAR and UCAR users of Macintoshes, and public-
domain applications written to use this driver were tested. NCSA TELNET continued to be
supported and widely used. AppleTalk networking was also supported, with the emphasis on
assuring driver compatibility among networked systems, improved bridges between AppleTalk
networks, and support for e-mail. A gateway was installed between QuickMail on Macintoshes
and PCs. UNIX-based Internet mail was also installed.

Operating system software on PCs continued to be mired in doubt and uncertainty. IBM's
OS/2 2.0 was delayed another year, and Microsoft and IBM continued to fight over whose vision
of operating system strategy would prevail. Microsoft Windows 3.0 became rather popular
among NCAR PC users. Support staff helped coordinate the many configuration parameters
required to benefit most from its features and resolve the frequent out-of-memory conditions,
system crashes, and other unexpected problems.

User Services

As the central contact for the user community, the User Services Section delivers an
integrated program of information services and software tools designed to assist the user in a
complex supercomputing environment.

User Services' goals are to increase user productivity, identify user communities and their
differing needs, improve communications between the user community and SCD, improve service
levels, improve the quality of information services and software tools, expand the functionality of
software tools, and increase the cost-effective use of computing resources. This is achieved
through five functional areas within User Services: User Information, Documentation,
Consulting, Training, and Mathematical Software.

User Services staff continued to focus on the COS-to-UNICOS conversion. With the 30
September 1990 retirement of the CRAY X-MP/48 running the Cray Operating System (COS),
much of the user community was still dealing with conversion issues from October 1990 through
February 1991. The major issues revolved around reliable mass storage transfers and efficient I/O
under UNICOS. While the reliable mass storage transfer issues have been resolved and some I/O
improvements have been made to codes, efficient I/O continues to be a concern for many in the
user community. In February 1991, in concert with the Eighth SCD User Conference, we held a
three-day Fortran Optimization class that addressed efficient I/O and other important optimization
topics. During the next year, we will continue to address these topics through consultation,
training, and documentation.

User Information

User Information staff facilitate the timely exchange of information among SCD staff, users,
visitors to the supercomputing facilities, and the public. This is accomplished through a variety of
on-line information services, telephone and in-person contact with users, and public displays and
exhibits to keep users and visitors up to date on current events. The User Information Group
often provides new users and visitors with their first contact to SCD and its supercomputing
facilities. Staff help coordinate user projects within User Services and other sections of SCD.
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FY 91 saw a staggering change in the supercomputing environment. Users comfortable with
the 15-year-old Cray Operating System faced the challenge of moving to a largely foreign
computing environment under UNICOS. SCD, in turn, was challenged with making that move as
easy and painless as possible so users could take advantage of the tremendous increase in
computing power.

NCAR users exercised UNICOS under a unique set of conditions that often resulted in rapid
changes being made to the operating environment - changes too quick to wait for normal
channels to "get the word out." The Daily Bulletin, an on-line source of information about the
computing environment, published Monday through Friday, was our major vehicle for getting the
word out quickly. And, since the new CRAY Y-MP8/864 allowed interactive access, we were
able to publish the bulletin directly on the supercomputer. Also, for the first time, User
Information staff used massive e-mailings targeted to appropriate users to let them know of
important seminars and class offerings. Targeted e-mail, sent to up to 900 users at a time, proved
to be an effective means of communication, and had the added benefits of contacting users
regarding invalid e-mail addresses.

With all the changes, it was important to retain the quality services User Information staff had
been providing: new user calls, lost-job calls, change control, and NCAR Graphics package
information, as well as the Daily Bulletin. Staff also continued answering many other technical
questions, helping users connect to the facilities remotely and locally, and assisting with file
transfers among SCD mainframes and PCs.

New users continued to receive follow-up calls shortly after getting their accounts on SCD's
computers. Staff checked that they were reaching the facilities without difficulty, told users about
appropriate training classes, and sent needed documentation.

Change control procedures notified SCD system administrators and other SCD staff, in
advance, of changes in software and hardware that might affect them and others in their group.
They not only helped coordinate the dissemination of information, but also allowed feedback on
the proposed change and helped track potential problems that could result from such
modifications.

Another major change in the NCAR working environment was the consolidation of off-site
locations to the newly acquired Foothills Laboratory. To meet the promise of equal SCD service
until SCD space is available, User Information staff installed a complete user reference area in
temporary space provided by the MMM Division. The reference area contains Cray vendor
documentation, mathematical library documentation, UNIX and Fortran references, and a
complete set of SCD-produced documentation. Staff maintain the supply of UserDocs and
manuals on a regular basis.

Consultants, information staff, and walk-in users benefited from a MASnet Operations
Monitor (MOM) installed in the Consulting Office. The display allows people in the Consulting
Office to see, at a glance, if links between the various pieces of computing equipment are
operational.

Visitors and NCAR staff continued to use the User Area this year, accessing SCD's
supercomputing facilities and home computers, producing papers, transferring files to and from
mainframes and PCs, and taking advantage of available software on the IBM PCs and Macintosh
SEs. Terminal hardware and software in the User Area were maintained throughout the year, and
staff supported use of the licensed software.
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An evaluation of the area identified the need for some newer equipment. As a result, we
installed a color Macintosh Ilci and a color SPARCstation IPC. The use of the X Window
System environment is a "hot" topic these days, and these two machines provide the opportunity
to investigate that working environment.

"Computing Technology and the Environment," a video that ranked among five finalists for
the 1990 Computerworld Smithsonian Technological Award, was updated and fine-tuned this
year. This video, pressed into service during British Prime Minister Margaret Thatcher's August
1990 visit to NCAR, was shown to 76 reporters from the local and international news media.
Additionally, visitors to the Mesa Laboratory supercomputer room were treated to the colorful
and informative displays updated to reflect the arrival of the CRAY Y-MP and show new
examples of the science being performed with NCAR's supercomputing facilities.

NCAR Graphics Information and Distribution. User Information staff continued to be the
central contact for providing graphics information, handling graphics distribution requests,
answering availability questions, tracking the status of orders, assisting in installation questions,
and implementing and maintaining the log file that documents contacts. On average, staff
handled 150 contacts a month, sometimes increasing to over 200 a month. Much of the interest
was generated by the major update to UNIX NCAR Graphics, Version 3.1.

The information and ordering materials for NCAR Graphics were updated to reflect the new
pricing and licensing scheme for Version 3.1. More than 400 packets were sent to sites using the
older UNIX Version 3.00. The new version created a flood of update orders. Before the release of
Version 3.1, staff were shipping an average of 16 orders per month. After the March 1991 release
of the UNIX update, orders jumped to an average of 52 per month.

Between October 1990 and October 1991, a total of 375 UNIX and 8 generic NCAR Graphics
packages were distributed. An additional 498 copies of the NCAR Graphics Guide to New
Utilities, Version 3.0, and an additional 462 copies of the NCAR Graphics User's Guide, Version
2.0, were also distributed.

This year, User Information staff increased its role as liaison between the customer and the
various NCAR/ UCAR people involved in the distribution process. As a result, this group was
able to contribute significantly to the policy-making decisions for the package.

Since many orders were shipped over four weeks after the date of receipt, the group also saw a
need for streamlining the distribution process. As a result, at the end of FY 91, the group
assumed responsibility for order processing and signing unmodified contracts. Instead of sending
letters to customers about missing forms and information, staff began making direct contact with
the purchaser and/or customer, cutting at least two weeks off the order-processing time. Staff also
began informing customers when a software license agreement had been modified, letting them
know that their order would be delayed as a result of unresolved differences between NCAR's
Contracts Office and their own contracts departments. In the past, tracking the status of orders
had been a time-consuming task for the group. We believe that the additional contact with the
customer, coupled with an on-line tracking file that we are now able to maintain, will significantly
reduce the number of tracking contacts and the time it takes for customers to receive their orders.

The NCAR Graphics Exhibit. Based on staff knowledge and a year's worth of experience, the
NCAR Graphics exhibit underwent an informational and cosmetic overhaul. During FY 91, the
exhibit traveled to the American Geophysical Union's Annual Conference (San Francisco,
California), the American Meteorological Society Annual Conference (New Orleans, Louisiana),
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the International Conference on Industrial and Applied Mathematics (Washington, D.C.), and
Supercomputing '90 (New York City). Ordering information for the NCAR Graphics package
and various SCD and NCAR documents were widely distributed to conference attendees. An
increase in package interest was seen after each trip.

Documentation

In keeping with SCD's goal to provide high-quality service, the Documentation Group strives
to make the latest documentation available for our supercomputing users. Where possible, we
rely on vendor documentation; however, we also supply over 90 free documents covering the
SCD local environment, explaining complex tasks or software not yet documented by vendors.

Our documentation received recognition last year from the Society for Technical
Communication, winning six awards in several categories, including software guides, technical
brochures, and newsletter articles.

Documentation accomplishments for FY 91 are:

* Special Newsletter Issues. The April/May SCD Computing News was a special color issue,
with articles and images describing Version 3.1 of the NCAR Graphics package. It featured
12 color graphics produced by scientists and programmers using the NCAR Graphics
package. We worked closely with the NCAR Graphics Services department to design an
attractive color cover. The Documentation Group, on very short notice, produced a special
issue of SCD Computing News that emphasized the new UNICOS 6.1 operating system. The
issue discussed changes and improvements offered by the new system. To give our users the
latest information possible, we published this newsletter on-line several weeks before the
hard-copy version was available.

* On-line Documentation. The amount of on-line documentation continued to increase. There
are now 42 anonymous FTP files on windom.ucar.edu (the SCD gateway computer) and 18
files available via the hints command on shavano.

The Documentation Group also assumed responsibility for editing local on-line UNIX manual
(man) assistance pages. We developed guidelines for authors of man pages and began offering
editing services for all locally developed man pages. We edited or updated 68 man pages. A
current major project is underway to edit and format more than 250 man pages concerned with
NCAR Graphics and GKS-OA graphics.

As part of the consolidation of SCD's anonymous FTP files onto a single server, the
Documentation Group moved its text-only user documents to the newftp.ucar.edu server. We
also reorganized the docs/anonymous FTP directory to add subdirectories corresponding to the
UserDoc categories.

Documentation Projects. The Documentation Group produced 30 new versions of 23 hard-
copy documents. Five documents were rewritten and released more than once as new information
became available. Another four documents were reformatted for use on-line. Each SCD UserDoc
had an average of 55 pages. This average was nearly double that of last year. We produced 1,703
finished pages during FY 91.

In the area of production, we increased the use of recycled paper for our products, including
the User Documentation Catalog, the NCAR UNICOS Primer, and the color newsletter.
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Graphics Documentation. NCAR released Version 3.01 of the NCAR Graphics package.
The package was further upgraded to Version 3.1 in June 1991 and to Version 3.2 in September
1991. The Documentation Group completed an update packet to accompany all three
distributions, including information on new features and bug fixes. Several UserDocs were also
revised to accompany the new distributions.

Newsletter. We produced 11 issues of SCD Computing News.

Consulting

The Consulting Group provides a centralized forum for resolving time-critical user problems,
advising users on optimal programming techniques, recommending documentation on SCD's
computing facilities, and channeling user needs into the planning process. In addition, consulting
services are provided by other groups within SCD based on referrals by the Consulting Group and
by direct user contact. The general, long-term goals for the Consulting Group are to:

* Sustain a high level of technical expertise and support to ensure that user inquiries and needs
are responded to and met in an accurate, timely, and amicable manner

* Explore and develop various methods of increasing the user's basic knowledge in all aspects
of SCD's computing environment

* Enhance communications among the consulting staff, users, and SCD management.

Current highlights of the Consulting Group center around the continuing effort to move our
users into a more "UNIX/UNICOS-thinking" environment of computing strategies. The final
COS-to-UNICOS migration efforts for our user community were enormous, and the expertise of
the Consulting Group to assist with this effort was critical to its success.

Consulting Group staff members are beginning to identify codes and scripts that require
improvements for maximum efficiency on our supercomputers, and then helping programmers
realize this ideal. Additionally, new and improved interfaces to the MSS have been developed,
tested, and installed to improve everyone's computing efficiency.

FY 91 was a year that expanded the base of knowledge as well as patience among the
Consulting Group staff. An average of 850 user contacts per month were made by the Consulting
Office; this is up from an average of 750 per month in FY 90. During the hardest COS-to-
UNICOS conversion months, however, the number of contacts rose to over 1,000 per month. (A
contact is defined as a user consultation with a member of the consulting staff, whether by phone,
e-mail, or in person. One contact may involve more than one question and may require additional
research and follow-up.)

To successfully achieve the COS-to-UNICOS conversion, the Consulting staff worked
diligently to assist users (some confused and frustrated) to prepare examples, hints, and other
documentation for the user community, and to coordinate with other SCD personnel on UNICOS
and user issues. Major developmental efforts began in the areas of code and script optimization
as our system and users have moved to UNICOS.
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Continued Consulting Services. Consulting was provided in a variety of areas, including:

* COS, UNIX, UNICOS, NQS, VM/SP and CMS
· Cray Fortran
· the mass storage system
· MASnet
· TAGS, MIGS, and IRJE
· tape import/export
· mathematical and statistical software
· networking
· data communications
· terminal emulator software for IBM PCs and Apple Macintosh computers
· X Window System software and usage
· NCAR Graphics software
· movie production

C language
· Cray vectorization and other forms of optimization (I/O, autotasking, etc.)
· cdbx
· COS-to-UNICOS conversion.

The consultants represented outside users at times, in particular on the MSS advisory
committee and at SCDUG. The Consulting Office provided strong support and leadership on the
SCD COS-to-UNICOS Migration Team.

Much of the documentation produced by User Services was written and reviewed by the
Consulting Group. Technical examples for new documentation were provided after thorough
testing by the consultants. In addition, each month consultants wrote the "Hints from the
Consultants" section of SCD Computing News as well as other feature articles. The consultants
recommended documentation to users based on their problems or questions.

Extended Support Services. Consulting played a leading role in the software development and
testing of msread, mswrite, and other program-callable MSS interfaces.

A variety of other very helpful software utilities were developed and tested by the consulting
staff. These included system accounting record scanners for the identification of user code
efficiencies (used internally by Consulting Group staff); a program for allowing users to
determine GAU usage (recently made an automatic part of the log-in process); and a variety of
COS file conversion and investigation tools for users and staff.

Staff continued to consult on the installation of the NCAR GKS Graphics package and to
assist with the resolution of general user-level problems. Because of the distribution of the
NCAR GKS package to a larger user base, and as exposure increases through conference exhibits
and user referrals, graphics-related questions consumed an increasing amount of consultant time.

As it came to successful completion, staff finished its support of the EPA project. This
support included managing the overall technical coordination of the project, collaborating with
EPA on a variety of concerns, and addressing connectivity issues such as monitoring links and
testing file transfers.
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In conjunction with several other supercomputer centers, staff provided concentrated support
and consulting on an experimental project conducted by the Naval Underwater Systems Center.
In the beginning stages of the project, NCAR was commended for its excellent consulting
assistance.

Consulting Group staff helped establish an SCD presence at NCAR's Foothills Laboratory for
the MMM Division. This seemed to be an important issue for users at Foothills, and they have
responded positively to this interim solution.

The Consulting Office staff prepared and presented technical presentations and demonstra-
tions for the Eighth SCD User Conference, coordinated by SCD and the User Services staff.

Record Keeping and Reports. A new user contact logging tool was developed and tested by
the Consulting Office staff and is now in full production. The X Window System-based utility
xconslog has served to dramatically improve and automate the contact database. Its features
include an automatic fill-in of all user information given any one piece of information for that
user, an extremely easy point-and-click interface, automatically produced monthly statistics for
each consultant, and more. It receives a standing ovation from the consultants who use it daily.
This tool's benefit to users is both direct and indirect. Each consultant can more easily refer to an
earlier question or answer, the Consulting Office can more easily track common user problems,
and more accurate statistics can be accumulated and analyzed to identify future needs. User
information can be completely recorded for each contact; individual user identification is kept
privately within the consulting logs.

The NCAR Graphics data base continued to grow as the GKS package was distributed. It was
used by the consultants to determine if the user contacting the Consulting Office with questions
was an official site representative for NCAR Graphics.

Training

Training is provided to increase users' skills and knowledge about SCD's computing
resources. This reduces their need for troubleshooting assistance and increases their ability to
extract additional computing power from the NCAR computing environment. Consulting Group
staff provided course development and presentations in specific, as-needed areas.

The Consulting Group staff increased the number of training class offerings, and users
attending these sessions have been very pleased with the results. A summary of classes offered
follows.

New User UNICOS Orientation Class. The UNICOS Orientation Class was developed and
offered at NCAR to local and remote users using a lecture and hands-on format. This is a one-day
class based on the NCAR UNICOS Primer. In most instances, users felt the class was extremely
beneficial in helping them begin computing in the SCD environment.

COS-to-UNICOS Conversion Class. A conversion class for COS users was taught on a
regular basis to help them get started with UNICOS. This class was designed to address two
audiences: those who know UNIX (one-day class) and those who do not (two-day class). This
class has been retired now that conversion is complete.
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UNIX Basics Class. Especially with the move from a non-UNIX to a UNIX front end, a clear
need surfaced for a hands-on class that would teach basic UNIX concepts and utilities. Ten hours
of instruction were provided over two days. The class was open to all staff and users and was
well received. One user wrote, "This was exactly what I needed to bootstrap myself into UNIX.
The course saved me weeks of beating my brains out while thumbing through manuals." Since
the first class was offered in August, 40 people have been trained.

Fortran Optimization Class. This highly specialized class was offered for the advanced
programmer using NCAR's Cray computers. It concentrates on vectorization, optimization, I/O
improvements, and autotasking. This course is offered approximately two times a year and is
packed into a three-day schedule. Thus far, over 100 users have been trained.

Special^Seminars. Occasionally, a short seminar is needed to brief users on SCD develop-
ments. One such class offered this year addressed the anticipated impact and changes associated
with the UNICOS 6.1 installation.

Mathematical Libraries Support Group

During 1991, we assisted users with COS-to-UNICOS conversion, including consulting on
UNICOS utilities and library software, I/O, and data transfer between UNICOS and other UNIX
computers.

We supported DSL by migrating it from bierstadt to the NCAR front-end server dsl, and by
updating files, consulting, and correcting the script. We installed binary libraries on shavano and
on castle under UNICOS 6.1. New versions of the International Mathematical and Statistical
Library (IMSL) and CRAYFISHPAK were installed. We also provided user consultation on Cray
software not specific to UNICOS, averaging six questions per week.

NCAR collaborated with vendors to make FLINT source-code analyses under UNICOS
available to users for the first time. FLINT is a programming tool that analyzes source code and
detects a wide range of potential problems. It analyzes individual programs and, more
importantly, the linkages between programs. Through a collaborative agreement with the
developer, Information Processing Techniques of Palo Alto, California, FLINT was ported to
UNICOS at NCAR and underwent extensive testing. This easy-to-use utility has already saved
many hours of debugging time by users and SCD staff.

Maintenance

The SCD Maintenance Group (SCDMG) performs:

* Continuous hardware and software maintenance of the Gandalf PACX
* Hardware maintenance on the Dicomed camera systems
* Network design, installation, expansion, and maintenance on ethernet, LocalTalk, PACXnet,

and any smaller networks that arise
* Modem evaluation, testing, troubleshooting, and installation
* Personal computer hardware repair for SCD, and SCID design, data collection, and

maintenance
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* Sun minicomputer maintenance and repair
* Consultation services for the repair of any electronic item
* Consultation services for video and microwave links
* Manufacturer and vendor identification information for any item of an electronic or network

nature
* Terminal repair for SCD.

The Dicomed camera system, as installed at NCAR, provides 35-mm black-and-white and
color film output, 16- and 35-mm movies, microfiche, and 4 x 5 color film output. To provide
this service, the system was expanded from three on-line cameras to five on-line machines and
one off-line machine. If subcontracted, maintenance of these five cameras would exceed
$125,000 per year, and the service response would often exceed 24 hours. SCDMG staff provide
24-hour-per-day response. This year, the SCDMG released hardware for the Dicomed/Sun
interface. This item was designed and installed on our own Dicomed system.

The Gandalf PACX port selection switch provides a potential of connection between 1,000
host computers and 1,000 terminals. Without a switch of some sort, terminals would have to be
connected to a single computer. For a terminal to communicate with another computer, the
connection would have to be physically moved. Furthermore, the PACX provides a common
interface to host and terminal equipment, allowing a connection between computing equipment
that would otherwise be difficult. The PACX accommodates on-site and off-site computers,
modems, multiplexors, and on-site and home terminals. Since installation of the PACX in 1982,
maintenance has been performed by SCDMG personnel with backup available from Gandalf
Data.

Within the last two years, the PACX manufacturer has significantly reduced parts availability
and support for the PACX line of switches. Thus, SCDMG staff have assumed responsibility for
procuring used parts. To maintain the highly dependable machine, a method was required to
repair and test circuit boards. During FY 91, SCDMG staff configured and installed an off-line
test fixture.

Personal computer and terminal repair continues to play an important role within the
SCDMG. SCDMG staff stocked hardware necessary to repair the most popular PCs and
provided upgrade service, along with hardware evaluation and recommendations.

The most heavily used network at NCAR is the ethernet. What began six years ago as a
curiosity has grown into a multibackbone, massively interconnected network that reaches not only
around the country, but also around the world. SCDMG-designed ethernet networks, with custom
modifications to more accurately fit the NCAR environment, have been used throughout NCAR,
and these designs have been admired and emulated by many other affiliated and unaffiliated sites.
The challenge of the Maintenance Group, while always keeping sight of budget limitations, has
been to evolve networks with the changing technology, keeping the best of the old, maintaining
what works now, and predicting future demand.

LocalTalk, a generic form of AppleTalk, is an economical daisy chain network originally
designed and implemented by Apple Computer for its Macintosh line of computers. This network
provides a simple, inexpensive, built-in path for an Apple personal computer to share a printer
with other machines. AppleTalk has grown to include not only Apple products, but products
including mini- and microcomputers, from a host of companies including IBM and Sun. It allows
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file sharing, printer and modem sharing, and an access path to the worldwide ethernet network.
SCDMG staff designed a custom network architecture accommodating the challenging
construction design of the Mesa Laboratory and minimizing the potential for a single user to
disrupt the network, yet allowing the use of all standard LocalTalk hardware. This network
architecture continues to evolve with the technology.

SCDMG staff adapted SCID to send output in color and plotter format. A simple version of
the Foothills Laboratory infrastructure has been included in its configuration collection.

PACXnet is growing at a slower rate than in previous years. The focus this year was
maintenance of current connections.

SCDMG staff evaluated the first phase of the Foothills Laboratory infrastructure. These
results have been incorporated into the data communication wiring design for the rest of the
laboratory and submitted to the contractors.

Consultation by SCDMG staff continues to provide NCAR with a significant source of
problem solutions in a variety of areas: chiefly electronics, electrical power, and networks. The
group's expertise is applied in the areas of video links, microwave communication, networks of all
types, the repair of unusual electronic devices, communication cables and cable configurations,
Dicomed camera hardware problems and solutions, electrical problems, and the location of hard-
to-find network or electronic parts.

The number of high-speed modems has increased and design modifications have been
instituted to improve dependability.

SCDMG staff maintained in-house Sun workstations. An SCDMG engineer recommended
that Sun server peripherals be maintained by the group, resulting in substantially lower costs and
a better response time than that provided by an outside contractor. Implementation of this plan is
pending.

SCDMG staff also documented and significantly enlarged the electronic and network parts
catalog library.

The MECCA Project

Experiment and Analysis Plan

The overall goal of the MECCA Project is to help quantify the reliability of climate change
forecasts that are based on increasing atmospheric concentrations of greenhouse gases. To
achieve this goal, MECCA's research plan includes two key elements: a set of carefully selected
model experiments, designed to supplement ongoing work by other modeling groups, and an
analysis strategy that focuses on the impact-oriented needs of policymakers and the private sector.

Modeling experiments are being carried out in two phases: Phase 1 concentrates on
sensitivity experiments involving relatively short time periods (decades); Phase 2 focuses on a
number of high-resolution transient-forcing experiments in which the simulated greenhouse-gas
contribution increases gradually over longer periods of time (up to 100 years). Analysis will
continue throughout the entire research period. An important milestone is the preparation of a
report to be presented in conjunction with the United Nations Earth Summit, to take place in
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Brazil during June 1992. This report, based on preliminary experimental results and analysis, is
intended to provide the international policy community a better understanding of GCM
sensitivities and uncertainties, together with a probable range of climate changes that can be
considered credible, given today's knowledge.

MECCA research began in mid-1991. Most Phase 1 experiments are to be completed in the
first nine months. Phase 2 experiments are scheduled over the next three years.

Consortium Management

This consortium provides individual companies, industry groups, and public organizations
with particular interest in climate change the opportunity to leverage their funds by joining the
assessment of existing climate modeling. The outcome will be more-detailed analyses of climate
than would otherwise be available on scales of interest to the sponsors.

The key to achieving MECCA's ambitious research plan within the proposed three-year period
is uninterrupted availability of a supercomputing laboratory. To accomplish this, MECCA has
contracted with NCAR's SCD to operate a supercomputer dedicated to MECCA. As part of this
contract, SCD has augmented and made available existing hardware and personnel. SCD's
contribution to MECCA will substantially increase the global climate modeling capabilities in the
United States and international scientific community.

Initially, UCAR and the Electrical Power Research Institute (EPRI) identified the need for
climate research at a dedicated computing facility. EPRI and UCAR have been joined by
organizations from France, Italy, and Japan to form MECCA as a way to establish and use this
facility to test the limits of models.

MECCA supports research by offering the use of the dedicated computing facility free of
charge to qualifying model experimenters, chosen from the worldwide community of climate
scientists. Proposals for experiments and analysis of experimental results undergo peer review by
the Technical Committee and ad hoc advisors to ensure that selected experiments are relevant to
MECCA goals and that findings will deserve the attention of the scientific community at large.
All research results will be made available to the public.

Costs for MECCA-sponsored research, including start-up and three years of operation, are
estimated to be $22 million. In addition, in-kind pledges of equipment and other support services
exist.

The Numerical Laboratory

SCD provides MECCA users all the services that are provided to our other users, including
such things as documentation, consulting, networking, e-mail, mass storage, and graphics.

Gary Jensen, Manager of Operations and Facilities for SCD, functions as the contact person
for the Numerical Laboratory. He provides oversight of the supercomputer and assures that
operations run smoothly. He provides monthly reports to the MECCA project manager that
summarize the usage and performance statistics.

A CRAY Y-MP2/216 supercomputer was leased from Cray Research, Inc., for at least 15
months by UCAR for the MECCA project. The lease and maintenance costs are totally financed
by MECCA.
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The system was installed, connected to the required networks, tested, and accepted on 11 July
1991. The project officially began operating a full capacity on 15 July 1991 with four projects,
although checkout of models began during acceptance testing.

MECCA Performance Goal

The MECCA agreement suggests the performance goal of the Numerical Laboratory
correspond to the "Standard of Performance" clause in the hardware lease agreement for the
CRAY Y-MP2/216, which is 95%. Through the month of October, the computer availability was
almost 99%.

Cray Utilization Record

UNICOS creates an entry into a system file every ten minutes and creates a System
Accounting Report (SAR), showing what percentage of time was delivered to the users and to the
operating system, and the percentage of idle time. At the end of the day, it presents a 24-hour
average of these categories.

On 23 days in September, the SAR showed delivery of 99% of the system cycles to the user;
on four days it showed 98%. This represents an outstanding utilization of the system. In August,
we set a "Cray speed record" when, in one ten-minute period, 100% utilization was reported. On
15 September, we broke that record when 70 consecutive wall-clock minutes showed 100%
utilization. This utilization was repeated two hours later. The report is in rounded numbers; thus,
the system actually ran better than 99.5%. This system was the highlight of the September Cray
User Group meeting in Santa Fe, New Mexico.
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Joint Use Projects

NCAR Lead User

Alexander, Michael
Bailey, Paul
Baumhefner, David

Boville, Byron
Branstator, Grant

Brinkman, Waltraud
Brown, Tim
Caldwell, Ginger
Chatfield, Bob
Chervin, Robert
Clark, Terry

Coakley, James
Daniels, Mike
Friesen, Dick
Garcia, Rolando
Gille, J.C.

Gilliland, Ron
Hack, James

Hedstrom Kate
Herring, Jackson R.
Herzegh, Paul
Heymsfield, Andrew
Isradar, Barnes R.
Jenne, Roy

Joseph, Dennis

Kasahara, Akira

Kiehl, J.T.

Collaborating Institution

University of Colorado
University of Colorado
University of Colorado
University of Utah
University of Washington
University of Colorado
University of Utah
University of Wisconsin
University of Colorado
Special
University of Oslo
Various universities
University of Arizona
Bureau of Reclamation
Johannes Guttenberg University
University of Wisconsin, Milwaukee
Sea Space
Various universities
Various universities
University of Colorado
University of Colorado
Drexel University
University of Washington
University of Arizona
Naval Postgraduate School
Various universities
Institute for Naval Oceanography
Massachusetts Institute of Technology
Various universities
University of Chicago
Various universities
Colorado State University
University of Utah
University of Washington
Various universities
University of Washington
Various universities
University of Alaska
University of Utah
University of Chicago
State University of New York, Albany

NCAR Lead User

Kuo, William

Lamb, George
Lites, Bruce
Madden, Roland A.

Mankin, William

Miller, Jay

Nordlund, Aake
Oye, Richard
Parsons, David
Rasch, Philip
Rasmussen, Roy
Richmond, Art

Robel, Ray

Rotunno, Richard

Shea, Dennis
Smolarkiewicz, Piotr
Stordal, Frode
Swarztrauber, Paul
Trenberth, Kevin

Tribbia, Joseph
Van Loon, Harry

Vaughan, Robin
Wade, Charles G.
Warner, Jack
Washington, Warren

Wyngaard, John
Zipser, Edward

Collaborating Institution

Pennsylvania State University
University of Washington
University of Alaska
University of Colorado
University of Cologne
Colorado State University
Paul Scherrer Institute
Denver University
Various universities
NOAA
Various universities
Various universities
Various universities
Colorado State University
University of Chicago
Various universities
University of California, UCLA
University of Colorado
University of Alaska
University of Arizona
University of Colorado
Various universities
Massachusetts Institute of

Technology
Purdue University
Institute of Meteorology
University of Miami
University of Oslo
Stanford University
University of Alabama
University of Illinois
Yale University
University of Colorado
Iowa State University
Various universities
Various universities
Desert Research Institute
Colorado State University
University of Michigan
University of Wisconsin
Battelle Laboratories
Colorado State University
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Outside Users of NCAR's Computing Resources

Principal Investigator and Number of Users
by Organization

Aerospace Corporation
Walterscheid, Richard L.

University of Alabama
Knupp, Kevin R.
Torr, Douglas

University of Alaska
Rees, Manfred H.
Tanaka, Hiroshi

Applied Research Corporation
Technologies

Crowley, Thomas

University of Arizona
Gall, Robert
Hood, Lon L.
Hunten, Donald M.
Zhender, Joseph A.

Atmospheric and Environmental
Research, Inc.

Gutzler, David S.
Rosen, Richard D.
Wang, Wei-Chyung

University of British Columbia
Pielke, Roger A.

Brown University
Imbrie, John
Park, Jeffrey J.

California Institute of Technology
Liu, W.T.
McKoy, Vincent

University of California, Davis
Nathan, Terrence

University of California, UCLA
Arakawa, Akio
Blier, Warren
Knipp, Delores J.
Kreiss, Heinz 0.
Mechoso, Carlos R.
Neelin, J. David
Wakimoto, Roger W.

Yanai, Michio
2

2
5

2
2

University of Chicago
Bannon, Peter R.
Braham, Roscoe
Donner, Leo J.
Macayeal, Douglas
Ramanathan, V.
Rosner, Robert
Srivastava, Ramesh C.
Ziegler, Alfred M.

University of Cincinnati
Bishop, Paul5

3
3
1
3

2
5

10

Clarkson College
Kraichnan, Robert H.

Colorado State University
Bringi, V.N.
Cotton, William
Cox, Stephen K.
Gray, William M.
Hjelmfelt, Mark R.
Johnson, Richard H.
McKee, Thomas B.
Pielke, Roger A.
Randall, David A.
Rogers, David C.
Rutledge, Steven
Schubert, Wayne H.
Stephens, Graeme L.
Stevens, Duane E.
Vonderhaar, Thomas H.

4

4
3

3
2

6

University of Colorado, Boulder
Avery, Susan K.
Bannon, Peter R.
Biringen, Sedat
Blumen, William
Cathey, W. Thomas
Fesen, Cassandra G.
Gillette, Dale A.
Goldman, Martin
Hanson, Howard P.
Hart, J.E.
Haupt, Sue Ellen
Hay, William W.
Hummer, David G.

13
1
1
2
6
4
5

315

4

7
4
2
2
7
2
5
1

2

2

7
40

3
3
2
8
1

43
17
6
8

13
9

11
1

3
1
2
3
2
2
1
4
3
3
1
5
3
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Hynes, James T.
Kiladis, George N.
Kraus, Eric
London, Julius
McCormick, Stephen
Rosner, Robert
Salby, Murry L.
Smith, Dean F.
Solomon, Stanley C.
Unknown
Wahr, John
Wieman, Carl E.

Columbia University
Cane, Mark
Garzoli, Silvia
Polvani, Lorenzo M.

Control Data Corporation
O'Sullivan, Donal

Cornell University
Shapiro, Stuart L.

Center for Environment and Man
Saltzman, Barry

University of Delaware
Church, Thomas M.

Denver University
Goldman, Aaron
Murcray, Frank

Drexel University
Bandy, Alan R.
Kay, Jack G.
Riordan, Allen J.

Florida State University
Ahlquist, Jon E.
Krishnamurti, T.N.
Pfeffer, Richard
Ray, Peter
Smith, Eric

Harvard University
Farrell, Brian F.
Jacob, Daniel J.
Marcus, Philip
McElroy, Michael B.
Smyth, William

University of Hawaii
Chen, Yi-Leng

2
3
5
2
2
2
3
2
2
2
2
2

7
2
1

1

3

Firing, Eric
Hua, Bach Lien
McClymont, Alexander N.
Wang, Bin

University of Illinois
Beard, Kenneth
Mak, Mankin
Ogura, Yoshimitsu
Robinson, Walter A.
Schlesinger, Michael E.
Walsh, John E.

Institute for Scientific Research
Guberman, Steven L.

Iowa State University
Chen, Tsing-Chang
Stanford, John L.
Takle, Eugene S.

University of Iowa
Nicholson, Dwight R.
Nishikawa, Ken-Ichi

4

2

Johns Hopkins University
Haidvogel, Dale

University of Kansas
Cravens, Thomas E.
Pielke, Roger A.

17
23

1
3
1

3
11
7
4
3

4
2
8
3
2

7

Kyushu University
Takahashi, Tsutomu

University of Lowell
Crowley, Geoffrey

University of Maryland
Baer, Ferdinand
Carton, James A.
Chao, Shenn-Yu
Dickerson, Russell R.
Schneider, Edwin K.
Shukla, J.
Straus, David M.

Massachusetts Institute of Technology
Bras, Rafael L.
Dole, Randall M.
Emanuel, Kerry
Marcus, Philip
Meacham, Stephen
Plumb, R.A.
Robinson, Allan R.

6
1
2
3

4
2
4
1
5
3

1

10
2
4

6
8

6

1
3

1

2

8
8
3
1
3

25
3

3
7
3
4
2
1
7
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Wunsch, Carl
Young, William R.

McGill University
Fritsch, Michael J.

University of Miami
Bleck, Rainer
Chassignet, Eric
Lee, Thomas N.
Prospero, John M.
Rooth, Claes G.
Surgi, Naomi

University of Michigan
Cravens, Thomas E.
Gombosi, Tamas I.
Killeen, Timothy L.
Mullen, Steven L.
Nagy, Andrew
Smith, Anne K.
Torr, Douglas

University of Missouri
Hale, Barbara N.
Salk, Sung

Naval Postgraduate School
Batteen, Mary L.
Chang, Chih-Pei
Knight, David J.
Nuss, Wendell A.
Semtner, Albert J., Jr.

New Mexico Institute of Mining and
Technology

Raymond, David J.
Winn, William P.

University of New Mexico
Gosz, James R.

State University of New York
Bosart, Lance F.
Chang, Julius
Middleton, Paulette
Molinari, John
Walcek, Chris J.

No Affiliation
Kraichnan, Robert H.

North Carolina State University
Raman, Sethu
Semazzi, Fredrick, H.M.

4
5

1

11
1
2
3
1
6

4
7
5
6
9
4
2

2
3

5
3
2
1

12

Northwest Research Associates, Inc.
Dunkerton, Timothy J.
O'Sullivan, Donal

Northwestern University
Birchfield, G. Edward

Nova University
Proehl, Jeffrey A.
Snyder, Russell

University of Oklahoma
Bluestein, Howard B.
Carr, Frederick, H.
Droegemeier, Kelvin
Fiedler, Brian H.
Lilly, Douglas K.
Xu, Qin

Old Dominion University
Cutter, Gregory A.
Klinck, John M.
Oey, Lie-Yauw
Unknown

Oregon State University
Allen, John S.
Barth, John A.
Coakley, James A.
Dillon, Thomas M.
Esbensen, Steven
Mahrt, Larry J.
Miller, Robert N.
Rutledge, Steven
Schlesinger, Michael E.
Strub, Paul Ted

6
4

3

3
1
7
2
2

1

Pennsylvania State University
Ackerman, Thomas P.
Albrecht, Bruce
Aydin, Kultegin
Bannon, Peter R.
Barron, Eric J.
Curry, Judith A.
Frank, William
Fritsch, Michael J.
Kasting, James F.
Kump, Lee R.
Seaman, Nelson L.
Shirer, Hampton N.
Warner, Thomas T.
Webster, Peter J.

Portland State University
O'Brien, Robert J.

1
1

4
1

2

2
4

7
7
8
3
9
7

1
4
2
1

5
1
8
3
6
8
2
4

11
1

18
5
3
5

13
1
9
8
7

13
4
5

24
8

3
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Princeton University
Orszag, Stephen
Seidl, Frederick

Purdue University
Agee, Ernest M.
Harshvardhan
Ogg, James
Snow, John T.

University of Rhode Island
Arimoto, Richard
Arthur, Michael A.
Huebert, Barry J.
Maring, Hal
Merrill, John T.

Rice University
Lane, N.F.
Ledley, Tamara S.

Rutgers University
Avissar, Roni

Scripps Institution of Oceanography
Barnett, Tim
Graham, Nicholas E.
Ramanathan, V.

University of South Carolina
Evan, James C.

South Dakota School of Mines and
Technology

Farley, Richard
Helsdon, John
Hjelmfelt, Mark R.
Orville, Harold D.
Sengupta, Sailes
Smith, Paul L., Jr.

St. Louis University
Rao, Gandikota V.

Tel Aviv University
Starr, David O.

Texas A & M University
Das, Phanindramohan

Texas Tech
Chang, Chia-Bo

University of Texas, Austin
Tajima, Toshi

5
1

University of Texas, Dallas
Heelis, R.A.

Trinity College
Browi, Philip

4
3
3
5

3
2
4
1
5

2
5

5

Trinity University
Dickey, John S.

Utah State University
Schunk, Robert W.

University of Utah
Durran, Dale R.
Horel, John D.
Liou, Kuo-Nan
Nogues-Paegle, Julia

University of Virginia
Galloway, James N.

University of Washington
Baker, Marcia B.
Durran, Dale R.
Hartmann, Dennis L.
Hobbs, Peter V.
Holton, James R.
Houze, Robert A.
Kawase, Mitsuhiro
Leovy, Conway
Mass, Clifford F.
Owens, W. Brechner
Rhines, Peter
Rothstein, Lewis M.
Wallace, John M.
Warren, Stephen G.

3
1
3

5

5
4
2
8
4
6

University of Wisconsin, Madison
Battisti, David S.
Hitchman, Matthew H.
Houghton, David D.
Johnson, Donald R.
Kutzbach, John E.
Raymond, William H.
Schlesinger, Robert
Tripoli, Gregory J.
Young, John A.

1

3

2

1

University of Wisconsin, Milwaukee
Unknown

Woods Hole Oceanographic Institution
Beardsley, Robert C.
Chapman, David C.
Geyer, W. Rockwell5

1

2

3

5

4
6
8

12

3

3
6
3

10
9
3
4
1
7
3
5
3
1

13

4
7

14
12
12

1
1
6
1

1

3
4
1
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Helfrich, Karl R.
Huang, Rui Xin
Pedlosky, Joseph L.
Richardson, Philip
Royer, Thomas C.
Samelson, Roger M.

University of Wyoming
Parish, Thomas R.

1
2
3
1
1
1

Yale University
Park, Jeffrey J.
Saltzman, Barry
Smith, Ronald B.
Turekian, Karl K.

1
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7
3
1
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Staff

Data Support

Bill Buzbee (director)
Pete Peterson (deputy director)
Julia Chapin
Rachelle Daily
Sylvia Darmour
Karen Friedman
Carol Hess
Belinda Housewright
JoAn Knudson
Louise Lawrence
Rosemary Mitchell
Laura Morreale
Janice Powell
Janie Young

Computational Support

Paul Swarztrauber (acting manager)
Richard Sato (assistant manager)
Jeanne Admns
John Adams
Mike McAllister
Paul Rotar
Mariana Vertenstein

Computer Operations and Facilities

Gary Jensen (manager)
Robert Niffenegger (manager)
Donna Barday-Rowland
Gregory L. Berman
Melissa Breedlove
Glenn Brown
Gaynez (Bo) Connell
Marlene Furmanek
Ed Heitchel
Sue Jensen
Dick Lindenmoyer
Stan McLaughlin
Sue McLaughlin
Andy Robertson
Jim Robinson
Roxanne Romero
David Rowland
Susan Schemel
Larry Scott
Val Shanahan
Julie Sundquist
Nancy Waldron
Wes Wildcat

Roy Jenne (manager)
Dennis Joseph (assistant manager)
Roy Barnes
Joey Comeaux
Bob Dattore
Chi-Fan Shih
Wilbur Spangler
Ilana Stern
Gregg Walters
Steve Worley

Distributed Services and Scientific Visualization

Phylecia Brandley (manager)
Ethan Alpert
Dan Anderson
Ed Arnold
Jeff Boote
Fred Clare
John Clyne
George Fuentes
Mary Haley
Darrell Holley
Dave Kennison
Bob Lackman
Don Middleton-Link
Herb Poppe
Craig Ruff
Tim Scheitlin
Connie Sholl
Mark Uris
Greg Woods

High Performance Systems and Networks

Bernie O'Lear (manager)
John Sloan (assistant manager)
Barb Bateman
Doug Chaney
Steve Chapel
Joe Choy
Mary Ann Ciuffini
Dennis Colarelli
Kathy Fryberger
Gene Harano
Del Harris
Paul Hyder
Basil Irwin
Dave Kitts
Marla Meehl
John Merrill

Administration

320



Scientific Computing Division

Don Morris
Long Moua
Scott Quinn
Gene Schumacher
Erich Thanhardt
Sandra Walker
Jim Weber

Susan Cross
Nancy Dawson
Christine Guzy
Sally Haerer
Ken Hansen
Jeff Kuehn
Lynda Lester
Jacque Marshall
Adrianne Middleton-Link
Tom Parker
Jim Petruzzelli
Juli Rew
Susan Smith
Dick Valent

User Services

Ginger Caldwell (manager)
Brian Bevirt
Mary Buck
Lee Carter
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Publications

Refereed Publications

ADAMS, J.C., 1991: Recent Enhancements in
MUDPACK, A Multigrid Software Package for
Elliptic Partial Differential Equations, Applied
Mathematics and Computation, Vol. 43, 79-94.

SWARZTRAUBER, P.N., W.L. BRIGGS*, R.A.
SWEET*, V.E. HENSON*, and J. OTTO*, 1991:
Bluestein's FFT for Arbitrary N on the Hypercube,
Parallel Computing, 17, 607-617.

*TONG, C., and P.N. SWARZTRAUBER, 1991:
Ordered Fast Fourier Transform on a Massively
Parallel Hypercube Multiprocessor, Journal of
Parallel and Distributed Computing, 12, 50-59.

*BAILEY, D.H. and P.N. SWARZTRAUBER, 1991:
Fast Fractional Fourier Transforms and
Applications, SIAM Review, 33, 389-404.

Other Publications

CALDWELL, G., M. COHEN, J. REW, and A.
SOLEM, Eds., 1990: "Workshop on Online
Documentation in the Supercomputing
Environment, Working Paper," NCAR Technical
Note NCAR/TJ-353+PROC, Boulder, CO,
December.

DAWSON, N., 1991: "Colleges Take Advantage of
Cray Time Grants for Students," Bulletin of the
American Meteorological Society, Vol. 72, No. 9,
September.

FRIEDMAN, K.D. and B.T. O'LEAR, Eds., 1991:
Digest of Papers, Proc. Eleventh IEEE Symposium
on Mass Storage Systems, IEEE Computer Society
Press, Los Alamitos, CA.

FRIEDMAN, K.D., Ed., 1991: Supercomputing: The
View from NCAR, FY 90 Review and FY90-FY91
Development Plan for the Scientific Computing
Division, NCAR, Boulder, CO.

ROTAR, P., 1991: NOAA Data Center Requirements
Study, Computational Support Section, Scientific
Computing Division, NCAR, Boulder, CO.

*TONG, C. and P.N. SWARZTRAUBER, 1991:
Massively parallel hypercube FFTs: CM-2
implementation and error analysis of a parallel
trigonometric factor generation method, Rpt. No.
SAND91-8500 UC-405, Sandia Laboratories,
Livermore, CA.

*An asterisk denotes a non-NCAR author.

322



Educational Activities

NCAR's educational activities experienced growth spurts in several directions in fiscal
year 1991 (FY 91). Besides the well-established and ongoing Advanced Study Program
for graduate and postdoctoral students and the Summer Employment Program for
undergraduate minority students, we instituted new or invigorated efforts geared to
students in kindergarten through college and to the general public. We obtain guidance on
educational needs and potential contributions from NCAR through our Educational
Advisory Board, which includes teachers, district-level science coordinators, specialists in
curriculum development and evaluation, and representatives from industry. NCAR's
education activities are being linked more and more with other important national science
program efforts (including a national coalition of earth systems science organizations under
the aegis of the American Geological Institute), with other national teacher workshops
(such as one at Ohio State University), and with the U.S. Department of Energy's national
K-12 education programs.

The Advanced Study Program (ASP) was created early in the history of NCAR to
provide a mechanism for looking to the future of the atmospheric sciences. This function is
exercised today in two ways: ASP arranges for a number of scientists at the beginning of
their careers to work for a time at NCAR, both to gain familiarity with work on major
atmospheric science problems and to learn how to make best use of NCAR's capabilities;
and ASP provides for the examination of research areas that are particularly timely or that,
despite having long-term importance, are relatively underemphasized at NCAR or in the
community. The first of these activities-bringing new scientists to NCAR-is organized
within the Visitor Program. The second-supporting selected areas of research-consists
of convening workshops on forward-looking issues, selecting visitors from a wide
spectrum of interests to work with NCAR staff, and supporting more experienced visitors
in areas of possible future importance to the atmospheric sciences.

The Summer Employment Program places minority undergraduate science majors in
ten-week supervised research projects. This program is managed by UCAR Human
Resources. Outreach to the public and K-12 education activities are centered in the NCAR
Information Support Services department.

Significant Accomplishments

* In FY 91, 21 ASP graduate fellows and 30 postdoctoral fellows were in residence at
NCAR: 9 graduate fellows had new appointments, 7 continued appointments, and 5
completed their terms; 7 postdoctoral fellows began, 13 continued, and 10 completed their
terms.

o Eugene Lavely showed that line-width broadening should be a robust signature of
global-scale convection in helioseismic data. Preliminary observations are consistent with
the predictions of the theory. In addition, he has shown how improved aspherical earth
models can be retrieved from geoseismic data by combining seismological and



Educational Activities

geodynamical theories. Lavely performed this research during his postdoctoral
appointment with ASP and the High Altitude Observatory (HAO).

0 Juanzhen Sun increased the usefulness of Doppler radar data through her
development of a refined retrieval method which attempts to determine all control
parameters of the model. She performed these studies during her NCAR graduate
fellowship with ASP and the Mesoscale and Microscale Meteorology Division (MMM).

The first two global change instruction modules for undergraduate classes were
published this year. System Behavior and System Modeling, by Arthur Few (Rice
University), is a primer on system modeling in general and computer modeling in
particular, with special emphasis on climate modeling. The Sun-Earth System, by John
Streete (Rhodes College), explains electromagnetic radiation, the production of solar
energy, and interaction of the earth's atmosphere with solar radiation.

e Over 650 people attended a talk by High Altitude Observatory (HAO) solar scientist
Richard Fisher about-and during-the 11 July 1991 solar eclipse. The public talk was
sponsored by NCAR's Outreach Program through its Learning about Science Easily and
Readily Series, originally developed for staff.

* Our proposal to conduct workshops in hands-on methods for middle-school teachers
was funded by the NSF Division of Teacher Preparation and Enhancement at the level of
$1.14 million for four years. Project LEARN (Laboratory Experience in Atmospheric
Science at NCAR) will offer one-day workshops for local teachers and month-long
summer workshops for 40 teachers from four states, and will forge connections between
participating school districts and nearby UCAR university scientists.

* The 1991 Summer Employment Program placed 11 minority students in ten-week
supervised research projects and a scientific writing class. The students also had new
opportunities to meet NSF director Walter Massey and the dean of the graduate school and
graduate students at Colorado State University.

o An extensive set of interviews was arranged by Media Relations for Futures, a 12-
part Public Broadcasting System series of 15-minute videos which showcase various
science and math careers to attract minority students into those fields.

A team of four high-school students came to NCAR for two weeks in July 1991
under a program of the environmental organization Earthwatch. The students were
assigned to a project on cloud formation (in MMM) and one on forecasting severe weather
(in the Research Applications Program).

Advanced Study Program

Each year ASP awards appointments as postdoctoral fellows or as graduate fellows to
a number of new scientists. These appointments fulfill several purposes: to permit
scientists near the beginning of their careers to work with groups at the forefront of the
science, to ensure that there will be in the university and government communities scientists
who are familiar with NCAR's capabilities, and to add energy and creativity to the NCAR
research programs. Increasingly in the past few years, these programs have also been
used, experimentally, to enlarge NCAR's contacts with fields of obvious importance to
studies of climate and climate change but not traditionally part of atmospheric research.
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Examples of such fields are ecology (including paleontology, the reconstruction of past
climates, and the interaction of the atmosphere with ecosystems) and political science (how
peoples cope with climate change, or how economic development interacts with climate).
New scientists in such areas may not remain formally in the atmospheric sciences at the end
of their appointments, but they will be in a much improved posture to join with those
studying climate in the many multidisciplinary projects that will be required in the future.

During the fiscal year, the graduate program changed names from graduate research
assistantships to NCAR graduate fellowships (NGF). While in residence at NCAR, each
graduate fellow carries out research based on his or her thesis proposal, which must be
endorsed jointly by the university thesis adviser and an NCAR scientist.

While at NCAR, fellows work directly within ongoing research programs. The efforts
of 11 of the graduate fellows are described in this section; other sections of this report
describe the work of the other 10. HAO also awarded graduate appointments in FY 91.
Information on those appointments appears within that division's chapter. Much of the
work of the postdoctoral fellows is presented in other chapters.

Solar Studies

The work of postdoctoral and graduate fellows in ASP covered the broad range of
topics represented on the NCAR regular staff, and sometimes extended the range of NCAR
studies. Earlier studies of the interpretation of small-amplitude motions measured on the
sun's surface had led, unexpectedly, to the new science of helioseismology. An important
goal of helioseismology is to determine the geometry and magnitude of global-scale
convection in the solar interior.

Eugene Lavely used degenerate perturbation theory to calculate helioseismic
frequencies and line widths for a model of global-scale, steady-state convection in the solar
interior. The estimates were computed by averaging power spectra produced by a
convecting solar model in which the acoustic modes are randomly excited. He found that
line widths in such a model are always broadened relative to those in a nonconvecting
model. This effect is consistent with observed line widths, which are systematically
broader than the line widths predicted by intrinsic damping mechanisms.

Convection causes line broadening for two reasons. First, convection couples modes
from the spherical solar model so that each mode in the convecting model is a linear
combination of spherical harmonics. Second, resonance functions are retrieved by
applying a spherical harmonic spatial filter to the helioseismic data, which pick up spectral
contributions from each mode that contains dependence on the target spherical harmonic.
Thus, each resonance function in the convecting model is a linear combination resonance
line as opposed to a single line that would be retrieved from a spherical or axisymmetric
solar model; this produces the line broadening. For typical differential rotation and
convection models, the separation in frequency between adjacent states of low-order
harmonics is considerably smaller than the separation between high m states. The near-
degeneracy of the low m states produces strong coupling and thus strong broadening
relative to the high m states. By the Doppler effect, convection also affects frequencies of
modes, but Lavely has found that this effect is smaller than current measurement errors.
The convective effect on line-widths can be as large as 50%, which is significant relative to
typical measurement errors of approximately 10%. The size and systematic behavior of the
line-broadening effect of convection suggests that this will be a robust feature of

325



Educational Activities

helioseismic data. Line widths thus represent the strongest signal of convection in
helioseismic data and the best hope of placing helioseismological constraints on global-
scale convection.

Some of these same formalisms can be applied to problems closer to home. A goal of
terrestrial seismology is the determination of the structure of the mantle to place constraints
on the convective process. The most important question-whether the mantle convects in
two separate layers or whether there is material transfer between the upper and lower
mantle-could be answered if the structure in the vicinity of major internal discontinuities
could be unambiguously determined. In the inversion of normal-mode and long-period
surface wave data for structure of the earth's mantle, it is difficult to distinguish between
boundary undulations and perturbations in volumetric parameters in the neighborhood of
the boundaries. This ambiguity can be ameliorated if (1) tight a priori bounds on the
allowable boundary perturbations exist, (2) many different kinds of modes sample and thus
constrain the region(s) of interest, or (3) accurate geodynamical constraints linking
boundary perturbations with volumetric heterogeneities are incorporated into the inversion.
Typical models of mantle structure constructed from seismic data do not include
perturbations to internal discontinuities. Perturbations can be included, however, in an
iterative process. Lavely showed that by using geodynamical theory to replace boundary
deformation terms in the seismic interaction coefficients (which can be estimated by
iterative spectral fitting of seismograms) with volume integrals over the aspherical density
field, it is possible to obtain directly in a single inversion an earth model that
simultaneously fits the seismic data and is geodynamically consistent. In effect, the
incorporation of geodynamical constraints selects the model between the end members of
pure volumetric heterogeneity and pure boundary deformation commensurate with the
accuracy of the geodynamics. In addition, this introduces viscosity dependence to the
interaction coefficients, yielding seismic constraints on the earth's viscosity structure,

Studies of the solar atmosphere also must contend with observational limitations. In
order to understand the limitations of the advanced Stokes polarimeter, Graham Murphy
developed software to simulate the observation/reduction path from the emission of
photons from the sun's photosphere under the Zeeman effect, their detection, and the
subsequent inversion of the gathered data to determine the magnetic field.

Since the structure of the solar atmosphere is dominated by the magnetic fields found
there, this type of analysis is essential. So, too, is an improved set of theoretical tools for
describing observed phenomena in the sun's atmosphere. In particular, the observed
sudden breakdowns of an apparently quiet corona seem strongly connected with other
forms of solar activity and require explanation. The destruction of the coronal equilibria is,
for example, the prelude of solar flares, which lead to massive outflows of radiative energy
and matter. To explain the mechanism and to predict the occurrence of this phenomenon,
constructing equilibria and analyzing their stability are essential procedures. As his
doctoral thesis topic at Columbia University, Yung-ping Chou, in cooperation with B.C.
Low (HAO), constructed a general solution for an isothermal, three-dimensional, laminated
magnetostatic equilibrium, based on the ideal magnetohydrodynamics. They analyzed the
stability of this equilibrium solution by exploiting a variational principle. The observed
magnetic configuration in sunspots is similar to this solution.
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Improving Weather Forecasts

Weather forecasting remains a core topic for atmospheric scientists, and a number of
ASP fellows contributed to understanding the features of the atmosphere that interfere with
improved forecasts.

Skill scores of extended-range operational model forecasts are substantially decreased
during blocking events, leading to the hypothesis that blocks may be inherently less
predictable than other "typical" flow patterns. One method of examining this hypothesis is
through Monte Carlo forecasting, in which an ensemble of forecasts is produced from
perturbed forms of a single initial state and the spread of the forecasts about the ensemble
average examined. The perturbation technique used attempts to produce a series of equally
likely possible representations of the initial state, and hence must be developed realistically.
One source of insight for perturbation technique development is actual analysis difference.
Analysis differences can be used to estimate random atmospheric observational errors, so
that the effects of measurement uncertainty on forecast error growth can be studied through
Monte Carlo techniques. As part of his thesis work under the advisership of Steven Mullen
(University of Arizona) and David Baumhefner and Joseph Tribbia (both of the Climate
and Global Dynamics Division, or CGD), Steven Augustine (University of Michigan)
examined differences between the different analysis techniques used on data from the First
Global Atmospheric Research Program Global Experiment. Especially important has been
to look at vertical variations in analysis difference, to examine variations in analysis
difference as functions of surface type and latitude, to examine analysis differences in areas
of frequent baroclinic activity, and to examine the variation of analysis difference with total
wave number.

Relevant latitudinal variations were found in the analysis differences of both the mass
(temperature) and momentum fields. Temperature differences in the tropics are roughly 0.5
K less than those in the extratropics, but are much more relevant because they are larger
than the climatological variability of the tropical temperature field. Analysis differences in
the wind fields are similar between the tropics and extratropics, but again the signal/noise
ratio is substantially higher in the tropics. These results suggest that much more is known
about the mass and momentum fields in the extratropics than in the tropics. Analysis
differences were found to be higher over oceans than over land. This reflects the fact that
the observational network is much more dense over land. Temperature differences steadily
decrease with height up to about 300 mb, then increase with height to the approximate
height of the tropopause. Wind differences increase with height to about 300 mb, then
decrease with height in the extratropics and continue to increase with height in the tropics.
Analysis differences within the band 30°N-60°N, an area dominated by frequent synoptic
activity, vary vertically in similar fashion to analysis differences over the entire Northern
Hemisphere. The spread between values over land and values over ocean is greater within
the 30oN-60°N latitude band than over the whole hemisphere, indicating that differences
over the oceans near the storm track are greater than differences in other areas of the
Northern Hemisphere. Finally, power spectra analyses indicate that temperature
differences are dominated by contributions from the planetary through synoptic scales (total
wave number N<10), while differences from a wind-derived quantity (i.e., vorticity) are
dominated by contributions from smaller scales (N>10).

The accuracy of the atmospheric forecast models continues to be an area of active
research. David McDonald, in his dissertation research at Iowa State University, is
developing a technique to partition the total forecast error into component error sources.
Because of the nonlinearity of the problem, the typical linear analysis of variance (ANOVA)
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approach of statistics is not directly applicable, but the basic ideas of ANOVA for
unbalanced data may be applied to a Taylor series expansion of the solution of the
differential equations. The results lead to the intuitive approach of error partitioning-that
of adding terms sequentially to the model and examining the change in the error of the
forecast.

The forecast error, as measured by the mean squared error, will be partitioned for three
types of global spectral models: (1) barotropic, (2) baroclinic, and (3) simple primitive
equation (PE). Monte Carlo techniques will be used to generate errors in the initial data.
The PE forecast, based upon the mean initial data, will be used as "truth." Due to the
models being spectral in nature, techniques are being developed to describe and easily
calculate statistics of complex random variables. i.e., the model spectral coefficients.

The initialization of a storm prediction model is one of the most demanding problems
associated with numerical weather prediction. The installation of the NEXRAD radar
network should provide accurate measurements of radar reflectivity and along-beam
velocity from each radar sampled at high spatial and temporal resolution. In order to utilize
data from these systems to initialize prediction models, we need rapidly to retrieve
meteorological fields not directly measured by radar, that is, cross-beam wind velocities,
pressure, and temperature.

Juanzhen Sun (NGF from the University of Oklahoma), in collaboration with Douglas
Lilly (University of Oklahoma) and Chin-Hoh Moeng (MMM), used the adjoint variational
data assimilation method for the retrieval of these variables from simulated single-Doppler
radar data. The constraining numerical model simulates dry thermal convection with
incompressible Boussinesq dynamics. The technique attempts to determine all the control
parameters of the model, i.e., the initial conditions, the boundary conditions, and the mean
profiles. Sun found that, given the mean properties and the boundary conditions, the
method is able to determine the initial state of the unobserved velocity components and
temperature satisfactorily. However, when the initial and boundary conditions and the
mean profiles must all be determined, the quality of the retrieval is poorer, because of the
larger number of unknowns. She also investigated the uniqueness of the solution of the
minimization problem using the current model. She found that the width of the global
minimum is large enough to allow the algorithm to start from a rough first guess as long as
the assimilation period is not too long. Proper use of penalty functions increases the
chance of the cost function being smooth, so it speeds up the convergence of the retrieval.

Other features of radar data were also studied. Two different approaches exist to
derive wind profiles with ground-based clear-air atmospheric radars. The first one, the
Doppler technique, uses multiple narrow beams pointed in a minimum of three non-
coplanar directions to reconstruct the three-dimensional wind vector from the line-of-sight
radial velocities derived by measuring the Doppler shift in each beam direction. The second
one uses a (generally) vertically pointed transmitter beam but multiple receiving antennas to
derive the atmospheric motion from the signal variations between the different receivers. In
particular, Joel Van Baelen pioneered the so-called radar interferometry technique for very
high frequency wind profiling in the troposphere and the lower stratosphere. That
technique makes use of the phase variation of the cross-spectra with respect to the
measured Doppler frequency in order to infer the three-dimensional wind vector from a
single atmospheric volume.

Pursuing this approach, Van Baelen performed simulations to define a prototype ultra-
high frequency, interferometric radar for boundary-layer profiling. The designed system,
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to be operational by spring 1992, will also have a radio acoustic sounding system
capability, and will enable simultaneous measurement of three-dimensional wind and
virtual temperature, as well as momentum and sensible heat flux profile through the
combined use of Doppler and interferometry techniques.

The role of surface inhomogeneities in turbulence in the planetary boundary-layer is a
problem of interest to a wide range of applications, including pollutant dispersion
prediction, fire-weather forecasting, and the selection of boundary-layer parameterizations
used by general circulation models. These applications have traditionally relied on
turbulence closure models which assume an isotropic, homogeneous turbulence. The
presence of surface inhomogeneities, including topography and spatially varying heat
fluxes, may result in inhomogeneities in the horizontal distribution of turbulence
characteristics; models traditionally used to parameterize the turbulent fluxes may be
inadequate. As his Ph.D. thesis topic at the University of Colorado, Stuart Marlatt, in
conjunction with Sedar Biringen (University of Colorado) and James McWilliams (CGD),
is seeking to address this problem by means of direct numerical simulation (DNS) and large
eddy simulation (LES). It is hoped that the high resolution of the DNS and LES codes will
allow an accurate, detailed examination of the turbulent field in the presence of surface
inhomogeneities, to the end of validating and improving turbulence models,

As a precursor to simulation of the fully turbulent planetary boundary layer, Marlatt
made several simulations of the transitional Ekman layer. An examination of transition is
of interest not only from the standpoint of code validation; structures generated during
transition may have connection with persistent coherent structures observed in the turbulent
boundary layer. To date, simulations of the low-Reynolds-number Type II primary
instability have been achieved. Marlatt believes that these are the first fully three-
dimensional, spatially evolving simulations of this instability. He intends next to simulate
early breakdown of the Type II instability, either through the secondary rib-type
oscillations or through intermodal coupling. Such phenomena have only been examined
experimentally or through weakly nonlinear theory analysis, so a full simulation should
provide considerable new insight into the Ekman layer transition.

An understanding of the role of coherent vortices in complex flows is of current
interest because these features exist in physical fluids. Two geophysical examples are
atmospheric blocking patterns (persistent near stationary pressure cells) and Gulf Stream
rings. A simple model for atmospheric blocking consists of a coherent dipolar structure,
known as the modon. It is well known that a modon whose symmetry line is parallel to the
x axis propagates uniformly; the behavior of a tilted modon is not well understood. Since it
is difficult to study the motion of a tilted modon analytically, one needs to perform
numerical simulations for the modon. Previous numerical studies have been performed
with fast Fourier transform and finite-difference approximations, where doubly periodic
boundary conditions are imposed. Strictly speaking, the modon is not a solution of this
periodic system. In order to make the periodic system behave like the infinite plane, the
size of the computational domain has to be sufficiently large compared with the size of the
modon, so that the periodic images will not interact with each other. Since the
computational domain is much larger than the coherent feature, with respect to this feature,
a coarse grid is used. Because of this, the boundary of the modon is typically under-
resolved. Particle methods have no difficulty with domains of infinite extent. Therefore
these methods have good potential for the study of modon motion, and in particular the
behavior of the boundary.
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Marie Dahleh developed a particle method for the equations for the conservation of
potential vorticity of order N 2, where N is the number of computational elements. In order
to determine the appropriate resolution for a fully resolved modon, the phase speed of a
discrete modon was compared to the analytic phase speed. The largest number of
computational elements used was approximately 3,000. This calculation took six minutes
per time step on the CRAY Y-MP and it did not have the correct phase speed. Due to time
constraints, a larger-resolution calculation was not possible with this method.

A method with a reduced operation count was developed in cooperation with Chris
Anderson at the University of California at Los Angeles. It is thought that the new method
will allow Dahleh to run a calculation with a large enough resolution to match the computed
phase speed with the analytic phase speed. Once the appropriate resolution has been
determined, the stability of westward traveling modons will be investigated with this
particle method.

The concept of baroclinic instability is recognized as the dynamical mechanism for the
growth of frontal cyclones, and the dynamics of baroclinic instability are contained in the
inviscid, adiabatic primitive equations. However, these equations are insufficient for
accurate numerical simulation of real cases of frontal cyclones. Sensitivity tests
consistently demonstrate that accurate representation of physical processes such as surface
energy and momentum fluxes, precipitation (both resolvable and subgrid-scale), and sub-
grid scale mixing is crucial to simulating frontal cyclones, especially those exhibiting
explosive development. State-of-the-art mesoscale models have become increasingly
successful in producing highly accurate simulations of such storms, implying that the
complex parameterizations employed in these models are doing a fairly good job of
mimicking the physics of the real atmosphere.

However, a parallel increase in understanding of how these physical processes feed
back into the dynamics of an amplifying baroclinic disturbance has not occurred. An
attractive approach to this problem is to study the cyclone evolution in terms of its
associated potential vorticity (PV) evolution. The reason for this is two-fold: (1) PV is
conserved by the inviscid, adiabatic primitive equations, and is created (or destroyed) by
the above-mentioned physical processes whose feedback we seek to understand. Therefore
the PV distribution at any given time can in principle be separated into portions generated
by each process. (2) The invertibility principle states that given proper boundary
conditions and a balanced condition between the mass and momentum fields, the flow field
can be derived solely from knowledge of the PV distribution. Furthermore, if the PV field
is separated into a mean and perturbation (or several perturbations), then the total flow field
can also be separated in a corresponding fashion, and the perturbation flow field associated
with each perturbation PV feature can very nearly be determined. These concepts of PV
generation and invertibility can be combined to study the dynamical feedback of
parameterized physical processes in a numerical model. Such a study would hopefully
serve to bridge the gap between our ability to understand cyclogenesis and our ability to
predict it,

Mark Stoelinga (NGF from the University of Washington) undertook such a study for
a specific case of explosive marine cyclogenesis which occurred offshore of the east coast
of the United States on 23 February 1987. A first step in the study was to simulate
successfully the storm with the MM4 mesoscale model, and to study the origin and
evolution of anomalous PV in the vicinity of the storm during its rapid development stage.
This work was carried out with Stoelinga's adviser at Washington, Richard Reed, and his
adviser at NCAR. Ying-Hwa Kuo (MMM). Using model output and trajectories, they
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concluded that there were three key PV features associated with this storm: (1) a positive
surface thermal anomaly (analogous to a thin layer of high PV near the surface) nearly
collocated with the cyclone center, which was mainly a result of transport of warm air from
the south, not from surface heat fluxes; (2) a significant positive PV anomaly in the frontal
zone near the cyclone center, centered at roughly 800 mb, which was attributed to latent
heat generation; and (3) an upper-level positive PV anomaly associated with a locally
depressed tropopause. The first and third features are well understood in terms of simple
models of baroclinic instability. However, the role of latent heating in this storm still
requires additional study. Subsequent work involving the evaluation of the PV budget at a
single time step has indicated that frictional PV generation is also significant in generating
both negative and positive PV at low levels. John Schultz continued his dissertation
research on specifying flow conditions along nonphysical boundaries when modeling a
limited area of the ocean. His modeling effort focused on the continental margin in the East
China Sea region. Under guidance of his university adviser, Phil Hsueh (Florida State
University), and NCAR adviser, William Holland (CGD), Schultz continued to develop the
system toward a full baroclinic model. Inclusion of more realistic parameters, such as
coastlines and bathymetry, representative formulations of salt and heat flux at the surface,
and forcing the model with climatic mean surface wind, were aspects of this year's work in
developing a start-of-the-art oceanographic model. The two key features of this model,
active thermodynamics and open boundary conditions, will be further refined through
additional observations and modifications and reported in Schultz's dissertation next year.

Chemistry

Air chemistry, both in the stratosphere and troposphere, continued to be important in
ASP studies. Simulations of long-term future trends of the ozone layer have extensively
been performed using one-dimensional atmospheric models. Such models are useful to
give account for the average evolution of the Earth's atmosphere, but are inadequate to
reproduce the influence of local events that could, however, be of great consequence on a
global scale. One of them is the observed spring Antarctic ozone decrease.

Anne De Rudder continued the modeling task undertaken and reported last year. In
collaboration with Niels Larsen (Danish Meteorological Institute) and Guy Brasseur
(Atmospheric Chemistry Division), she incorporated a microphysical scheme of polar
stratospheric clouds into the two-dimensional model of the stratosphere developed at
NCAR. Simulations of "ozone hole" events were performed using this coupled model.
The results support the theory explaining the observed spring ozone decrease over
Antarctica by the action of increasing loads of free chlorine in the stratosphere.

Coleen Roehl continued her studies of the photodissociative process:
NO2 + hv E O(3P) + NO. High-resolution, temperature-dependent cross sections (s)
and quantum yields (f) for NO2 have been accurately measured in the 388- to 410-nm
range. Data analysis and interpretation are currently being completed for her dissertation.

The purpose of the NASA Airborne Arctic Stratospheric Expedition (AASE II) is to
perform measurements of the temporal variability of the concentration of trace substances
and radicals in the polar stratosphere in order to verify numerical models and theoretical
concepts which try to explain the stratospheric ozone loss. Since it has been realized that
polar stratospheric clouds (PSC) play a major role in the heterogeneous processes that
ultimately lead to the net loss of ozone, aerosol particle measuring instruments have been
implemented on the platform of the NASA ER-2 high-altitude research aircraft. Stephan
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Borrmann joined Darrel Baumgardner (Atmospheric Technology Division) and James Dye
(MMM) in their efforts to obtain in-situ particle size distribution measurements of the
stratospheric Junge aerosol layer and possibly PSCs. A laser optical particle counter was
mounted and flown on the ER-2 aircraft in September and October 1991 in flights from
Mountain View, California, and Fairbanks, Alaska.

One major result was the finding that the eruption of Mount Pinatubo deposited
considerable amounts of aerosol particles in the stratosphere, increasing the concentration
usually found by factors between 2 and 20. Thus the stratospheric air has to be considered
"disturbed" compared to normal (nonvolcanic) conditions. This fact clearly influences the
results obtained by the other researchers who measure chemical trace substances from the
platform of the ER-2. The field program of AASE II continues until March 1992 with two-
week-per-month deployments.

The Climate System

The term "climate" today does not specify a specific area of study, but instead
consideration of an interacting array of physical, chemical, biological, and human systems.
All of these systems were studied this year in ASP.

Apart from the continuous increase of greenhouse gases and the depletion of the ozone
layer, another factor influencing the climate lies in the level of natural and anthropogenic
aerosols present in the atmosphere. Aerosols scatter and absorb the incoming shortwave
radiation, causing a redistribution of energy which can cause a heating or cooling of the
atmosphere, depending on the type and spatial distribution of the aerosol particles.
Furthermore, the aerosols act as condensation nuclei and are important for cloud
development. A current lack of knowledge about the spatial and temporal distribution of
aerosols in the troposphere still persists, and so experimental verification of model
predictions remains impossible. For studying the influence of aerosols on our climate and
the spectral radiative properties of clouds, Lutz Bannehr modified his spectral radiometer
for airborne investigations. The spectral global diffuse radiometer (SGDR) system
monitors the upwelling and downwelling radiation fluxes in up to eight quasi-
monochromatic wavelengths in the ultraviolet to near infrared, from which the aerosol bulk
properties and the radiative properties of clouds can be derived. First airborne tests are
scheduled for December 1991.

As a further development of the SGDR, Bannehr designed a three-wavelength spectral
vegetation radiometer (SVR), to facilitate airborne investigations of the vegetation cover.
Due to strong modifications of the sensible and latent heat fluxes by the surface vegetation
cover and moisture content, the development of the SVR is of importance for
micrometeorological investigations in the planetary boundary layer. The vegetation
radiometer permits one to distinguish vegetated and nonvegetated surfaces, areas which are
partially covered by clouds, and algae on lakes. The test flights performed in October 1991
showed the potential of the SVR. For micrometeorological research in the boundary layer,
introducing the remotely sensed vegetation parameter will strengthen the understanding of
processes involved in controlling the energy budget and the impact of the destruction of
vegetation on our climate.

Marine stratocumulus decks are widely recognized as having a significant impact on
the earth's radiation budget. Typically, these clouds only weakly alter the outgoing long-
wave radiation while greatly increasing the albedo for solar radiation. Randall suggested
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that a 4% increase in global stratocumulus coverage could counteract the average heating
effect of a doubling of the CO2 concentration. To a first approximation these clouds are
idealized as a two-fluid system: a well-mixed boundary layer capped by a strong inversion
at a cloud top. Recent work has addressed the shortcoming of this approximation,
primarily with regards to the well-mixed boundary layer. Yet, because of our lack of
understanding of the small-scale thermodynamic structure immediately above the inversion,
parameterizations of stratocumulus in large-scale numerical models and mixed-layer models
have used ad hoc assumptions that have little observational basis. Observational studies
have shown that small-scale vertical variability, yet with vast horizontal extent, may
significantly impact the morphology of stratiform cloud decks.

In order to improve the characterization of the stability of these overlying horizontal
layers, Steven Siems studied the radiative effects that arise from different scenarios
involving layers of varying composition. He found that cooling rates may easily vary one
to two degrees per hour. This differential cooling is most pronounced immediately above
the inversion, where it has a direct impact on entrainment. Further up, much smaller
gradients in thermodynamic structure, resulting in smaller variations in long-wave transfer
rates, may still greatly affect hydrodynamic stability and mixing, given that they act over a
much longer time.

In order to understand the role of clouds in transport, chemical reactions, and climate,
measurements of their chemical and physical properties must be made. The counterflow
virtual impactor (CVI) is an instrument which separates droplets from interstitial particles
and gases in a cloud and then evaporates the droplets, leaving residual particles and volatile
gases in the sample stream for analysis. Originally developed in a collaboration between
the University of Stockholm and the University of Washington, the CVI technology was
recently transferred to NCAR aircraft by Cynthia Twohy and Robert Charlson (University
of Washington). As her dissertation project, Twohy is investigating the characteristics of
the airborne CVI and working to develop some of its scientific applications.

Preliminary analyses of CVI data have included comparisons with other airborne
instruments; these have suggested that although the CVI measurements are well correlated
with other liquid phase parameters, losses of some droplets may occur inside the inlet.
Reasons for this and ways to improve the collection efficiency are currently under
investigation. One confounding factor is that airflow around the aircraft and inlet is
distorted; calculations of streamlines and particle trajectories around the Electra and King
Air aircraft have therefore been performed for a variety of potential mounting positions.

Another part of Twohy's dissertation involves the study of aerosol particles
incorporated into cloud droplets, particularly as a function of droplet size. In cooperation
with James Hudson (Desert Research Institute) and William Cooper (MMM), data from
cumulus clouds in Hawaii are currently being analyzed to determine whether the
dependence of droplet size on particle critical supersaturation which exists in the initial
stages of droplet growth is preserved in fully developed clouds. In a different experiment,
stratocumulus clouds off the coast of California showed a dependence of droplet size and
cloud reflectance on ambient particle distributions; evidence suggests that coastal pollution
may be the source of these particles.

The exchange of trace gases between the earth's surface and atmosphere is a
fundamental part of our planet's climate system. Measurements of chemical fluxes at the
surface, however, are relatively difficult to make, and our knowledge of the spatial and
temporal variability of the surface fluxes of many trace gases is quite limited. Kenneth
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Davis, for his Ph.D. dissertation for the University of Colorado, is developing, with the
help of Donald Lenschow (MMM), a new method for calculating trace gas surface fluxes
given measurements of mean vertical mixing ratio gradients in the convective boundary
layer. This method extends on two fronts our ability to measure trace gas surface fluxes:
trace gas fluxes which cannot be measured using eddy-correlation techniques due to a lack
of fast-response instrumentation may be calculated using this method given technology for
measuring mean mixing ratios; and large-area surveys of trace gas surface fluxes may be
possible given airborne or satellite-borne remote profiling technology.

Davis tested this method on tether balloon measurements of isoprene collected by
NCAR scientists during the Amazon Boundary Layer Experiment (ABLE-2A) and the
Rural Oxidants in the Southern Atmosphere Experiment (ROSE). The calculated isoprene
fluxes agree well with independent estimates made using the same data. Davis is
continuing attempts to calculate ozone deposition to forests using remotely sensed ozone
profiles from NASA Langley's airborne differential absorption lidar (DIAL) system, and
has begun an effort to verify observationally, using aircraft data from the First ISLSCP
Field Experiment (FIFE), the convective layer flux-gradient relationship which is the
foundation of the technique.

Tropical deforestation and the subsequent conversion of lands to pastoral and
agricultural uses have profound effects on soil biogeochemical properties. Michael Keller
has been working in the Caribbean lowlands of Costa Rica studying soil changes and their
effects on trace gas exchange. His work concentrates on two greenhouse gases, nitrous
oxide and methane. Results from recent field and model studies propose that tropical
deforestation leads to increases in the global burden of these gases. In addition, he is
studying soil emissions of nitric oxide, a precursor to tropospheric ozone.

In the past year Keller has completed seasonal surveys of nitrous oxide, methane, and
nitric oxide fluxes from a variety of land uses. Results for methane agree with predictions;
converted soils consumed less methane than forest soils. This effect may account in part
for the increasing atmospheric concentration of methane. In contrast to the one previous
field study, Keller has found that deforestation does not necessarily increase nitrous oxide
emissions. Nitrous oxide emissions from converted soils may be greater than or less than
emissions from forest soils depending upon soil type, agricultural management practices,
and time since deforestation. Nitric oxide emissions were generally greater from converted
soils; there are no previous data to compare to. In the future, Keller will concentrate on
process studies to determine the controls on nitrous oxide and nitric oxide emissions.
Ultimately process level understanding is necessary to allow us to predict which
management practices will lead to enhanced emissions of these gases.

The magnitude of new and primary production by phytoplankton in the open ocean,
particularly in subtropical regions where surface nutrient concentrations are low, is still a
question of great controversy. Over seasonal time scales, new biological production-that
part of the total production that is supported by nutrients whose source is external to the
oceanic euphotic zone-should balance the amount of nutrients supplied via vertical
processes such as advection and eddy mixing. Working in collaboration with William
Large and James McWilliams (both of CGD), Scott Doney began to explore how various
physical mixing mechanisms (boundary mixing, Richardson-gradient mixing, internal
wave breaking) influence vertical nutrient fluxes on seasonal time scales. Initial model
development on a one-dimensional turbulence model has been carried out by the CGD
group. Doney is seeking methods for coupling biological and chemical processes models
with the existing one-dimensional turbulence model framework.

334



Educational Activities

In a related study, Raymond Najjar modeled the downward transport of organic matter
(an important biological aspect of the marine carbon cycle) using an ocean general
circulation model. His results suggest that organic matter in the dissolved phase may be
more important in the downward transport than organic matter in the particulate phase.

The magnitude of air-sea gas exchange is poorly known because there is inadequate
knowledge of the gas exchange coefficient. Najjar is refining a calculation previously used
to estimate the gas exchange coefficient based on the distribution of radiocarbon in the
ocean. The refinement involves incorporating spatial and temporal variability in many of
the quantities used in the computation. Preliminary results show that spatial variability may
not be important.

The terrestrial climate is a complex system with components which interact on a
myriad of spatial and temporal scales. Within this realm of complexity the heterogeneous
nature of land surfaces and its effect on local climate pose a question of significance.
Surface fluxes of mass (water), momentum (due to surface roughness length), and energy
(latent and sensible heat) can be important in determining regional climate. However,
existing land surface models compute these fluxes based on vegetation and soil
characteristics which have been averaged over a grid cell ranging from 200 to 500 km,
while observed spatial variations in fluxes due to distributions of vegetation, soil, and
snow cover include much smaller scales and result in complex patterns of irradiation and
precipitation.

Fluctuations in water levels of large lakes, such as the Caspian Sea and the Great
Lakes, are excellent indicators of climatic change. During the last decades water levels of
both large lakes experienced unusual behavior. Among the most striking events are the
extraordinary rise of the Caspian Sea level (CSL) since 1978 which continues, and the
recorded high Great Lakes level (GLL) in the middle 1980s followed by its abrupt return to
near-normal position. In order to find relationships between lake level fluctuations and
large-scale atmospheric circulation, Sergei Rodionov constructed composite maps of the
sea level pressure and 700-mb height anomalies for the years when lake levels rose and
declined. He found that CSL changes are closely connected with North Atlantic
oscillations, while GLL changes are associated with Pacific/North American patterns of
circulation. Strengthening of westerlies over the North Atlantic leads as a rule to decline of
the CSL, while strong westerlies over North America are favorable to the rise of the GLLE

To assess future levels of the large lakes, Rodionov, in cooperation with Thomas
Croley II (U.S. Great Lakes Environmental Research Laboratory, Ann Arbor, Michigan),
began to develop a combined approach which encompasses model experiments, historical
analogs, and statistical evaluations.

Climatic changes operative on diverse time scales have been invoked as agents of mass
extinction at the end of the Cretaceous period (66 million years ago). However,
comprehensive global-scale reconstructions of terrestrial vegetation and climate during the
latest Cretaceous were not available until recently. These global-scale reconstructions are
needed to evaluate competing theories of climatic change and to provide realistic boundary
conditions for sensitivity studies of latest Cretaceous climates that use general circulation
models with biophysically realistic land-surface packages,

Garland Upchurch completed a global-scale reconstruction of latest Cretaceous
paleogeography and paleovegetation with estimates of biophysical parameters for
paleovegetation. This research also evaluated geologic evidence for proposed long-term
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climatic global changes. The data from this research indicate that (1) most studies of
terrestrial extinction are restricted to one of the five latest Cretaceous climatic zones, and (2)
major changes in the hydrological cycle and perhaps latitudinal transport of heat occurred
during the extinction interval. The causes of latest Cretaceous climatic change are now
being investigated in collaboration with Starley Thompson and David Pollard (both of
CGD) using the GENESIS global climate model.

Summer Colloquium

ASP and ACD hosted a summer colloquium entitled "Research Problems in
Atmospheric Chemistry" in June 1991. Christopher Cantrell (ACD) coordinated the
sessions featuring 17 lecturers from 4 institutions. Thirty-three institutions were
represented by the 63 graduate and postgraduate students and professionals who
participated in the colloquium.

Summer Workshop

The National Science Foundation, in cooperation with ASP, the STORM Project
Office, the Unidata Users Committee, and COMET program of UCAR, sponsored a five-
day workshop on instruction in synoptic and mesoscale meteorology. The workshop was
a follow-up to the 1988 NCAR Workshop on Synoptic Instruction. It involved 95
attendees from 66 institutions and was held at the University of Colorado campus. Carlyle
Wash (Naval Postgraduate School) coordinated the workshop and is editing the
proceedings volume, due to be published in 1992,

Global Change Instruction Program

In response to a suggestion from the UCAR University Relations Committee,
NCAR staff are collaborating with faculty from Colorado State University, Florida State
University, the Norwegian Institute for Air Research, Pennsylvania State University,
Purdue University, Rhodes College, Rice University, and the Universities of Alaska,
Hawaii, and Wyoming to produce a series of curriculum modules for undergraduate
students. The series is called Understanding Global Change: Earth Science and Human
Impacts. Its modules provide two levels of information: introductions to scientific
principles and substantive discussions of specific aspects of global change. They may
consist of text, visual aids, computer programs, and other supplemental materials. Plans
are to complete approximately six additional modules in the next year.

Summer Employment Program

The goal of SEP is to encourage minorities to consider careers in atmospheric science.
Specifically, its goal is to introduce undergraduate science majors to NCAR research and to
encourage participants to return to NCAR later in their academic and professional careers.
This goal takes into consideration that the composition of this country's workforce is
rapidly changing, and if accomplished, would further diversify NCAR's workforce.

The SEP coordinator's specific goal was to fill 12 budgeted positions and have one
student represented in each division. Eleven positions were actually filled. The students
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participated in a ten-week research project under guidance of an NCAR (or UCAR)
scientist and took a scientific writing class. Upon completing their project, they each wrote
a paper and gave a presentation on their research results.

SEP introduced this year's students to the NSF director and other members of his staff
and encouraged them to apply for an NSF fellowship to pursue advanced degrees. They
also met with the dean of the graduate school at Colorado State University and spoke with
graduate students about their experience. Both of these activities served to enlighten the
students about graduate school opportunities and inspire them to attain advanced degrees.

Information Support Services

ISS provides a wide range of services to staff and visiting scientists, in the areas of
library, graphics, photography, publishing, and printing. ISS also is responsible for
NCAR's programs in K-12 education and public outreach. The Educational Advisory
Board provides advice in program planning from the perspective of educational specialists.

Information and Education Outreach Program

The Outreach Program (formerly Information Services) changed its name this year to
better reflect its service to society. Its efforts all involve communicating about NCAR's
work and issues in the atmospheric sciences to the general public and the education
community. Its activities include publishing and distributing print and audiovisual
materials for nontechnical audiences, arranging educational visits and tours at NCAR, and
developing exhibits.

Educational Visits and Tours. The Education and Tour program during FY 91
continued to develop its activities at NCAR and beyond. At NCAR, the primary activity
continues to focus on expanded visits for schoolchildren. When classes, ranging from
preschool through high school, visit NCAR, many of them now have contact with NCAR
staff members. This gives the children a personal sense of science at NCAR as staff
members explain what their jobs entail and, just as importantly, what they studied when
they were children and how they became interested in science. Other local efforts include
arranging shadow visits and teacher inservices, supplying information and other resources
about NCAR's work, and representing NCAR within the local education community.

It is also important that NCAR's efforts be coordinated with other national
organizations for maximum effect. NCAR accomplishes this through representation on the
American Meteorological Society's Board on School and Popular Meteorological and
Oceanographic Education and on the newly formed national Coalition for Earth Systems
Education, and by providing an organizational presence at national meetings of teachers and
science educators, such as the National Science Teachers Association and the Association
of Science-Technology Centers. These expanded activities not only channeled NCAR
resources to increasingly diverse audiences, but they also provided NCAR with the
opportunity to impact the national mission to improve science education.

Exhibits. NCAR's exhibits program assists museums around the country in
developing exhibits on topics in atmospheric sciences and manages the exhibits at the Mesa
Laboratory. Notable collaborations this year were with the Franklin Institute, Philadelphia,
Pennsylvania, and the St. Louis Science Center.
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NCAR is developing a proposal for a traveling interactive exhibit to parallel the Federal
Aviation Administration's (FAA) deployment of terminal Doppler weather radars (TDWR)
at airports across the United States. If funded, this exhibit, titled "Burstbusters: Taming
Weather Hazards to Aviation" will describe how the hazardous weather phenomena were
identified, how technology was utilized to create a system to detect and predict them, and
how the new system will operate at airports to enhance safety and air traffic efficiency.
Segments of the population not routinely exposed to science issues will be presented with
this case study as an example of how public science funding can directly affect their lives.
The exhibit will capitalize on this linkage to increase public literacy about science and
technology processes and to promote parental advocacy of science education for their
children.

The idea for this exhibit grew out of a "Weather Hazards to Aviation" display created
by the Outreach Program in the spring of 1991 for a reception at NCAR for 150 members
of the American Association of Science-Technology Centers.

During 1991, Outreach revised a series of fact sheets on science topics of interest to
NCAR visitors, such as lightning, wind, and the sun. These are distributed at the Mesa
Lab and by mail through the Information and Education Outreach Program.

LASERS. Founded in 1990, NCAR's Learning about Science Easily and Readily
Series (LASERS) arose from a desire to inform NCAR's nonscientist staff more
thoroughly about the topics and methods used in NCAR research. The pilot series was
organized by the Outreach Program (then Information Services) and MMM, with support
from the NCAR Director's Office. Each one-hour seminar is open to all staff and held
twice, once at each of the major NCAR sites. The talks, all given by volunteering NCAR
scientists, are on subjects ranging from the role of clouds in climate change to the solar
corona to the future of aviation weather. Handouts of four to eight pages, cowritten and
produced by the Outreach Program, illuminate the topics of each talk in text and pictures.

There were two sets of LASERS talks in 1991 with a total of seven speakers and over
200 staff in attendance. A special LASERS talk on 11 July covered the solar eclipse for the
general public, and all subsequent talks were opened to the public. The audience of over
650 for the eclipse talk exceeded all expectations and generated substantial good will
toward NCAR and the local atmospheric science community in general. LASERS will
continue to serve NCAR staff and the public by conveying the interests and research of
NCAR scientists in a nontechnical, accessible format.

Media Relations

The overall goal of Media Relations at NCAR is to educate and inform a variety of
audiences including members of Congress, the NSF and the lay public, about the scientific
research at NCAR. The principal conduits for this message are newspaper and magazine
articles and radio and television programs, all based on interviews with scientific specialists
arranged by the Media Relations office for its own press releases or for reporters. As a
priority, our one-page research updates inform the NSF about NCAR's activities so that
they, in turn, can educate members of Congress on current NCAR research.

During the past year, Media Relations arranged an extensive set of interviews for
Futures, a 12-part Public Broadcasting System series whose goal is to motivate junior a:nd
senior high school students to choose science or mathematics as a career. The series
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presented 15-minute videos spotlighting various careers in science and math, produced by a
nonprofit Foundation for the Advancement in Science and Education Productions.

For this project, Media Relations set up interviews with Warren Washington, director
of CGD; Chin-Hoh Moeng, a meteorologist with MMM; Robert Henson, a meteorologist
and journalist on the Outreach Program staff, who is also a tornado chaser; Peter Neilley of
the Research Applications Program; and three undergraduate students, Kathy Caesar,
Bethany Hobson, and Melissa Thomas, who were participating in NCAR's Summer
Employment Program. Futures will air in 1992.

Project LEARN

FY 91 was a year of ground work for Project LEARN, NCAR's first major
precollegiate educational project. The Educational Advisory Board met several times to set
the direction for the project and give feedback at critical points in the proposal development.
Carol McLaren and Joyce Gellhorn were designated as principal investigators along with
Patrick Kennedy, a CGD scientist with strong involvement in education.

Project LEARN is an experiential program for middle- and junior-high school science
teachers. Teams from eight school districts in California, Colorado, North Carolina, and
Texas will attend summer workshops at NCAR during three consecutive years beginning in
1992. One member of each team is a master teacher and will assist other teachers in
integrating the experience into the participating districts through inservices, curriculum
changes, and peer support. In addition to the hands-on science and laboratory experiences,
a substantial leadership training component will prepare teachers to become agents of
change in content and teaching methods in their home districts. Teachers from the Boulder
Valley School District will attend a series of mini-workshops during the school year, to
evaluate materials and help formulate content and activities for the summer workshops.

The project targets underrepresented groups in scientific professions and aims to help
move the nation closer to the goal of scientific literacy. Project LEARN draws on scientists
from NCAR for the teacher workshops, and puts the teachers in contact with scientists at
UCAR universities near participant school districts. The intent is to foster an ongoing
relationship between the teachers and UCAR scientists and between their institutions. By
this relationship, the teachers will gain a resource in planning new hands-on teaching
strategies, and the university scientists will improve the preparation of their own future
students.
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Staff and Visitors

Advanced Study Program Staff

John Firor (director)
Barbara McDonald
Judy Miller (80%)

Information Support Services Staff

Karon Kelly (manager)

Information and Education Outreach
Program

Anatta (75%)
Marie Boyko (manager)
Milli Butterworth
Louise Carroll (87.5%)
Steven Davis (25%)
Marian Goodrich
Robert Henson (75%)
Rene Munoz
Juanita Razo
Lucy Warner (75%)

Media Relations

Anatta (25%)
Joan Vandiver Frisch (manager)

Project LEARN

Joyce Gellhorn (principal investigator, 65%)
Patrick Kennedy (principal investigator, 20%)
Carol McLaren (principal investigator, 65%)
Barbara Wells

Summer Employment Program Staff

Edna Comedy (manager, Human Resources)
Anna Reyna-Arcos

Advanced Study Program Visitors

Graduate Fellows

Steven Augustine; University of Michigan; examine
block predictability and sensitivity of block
development to initial condition uncertainty;
Joseph Tribbia and David Baumhefner, CGD

Thomas Bida; University of New Mexico; high-
resolution spectroscopy of the photosphere
magnetic fields; Bruce Lites, HAO

Antonietta Capotondi; Massachusetts Institute of
Technology; assimilation of altimeter data into
ocean circulation models; William Holland, CGD

Yung-ping Chou; Columbia University; MHD
equilibrium of the solar atmosphere; B.C. Low, HAO

Kenneth Davis; University of Colorado;
measurement of chemical fluxes at the earth's surface
using mixed-layer gradients; Patrick Zimmerman,
ACD

Anne DeRudder; Belgian Institute for Space
Aeronomy; natural and anthropogenic perturbations
of the ozone layer; Guy Brasseur, ACD

Michael Dixon; University of Colorado;
nowcasting and short-term forecasting of
convective storm phenomena, particularly rainfall;
Brant Foote, RAP

Jean-Francois Lamarque; Catholic University of
Louvain, Belgium; two-dimensional general
circulation model, radiative-dynamical response of a
tropospheric-stratospheric zonally averaged model
to trace gas perturbations; Guy Brasseur, ACD

John Mak; Scripps Institution of Oceanography;
measurements of the isotopes of tropospheric
carbon monoxide; Patrick Zimmerman, ACD

Stuart Marlatt; University of Colorado; numerical
simulation of atmospheric turbulence; James
McWilliams, CGD

David McDonald; Iowa State University; extended-
range prediction and statistical dynamical
forecasting methods; Joseph Tribbia, CGD

Ana Maria Molina; University of Colorado;
environmental and resource economics; Kathleen
Miller, ESIG

Irina Petropavlovskykh; Central Aerological
Observatory, Russia; atmospheric photochemical
effects of solar radiation; Sasha Madronich, ACD

Jon Reisner; Iowa State University; stratified flow
around three-dimensional obstacles; Piotr
Smolarkiewicz, MMM

Coleen Roehl; University of California, Santa
Barbara; gas phase chemistry; Jack Calvert, ACD

John Schultz; Florida State University; numerical
model of the western boundary of the North Pacific;
William Holland, CGD
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Mark Stoelinga; Univesity of Washington; rapid
cyclogenesis in the context of IPV thinking; Ying-
Hwa Kuo, MMM

Juanzhen Sun; University of Oklahoma; practical
recovery of wind and temperature fields from single
Doppler radar data; Chin-Hoh Moeng, MMM

Cynthia Twohy; University of Washington; study
of cloud and aerosol chemistry, instrument
development; William Cooper, ATD/MMM

David Victor; Massachusetts Institute of
Technology; survey of political science and
international cooperation thesis topics; Michael
Glantz, ESIG

Davinder Virk; University of Houston; numerical
simulation of vortex reconnection; Robert Kerr,
MMM

Postdoctoral Fellows

Lutz Bannehr; Flinders University of South
Australia; airborne investigations studying
interaction between incoming radiation and the
system atmosphere-surface

Gordon Bonan; University of Virginia; forest
dynamics modeling; biosphere-atmosphere
interactions

Stephan Borrmann; Institute for Atmospheric
Physics, Germany; aerosols, cloud physics
measurements and optical instrumentation

Teresa Campos; Purdue University; application of
the fluorometric formaldehyde assay to the study of
the oxidative capacity of the atmosphere

Ming-Dean Cheng; University of California, Los
Angeles; prediction of mesoscale convective
organization and its impacts on the cumulus large-
scale interaction

Marie Dahleh; University of Chicago; midlatitude
cyclone development

Chris Davis; Massachusetts Institute of
Technology; cyclogenesis diagnosis with potential
vorticity: carrying out numerical integrations of a
primitive-equation model on cases studied

Scott Doney; Massachusetts Institute of
Technology; chemistry and physics of the upper
ocean

Michael Keller; Princeton University; nitrous oxide
emissions in Costa Rica

Lee Klinger; University of Colorado; role of
bryophyte paludification in climate change

Eugene Lavely; Massachusetts Institute of
Technology; helioseismology

Sukyoung Lee; Princeton University; the baroclinic
instability

Wen-Chau Lee; University of California, Los
Angeles; studies of hurricane rain bands and vertical
momentum fluxes using a single Doppler radar

Marie-Pascale Lelong; University of Washington;
gravity wave-vortical mode nonlinear interactions

Patricia Martinerie; Laboratory of Environmental
Glaciology and Geophysics, France; response of the
physics and chemistry of the earth's atmosphere to
natural perturbations that have occurred over the last
30,000 years, focusing on large volcanic eruptions
and the last great climatic changes

Linda Mearns; University of California, Los
Angeles; analysis of the frequency of extreme
climatic events under climatic change, and
technological and climatic impacts on agricultural
production

Graham Murphy; University of Sydney, Australia;
determination of magnetic fields in sunspots
through Stokes profile inversion

Raymond Najjar; Princeton University; the ocean's
role in the climate system: relative roles of ocean
circulation, biology and chemistry in controlling
atmospheric C02

Steven Oncley; University of California, Irvine;
surface-layer flux measurement techniques

Martin Price; University of Colorado; assessment of
the sensitivity of mountain communities and
societies to climate variability and change

Jeffrey Proehl; University of Washington;
equatorial wave-mean flow interactions; coastal
and estuarine dynamics

Sergei Rodionov; State Oceanographic Institution,
Russia; changes in levels of large lakes

Sue Schauffler; Texas A&M University;
investigation of the marine sources of methyl
bromide and bromoform

Steven Siems; University of Washington; numerical
simulations of entrainment into the marine
stratocumulus

Yoshifumi Kimura; University of Tokyo, Japan;
turbulence and theoretical dynamical systems
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Christopher Snyder; Massachusetts Institute of
Technology; large-scale dynamics, baroclinic
instability, and strong interactions between
motions of different scales

Olivier Thual; University of Nice, France; fluid
mechanics instabilities: nonlinear dynamics and
direct numerical simulations

Garland Upchurch; University of Michigan;
paleoclimate and mass extinction

Joel VanBaelen; University of Colorado; concurrent
spaced antenna techniques for wind profiling and
atmospheric dynamics studies with Doppler VHF
radars

Tomislava Vukicevic; University of Utah;
predictability of small-scale atmospheric motions
using three-dimensional numerical models

Participants in Summer Colloquium

Natalia Andronova, Main Geophysical Observatory,
Russia

Sharon Anthony, University of Colorado

Mary Barth, University of Washington

Peter Bergamaschi, Max Planck Institute for
Chemistry, Germany

Brent Canova, University of Denver

Li Chen, University of Colorado

G. Cisniega, Mexican Institute of Petroleum

Cathy Clerbaux, Free University of Brussels,
Belgium

Kenneth Davis, NCAR

Ansie de Kock, NCAR

Frank Dentener, Max Planck Institute for
Chemistry, Germany

Janusz Eluszkiewicz, California Institute of
Technology

Khan Fakhruzzaman, NASA Langley Research
Center

Vitali Fioletov, Central Aerological Observatory,
Russia

Gregory Frost, University of Colorado

Kathleen Gilbert, University of Western Ontario,
Canada

Konstantinos Gioulgkidis, University of Western
Ontario, Canada

Alexander Gruzdev, USSR Academy of Science

Christopher Herbster, Florida State University

Steven Howell, University of Rhode Island

Fredrick Irion, National Center of Meteorological
Research

Anne Jefferson, University of Colorado

Bryan Johnson, University of Arizona

Kenneth Jucks, Harvard-Smithsonian Center for
Astrophysics

Mary Kellerman, NASA Langley Research Center

Andrey Kiselev, Main Geophysical Laboratory,
Russia

Karen Knutsen, University of Colorado

Nickolay Krotkov, Central Aerological
Observatory, Russia

Franck Lefevre, National Center for Meteorological
Research, France

Xu Liu, University of Denver

Binu Lohani, NCAR

James Mather, Pennsylvania State University

Lee Mauldin, NOAA

Diane Michelangeli, University of Toronto, Canada

Henry Miller, Jr., NOAA

Michael Mills, NOAA

Paul Morris, University of Oxford, U.K.

Rosemary Munro, University of Oxford, U.K.

Cindy Nevison, Stanford University

Lori Perliski, NOAA

Mai Pham, Aeronomy Service, France

Robert Portmann, University of Colorado

Angela Powers, University of Colorado

Main Robinson, University of Colorado

342



Educational Activities

Coleen Roehl, NCAR

Alain Sarkissian, Aeronomy Service, France

Michael Schupp, Max Planck Institute for
Chemistry, Germany

Christy Shackelford, Georgia Institute of
Technology

Vera Sitnikova, Central Aerological Observatory,
Russia

Todd Sowers, Univesity of Rhode Island

Sherry Stephens, University of Colorado

Young Sunwoo, University of Iowa

Gunilla Svensson, Uppsala University, Sweden

David Thomson, NOAA

Yukitomo Tsutsumi, Meteorological Research
Institute, Japan

Gabriel Vazquez, Physics Institute, National
Autonomous University of Mexico

David Veazey, University of Alaska

Rachel Warren, NOAA

Thomas Watson, Jr., NOAA

Alexandra Weaver, University of California,
Berkeley

Jonathan Williams, University of East Anglia,
England

Xiarong Zhu, Rosenstiel School of Marine and
Atmospheric Science

Paul Ziemann, Pennsylvania State University

Attendees at Summer Workshop

Jon Ahlquist, Florida State University

Alan Anderson, St. Cloud State University

Mark Anderson, University of Nebraska, Lincoln

Raymond Arritt, University of Kansas

Robert Ballentine, SUNY Oswego

Mitch Baltuch, UCAR Unidata

Sally Bates, UCAR Unidata

Warren Blier, University of California, Los Angeles

Howard Bluestein, University of Oklahoma

William Bonner, UCAR COMET

Lance Bosart, SUNY Albany

Steven Businger, North Carolina State University

Gregory Byrd, SUNY Brockport

Frederick Carr, University of Oklahoma

Brad Colman, WSFO SEA

Gregory Cox, University of Alabama, Huntsville

John Cunning, NCAR STORM

G. William Curtis, UCAR Unidata

David Dempsey, San Francisco State University

Mary desJardins, NOAA NMC

Russell DeSouza, Millersville University

Toni DeVore, Washington Jr. High Weather Center,
Parkersburg, West Virginia

Richard Dirks, NCAR STORM

Dusan Djuric, Texas A&M University

Benjamin Domenico, UCARUnidata

Harry Edmon, University of Washington

Steve Finley, Colorado State University

Michael Fortune, Northern Illinois University

Robert Fox, University of Wisconsin-Madison

David Fulker, UCAR Unidata

Robert Gall, NCAR MMM

Robert Green, UCAR Unidata

Robert Harnack, Rutgers University

Brian Heckman, UCAR COMET

Jay Hnilo, Chico State University

James Hoffman, Franklin Central High School,
Indiana

John Horel, University of Utah

Fred House, Drexel University
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Dan Jax, Bexley Middle School, Ohio

Keith Johnson, Jackson State University

Jeffrey Jones, American Museum of Natural History,
New York

Jere Justus, Georgia Institute of Technology

Stanley Kidder, University of Alabama, Huntsville

Shun Der Ko, University of South Carolina

Lynn LeBlanc, Northeast Louisiana University

Beverly Lynds, UCAR Unidata

Steven Lyons, University of Hawaii at Manoa

Jose Maliekal, SUNY Brockport

Clifford Mass, University of Washington

William Mattison, University of Wyoming

David McGuirk, NCAR STORM

Richard McNulty, NWS

Sandy McDonald, NOAA

John Merrill, University of Rhode Island

Linda Miller, UCAR Unidata

G.W.K. Moore, University of Toronto, Canada

James Moore, Saint Louis University

Michael Morgan, MIT

Richard Mower, Central Michigan University

Steven Mullen, University of Arizona

Peter Neilley, NCAR RAP

John Nielsen, SUNY Albany

Sandra Nilsson, UCAR Unidata

Ian Okabe, University of British Columbia, Canada

Larry Oolman, University of Wyoming

Ashton Peyrefitte, Plymouth State College

Mohan Ramamurthy, University of Illinois

Barry Richwien, Lyndon State College

Earle Ripley, University of Saskatchewan, Canada

Clinton Rowe, University of Nebraska-Lincoln

Perry Samson, University of Michigan

David Smith, U.S. Naval Academy

Timothy Spangler, UCAR COMET

Bradford Spring, Valparaiso University

Allen Staver, Northern Illinois University

William Steele, Marysville Middle School, Ohio

Donald Steila, University of North Carolina

Paul Stoelting, University of Wisconsin-LaCrosse

Winfield Sylvester, City College of CUNY

James Toth, University of Wyoming

Donna Tucker, Creighton University

Louis Uccellini, NOAA NMC

Douglas Van de Kamp, NOAA FSL

Daniel Vietor, Purdue University

Carol Walker, Jackson High School, Ohio

Carlyle Wash, Naval Postgraduate School

Jerry Watson, North Carolina State University

Ronald Weinkauf, University of Wisconsin-
LaCrosse

Robert Weisman, St. Cloud State University

Melanie Wetzel, University of Nevada Systems DRI

Robert Wilhelmson, University of Illinois

Julie Winkler, Michigan State University

Mark Wysocki, Cornell University

Douglas Yarger, Iowa State University

Thomas Yoksas, UCAR Unidata

Working Group of the
Instruction Program

Louise Carroll, NCAR

Arthur Few, Rice University

John Firor, NCAR

Global Change
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David Fulker, UCAR

Judith Jacobsen, University of Wyoming

Lee Kump, Pennsylvania State University

Edward Laws, University of Hawaii

Nancy Marcus, Florida State University

Barbara McDonald, NCAR

Sharon Nicholson, Florida State University

Ken Osmond, Florida State University

Jozef Pacyna, Norwegian Institute for Air Research,
Lillestrom

William Parker, Florida State University

Glenn Shaw, University of Alaska

John Streete, Rhodes College

Stanley Tyler, NCAR

Lucy Warner, NCAR

John Winchester, Florida State University
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Publications

Refereed Publications

ATLAS, E., and S. Schauffler, 1991: Analysis of alkyl
nitrates and selected halocarbons in the ambient
atmosphere using a charcoal preconcentration tech-
nique. Environmental Science and Technology 25,
61-67.

BONAN, G.B., 1991: Atmosphere-biosphere exchange
of carbon dioxide in boreal forests. Journal of
Geophysical Research 96, 7301-7312.

-, 1991: A biophysical surface energy budget anal-
ysis of soil temperature in the boreal forests of
interior Alaska. Water Resources Research 27, 767-
781.

, 1991: Seasonal and annual carbon fluxes in a bo-
real forest landscape. Journal of Geophysical Re-
search 96D, 17,329-17,338.

-, 1991: Density effects on the size structure of an-
nual plant populations: an indication of neighbour-
hood competition. Annals of Botany 68, 341-347.

*DEVRIES, T.J., and L.E. Wells, 1990: Thermally
anomalous Holocene molluscan assemblages from
coastal Peru: evidence for paleogeographic, not cli-
matic change. Palaeogeography, Palaeoclimatology,
Palaeoecology 81, 11-32.

HESS, P.G., 1991: Mixing processes following the final
stratospheric warming. Journal of the Atmospheric
Sciences 48, 1625-1641.

*KRATZ, D.P., G.-C. Gao, and J.T. Kiehl, 1991: A
study of the radiative effects of the 9.4- and 10.4-
micron bands of carbon dioxide. Journal of Geo-
physical Research 96D, 9021-9026.

MARTIN, Philippe, 1991: Modeling forest physics and
ecology to assess the impacts of climate variability.
Advances in Space Research 11 3,115-3,129.

*PANDIS, S.N., S.E. Paulson, *R.C. Flagan, and
*J.H. Seinfeld, 1991: Aerosol formation in the
photo-oxidation of isoprene and beta-pinene. At-
mospheric Environment 25A, 997-1008.

PAULSON, S.E., *S.N. Pandis, *U. Baltensburger,
*J.H. Seinfeld, *R.C. Flagan, *E.J. Palen,
*D.T. Allen, *C. Schaffner, *W. Giger, and

*A. Portmann, 1991: Characterization of pho-
tochemical aerosols from biogenic hydrocarbons.
Journal of Aerosol Science 21, S245-248.

*PITCHFORD, M., *J.G. Hudson, and J. Hallett,
1991: Size and critical supersaturation for con-
densation of jet engine exhaust particles. Journal
of Geophysical Research 96D, 20,787-20,793.

SNYDER, C., and *R.S. Lindzen, 1991: Quasi-
geostrophic wave-CISK in an unbounded baroclinic
shear. Journal of the Atmospheric Sciences 48, 76-
86.

VAN BAELEN, J.S., and A.D. Richmond, 1991:
Radar interferometry technique: 3-D wind mea-
surement theory. Radio Science 26, 1209-1218.

- , T. Tsuda, *S.K. Avery, *S. Kato,
*S. Fukao, and *M. Yamamoto, 1991: Radar
interferometry technique and anisotropy
of the echo-power distribution: First
results. Radio Science 26, 1315-1326.

Other Publications

BANNEHR, L., *B.W. Forgan, *J.M. Hacker,
*R. Kiefer, and *P. Schwerdtfeger, 1991: An Air-
borne Spectral Radiometer System. Flinders In-
stitute for Atmospheric and Marine Sciences Re-
search Report No. 53, ISSN 0159-9364, Flinders
University of South Australia, Adelaide, Australia.

-, and V. Glover, 1991: Preprocessing of Air-
borne Pyranometer Data. Technical Note
NCAR/TN-364+STR, NCAR, Boulder, Colo.

BAUMGARDNER, D., and C. Twohy, 1991: Con-
ditional sampling of aerosol and cloud droplets in
continental and marine air masses. In abstracts
XX General Assembly of the IUGG, Vienna, Aus-
tria, 11-24 August, RM-Druck-und Verlagsge-
sellschaft m.b.H., Graz, Austria, 32.

BONAN, G.B., 1991: Processes in boreal forests: in-
troduction. Chapter in A Systems Analysis of the
Global Boreal Forest (H.H. Shugart, R. Leenma-;,
and G.B. Bonan, Eds.), Cambridge University
Press, Cambridge, Mass., 9-12.
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-, 1991: Soil Temperature as an ecological factor in
boreal forests. Chapter in A Systems Analysis of
the Global Boreal Forest (H.H. Shugart, R. Lee-
mans, and G.B. Bonan, Eds.), Cambridge Univer-
sity Press, Cambridge, Mass., 126-143.

-, 1991: A simulation analysis of environmental
factors and ecological processes in boreal forests.
A Systems Analysis of the Global Boreal Forest
(H.H. Shugart, R. Leemans, and G.B. Bonan,
Eds.), Cambridge University Press, Cambridge,
Mass., 404-426.

*CARTER, D.A., *W.L. Eklund, *W.M. Angevine,
and J.S. Van Baelen, 1991: Using a UHF wind
profiler for interferometry studies. Summaries of
the 5th Workshop on Technical and Scientific As-
pects of MST Radar, Aberystwyth, Wales, 6-9 Au-
gust, 1991, The University College of Wales, 137.

CHENG, M.-D. and *A. Arakawa, 1991: Inclusion of
rainwater budget and convective downdrafts in a
cumulus parameterization. In Extended Abstract
Volume, 9th Conference on Numerical Weather
Prediction, Denver, Colo., 14-18 October, 1991,
American Meteorological Society, Boston, Mass.

DABBERDT, W.F., C. Martin, H.L. Cole,
J. Dudhia, T. Horst, Y.H. Kuo, S. Oncley,
J.S. Van Baelen, *K.S. Gage, *W. Ecklund,
*R. Strauch, *E.R. Westwater, *H. Rivercomb,
and *W.L. Smith, 1991: An integrated data assim-
ilation and hybrid sounding system. In Proceedings
of the International Conference on Mesoscale mete-
orology and TAMEX, Taipei, Taiwan, 3-6 Decem-
ber, 1991, Meteorological Society of the Republic
of China and the American Meteorological Society.

DAHLEH, M., 1991: A fast vortex method for the
equations for the conservation of potential vorticity
on the beta plane. Abstract in Conference Pro-
ceedings from the XX General Assembly, IUGG,
IMAP, Vienna, Austria, 11-24 August, 1991, Inter-
national Union of Geodesy and Geophysics, IMAP,
94.

-, 1991: An examination of a chaotic region in the
exterior flow of a Kida ellipse. Abstract in Con-
ference Proceedings from the XX General Assem-
bly IUGG IMAP, Vienna, Austria, 11-24 August,
1991, International Union of Geodesy and Geo-
physics, IMAP, 104.

-, 1991: An examination of a chaotic region in the
exterior flow of a Kida ellipse. In The NATO Ad-
vanced Research Workshop on Topological Fluid
Dynamics, Santa Barbara, California, 1-5 Novem-
ber, 1991, Institute for Theoretical Physics, Uni-

DAVIS, C.A., 1991: Cyclogenesis diagnosed with
potential vorticity. Proceedings for Interna-
tional Winter Storms Symposium, New Orleans,
Louisiana, 13-18 January, 1991, American Meteoro-
logical Society, 199-203.

, *K. Emmanuel, 1991: Potential vorticity diagnos-
tics of cyclogenesis. Monthly Weather Review 119,
1,929-1,953.

FIROR, J.W., 1990: The Changing Atmo-
sphere, A Global Challenge. Yale University
Press, New Haven, Conn.

-, 1991: Walter Orr Roberts. In Proceedings of the
American Philosophical Society 135, 625-628.

GAVRILOV, N.M., A.D. Richmond, J.S. Van Bae-
len, *T. Tsuda, *S. Kato, *S. Fukao, and *M. Ya-
mamoto, 1991: Investigation of internal gravity
wave motions in the troposphere and stratosphere
with the MU radar. In Proceedings of the 8th Con-
ference on Atmospheric and Oceanic Waves and
Stability, Denver, Colorado, 14-18 October, 1991,
American Meteorological Society, Boston, Mass.,
308.

KEELING, R., 1991: Mechanisms for stabilization and
destabilization of a simple biosphere: catastrophe
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