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Introduction

At its inception in 1960, NCAR was an innovative institutional experiment in

planning, coordinating, and carrying out focused research on critical problems in the

atmospheric sciences; in providing the atmospheric research community with advanced and

sophisticated research facilities; and in coupling research with education-related activities.

Over the past 30 years, NCAR has matured with a record of success and worldwide stature

in all of these activities. Each year the stages of this success are documented in the Annual

Scientific Report.

Highlights of NCAR's scientific and technological achievements during fiscal 1989

are contained in this volume. They reflect the dedication of an international staff committed

to excellence as well as the efforts of hundreds of university researchers, for virtually all of

NCAR's activities involve or serve the university community. Meanwhile, a continually

changing body of visiting scientists from around the world ensures stimulating and

multidisciplinary interaction. Support from the National Science Foundation and UCAR

guidance enable NCAR to continue its leadership and service in the national and

international arenas.

Walter Orr Roberts, the founder of NCAR, died in March of this year and is dearly

missed by his family, friends, and colleagues worldwide. Walt's leadership, energy,

intelligence, kindness, and vision have sustained NCAR for 30 years. We are committed

to carry on the pursuit of knowledge to the standards of excellence and in the spirit of true

community that would make Walt proud.

Robert J. Serafin

Director

May 1990





Climate and Global
Dynamics Division

The broad goal of the Climate and Global Dynamics (CGD) Division since its
formation two and one-half years ago has been to understand better the physical
causes of present and past climates and large-scale atmospheric and oceanic
dynamics and thereby contribute to the scientific basis for prediction of weather
and climates. Specifically, CGD's research objectives are to (1) expand and impprove
the community climate model (CCM); (2) use the CCM and other dynamical
models to investigate the mechanisms of global climate changes and explore the
scientific basis for long-range prediction of weather and climate; (3) determine
the limits of extended-range forecasting; (4) study the dynamics of global oceans
and their interaction with the atmosphere; (5) analyze global observational data
sets to study climate variability; (6) develop procedures to improve the treatment
of clouds and their radiative properties in models and examine their effects on
global energy balance using satellite observations; (7) develop satellite data as a
resource in the global geosciences; (8) describe and model the interfaces between
the atmosphere, oceans, cryosphere, chemosphere, and land-biosphere within the
coupled climate systems concept; and (9) examine both the role of human activity
in inducing global environmental change and the response of society to such
change. During the last year, CGD has also made commitments to the new UCAR
Climate Systems Modeling Program.

Significant Accomplishments

* Scientists have developed a new global ocean model that incorporates state-
of-the-art ocean physics and dynamics and uses advanced features of parallel
vector supercomputers. An eddy-resolving version of this ocean-modeling
system has globally simulated mean and eddy fields with a high dlegree of
realism.

* Further climate studies with a coupled atmtosphere-ocean model show th.at,
in a transient carbon dioxide (CO2 ) experiment, Northern Hemisphere (NIH)
land areas may warm and the oceans may cool. Thle emerging pattern is not
unlike that which has recently been observed; such a pattern is not evident
in simplified ocean models. The coupled model also generates El Nifio, La
Niia, and El Nifio-Southern Oscillation (ENSO) events with many of their
observed characteristics, thus demonstrating the importance of wind-stress
anomalies on sea-surface temperatures along the equator.

* Scientists have implemented in the CCM a semni-Lagrangian transport scheme
for moisture and other constituents. Dramlatic improvements in the mllodel's
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cloud features and associated radiation energy-budget quantities occur with
this new moisture-transport scheme, which will also allow for chemistry
transport in the CCM.

* Scientists completed extensive studies on the effects of horizontal resolution
on the CCM climate. The results clearly indicate that the CCM should be
run at T42 resolution or higher to obtain realistic, large-scale circulation
features.

* Scientists have noted a downward trend in stratospheric temperatures over
the South Pole and McMurdo Sound in late spring. These downward trends
arise from a delay in the spring warming apparently brought about by
diminished solar heating from low ozone amounts associated with the "ozolne
hole."

* Scientists successfully completed the first experiment of the coniuiuity modl-
eling effort (CME), a multiyear, multi-institutional, andl mlulti-investigator
program in ocean-model development and applications. This effort is the first
simulation of combined wind- and thernmohaline-drivell, basin-scale, ocean
circulation that explicitly resolves mesoscale eddies.

* Scientists are conducting new studies on the assimilation of satellite (altime-
ter) data in ocean general circulation models (GCMs); these studies will
allow better analysis and prediction.

* Scientists have begun an initiative in ocdelitlg ocean chemistry a.d bio-
geochemical cycling with a series of simlulations of the penetration of bonimb
radlioisotopes into the North Atlantic thermocline. These simulations are as-
sisting in the calibration of the transport and mixing processes determined by
the ocean circulation model before fully prognostic biology and geochemistry
are incorporated.

* Scientists have made significant progress in understanding the dynamical
interactions of long-lived atmospheric circulation anolmalies in the tropo-
sphere and stratosphere. Such studies include the discovery of a. leading
travel pattern in the midlatitudes with an average period of 25 days; the
importance of the zonal wind vertical shear for atmospheric teleconnections;
the explanation of modeled midlatitude 40- to 50-day angular :>momentum
oscillations as barotropic instability of the corrugated flow induced by the
earth's orography; and research on the dynanmics of a low-order GCM dealing
with the stability of equilibrium states, attractors, invariants, amid vacillation.

* Scientists are exploring extended-range forecasts of 30 days and beyontl.
Because the timie range of such forecasts exceeds that of detailed determuinistic
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predictability, the extended-range prediction must treat filtered flows by
averaging in time, space, or an ensemble of forecasts. Scientists are
conducting extensive Monte-Carlo forecast experiments with a T31 version of
the CCM1 and developing strategies for predicting low-frequency variability,
including the stochastic-dynamic approach.

* By identifying regional scenarios of actual outlying climatic events and
idlentifying societal strengths and weaknesses in coping with these events,
scientists are attempting to determine potential societal responses to thle
regional impacts of climate change. Such responses could be analogs for
an improved understanding of societal responses to the effects of a global
warming.

* Scientists have researched the societal iumpact of ENSO events worldwide and
the potential benefits of ENSO-related forecasts. Associated workshops and
publication of the physical, statistical, and societal aspects of teleconnections
will increase the awareness of the potential use of ENSO-related informnatiotn
among policy makers in all nations directly and indirectly affected by ENSO.

* Scientists have developed the Biosphlere-Atimosphere Transfer Scheme (BATS)
as a land package. For input, BATS requires global data on the distribution
of vegetation and soils, and it emphasizes the role of vegetation in controlling
the fluxes of heat and water at the earth's surface. Current research is
addressing BATS' most serious weaknesses-lack of interactive development
of vegetation properties on the seasonal time scale and the assumption of
uniformity of surface properties over a model grid square.

* Scientists have developed a nested regional clinlmate modeling systenm witlh an
augmented version of the Pennsylvania State University/NCAR mnesoscale
model version 4 (MM4), including BATS embedded in the CCM1. They are
applying the model to regional climate simulations for the western United
States, Europe, the Mediterranean Basin, southeastern Australia, and the
Great Basin and Great Lakes regions.

Climate Sensitivity and CO 2 Research
Group

Carbon-Dioxide Studies

Gerald Meehl, Thomas Bettge, Lynda VerPlank, and Warren Washington have
continued their research on the possible climatic effects of increased C02 and
other greenhouse gases. They are also continuing development of computationally
efficient versions of the CCM and ocean model that will allow runs of up to 100
years.

3
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Global Ocean Model Development and
Application

Robert Chervin, in collaboration with Albert Semtner (Naval Postgraduate
School and NCAR Affiliate Scientist), enhanced the parallel ocean climate model
(POCM) to include seasonal-cycle capability. An extended-term simulation with a
global version of POCM including resolved eddies has demonstrated considerable
realism in seasonal variability, especially in the tropical oceans. The model also
performed at a sustained rate in excess of 1.1 billion floating-point operations per
second (1.1 gigaflops) on the prototype CRAY Y-MP.

Climate Modeling Section

Research in the Climate Modeling Section (CMS) encompasses a variety
of modeling studies of the physical mechanisms governing the global climate
system and the numerical techniques required to represent these mechanisms.
CMS scientists have carried out some observational studies, particularly in the
comparison of models with observations. They are principally responsible for
developing and testing new versions of the CCM andc validating and using the
CCM in the study of atmospheric circulation. They are also studying simpler
models, such as shallow-water and zonially averaged chemical-dynamical lmodlels.

The CCM Core Group develops and maintains thle standard versions of the CCM
and its ancillary postprocessing code.

Constituent Transport

Philip Rasch and David Williamson have developed a semi-Lagrangialn tech-
nique, with shape-preserving interpolation, for tracer transport in global spectral
models. Initially, they implemented the scheme for the transport of water vapor,
which substantially improved the CCM's climate simulation; they will use this
scheme in the next version of the CCM. Its algorithms, generalized for the
transport of many trace species in the CCM, can also be used as a stand-alone
model with externally prescribed winds.

In collaboration with Guy Brasseur (Atmospheric Chemistry Division, or
ACD), CMS scientists conducted initial experiments using scenarios proposed at
the September 1988 NASA Two-Dimensional Model Interco1mparison Workshop.
This effort marks the beginning of an extended collaboration with Brasseur and
other members of ACD on a coupled model with sophisticated chemistry anid GC'M
components.

Rasch and Piotr Smolarkiewicz (Mesoscale anid Microscale Meteorology Divi-
sion, or MMM) continued development and evaluation of alternative transport
algorithms in spherical geometry. These algorithms are conservative, accurate,
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andc mi-onotoniic and may provide alternatives to the seli-TLagranigpianl ttrantsplort
algorithms currently used in the general circulation modeling efforts described
above.

Clouds and Radiation

Anthony Slingo used his new parameterization for cloud radiative properties to
study thle sensitivity of the CCM's earth radiation budget to changes inl low clouds.
He showed that relative increases of about 15-20% il low cloud amount alnd
20-35% in liquid water path, as well as decreases of 15-20% in mean drop radius
(depending on the version of the model), can balance the radiative perturbation
produced by doubled CO 2 concentrations. These modest changes confirm the
findings of climate's strong sensitivity to changes in clouds.

Slingo and Jeffrey Kiehl contributed results fromn the CCM1 to the intercom-
parison of 14 GCMs led by Robert Cess (State University of New York at Stony
Brook). Most of the threefold variation in global climate sensitivity among tlese
models is attributable to differences in the depiction of cloud-clinmate feedback.
The results of this comparison emphasize the need to improve the representation
of clouds in models.

Slingo maintained his contacts with the First ISCCP Regional Experiment
(FIRE) (ISCCP stands for the International Satellite Cloud Climatology Project).
FIRE conducts field experiments to improve understanding of clouds, with
emphiasis on cloud-radiation interaction. He contributed to a study, led by Andrew
Heymsfield (MMM), of the physical structure and radiative properties of two
highly supercooled altoculmulus clouds. Differences between the internal radiative
heating fields in the two clouds appear to be responsible for marked contrasts in
their convective structure.

Kiehl, in collaboration with Veerablhadran Ranamanathan (University of Chlicago),
completed a comparison of the CCM1 with Earth Radiation Budget Experiment
(ERBE) data. The CCM results from a T42-resolution version of the model
show significant differences in both the clear-sky and the total longwave top-of-
atmosphere radiative fluxes (-- 20 W/m 2 ). The overpredicted clear-sky fluxes
could be attributed to the excessive dryness of the model, and the overpredicted
total flux resulted from a severe underprediction of cloud amount at the T42
resolution. Further exploration at higher resolution (T63) indicates that the model
cloud amount monotonically decreases as horizontal resolution increases.

Validation of the clear-sky flux alogrithmls employed in the CCM continued
with Bruce Briegleb's participation in the InterConmparison of Radiation Codes in
Climate Models. Intercoimparison efforts have been ongoing for a number of years
and involve scientists throughout the world.

5



Climate and Global Dynamics Division

Model Resolution

Byron Boville used the stratospheric version of the CCM1 to examine the effect
of horizontal and vertical resolution. Experiments at T21, T31, T42, and T63
show that most aspects of the model dynamics ilmproved with increasing horizontal
resolution in the troposphere. In particular, the Southern Hemisphere (SIH)
circulation is much closer to the observations at T63 than at lower resolution. In
the NH, the mean state and eddy fluxes at T63 are close to the observations, but thle
transient eddy kinetic energy is only about 2/3 of the observed value-in agreement
with previous studies. The stratospheric model has adequate vertical resolution for
the horizontal truncations used, and, as expected, increased vertical resolution has
little effect on the extratropical flow. The properties of the equatorial stratospheric
waves, believed to be important in forcing the quasibiennial oscillation (QBO) in
the atmosphere, depend strongly on the vertical resolution. Wave properties, such
as vertical momentum fluxes, improve significantly at vertical grid spacings of less
than 2 kll.

Kiehl and Williamson examined the dependence on horizontal resolution of the
cloud fraction in the CCM. By employing R15, T42, T63, and T106 results from
the model, they found that, as the horizontal resolution increases, an increase in
the vertical motion field causes the cloud fraction to decrease. The increase in
vertical motion leads to stronger subsidence drying of the lowest model layers, a.nd
the drying causes a significant decrease in low-lying stable cloud cover. The results
further indicate that the large-scale circulation associated with this behavior is
resolved well at a resolution of T63, suggesting that this resolution is optimal for
cloud-paranmeterization studies.

Kiehl examined the behavior of poleward heat transport as a function
of horizontal resolution in the CCM. The R15 version of the CCM severely
overestimates the heat transport compared to other model resolutions (T42, T63,
and T106); at the peak of the transport (45°), the overestimate is as large as
2 peta watts.

Diurnal Cycle

Briegleb and Kiehl continued their studies of the sensitivity of the CCM1
to a diurnal cycle. This version of the diurnal cycle will be the standard
surface-temlperature prediction scheme in the next CCM. Briegleb also obtained a
number of surface data sets to validate the diurnal range of the modeled surface
temperature.

Kiehl and Boville used the T42 diurnal-cycle version of the CCM in a
stratospheric configuration to study therlal tides. They examined the diurnal
and semidiurnal tides in the Imodel simulation anid obtained good agreement with
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observations in both phase and anmplitude of the modeled sulrface-pressulre ti(all
variation. The amplitude of the model diurnal temperature variation in the
stratosphere agreed well with that observed by the Limllb Infrared Monitor of the
Stratosphere. They also discovered contamination of the model diurnal tidal signal
by inertial instability in the equatorial stratosphere. Comparison of the CCM
diurnal and semidiurnal amplitudes of stratospheric teimperatures and winds with
linear theory results indicates a significantly smaller amplitude in the CCMI.

Response of Mean Meridional Circulation
to Diabatic Heating

James Hack, in collaboration with Wayne Schubert (Colorado State University),
extended an earlier investigation of the response of the mlean meridional circulation
to diabatic heating in the Intertropical Convergence Zone (ITCZ) to include
the influence of nonresting climatological zonal flows. The presence of strong
zonal flows appears to play a relatively muinor role in determining the magnitude
and asymmetry of the meridional circulation, whereas the structure of the
diabatic heating, particularly the meridional breadth, is more important. An
analytic measure of the efficacy of diabatic heating at generating zonal kinetic
energy generally exhibits a meridionally symmetric structure except during the
NH summer. This asymmetry gives rise to a pronounced sensitivity of zonal
kinetic-energy generation to the imeridional location of ITCZ convection. Furthler
examination of the flow pattern suggests that, for zonal flows representative
of those over the Indian Ocean during the NH sunmmer months, lneridional
displacements of the heating of less than 20° latitude call result in as mluch as an
order-of-magnitude difference in the rate of kinetic-energy generation. Solution of
the balance system also implies a feedback mechanism between zonally organized
convection and the energetic properties of the large-scale flow, a mechanism that
is highly sensitive to the lneridional location of the convection.

Parameterization of Moist Processes

Rasch developed paramleterizations for deep and(l shallow convection intended
for the next CCM. In formulation, his deep convective scheme follows solme
previous work by H.-L. Kuo (University of Chicago), Richard Anthes (UCAR),
and Leo Donner (University of Chicago), and essentially will replace the moist
adiabatic adjustment scheme for deep convection in the model. It provides a
mnore realistic parameterization of the deep convective processes and a means of
entry into the parameterization of other important processes within the model,
namely: (1) transport of trace constituents axnd momentum by subgrid-scale
convective processes (the cumiulus transportt conplements the large-scale tratnsport
codes described above); and (2) representation of cloud liquid water, whicl is
currently diagnosed as part of the one-dimensiona.l cloud niodel embedded within
the formulation.
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CMS scientists have implemented a. sinmple, shallow, convect ion scheme for the
CCM. They modeled the effects of shallow, cumulus transport of heat, moisture,
and momentum by making the Richardson number associated with the vertical-
liffusion parameterization depend on the profile of moisture saturation and moist

static energy in addition to the usual dry static-energy dependence.

Satellite Data Sets

CMS scientists have made a vigorous attempt in the past year to acquire a
number of satellite data sets to valida.te and mlotivate development of the CCM.
Kiehl and Briegleb have obtained ERBE and ISCCP data, and Briegleb has put
these data sets into CCM history-tape format so that the CCM modular processor

can aid in comparison with the model data. In collaboration with Franklin
Peterson (NASA Marshall Space Flight Center), Williamson, Rasch, and Hack
obtained the Special Sensor Microwave/Imlager lata for precipitable water and

total liquid water. These data will validate the hydrologic processes of the model.

Upper Boundaries

Using an ensemble of parallel GCM integrations, Boville and David Baumhefnler
(Global Dynamics Section, or GDS) studied the effect of omitting tile upper
stratosphere in an extended-range forecasting context. They showed that the

systematic errors that develop in the troposphere due to the upper boundary of

the model are as large as the anomalies that extended-range forecasts attempt to
predict.

Cumulus Initialization of the Water-Vapor
Field

Rasch and Donner modified the objectively analyzed temperature and water-
vapor fields so that, in regions of active convection, the precipitation anId vertical
heating profiles, suggested by a simplified version of the Kuo convective para-
meterization, are consistent with independent objective estimates of precipitation

and heating. The work complements that of Akira Kasahara and Arthur Mizzi
(both of GDS) on estimating the divergent wind field in the tropics from satellite
imagery, since their work independently identifies regions of active convection, the
divergence fields, and the heating profiles required as input fields for the cu1mulus
initialization.

Improved Numerical Methods

In examiining various discrete vertical approximations in a hybrid coordinate
version of the CCM, Boville and Williamson considlered a natural extension of the
CCM1 approximations to the hybrid system as well as variations of approximations
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adopted at other centers. They tentatively adolpted for fiutlre use thie extenldel
CCMI version with predicted surface pressure (instead of its logarithm), but
studies of the effects on gravity waves at high resolution are continuing.

Scientific Computing Initiatives

Hack and colleagues in the Computational Mathematics Group of the University
of Colorado at Denver have comlpleted collaborative work on the implementation of
spectral and finite-difference formulations of the shallow-water equations on highly
parallel, distributed-mlemory, message-passilg multiprocessors. They analyzed in
some detail a set of numerical experiments showing the perfornlance of the two
numerical methods with the addition of processors. The results suggest that
such highly parallel architectures have significant potential for improving single-job
turnaround for these simple algorithms, although at great expense in productivity
due to programmlling complexity.

CCM Core Group

During the past year, the Core Group (Linda Bath, Hack, James Rosinski,
Gloria Williamson, and the late Richard Wolski) made additional improvements
to the new NCAR CCM1 program libraries, including changes to mnodel I/O that
reduce system overhead in support of I/O operations by more than 80%. Thley
completed multiyear control simulations at R15 and T42 for the new program
libraries as well as a technical report describing the changes in the nlodel and tlhe
new control simulations.

The Core Group continued developiment of the CCM2. From a comlnputational
point of view, they rewrote all model physics to conform to a "plug-compatible"
physics interface and worked on mechanisms for single-job multitasking capability.
A number of new features in the CCM2, such as the semi-Lagrangian transport of
water substance, have introduced serious and somewhat conflicting constraints on
potential multitasking strategies. These are being explored.

In support of the CCM2 development, the Core Group conducted additional
experimentation with the CCM1 at T63 and T106. These simulations doculmelited
deficiencies in the existing cloud-prediction sclheme at resolutions other than R15.

The Core Group introduced a significantly improved version of the CCM
modular processor (PROC02A). New capabilities include (1) automatic generation
of mass-store-systemi pathname lists for input and output; (2) history-tape posi-
tioning by calendar date; (3) use of the solid-state disk for memory conservation;
(4) computation of zonally averaged meridional stream function; and (5) vertical
interpolation of data on sigma-pressure hybrid coordinate surfaces.

9
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Climate Analysis Section

The goal of CAS research is to increase understanding of the atmosphere,
primarily through emlpirical studies and diagnostic analyses of thle atmosphere and
its interactions with the earth's surface and oceans. CAS focuses on meteorological
phenomena and climate variations over several time scales, such as those involved
in blocking events, 40- to 50-day tropical oscillations, and intera.nnlla variations
(the ENSO phenomenon, the solar cycle variations, the 1988 North American
drought, and longer-period trends).

A central ongoing thrust is related to data sets and includes acquisition of dlata;
evaluation, improvement, and restructuring of data sets; alnd use of these data
sets in diagnostic studies. CAS scientists are also pursuing several theoretical andl

modeling studies. Their research spans many topics, including those considered
part of national and international progranis-tlhe Tropical Ocean and Global
Atmosphere (TOGA) program, ISCCP, ERBE, and Global Change. CAS scientists
interact with GDS on planetary wave modeling; with the Interdisciplinary Climate
Systems (ICS) Section and CMS on analysis of C'CM data, validation of the CCM,
and planning of future experiments; and with the Oceanography Section (OS)
on problems of mutual interest involving atmospheric-oceanic coupling, such as
TOGA.

Data Sets

Dennis Shea and Jerry Olson have continued to acquire and validate data in
collaboration with the Data Support Section of the Scientific Comnputing Division
(SCD). Amy Solomon has recently replaced Olson in these collaborations. Ongoing
efforts include analyses of conventional meteorological, model, and satellite data.

Laura Smith is analyzing the first-year radiation and cloud data provided
by ISCCP. This global data set (Cl data) covers the period from June 1983
to May 1984 and is available every three hours on a rectangular grid of 2.5°
latitude-longitude resolution. The objectives are (1) to determine the short
space- and time-scale variability of the infrared (centered at 11 pmn) and visible
(centered at .6 ym) radiances and associated cloud types, with emphasis on the
variability of large cirrus outflow associated with deep tropical convection; and
(2) to study intraseasonal variations in the tropics using space-time spectrum and
longitude-time section analyses of the 11-/tm radiances.

Madden-Julian Waves

Roland Madden has extended work on the effects of frictional torques caused
by the 40- to 50-day tropical oscillation. In estimating several years of daily
wind stress from analyses at tile U.S. Navy Fleet Nunierical Oceanographic Center
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and the European Cenitre for Mediutm Rmange Weather Foreca.sts (IECl\MWFT), he
found significant coherence between these data and the total atmospheric angular
momentum (AAM), the length of the day, and surface pressures in the western
Pacific on the 40- to 50-day time scale.

With Mojib Lateef (Max Planck Institute, or MPI, Hamburg, Federal Replublic
of Germany, or FRG), Madden is investigating the response of MPI's ocean
model to time-varying tropical winds. They hope to learn if aind how momlelntun
is exchanged through the ocean from the atmosphere to solid earth. With
IHans von Storch (MPI), Madden is beginning to relate von Storch's ol)jectively
determined principal patterns of the 40- to 50-day oscillation to the AAM and to
other conventional oscillation measures. Working with data analyzed at the Free
University of Berlin, FRG, Madden looked for, but could not find, evidence of the
oscillation in the NH stratosphere.

Julia Slingo, with Madden, has commenced stldly of the simlulation of tle
40- to 50-day wave in T42 versions of the CCM1, which include mnodifications to
cloud-prediction and cloud-radiative properties. Tlie wave has beell detected in
both the seasonal-cycle integration and the extended constant January alldl July
runs. Because the wave speed appears to be sensitive to the cloud paranmeterization
and thus to the cloud longwave forcing, this sensitivity will be the basis of future
research.

General Circulation

Using a series of integrations with the R15 version of the CCM1, Slingo has
continue(d her study of the role of cloud longwave forcing in the general circulation.
Il assessing three major tropical diabatic heating maxima over Indonesia, South
Africa, and South America, she has found that thle results elllpllasize the
importance of diabatic heating over South America in influencing (1) the strength
of the Walker Circulation; and (2) the extratropical flow, particularly over the
North Atlantic and Europe. She has considered tlhe relevance of these results to
the deforestation problem.

Kevin Trenberth, Olson, and Solomon continue to evaluate global analyses from
ECMWF anld the National Meteorological Center (NMC) for 1979-1988. They
have updated ECMWF data through 1988 in C(CM history-tape format at T42 acnd
R15 resolutions and have prepared a special two- to eight-day, band-pass-filtered
data set at T42 resolution.

With ECMWF data, Trelnblerth and Olsonl, with William Large (OS), conipre-
hensively analyzed surface wind stress over the global oceans. They analyzed a

drag coefficient that is a function of windl speedl and stability and, as documlentecd
in ain atlas, the mean seven-year climatology from 1980 to 1986 of wind stress,

11
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wind-stress curl, and Sverdrup transport. Through SCD's Data Siiupport Section,
they have archived and made available to the communlity the monthly tilme series
for each field. They have compared in detail the mlean annual cycle of wind stress
over the global oceans to results with previous clila.tologies. Some differences over
the NH are real manifestations of climate change. Over the southern oceans, the
new wind-stress values, believed to be the most reliable available, are much larger
than those previously determined.

Trenberth, Large, and Olson used the new wind-stress climatology to estimate
the effective constant-drag coefficient that would be needed in place of the stability
and wind-speed-dependent drag coefficient to obtain the same results. This has
applications for use with pseudostress, and tle effective drag coefficient varies
considerably, both spatially and seasonally.

With a set of nine-year ECMWF analyses, Trenberth and Olson have assessed
how well a sparse network of 63 stations depicts climate changes. Although
correlations of time series for large zones are quite high, thle 63-station network
has larger amplitudes outside the tropics and is vulnerable to missing (lata.

Large-Scale Waves

Madden continued his collaboration with Peter Speth (iUniversity of Cologne,
FR.G) and Speth's students on large-scale traveling waves. They have extended, to
SH data, work described in last year's annual report that was based primarily on
NIl data. They have analyzed Hough-function structures and space-time spectra
of global data and hope that a thorough understanding of these results, along with
further studies, can prove that the waves are essentially global-scale normal mnodes.
The results suggest additional analyses that Madcden will carry out to determline
when, where, and how these waves are excited.

Trenberth and Shyh-Chlin Chen (Scripps Institution of Oceanography, or SIO)
simulated the NH wintertime stationary planetary waves with all 11-level spectral
steady-state model that includes orographic and thermal forcing. The nmodel
features a new and imore complete formulation of the lower boundary condition
that takes into account tlhe total flow as well as the zonal mean basic state. It
thus permits flow to go around, not just over, orography. They have further
documented what is happening at the lower boundary.

ENSO and the 1988 North American
Drought

In reviewing the general characteristics of ENSO for a volume, Trenberth
focused on atmospheric processes and coupling witli the tropical oceans, especially
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the link between warm water aiid convergence zones, in both thle mean annual
cycle and interannual variations.

Trenberth, with Grant Branstator (GDS), continued study of the origins of the
1988 North Amlerican drought-how it developed and wly. Observational evildence
of a strong wave train across North America in the spring and siulmer, which
provided the large-scale support for the drought, indicated the possible importanice
of the Pacific Ocean, where, by April, tropical sea-surface temperature (SST)
anomalies had reversed from the warm 1987 El Nifio conditions to the very cold
La Nifia conditions. Trenberth and Branstator converted the observed changes
in outgoing longwave radiation into implied anomalous heating rates to force a
steady-state, planletary-wave model linearized about a zonally asynlnletric basic
state for June. The model produced a pattern of anomalous waves similar to that
observed, and Trenberth and Branstator suggested that the configuration of SST
was the primary cause of the drought. Results also showed that strong )positive
feedback effects occur from the land-surface processes in the drought region itself.
Trenberth and Branstator have examined the global aspects of the circulation
alnomalies in 1988.

Harry van Loon continued work with George Kiladis (Cooperative Institute
for Research in Environmental Science) and von Storch on climate-sensitivity
experiments to elucidate the role of the South Pacific Convergence Zone (SPCZ)
in the circulation over the South Pacific Ocean and Australasia in general, and
the Southern Oscillation in particular. Results show that the presence of South
America and the equatorial Pacific upwelling zone is not crucial to the SPCZ, butt
removal of Australia destroys the southern monosoon and substantially weakens the
western part of the SPCZ.

Van Loon collaborated with Tsing-Chang Cllien (Iowa, State University) on
a study of the aspects of the tropical circulation, specifically the onset of the
Australian su11mmer monsoon and its effect onI the westerly jet streams inl the region.
It appears that the subtropical jet suddenly disappears or weakens considerably at
the onset of the monsoon while the polar fronlt jet south of Australia increases.

Van Loon, with Klaus Weickmann (NOAA) afnd Kiladis, began a case study of
the short-term circulation changes associated with the Southern Oscillation during
the recent decade, with emphasis on the periods when thle oscillation enters or
leaves an extreme.

Solar-Weather Relationships

Van Loon continued work with Karin Labitzke (Free University of Berlin,
FRsG) on the diagnosis of a 10- to 12-year oscillation ill the atmosphere, which
statistical tests suggest may be related to thIe 11-year solar cycle. To obtain good
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correlations with the solar cycle, they found that, lduring the warmer part of tile
year, it is not necessary to group the data in the NH stratosphere according to tile
phase of the equatorial QBO, since il all imolths the same pattern of correlation

emerges-large positive correlations in middle anti low latitudes thlat are zolnally

asymmetrical in wave one, with the higher values over the oceanic half of tle
lhemisphere. At high latitudes, there are usually ino (or negligible) correlations.
Monte-Carlo tests indicate that this pattern is statistically significant and unique

to the 10- to 12-year periodicity.

Van Loon and Labitzke began a study of the vertical structure in tlhe

troposphere and stratosphere of the tropical semiannual oscillation. Tlleir
ellphasis is on the levels between the tropoplause and 10 mb where the QBO
dominiates.

Climate Change and Potential Predictability

Madden and Shea extended their earlier work on the potential long-range (i.e.,

longer than deterministic predictaability limits) predictability of templerature to
include Canada and the United States. They used time series one and one-half
to three timaes longer than those available for the earlier study. Restults over the
United States are similar to the first estimates. For example, during January, the
potential for long-range predictability is greatest near the coasts and least near the
center of the country. With a 6,000-day, IerpetuLal January run from the CCMI,
they tested the assumption tlat forms the basis for these estimates and showed
that the estimates are valid.

In selparate but related work, Madden assumed tihat a certain percent of
variance of a variable was predictable at long range; lie then estimated the
frequency with which certain-sized shifts in the probability distribution of that
variable could be predicted. For example, in the above potential predictability
studies, the best result hoped for is to predtict about 50% of the variance in monithlly

mean temperature at a few locations cduring somle seasons. For those optinlistic
cases, shifts in telmperature distributions frot-i 50/50 (above/below average) to
25/75 could be predicted a little more than 50% of the time.

Trenberth and Olson analyzed tlhe tenmp)eratulre recordl throughout tlie tropo-

spl)ere alnd lower stratosphere for the mean ainnua1l cycle and temperature trendls

at the South Pole and McMurdo Sou(nd, with special emphasis on dlealinlg with
the large amounts of missing data. In the past decade, they found downward
teperature trends i thesile lower stratosphere tliat corresponded to tlie levelopmeit
of the "ozone hmole."'

As part of hIis scientific assessmenlt of climate cllange for tile IntergovernmenIltal

Panel onl Climate Clhange, Trenibertlih as reviewed atmlosphleric-circulation changes
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and relationships with surface temperature and precipitation throughout this
century and in both hemispheres.

Trenberth has analyzed large-scale observed trends in circulation over the
extratropics of the NH and found large changes in the North Pacific from 1977
to 1988. These changes correspond to a significantly dceeper-than-normal Aleutian
low-pressure system in the winter from November through March. The largest
surface warming anywhere in the hemisphere has occurred in Alaska anid along
the west coast of North America; it results froin increased southerly flow bringing
warmer and moister air into the region. Colder-than-normal sea temperatures in
the North Pacific are also a consequence of the circulation change and reveal large
spatial structure in the temperature changes. The 1977-1988 regime is believed to
be linked to events in the tropics and the three El Ninio events during that interval,
but not to corresponding cold events.

With Jill Jiger (Beijer Institute, Stockholm, Sweden), van Loon began an
investigation of the changes in atmospheric-circulation mnechanisms associated witlh
the observed temperature trends at the earth's surface. They unexpectedly found
that the temperature trends at 700 mlb, integrated between 20°N and 80° N, are
similar in all seasons, but the pressure trends at sea level (circulation changes) are
quite different in different seasons. This investigation continues.

Oceanography Section

OS research is designed to develop an understanding of thIe large-scale ocean
circulation through studies of the important processes of the global oceall. In
addition, OS scientists examine the relationship of these processes to thle dynaumics
of climate through studies of key air-sea interactions at the interface between thle
two media. This work involves research in ocean-circulation modeling, theory
and observations, and air-sea interactions. In fiscal year (FY) 1989, as in past
years, the scientific focus has been on (1) numerical modeling of basin- and
regional-scale ocean circulation in equatorial and midlatitude regimes; (2) idealized
process studies in geophysical fluid dynamics; and (3) analysis and interpretation
of observational data.

OS scientists launched three new initiatives in FY 89. In the first, ocean
chemistry, Frank Bryan and Manuel Fiadeiro (visitor, NSF) simulated the
penetration of bomb tritium and heliunm-3 into the North Atlantic. The goal of this
research is to develop anl ocean model with realistic transport and mixing fields
in which to incorporate fully prognostic niodels of ocean chemistry and biology.
The bonmb isotopes provide excellent calibration of the physical mlodel because
the input functions for these tracers are relatively well known and their decay
tilme scales are well Imatched to the advective time scales of the upper ocean and
thermlocline. A low-resolutionl circulation mnodel has been used thus far, but future
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studies will includle archived velocity and mixing fields fromn the high-resolut.ion
CME and will incorporate realistic tracers directly in higher-resolution models.
OS scientists have carried out this research on the CRAY X-MP/18 aind have
expended considerable effort in porting the ocean model and associated analysis
codes to the UNICOS operating system.

The second new initiative involves coupled ocean-atmosphere models. Peter
Gent and James McWilliams, togetler with Branstator and Joseph Tribbia (GDS),
have begun investigation of idealized coupled )(models of the global atlosphllere

(the so-called aqua planet with paralneterized radiation) and of an enclosed-hbasin
tropical ocean with focus on coupled ENSO-like oscillations. So far, they have
produced uncoupled runs of each of the coniponenit models using output from the
other model with the expectation that they will p)erform fully coup)ledl runs in the
next year. This is the first step in TOGA-coupled modeling with the ultimate goal
of coupling the equatorial Pacific Ocean and the CCMs.

The third initiative is tihe develolpment and( aplplicatioll of a new global ocean

model that will complement the higher-resolution CME (North Atlantic) basin
model. William Holland and Julianna Chow, in cooperation with Kirk Bryan and

Michael Cox (both of the Geophysical Fluid Dynamics Laboratory, or GFDI.),
have begun to multitask and to incorporate new physics (based upon the CME
experience) into a 1° version of this mnodel. As part of this global strategy, they
are including the flexibility to choose higher-resolution subdomains in the global
context. First runs with the model are under w

Modeling of Midlatitude Ocean Circulation

During the past year, Bryain and Hollandl have contilued a.nalyzing results of
the first experiment of the World Ocean Climate Experiment (WOCE) CME at
NCAR. Several groups outside of NCAR have acquired subsets of the data archive
and have joined in the analysis. The majority of projects carried out by university
collaborators involve regional model-data intercom lparisons. The regions under
study include the Brazil Current retroflection/North Equatorial Countercurrent,

the Florida Straits and waters east of thIe Bahamlas, the Labrador Sea, and the
Canary Basin. Other studies involve examination of the variability of basin-scale
barotropic transports and statistical analysis of p)rimary patterns of variability
in the Gulf Stream region. In addition to these analysis projects, OS scientists
have run several short integrations to examine the parameter sensitivity of the
eddy-resolving model and to set the stage for experiments at higher resolution.

Gent, McWillianis, and Dale HIaidvogel (Johns Tlopkins University) continue to
investigate the wind-driven solutions of tie iear alance eatios. Foci this year
have included comparisons with solutionls from quasigeostrophic andcl primitive-
equation models; tihe relationi between lateral boundary conditions oln momlentull
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flux and boundary-current separation; and the driving of mean circulation by
transient winds. In preparation for investigations of buoyancy-driven solutions,
model development for the nonlinear balance equations is in progress; a new
parameterization for isopycnal mixing of density and tracers has been developed;
and a proposal for diapycnal mixing is being formulated.

This new parameterization is intended to simulate the effects of mesoscale
eddies in coarse-resolution numerical models where such eddies do not occur. Gent
and McWilliams have shown that a source term in the density equation is required
to simulate the effects of mesoscale eddies, so that tile coarse-resolution model is
not truly adiabatic. It is quasiadiabatic, since several global adiabatic conservation
properties are maintained.

Holland and William Schmitz (Woods Hole Oceanographic Institution, or
WHO1) have continued studies of Gulf Stream dynamlics with a regional numerical
model. They have completed a detailed sensitivity study and chosen a best
solution based on the structure of eddy kinetic energy, the meander statistics of the
Gulf Stream, and the ability of the model to simulate correctly tle Gulf Stream
separation.

Using this Gulf Stream model, Holland, in collaboration with Antonietta
Capotondi and Eric Chassignet (both of the Advanced Study Program, or ASP),
has been examining the degree to which the various ocean satellite altimeters
(GEOSAT, ERS-1, Topographic Ocean Experiment, or TOPEX) will be able to
reconstruct the transient behavior of the Gulf Stream system. They are studying
sophisticated optimal interpolation techniques and data assimilation in the Gulf
Stream model.

McWilliams and Anne-Marie Treguier (ASP) have completed a study of the
central role of topography in the dynamlical balance of the Antarctic Circumpolar
Current. This work builds upon earlier solutions by McWilliains, Holland, and
Julianna Chow.

McWilliams, in collaboration with Ralph Milliff (visitor, UCAR), Sue Haupt
(ASP), and Achi Brandt (Weizinann Institute, Rehovot, Israel), hlas begun an
investigation into the performance of mixed space-time, multigrid integration
methods for oceanic and atmospheric model equations.

Large and McWilliams, in collaboration with W. Brechner Owens (WHOI)
and William Hibler (Dartmouth College), are developing an upper-ocean and
sea-ice model for studies of short-term climate variability and coupling with an
atmlospheric G CM.

To complement work Iolland has carried out with Geoffrey Vallis (SIO) using
quasigeostrophic models, Michael Spall and Holland have developed all emlbedded
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primitive-equation model and tested the technique with a sequence of ideca.lized

problems. Preliminary results suggest that, for resolution differences of three to

one and even five to one, mesoscale structures in the fine-resolution region can

satisfactorily propagate and develop even as they pass across the domain boundary.

This approach produces yet another tool in the hierarchy of ocean circulation

models.

Studies in Geopllysical Fluid Dynamics

Investigations of the occurrence and dyna.nlics of coherent vortices in turbulence

hlave continued. Work this year included statistical alalyses of these vortices in

two-dimensional and geostrophic turbulence; a demonstration of thle suppression

of the turbulent cascade by these vortices; an idealized study of three-dimensional,

geostrophic vortex merger by McWilliams with Emile IIopfinger and Jacques

Verron (both of Institute of Mechanics, Grenoble, France); and a study of the

dynamical chaos of Iamiltonian point vortices by McWilliams with Jeffrey Weiss

(ASP).

McWilliams and Richard Mied (Naval Research Laboratory) have examined

the generation of nmshroom-shaped tracer patterns through the geostrophic

adjustment of a wind impulse. Along with Marie-Pascale LeLong (ASP),
McWilliams is investigating the analog of geostropllic adjustment on small scales

where rotational influences are smnall (i.e., cyclostropjhic adjtlstlllent). In addition,

McWilliams and Spall are investigating the limits of validity in the space of

Rossby and Froude numbers for balanced dlynamics in initial-value problems for

the shallow-water equations with broad-bandl illitial conditions and large Reynolds
number. Finally, McWilliams, with Hautpt and Tribbia, has found modon solutions

in the presence of zonal shear flow on the beta plane.

The data density resulting froi ocean simulations like the CME overwhelm

existing methods for model analysis. In an attempt to provide a more efficient

framework for the analysis of ocean model results, OS scientists are developing a

suite of visualization tools on an Ardent Tit.an grallics supercompultter. Thlese
include facilities for manipulation and display of three-dimlensional renditions of

physically meaningful structures, such as isopyclal surfaces and vortex tubes. In

addition to the visualization tools themselves, Bryan, IIolland, and McWilliams

are developing software support for working in the emerging distributed hardware

enviroonment.

Equatorial Circulation

Gent and Mark Cane (Lamont-Doherty Geological Observatory) have imple-

imented a vertical-diffusion schenme based upon Richardson-nullmber mixing into
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their primlitive-equaltion model of thle upler eqllatorial ocean. Using two dif-
ferent wind cliinatologies, they have performled annual cycle runs of the Pacific
and analyzed these runs to study the heat budget of the upper ocean in the
TOGA COARE (Coupled Ocean Atmosphere Response Experiment) domain of
1400-180 0 E, 100 S 10 0 N. The primary result is that the long-terlm mean net annual
heat flux into the domain is small, between 0 and 20 watts/m 2 . All heat flux
climlatologies have larger values, between 30 and 70 watts/m 2 , for this area of the
western Pacific.

Gent and Jeffrey Proehl (ASP) are studying the 20- to 30-day waves that occur
in the equatorial-ocean model and are developing analysis routines to determine

the mean and eddy energies and the conversions between them. These efforts
will result in a thorough analysis of the generation, maintenance, and dlecay
mechanisms of these waves as several model parameters are varied. iThis work is a
modeling contribution to the Tropical Instability Wave Experiment.

Ocean Observations

OS scientists continue their involvement in several projects that contribute to
nationial andl international efforts to obtain and utilize routine global -measuremnents
of ocean-forcing functions and dynamical quanitities. Iolland and Large, in
collaboration with James Evans (University of South Carolina), are studying the
effect of satellite scatteromleter wind sampling on ocean response as part of the
science definition team for NASA's scatterometer project. In a related activity,
Large has developed a remote system for oceanic wind(-stress measurem1ents that is
being used in ground-truth, airborne scatteromneter measurements.

Iolland is also a participant in NASA's TOPE1X project. His related research
is the assimilation of satellite altimletric data into ocean numerical iioclels andl
the analysis of altimeter observations. With Lee Fu and Victor Zlotnicki (both of
NASA Jet Propulsion Laboratory), lie has completed a first study of altimeter (lata
assimilation into an ocean-circulation mIodel of the Agulhas retroflection region. In
collal)oration with Paola Malanot te-Rizzoli (Massachusetts Institute of rrechnology,
or MIT) and Warren White and C.-K. Tai (both of SIO), OS scientists continue
various theoretical studies of creating an effective dcata-assimnilation scheme for a
variety of ocean data.

One promising source of global forcing for ocean models is the value of the
analyzed fields from operational forecast nmodels. With ECMWF data, Large
and TrenLerth have analyzed and assessed these fields through the 1980s. Using
ECMWF wind statistics, they have dcetermined how best to convert the commloly
produce(d pseudostress data sets into surface wind-stress vectors globally and
constructed a new global wind-stress climatology. Ininportant differences with
existing clinmatologies are evident in the southerni oceans (inadequate data), in the
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tropics (poorly analyzed divergence fields in EC1MWF), and in tlhe Northll Pacific
(an apparent real decadal change in the climate).

In October 1989, as part of TOGA, a large array of 20-tllermistor chain
drifters was deployed in the western equatorial Pacific Ocean. This project is a
collaboration between Large alnd McWilliamis, Bruce Taft and Michael McPhaden
(both of Pacific Marine Environmental Laboratory), and Peter Niiler (SIO). The
array is reporting regularly by satellite the therlllal structure of the upper 300 m11
of ocean over a 1000-by-2000-km area. Scientists will relate the thermal structure
to westerly wind bursts, air-sea fluxes, and satellite cloud observations to obtain
high-frequency, high-resolution data on air-sea interaction for at least two years.

After years of planning, OS scientists are preparinlg for the five-year observa-
tioIlal phase of WOCE. Large has proposedc analysis of the surface-drifter data
from the international surface-velocity project. lie and van Loon completed a
pilot study relating SIT meteorology to southern ocean surface-current varialbility,
as revealed by the First GAR.P (G'lobal Atmospheric Research Programmn-e) GClolal
Experiment (F(GGE) drifters on six-month to one-year tinme scales. Because of the
direct, relevance to ocean modeling, OS scientists are interested in WOCE global
data sets, includiing sea-surface altiimetry fronm TOPEX and surface wind stress,
and in Core 111 studies in the Atlantic.

Global Dynamics Section

Scientists in GDS are devoted to improving their understanding of the
mnechanisms of global-scale atmospheric circulations on tiime scales of days to years
through (1) diagnostic analyses of global observational data and CCM-simulated
data; and (2) numerical and theoretical stu(dies witli a, hierarchy of physical mllodels
ranging from the nondivergent vorticity equation to a state-of-thle-art atmospheric
global circulation model. A serious gap now exists in the ability to predict the
atmosphere between weather variations in thle short-to-lmediuml raIge (up to ten
days) and climatic equilibria in response to external forcings such as greenhouse-
gas effects. GDS scientists want to establish the physical basis for extending
the range of atmospheric prediction beyond the dleterministic predictability limit.
With improved perception of global-scale, low-frequency variations on tiime scales
of clays to years, such as the 25-day oscillations, the 30- to 60-day oscillations (the
MJ mode), and the ENSO, CGD scientists believe that the tilne is right to take
onl von Neumann's dreal--a dynamical approach to seasonal climate forecasting,
influemnced by initial conditions and the changes in external forcings, such as
tropical convection (for example, possible explanation of the 1988 sunmmer North
American drought). GDS research is directly relevant to the overall NSF Climate
Program and the World Climate Research Program, TOGA in particular.
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Coupled Ocean-Atmosphere Model for
TOGA Studies

Exploration of the predictability of a coupledl atmosphere-ocean model is
essential to research on seasonal climate forecasting. Tribbia, Branstator, and
Yeln-Huei Lee, in collaboration with Gent and McWilliams, have been developing a
coupled ocean-atm.osphere mlodel suitable for studying the dynamlical mechanisms
leading to the ENSO phenolllenon. The atmospheric model has been simplified
only il its treatment of radiative fluxes and the elimination of continentality.
These simplifications have reduced conmputational costs and clarified the dynamical
essence of the ENSO cycle. The ocean component is a primitive-equatioll model
of an idealized equatorial Pacific basin. GDS scientists are now testing and
validating the coupled system. In addition to ENS( simulations, GDS scientists
will ascertain the dynamical predictability of tile ENSO cycle andl tlle midlatitude
anomalies induced by the equatorial circulation changes inherent in this cycle.

Dynamical Forecasting at 10 to 30 Days

Beyond the deterministic predictability limnit, the plrediction of at.mospheric
states must deal with the mean state of the atmosphere averaged with respect
to time, space, and/or ensemble. Baulmhefler, working with Thomas Mayer,

continues to explore tIle feasibility of extenlled-range numerical lprediction of tinie-
mean flows using the CCM1. They have made extensive progress by expanding
the numer of study cases to 36 acnd dTrawing samples from eaci wilter between
1979 and the present. They perturbed slightly each of the 36 initial conditions to
produce an ensemble of ten analyses that simulate the utncertailty in the initial
states. Starting from tlese ten slightly different initial states, they produced a
Monte-Carlo ensemlble of ten 30-day forecasts. With these ensenmbles, B3aumhefnier

and Mayer are analyzing the actual forecast skill in order to undlerstand whly it
varies during different weather regimes. For example, in collaboration with Stephen
Colucci (Cornell University), Baumhefner examinled the dependence of forecast
skill on synoptic regime within an ensemble. Understanding the relationship
between the variability of forecast skill and the predictability error dispersion is
a fundamental aspect of dynamic extended-range forecasting. This continuing
project includes the investigation of tile accuracy of the CCM1 in simulating thle
proper geopotential variance at the 1- to 30-day time range. Baumhefner also
initiated a new project with Maddenl all( von Storch to analyze the forecast skill
and predictability of low-frequency (30- to 60-day) transients. They examined
forecasts from the previously mentioned data ])ase for skill in tlle large-scale
divergent flow over the equator. One forecast (30 January 1985) showed a
successful event predictect out to 25 days. They are analyzing other cases.

The Monte-Carlo approach generates the statistics of stochastic-dynamic
prediction with an ensemble of forecasts. The success of this approach depends

21



Climate and Global Dynamics Division

on lusing tile fewest initial states in an ensemble from which meatlingful Monte-
Carlo statistics can be derived. Tribbia has continued his investigation of the
linearized approach to stocllastic-dynamic predictiotn, whichl seeks to utilize short-
time information on the evolution of the probability distribution in phlase space
to initiate a small Monte-Carlo ensemble. This small ensemble is t hen used
to estimate the statistical reliability of the einsuing ensenimle miean forecast as
it evolves in time. Tribbia pointed out that the eigeninodes of the symmnetric
linear problem obtained by adding the linear-system matrix and its adjoint give
optimal directions in phase space for distrib)uting the ensemble elements. These
directions correspond to the principal directions of strain for the phase-space
velocity advecting the ensemble elements and, thus, the most rapidly stretched
axes of the probability distribution.

Cause of Low-Frequency Variability
and Atmospheric Teleconnections

It is generally recognized that persistent atmospheric heating in the equatorial
region can influence quasistationary flow in the midlatitudes. To examine the
sensitivity of the midlatitude response to the longitude of the tropical heating,
Branstator performed a series of ten simllulations with the CCM, each inclulding
anomalous steady heating at a different position over the Pacific or Indian Oceans.
Ile found that the responses are not silmple longitudinal translations of some basic
pattern. By analyzing the simulations with a linearized version of the CCM, he has
traced the longitudinal sensitivity to three distinct mlechlanismls: (I) Perturbations
stimulated by tile heating anomalies interact witl the local time mean flow such
that their amplitude and strulcture are affected; (2) conditional instability of the
second kind (CISK)-like feedbacks enhance the imposed tropical heating anomalies
by all amount dependent on the ambient moisture distrilbution; and (3) storni-track
modifications resulting from the perturbation flow can feed back onto and modify
the quasistationary waves.

The prominence of low frequencies in the general circulation is evident fromt
the fact that atmospheric fields emphasizing the large scales (e.g., geopotential
and the wind components) have very red temporal spectra. In an attempt to filnd
the factors contributing to persistence in thle atumosphere, Branstator cletermined

the degree of redness that exists in long C'CM simulations. Hle found that the
stronger the stationary waves in the simulations, the redder thie spectra. This

relationship is consistent witlI eigenanalysis of the barotropic vorticity equation

linearized about climate states from the CCM runs. These analyses show that
background flows with large-amplitude waves tend to have uunstable, low-frequency
eigenmnodes, a result which raises thle possibility that the stationary waves cause,
or at least enhance, the redness of atmospheric flow.

Atilospheric motion may be well enlolgh representeld by a linearized version of
the equations of motion that mlanifestat.ions of the leading nornmal modes of such
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dynamical models might be expected in natulre. Evidence exists flia.t attlmoslplleric
perturbations sometimes evolve in a manner similar to the behavior of the gravest
rotational modes of the Laplace tidal equations. Branstator, Andrew Mai, and
Isaac Held (Princeton University) investigated whether the gravest rotational
modes are modified by the existence of nontrivial background flows. They found
that the largest-scale modes, e.g., the five-clay wave, are insignificantly imodified by
stationary waves with amplitude similar to that found in observations. Stationary
waves substantially alter the structure and frequency of smlaller-scale modes, e.g.,
the 16-day wave. The results of Branstator et al. suggest that those episodes of
nornial-mode-like behavior in nature, previously associated with the 16-day wave,
nmay actually be natural manifestations of a smaller-scale Hlough mode that is
significantly modified by climatological waves.

Tribbia has continued his collaboration with Michael Ghil (University of
California, Los Angeles) and Kingtse Mo (NMC Climate Analysis Center) on
the dynamics of low-frequency structures in the atmosphere and in ati-nospheric
models. Tribbia and Mo investigated the role of barotropically unstable modes
of the May 1988 timIe-mean flow in the midlatitude response to equatorial SST
anomalies in the Pacific. Their preliminary results suggest that thle SST anomaly
may be somewhat less important than was originally believed and that the
persistent observed pattern in the imidlatitudes nmay be related to the robustness of
the unstable mnodes previously demonstrated by Tribbia in predictability studies.

In FY 89, CGD, ASP, and MMM cosponsored special lectures by Philip
Thompson and Edward Lorenz (MIT) in honor of their lifetime contributions to
the atmospheric sciences. To a standing-rooml-only audience, 'I'homnpson presented
"Dynamics of a low-order general circulation model: Stability of equilibriun
states, attractors, invariants, and vacillation," based on a recent manuscript.
He showed that many general circulation statistics can be reproduced by a
low-order atmospheric model that consists of a single finlite-amllplitude baroclinic
wave interacting with a zonal-mean shear flow, maintained against dissipation by
differential heating.

Solution to the Spin-up Problem of
Precipitation Forecasts

Kasallara andc Mizzi, in collaboration wilth )onner, madle progress in coming
to grips with the spin-up problem-the prediction model's inability to produce
realistic precipitation rates at the beginning of the forecast period. tUnder the
auspices of the Japan Science and Technology Agency and with scientists in
the Numerical Prediction Division of the Japanl Meteorological Agency (JMA) in
Tokyo and the Meteorological Research Institute in Tsukuba, Kasallara examined
the performance of the operational JMA spectral model in shedding light on the
spin-up problem. In order to initiate observed large-scale convection, the vertical
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and horizontal distrilbltions of the divergence, temperature, and moistulre must
nieet the conditions of the convective processes as paramlleterizedl in the model.

Kasallara and Mizzi are testing the applicability of Donner's cunmulus initialization

scheme in the CCM1 with the FGGE Level IIIb data set. The use of real
data creates a host of problems, e.g., the estimation of convective heating rates
necessary for specification of the cumulus initialization anl the lack of balance
and inaccuracies in the initial conditions. All additional objective of this work is
to understand the impact of cumulus initialization (which adjusts the temperature
and moisture fields) on the spin-up problem in relation to imore traditional diabatic
nonlinear normal mIode initialization (NNMI) procedures.

Taking advantage of a one-year visit to thle Naval Environllmentllial Prediction
Research Facility (NEPRF) under the UC'AR/NEPI'RF visiting scientist programl,
Ronald Errico prepared a technical niote, Theory and Application of Normal Modle

Initialization, to clarify the utility of (liabatic NNMI and other NNMI procedures.
The note, intended for use by gradudate students, includes extensive sections on
why NNMI-type balances exist in models and why the NNMI formalismll is useful

for describing balance.

Errico has thoroughly analyzed d(ynalnic bala.nce in the CGCM and M.M4. To
the degree that their physical processes are realistic, the balances whiclh the models
establish in their equilibrium states are similar to real atmospheric balances
and, therefore, the analyses of these simulated data are useful in determining
NNMI illlplementation strategies. Errico's investigation focused on three topics:
(1) examination of the temporal characteristics of cliabatic heating projected on

mlodel gravity waves; (2) determination of how mnuch individual gravity modes
satisfied first-order and higher-order, diabatic, NNMI balance conditions; and
(3) an examination of balance on the mesoscale. Results indicate that existing
balances are adiabatic andl that the degree of balance is a function mlore of vertical
than of horizontal scale.

Errico and Gary Bates implemented a mnore efficient time-splitting explicit

integration scheme with the MM4, reducing the model's computational expense by
45%o. They also worked with Ming-Xuan Clien (visitor, Academy of Atmospheric
Science, Beijing, People's Republic of China) to examine the relationship between

precipitation fields in the CCM and thle MM4 (driven by the CCM) with the goal
of developing mlodel output statistics to estimate daily llesoscale precipitation
rates from low-spatial-resolution CCM sinmulations.

Estimation of Uncertainty of Daily Synoptic
Analyses

fIow well scientists can determlline the state of the at.lnosllhere by objective
analysis is becoming a. serious issue for tlhe study of clinmate change as well
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as a funda.ent al, 1 problem of tnumerical weathler prediction. To a.ssess the
reliability of daily synoptic analyses, Kasahara and Mizzi are continuing their
interconiparisons of daily variations of FGGE Level Ilib analyses produced by
ECMWF, GFDL, the Goddard Laboratory for Atmospheres, and NMC from
26 January to 11 February 1979. In addition to the intercomparison statistics
that describe systematic differences, spatial coherence, and quantitative agreement,
they are using equivalent blackbody temperatures observed by the 'Il-ROS-N to
estimate the relative accuracy of vertical motion and diabatic heating rates in the
tropics. Focus is on (1) how data agreement changes, dlepelding on the scale
of motion, at spherical harmonic truncations 1T31 and 'T42; (2) wlhich aspects of
analyses are improved by ECMWF and NMC; (3) which aspects of analysis are
still considered unsatisfactory; and (4) what further imlprovemlents can be lia.de in
the analyses. Some encouraging news is that thle agreement of vorticity is excellent
at T31 and still good at T42, indicating that FGG'E has succeeded in describing
the quasirotational state of the atmosphere even in the tropics. Unfortunately,
the agreement of divergence at T42 is poor and, similarly, the vertical motion has
the least agreement, indicating the need for further improvement in describing the
tropical irrotational circulations.

Environmental and Societal Impacts
Group

The research activities of ESIG are geared toward providing insights into how
societies iight better understand and cope witlh thle interactions between humnan
activities and atmospheric processes. In FY 89, ESIG scientists continued to
categorize their activities in three areas-research, linkage, and ouitreach. Research
is undertaken by group lmembers indlividually, with others in the group, or wilth
other NCAR divisions; linkage refers to research carried out in collaboration
with universities and government organizations; and outreach pertains to lectures,
workshops, symposia, and fellowships that take place under the auspices of ESIGC
members. ESIG's research activities fall into the areas of the interactions of
climate and society and the value and use of meteorological information.

Regional Scenarios Project

This project, started in FY 87, is an attempt to determine potential societal
responses to the regional impacts of a carbon dioxide/trace-gases-induced global
warming by identifying several regional scenarios based on recent actual, prolonged,
outlying climatic events and by investigating the imripacts of and societal responses
to those events. ESIG scientists based this approach on the assumption that the
observed societal responses could serve as analogs for an improved understanding
of societal responses to impacts associatedc withl a global warming. This assessment
can identify thle rigidities and strengths of society in coping with extreme (possibly
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unusual) events and can reveal society's ability to (leal witlh lforeseeahle climate-

related anomalies, including extreme meteorological events. Iin addlition to a report
for the Environmental Protection Agency (EPA) and a published volume edited
by Michael Glantz (Societal Responses to Regional Clitatic Change: Forecasting
by Analogy, Westview Press, 428 pp.), ESIG scientists prepared a summary report
for the general public, the media, and policy makers.

Compared to research on the impacts of climate change on terrestrial ecosys-
tems, to date much less attention has been paid to the possible impacts on the
marine environment of a global warming. With joillt supplort from EPA's Office of
Policy, Planning, and Evaluation and NOAA's National Marine Fisheries Service,
Glantz undertook an assessnent of societal responses to the impacts of climate
change on fisheries. ESIG scientists selected 17 fisheries from around the world
for evaluation, including the Pacific Northwest salmon, the California sardine,
the Peruvian anchoveta, the Atlantic Ienlhadein, and the Atlantic and North Sea
herring. Scientists from a variety of cisciplines (biology, oceanography, political
science, geography, anthropology, and economics), institutions (Louisiana State
University, universities of Washington, Toronto, Delaware, Florida, anid Maine),
government and research laboratories (National Marine Fisheries Service, WHOI,
Center for Ocean Analysis and Prediction, and World Bank), and countries (tUinited

States, Canada, Japan, Poland, and USSR) were involved in the project from its
inception.

The purpose of the study was to evaluate how well societies have coped with
changes, some rapid, some low-grade and long-term, in availability or abundance
of living marine resources. ESIG scientists cain identify strengths and weaknesses
in past responses in order to prepare society for yet-to-be-idlentified changes in an
uncertain future. ESIG sponsored a workshop to bring together experts concerned

with different fisheries as well as climate-iimpacts scientists and policy experts.
Based on the studies prepared by the participants, Glantz is preparing a report for
EPA and NOAA.

Kathleen Miller and David Fluharty (University of Washington) are investigat-
ing the socio-economic effects of climate-related variations in salmon productivity
in the Pacific Northwest. The 1982-83 El Niiio resulted in poor salmon runs in the
Pacific Northwest and California in 1983 and 1984. The poor harvests culminated
a multiyear declining trend for Chinook sal mon in British Columbia, Washington,

and Oregon, and for Coho salmon in Washington, Oregon, and California. In

1983, Washington's harvest of Sockeye salmion apparently was adversely affected
by El Nifio-related changes in the migration route of the Sockeye returning to
the Fraser River. Results of this study tlhus far suggest that unusually low
prices for salmon, arising from very large runs in Alaska (part of a continuing

increasing trend in Alaskan saIllmon production) as well as fronm the enforcement

of a regulatory program to reduce thle share of the harvest taken by non-Indians,
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compounded the societal (listress associated witli the poor Colio andl ('lChinook ruins
in 1983 and 1984. Miller and Fluharty are also investigatiiig the broader effects of
climatic-biological variability on the management and organization of the industry.

Human Dimensions of Global Change

Under a special postdoctoral fellowship from NSF's Climate Dynamics Program,
Martin Price (visitor, University of Colorado) hias prepared a report on tile societal
aspects of global environmental change, specifically climate change. lie has
summarized existing and developing international and United States programs
in this area, reviewed the organization and themes of these programs and
defined elements for future research, and identified individuals alnd institutions to
contribute to such research. Development of the report has entailed sulstantial
networking within the social and natural science colmmunities, especially in
relation to the International GCeosphere-Biosphlere Program and the developing
Humlan Dimensions of Glo'bal Chainge Prograimu organiized by the International
Social Science Council, the United Nations University, and the International
Federation of Institutes for Advanced Study.

Impact of Climate on Gulf of Mexico
Shrimp Fishery

Mary Downton completed work with former postdoctoral fellow Marie White
relating Gulf of Mexico shrimp landings to climatic variables and associated
patterns of atmospheric circulation. Tlhe Gulf of Mexico shrimp fishery is one of
the mnost economically im-lportant fisheries in the U nited States. Climllatic variations
appear to be a factor in the interannual fluctuations of shrimp populations in the
CGulf. For instance, salinity and temperature are crucial to the survival anld health
of the shrimp. Landings of brown shrimp during 1961-1985 were negatively related
to spring and surmmer river flow. Landings of white shrimp were enhanced by cold
temperatures and north winds the preceding winter which, in turn, were related
to the Southern Oscillation and the Pacific/North American (PNA) pattern. The
winter PNA index was strongly related to white shrimp landings tlhe following fall.
The results of this study suggest that the Gulf of Mexico shrimp fishery is affected
by atmospheric teleconnections. Dependence of shrimp landings on river flow,
temperature, and wind stress suggests that the fishery could be strongly affected
by global warming.

Institutional Responses to Changes in
Water Availability

In cooperation with colleagues at the University of Colorado School of Law,
Conflict Resolution Consortium, and Graduate School of Public Affairs, Miller
and Steveni Rhodes are developing a project to evaluate institutional responses to
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changes in water availability in lthe western UniTited States. By identifying resource-
planning situations that may be analogs to loss of water resources lue to climate

change (e.g., seasonal variations, actual total resource decline), the investigators

are identifying strategies that have historically allowed certain resource-regulating

institutions to respond effectively, efficiently, and equitably to climate variability
and changes in water availability, and, conversely, strategies that have resulted
in ineffective, inefficient or inequitable outcomes. In FY 89, Miller and Rhodes

defined the level of analysis in order to focuts on large water-provider institutions

in large metropolitan areas in the western United States and the impacts of those
institutions on rural water riglts and resources.

Water Institutions and Climate Change:
Implications for Electric Utilities in
the United States

Although global warning may significantly alter regional patterns of water
availability, the nature of these alterations is highly uncertain. Competition
between out-of-stream water uses and electric-power generation may increase if
climate change results in reduced ruiloff or changes in its timing ailnd reliability.
The effects of such changes will dlepend on the i)re-existing nature andl distribution
of water rights and on the adaptability of water institutions to changing conditions.
Thlerefore, if managers of electric utilities are to plan successfully for tile as-yet-

uncertain impacts of future altered water supplies, they mIust understand the
nature of the institutions governing their water rights as well as the technical
possibilities for managing and conserving water.

Miller has investigated the relative security aInd ease of a.cquisition of water
rights under the two systems of water law in use in the United States. She
found evidence that water institutions tendI to evolve in response to increased
competitive pressure on the resource. This is particularly the case in the western
states following the prior appropriation doctrine of water law, as exemplified by

the ongoing process of conflict resolution in Idaho's Snake River Basin, as well

as by the rapid development of water markets elsewhere in the western United
States. Such institutional adjustmenets would help to mitigate the impacts of
climate change by allowing more efficient use of available water.

Teleconnections

Glantz and Richard Katz, with Neville Nicholls (Bureau of Meteorology
Research Centre, Melbourne, Australia), edited a volume dealing with tIle scientific
basis and societal impacts of teleconnections between ENSO events and worldwide
climate anomalies. This volunme is a needed review of the concept of teleconnections
anid clarifies its meaning amnd value, not only to the physical sciences but also to
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the social and policy sciences. Contribultors include researchers in Iuniversities,
government agencies, and research centers in the United States and abroad.

Barbara Brown and Katz conmpllleted a review of the use of statistical methods
in the search for teleconnections for the above volume. Research in FY 89
dealt with the issue of multiplicity. Although this problem is pervasive in
teleconnections research, its severity is not generally appreciated. By means of
simulation experiments, Brown and Katz conistructed examples that (detlionstrate
hlow much the strength and statistical significance of apparent teleconnections are
exaggerated if multiplicity is ignored.

Economic Adjustments to Perceived
Climatic Risks: The Impacts of a Series
of Severe Freezes in Florida

Economic models of "hedging" behavior imply that individua.ls engaged in
climate-sensitive activities, such as citrus growing, will aljust their investment
portfolios to achieve a desired balance of risk and expected returns. Miller has
employed such a mnodel to predict changes in the spatial distribution of orange
groves, by variety, in response to changes in the lerceived probability of freeze
danage and increased competition from the Brazilian frozen concentrated orange
juice (FCOJ) industry.

Emnpirical evidence supports the hypothesis that growers have updated their
climate expectations in response to the four severe freezes earlier this clecade. TIhe
pattern of partial replanting in northern areas coupled with increased emphasis on
cold-hardy, but low-valued, varieties suggests that growers in freeze-prone areas
are now more wary of possible freeze daniage tlhan previously. The rapid expansion
of citrus acreage in southern Florida also suggests that the imnpact of the freezes
on climate expectations dominlates worries about the effects of expanding Brazilian
FCOJ output.

Extreme Meteorological Events

Katz and Brown are principal investigators in a three-year project funded by
the EPA dealing with "Methods for Analyzing Extrenme Events with Application
to Scenario Development for Climate Impact Assessment." In the first year of
the project (FY 89), they concentrated on the development of methods for
quantifying how the probability of occurrence of extreme events of various fornms
(e.g., maxilmui and minimum values, exceeding of a threshold) would change as
the average and variability of clilmate changed. In particular, they established that
the relative frequency of extreme events imust always be nore sensitive to clhanges
in climate variability than to changes in average climate (with the dcifference in
sensitivity being larger for the more extreme event). This result has significant
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and broad implications, ra.nging from thle stfatistical evaluation of climate-change
experiments based on (CMs to the proper forml of future climate scenarios to
employ in studies of societal response to climate change.

Work on the three-year cooperative exchange program between NCAR and the
Hungarian Meteorological Service, funded jointly by the NSF and the Hunigarian
Academy of Sciences, continued in FY 89. The project deals with the general topic
of "Identifying and Coping with Extreme Mleteorological Events"; Glantz and Katz
are principal investigators. ESICG staff will coordinate a workshop ill May 1990 to
present the results of this effort.

Use of Temperature Data in Global
Climate-Change Research

Inhlomogeneities in temperature records llave serious implications for the
monitoring of long-term climatic change. Inllloogenleity in mean temperatures
may artificially increase or dlecrease estimated temperature trendls. Inhomogeneity
in temlperature variance may lead to erroneous estimates of change in the
probability of extreme events.

Focusing on inhomogeneities in telmperatulre data, Downton analyzed da(ily
minnimum temperature records at ten Florida stations. Changes in station location
and observation time frequently caused changes in mean minimuml tellperature

relative to other stations, with decreases outnumbering increases at most stations.
She found that variance of daily miinimun temlperatures at the ten locations
was negatively correlated with the nmean, suggesting that inholmogeneities in the
mean might also be associated with inlhomlogeneity in variance. Using a metlod
developed by Katz, she examined daily imninin-mumn temperatures for inhomolgeneity
in variance. Of two stations with adequate data, one changed variance relative
to other stations at the time of a station move. Future plaIis include examining
a larger data set for inholmogeneities in variance alnd testing Katz's adjustment
factor as a method of correcting such inhonmogeneities.

Networking

A mnajor concern of ESIG for thle past few years lias been to bring together
a comnmunitty of researchers concerned withI the interaction between climate
and society. The generation of awareness of the importance of climate-related
phenomena has broadened the disciplinary involvement in research on climllate-
related topics and has identified new researchers willing and able to contribute
to this field. ESIG activities include the continuing publication of a quarterly
newsletter (distribution over 1,200); the compilation by Maria Krenz of a directory
of individuals, institutious, anl organiizations involved in climte-relateeld impacts
research in North America; and the convening of an international "networkshop"
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(with the support of the United Nations Environment Programmle) to stimulate
national cliniate-related impacts networks in other countries and to link themi into
an international network. That meeting has led to the successful creation of a
newsletter and network in Hungary, Vietnam, and Ethiopia. Poland has also
expressed interest in such a network. Glantz will coordinate a second international
network meeting in Tokyo in 1991.

Interdisciplinary Climate Systems
Section

Considerable attention has been focused in the United States and by the
international scientific coimmunlities on earth systems probleims that require inter-
disciplinary research on the biological consequences of greenhiouse-gas increases,
tile influence of land-surface processes oil the climate, or the interaction between
the atmosphere, oceans, and ice fields. ICS scientists specialize in problems in
which climate subsystems interact or in wlhich state-of-the-art knowledge fromi
several disciplines needs to be comibined to study the earth as a system.

Interdisciplinary Climate Systems Workshops

Identifying topics and staff for studies over a broad range of disciplines is a
formidable task. Therefore, ICS scientists rely heavily on visitors (especially ASP

postdoctoral fellows), collaborators from university and( government laboratories,
and multidisciplinary workshops. For example, Schneider organizes annual
September workshops on topics related to forest and global-change interactions,
sponsored by the U.S. Forest Service (USFS). The ICS staff continues to solidify
plans for joint NCAR/USFS research projects in which forest and other ecological
models will be coupled to the CCM.

Coupled Climate Systems Models Development

Under the guidance of Starley Thompson, Cicely Ridley (High Altitude
Observatory) and David Pollard (unaffiliated visitor) have developed an "in-core"
version of the CCMI that uses memory space instead of temporary disk files for
the global field variables. Global arrays enable each time-step stage (budget,
convection, clouds, radiation, surface processes, vertical diffusion, and spectral
transformations) to be performed globally instead of one latitudinal band at a
time. This also means that all fields are available globally at any stage, facilitating
future coupling to dynainical ocean and sea-ice models. Global arrays instead
of pointers and buffers generally make the code clearer, shorter, and easier to
work with. (Arrays also hold the associated Legendre functions used for the
latitudinal spectral transformatiols, thus shortening and clarifying those sections
of code.) Unlike the standard CCM1, the model's memory requirements increase

in proportion to tihe number of grid points as its resolution is increased; therefore,
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thle new version is suited for clinmiate applications on newer suplercoilplluters with
relatively large amounts of available memory.

The in-core version of the CCMI uses 1.35 mega.words of memlory at R15
resolution and about the same central processing units as the standard CCM1.
A list of names input at the beginning of a run deternines the fields output
to the history file, so the user is not constrained to the entire standard CCM1
list. The model currently includes Thompson's solar radiation treatment, the Curt
Covey-Thompson oceanic slab and sea-ice model, and all relevant CCM1 updates
through CCM1PAL1.

ICS scientists have designed ncmodels of various surface comnponents, and work is
in progress to inmplelment aJnd couple tlihemi to the new atmlospheric GACM. Tllese
lmodlels includle multilevel thermodynamic nmolels of snlow and sea ice, a method of

embedding an oceanic varia-ble-depth, Iuixed-layer nmodel into a standard oceanic

GCM, a multilevel soil model that includes vertical moisture transport, and a
BATS-like vegetation model. Peter Raynler (visitor, Colmmonwealthi Scientific and
Industrial Research Organization, Mordialloc, Australia) is developing a dynamical
sea-ice mlodel based on the cavitating-fluid concept of Flato and Hibler, which will
be incorporated into the sea-ice model.

Pollard has extended and completed the investigation of an asynchronous cou-
pling between ice-sheet and climate models tlat was begun by Isabelle Muszyiiski
(ASP) and Schneider. Pollard forced simple zero- and one-dinmensional ice-sheet
models over 200,000-year runs by silmplified atlllospheric forcing representing a

G(CM's response to the quaternary orbital perturbations. lIe found that errors clue
to various asynchronous coupling schemes colldl be kept within acceptable limits if
the G'CM forcing was comiputed expllicitly duriing about 1% of the total time span
of the run. However, this still puts continuous ice-age (GCM simulations out of the
reach of currently available computing power.

Embedding MM4 in the CCM

In collaboration with Robert Dickinson, Bates, and Errico, Filippo Giorgi
developed and tested the nested CCM1-MM4 regional cliniate modeling system
over the western United States. They investigated various aspects of the nested
GC'CM-aincl-liniited-area-miodel (LAMI) mnodeliing technique. For the nestecd mlodeling
technique to successfully simulate regional cliniates, the following requisites have

to be met: (1) the driving GCM has to produce a realistic large-scale climatology
over the region; (2) the LAM has to represent sub-GCM grid-scale processes
affecting the local climate; and (3) the nesting procedure must not introduce
large numerical errors. In a number of studies, the collaborators analyzed these
issues in the context of the application of the coupled CCM1-MM4 system to
the western United States. As a starting and illustrative verification test, the
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focus was on wintertime (specifically J.anutary) conditions, whicl are tlie wettest
over the southwestern United States. An analysis of the large-scale climatology
over the region, in a number of versions of the CCM1 with different physics
parameterizations and horizontal resolutions, shlowed that the CCM1 can simulate
realistic large-scale circulations over the western United States and adjacent
oceans. The results of testing the MM4 over tle region with simulations driven

by lateral boundary conditions drawn from global observation analyses showed
that the MM4 could capture the main forcing of the complex local topographlly
on precipitation and could simulate realistic storm dlevelopment andi precipitation

distribution. Several sensitivity experiments with varying coastal ocean water
temperature, surface characteristics, and topography representation produced a
highl-resolution January climatology by simulating with the MM4 driven by the

CCIM1 output a number of Januaries taken from C(C'MI seasonal runs. The nested

model's climatology showed much better regional detail thani that of the drivinig
CCM1 and compared well with high-resolution observations.

In collaboration with Linda Mearns, Bates, anmd Schneider, CGiorgi applied the
nested CCM1-MM4 model system to regional climate simulation over the Great

Lakes Basin. Because the Great Lakes strongly influence the local climate, high
resolution may be necessary to simulate the effect of climate on the hydrology
of the basin. Such high resolution may be obtained from a nested G(CM-LAM
modeling system for regional climate simulation. During the year, Giorgi (leveloped

a research plan and proposal to thIe EPA for applying the nested CCM1-MM4
Ilodel system to regional climate simuilation over the Great Lakes Basin. Ile has
initiated a series of test MM4 simulations over this area.

Along with Guido Visconti and Rosario Marinulcci (both of thle University of
L'Aquila, Italy), Giorgi applied the nested C(CM1-MM4 model system to regional
climlate simulation over western Europe. Because of complex topographical features

and coastlines, the nested modeling technique can leacd to substantially improved
simulation of regional climatic patterns in western Europe and the Mediterranean
Basin. Giorgi conducted a preliminary evaluation of the use of the nested
CCM1-MM4 model system of the type carried out for the western United States
and found good results in termls of high-resolution climatic variable simulation.

In collaboration with Ann Henderson-Sellers and Andrew Pitman (both of
Macquarie University, New South Wales, Australia), Giorgi applied the inested
CCM1-MM4 model system to regional climiate simulation over southeastern
Australia. They performed and analyzed several storm simulations with the nested
CCM1-MM4.

Giorgi, with Steven Hostetler (United States Geological Survey, or USGS),
studied the effects of large southwestern United States paleolakes ol local climate.
To determine if these effects could have been impllortanlt in maintaining thle levels
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of the lakes, they performed, andl are analyzing, MM14 sinlilalions of possilble
effects of large southwestern United States Ialeolakes (Lake Lalhontan and Lake
Bonneville) on local climate and hydrology.

Giorgi, with Philippe Martin (ASP), lhas compared soil moisture and runoff
simulation by different soil-hydrology schemes. They are carrying out and
analyzing simulations of soil moisture and runoff under different precipitation
reginmes obtained with tlhe BATS, the Manabe bucket model, aind a surface physics
package developed by Martin.

Land-Surface Processes

Dickinson, with the programmling and model operations supplort of Patrick
Kennedy, has emphasized development of the capability to Imoclel land interactions
through coupling a stable dlocunlentedl land package (BATSle) with ain appropriate
version of the CCMI. Their execution anl analysis of a five-year control run
have pioneered examination of model simulatiol of solar fluxes over land as an
ilmportant diagnostic quantity. Using the limited observational data available,
they found that the simulations had excess incident solar flux, especially in high
latitudes of the summer hemisphere. lThey confirmed their conclusion through
comparisons with ER BE data now becomillg available. On the global average,
the simulation absorbed about 15 W/m 2 too much solar radiation at the top of
the atmosphere, while giving logwave fluxes close to those observed. Thle most
obvious prognosis is some combination of too few low clouds and too low an albedo)
for the model clouds. An additional three-year simulation with Anthony Slingo's
cloud-radiation scheme tested the latter hypotlesis. This simulation resulted in
significant reductions in the absorbed solar in high. latitudes, but hadl little effect
on the global mean values. Further tuning to increase low clouds brings the
model into global energy balance, with solar and longwave fluxes at the top of
the atmosphere close to that observed. The tuning of solar fluxes in the CCM1
has thle additional benefit of considerably reducing the excess surface temperatures
simulated in high latitudes of the NH for July.

The frozen BATS code has been made widely available to the community
through floppies and anonymous file transfer protocol. To facilitate further
commlunicationIs, Kennedy hlas developedl a directory andl electronic- mail alias for
the BATS user community.

New BATS developnments have been in two directions. Dickinson and Kennedy

are developing the capability to integrate CCJMI -- BATS integrations on a sublmesh
over land. The specified design for this is over a 0.5-degree siubtesh independent
of the resolution of the overlying CCM. Bates has completed the first step-adding
inner loops in the BATS code to calculate tle lnodel over an arbitrary number
of points. The next stage is to design an output format for the submesh in the
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CCM. The second current, activity int extellding thle capabilities of BATS is to
develop an interactive vegetation nlodule driven by lphotosylnthesis and allocation
of photosynthate to provide dependenlces of BATS vegetation parameters on soil
moisture and seasonality. Kennedy has been working with Jerry Olson (visitor,
Lenoir City, Tenn.) to develop a vegetation data base at 0.5 degrees alnd tlhe
transformations required to niap into the BATS-assumed land types at C'CM
resolution. All activities to date have used the R15-resolution version of the
CCM1; the new vegetation database activity is required in order to use the BATS
with T42-resolution models.

It is likely that resolutions as fine as 0.5 degrees will be required to model
regional climate. Computational resources that might provide this capability are
at least a decade away, so intermediate strategies are needed. Besides the land
submesh described above, Giorgi, Bates, and( Errico lave been working to achieve
this resolution through one-way coupling of the CCM output to tile MM4 model,
as described previously.

Dickinson, in collaboration with Bernard Pintly (Lab.oratory of Physical
Meteorology, Aubiere, France) and Michel Verstraete (UC(IARI), lhas developed a
new approach to the representation of vegetation albedos in terils of bidirectioinal
reflectances observable by satellite.

Dickinson has also devoted considerable effort to tile development of an
interdisciplinary science investigation for NC ARt's involvement in NASA's Earth
Observing Systemi project.

Climate-Variability Diagnostics of Various
CCM Versions

The major research efforts of Mearns, with Schneider, Thompson, and Larry
McDaniel, have centered on a long-term investigation of climate variables important
to climate-impacts analysis in G'CM control runs. These studies have involved
comparison to observations and dletermination of how variability on varying tillle
scales, e.g., daily and inlterannual, will clhange throulgh trace-gas increase. The
first phase limited the investigation to several regions of the United States and is
now complete. Mearns et al. have concluded that significant differences in how
well mlodels reproduce observed daily temlperature variability are affected by thle
way surface processes are modeled. They have drawn no definitive conclusions
about how daily temperature variability might change on the basis of analysis of
the perturbed climate runs. They have begun expanlding the variability analysis
to include various world regions and to investigate additional control runs (e.g.,
Thompson and Pollard versions) and climnate-change runls.
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Paleoclimate and Paleohydrology

Larry Benson (visitor, USGS) continued his research on variability in the size
of Great Basin lakes. A critical review of the data for four of the largest lakes
(Bonneville, Lalhontan, Russell, and Searles) in(licated that all four aclieved their
last maximum highstands betweeni 15,000 alnd 13,500 years ago. All four lakes may
have undergone nearly synchronous recessions between about 14,000 anld 13,500
years ago. Ground-water recharge in the Great Basin also occurred b)etween about
18,500 and 9,000 years ago. Benson's hypothesis is that major changes in the
hydrologic balanlce of the (Greal Basitl are due to the chtangintg losition of the l)olar
jet streaml. Today the polar jet streamll is associated with increased cloud cover,
lowered air temperatures, and inlcreasedc precipitation, all of which imply increased
effective wetness. Atmospheric GCMV experilenlts by John Kutzbach (TUniversity
of Wisconlsinl-Madison) indicate that the size a.ind slhape of thle conltilental ice sheet
strongly influence the position of the polar jet streaml. Between 15,000 anl 13,500
years ago, when tle continental ice sheet was large, the latitudinal bald affected
by the jet-stream core was located over nortlhern Nevada. After 13,500 years ago,
when the continental ice sheet began to ablate, thle latitudinal band was located
north of the Great Basin.

Benson has also shown that surface areas of the rLa hontanl and Bonneville
highstand lakes were ten times larger than they are today. The highstand surface
areas of the Russell anld Searles Lakes systems were only about five tilmles larger
than today. This has led to Benson's lhypotlhesis that lake-atmnospliere feedback
processes (e.g., lake-effect stormls) strollgly affected the two lake systems with
initially large surface areas. PreliminaIry results of mesoscale model simulations by
Hostetler, Giorgi, and Benson support this hypothesis.

Interactive Chemistry, Transport, and
Radiative Transfer in CCMOB

With partial support fromi the DefJense Nuclear Agency, Thomnpson and Paul
Crutzen (University of Chicago and M P1, Mainz, lI'RCG) have continued to develop
a tracer transport version of the CC'MOB, itcluding fundamental stratospheric-
tropospheric atmospheric chemlistry for odd oxygen, nit rogen oxide (NO,), odd
hydrogen, and nitric acid (HNO 3 ). Trlle model accounts for about 30 chemical
reactions between species in a family clemistry framlework. Three cllemical
tracers are transported-ozone, NOz, an(l tNO3. Ilhotochemical sources and
sinks are necessary parts of the clemiistry; wet remlloval and dry deposition are
also included. Fully proglostic ozone andl NO, dlistlributiols interact witl tile
solar radiative-tran sfer scheme. The phllotochlelllical scheme alnd the surface source
distributions have been improved (luring tlie past year. Although Thom1 pson and
Crutzen developed this mlodel primarily to examine the response of stratospheric
ozone to massive aerosol and NO, injections, they will clevelo) thle model further
for coupled biogeochemical simitulations of climate and the global nitrogen cycle.
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Staff and Visitors

Staff

Division Director's Office

Robert Dickinson (deputy director)
Barbara Hill
Holly Howard
Ann Modahl
Warren Washington (director)

Division Office Systems Programuners
Elizabeth Coolbaugh
Karl Sierka

Climate Sensitivity and CO2 Research Group
Thomas Bettge
Robert Chervin
Gerald Meehl
Lynda VerPlank
Warren Washington (leader)

Climlate Modeling Section

Eileen Boettner
Byron Boville
Bruce Briegleb
Kin Datta (to 30 January 1989)
Brian Eaton (to 30 August 1989)
James Hack
Jeffrey Kiehl (deputy head)
Jerry Olson (from 1 September 1989)
Philip Rasch
Nick Sandoval (to 10 August 1989)
Anthony Slingo
Andrew Van Tuyl (long-term visitor)
David Williamson (head)

CCM Core Group
Linda Bath
James Hack (leader)
James Rosinski (from 1 May 1989)
Gloria Williamson
Richard Wolski (deceased 4 January 1990)

Climate Analysis Section

Dorene Howard
Roland Mladden (deputy head)
Chester Newton (long-term visitor)
Jerry Olson (to 31 August 1989)
Dennis Shea
Julia Slingo (long-term visitor)
Laura Smith (long-term visitor)

Amy Solomon
Shooichi Taguchi (long-term visitor)
Kevin Trenberth (head)
Harry van Loon

Oceanography Section

Frank Bryan
Julianna (how
Manuel Fiadeiro (long-term visitor)
Patrick Gallacher (joint long-term visitor with MMM)
Peter Gent
William Holland (head)
Marianne Kooimian (to 31 December 1988)
Jeanne Koval (to 14 October 1988)
Craig Kunitani
William Large
James McWilliams (deputy head)
Ralph Milliff
Nancy Norton
Annick Pouqlet (joint long-term visitor with HAO & MMM)
.lames Rosinski (to 1 May 1989)
LeAnne Schalmp
Michael Spall (long-term visitor)

Global Dynamics Section

Gary Bates
David Baumhlefier
Grant Branstator
Ming-Xuan Chlen (long-term visitor)
Ronald Errico (on collaborative leave)
Rex Fleming (long-term visitor)
Akira Kasahara (head)
Yen-Huei Lee
Andrew Mai
Tlhomas Mayer
Arthur Mizzi
Philip Thonmpson
Joseph Tribbia (deputy head)

Environmnental and Societal Impacts Group

BbaLnra Brown
Mary I)ownlton
Michael Glantz (head)
D)ale Jamieson (adjunct scientist)
Richard Katz
William Kellogg (adjunct scientist)
Maria Krenz
Kathleen Miller (deputy head)
Steven Rhodes (from 16 January 1989)
Jan Stewart

Donald Wilhite (adjunct scientist)
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Interdisciplinary Climate Systems Section

Charles D'Ambra
Barbara Carpenter (to 20 October 1989)
Robert Dickinson (deputy head)
Filippo Giorgi
Patrick Kennedy
Larry McDaniel
Linda Mearns
Mary Rickel
Stephen Schneider (head)
Stephanie Shearer
Starley Thompson

Visitors

Steven Augustine; University of Michigan; 5 to 31 May
1989; Global Dynanmics Section.

Albert Barcilon; Florida State University; 4 June to
4 August 1989; Global Dynanics Section.

Aike Beckmann; Johns Hopkins University; 15 July to
15 August 1989; Oceanography Section.

Richard Benedick; The Conservation Foundation,
Washington, DC; 1 to 31 August 1989; Environmental
and Societal Impacts Group.

Lennart Bengtsson; European Centre for Medliiun-Range
Weather Forecasts; 1 August to 1 September 1989;
Climate Modeling Section.

Larry Benson; United States Geological Survey; I May
1988 to 30 September 1990; Interdisciplinary Clinmate
Systems Section.

Jon Bergengren; University of California, Santa Barbara;
1 July to 1 October 1989; Interdisciplinary Climate
Systems Section.

Karen Borza; University of Colorado; 1 September 1989
to 15 May 1990; Environmental and Societal Imppacts
Group.

Penelope Boston; Complex Systems Research, Inc.;
1 July 1989 to 30 June 1990; Interdisciplinary Climate
Systems Section.

Julio Buchmlann; University of Rio de Janeiro, Brazil;
1 June to 30 August 1989; Interdisciplinary Climate
Systems Section.

Deloria C(hapo; Fort Lewis College; 15 June to 15 August
1989; Environmental and Societal Impacts Group.

Tsing-Chang Chen; Iowa State University; 1-31 August
1989; Climate Analysis Section.

Alfred Chester; University of South Carolina; 15 June to
15 August 1989; Division Office.

Stewart Colien; C(anadlian ('linmate Centre, Toronto,
Canada; 17 February to 17 March 1989; Environmental
and Societal Imlpacts Group.

Stephen Colneci; University of Virginia; 5 July 1988 to
31 July 1989; Global DyInamics Section.

Leo Donner; University of Chicago; 15 June to
1 September 1989; Climate Modeling Section and Global
Dynamics Section.

Lucy Feingold; University of Delaware; 15 March 1989
to 14 March 1990; Environmental and Societal Impacts
Group.

Dale Ilaidvogel; Johns Hopkins University; 1 June
through 10 August 1989; Oceanography Section.

Ann Hlenlerson-Sellers; Macquarie University, New
South Wales, Australia; 27 November to 17 December
1988; 8 to 28 April 1989; Interdisciplinary Climate
Systems Section.

Steven tHostetler; Unitled States Geological Survey;
16 April 1988 to 30 September 1990; Interdisciplinary
Clinate Systems Section.

Lien TIna; Brest, France; 30 March through 20 April
1989; Oceanography Section.

Jill Jager; Beijer Institute, Stockholm, Sweden; 2 August
to 8 September 1989; Interdisciplinary Cliimate Systems
Section.

Gregory Jenkins; University of Michigan; 1 June to
1 August 1989; Division Office.

Vitaly Larichev; Shirshov Institute of Oceanology,
Moscow, USSR; 27 March to 30 April 1989;
Oceanography Section.

Edward Lorenz; Massachusetts Institute of Technology;
1 to 30 July 1989; Division Office.

Rosario Marinucci; lIUniversity of L'Aquila, Italy; 15 June
to 15 December 1989; Interdisciplinary Climate Systems
Section.

Steven Mullen; TUniversity of Michigan; 1 May to
31 August 1989; Global Dynamlics Section.

Terry Nathan; Iowa State University; 1-24 July 1989;
Global Dynanmics Section.

Jerry Olson; ,enoir City, Tennessee; 26 Seltember
to 22 December 1989; 28 March to 12 April 1989;
2( to 30 April 1989; 26 June to 31 August 1989;
Interdisciplinary Climate Systems Section.
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Bernard Pinty; Laboratory of Physical Meteorology,
Aubiere, France; 15 March to 14 July 1989;
Interdisciplinary Climate Systems Section.

Andrew Pitman; Macquarie University, New South
Wales, Australia; 8 to 29 April 1989; Interdisciplinary
Climate Systems Section.

David Pollard; Boulder, Colorado; 3 October 1988 to
2 October 1990; Interdisciplinary Climate Systems
Section.

Martin Price; University of Colorado; 3 October 1988 to
31 December 1989; Environmental and Societal Impacts
Group.

Jeff Privette; University of Colorado: 1 June to
30 August 1989; Interdisciplinary Climate Systems
Section.

Peter Rayner, Commonwealth Scientific and Industrial
Research Organisation, Mordialloc, Australia; I June
1989 to 31 May 1990; Interdisciplinary Climate Systems
Section.

Melissa Savage; Boulder, Colorado; 21 June 1989 to
11 June 1990; Interdisciplinary Climate Systems Section.

Cornelius Schuurmans; Royal Netherlands Meteorological
Instiitte, De Bilt, the Netherlands; 1 June to 31 August
1989; Climate Analysis Section.

James Wagner; Brown University; 6 June to 31 August
1989; Division Oflice.

Randy Watts; University of Rhode Island; 1 July to
31 December 1988; Oceanography Section.

Jeff Whitaker; Florida State University; 4 June to
31 July 1989; Global Dynamics Section.

Marie White; Boulder; 5 December 1988 to 15 July
1989; Interdisciplinary Climate Systems Section.

Thomas Wigley; University of East Anglia; 15 July
to 24 August 1989; Interdisciplinary Climate Systems
Section.
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The Atmospheric Chemistry Division (ACD) is organized into four sections:
the Atmospheric Chemistry of Transient Species (ACTS) Section, which emphasizes
laboratory and field investigations of reactive gases and aerosols; the Global and
Remote Observations (GRO) Section, which uses remote sensing to investigate global
distribution of trace species in the atmosphere; the Atmospheric Chemical Modeling
(ACM) Section, which develops computer-based theoretical models to compare with
observational data in order to better understand processes that control the composition
of the global atmosphere; and the Biosphere-Atmosphere Chemistry (BAC) Section,
which studies the global distribution of organic and biogenic trace gases, their fluxes
from specific plant or animal sources, and the effects of reactive gases on plant
processes.

John Winchester, on leave from Florida State University, was acting director of
the division until 1 May 1989, when Ralph Cicerone returned from leave and
reassumed the directorship. In August, Cicerone announced that he would be leaving
NCAR, and Guy Brasseur accepted the position of acting director. The search for a
permanent ACD director is under way.

Significant Accomplishments
* ACD scientists participated in a 1989 airborne expedition to explore the

chemistry of the Arctic region. The most remarkable feature of the observations
is the similarity between stratospheric perturbations at both poles at the end of
winter. While polar stratospheric clouds are less common in the Arctic than in
the Antarctic stratosphere, there are apparently enough of them to process most
of the chlorine reservoirs during the winter. The most significant difference
between the poles is in their levels of nitric acid. While levels were reduced by a
factor of 3 inside the South Polar vortex, the nitric acid levels were higher in the
North. This indicates that, although local removal or transport of nitric acid may
have occurred, there is not the widespread denitrification that is found in the
South. The nitric acid can thus serve as a source of NO02by photolysis as the
sun returns to convert free chlorine to chlorine nitrate, terminating the ozone
destruction. This, combined with earlier breakup of the North Polar vortex, may
prevent the formation of an ozone hole comparable to that over Antarctica, even
though all of the precursors of an ozone hole are present.

* ACD leadership in the Global Tropospheric Chemistry Program (GTCP)
continued on numerous fronts. We hosted a workshop to analyze data from the
Mauna Loa Observatory Photochemistry Experiment, which resulted in a special
session of the American Geophysical Union and plans for an exclusive issue of

*A list of Chemical Symbols is on page 69.
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Journal of Geophysical Research. ACD also initiated plans for an international
workshop to be attended by 100 to plan and coordinate future GTCP research.

* A hierarchy of tropospheric and stratospheric models has been developed and
used to study the global budget of methane, 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, to study the effects of planetary
wave breaking on the mean circulation of the atmosphere, to predict future
changes in the atmospheric composition as a result of increasing gases produced
by human activity, and to study the behavior of ozone and other trace gases in
the chemically perturbed regions of Antarctica.

* This past summer, scientists from ACD, NCAR's Mesoscale and Microscale
Meteorology Division, the New Mexico Institute of Mining and Technology, and
the NCAR Research Aviation Facility initiated the first attempt to relate electrical
parameters in thunderstorms to odd nitrogen and ozone production in the middle
and upper free troposphere. This natural source of active nitrogen (NO and
NO2) may be a significant fraction of the total global natural budget of odd
nitrogen species. Since they are necessary for the production of 03 in the
troposphere, and since the concentration of OH in the troposphere is strongly
influenced by these species, it is important for atmospheric modeling and
prediction to know the source strengths resulting from thunderstorms. Results
from exciting flights into several storms revealed copious amounts of NO in the
outflow of the anvil at altitudes of 30,000-36,000 feet (91,000-110,000
meters). Preliminary analysis indicates that direct production of 03 in the storms
is minimal. The flights demonstrated that fast measurements of these species
would also be very useful for studying smaller-scale transport processes in the
atmosphere.

* In recent field measurement programs, the Atmospheric Kinetics and
Photochemistry (AKP) group has provided important measurements of several
key species, which have allowed tests of theories of generation of oxidizing
compounds in the atmosphere. Values of the apparent first-order rate coefficient
for N02 photodecomposition and the H02/R02 concentrations were measured
using instruments developed within AKP. These data, when coupled with
accurate, simultaneous measurements of NO, N02, and 03 by other scientists,
proved that the "excess" oxidant present under certain circumstances could be
correctly attributed to the H02 and R02 transient radical species present in the
atmosphere.

* ACD scientists are involved in four major experiments in the NASA Earth
Observing System (EOS) program. The first is the High Resolution Dynamics
Limb Sounder (HIRDLS), which is intended to observe temperature and trace
gas distributions from the mesosphere into the upper troposphere. The
Measurement of Pollution in the Troposphere (MOPITT) experiment will
measure the global distribution of carbon monoxide from the surface to about
12 km. The Stratospheric Wind Infrared Limb Sounder (SWIRLS) will attempt
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a novel technique to map upper atmospheric winds by spectroscopically
measuring chemical species. ACD, with the Climate and Global Dynamics
Division, will also lead an interdisciplinary investigation to interface modeling on
global and regional scales with EOS observations.

In preparation for larger global change studies, ACD continued the expansion of
its ability to mount coordinated studies of the biosphere-atmosphere interaction
and the global carbon cycle. The Atmosphere/Ecosystem Gas Exchange Study
(part of the Global Tropospheric Chemistry Program) has begun to lay a
framework to use the disciplinary expertise available at NCAR, the universities,
and other research agencies.

Atmospheric Chemistry of
Transient Species Section

Two major projects are included in the ACTS Section: the Atmospheric Kinetics
and Photochemistry (AKP) Project, Jack Calvert, acting project leader; and the
Atmospheric Odd Nitrogen (AON) Project, Brian Ridley, project leader. (The third
project, the Atmospheric Chemistry of Aerosols [ACA] Project, was disbanded after
the departure of John Winchester, project leader.) Both groups have contributed
significantly to our understanding of the properties and the atmospheric concentrations
of the active nitrogen trace gas species present in the atmosphere. In the troposphere,
NO and NO2 often control the efficiency of 03 production. In the stratosphere, these
and other nitrogen compounds are thought to exert the major control over the
abundance of ozone. The work of both projects relates directly to the problems of
ozone depletion in the stratosphere and ozone generation in the troposphere as well as
to the problem of global warming.

The AKP Project (Calvert, Christopher Cantrell, Michael Mozurkewich,
Richard Shetter, Geoffrey Tyndall, Anthony McDaniel [student assistant from the
University of Colorado], Colleen Roehl [Advanced Study Program graduate research
assistant from the University of California, Santa Barbara]) has become recognized
internationally for expertise in the study of the spectroscopic properties of trace
components of the earth's atmosphere, the rate coefficients for their reactions, their
photochemical pathways for reaction, and their equilibrium relations to other
components. During the past year, the new AKP laser laboratory facilities and the
Fourier transform spectrometer system have been major assets in the study of the
kinetic and spectroscopic properties of some important atmospheric trace gases. Studies
have focused on determining the rate coefficient for some reactions of the oxides of
nitrogen, temperature-dependent infrared cross sections of some important
halocarbons, and ultraviolet cross sections of formaldehyde. The study of the
chemistry that occurs in aqueous aerosols, formerly done in the ACA Project, has
continued as part of the AKP Project. Studies are under way to define quantitatively
the role of sulfuric acid aerosols in promoting the reaction of N 205 to HNO3. The
group also participated in several field studies and instrument intercomparisons during
the year.
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The AON Project is at the forefront in the development of new methods of
measuring odd nitrogen components in the stratosphere and troposphere: NO, NO2,
PAN, and total active nitrogen components. During the past year this group has been
preparing a combined data file and analyzing the data from the Mauna Loa Observatory
Photochemistry Experiment (MLOPEX). Significant effort has been expended in
developing new instrumentation and in participating in field programs, including the
NASA Airborne Arctic Stratospheric Expedition and a program taking aircraft
measurements of oxides of nitrogen in the vicinity of electrically active clouds.

Atmospheric Kinetics and
Photochemistry Project

During the past year, the AKP group has contributed significantly to the
understanding of the chemistry of many of the reactive species that are important in the
atmosphere. Its efforts include laboratory studies of cross sections, rate coefficients,
and equilibrium constants; field studies of photolysis rates and the concentrations of
important transient free radicals; participation in the planning and supervision of field
intercomparisons of different instruments used in measuring trace gases in the
atmosphere; and theoretical studies associated with the complex chemical mechanisms
of atmospheric transformations.

The Chemistry and Photochemistry of the Oxides of Nitrogen. In
the past year the AKP group has studied the spectroscopic, kinetic, and equilibrium
properties of the simple oxides of nitrogen that are significant in atmospheric chemistry.
Important in the test of quantitative theories of ozone generation in the troposphere is an
accurate knowledge of the jNO2 values that are effective in the air mass under
consideration. jNO2 represents the apparent first-order rate of NO2 photodissociation:
NO2 + hv -> 0(3P) + NO. An instrument to measure jNO2 values accurately was
developed for field use, and it has been employed successfully in MLOPEX and in a
study in Scotia, Pennsylvania. These measurements were an important contribution to
the estimation of the excess oxidant that leads to deviations in the NO2-NO-0 3
photostationary state. A detailed comparison of the simultaneous measurements of iNO2
with the AKP instrument and with a flat-plate radiometer, made during both cloudy and
clear periods in MLOPEX, has provided a new insight into the use of proposed
empirical relations designed to convert radiometer measurements into jNO2 values
(Shetter, McDaniel, Cantrell, Sasha Madronich, and Calvert).

New kinetic information on the atmospheric transient species NO3, important in
nighttime chemistry, and its related storage compound N205 has been obtained during
the year. Studies have provided new information on the rate coefficients for the NO3-
radical decomposition and reactions with NO and NO2: NO3 (+M) -> NO + 02 (James
Davidson, Cantrell, Shetter, McDaniel, and Calvert); N03 + NO -> 2N02 (Tyndall,
Cantrell, Shetter, Orlando, and Calvert); N03+ N2 -> NO + N02 + 02 (Cantrell,
Shetter, McDaniel, and Calvert). Roehl has begun studies employing the new laser
systems of AKP to determine the quantum yields of N02 photodissociation in the
energy-deficient region, 405-380 nm.

Mozurkewich, Alan Fried, and Bruce Henry are conducting new quantitative
measurements of the reaction of N 20 5 with monodispersed sulfuric acid aerosols. The

44



Atmospheric Chemistry Division

measurements give reaction probabilities of 9 to 14% for forming HNO3 on collision
with aqueous aerosols of sulfuric acid and its ammonium salts, depending on the water
content of the aerosol and the temperature. This work gives the first quantitative
experimental evidence of the importance of HN03 generation from N205 during the
nighttime hours by way of aqueous aerosols, fogs, and cloud water.

The Atmospheric Chemistry of Organic Trace Gases. Concern over
increasing tropospheric methane has stimulated the careful study of its sources and
sinks. A [12CH4]/[13 CH4] ratio is characteristic of CH4 sources. A knowledge of the
specific ratios and the emission rates of each of the methane sources together with the
measured [12CH4/ 13CH4] ratio in ambient air could, in principle, provide a quantitative
check on our knowledge of the balance of methane in the atmosphere. However,
required for this calculation is the atmospheric fractionation of the isotopic methanes,
which occurs through the reactions with OH radicals, their major loss process.
Experiments designed to measure the carbon kinetic isotope effect in the reaction of
12CH4 and 13CH4 have been carried out in two laboratory studies by AKP and the
Biosphere-Atmosphere Interactions Project. This secondary kinetic isotope effect was
shown to be small (about 1%) in the first of the studies. In the most recent study
(Cantrell, Shetter, McDaniel, Calvert, Davidson, David Lowe [Institute of Nuclear
Sciences, New Zealand], Stanley Tyler, Ralph Cicerone, and James Greenberg), the
ratio of k1 2/k13 was established to be 1.0054 ± 0.00043(2a), independent of
temperature (273-353 K). The new data provide an accurate new constraint on
atmospheric methane budget considerations.

New studies on the ultraviolet cross sections of CH2 0 (Cantrell, Davidson,
McDaniel, Shetter, and Calvert) have resolved some major discrepancies in the current
literature. This information is important in that CH20 is the most important aldehyde
involved in atmospheric chemistry, and its photodissociation rates (calculated from the
cross sections and quantum-yield data) are key inputs to the rate of H02-radical
generation in the atmosphere.

Spectral Properties of Some Important Greenhouse Gases. The
halocarbons are relatively unreactive gases that are building up in the atmosphere and
aiding the entrapment of solar radiation within the earth's atmosphere. Important in the
evaluation of the effect of these greenhouse gases is an accurate knowledge of the
infrared cross sections within the region of the atmosphere where the buildup is
occurring. McDaniel, Cantrell, Davidson, Shetter, and Calvert have measured these
cross sections at high resolution (0.03 cm-') for eight of the commonly used
chlorofluorocarbons as a function of temperature (203-293 K). The peak band
absorption of many of these compounds varies by a factor of 2 over this temperature
range, while the integrated band intensities are nearly constant. In quantifying the
atmospheric concentration of these species and in estimating the greenhouse impact, it
is important to use the cross section data for the appropriate atmospheric temperature.

The Atmospheric Chemistry of Some Important Inorganic Halogen
Compounds. The kinetics and mechanisms of the ClO-BrO and BrO-BrO reactions
have been studied by Calvert in collaboration with University of Colorado scientists
Andrew Turnipseed and John Birks. The most recent phase of this work resolves
some inconsistencies in the literature. These fast reactions can in theory be significant
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sources of C1 and Br atoms involved in the complex series of reactions that occur in the
polar spring atmosphere that lead to ozone depletion.

The Atmospheric Chemistry of Hydrogen. In cooperation with Dieter
Ehhalt (Kernforschungsanlage, Jiilich, Federal Republic of Germany), Tyler and
Cantrell have derived estimates of the kinetic isotope effect in the reaction of OH
radicals with H2 and HD. In this case, a large preference for H-atom abstraction from
H2 is observed (kH2/kHD = 1.65 ± 0.10(2y)). The result will be useful in the
formulation and testing of detailed mechanisms that are assumed to describe the balance
of H2 and HD in the atmosphere.

The Measurement of the Transient H0 2IR0 2 Species. Cantrell,
McDaniel, and Heather Ready (student assistant, Cooperative Institute for Research in
Environmental Sciences at the University of Colorado) have continued the development
of the "chemical amplifier" measurement technique for estimating H02 plus RO2 in the
atmosphere. Preliminary models of this equipment have been used in recent field
studies in Scotia, Pennsylvania, and Niwot Ridge, Colorado, in cooperation with the
NOAA Aeronomy Laboratory. The measurements have been useful in testing current
hypotheses concerning the "excess" oxidant that leads to the imbalance in the
photostationary state of NO-NO2- 03. Continuing development is planned to calibrate
and improve this equipment; further field measurements are planned in collaboration
with scientists at NOAA and at Kemforschungsanlage, Jiilich.

Participation in Field Studies and Instrument Intercomparisons.
Cantrell and Shetter have continued to participate in field programs with scientists from
other groups of ACD, several universities, and the NOAA Aeronomy Laboratory;
H0 2/R02 measurements were made at Niwot Ridge during the summer. During the
spring of 1989, Calvert headed the referee team (with Eric Williams and David Parrish,
NOAA Aeronomy Lab.) for NH3 instrument intercomparisons hosted by the NOAA
Aeronomy Laboratory. Instruments employed and participants were: oxalic acid filter
pack with colorimetric analysis (Patricia Quinn, University of Washington); citric acid
denuder with ion chromatography (Richard Norton, NOAA Aeronomy Laboratory);
photofragmentation/laser induced fluorescence (John Bradshaw, Scott Sandholm,
Georgia Institute of Technology); molybdenum oxide annular denuder sampling with
chemiluminescence detection (Andrew Langford, NOAA Aeronomy Laboratory);
tungstic oxide denuder with chemiluminescence detection (Peter LaBelle, NASA
Langley Research Center).

Calvert, Patrick Zimmerman, and Greenberg are working with NOAA scientists
Fred Fehsenfeld, Paul Goldan, and Parrish to design an intercomparison program for
the atmospheric analysis of hydrocarbons together with an international team of
scientists (Gerald Gregory, NASA Langley; William Lonneman, EPA; Jarvis Moyers,
NSF; Hiromi Niki, York University, Canada; Stuart Penkett, University of East
Anglia, Norwich, England; Wolfgang Seiler, Fraunhofer-Institut fur Atmosphairische
Umweltforschung, Garmisch Partenkirchen, Federal Republic of Germany; Hanwant
Singh, NASA Ames Research Center; and Halvore Westberg, Washington State
University). The program, centered at NCAR, will test the reliability of current
methods of hydrocarbon analysis using standard hydrocarbon mixtures and organized
joint field measurements.
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Planning for CHEMRAWN Conference 1991 on Atmospheric
Chemistry. Calvert and UCAR President Emeritus Walter Roberts are actively
working with the Chemical Research Applied to World Needs (CHEMRAWN)
committee of the International Union of Pure and Applied Chemistry (as chair of the
program committee and overall conference chair, respectively) to organize the seventh
international CHEMRAWN Conference on the Chemistry of the Atmosphere: Its
Impact on Global Change. The conference will be held in 1991.

Atmospheric Odd Nitrogen Project

The Atmospheric Odd Nitrogen Project (Brian Ridley, James Walega, Frank
Grahek, Bruce Gandrud, Andrew Weinheimer, and Thaddeus Sauvain) this year
focused on field work, instrument development, and data analysis from field projects.

A major activity was the generation of a combined data file (Walega) and
analysis of data from MLOPEX, conducted in Hawaii in the spring of 1988. In April of
1989, a data workshop was held at NCAR to obtain a preliminary summary of the
major findings, and to set a schedule for manuscript preparation. All participants in the
experiment attended (Elliot Atlas, Susan Schauffler, Texas A & M University; Barry
Huebert, Wayne Warren, Brian Heikes, University of Rhode Island; Jack Kay, Drexel
University; Mary Anne Carroll, Denise Dunlap, Gerhard HUbler, NOAA Aeronomy
Lab and the Cooperative Institute for Research in the Environmental Sciences [CIRES],
University of Colorado; Laura Mizoue, Oberlin College; Gilliland, R. Shetter,
McDaniel, Calvert, Walega, Grahek, James Shetter, Ridley, Jack Fox, Zimmerman,
Greenberg, Leroy Heidt, Henry, Walter Pollock, and Richard Lueb). Also present
were a number of modelers and others who are interested in the findings (Hiram Levy,
Geophysical Fluid Dynamics Lab.; Robert Chatfield and Sasha Madronich,NCAR;
Shaw Liu and Michael Trainer, NOAA Aeronomy Lab.; Pieter Tans and Paul Steele,
CIRES; and Samuel Oltmans and Gary Herbert, NOAA Geophysical Monitoring for
Climate Change). A special session on MLOPEX held at the fall 1989 American
Geophysical Union meeting in San Francisco was very well attended.

Gandrud and a summer student, Naimul Islam (University of Maine),
participated in a field study at Niwot Ridge, Colorado, during the summer to test a new
instrument for measurements of nitric acid and particulate nitrate. The instrument, based
on an ion chromatograph, was intercompared with the more traditional but more time-
consuming filter technique practiced by Richard Norton (NOAA Aeronomy Lab.).

Gandrud, James Dye (NCAR Mesoscale and Microscale Meteorology
Division), and Darrell Baumgardner (NCAR Atmospheric Technology Division) spent
considerable effort improving and calibrating particle probes for the NASA ER-2
aircraft. The group flew these probes on the ER-2 during the NASA Airborne Arctic
Stratospheric Expedition, a program designed to complement the investigations of 03
depletion in the Antarctic the previous year. Since gas/particle interactions are believed
to be at the heart of 03 depletion, these measurements were fundamental to the Arctic
missions.

Weinheimer, Grahek, and Ridley finished the assembly and chamber testing of
the balloon instrument designed to measure nitric oxide during flights with Harvard
University scientists (James Anderson, Elliot Weinstock). Through simultaneous

47



Atmospheric Chemistry Division

measurements of free radical species, severe constraints are imposed upon models of
stratospheric ozone abundance. The flight was made in early summer, but a failure
occurred in the data acquisition system that affected both the Harvard and the NCAR
data.

In spring and summer, four newly designed instruments were assembled and
installed on the NCAR Sabreliner aircraft. For the first time, a set of highly sensitive
instruments for simultaneous measurement of NO, NO2, NOy, and 03 were used
together in a small aircraft. In July and August, Ridley, Walega, and Dye, in
collaboration with a team at the New Mexico Institute of Mining and Technology
(Charles Moore, William Rison, David Raymond, and Alan Blyth), used the
instrumented Sabreliner and ground-based electrical detectors at the Langmuir
Laboratory to begin an investigation of the product of odd nitrogen species in
electrically active clouds in the region near Socorro, New Mexico. The NCAR
Sabreliner was instrumented with newly designed and highly sensitive fast-response
instruments to make simultaneous measurements of NO, NO2, NOy, and 03 on passes
through anvils and other outflow regions of thunderstorms. Concurrently, electric field
charge meters, field mills, an optical detector, and the Boise Interagency Fire Center
lightning location network were used to determine the frequency and type of lightning
in the storms. On a number of flights, large levels of mainly nitric oxide were found in
the anvil outflow region of thunderstorms (at 30,000-35,000 ft.). Work is ongoing to
relate the electrical activity to the chemical production. Flights were also made into clear
air to determine altitude profiles of the species in the troposphere. The flights also
demonstrated unique opportunities to use the instruments employed in this program to
study convective activity in the troposphere. Several groups within NCAR's
Atmospheric Technology Division are interested in duplicating the ozone instrument for
routine measurements or for flux determinations using the new ASTER (Atmosphere-
Surface Turbulent Exchange Research) facility.

Global and Remote
Observations Section

The Global and Remote Observations (GRO) Section is headed by John Gille
and consists of two projects, the Global Observations and Modeling (GOM) Project,
led by Gille, and the Optical Techniques (OT) Project, under the leadership of William
Mankin. GRO's goals are to observe and understand chemical processes and
composition in the atmosphere, and the ways in which they interact with the dynamics
and energetics. Observations are obtained through optical and remote-sensing
techniques, from the ground, aircraft, and satellites.

Global Observations and Modeling
Project

GOM activities include the development and use of instruments to observe the
atmosphere, inversion of the observational data, and interpretation of the results. Past
emphasis has been on the region of the atmosphere extending from the upper
troposphere through the mesosphere, but new activity includes remote sounding of
tropospheric CO concentrations.
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Analysis and Interpretation of Global Data. GOM scientists have
played a leading role in the development of the LIMS (limb infrared monitor of the
stratosphere) experiment on NIMBUS 7 and have since been deeply involved in the
analysis of LIMS data. Recently there has been increasing attention to other data sets as
well.

William Randel analyzed LIMS data to report the first evidence of Kelvin-wave-
induced fluctuations in stratospheric tracers (03, HNO3, H20, and NO2) in the tropics.
Both transport and photochemically induced oscillations are observed, and the
simplified dynamics inherent to Kelvin waves (vanishing meridional velocity) allows
simple testing of photochemical parameterizations.

Subsequently, Randel, along with Gille and Byron Boville (NCAR Climate and
Global Dynamics Division), reported the first observations of planetary (zonal wave 1-
2) mixed Rossby-gravity waves in the tropical stratosphere, using LIMS and
radiosonde data. Although the effects of these waves on the tropical momentum budget
are small, these observations are valuable for comparison with sophisticated models of
the stratosphere.

Lawrence Lyjak also used LIMS data to calculate the transport mean circulation
(TMC) and compared it with the residual mean circulation (RMC) and the Lagrangian
mean circulation (LMC). The TMC is useful theoretically as the Eulerian form of the
LMC valid for small amplitude eddies. However, it has the disadvantages of requiring
Lagrangian parcel statistics for its calculation and of being derived under the
assumption that eddy amplitudes are small. The RMC is easier to calculate, since it
requires only Eulerian quantities for its determination. In addition, the RMC is valid for
eddies of any amplitude. However, the RMC includes a diffusive component due to
dissipative effects and therefore in general is not the true advective velocity.
Comparisons of these three circulations showed good qualitative agreement among their
vertical components. However, due to large meridional air parcel dispersion, the
agreement between the horizontal components was, as expected, poor.

Estimates of the mass transport through the tropopause were made by Lyjak and
Gille using two methods. One involved vertically integrating the Eliassen-Palm flux
divergence downward through the stratosphere. The other was based on the
transformed Eulerian thermodynamic equation. While the meridional variations of the
mass fluxes calculated by the two methods were qualitatively similar, there were some
marked differences at individual latitudes. This result is not totally unexpected, since
the Eliassen-Palm flux divergence is highly derived. The differences are being
investigated further.

Randel analyzed the statistical behavior of planetary waves throughout the
troposphere and stratosphere, based on ten years of observations. Study of the
dynamic life cycles of stratospheric waves reveals wave source/sink regions and
possibly the first observational evidence of planetary wave-critical layer interactions in
the stratosphere. Furthermore, estimates of vertical and meridional wave propagation
statistics are made for comparison with simplified parameterization schemes used in
two-dimensional models.
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Randel, in collaboration with Isaac Held (Geophysical Fluid Dynamics
Laboratory), made a study of the phase speed spectra of transient eddy fluxes in the
troposphere from operational global analyses. This work demonstrated that large-scale
tropospheric waves exert their strongest influence (mix potential vorticity) in high and
low latitudes, away from midlatitude source regions. These observations test the
validity of eddy flux parameterization schemes used in simple climate models.

Gille spent the first part of the year as a visiting professor at Kyoto University,
where he began a collaborative study with Masato Shiotani on the seasonal variation of
ozone, based on eight years of solar backscatter ultraviolet (SBUV) data. The work
was continued with Lyjak when Gille returned. The most interesting results showed
how the annual and semi-annual variations result from the interplay of photolysis rates
and temperature-dependent photochemistry.

Gille also contributed to the United Nations Environment Programme/World
Meteorological Organization (UNEP/WMO) Scientific Assessment of Stratospheric
Ozone 1989 and was a principal author of a section on measurement methods and their
accuracies. The conclusion is that satellite methods for measuring total ozone are in
place and can provide long-term data capable of detecting small trends, independent of
the ground-based systems. The situation for the measurement of the vertical distribution
of ozone is much worse. He also completed work on a chapter on satellite instrument
calibration and stability for the NASA/WMO Ozone Trends Panel Report.

Development of New Observational Techniques. Gille, Paul Bailey,
and Steven Massie have continued development of algorithms and transmittances for
the inversion of data from the cryogenic limb array etalon spectrometer (CLAES)
experiment, scheduled for flight on the Upper Atmosphere Research Satellite (UARS)
in late 1991. Major efforts during this period have gone into refining line-by-line codes
(work shared by Massie, using Mankin's Fourier line-by-line algorithms, and David
Edwards [Oxford University], using his generalized line-by-line calculation [version 2]
program) and in developing quick radiative transfer routines (work done by Cheryl
Craig and Massie). Differences between the codes were reconciled, and a beginning
was made in parameterizing the results so they can be used efficiently in the retrieval
codes. Assistance was given to the Lockheed Palo Alto Research Laboratory (the
builders of the CLAES instrument), and other assistance was given to the UARS
Science Team by Bailey, Daniel Packman, Gille, and Massie. Cross sections of CFC-
11, CFC-12, and N20 5 obtained in Calvert's laboratory will be applied in UARS
retrieval programs.

Massie and Cicerone participated in a cooperative analysis of spectra, obtained
by the University of Denver and the Air Force Geophysics Laboratory, to detect the
morning decrease of N20 5, an important chemical reservoir species. Analysis at NCAR
by least squares fitting programs benefited from Calvert's N20 5 cross sections. These
are the first direct measurements of daytime N205 and the first to quantify its observed
temporal changes during the daytime.

Aaron Goldman (ACD affiliate scientist, University of Denver), Cantrell,
McDaniel, and Massie are preparing chlorofluorocarbon cross sections for the next
versions of the Air Force Geophysics Laboratory and the French Management and
Study of Atmospheric Spectroscopic Information spectral line listing. These
parameters, at temperatures between 203 K and room temperature, will be very useful
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for present and future remote-sensing applications. The species in the laboratory study
include many gases that are also of importance in calculations of greenhouse warming.

A major new instrument, the High Resolution Dynamics Limb Sounder
(HIRDLS), was proposed by Gille (PI), Bailey, Byron Boville, Brasseur, Michael
Coffey, and Mankin of NCAR and James Holton and Conway Leovy from the
University of Washington for the Earth Observing System (EOS). It was selected by
NASA for definition study for the first EOS polar platform, scheduled for launch in
1997. This instrument will have improved horizontal and vertical resolution and a
greater ability to observe the lower stratosphere than previous experiments. The
experiment's goals are to obtain measurements that will allow much improved
understanding of the flow of mass and constituents between the troposphere and
stratosphere, the chemical processing of trace constituents, the momentum and heat
budgets, including the previously unobserved small-scale dynamical and mixing
processes in the middle atmosphere, and interannual variability and trends. As the
definition study begins, the HIRDLS experimenters are considering combining forces
with a similar experiment from Oxford University.

A second experiment, Measurement of Pollutants in the Troposphere
(MOPITT), was also accepted for definition study for EOS. It was proposed by James
Drummond (University of Toronto, earlier a visitor to GRO), with Brasseur, Gille, and
Jack McConnell (York University, Ontario, Canada). Canada will be responsible for
the development of the instrument, while GRO will develop the data-reduction
software. The objectives of the experiment are to measure the vertical distribution of
CO in the troposphere, using a new radiometric device, and to use the results with
models to improve our understanding of tropospheric chemistry.

Optical Techniques Project

The goals of the Optical Techniques (OT) Project include both the development
of optical instrumentation for atmospheric measurements and the use of such
instruments for a variety of chemical studies of the atmosphere. Emphasis within the
project has been placed upon the stratosphere, but instrument development for
tropospheric studies is also a large effort. During the past two years, a major focus has
been studies of the ozone layer in polar regions.

Polar Ozone Studies. The discovery of significant springtime ozone
depletion over Antarctica in 1985 led to a large international effort to determine the
origin of this effect and its implications for the environment. ACD personnel have
participated in three airborne expeditions to the polar regions to study the polar
stratospheric ozone. Mankin and Coffey flew their infrared spectrometer on the NASA
DC-8 over Antarctica in 1987 and on a NASA P-3 in the Arctic in 1988; in January and
February 1989, they flew it on the DC-8 on 11 flights over the region of the North
Pole. With the spectrometer, they recorded over 6,000 high-resolution solar spectra.
Absorption of the infrared radiation by atmospheric molecules enables Mankin and
Coffey to determine the vertical integrated column amount of many chemical
compounds above the aircraft. Its sensitivity, airworthy design, short observation
time, and ability to measure many molecular species simultaneously make the
spectrometer valuable for stratospheric chemical research. Researchers can process the
interferograms, produce spectra, and analyze them in real time.
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The infrared spectra cover the 2-15 AIm spectral range at a resolution of 0.06
cm-'. From the analysis of these spectra, Mankin and Coffey determined the column
amounts of ozone and a number of the chemicals that affect the ozone concentration, as
well as several inert chemicals that serve as tracers of atmospheric motions. The
Antarctic results were quite different within and outside the South Polar vortex during
the late winter and early spring. Outside the vortex, the conditions were quite similar to
those observed earlier at similar latitudes in the Northern Hemisphere. Inside,
conditions were strikingly different. Ozone, which was at near normal levels at the
start of the observations, declined by an average of 1.6% per day deep within the
vortex. The spectroscopic measurements support the view that the ozone destruction is
caused by catalytic reactions with chlorine released from reservoir species, particularly
HC1 and ClONO2, by heterogeneous reactions on polar stratospheric cloud (PSC)
particles. They show much reduced columns of HC1 and ClONO 2 deep within the
vortex. Measurements of the ratio of HCl to HF indicate that as much as 80% of the
total HC1 column has been chemically removed, most of it in the lower stratosphere,
where PSCs are common. NO2, which could reconvert free chlorine to C1ONO2, is
also very low, as is HNO3. ClONO2 peaks near the vortex boundary, probably as a
result of reaction of C10, which is large only inside the vortex, with NO2, which is
large outside. The reduction in HNO3 is presumably the result of the formation of
HNO3-3H20 aerosols, which subsequently grow by the condensation of water in the
cold polar night, becoming large enough to settle out. Measurements of the inert tracers
indicate a large-scale descent of air within the vortex relative to that outside; this is
consistent with diabatic cooling during the polar night.

The 1989 measurements within the North Polar vortex show that many of the
early stages in the production of the ozone hole are present in the Arctic winter
stratosphere as well. PSCs are abundant, and the conversion of HC1 to easily
photolyzed forms of chlorine proceeds to almost the extent observed in the Antarctic.
The tracers show the descending air motions. NO2 is even lower than observed in the
South Polar region. The striking difference in the chemistry of the two polar regions is
in HNO 3. In the South Polar vortex, the HNO3 is substantially depleted deep within
the vortex; in the North Polar vortex, HNO3 columns are actually greater within the
vortex than outside. This difference is attributed to the lower frequency of very low
temperatures in the North; temperatures lower than about 190 K are required for water
to condense on HN03.3H20 aerosols, enabling them to grow large enough to settle
out. On one flight on 31 January, a synoptic-scale tropospheric system forced upward
motions in the lower stratosphere, adiabatically cooling the stratospheric air and
forming dense Type II (water ice) clouds. In this event, the column amounts of HNO 3
were low, and subsequent observations by other instruments on the ER-2 showed local
loss of NOy. This is consistent with denitrification in other isolated events; even after
31 January, however, the HNO3 columns were generally large within the vortex. The
difference in HNO 3 may be quite significant for the development of any northern ozone
hole, as HNO3 can serve as a source of NO2 by photolysis when the sun returns in
spring, acting as a sink for free chlorine. It is not clear whether the large column
amounts of HNO3 observed can be explained by dynamical effects alone. They might
be an indication of the conversion of N205 to HNO3 on PSCs; if so, this could have a
significant effect on the NOy chemistry.
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The dramatic chemical changes seen within the vortex in 1989 were not seen in
1988. Meteorological conditions in 1988 were less favorable for production of PSCs
in the observation area, with stratospheric temperatures comparatively warm. In 1989,
the temperatures were colder, but not abnormal. Comparison of historical
meteorological data with the data for 1988 and 1989 suggests that the phenomena
which could lead to ozone loss may be expected in many years, particularly as the
stratospheric abundance of total chlorine increases.

Temporal and Spatial Variation of Stratospheric Composition. In
addition to the polar ozone studies, Mankin and Coffey flew their spectrometer from
450 N to 45°S, measuring the latitudinal variation of stratospheric trace gases. These
experiments were done in collaboration with colleagues Zimmerman and Heidt and
Volker Kirchhoff of the Brazilian space agency INPE. Comparison of data from the
two hemispheres may give indications of the differences in stratospheric chemistry
between the hemispheres. In addition, the combination of these data with the decade-
long data set in the Northern Hemisphere permits the determination of trends (or upper
limits on trends) for stratospheric chemical species. Already, the trend in HC1 and HF
due to increases in source gases has been measured; further data have confirmed the
validity of previously published results. Goldman has participated in the analysis of
these data. Mankin, Coffey, and Goldman, with the help of student assistant Roger
Pielke (University of Colorado), are developing fast methods for computerized analysis
of spectra to determine quantities of trace gases quickly, accurately, and objectively.
The methods are based on nonlinear least squares fitting of calculated to observed
spectra. The method has already been successfully applied to the polar results. It will
be used on the time series of results to obtain the best temporal trends possible.

The measurements from aircraft will continue; in addition, Mankin and Coffey
will participate in the international Network for Detection of Stratospheric Change, a
network of carefully calibrated ground stations that will be used over the next two
decades to measure changes that might presage ozone depletion. For the network
observations, as well as many of the scientific problems to be addressed from the
aircraft measurements, a much improved instrument is needed. A new spectrometer
has been designed; it has about a factor of ten better spectral resolution as well as
improved stability and optimization for aircraft use. Construction is planned for the
next fiscal year. It will be operated in conjunction with the present instrument for some
time, so that the overlap of data will allow confident continuation of the long time
series.

Radiation Measurements for Climate Studies. Changes in chemical
composition are the physical basis for changes in the greenhouse effect, which drives
global change. Any changes to the highly transparent infrared spectral region, the
greenhouse "windows," are particularly significant for climate. Coffey and Mankin
have been making observations from NCAR's Mesa Lab for a number of years, using
the same spectrometer that they use in their airborne work. The continuation of these
measurements will help define the changes in atmospheric transparency and can serve
as important input to climate studies.

Spectroscopic Instrumentation for In Situ Studies. There is a
continuing need for new spectroscopic instrumentation in field studies of atmospheric
chemistry. Tropospheric studies need higher sensitivity to measure trace gases with
small sample volumes. Fried, with help from Henry, and James Drummond (visitor,
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University of Toronto), has continued the development of sensitive spectroscopic
instruments for such purposes. The instruments, utilizing absorption of radiation from
tunable infrared diode lasers, have good sensitivity and excellent specificity. By
rapidly tuning the laser on to and off of the wavelength of a strong absorption line of
the species in question and sending the frequency-modulated radiation through the
sample cell, an alternating signal is generated at the detector with an amplitude
proportional to the concentration; extremely small absorptions, less than one part in
105, can be detected. Instruments have been developed for measurement of CO and
OCS, an important component of the global sulfur cycle. Much of the effort has gone
toward optimizing the sensitivity, which is currently a few parts per trillion for OCS.
The technique can be adapted to many different chemical species. Fried has improved
calibration by adoption of a novel method employing a calibration source that has a
different isotopic ratio from the natural source.

The tunable laser system has been used for measurements of variation of
ambient levels of OCS at NCAR's Mesa Lab. The site is sometimes in rather clean air;
at other times it is significantly polluted. Measurements under these conditions, and
correlations with CO measured simultaneously with the OCS, help determine the extent
to which urban pollution is a significant global source of OCS. This helps clarify the
global sulfur cycle. For the same purposes, Fried and Henry have participated in EPA-
sponsored measurements of OCS emissions from automobiles under controlled test
conditions. It does not appear initially that automobiles are a major source of
atmospheric OCS. Studies are under way to determine the OCS emitted from various
ecosystems. Measurements thus far, with Lee Klinger (Advanced Study Program
postdoctoral fellow), have determined fluxes of OCS from peat bogs grown under
controlled conditions. The measurements of the sulfur cycle are potentially important
for stratospheric ozone studies as well as tropospheric studies, if the catalytic chemistry
that occurs on polar stratospheric clouds also occurs on sulfate aerosol particles.

Atmospheric Chemical
Modeling Section

The Atmospheric Chemical Modeling Section is headed by Guy Brasseur. Staff
in this section include Sasha Madronich, Robert Chatfield, Stacy Walters, and Rolando
Garcia.

Modeling of Chemical Processes in
the Troposphere

Madronich and Calvert have developed a comprehensive description of the
tropospheric chemistry of natural and anthropogenic hydrocarbons (the NCAR Master
Mechanism). This mechanism, which includes about 5,000 chemical reactions, is
being used to study photochemical smog formation on the regional and global scales,
where sustained low NOx levels persist, and the hydrocarbon chemistry approaches its
"middle and old" age. Recent model simulations with this mechanism show that the
inclusion of one particular class of reactions (the organic peroxy radical cross
reactions), not included in previous modeling studies, gives some dramatic and
unexpected changes in the predicted chemical constituents of the troposphere:
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significant enhancement of the rates of generation of alcohols and organic acids, higher
HO2 and H 20 2 concentrations, shorter lifetimes for PANs, and faster release of
reactive nitrogen held in these compounds. The model also yielded the first
photochemical explanation for the observed levels of acetic acid in the troposphere.

Modeling of Ozone in the Tropical
Troposphere

Chatfield published the first simulation explaining the dramatic global
phenomenon known as the "tropospheric ozone hill," discovered by aircraft,
ozonesonde, and satellite measurements. The problem was to describe the origin and
persistence of elevated ozone and nitrogen oxides high over the equatorial Atlantic and
adjacent continents. This model combined several elements, the first biomass-burning
smog simulation, a convective parameterization, and an original approach to one-
dimensional modeling and analysis. It also highlighted and explained critical questions
of spatial and temporal resolution that will confront forthcoming, more detailed models
of this phenomenon and all tropospheric ozone studies. Anthony Delany helped tie this
model firmly to NCAR's pioneering exploration of the Brazilian Cerrado air chemistry
in 1980. Work with Paul Crutzen (Max Planck Institute for Chemistry, Mainz, Federal
Republic of Germany) quantified the small sink of ozone due to the important
tropospheric free halogen, iodine. The exploration of tropical photochemistry was
extended in work with Madronich on the interaction of isoprene with nitrogen oxides
over the tropical rain forest. Further studies guiding Chatfield's ongoing detailed three-
dimensional model development highlighted the very different sensitivities of ozone to
model-necessitated averaging in the simulation of combustion and lightning sources of
nitrogen oxides.

Theoretical Interpretation of the
MLOPEX Observations

Chatfield and Madronich presented a theoretical analysis of tropospheric
photochemistry in detailed comparison to the Mauna Loa Observatory Photochemistry
Experiment study. Continuing work with Ridley indicates an improved understanding
of peroxy radicals and ozone production, but leaves uncertainties about reactions that
could consume hydroxyl radicals.

Three-Dimensional
Chemical/Transport Models of the
Troposphere

In collaboration with Jean-Francoise Miller (Ph.D. student from the University
of Brussels, Belgium) and with the help of Chatfield, Brasseur is developing a three-
dimensional model of chemical tracers in the troposphere. This model (called
intermediate model of the annual and global evolution of species, or IMAGES) is
designed to study the global budget of tropospheric chemical compounds, based on
climatological winds and temperatures and on specified emission and deposition rates at
the surface. Emissions inventories for several gases have been established on the
global scale. The contributions of biological processes as well as of industrial,
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domestic, transport, and agricultural emissions have been taken into account. The
degradation processes of the source gases are simulated based on a rather detailed
chemical code. The horizontal resolution of the model is 5 x 5 degrees.

A three-dimensional Lagrangian model developed by John Taylor (visitor,
Australian National University, Canberra) has been used by its author (Brasseur),
Zimmerman, and Cicerone to study the budget of methane and methylchloroform in the
global troposphere.

Dynamics and Transport of Trace
Gases in the Middle Atmosphere

Garcia is conducting studies of planetary wave breaking (in collaboration with
Murry Salby, University of Colorado), using an equivalent barotropic model. The
model solves a two-dimensional version of the primitive equations on the sphere
derived under the assumption of barotropic stratification. This two-dimensional system
allows calculations to be carried out with very high horizontal resolution, as required to
investigate in detail the mixing that accompanies planetary wave breaking.

Studies are currently being carried out to understand the redistribution of Ertel's
potential vorticity under varying conditions of wave forcing and thermal dissipation.
Estimates of horizontal eddy diffusivities are obtained from the relationship between
wave fluxes and potential vorticity gradients, and also from the dispersion of ensembles
of material elements. Further studies will consider the dispersion of trace constituents
with varying time scales for photochemical relaxation. Estimates of "chemical eddy
transports" will be derived from these calculations.

In collaboration with R. Todd Clancy (University of Colorado), Garcia has
studied the semiannual oscillation (SAO) in the mesosphere and lower thermosphere as
revealed by SOLAR MESOSPHERE EXPLORER temperature data. Garcia and
Clancy find that a strong SAO is present at all altitudes up to 90 km, and that the
oscillation has a significant seasonal asymmetry, similar to that documented by
Dunkerton and Delisi for the SAO in the stratopause.

Two-Dimensional Modeling of the
Middle Atmosphere

The two-dimensional model developed by Garcia in collaboration with Susan
Solomon (NOAA Aeronomy Laboratory) has been modified numerous times to include
an increasing number of processes important in the middle atmosphere. Present
versions of the model include a complete photochemical scheme for the stratosphere
and mesosphere; a gravity wave parameterization; a coupled, single planetary wave
code; and a detailed infrared transfer model. The model is being used in various
studies, including the evaluation of ozone depletion due to anthropogenic perturbations,
the formation of noctilucent clouds, and studies of mesospheric airglow emissions.
Development of a new version of the model, including a troposphere, is under way.
This model also solves the zonal mean momentum equation explicitly, allowing study
of tropical wave-induced circulations.
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Brasseur and Matthew Hitchman (University of Wisconsin) have used their
two-dimensional model, together with Anne Smith (University of Michigan), to
estimate the importance of chemical eddies associated with planetary and gravity waves
in the calculation of the meridional distributions of ozone, nitric acid, nitrogen oxides,
and other species. Smith and Brasseur have studied the relation between gravity wave
breaking and the distribution of water vapor in the mesosphere. The model has also
been used, in cooperation with Walters and Cicerone, to study the chemistry of fluorine
in the troposphere and stratosphere.

A version of the model has been adapted to the atmosphere of planet Mars by
Didier Moreau (a student of the University of Brussels, now at the Belgian Institute for
Space Aeronomy). This study is in aid of planned space missions to Mars.

Walters and Brasseur have completed a new version of the model. This version
includes more species and a more detailed treatment of radiative processes, and is
computationally more efficient.

Modeling of the Antarctic Ozone Hole

Claire Granier (visitor, University of Paris and Centre National de la Recherche
Scientifique, France) and Brasseur have studied the formation and dissipation of the
ozone hole over Antarctica by using the three-dimensional mechanistic model developed
by Klaus Rose (Free University of Berlin, Federal Republic of Germany) and
Brasseur. The model is based on primitive equations and includes a chemical scheme.
Parameterizations of the formation of both type I and type II polar stratospheric clouds
(PSCs), and of the heterogeneous processes leading to a release of active radicals are
included. The model generates substantial chemical loss of ozone over Antarctica.
This ozone hole can only be simulated when the perturbed polar chemistry is taken into
account and for sufficiently high chlorine levels.

Similar studies of Arctic regions show that, contrary to the situation in the
Southern Hemisphere, the Arctic vortex breaks early in winter, before the sun returns
to the high-latitude regions, and no ozone hole is produced by the model. The ozone
loss, however, critically depends on the degree of denitrification resulting from the
presence of type I PSCs.

The Effect of Background Aerosols
on the Ozone Layer

Heterogeneous processes may not be limited to the polar regions and could also
occur on the background aerosol sulfate particles. Granier and Brasseur are currently
using their two-dimensional model to investigate the possible impact of such
heterogeneous processes on stratospheric trace gases, in particular on ozone. Since the
reaction rates involved are still not well known, sensitivity studies of the ozone
distribution to the kinetic rate values have been made. For rather high values of the
aerosol accommodation coefficients, total ozone can be depleted by as much as 5 to
10% after a volcanic eruption similar to that of El Chichon in 1982.
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The study of the impact of such heterogeneous processes on the ozone shows
that, as stratospheric chlorine increases, the relative influence of heterogeneous
processes also becomes larger. Even for low background aerosol loads, the ozone
depletion in the stratosphere increases by a factor of 2 to 3 when heterogeneous
processes are added to a model that had neglected these processes.

Changes in Biologically Effective UV
Radiation at the Earth's Surface in
Response to Ozone Changes

Madronich calculated changes in biologically effective ultraviolet (UV) radiation
(DNA damage, plant damage, and erythema) at the earth's surface that are likely to
occur in response to future changes in stratospheric ozone, tropospheric ozone, and
cloud cover. The ozone-related changes are strong functions of future emissions of
CFCs, hydrocarbons, and NOx. Continuation of current CFC emissions will likely
produce an increase in the biological UV radiation doses at all seasons and latitudes
(especially South Polar spring) due to the depletion of stratospheric ozone. However,
the formation of tropospheric ozone from increasing NOx and hydrocarbon emissions
may partly offset the UV increase, and in scenarios with strong reductions of CFC
emissions, the surface UV radiation may actually decrease somewhat. Cloud
distribution changes (associated with climate warming) may perturb surface UV
radiation to an extent comparable to the ozone-induced changes.

Couple Chemical-Transport Model
Linked to the NCAR CCM

In collaboration with David Williamson and Phillip Rasch (NCAR Climate and
Global Dynamics Division), Brasseur and Walters are developing a coupled chemical
transport model of the troposphere and stratosphere. The dynamics used to simulate the
transport of tracers is taken from the troposphere/stratosphere version of the NCAR
community climate model run at T42 horizontal resolution (2.8-degree grid). The
transport module uses a semi-Lagrangian method to describe the advection of tracers
and the classical Kuo scheme to simulate their vertical convective transport. The
chemical module under development includes about 25 species, belonging to the
carbon, oxygen, nitrogen, hydrogen and chlorine families. This effort is important for
the assessment of the climatic impact of trace gases, and has been proposed as a pilot
project of the Climate Systems Modeling Project (CSMP).

International Report and Other
Activities

Several scientists of ACM (Brasseur, Madronich, Garcia, Granier, Walters)
have been involved in writing the Scientific Ozone Assessment Report, prepared at the
request of the World Meteorological Organization and the United Nations Environment
Programme. The section has also actively participated in the planning of the joint
UCAR/NCAR CSMP. Brasseur currently chairs the NCAR CSMP Committee.
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Biosphere-Atmosphere
Chemistry Section

After the departure of Ralph Cicerone in August, Patrick Zimmerman became
the head of the Biosphere-Atmosphere Chemistry (BAC) Section. The BAC Section
currently consists of three projects: Biosphere-Atmosphere Interactions (BAI), In Situ
Measurement (ISM), and Plant-Atmosphere Gas Exchange (PAGE).

This section was reorganized in 1988 to bring together efforts within the
division that share a strong biological component. The new structure provides a focus
for research that increases our understanding of the interactions between the chemistry
of the atmosphere and biological processes that control and are affected by it. The
Biosphere-Atmosphere Chemistry Section hopes to provide many of the critical
experimental data and atmospheric measurements required for interactive climate,
dynamical, chemical, and ecosystem models. This research is a necessary prerequisite
to an understanding of global change and realistic predictions of future climate.

In 1989 the BAC Section began to coordinate a multidisciplinary research effort
called the Atmosphere/Ecosystem Gas Interchange Study (AEGIS). AEGIS is a
cooperative research project that will involve four NCAR divisions (Atmospheric
Chemistry Division [ACD], Atmospheric Technology Division [ATD], Mesoscale and
Microscale Meteorology Division [MMM], and Climate and Global Dynamics Division
[CGD]), university colleagues, and selected federal agencies. Its purpose is to establish
a coordinated research team to develop information that can be linked to global-scale
ecosystem and climate models. Laboratory and field experiments will be conducted to
measure the fluxes of radiatively active gases to and from specific terrestrial ecosystems
at temporal and spatial scales appropriate for understanding and predicting global
climate change. NCAR, because of its range of capabilities in measurements and
modeling and its ability to provide a focus for university scientists, is uniquely suited to
undertake this research.

A major barrier to improved understanding of the greenhouse effect is the
limited scale of measurements of gas exchange between biota and atmosphere; most of
the data are based on measurement of a single leaf or organism. It is therefore risky to
extrapolate to global scales. ACD, ATD, and MMM scientists have been developing
technology applicable to measuring the fluxes of gases to and from plants and soils
over a broad range of scales. These include measurements of isoprene flux from single
sides of leaves; automated continuous measurements of fluxes of C02, H 20, SO 2, 03,
and H202 to and from single branches; measurements of CH4 from soils, swamps,
rice paddies, cattle, and termites; measurements from towers and tethered balloons
using eddy correlation, gradient, and tracer techniques; measurements of heat and
momentum using towers; and larger-scale eddy-correlation flux measurements using
aircraft. At the same time, NCAR'S modeling community is continuing to make strides
toward improving models. These include one-dimensional chemical process models,
three-dimensional global circulation models that can potentially handle chemistry,
models that can be used to establish flux/gradient relationships, and global ecosystem
models for predicting the impacts of climate change on vegetation.

In order to develop AEGIS as a collaborative interdisciplinary research
program, ACD has sponsored two workshops (coordinated and led by Allan Lazrus),
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designed to stimulate university participation. The following AEGIS research
objectives were discussed and developed during the workshops:

1. To combine the spatial coverage of airborne flux measurements with the
more complete temporal coverage of ground-based measurements. This field work will
provide data to be used to determine the trace gas composition of a relatively remote
continental site.

2. To provide linkages between measurement of trace gas fluxes from discrete
ecosystems or plant communities and satellite maps of the global distribution of
ecosystems. This will be necessary in order to improve the accuracy of global budgets.
Field measurements would begin in the boreal forests and move southward to the
temperate forests. Tropical regions, where land use change is most rapid but climate
change impacts are predicted to be minimal, would follow. The development of
linkages between field measurements and global models will also require mechanistic
laboratory studies designed to isolate variables in order to define important chemical
and biological processes.

3. To provide a focus for the measurement capabilities developed as part of the
Global Tropospheric Chemistry Program to characterize the oxidant capacity of the
atmosphere. The secondary emissions of plants, e.g., isoprene and terpenes, can not
only account for several percent of the total carbon flux, they are also intimately
involved with the photochemical production of ozone and other atmospheric oxidants.
The entire suite of measurements of trace gases, reaction products, and photochemical
parameters is necessary in order to define fluxes of reactive species and to understand
carbon sources, transformations, and sinks.

4. To relate satellite measurements of biogeochemical processes to temporal
changes in trace gas fluxes. A series of point, tower, and aircraft measurements will
provide an excellent opportunity to provide ground-truth data for satellite calibration.

5. An ultimate objective of AEGIS is to obtain information on the sources and
sinks of radiatively active gases that can be appropriately scaled up for use in global
models capable of predicting climate trends. We hope to progress with sufficient speed
to contribute usefully to the currently proposed Climate Systems Modeling Project.

Biosphere-Atmosphere Interactions
Project

The goal of the BAI Project is to increase our understanding of the
biogeochemical cycling of key elements such as carbon, nitrogen, and sulfur so that we
can better understand atmospheric trace gas cycles and predict future changes. The BAI
strategy is to accomplish this through the work of an interdisciplinary team of scientists
with specific expertise in atmospheric chemistry, microbial ecology, plant physiology,
and biogeochemical modeling. The team will conduct collaborative field work to
identify and survey critical interactions, perform laboratory experiments to determine
key flux processes and the variables by which they are controlled, and participate in the
development of predictive models capable of integrating scales from the biochemistry of
individual organisms to global biogeochemistry. In addition, the group will continue to
contribute its expertise in the measurement of trace gases (especially trace
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hydrocarbons) to selected field programs designed to define the distributions,
photochemistry, and fluxes of reactive trace gases.

In 1989 the BAI Project continued to conduct research to increase our
understanding of specific climatic effects of global changes induced by humans,
predicted climate changes, and the biological systems that affect trace-gas cycling. This
effort has required the further development and testing of analytical systems as well as
focused laboratory and field studies.

The BAI Project has chosen to begin AEGIS research in the boreal forest,
because this region is likely to be sensitive to increases in global temperature and is
considered to be a primary candidate for the unknown terrestrial sink of incremental
CO2. The group has begun collaborative research with the Canadian Institute for
Research and Atmospheric Chemistry, several Canadian universities, and NASA.
Other collaborators include several ACD and CGD scientists, David Goldblum
(research assistant from the University of Colorado), Nigel Roulet (York University,
Ontario, Canada), and Timothy Moore (McGill University, Montreal, Quebec,
Canada).

In addition to field work, the BAI Project has begun laboratory studies to define
processes and to isolate key variables that affect trace gas fluxes. In May, two small
bogs were transported, intact, from northern Minnesota to NCAR for use in microcosm
studies. A detailed experiment was conducted to determine the flux of OCS, an
important source of stratospheric sulfur, from bogs. The measurements, made by
Fried and Klinger, indicate that vascular plants in bogs are a significant sink for OCS
and that the rate of uptake is independent of light.

Hydrocarbons play a major role in the chemistry of much of the troposphere.
Measurements of the hydrocarbon composition of the atmosphere are of critical
importance to many types of atmospheric experiments. The wide range of the
hydrocarbons' atmospheric lifetimes, coupled with their distinctive source fingerprints,
make them excellent tracers of air mass origin and transport, and their atmospheric
concentrations and reaction products must be known in order to accurately model the
chemistry of the atmosphere. The BAI group spent considerable time in analyzing and
collating data from the Mauna Loa Observatory Photochemistry Experiment, conducted
in 1988. The hydrocarbons proved to be useful indicators of the relative influences of
boundary-layer and free tropospheric air on the chemistry observed at Mauna Loa.

Approximately 15 different laboratories have reported ambient hydrocarbon data
in the last ten years. The techniques used to collect and to analyze air samples have
been somewhat different, and it is not clear that they are equivalent. Since there are
relatively few hydrocarbon data and no stringent comparisons of methodologies, the
interpretation of the temporal and spatial variability that has been reported in the
scientific literature is cloudy. The BAI Project has been a key participant in a major
international study to intercompare measurements among the leading hydrocarbon
research groups. An international steering committee, headed by Fehsenfeld (NOAA)
and Calvert, includes representatives from universities and several government
agencies. The group has met and defined the structure of the intercomparison. The
BAI group will supervise the circulation of standard hydrocarbon mixtures and
confirmation of the results. In addition, Marisa Kadavanich, an undergraduate research
assistant at Metropolitan State College, is collaborating with Greenberg to develop a

61



Atmospheric Chemistry Division

retention index library for the gas chromatographic analysis and identification of the
major biogenic hydrocarbons. This library will greatly facilitate the transfer of the BAI
hydrocarbon analytical technology to university colleagues.

Recent measurements of samples collected over marine areas indicate that
oceanic emissions of ethylene and propylene could be significant. Kevin Harrison, a
graduate student from the Scripps Institution of Oceanography, is collaborating with
Zimmerman and Greenberg on this project as part of his doctoral research. Harrison
has already organized and conducted an experiment in the Pacific to compare ambient
measurements with seawater concentrations. Work in the future will focus on the
identification of the mechanisms of light hydrocarbon production in marine areas.
Evidence from previous measurements suggests a biologically related source.

It is currently thought that in many parts of the United States, organic emissions
of terpenes and isoprenes from vegetation may contribute significantly to the formation
of oxidants. However, since the atmospheric lifetimes of the primary emissions are
short, direct comparisons of anthropogenic with biogenic compound concentrations
yields ambiguous results. In addition, model calculations that predict oxidant formation
and that could potentially be used to estimate relative source strengths are difficult to
verify experimentally. One of the relatively long-lived products of the oxidation of
organic compounds is CO. The only other major source of CO in the eastern U.S. is
the combustion of fossil fuels. The two sources will have widely different carbon
isotope ratios, since fossil fuels are depleted in 14C while recent biogenic carbon will
contain 14C from nuclear bomb blasts and cosmic ray production. The BAI Project will
therefore continue to conduct field collections of CO for the determination of isotope
ratios so that the relative source-strengths can be calculated as a function of location and
season. BAI researchers are collaborating with New Zealand colleagues Martin
Manning and David Lowe (Institute of Nuclear Sciences), who have expertise in the
conversion of CO to graphite and access to a linear accelerator capable of 14C
determination, and with John Mak (a graduate research assistant supported through the
Advanced Study Program), and Jeffrey Bada (Scripps Institution of Oceanography).
They are determining the latitudinal distributions and vertical profiles of 14C in the
Southern Hemisphere. This work is expected to help better define global sources of
CO and its precursors.

Because of the importance of plant emissions to the chemistry of continental
regions, the BAC Section has continued its research to elucidate relationships between
organic emissions from vegetation and photosynthesis. Alan Hills (Advanced Study
Program postdoctoral fellow), a specialist in analytical instrument development, has
built an instrument for the real-time detection of isoprene, the single most important
organic emission from vegetation. The instrument utilizes the chemiluminescent
reaction of isoprene with ozone in the blue spectral region to provide fast response with
a sensitivity in the low parts per billion mixing-ratio range. This instrument has
allowed the group to collaborate with Raymond Fall and Russell Monson (University
of Colorado [CU]) on chamber experiments to determine the biochemical mechanism
for isoprene production. This work will be important for extrapolation of field
measurements to the global scale as well as for the prediction of the long-term effects of
climate change on organic emissions from vegetation. In addition to laboratory work, a
joint CU/BAC doctoral student, Anna Arft, has begun work to measure vegetation
emission rates simultaneously with measurements of physiological parameters in the
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field. This work will help to test hypotheses developed during laboratory
investigations. The BAI Project is also collaborating with the NOAA Aeronomy
Laboratory, Washington State University, and Alex Guenther (CU Postdoctoral
Fellow) and several other research groups to measure fluxes, vertical profiles, and
ambient concentrations of biogenic hydrocarbons and their secondary reaction products
as part of the Rural Ozone in the Southern Environment (ROSE) study, to be conducted
in the southeastern United States during the summer of 1990. Gillian Walford, a work-
study student from the University of Colorado, is learning to do remote sensing and
photo interpretation, skills that are critical to the development of accurate flux estimates.
In 1989, she began work developing biomass estimates for the Niwot Ridge,
Colorado, air shed.

As an exploratory research effort, the BAI group collaborated with Margaret
LeMone (NCAR Mesoscale and Microscale Meteorology Division) to place whole-air
sampling equipment aboard a NOAA P-3 aircraft modified to fly into hurricanes. It
was hoped that trace gas analysis would reveal the potential impact of these storms on
the trace gas production of compounds such as nitrous oxide, nonmethane
hydrocarbons, methane, and organic bromines. Unfortunately, when the plane
attempted to penetrate the wall of hurricane Hugo early in the sampling program, it was
severely damaged and was unable to undertake further missions.

Methane is an important greenhouse gas. Its ambient mixing ratio is increasing
at about 1% per year. The major source of atmospheric methane is thought to be the
anaerobic fermentation of organic matter in wetlands such as swamps, bogs, and rice
paddies, and in the intestinal tracts of ruminants and termites. Some methane also
comes from leakage from natural gas production and distribution facilities, landfills,
and biomass burning. In 1989, the BAI group continued work on all of these sources.

Earlier work by the BAI group showed that termites are a potentially large
source of atmospheric methane. This year, Zimmerman, Curtis Westberg (visitor,
University of Colorado) and Johanna Darlington (an entomologist visiting from the
University of the West Indies) analyzed and developed global extrapolations from more
recent field experiments.

Cattle are thought to produce large quantities of methane as a byproduct of
anaerobic fermentation in the rumen and through the anaerobic decomposition of
manure. The absence of accurate estimates of methane production by cattle are partly
due to a lack of measurements of methane production from grazing livestock. Previous
measurements have all been made under highly artificial conditions, on cattle fed a
contrived diet while being confined to small chambers. The BAI group, with funding
from the EPA, is collaborating with Brian Lamb and Halvore Westberg (Washington
State University [WSU]) to develop a tracer technique for measuring methane
production from naturally grazing livestock in the field. Preliminary testing of the
technique has been completed, and the results are promising. Further development and
testing will continue during 1990.

In addition, Lamb and Westberg (WSU), Tyler, and John Patterson (Purdue
University) conducted a field study to measure methane fluxes from a feedlot. For this
EPA-sponsored study, ambient measurements of methane were combined with tracer
releases and isotopic analysis to determine fluxes from animals and from animal waste
facilities. Animal emissions dominated methane fluxes within the feedlots; however,
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the flux of methane from ambient air samples was dominated by the decomposition of
manure. The BAI group is currently collaborating with Donald Johnson (Colorado
State University) to design and conduct similar studies at local animal production
facilities. This work is being partially sponsored by NASA.

Rice paddies have been predicted to be major methane sources. However, few
studies have been reported from the tropical regions, where most of the world's rice is
grown. This is partly because measurement technology requires complex analytical
facilities and logistical support. Zimmerman, Klinger, Hills, and Delany are therefore
developing analytical and enclosure sampling systems that will facilitate research in the
tropics. The work is sponsored by the EPA.

The dynamics of methane production from tropical wetlands is little understood.
In 1989 Tyler and Michael Keller (Advanced Study Program graduate research
assistant) continued their collaboration with R. Stallard (U. S. Geological Survey) to
complete the collection and analysis of data from extensive field work in Panama. The
data will include the isotopic composition of methane from specific wetland systems as
well as flux estimates derived from enclosure experiments.

The determination of the isotopic composition of methane from various sources
has been an integral part of much of the BAI work. This effort has included
collaborations with Cicerone, Lowe, Edward Dlugokencky (unaffiliated visiting
scientist), and Paul Steele (NOAA). Isotopic measurements have also been made for
the determination of methane fluxes from asphalt paving; seasonal, latitudinal, and
temporal trends in the isotopic composition of atmospheric methane; and refined
estimates of the isotopic fraction of methane due to reactions with the hydroxyl radical
(with Cantrell and Calvert).

Most methane sources are thought to be biogenic; however, there is currently a
large uncertainty in the estimation of fugitive emissions associated with natural gas
production and distribution. The BAI group is collaborating with Lamb and Westberg
(WSU) to develop methodologies to experimentally determine these emissions. The
planning phase of this work has been completed. The field work, jointly funded by the
Gas Research Institute and EPA, will begin in early 1990.

Although the major sources of atmospheric methane have been identified, their
relative source strengths are uncertain and ecosystem responses to climate change (with
respect to trace gas fluxes) are unknown. The development of models that combine
transport, chemistry, and emissions can provide a framework for comparing ambient
measurements with fluxes and for predicting future trends. The BAI group has worked
with John Taylor (Australian National University, Canberra) to develop this type of
model. Methane fluxes derived from source estimates were compared with fluxes
derived from estimates of the net carbon fixation by vegetation (net primary
productivity). These estimates generated seasonal and latitudinal ambient
concentrations that could be compared to actual ambient measurements made as a result
of the Trends in Atmospheric Constituents Study (TRACS) and the NOAA
Geophysical Monitoring for Climate Change (GMCC). One result of this research was
the identification of potential errors associated with the prediction of fluxes from
specific sources such as rice paddies. A paper describing this work has been submitted
for publication.
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Many of the key interactions between the earth and the atmosphere are mediated
by microbes. The cycling of carbon, nitrogen, and sulfur are examples. The BAI
group, with special NCAR funds to recruit women and minorities into science, hired
Elizabeth Holland, a microbial ecologist with experience in the application of isotopic
tracers to elemental cycling experiments. In addition, Holland will participate in the
development of ecosystem models for the prediction of trace gas fluxes. After her
arrival at NCAR in mid-October of 1989, Holland will be active in establishing
collaborations with university colleagues and will provide a focus to apply their
interdisciplinary expertise to research problems of interest to the BAI.

Holland will further participate in the development of a simple methane model
based on physiological controls over methane production and oxidation. This model is
now being developed in collaboration with David Valentine of the Natural Resource
Ecology Laboratory at Colorado State University. The philosophy driving the
development of this model is to first synthesize existing information on methane
emission and oxidation into a simple conceptual framework that can then be tested in a
variety of ecosystems. The model explicitly considers pe, pH, substrate availability,
temperature, and soil moisture controls over methane formation and oxidation. The
pathways of methane formation currently being considered are CO 2 + H2 -X CH4 and
acetate -> CH4. Methane oxidation is considered separately. The model should use as
few driving variables as possible so that it can be used for making regional estimates of
methane emissions. The model will be constructed so that it can interact with existing
ecosystem models of decomposition and formation of soil organic matter: the soil
organic matter model developed at Colorado State University (William Parton and
David Schimel), and Linkages, the model being used at NCAR by Gordon Bonan
(Advanced Study Program postdoctoral fellow) and at the University of Minnesota by
John Pastor.

Plant-Atmosphere Gas Exchange
Project

The PAGE Project (formerly the Reactive Gases and Particles Project) was
renamed in 1989 in order to more accurately reflect its major research emphasis. The
chemistry of the troposphere and the biological interactions of vegetation are intimately
intertwined. Fluxes to and from vegetation can potentially affect ecosystem structure
and function. Understanding these interactions will be a critical step in predicting the
future effects of global change. This project concentrates on developing experimental
methodologies and analytical tools to explore potential interactions.

Lazrus spent much of the year on sabbatical leave at the University of
Pennsylvania, where he worked with Arthur Johnson. The decline of red spruce in the
Adirondack range is of primary interest to Johnson and is the basis of a long-term
research project initiated at NCAR with Christine Ennis. In the course of this project at
NCAR, the PAGE group developed a branch chamber system that permits continual
monitoring of the fluxes of trace gas pollutants from complex mixtures to individual
tree branches, while simultaneously monitoring photosynthesis, respiration, and
transpiration rates. This system was applied to red spruce saplings under controlled
laboratory conditions. At the University of Pennsylvania, Lazrus designed and helped
to fabricate a comparable chamber system for fully grown trees in a forest. The system
is intended to measure the physiological responses to ozone, acid mist, or the two in
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combination. In addition to the physiological responses, temperature and radiant flux
are also monitored. The system, comprising ten branch chambers, is fully automated
and can be operated on storage batteries. Though it is being used in the Adirondack
Mountains to study the relationship between forest decline and air pollution, this system
has obvious application to investigations under forest conditions of the effects of
climate change on physiological functioning and subsequent feedback effects of trees
on atmospheric composition. The system is compatible with measurements of many
trace gases, including carbon dioxide, water vapor, and photochemically reactive
hydrocarbons.

Lazrus, working with Wang Ying (a visitor from the People's Republic of
China on special appointment from NSF), has also continued work to improve the
detection limit of the formaldehyde vapor test developed several years earlier. This
analytical technique is valuable for studying the oxidative capacity of the atmosphere.
The PAGE group hopes to extend its usefulness for measurements at higher altitudes in
the free troposphere.

Also during 1989, Ennis, working with James Smith (visitor, University of
Colorado), made improvements to the PAGE group's laboratory exposure system and
conducted several major experiments. Using transparent teflon chambers, entire
individual branches of small trees were enclosed and exposed to tropospheric pollutants
for several weeks. Gaseous flux measurements were made hourly in order to quantify
the role of the tree as a source/sink of atmospheric gases and to assess the tree's
physiological response to pollutant exposure. Within the past year, Smith has
transferred data acquisition tasks to a personal computer. This data system permits
real-time viewing of data from an array of chemical detectors (CO 2, H 2 0, SO2, 03,
H 2 0 2 , and organic peroxides) and allows the rapid determination of trends in
physiological response during long-term exposure experiments. The suite of
instruments used to monitor plant response has been expanded to include temperature
sensors and a chromatographic system for daily measurements of plant isoprene
emissions. Ennis, Zimmerman, and Lazrus are exploring the possibility that
atmospheric pollutants influence the emission of hydrocarbons, such as isoprene, from
vegetation. Changes in emission rates in response to pollutant exposure could set up
feedback loops that alter photochemical oxidant levels.

Investigations centered on red spruce because of its importance in forest
decline. One experiment provided the first data on how SO2, alone and in combination
with 03, affects red spruce. A remarkable synergism was found, in which the
combination of SO2 and 03 induced stomatal closure and reduced photosynthesis by a
factor of about 2. Exposure to SO2 or 03 individually elicited distinctly different
physiological responses. Nighttime respiration, an indicator of plant repair processes,
was unaffected by exposure to SO2, 03, or the combination of SO2 and 03. In other
experiments, the research group studied the effect of ambient levels of H 20 2 on red
spruce and also the effects of H 20 2 and 03 in combination. Results of a three-week
exposure experiment showed no measurable effects on respiration, transpiration, or
hydrocarbon fluxes. However, the deposition of H 20 2 and 03 was found to be
substantial and could possibly lead to the erosion of the protective plant cuticle,
facilitating long-term damage during times of moisture stress.

The results of these experiments have contributed to our knowledge of potential
mechanisms for the observed decline of red spruce. In addition, the analytical and
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experimental techniques developed during the course of these experiments can be
applied to future studies of carbon cycling and climate change.

In Situ Measurements Project

Trace gases are emitted to the atmosphere through both natural and
anthropogenic processes. The strengths of these emissions to a large extent determine
the composition of the atmosphere and control the atmospheric level of greenhouse
gases, which influence climate, and provide the source gases for stratospheric ozone
destruction and tropospheric ozone production. The In Situ Measurements (ISM)
Project, led by Leroy Heidt, has been performing in situ measurements of these long-
lived trace gases in both the troposphere and the stratosphere.

The project's measurements are intended to strengthen our understanding of
tropospheric chemistry cycles by establishing sources for chemical species in the
troposphere, indicating transport mechanisms and chemical transformations, isolating
processes of removal from the troposphere, and monitoring long-term concentration
trends that have an effect on those cycles. The distribution of these trace gases in the
stratosphere directly influences the earth's radiation balance and the ozone budget as
well as other chemical balances, which in turn influence the dynamics of the
stratosphere. The observational efforts, therefore, have continued to focus on spatial
and temporal distributions as well as on long-term concentration trends in both the
troposphere and stratosphere. Additionally, the application of this data contributes to
the Global Tropospheric Chemistry Program.

The tropospheric Trends in Atmospheric Constituents Study (TRACS), part of
which makes use of the NOAA Geophysical Monitoring for Climate Change (GMCC)
global sampling network, continues to monitor long-term trace gas trends at five sites
worldwide. Sample collections have been done with NOAA GMCC. A sixth site,
established by NCAR in New Zealand with Sharyn Latchford (New Zealand
Meteorology Service) also contributes to this network of weekly sample collections.
With this collaboration, Heidt, Walter Pollock, Richard Lueb, and Curtis Gilliland were
able to perform the analyses of approximately 1,000 TRACS samples while also
focusing efforts on other research efforts that make use of shipboard and aircraft
platforms. In fiscal year (FY) 1989, the focus of these trend measurements was
narrowed to include only CH4, CO, CH3CC13, CC14, C2F3C13, and CF4.
Additionally, seasonal cycles and source regions were established for the organic
bromine gases CHBr3 CH3Br, and CH2Br2. New trend measurements begun in FY
89 include three halons, CF3Br, CF2ClBr, and C2F4Br2.

A major effort of the ISM staff in FY 89 was its participation in the Airborne
Arctic Stratospheric Expedition (AASE), sponsored by NASA, NOAA, and NSF.
Whole-air sampling systems installed on the NASA DC-8 and ER-2 aircraft were
successfully employed on 16 ER-2 flights and 14 DC-8 flights. Over 400 samples
collected by the ISM group and Mankin and Coffey were analyzed for CH4, CO, CO2,
N20, CFC13, CF2C12, C2F3C13, CH3CC13, and CC14 as tracers of tropospheric and
stratospheric chemistry and meteorology in the Arctic region. Correlative surface
sample collections in the Arctic and Antarctic ice shelves were made with Cornelius
Sullivan (University of Southern California). With these data, Heidt, Pollock, Lueb,
and Gilliland were successful in defining the meteorological boundaries of the vortex
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and in monitoring the degradation of some of the species involved in the chemical
depletion of ozone within the "chemical containment vessel."

The AASE efforts led by Heidt and James Vedder (NASA Ames Research
Center) were expanded over the Antarctic Airborne Ozone Experiment (AAOE) of FY
87 with the addition of a portable gas chromatograph/mass spectrometer donated to
NCAR by Hewlett-Packard. With this instrument, on-site measurements of the organic
bromine trace gases were also performed. Thus, the ISM staff was successful in
monitoring the contribution of chlorine and bromine from organic trace gas sources and
their impact on ozone destruction. Correlation studies of the AASE data are under way
with Kenneth Kelly, David Fahey, and Michael Proffitt of the NOAA Environmental
Research Laboratory (ERL).

Modeling efforts with Rodney Jones and Daniel McKennon (United Kingdom
Meteorological Office), John Austin (University of Washington, Seattle) and Adrian
Tuck and Susan Hovde (NOAA ERL) have been major projects of the ISM staff this
year. Seven publications in FY 89 resulted from the AAOE (FY 87) experiment and
four presentations at the fall American Geophysical Union conference have resulted
thus far from the AASE (FY 89) experiment.
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Chemical Symbols

Br bromine
BrO bromine monoxide
14C carbon 14
C2F3C13 CFC-113
C2F4Br2 halon 2402
CC14 carbon tetrachloride
CF3Br halon 1301
CF2ClBr halon 1211
CF2C12 F-12 (dichloro difluoro methane)
CFC13 F-11 (trichloro fluoro methane)
CF4 carbon tetrafluoride
CFC chlorofluorocarbon
CHBr3 bromoform
CH2Br2 methylene bromide
CH20 formaldehyde
CH3Br methyl bromide
CH3CC13 methyl chloroform
CH4 methane
Cl chlorine
C10 chlorine monoxide
C1ONO2 chlorine nitrate
CO carbon monoxide
C02 carbon dioxide
H2 hydrogen
H20 water, water vapor
H202 hydrogen peroxide
HC1 hydrogen chloride (hydrochloric acid when in

solution)
HD deuterated hydrogen
HF hydrogen fluoride (hydrofluoric acid when in

solution)
HNO3 nitric acid
H02 hydroperoxyl radical
jN02 photodissociation rate coefficient for N02
N20 nitrous oxide
N20 5 dinitrogen pentoxide
NO nitric oxide
NO2 nitrogen dioxide
NO3 nitrogen trioxide
NOx oxides of nitrogen
NOy odd nitrogen
02 oxygen
03 ozone
OCS carbonyl sulfide
OH hydroxyl radical
PAN peroxyacetyl nitrate
R02 organic peroxyl radical
S02 sulfur dioxide
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Staff and Visitors

Staff

Division Director's Office

Guy Brasseur (acting director)
Ralph Cicerone (to 31 August 1989)
Teresa Rivas
Donna Sanerib
Paul Sperry
John Winchester (to 30 April 1989)

Atmospheric Chemistry of Transient
Species Section

Jack Calvert (head)

Atmospheric Kinetics and Photochemistry
Project
Jack Calvert (leader)
Christopher Cantrell
Gregory Kok
Anthony McDaniel (to 15 September 1989)
Scott McLaren
Michael Mozurkewich (long-term visitor)
Richard Shetter
Geoffrey Tyndall
John Winchester (leader to 30 April 1989)

Atmospheric Odd Nitrogen Project
Bruce Gandrud
Frank Grahek
Brian Ridley (leader)
Thaddeus Sauvain
James Walega
Andrew Weinheimer

Global and Remote Observations
Section

John Gille (head)

Global Observations and Modeling Project
Paul Bailey
Cheryl Craig
Eric Fetzer
John Gille (leader)
Lawrence Lyjak
Steven Massie
Daniel Packman
William Randel (long-term visitor)
Charles Smythe

Optical Techniques Project
Michael Coffey
Alan Fried
Aaron Goldman (affiliate scientist)
Bruce Henry
William Mankin (leader)

Atmospheric Chemical Modeling
Section

Guy Brasseur (head)
Richard Brost (to 5 March 1989)
Robert Chatfield
Rolando Garcia
Sasha Madronich
Stacy Walters

Biosphere-Atmosphere Chemistry
Section

Ralph Cicerone (acting head) (to 31 August
1989)

In-Situ Measurements Project
Curtis Gilliland (long-term visitor)
Leroy Heidt (leader)
Richard Lueb
Walter Pollock

Biosphere-Atmosphere Interactions Project
David Goldblum
James Greenberg
Stanley Tyler
Patrick Zimmerman (leader)

Plant-Atmosphere Gas Exchange Project
Christine Ennis
Allan Lazrus (leader)

Visitor and Support Section

Paul Sperry (head)
Anthony Delany
James Shetter (to 17 January 1989)

Administrators
Paul Sperry (leader)
Teresa Rivas

Clerical Element
Teresa Rivas (leader)
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Donna Sanerib
Selena Slyter
Marilena Stone
Sharon Vieyra

Computing Element
Timothy Fredrick
Paul Sperry (leader)

Kevin Harrison; University of California, San
Diego; August 1989; Biosphere-Atmosphere
Interactions Project

Didier Hauglustaine; University of Liege,
France; April to May 1989; Atmospheric
Chemical Modeling Section

Nicholas Hewitt; University of Lancaster,
England; June to October 1989; Reactive
Gases and Particles Project

Technical Element
William Bradley
Edward Ellert
Bryan Lee (leader)

Visitors

Naimul Islam; University of Maine; June to
August 1989; Atmospheric Odd Nitrogen
Project

Anna Arft; University of Colorado; May to
August 1989; Biosphere-Atmosphere
Interactions Project

Elliot Atlas; Texas A&M University;
September 1989 to March 1991; Atmospheric
Odd Nitrogen Project

Mary Anne Carroll; National Oceanic and
Atmospheric Administration; May 1983 to
May 1989; Atmospheric Odd Nitrogen Project

Kenneth Davis; University of Colorado;
September 1988 to January 1989; Biosphere-
Atmosphere Interactions Project

Anne De Rudder, Institute for Space
Aeronomy, Brussels, Belgium; June to
November 1988; Atmospheric Chemical
Modeling Section

Edward Dlugokencky; unaffiliated; July 1989
to July 1990; Biosphere-Atmosphere
Interactions Project

David Edwards; Oxford University, England;
August 1989 to August 1990; Global
Observations and Modeling Project

Edward Gille; Yale University; May to October
1989; In Situ Measurements Project

Claire Granier; University of Paris, France;
December 1988 to December 1990;
Atmospheric Chemical Modeling Section

David Griffith; University of Wollongong,
Australia; July to December 1989; Optical
Techniques Project

Dattatraya Jadhav; Indian Institute of Tropical
Meteorology; November to December 1988;
Optical Techniques Project

Tezz Johnson; University of Colorado; June
1988 to December 1989; Director's Office

Marisa Kadavanich; Metropolitan State
College; June to August 1989; Biosphere-
Atmosphere Interactions Project

Keith King; Jackson State University; June to
August 1989; Computing Element

William Kohsiek; Koninklijk Netherlands
Meteorological Institute; September 1988 to
July 1989; Atmospheric Kinetics Project

Scott Lindeman; Fairview High School,
Boulder, Colorado; June to July 1989;
Director's Office

Shaw Liu; National Oceanic and Atmospheric
Administration; May 1988 to December 1989;
Director's Office

David Lowe; Institute of Nuclear Sciences,
New Zealand; June 1988 to August 1989;
Biosphere-Atmosphere Interactions Project

Irena Lowe; unaffiliated; January to June 1989;
Biosphere-Atmosphere Interactions Project

John Mak; Scripps Institution of
Oceanography; April to June 1989; Biosphere-
Atmosphere Interactions Project

Edward Martell; October 1984 to September
1989; Director's Office
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Didier Moreau; University of Colorado;
August 1988 to September 1989; Atmospheric
Chemical Modeling Section

Jean-Francois Miiller; Belgian Institute for
Space Aeronomy, Brussels; September to
December 1989; Atmospheric Chemical
Modeling Section

Jean-Francois Miiller, Belgian Institute for
Space Aeronomy, Brussels; December 1988 to
February 1989; Atmospheric Chemical
Modeling Section

Jerry Olson; Global Patterns Company;
September 1989 to April 1990; Biosphere-
Atmosphere Interactions Project

Jozef Pacyna; Norwegian Institute for Air
Research, Lillestrom; June to August 1989;
Director's Office

Bryan Paul, Fairview High School, Boulder,
Colorado; June 1988 to April 1989 and
September to October 1989; Director's Office

Heather Ready; National Oceanic and
Atmospheric Administration; May to August
1989; Atmospheric Kinetics and
Photochemistry Project

Peter R6th; University of Essen, Jiilich,
Federal Republic of Germany; August to
October 1988; Global Observations and
Modeling Project

Murry Salby; University of Colorado; March
1984 to December 1989; Atmospheric
Chemical Modeling Section

Anne Smith; University of Michigan; June to
July 1989; Global Observations and Modeling
Project

James Smith; University of Colorado;
September 1987 to August 1989; Reactive
Gases and Particles Project

Susan Solomon; National Oceanic and
Atmospheric Administration; November 1983
to December 1989; Atmospheric Chemical
Modeling Section

John Taylor; National Oceanic and
Atmospheric Administration; July 1988 to
February 1989; Australian National
University, Canberra; May to June 1989;
Atmospheric Chemical Modeling Section

Gillian Walford; University of Colorado;
September 1989 to May 1990; Biosphere-
Atmosphere Interactions Project

Curtis Westberg; University of Colorado; May
to June 1989 and September 1989 to March
1990; Biosphere-Atmosphere Interactions
Project

John Winchester; Florida State University;
May 1988 to April 1989; Director's Office

Beiying Wu; Academia Sinica, Beijing,
People's Republic of China; January 1989 to
January 1990; Global Observations and
Modeling Project

Wang Ying; Florida State University; June
1988 to August 1989; Reactive Gases and
Particles Project

Laurel Sanford; Whitworth College; December
1988 to February 1989 and May 1989 to
August 1989; Atmospheric Odd Nitrogen
Project

Kathleen Schildmyer; University of Alberta,
Canada; May 1988 to March 1989; Biosphere-
Atmosphere Interactions Project

Niels Schonbeck; Metropolitan State College;
June 1986 to August 1989; Reactive Gases and
Particles Project
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The research goal of the High Altitude Observatory (HAO) is to understand
the sun 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 as an integral
system.

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 long. 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 understood. Yet understanding these influences is crucial to our
ability to separate manmade 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 the global change.

In three 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 consequences. Fortunately, the
unifying theme of solar variability produces strongly overlapping interests in the
four sections and leads to a healthy level of interaction and cooperation.

Significant Accomplishments

Some highlights of the year's research activities are described below.
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* The Solar Maximum Mission satellite, carrying HAO's coronagraph/
polarimeter, ceased operation on 17 November 1989, followed by reentry
into the earth's atmosphere and destruction on 2 December 1989. The
satellite, launched in 1980, was repaired in space in 1984 and operated
continuously from that time, supplying more than 240,000 images of the
corona. In particular, the wealth of data it has provided on coronal mass
ejections, combined with data from HAO's Mark III K-coronameter, is
providing new insights into the complex spatial and temporal relationships
among the components making up the mass ejection phenomenon. Detailed
analysis of these data sets is expected to continue for some time.

* The first evidence of the existence of hydromagnetic waves in the corona was
reported. The study of extreme ultraviolet spectral line data (taken along
a solar diameter out to 1.2 R® with high spatial resolution, obtained on a
sounding rocket experiment on 17 March 1988) led to the conclusion that the
broadening of the high-temperature Mg X lines is mostly plausibly explained
by the effects of outward-propagating hydromagnetic waves with amplitudes
of the order of 30 km/s at the coronal base (1.04 R®).

* High-resolution observation is continuing to yield new information on
sunspots. Spectra of a Zeeman-sensitive line of Fe+ in an umbral fine
structure, obtained at the Swedish Solar Observatory during 1988, allow the
magnetic field to be measured in the deepest observable layer of the solar
atmosphere. Analysis of these data led to the conclusion that the field
strength in bright umbral dots varies little from that of the surrounding dark
areas of sunspot umbrae. This result is in conflict with the widely held belief
that umbral dots represent the tops of field-free convection plumes within
umbrae.

* Ultraviolet spectra of chromospheric lines observed with the rocket-borne
high-resolution telescope and spectrograph demonstrate that the chromo-
spheric temperature rise is present over at least 90% of the quiet solar
surface. This result argues strongly against a bifurcated model of the solar
chromosphere, based upon molecular absorption lines in the infrared, in
which the chromosphere was present over less than 10% of the quiet sun.

* The first evidence of success has emerged from a collaborative effort to
measure solar-like p-modes in stars other than the sun. Effort has been
concentrated on ways of making very precise Doppler and photometric
measurements of sun-like stars. Doppler data on Procyon, obtained at the
Kitt Peak National Observatory this year, had better short-term Doppler
stability than any previously achieved, and showed clear power excess at
frequencies between 0.3 and 1.4 mHz. Comparison with similar power spectra
shows that this power clearly originates on Procyon. Although it has not
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yet been possible to show unambiguously that this signal arises from stellar
p-modes, this appears to be the most likely explanation. If indeed they are
the source of excess power, then their amplitudes are larger than solar by a
factor of about 4.

* The technique known as assimilative mapping of ionospheric electrodynamics
has been applied to data from incoherent-scatter radars and ground- and
satellite-based magnetometers to determine global measures of high-latitude
ionospheric electrodynamic activity. Variations over time in global measures
of electric potentials, currents, resistances, and energy transfer from the
magnetosphere to the ionosphere are generally well correlated. In particular,
parameterizations of these quantities have been developed in terms of the
auroral electrojet index, the 3-h magnetic Kp index, and the hemispheric
power index of precipitating auroral particles. The results of these studies
are important for an improved understanding of ionosphere-magnetosphere
electrodynamic coupling.

* The TIGCM has been used to study time-dependent responses to geomagnetic
activity for specific periods when satellite- and ground-based data were
available for evaluating model predictions. The results from several
simulations have clearly demonstrated that the TIGCM predictions are, as
good as or better than predictions from empirical models, such as the mass
spectrometer and incoherent-scatter empirical model of neutral temperature
and composition and the international reference ionosphere for electron
and ion temperatures and electron density. The results of these time-
dependent studies have provided considerable insights into the important
physical, chemical, and radiative processes operating in the thermosphere
and ionosphere and the sources of observed variability.

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
between phenomena in the corona and in the lower layers of the solar atmosphere,
long-term variations in the coronal and solar wind characteristics, and the effects of
the solar wind upon the terrestrial environment. These studies lead to a substantial
(and desirable) overlap in research and personnel with the other sections of the
observatory. CIP's research program encompasses observing projects that use
both ground-based and spacecraft-borne instruments, interpretative studies using
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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.

Coronal Magnetic Field

The corona is an excellent electric conductor. The magnetic forces caused
by free-flowing electric currents give rise to a rich variety of quasi-steady plasma
structures, ranging from the magnetically open and closed regions over the large
scale to a host of smaller-scale plasma loops of various thermodynamic states in
the low corona. The hydromagnetic equilibrium of these structures, including the
steady flow of solar wind along open magnetic fields, their mechanical stability,
and the onset of eruption leading to time-dependent phenomena, pose interesting
theoretical questions which are pursued systematically in the CIP program. This
effort is also a part of an observatory-wide program of plasma modeling led by
Thomas Holzer.

In the low corona where the solar wind is not important, the quiescent
state of the atmosphere may be taken to be in static equilibrium. An ongoing
program seeks to construct axisymmetric and fully three-dimensional magnetostatic
equilibrium states. Michael Goodman (Advanced Studies Program visitor from the
Courant Institute) joins Arthur Hundhausen and Boon Chye Low in the theoretical
study of axisymmetric magnetostatic coronal models as a guide to coronagraph
observations. The coronagraph allows these collaborators to observe coronal
density structures illuminated by the Thomson scattering of photospheric light
into the line of sight. The corona is optically thin, so a coronagraph image presents
a classical inverse problem of determining the coronal density distribution from
the observed line-of-sight intensity. A class of simple axisymmetric magnetostatic
solutions has been found that presents an opportunity to treat the forward problem
of artificially constructing the coronagraph images of the axisymmetric corona,
which are represented by these solutions, as a function of the orientation of the line
of sight. A study of the relationship between these solutions and their respective
sets of coronagraph images is under way which should prove instructive for the
interpretation of coronagraph observations and useful as an intuitive basis for a
similar study, in progress, with fully three-dimensional theoretical models. Fully
three-dimensional magnetostatic solutions are difficult to construct. In 1985, Low
found a set of solutions in spherical coordinates that are sophisticated enough to
accommodate an arbitrary prescription of the normal magnetic flux distribution
at the surface of a sphere. These solutions present the prospect of modeling the
realistic corona as a three-dimensional atmosphere with an input of magnetic flux
data given by a magnetograph. A subset of these solutions, constructed by Thomas
Bogdan and Low, is being used by Bogdan, David Sime, and Frances Bagenal
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(University of Colorado) to model the solar corona as observed by the Mark III
K-coronameter at HAO's Mauna Loa Solar Observatory (MLSO) in Hawaii, with
an input of data from the magnetograph at Kitt Peak National Observatory (see
the 1988 report). Desite their versatility, Bogdan and Low's solutions permit
only untwisted magnetic fields. With You-Qing Lou (Advanced Studies Program
visitor now at the University of Alaska), Bogdan and Low have found a simple
generalization of their subset to allow for highly twisted magnetic fields. These
new solutions are being investigated for their theoretical interest.

Studies at HAO and elsewhere have shown that the remarkable stability
of quiescent coronal magnetic fields is due to the anchoring of the magnetic
footpoints at the dense photosphere under the condition of extremely high
electrical conductivity. Demonstrations of this anchoring effect have thus far been
based upon the approximation in which the photosphere is taken to be rigid.
While this approximation captures the basic physics well, it is desirable to relax
the rigid boundary approximation. Attempts by various scientists in the 1970s
to pose more realistic photospheric boundary conditions were unsuccessful, as
reported by Robert Rosner (NCAR affiliate scientist of the University of Chicago),
Low, and Holzer in a 1985 review. Low has returned to examine the issues and
has identified two specific physical circumstances under which the rigid boundary
approximation would actually break down, one associated with resistive instability
and the other with the build-up of infinite magnetic stresses resulting from the
formation of an electric current sheet. Low also proposed that, as a step away from
the rigid boundary approximation, the photosphere may be regarded as a slowing,
deformable, impenetrable surface. These results were reported in a new review of
hydromagnetic processes in the corona.

The magnetic field in the corona cannot be observed to any useful spatial
resolution because coronal emissions are weak, and they lack the kind of
magnetically sensitive spectral lines that render the magnetic fields in the
photosphere and chromosphere more accessible to direct observation. There is thus
a long-standing interest in devising algorithms capable of extrapolating the coronal
magnetic field from (vector) field measurements obtained at the lower levels by the
use of magnetographs or polarimeters. A popular model of extrapolation assumes
the quiescent magnetic field to be force-free, with the electric current density taken
parallel to the magnetic field, as is appropriate for the field over a solar active
region. The mathematical problem of extrapolation in this case is ill-posed. Lou
and Low have examined and illustrated the specific reasons for this problem and
have found a class of analytic, three-dimensional, force-free magnetic fields for the
purpose of challenging and testing the accuracy and reliability of extrapolation
codes currently being devised by various scientists and reported in the literature.
With a new generation of magnetographs and polarimeters being built at HAO
and elsewhere, both in the United States and abroad, there is renewed interest in
the development of extrapolation codes and the problems these codes encounter.
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Low continues to work on the spontaneous formation of electric current sheets
in magnetic fields in a perfectly conducting medium. Eugene Parker (University
of Chicago) pointed out several years ago that this process operates in arbitrarily
twisted magnetic fields such as scientists expect to exist in the corona. The
constraint of preserving the magnetic field topology under the first approximation
of perfect electrical conductivity generally results in tearing displacements of
magnetic flux tubes relative to their surroundings in the course of relieving
magnetic stress. Magnetic flux bundles that are otherwise separate in space push
their way into contact to form rotational discontinuities, which readily dissipate
through the breakdown of the perfect conductivity approximation in a realistic
plasma. This process holds promise of tapping the energy in electric currents
despite the corona's high conductivity and may prove to be important for the flare
process. Low and collaborators have provided some of the explicit examples of this
process. Recent developments have been reviewed by Low in a paper presented to
the 1989 IUTAM Symposium on Topological Fluid Mechanics.

Coronal Observations and Interpretation

Coronal observations at HAO continued with the operation of the Mark III
K-coronameter and Ha monitor at MLSO and the coronagraph/polarimeter on
the Solar Maximum Mission (SMM) satellite. The almost continuous coverage of
the corona in its current evolution towards activity maximum, estimated to occur
in 1991, showed the continuation of trends already described in the 1988 report:
growing complexity of coronal structure and more rapid temporal evolution.
Sunspot counts and other indicators suggest that the maximum of 1991 may show
the highest level of activity ever recorded. By late 1989, HAO's instruments are
showing the corona to have acquired the classical "sunspot max" configuration.
This first-ever coronagraph observation of the corona during an ascending phase
of a solar cycle has also revealed some unexpected features, namely, the formation
and migration of long magnetic neutral lines from active regions toward the poles
with the formation of huge quiescent prominences and coronal helmet streamers
over these neutral lines.

Increased atmospheric drag on the SMM satellite due to a heating of the earth's
upper atmosphere during the rapidly rising solar activity has led to a significant
decay of the satellite's orbit beginning in 1988. The orbit decay accelerated in
1989, from above 400 km to below 300 km with a loss of pointing capability.
Observations terminated on 17 November 1989, and the satellite plunged into the
Indian Ocean on 2 December 1989. This satellite was launched in 1980, broke
down after a year's operation, was repaired in space in 1984, and then operated
continuously until termination. The SMM coronagraph instrument has provided a
set of coronal data of unprecedented duration and quality. With its demise, plans
are being made for a systematic analysis of this data set.
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The refurbishment of the coronal instruments, Mark III, at MLSO, begun in
FY 88, is near completion in preparation for full observational coverage of the
ascent to the solar maximum of 1991. Preparation has also begun on modifying
and using these instruments for observing the eclipse of 1991 in Hawaii, with the
goal of obtaining data for the calibration of the Mark III coronameter. Activity
at MLSO has also broadened to include measurements and evaluations for the site
as a possible location for one of the planned Global Oscillation Network Group
instruments and assistance to the Large Earth-Based Solar Telescope (LEST)
Foundation in their site evaluation on Mauna Kea.

To obtain information on the physical conditions in the corona, it is necessary
to go beyond white light and observe in coronal emission lines. Edward Shoub,
Holzer, Donald Hassler, and Gary Rottman (the latter two of the University of
Colorado) have collaborated in analyzing extreme ultraviolet spectral line data
(605-635 A and 1210-1270 A, including lines of Mg X, O V, and Fe XII),
taken along a solar diameter out to 1.2 R®with high spatial resolution (20
times 60//), obtained on a sounding rocket experiment on 17 March 1988. They
found that the line width increases with height from the solar limb, the effect
being clearest in the case of the high-temperature lines of Mg X. Four possible
major causes of this effect were examined in computer simulations to evaluate
their importance: temperature variations, systematic macroscopic flows, interplay
between radiative absorption and line-of-sight effect, and the growth of outward-
propagating, undamped hydromagnetic waves with height. A parametric study
concludes that the broadening of the high-temperature Mg X lines is most
plausibly explained by the effects of outward-propagating hydromagnetic waves
with amplitudes of the order of 30 km/s at the coronal base (1.04 Re). This is the
first reported evidence of the existence of hydromagnetic waves in the corona.

A major effort was undertaken to bring the NASA-funded SPARTAN 201
white-light coronagraph to the point of deployment by the space shuttle. The
launch date has been set in October 1991, and the project is progressing on
schedule. This instrument will be mated to an ultraviolet spectrometer and
mounted in a common subsatellite. The spectrometer, built by the Harvard-
Smithsonian Center for Astrophysics, is designed to observe Doppler dimming in
La in the low corona. Together, the two instruments will provide information
on the physical conditions in the inner acceleration region of the solar wind.
The functions, performance, photometric precision, and control softwares of the
HAO instrument were tested extensively early in 1989, and minor assembly errors
and other problems were identified and corrected. The instrument was then
transported to NASA Goddard Space Flight Center for integration, alignment,
and environmental tests. The workers solved difficulties of alignment between the
two instruments. Otherwise, the HAO instrument functioned with no failure and
has been returned to HAO. Further work includes testing of optical alignment and
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function of optical elements. After a final integration and test, the instrument is
expected to be readied for deployment in 1991.

NASA approved a proposal for an ultra-high-resolution extreme ultraviolet
spectrometer, sponsored by Stanford University and NASA Marshall Space
Flight Center (principal investigators: Arthur Walker of Stanford and Richard
Hoover of Marshall Space Flight Center), to be housed in the space station.
Sime's participation in this proposal represents HAO's commitment to future
opportunities in short-wavelength observations of the corona. Sime is also
participating in the interpretation of the early Stanford rocket data on the corona
taken at 170 A with normal incidence optics, studying filament channels and
related coronal structures by comparison with the MLSO Ha and white-light data.

Coronal Mass Ejections

SMM and MLSO observations of coronal mass ejections in the past year have
revealed interesting new properties as well as the variation of general properties in
the course of the solar cycle. Most notable is the dramatic increase in the rate
of occurrence. Some 300 ejections were observed by the SMM coronagraph in
1980 and 1984-87. (The instrument was not operational from 1981 until repair
in space in 1984.) In the current ascent to activity maximum, estimated for
1991, the SMM coronagraph observed 380 ejections in 1988 and 455 ejections in
the first 300 days of 1989. Given the frequent and rich display of mass ejections
now characterizing the solar corona, the combined use of Ha and white-light
data from HAO's ground-based instruments and data from the SMM instruments
is providing new insights into the complex spatial and temporal relationships
among the components making up the mass ejection phenomenon. Among the
outstanding events was the identification of Ha material falling from more than
one solar radius above the limb, due, presumably, to a failure of ejected material
to leave the corona.

Mass ejections related to the eruption of major quiescent prominences at
high latitudes form a distinct class. The erupted prominence tends to show
a characteristic ropelike structure and serves to pinpoint the location of the
associated mass ejection. Ha observation of the pre-eruption prominence and its
passage across the solar disk provides information on the possible three-dimensional
global geometry of the entire structure. These events sometimes occur without
X-ray or Ha emissions that would be classified as flares. In several events the
prominence started erupting only after the mass ejection was under way, rising
more slowly than the mass ejection. The high rate of occurrence produced many
cases well observed by both SMM and the MLSO instruments with their different
fields of view covering from 1.2 RE to 6 Ra above the solar limb. Detailed analysis
of the combined data sets is in progress.
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Another distinct class of mass ejections is associated with observed eruptions of
chromospheric material from active regions. These occur in low or middle latitudes
and are characterized by amorphous or complex dense cores. Many examples
were observed of X-ray and Ha flares erupting after the associated mass ejection
was well under way, providing a firm basis for the radical conclusion that flares
cannot be the cause of mass ejections (see the 1988 report). Detailed coverage of
individual events by both SMM and Mauna Loa coronagraphs, as well as X-ray
instruments on the SMM, shows that postflare loops form after the mass ejection
has gone and persist for 6-24 hours. These loop structures are confined to the low
corona. Sime and Richard Altrock (National Solar Observatory, or NSO) recently
compared data, finding that in some six mass ejections for which coronal green-line
observations are available, enhanced green-line emissions signifying heating were
located at one of the mass ejection "legs" low in the corona. This suggests that
the mass ejection may in fact be the cause of the magnetic reconnection that is
widely believed to produce the postflare loops and heating, and that the lifetimes
of these loops correspond to the time scales for the magnetic field, pulled out by
the mass ejection to reconnect and return to a closed configuration.

Richard Steinolfson (visitor from Southwest Research Associates) and Hund-
hausen completed several numerical simulations of hydromagnetic shock formation
associated with large-scale flows such as expected in a mass ejection. An early
simulation of theirs, as well as another independent simulation by You Qiu Hu
(University of Science and Technology of China, Beijing), Hundhausen, Holzer, and
Low, have demonstrated the possibility of generating a slow hydromagnetic shock
by a driver moving at sub-Alfvenic but supersonic speeds, assuming coronal con-
ditions with the Alfven speed greater than the sound speed. In these simulations,
it was found that the presence of fast-mode waves propagating ahead of the slow
shock can modify the medium ahead of the shock so that the slow shock need not
have a concave outward configuration. More recent simulations by Steinolfson and
Hundhausen have shown that allowing for a more realistic driving flow expected
of mass ejections, which sweeps magnetic flux out of the way under the frozen-in
condition of high electrical conductivity, slow shocks with the concave outward
configuration can indeed form, as suggested by the simple analytic arguments
made earlier by Hundhausen, Holzer, and Low.

In this connection, Steinolfson and Hundhausen have discovered from the
numerical simulations that a concave-outward shock configuration can also form
near the nose of the driver-a configuration consistent with an intermediate shock
transition obtaining for a limited super-Alfvenic range of the speed of the driver.
These results have produced a revised view of the progression of shock structure
associated with a driver as it travels at speeds varying parametrically from subsonic
to super-Alfvenic values in a magnetically dominated plasma.

Coronal mass ejections are among the rare examples of highly time-dependent
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hydromagnetic phenomena in nature that are directly observable. The intrinsic
interest of this phenomenon and the physics it is teaching us represent an exciting
development in solar physics. Hundhausen has presented the results of this
research in invited talks at American Astronomical Society and the American
Physical Society meetings. Low also has spoken on the theoretical aspects of
the phenomenon in invited talks at meetings of the International Association for
Geomagnetism and Aeronomy and the International Astronomical Union.

Solar and Stellar Winds

Solar and stellar wind studies at HAO are conducted both in this section and
in the Solar Activity and Magnetic Fields section. The research program centers
on basic physical mechanisms important to the generation of the solar wind and
the evolution of solar wind structure, with a particular interest in applying the
physical insight gained in these studies to the theory of stellar winds. HAO
participates, principally through Holzer, in several space experiments (on approved
NASA missions) to observe solar wind properties-SPARTAN, ULYSSES, and the
International Solar Terrestrial Physics (ISTP) missions. These experiments hold
prospects of resolving some of the outstanding issues concerning the acceleration
region of the wind. Holzer, Shoub, Egil Leer (NCAR affiliate scientist of the
Institute of Theoretical Astrophysics, Oslo, Norway), and other collaborators are
developing diagnostic tools for data interpretation.

With the Voyager 1 spacecraft now approaching the outer reaches of the solar
system, to be followed eventually by the Pioneer X and XI spacecrafts, interest
of the space physics community has been renewed recently in the physics of the
termination shock where the solar wind blends into the interstellar medium. The
intensity of activity in this area of research tends to be driven primarily by the
availability of new relevant observations, and recent reports of possible indirect
detections of the termination shock have been made by William Kurth (University
of Iowa), Martin Lee (University of New Hampshire), and others. There has also
been increased activity in the observational study of the local interstellar medium.
Holzer recently wrote a review on solar wind termination, concluding that currently
available observational and theoretical information suggests that the termination
of the solar wind is largely controlled by the interstellar magnetic containment of
the postshock flow. The uncertainty in our knowledge of the interstellar magnetic
field strength does not allow us to decide whether the termination shock is as near
as 50 astronomical units (AU), as recently suggested by some workers, or as far as
150 AU. If the shock distance is indeed 50 AU, then Voyager 1 should cross it with
the next few years. Maintaining the operation of the few outward-traveling space
probes is thus valuable, for they may yield observations that provide an important
constraint on the interstellar magnetic field strength.

Theorists have long been intrigued by the physical implications of the rapidly
divergent shapes of coronal holes on the acceleration of the solar wind. More
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recently, as the literature has shown, interest has revived in the possibility of
standing shocks existing in the wind as it flows in rapidly divergent channels.
Holzer and Leer examined the physical issues and showed that while these shocks
are physically admissible, they are not likely to be realized in the solar wind or
related astrophysical systems because, for reasonable flow geometries, they can
occur only for a very limited range of physical parameters in each case.

Holzer, Rosine Lallement (National Center for Scientific Research, or CNRS,
Marseille, France), and Maha Ashour-Abdalla (University of California, Los
Angeles, or UCLA) are collaborating on the study of thermal conduction in
the solar wind. The goal is to use white-light coronagraph data; theoretical
descriptions of mass, momentum, and energy balance; and a numerical simulation
describing conduction-driven instability and consequent perpendicular heating of
protons to infer constraints on the electron heat flux in the Munro-Jackson coronal
hole. The issue is whether thermal conduction can supply adequate energy to
drive the wind in the Munro-Jackson coronal hole, a question shown a few years
ago by Holzer, Lallement, and Richard Munro (Ball Corporation) not to have been
unambiguously settled.

Holzer, Leer, Shoub, and other collaborators continue their theoretical study
of solar wind acceleration, a long-term project partially funded by NASA. An
important question investigated concerns the relative constancy of the proton flux
observed at 1 AU, which appears to conflict with the theoretical expectation that
this mass flux depends sensitively on the density and temperature in the corona.
A three-fluid model has been constructed to test the hypothesis that a high
concentration of alpha particles in the corona may regulate the solar wind proton
flux through frictional drag. Preliminary results are being evaluated.

A related study by Ashour-Abdalla, Leer, and Holzer treats numerical
simulations of plasma instabilities (principally the ion-ion streaming instability)
associated with the three-fluid wind, with the goal of understanding the effects of
these instabilities on transport processes in the wind. A second important question
of the project concerns the microscopic processes that govern the solar wind
plasma. This plasma is neither collision-dominated nor collisionless, and Shoub
has shown that classical transport theory based on collision-dominated processes
may not apply. Specifically, Shoub has demonstrated the failure of the traditional
description of Coulomb relaxation when large-angle scattering is not properly
accounted for and of the inadequacy of simple moments in capturing the energy
and momentum exchange rates taking place in a nonequilibrium plasma. Until
the basic issues of these microscopic processes, including various types of plasma
turbulences, are understood, it is uncertain to what extent they can contribute
nonthermal enhancement of heat flux over the collision-dominated value in the
solar wind to account for the energies of the high-speed streams at 1 AU and to
what extent there is need for extended energy and momentum additions above the
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corona. To address this class of problems, with the long-term goal of formulating a
kinetically valid macroscopic description of the solar wind, it is necessary to solve
the Fokker-Planck and Boltzmann equations directly by numerical codes. The
development and testing of these codes to treat collisional processes and nonlocal
effects in two-dimensional velocity space are difficult undertakings that form a
major part of Shoub's work.

Kanaris Tsinganos (University of Crete, Greece), Hu, and Low continue to
investigate the analytic model of a steady two-dimensional hydromagnetic wind.
This model describes a theoretical axisymmetric wind flowing out of the two polar
regions of a star sandwiching an equatorial belt of closed magnetic fields in static
equilibrium. Progress has been made in constructing a model in which the wind
flow in the far region is matched smoothly through a subsonic, sub-Alfvenic flow
into a magnetostatic stellar atmosphere near the star.

In Victor Pizzo's ongoing study of solar wind structures, the implications
of the tilted dipole geometry for three-dimensional wind structures are inves-
tigated. Stream front interaction treated locally within 1 AU suggests that
three-dimensional stream interfaces within 1 AU are differently configured from
the classic two-dimensional ones seen near the earth and that the transport of
angular momentum may prevent the formation of discontinuities within 0.7 AU,
as is observed. Future work will focus on the variations of corotating interaction
region (CIR) properties as a function of dipole tilt and heliocentric distance out
to 5 AU, which is important for relating CIR structures in the interplanetary
medium to their parent coronal structures. A first result of this effort suggests
that the large-scale north-south flows seen in the distant solar wind by Voyager 2
in 1986 arise from the interplanetary dynamical interaction brought about by the
tilted dipole configuration of the sun at solar minimum. This suggestion points to
several interpretive studies which need to be carried out with existing Voyager and
Pioneer data.

Keith MacGregor and Robert Stencel (University of Colorado) continued their
collaboration on an extensive analysis of the validity of several assumptions
inherent to most treatments of dust-driven winds from late-type giant and
supergiant stars. Specifically, they attempted to determine when the collisional
coupling of radiatively accelerated dust grains to a background circumstellar
envelope becomes sufficiently weak that a two-fluid treatment of the expansion is
required. This issue is evaluated by testing a detailed model of the microscopic
coupling against a single-fluid description for consistency. Performing this
comparison for a wide range of grain and stellar properties, MacGregor and Stencel
determine the conditions under which radiatively accelerated grains are likely to
be decoupled from the background stellar atmosphere. The next step is to develop
a fully consistent two-fluid description of the decoupled outflows. In a separate
study with Chris Halvorson (graduate research assistant from the University
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of Colorado), MacGregor investigated the structure of shocks in an inviscid
radiating fluid under the Eddington (local thermodynamic equilibrium, or LTE)
approximation. Of particular interest is the application of the linear perturbation
analysis of Ferdinand Coroniti (UCLA) to determine when a radiating shock must
contain a subshock. Unlike the case of nonradiating shocks, this method predicts
conditions for the existence of continuous shock structure not in agreement
with the model calculations of MacGregor and Halvorson, an inconsistency
currently being investigated as a necessary step before extending the model to
magnetohydrodynamic (MHD) radiative shocks.

Lee, Peter Schneider (Max Planck Institute for Physics and Astrophysics,
Garching, Federal Republic of Germany), and Bogdan are concluding their
investigation of the stochastic acceleration of pickup ions of interstellar origin in
the solar wind, based on a self-consistent quasilinear theory of Lee which accounts
for the net energy gains of the pickup ions by the damping of hydromagnetic
waves in the cyclotron-resonant range. They have found that efficient acceleration
of pickup helium can be sustained, whereas pickup hydrogen rapidly depletes all
of the available wave energy in the cyclotron-resonant range before significant
stochastic acceleration can be achieved. This process in the solar wind sets the
stage for further preferential acceleration of helium over hydrogen at the solar wind
termination shock and may explain the long-standing puzzle of the overabundance
of helium relative to hydrogen in the so-called anomalous component of cosmic
rays.

Schneider and Bogdan completed a study of particle acceleration in stationary,
spherically symmetric accretion flows, relaxing several previous assumptions about
the radial and energy dependences of the particle spatial diffusion coefficient. They
obtained a general solution of the transport equation to demonstrate the possibility
of producing a hard emergent particle spectrum. This study shows that in the
linear regime (i.e., neglecting the back reaction of the energetic particles on the
scattering magnetic fluctuations), accretion flows may function as efficient sites of
particle acceleration.

Basic Fluid and Magnetohydrodynamic
Processes

Goodman studied the Hall effect as a correction to ideal MHD in the context
of how it affects the linear stability of the cylindrical pinch in the simple case of a
static, homogeneous equilibrium state, allowing for effects of compressibility and
electron pressure. In the large radial wave-number regime, the accumulation point
of the slow magnetoacoustic wave frequency spectrum is changed from its finite
value in ideal MHD to infinity by the Hall effect, giving rise to linear waves that
do not exist in ideal MHD. The properties of these waves arising from a singular
perturbation on the classical Alfven waves were investigated.
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Lou investigated the critical conditions for the onset of compressible MHD
convective instability in a plane-parallel fluid layer stratified by a uniform
gravitational field in the presence of a uniform vertical magnetic field. The linear
perturbations on the hydrostatic background equilibrium are subject to classical
thermal, magnetic, and viscous diffusive effects. It was shown that gravitational
stratification in a compressible fluid can influence profoundly the criterion for
convective instability relative to that based on the Boussinesq approximation. This
result may be relevant to the stability of sunspots.

Annick Pouquet (visitor from Nice Observatory, France), Thierry Passot
(University of Arizona), and Pierre Sulem (Tel Aviv University, Israel) studied the
role of conservation laws in low-Reynolds-number closures and their application to
large-scale dynamics of compressible flows. They compared the multidimensional
Burgers' equation with the case of a barotropic flow for which momentum
conservation insures the possibility of scale separation at low Reynolds number.
Using multiple-scale construction of solutions, their analysis is contrary to other
theoretical work done on the existence of an instability of the alpha-dynamo type
in low-Reynolds-number isotropic nonmagnetic compressible flows. In another
study, these collaborators performed direct numerical simulations of decaying
two-dimensional MHD flows at Reynolds numbers of several thousand, using
resolutions of 10242 collocation points. An inertial range extending to about one
decade was observed, with spectral properties depending on the velocity-magnetic
field correlation. At very small scales, resistive tearing was shown to destabilize
current sheets generated by the inertial dynamics, leading to the formation of
magnetic islands which could grow and reach the size of inertial scales.

Solar Activity and Magnetic Fields
Section

The "quiet" solar photosphere can be characterized as a dynamically restless
radiating plasma that is threaded by very small, isolated, and quite intense
concentrations of magnetic flux (thin "flux tubes"). Away from these flux tubes,
the visible surface of the photosphere represents the upper boundary of the solar
convection zone, where the transport of energy by convection gives way to radiative
transport in the solar atmosphere. 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. However, within the isolated flux tubes, free
convection is partly suppressed and a radiative deficit can occur. 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
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brightening of the feature. The variability of the total solar 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. In these features, radiative exchange of energy with the surrounding
vigorous convection becomes confined to the boundary, the radiative deficit
dominates, and the features appear dark. Associated with these photospheric
features are locally induced subsonic flows that, in the case of spots, 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.

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. What is
evident is that associated transient motions are frequently nearly sonic, 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 quasi-steady radiative output as well as episodic flaring-the dramatic
conversion of magnetic energy into radiative energy, both thermal and nonthermal,
and kinetic energy associated with violent bulk motion of hot solar plasma.
Similar phenomena appear to occur on a reduced scale outside active regions,
and, although an association with local magnetic fields is not always clearly
demonstrated, scientists presume that this is the case.

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.

The long-range goal of the Solar Activity and Magnetic Fields section is to
understand the physical processes governing the solar photosphere, chromosphere,
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and chromosphere-corona transition region. Two fundamental approaches toward
this goal have been adopted by this section: the inference of the physical state of
the solar atmosphere through interpretation of observations, and the development
of three-dimensional radiative and MHD models of such quasi-steady magnetic
features as sunspots, plages, and network (flux tube) structures. For those features
associated with open fields, the atmospheric expansion into interplanetary space
must be included. These models, when developed, will include the complete
energy and momentum balance. 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.

One important aspect of the overall goal involves progress toward understanding
the nature and modulation of energy transport and transformation in the solar
atmosphere, including heating of the chromosphere, transition region, and corona
and heat transport by thermal conduction and advection.

The fields of expertise of the current staff of the Solar Activity and Magnetic
Fields section are approximately balanced between radiative transfer and MHD.
The section attempts to maintain an appropriate balance among data analysis,
theory, and modeling. Members of the section avail themselves of opportunities
to conduct observations from both space- and ground-based facilities. In addition,
they are actively involved in the planning and execution of major new observing
facilities, including an advanced Stokes polarimeter (ASP) in collaboration with
NSO, and the Orbiting Solar Laboratory now scheduled to be flown by NASA in
1997. HAO and NSO also are involved in the support of U.S. participation in the
large earth-based solar telescope (LEST) project.

Currently, the section operates no observing facilities. Nevertheless, data
already on hand from HAO's previous Stokes programs and from the Orbiting
Solar Observatory (OSO-8) and SMM satellites, as well as data acquired during
observing runs at national or international facilities, form an important component
of the research effort. The following topical breakdown of work within the section
emphasizes its interactive aspects rather than individual efforts.

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 fields, are poorly understood, challenging our best efforts in high-
resolution observations and the study of magnetized, radiating plasmas.

HAO made steady progress on the theoretical study of sunspots and flux
tubes in 1989 through the modeling of magnetostatic structures in realistic model
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atmospheres. Pizzo continued his work on solar magnetostatic structures bounded
by current sheets. In models of this sort, the magnetic structure is taken to be
a vertically oriented, axially symmetric bundle of flux, whose normal distribution
at some depth in the solar atmosphere is given, subject to certain assumptions
about the distribution of the field lines at some higher level (e.g., making the
field become monopolar or dipolar well above the solar surface), and subject to a
prescribed difference in gas pressure between the tube interior and the surrounding
unmagnetized photosphere as a function of height. The equilibrium structure
is sought as a free-surface problem characterized by the continuity of the total
pressure across the free surface. This model takes on added physical significance
in light of the recent observation by Andrew Skumanich and Bruce Lites of such a
confining current sheet in sunspots.

Pizzo has developed a method for solving this problem iteratively, using
multigrid methods. Although the algorithm worked well for test cases involving
relatively smooth geometries, Pizzo found that the highly stressed fields in rapidly
flaring sunspot geometries pose substantial numerical difficulties. As a result, he
added a number of refinements to the method, and he is now applying a very
robust, thoroughly tested model to practical problems. In the course of this work,
Pizzo demonstrated that the location of the current sheet must be fixed with
great accuracy in order to guarantee that the surface properties may be reliably
predicted, given the rapid changes in the current sheet with height associated with
the deficit of the gas pressure within the sunspot. In addition, certain concerns
about the existence and uniqueness of solutions to such free-surface problems
were addressed for the first time. While the model at present treats the interior
field structure as potential (current-free), work is in progress to introduce volume
current into the formulation.

Through a priori specification of the pressure along the axis of the magneto-
static sunspot model, Pizzo avoids the complication of treating energy balance. 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. MacGregor, Pizzo,
and Paul Kunasz (unaffiliated) have made significant progress toward this goal by
incorporating radiative transport into Pizzo's magnetostatic models in a physically
realistic way, and treating other energy transport mechanisms (convection and
nonradiative heating of the upper layers) as a parameterized energy input spatially
distributed within the model. The 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 detailed structure of this
interface is critical to the overall magnetostatic structure, as shown in Pizzo's
work described above, and is crucial to the structure of very small magnetic flux
tubes where radiation from the hotter exterior of flux tubes may penetrate into
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the interior of the tube and cause significant heating. This numerical modeling has
now been applied to smooth, nearly potential field configurations (i.e., no sharp
current sheets), and will be extended to models with current sheets soon. The
collaborators also plan to investigate the parameterization of convective energy
transport below the visible surface of these models in order to improve our
understanding of "magnetoconvection" in a cylindrically symmetric geometry.

Theoretical sunspot models have remained largely unconstrained due to a lack
of quantitative observations of the magnetic field and thermodynamic structure.
Efforts are now under way at HAO to improve this situation by using existing
observational facilities and through development of the ASP. Skumanich and Lites
finished their analyses of the 1980 HAO Stokes II sunspot data. In addition
to their finding that the magnetic fields in many sunspots are approximately
force-free within the sunspot bounded by a current sheet, they also conclusively
demonstrated that some spots appear to have a weak azimuthal magnetic field
component, i.e., the field is not purely a combination of radial and vertical
components. They found that a weak current along poloidal field lines accounts
for the azimuthal field component quite well. This implies a weak departure from
the force-free state. The inferred dependence of the current density on the poloidal
field potential represents a significant observational constraint on future modeling
of the force balance of sunspots.

Recent observational data from other sources confirm these findings of Sku-
manich and Lites. A comparison of their inferred magnetic field structure with
infrared observations by Drake Deming (NASA) of the magnetically split emission
line due to Mg I at 12 m, which yields a direct field measurement, showed good
agreement and added confidence to the validity of the Lites and Skumanich least-
squares Stokes inversion scheme. In addition, the excellent agreement between the
Stokes II results, which required no corrections for the polarization of the tele-
scope, and those obtained by Hajime Kawakami (Tokyo Astronomical Observatory,
Japan), which did, indicates that tower telescope correction techniques are at hand
and will not be a problem with regard to the use of the Sacramento Peak Tower
(at NSO's Sacramento Peak Observatory) with the ASP instrument.

Understanding the transport of energy by convection and radiation in the
presence of magnetic fields has become a major problem of growing interest in solar
physics. Significant progress is expected in the coming decade from observations of
solar magnetic features with increasingly better angular resolution and polarization
accuracy promised by a new generation of instruments now under construction
or planned, and from improved numerical simulation of magnetoconvection with
the availability of larger and more powerful supercomputers. Sunspots provide an
excellent opportunity to study magnetoconvection: the magnetic field is ordered
over a larger scale than that believed to be characteristic of the convective plumes,
and the field geometry is stable over periods of time that are long compared
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with the convective turnover time. The wealth of very small features observed
in sunspots (umbral dots, umbral "granulation," light bridges, and penumbral
filaments) are believed to be indicators of the process of magnetoconvection, yet
almost no quantitative observational information about physical conditions in these
features is available at present. A goal of the Solar Activity and Magnetic Fields
section in coming years is to develop the necessary observational capability.

Efforts are now under way at HAO to use existing instruments to address this
need. Lites, Goran Scharmer (Royal Swedish Academy of Science, Stockholm),
and Skumanich finished their analysis of the high-resolution spectra of penumbral
fine structures obtained at the new Swedish Solar Observatory on the island of
La Palma, Canary Islands, Spain, in October 1987. In addition to interesting
results on magnetic field and white-light continuum fluctuations, they found that
the Evershed flow is not concentrated in the dark penumbral features, i.e., in the
filaments (contrary to widely held beliefs), and confirmed other high-resolution
measurements that the flow speed reaches a value of 3 km/s at the penumbral-quiet
sun boundary. The proper characterization of the Evershed flows is important for
their inclusion in analytic sunspot models. A second observing run was carried
out in October 1988 by Lites, Scharmer, Tom Bida (graduate research assistant
from the University of New Mexico), and Anders Johannesson (University of Lund,
Sweden) in which higher-quality data and better spatial coverage were obtained.
Observing in Zeeman-sensitive lines of Fe+ allows researchers to measure the
magnetic field in the deepest observable layers of the solar atmosphere. With these
data Lites and Bida concluded that the field strength in umbral dots varies little
from that of the surrounding dark areas of sunspot umbrae. This surprising result
contradicts the widely held belief that umbral dots represent the tops of field-free
convective plumes within the umbra. High-resolution observation is thus yielding
new information on sunspots. High-resolution observational study of sunspots is
the subject of Bida's Ph.D. thesis research.

Flares, Prominences, and Active Regions

Solar activity gives rise to variability in the space environment near the earth
and may be a natural cause of terrestrial climatic change through the coupling
between the interplanetary medium and the earth's upper atmosphere. The study
of the basic physical processes responsible for solar activity is a step toward an
understanding of this coupling between the sun and the earth's upper atmosphere.

The analysis by Skumanich of the OSO-8 observations of a particularly
well-observed soft X-ray two-ribbon flare is near completion. Simultaneous ground-
based Ha observations by Victor Gaizauskas (Herzberg Institute for Astrophysics,
Ottawa, Canada) indicate that the OSO-8 spectrograph slit covered several flare
ribbon kernels. This is consistent with the velocity signature Skumanich has
derived from the Mg+ resonance emission lines at A2800 A, which show several
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velocity "bursts" during the rising phase of the flare emission, consisting of a sudden
strong blue shift (upward velocity approximately equal to 7 km/s) followed by a
gradual return through rest to a weak red shift (downward velocity approximately
equal to 3 km/s). These bursts are the first direct observational evidence of
explosive chromospheric evaporation, which has long been speculated as the source
of the great amount of material emitting at soft X-ray temperatures in solar flares.
In this scenario the chromosphere is impulsively heated to temperatures well in
excess of 106 K (hence it becomes transparent to visible-wavelength radiation),
resulting in a rapid upward expansion. At visible wavelengths one observes the
downward-moving shocked layers, which give rise to the well-known red-shifted Ha
flare profiles.

Skumanich and Gaizauskas have initiated a collaborative study and comparison
of the OSO-8 Mg+ and Lc observations with the simultaneous Ha observations.
A coherent data set of profiles in all three lines would represent a singular
observational constraint on flare models. It must be mentioned that both soft
X-ray and microwave (gigahertz) observations are available and impose further
physical constraints, making this flare a benchmark case for modelers.

Skumanich and Lites continued their analysis of the Stokes II January 1980
data set, dealing with successive rasters of an active region with a moderate
(class C) X-ray flare. These data contain the first quantitative measures of the
vector magnetic field in a flaring region before, during, and after a solar flare,
thus allowing information on the nature of the changes in the field due to the
flare. Preliminary results indicate the presence of mass motion suggestive of a
siphon flow. The neutral line is poorly resolved by the Stokes II aperture so that
a two-component modeling of the resultant averaged profile will be necessary, a
problem that will be avoided with the ASP.

The mechanisms leading to the formation of a prominence and its maintenance
within the corona for weeks or months are not well known. In analysis of
C IV Dopplergrams obtained with the ultraviolet spectrometer (UVSP) instrument
aboard SMM, Grant Athay (now an HAO visitor) has shown that there is a
close correspondence between shear lines (lines separating large regions of opposite
horizontal flow of the 1050 transition region plasma), the elongated filament
channels where prominences are located, and photospheric neutral lines where the
magnetic field is nearly horizontal. Athay suggests that the presence of the velocity
shear in the transition region somehow creates conditions where prominences are
likely to form.

Quiet Sun

Although there has been significant progress in understanding the structure of
the quiet photosphere, the quiet chromosphere and transition region remain very
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much unknown. One of the major issues regarding the transition region involves
the relative emission from ions of differing ionization energy, i.e., the emission as a
function of temperature in the transition region. Many attempts have been made
to explain the emission using classical thermal conduction plus other parameterized
energy input mechanisms. Most of these attempts, based on static, plane-parallel
models of the atmosphere, have failed to reproduce the observed emission of the
sun at temperatures between 104 and 105 K.

Shoub continues the approach that the problem lies not with specifics of the
atmosphere and heating mechanism, but with the microphysics of the plasma. He
argues that one must allow for the possibility that the distribution of electron
velocities is not described by a local Maxwellian due to the diffusion of energetic
electrons along the steep temperature gradient of the transition region. These
nonthermal electrons affect both the spatial dependence of radiative losses (fast
electrons and protons overionize the plasma relative to equilibrium) and the
ability of the gas to conduct heat downward from the corona. Moreover, the
interpretation of observed extreme ultraviolet (EUV) lines is affected because of
the local perturbation of the ionization balance (i.e., lines are not formed over
the same temperature range as in equilibrium). In order to address this issue in
a self-consistent fashion, Shoub found it necessary to reexamine the problem of
Coulomb scattering first addressed by Landau. He found that Landau's expansion
of the Boltzmann integral is not uniformly valid in velocity space, and that some
terms neglected in that original treatment are comparable to the leading term. He
also finds that large-angle (i.e., close encounter) scattering of the charged particles,
although rare, can indeed alter the distribution function for the plasma.

Athay has taken another approach to the problem, examining the role of
spatial inhomogeneity on the observed emission from an otherwise classical model
of the transition region. He hypothesizes that the lower transition region is highly
structured by the magnetic field (the ratio of the mean height of the cool peaks
jutting into the corona to the mean separation of those peaks is roughly 200), and
that cross-field conduction of energy from the corona supplies the heat to the lower
transition region. Such an extended transition region is compatible with both the
vertical extent of the transition region observed at the limb and the variation of
line emission with temperature (ionization).

Holzer and Tod Woods (visitor from Princeton University) studied the effects
of flows and thermal diffusion on ion temperature and ionization balance in the
solar chromosphere-corona transition region. The work is aimed at improved
interpretation of transition region observation.

In another work, Athay and Kenneth Dere (E.O. Hulburt Center for Space
Research, Naval Research Laboratory) have used ultraviolet (UV) spectra of
chromospheric lines observed with the rocket-borne high-resolution telescope and
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spectrograph to demonstrate that the chromospheric temperature rise is present
over at least 90% of the quiet solar surface. This result argues strongly against a
bifurcated model of the solar chromosphere, put forth by Thomas Ayres (University
of Colorado) and coworkers to explain molecular absorption lines in the infrared,
in which most of the surface of the sun would be covered by very cool (<4000
K) material to very great heights, and most of the chromospheric emission would
arise from extremely small, dense, hot regions. This latter picture, although
gaining some popularity in recent years, is not consistent with a number of other
observable properties of the chromosphere.

Stokes Polarimetry

Major progress has been made during the past year toward realization of the
next generation Stokes polarimeter, the ASP. After a successful concept review in
March 1988, the detailed design began, and progress was made toward resolving
many of the uncertainties identified at the concept review. Detailed plans were
drawn for the instrument, and a full design review was conducted in March 1989.
This was a critical, open review of all aspects of the project in which several
experts from outside HAO participated. After the design review, the ASP project
came into full swing within the HAO Instrumentation Group. It now occupies
most of the efforts of the group, and it is one of the major instrumentation projects
attempted by HAO.

In October 1989 a significant milestone was achieved: the operation of a
working prototype Stokes polarimeter. This prototype demonstrated the viability
of the instrument concept and further demonstrated that the adopted approach
to the real-time processing of the enormous data rate of the ASP is workable.
Work on the system optics (under Steven Tomczyk, visitor from Mount Wilson
Observatory), software, interfaces, and low-noise detectors is proceeding at a
satisfactory rate. This is a joint project between HAO and NSO, and close
collaboration with the staff at NSO continues. Operations are now scheduled to
begin in March 1991.

Graham Murphy (graduate research assistant from the University of Sydney,
Australia) completed his Ph.D. thesis, Synthesis and Inversion of Stokes Spectral
Profiles. In this work, he developed new methods to compute accurately the
Stokes profiles emerging from atmospheres with arbitrary variations in parameters
describing the thermodynamics and magnetic field. One is a modified Feautrier-
type scheme extended to include magneto-optics, which are quite important in
strong lines. The second scheme, the diagonal element lambda operator (DELO), is
derived by reformulating the Stokes vector radiative transfer equation. The Stokes
vector is then solved by an integral equation in terms of the lambda operator
associated with the diagonal elements of the absorption matrix. The DELO is
faster, more stable, and more accurate than the Feautrier, and both schemes are
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superior to a Runge-Kutta integration that has been used extensively in the past.
Furthermore, the new schemes provide diagnostics of line formation with minimal
computational expense.

Murphy then developed a sunspot model with the degree of realism needed
to properly evaluate the reliability of the HAO Stokes inversion scheme. This
model was developed using the self-similarity condition. Previous calculations
using this condition have shown that the emergent continuum intensity of the
self-similar models can exceed that of the quiet sun. This continuum overshoot
contradicts observations and in general limits the validity of the self-similar
models. Murphy showed that self-similar models can be developed that do
not exhibit overshoot. He found that the deduced magnetic field vectors were
generally well determined, in agreement with prior studies involving simple
representations of model atmospheres. However, the parameters describing the
thermodynamical properties of the atmosphere were poorly determined. The errors
in thermodynamics were shown to reduce the accuracy of the recovered magnetic
field azimuth. He also examined the inversion of synthesized profiles with a
correction for scattered light.

A new prospect for determining the height variation of the magnetic field
emerged from Murphy's thesis work. Separate inversions of the three lines enable
the magnetic field vector to be determined at three different heights. In spite
of the limited spatial and temporal resolution of the Stokes I data, the results
demonstrate the feasibility of multiple-line Stokes profile observations to evaluate
the three-dimensional structure of a sunspot's magnetic field.

Lites, Jo Bruls (visitor from Utrecht Astronomy Institute, the Netherlands),
and Murphy have begun a study of the formation of Zeeman-sensitive Fe I
spectrum lines in realistic model atmospheres including non-LTE effects. In
addition to learning the properties of formation of these important diagnostic lines,
they will obtain profiles of these lines with known properties to further assess the
accuracy of the Stokes inversion procedure.

Solar/Stellar Activity Analogs

The recent discovery of a rapidly rotating, 2.8-day period, solar-type dwarf star,
HD129333, raises the issue of the nature of its chromosphere and its use as a proxy
for the activity of the young sun. Preliminary detection of HD129333 with the
HAO solar-stellar spectrophotometer (S 3 ) by Richard Fisher shows that a detailed
study of the chromosphere of the star is possible. This star is very interesting
since its period is equal to the period that Skumanich and MacGregor found to
be critical for the appearance of saturation in the magnetic activity of solar-type
stars. Measurements with the S3 instrument are planned of the Ca+ K, H, and
Ha chromospheric emissions as well as of white light in order to detect rotational
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modulation due to the passage of active regions and spots across the disk. A
careful comparison of these data with S3 measurements of the sun should allow one
to delineate the type of activity expected during the early-main-sequence stage of
the sun. Several other stars less active than HD129333 but more active than the
sun will also be studied to determine the behavior of the Ha chromosphere with
activity level.

Radiative Transfer

Interpretation of spectral observations of the solar atmosphere, particularly
from the chromosphere where most spectral features used as diagnostics are
optically thick, requires a complicated physical description of the atomic processes
giving rise to the radiation and their interaction with the local radiation field.
Last year, Ivan Hubeny (visitor from the University of Colorado) along with
Jinx Cooper (University of Colorado) and Robert Ballagh (University of Otago,
New Zealand) devised a scheme for realistic treatment of the redistribution of
hydrogen line radiation in angle and frequency. The hydrogen lines are extremely
important diagnostics of the upper solar atmosphere, and a realistic treatment
of hydrogen line transfer is needed to model solar and stellar chromospheres.
Hubeny and Lites have begun incorporating the new redistribution functions into
the Carlsson/Scharmer transfer code so that chromospheric line transfer with the
physically correct redistribution functions may be carried out in a computationally
efficient manner. Hubeny has also developed a way to sidestep a troublesome
numerical problem related to iterative convergence of non-LTE model atmosphere
codes when the transitions being considered are dominated by scattering, rather
than pure absorption and emission.

Hubeny continued to apply his expertise in radiative transfer techniques
to improving the understanding of astronomical accretion disks. By applying
techniques used in the study of stellar atmospheres, he has developed a simplified
analytical model of the vertical structure of these disks based on a grey opacity
model. This model allows him to compare the structure of accretion disks to that
of the more familiar stellar atmosphere.

Solar-Stellar Spectrometer

The first season of operation of the HAO S3 concluded early in January 1989.
The first 120 days of operation saw a total of 1500 stellar spectra and 98 solar
spectra collected with the system, which is located at the Lowell Observatory
42-inch Telescope Facility near Flagstaff, Arizona. After evaluation of data from
this first observing season, several concerns were identified. Upgrades to the
electronics and the focal plane optical assembly resulted in a dramatic increase in
the signal-to-noise ratio of the system. In addition, the operating software was
upgraded to allow real-time evaluation of spectrograph performance. Derek Buzasi
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(visitor from Pennsylvania State University) joined the S3 research group as a
visitor in the summer of 1989.

As a result of the modifications to the system described above, the refurbished
system is now capable of adequate (20:1) signal-to-noise observations of the Ca II
H and K resonance lines in the very faint but scientifically important dM stars.
Two of the three M stars selected for observation during the fall 1989 observing
season indicate variable, bright emission cores in the H and K lines. This will
be a most valuable data set for achieving one of the program's short-term goals,
namely, the resolution of questions regarding the value of the Ca II infrared triplet
observations in the determination of stellar rotation of lower-main-sequence stars.
These stars will also allow one to judge whether Ha and the Ca II H and K lines
vary in intensity in a similar fashion in dM and dK stars.

Large Earth-Based Solar Telescope

Members of the HAO staff are engaged in ongoing efforts to promote U.S.
participation in the funding of LEST. This past year has seen the development 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 two principal scientists on this proposal;
the other is to be named by NSO. 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.

To select the best site for LEST, a comprehensive measurement of seeing
conditions at the two remaining candidate sites (La Palma, Canary Islands and
Mauna Kea, Hawaii) will be carried out. HAO is contributing to the development
of the optical site-testing instrumentation and to the implementation and execution
of the testing program on Mauna Kea.

Orbiting Solar Laboratory

The Orbiting Solar Laboratory (OSL) will be the single most important solar
space experiment planned for the coming decade. OSL is an unmanned NASA
space mission that will place a relatively large-aperture (1.0-m) solar telescope
into a slowly precessing polar orbit to enable the spacecraft to see continuous solar
illumination for about 260 days per year. OSL is planned to produce images
and spectra from 220 to 1000 nm with an angular resolution of about 0.13' at
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500 nm. The spacecraft will also carry co-observing instruments to observe at
ultraviolet and X-ray wavelengths with angular resolutions somewhat less than
that of the large optical telescope. The OSL mission has been designated as the
1992 new-start candidate in the current NASA five-year strategic plan. Based on
a 1992 startup, OSL is scheduled for launch in 1997.

Two HAO scientists participate actively in the OSL program. Fisher is the
telescope scientist for the OSL and Lites has replaced Athay as facility scientist,
both serving on the OSL Science Working Group.

Solar Interior Section

The Solar Interior Section is concerned primarily with understanding the pro-
cesses determining the structure and dynamics of the sun below the photosphere.
This effort emphasizes the observation and interpretation of solar parameters
(including the solar diameter, statistics of activity, and various properties that can
be determined using the solar pressure modes, usually called p-modes), combined
with theoretical modeling of the convection zone, the solar dynamo, and other
aspects of the sun's internal magnetic field. It also includes efforts to observe
the oscillations and activity of other stars, with the aim of using the variation
of these parameters over a range of stellar types to clarify the basic processes of
stellar structure. All of these studies help the group's scientists understand the
fundamental origins of the variability of the sun's output of radiation and particles
and its fields.

Solar P-Modes and Related Matters

During the last year, scientists at HAO have conducted research on several
aspects of the solar p-mode problem. These have included observations of p-modes,
interpretation of global p-mode data, investigation of the relation between p-modes
and solar magnetic field concentrations, investigation of p-mode excitation and
damping mechanisms, and work on inversion methods and other purely theoretical
subjects related to the oscillations. In addition to efforts by HAO staff members
Bogdan, Timothy Brown, Lites, and Pawan Kumar, much of this work has been
done by HAO visitors Michael Thompson (from Arhus University, Denmark) and
Tomczyk.

Studies of Global P-Modes. The HAO/NSO Fourier tachometer was in
nearly daily operation during most of the last year. In addition to obtaining
many days of observations of p-modes in the vicinity of active regions (see below),
the interval April-June 1989 saw the best time series of global p-mode data yet
acquired with the instrument. This series contains 835 hours of data obtained on
84 separate days within a 91-day interval. It is thus one of the longest and most
nearly continuous spatially resolved oscillation data sets available. The last year
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also saw an intensive effort (under Brown's supervision) to reduce data already
on hand. Sets that have been reduced in the last year include a 36-day period
during the fall of 1986, a 75-day period in the spring of 1987, and a 23-day period
during the winter of 1987. The total reduced data sets form a homogeneous
collection spanning almost half a solar cycle. They will be used primarily to
investigate temporal changes in the solar p-mode spectrum and the effects of
possible systematic effects in the data analysis.

During his year's stay at HAO, Tomczyk has recently initiated the development
of an instrument to measure low-degree p-mode oscillations of the sun. This
instrument, which is based on a magneto-optical filter, will be optimized to
measure the frequency splitting of the £ = 1 sectoral mode. This mode derives
its importance from the fact that it is the most deeply penetrating p-mode with
rotational sensitivity. If successful, this instrument will provide new constraints on
the rotation of the solar core. In the immediate future, Tomczyk plans to build
a prototype of the instrument in the optics lab with funds provided by HAO. If
the instrument performs up to expectation, a version of the instrument would be
fielded at an appropriate site followed by approximately one year of observations.
Calculations indicate that an observing run of this length should suffice to give a
measurement of the e = 1 rotational splitting with an accuracy of 10 nHz, which is
a few percent of the splitting itself.

Thompson, in collaboration with Jorgen Christensen-Dalsgaard (NCAR affiliate
scientist, Arhus University, Denmark) and Douglas Gough (Cambridge University,
England), has used solar p-mode frequencies to infer the sound speed inside the
sun using a new differential asymptotic inversion method. Tests with artificial data
show that the method produces more accurate results than the asymptotic methods
used previously, particularly in the deep interior and in the subphotospheric layers.
The inversion confirms earlier findings that the sound speed is slightly greater
in the outer part of the radiative interior than in Christensen-Dalsgaard's 1981
standard model; this discrepancy probably arises from inaccuracies in the opacities
used in the model and is substantially reduced by using more recent opacity
calculations. The inversion also suggests that the sound speed in the sun is slightly
lower in the outer core than in the model; this could conceivably be understood
in terms of partial core mixing, though other explanations may also be possible.
Christensen-Dalsgaard, Gough, and Thompson have also used the method to infer
that the depth of the solar convective envelope (or, more accurately, the convective
envelope plus that part of the convective overshoot region where the stratification
is essentially adiabatic) is 0.287 ± 0.003 R®. They also infer that the sound
speed at the base of the convection zone is 0.223 ± 0.002 Mm/s; for likely values
of the solar helium abundance, this implies that the temperature there is in
the range 2.13 - 2.29 x 106 K. At this temperature, the e-folding time for 7Li
exceeds 5 x 1010 years so that the reduction of the observed solar surface lithium
abundance by a factor of about 100 relative to the normally assumed cosmological
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value can only be achieved through lithium burning in the pre-main sequence or
through additional mixing beneath the adiabatically stratified region.

In collaboration with Christensen-Dalsgaard and Jesper Schou (Arhus Uni-
versity, Denmark), Thompson has made a comparison of methods for inverting
helioseismic data. In particular, the collaborators have developed a unified basis
in terms of averaging kernels for comparing the resolution and error properties
of linear inversion techniques. This approach allows inversion methods to be
compared without using specific models. It is also suggestive of ways in which
methods might be designed to have desired properties. Thompson and Gough have
recently reviewed inversion methods as used in helioseismology.

Using the data of Ken Libbrecht (California Institute of Technology), Thompson
has determined the rotation rate in the solar interior between 0.55 and 0.85 R®.
The results indicate that surfacelike differential rotation persists throughout the
convection zone and that the outer radiative region is rotating rigidly at a rate
intermediate between the surface rotation rate observed at the equator and the
poles, in agreement with the results of Brown and other investigators. In addition,
Thompson has obtained a new and more robust inversion measure of the mean
radial gradient of the rotation rate within the convection zone. This confirms the
picture that the rotation is independent of depth in this region, in conflict with the
results of earlier numerical simulations by Peter Gilman (now in NCAR Director's
Office), Gary Glatzmaier (Los Alamos National Laboratory), and their coworkers.

Thompson and Tomczyk have been reanalyzing Tomczyk's solar oscillation
data to measure frequency splittings by a least-squares fitting technique to the
power spectra, rather than by the cross-correlation technique more commonly
used. In the process, they have extended Tomczyk's original analysis to oscillation
modes of lower degree than had previously been done. An important purpose of
this work is to detect any systematic differences between the results of the two
techniques, which would indicate the presence of possibly serious systematic errors
in the splitting data used for rotational inversions. Thus far, however, they have
found no significant differences between the two sets of results.

Recently Thompson has been using low-degree p-mode frequencies to perform
an inversion for the stratification of the solar core. The results qualitatively
confirm the finding of another group of investigators that there is apparently some
error in standard models of the solar core, but the magnitude of the discrepancy is
different from what the other group found. In particular, the density in the inner
core seems to be 10-20% greater than in standard models, while the outer core is
up to 10% less dense than in models. This is further evidence that the solution of
the solar neutrino problem may lie in solar physics rather than elsewhere. Further
work has to be done to see whether the latest helioseismic findings can help resolve
the neutrino problem.
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Excitation and Damping ofp-Modes and Atmospheric Waves. Progress
toward understanding the excitation of solar acoustic oscillations was made on
two fronts by considering the two leading candidates for mode excitation, i.e.,
self-excitation, and stochastic excitation. Kumar and Peter Goldreich (California
Institute of Technology) have shown that self-excited p-modes in an adiabatically
stratified atmosphere cannot be stablized at the observed energies of solar modes
by nonlinear energy dissipation due to three-mode couplings involving acoustic
modes. This result provided an indirect argument against the self-excitation of
modes in the sun. Kumar has extended this result for a realistic solar model.
He has also considered the nonlinear energy dissipation of modes due to their
couplings with propagating gravity waves. These investigations have considerably
strengthened the case against self-excited solar p-modes, and thus indirectly
support stochastic excitation.

The basic idea behind the stochastic mechanism is that turbulence generates
sound, which, when trapped in a resonance cavity, for instance the sun, excites its
normal modes. Heat in the outer 30% of the sun is transported by convection.
The velocity field in the convection zone is almost certainly turbulent and thus a
source of acoustic waves. The mean energy in a mode is determined by the balance
between the energy input rate from turbulence and the dissipation rate due to
turbulent viscosity and radiative damping. Kumar, working with Goldreich, finds
that the observed power spectrum of the solar p-modes can be explained by the
stochastic excitation mechanism provided that the convective velocity, obtained
by mixing length theory, is modified over a few scale heights near the top of the
convection zone. This is in fact the region where the mixing length theory is most
unreliable.

A yet stronger case for stochastic excitation has, however, been made by
Kumar in collaboration with Thompson, Brown, Tom Duvall (NASA), Jack
Harvey, Stuart Jefferies (both of NSO), and Martin Pomerantz (Bartol Research
Foundation). In the solar oscillation data from the South Pole, they find significant
power at frequencies considerably greater than the acoustic cutoff frequency in
the solar atmosphere. Waves of these high-frequencies are not reflected in the
solar atmosphere, providing direct information about the excitation mechanism.
The periodic peaks in the power spectrum, the slow decline in power with
increasing frequency, the sinusoidal line profiles, and the quality factor for these
high-frequency pseudo-modes seen in the South Pole data follow naturally from
the stochastic excitation mechanism.

It has been over 40 years since Biermann and Schwarzschild first proposed that
the solar chromosphere might be heated by energy deposited by mechanical waves,
which are presumably generated in the convection zone a few scale heights below.
Recently, Lawrence Anderson (University of Toledo) and Athay have argued, based
on the energy budget of the chromosphere, in favor of acoustic heating. However,
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central to the mechanical heating is the nature of wave generation mechanisms.
Kumar and Goldreich have investigated the generation of propagating acoustic
waves, surface waves, and internal gravity waves for an atmosphere resembling
the outer one-third of the sun. They have considered an atmosphere consisting
of a polytropic and an overlying isothermal part under a constant gravitational
field. The polytropic atmosphere is in convective equilibrium, and its turbulent
velocity field is determined by mixing-length theory. This investigation is more
realistic than the previous work by Robert Stein (Michigan State University), who
considered wave generation by turbulent flow in an isothermal atmosphere. The
main result of Goldreich and Kumar's work is that for low Mach number convection
the total energy flux in acoustic and surface gravity waves is sim Pt V3M 5t/2 and
in propagating gravity waves is sim Pt V3Mt, where Pt, Vt, and Mt are the density,
turbulent velocity, and Mach number at the top of the convection zone. Most
of the energy flux in acoustic and surface gravity waves is at the acoustic cutoff
frequency, wac, whereas the flux in internal gravity waves is at Mtwa. Thus for
the sun, the energy flux in gravity waves is estimated to be sim 109 erg/cm2 /s,
which is considerably larger than the flux in propagating acoustic waves, the latter
having a flux somewhat smaller than needed to heat the chromosphere. However,
given the uncertainty in both the model atmosphere and numerical factors, this
result does not rule out acoustic heating. Further work is required to determine
whether the large energy flux in the gravity waves is available for heating.

Lou studied the viscous compressible MHD modes in a uniformly magnetized
medium and viscous MHD mode conversion in the presence of background
inhomogeneity. For static background equilibrium in which physical quantities
vary continuously, the well-known singularities for ideal MHD perturbations are
removed by viscosity, and in their stead viscous MHD resonance layers appear.
It was found that in the presence of the viscous MHD resonance layers, viscous
MHD mode conversion can be very effective in absorbing the power of an incident
acoustic wave upon an isolated, inhomogeneously magnetized flux tube. This
result suggests a possible interpretation for the reported p-mode absorption by
sunspots embedded in the solar photosphere.

Interaction between p-Modes and Magnetic Fields. Bogdan and David
Fox (undergraduate summer student from Princeton University) continued their
investigations of the interaction of acoustic waves with flux tube bundles. The
goal is to determine whether observations of p-mode scattering from sunspots can
be used to distinguish between two competing theoretical sunspot models: the
monolithic magnetized flux tube model and the "spaghetti" model, proposed by
Parker. Bogdan and Fox studied the scattering of acoustic waves for both models.
During the summer of 1989 the numerical codes that compute the scattered
p-modes for the spaghetti model were completed and successfully tested against
several simple benchmark calculations. Exploratory studies of the scattering of
acoustic waves from a pair of uniformly magnetized flux tubes are under way
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and should continue into FY 90. The preliminary results are quite intriguing:
when the two flux tubes are in close proximity (their separation being only a few
percent larger than the sum of their individual radii), they support a class of
tube waves spatially localized in and about the thin fluid channel between the flux
tubes. These tube modes propagate along the pair of magnetic flux tubes with a
phase velocity slightly below the Alfven speed in the magnetized flux tube interior.
This phase speed is significantly larger than the corresponding maximum phase
speed for a single flux tube, which under typical solar photospheric conditions
is the Kink speed. This has the important implication that pairs of flux tubes
can resonantly scatter p-modes more easily than single flux tubes, because the
resonance requirement is simply that the phase velocity of the incident acoustic
plane wave projected along the flux tube axis(es) must match the propagation
velocity of some tube mode to within a given tolerance which defines the width of
the resonance. When Bogdan and Fox firmly understand scattering from a pair
of flux tubes, they intend to proceed with consideration of the spaghetti sunspot,
which consists of clusters of five to ten flux tubes.

Brown, Bogdan, Lites, and John Thomas (NCAR affiliate scientist from
the University of Rochester) are collaborating on a project to measure and
analyze p-modes that are scattered and absorbed within solar active regions.
Simultaneous observations of an isolated sunspot have been obtained using the
Fourier tachometer and the telescope at NSO's Sunspot, New Mexico, facility.
These observations yield measurements of the amplitudes and phases of incoming
and outgoing p-modes. Brown has made progress in developing an inversion
technique for the data obtained. Assuming that the effect of the active region on
p-modes may be modeled as the action of a collection of point scatterers, and given
the amplitudes and phases of a sufficient number of modes, this technique may
allow one to reconstruct a three-dimensional map of the distribution of scatterers.

Michael Kn6lker (University of, Gottingen, Federal Republic of Germany) and
Bogdan are building upon their previous studies of compressive wave propagation
in radiating magnetized fluids to consider the problem of acoustic scattering from a
single isolated flux tube in a radiating fluid. The key interest here is to understand
whether radiative effects may account, in part, for the reported absorption of
p-modes by sunspots. In their previous studies, they found that despite the
reduced opacity within magnetic flux tubes, the excited magnetoacoustic waves
actually suffered somewhat less radiative damping than their acoustic counterparts
in the surrounding unmagnetized fluid, and hence in a relative sense magnetic
flux tubes should appear to emit rather than absorb p-modes. However, when
an incident acoustic wave interacts with a discrete magnetic flux tube, external
scattered acoustic and radiation diffusion waves are generated in addition to the
magnetoacoustic and magnetoradiation diffusion modes that are excited inside
the flux tube. Absorption is possible when the incident acoustic energy can be
efficiently channeled into either (or both) of the radiation diffusion modes, since
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these disturbances are rapidly damped by the radiation field. Preliminary results
indicate that such efficient mode conversion is possible when the magnetic flux
tube is strongly magnetized; the acoustic and magnetoacoustic waves ensure that
the material pressure and radial motions balance at the flux tube surface, but
the radiation diffusion modes are required to balance the radiation pressure and
the normal radiative flux at the interface between the magnetic and nonmagnetic
media. This radiative impedance mismatch between acoustic and magnetoacoustic
modes becomes more pronounced with decreasing plasma beta; hence strongly
magnetized flux tubes are efficient acoustic absorbers despite the fact that their
magnetoacoustic modes are very weakly radiatively damped.

Solarlike Oscillations on Other Stars

Brown and Ronald Gilliland (on leave at Space Telescope Science Institute),
in collaboration with workers at several other institutions, have for several years
been attempting to measure solarlike p-modes on stars other than the sun. The
principal impediment to making such measurements is the very small amplitude of
the expected signal. Efforts have therefore been concentrated on ways of making
very precise Doppler and photometric measurements of sunlike stars. During the
last year, the first evidence of success in this endeavor has emerged.

In collaboration with Lawrence Ramsey (Pennsylvania State University) and
Robert Noyes (Harvard-Smithsonian Center for Astrophysics, or CFA), Brown and
Gilliland have pursued a program of Doppler observations of Procyon (a CMi),
an F5 subgiant in which, theory predicts, oscillation amplitudes should be larger
than solar. Early in the year, Brown and Ramsey successfully constructed and
tested a "double fiber scrambler," which eliminates the noise in stellar Doppler
measurements due to atmospherically induced changes in grating illumination.
They used this device with the Kitt Peak National Observatory (KPNO) 2.1-m
telescope and fiber optic echelle to obtain six nights of Doppler data on Procyon.
This time series had better short-term Doppler stability than any previously
achieved, and showed clear power excess at frequencies between 0.3 and 1.4 mHz.
Comparison with similar power spectra of Arcturus and the sun shows that this
power clearly originates on Procyon. Although it has not yet been possible to show
unambiguously that this signal arises from stellar p-modes, this appears to be the
most likely explanation. If p-modes are in fact the source of the excess power,
then their amplitudes (per mode) are larger than solar by a factor of about 4, and
the frequency range within which they are found is larger, relative to the mean
frequency, than for solar p-modes.

Brown and Gilliland have also collaborated with Nick Suntzeff, Tom Ingerson
(both of the Cerro Tololo Interamerican Observatory, or CTIO), Steve Vogt
(Lick Observatory), and Tomczyk to measure stellar Doppler shifts using spectra
obtained with a molecular iodine absorption cell. The iodine cell is placed just
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before the entrance fiber to the spectrograph, and imposes on the stellar spectrum
a set of reference lines with very stable wavelength. One night of data on Procyon
was obtained in December 1988 using the Lick Observatory 3-m telescope, and
four nights of observations of a Cen A and B were obtained at CTIO in April
1989. Reduction techniques for these data are more complicated than for those
taken with the double fiber scrambler, so no firm results are yet available for either
of these runs. A small subset of the Lick Observatory data has, however, been
reduced, and suggests that Doppler precision of a few m/s should be attainable in
60-s integrations with this technique. This noise level is small enough to permit
detection of oscillations on Procyon, provided that their amplitudes are several
times the solar value. Since the data set from KPNO suggests that such oscillations
may in fact exist, it may be possible to use the Lick Observatory data to confirm
the results of the KPNO observations.

In the area of photometric observations, Gilliland and Brown are in the process
of analyzing an extensive data set consisting of some 9000 charge-coupled-device
(CCD) frames of the old galactic cluster M67. These data were obtained
mostly at KPNO in February 1988, but there are significant numbers of frames
taken during the same observing interval by collaborators at other institutions,
including Suntzeff, Wes Lockwood (Lowell Observatory), and Rudy Schild (CFA).
Preliminary analysis of the KPNO data indicates that it should be possible to reach
the expected noise level, yielding a detection threshold for solarlike oscillations of
about 3 x 10-5 in broadband relative intensity, corresponding to about 10 times
the solar amplitude. Several serendipitous discoveries have also turned up in this
data set, including four previously unknown variable stars (one W UMa contact
binary, two 6 Scuti pulsators, and one probable cataclysmic variable). All of these
objects turn out to be interesting in their own right, and will be the subject of
future research.

Stellar and Galactic Astrophysics

MacGregor, in collaboration with Michael Brenner (summer undergraduate
student from the University of Pennsylvania), has completed a study of the
rotational evolution of solar-type stars. In this study, they used a Weber-Davis
(WD) type wind code to construct a table of wind solutions spanning the parameter
range 1 < (Q/QRo) < 25, 1 < (B/BRo) < 25 where QR® and BRo are the
values of the angular velocity and coronal magnetic field strength corresponding
to the WD solution for the present-day sun. They used the tabulated rates for
loss of angular momentum in wind together with a simple model for internal
angular momentum transport to calculate the rotational evolution of a 1 MR®
star from the time of its arrival on the zero-age main sequence to the age of the
present-day sun. This model requires the specification of both the time scale T,

characterizing the transfer of angular momentum from the top of the radiative case
to the bottom of the convection zone, and the dependence of B on rotation rate
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Q. An extensive parameter study was conducted to determine which specifications
lead to rotational histories that agree best with the constraints imposed by
observations of solar-type stars in young clusters and by helioseismology. The
most favorable conformity with observation is obtained for a coupling time T

that remains constant throughout the evolution (with value approximately equal
to the zero-age main-sequence spin-down time), and a magnetic field strength
that is initially independent of &Q (with magnitude ~ 25 BR 0 ) before decreasing
rapidly to become linearly dependent on Q. MacGregor and Brenner attempted
to justify a posteriori several of the assumptions inherent in their treatment of
internal angular momentum redistribution by considering a model for magnetic
enforcement of uniform rotation within the radiative core of the sun. In this
regard, they have considered a number of "proxy" problems for the case in which
differential rotation acting on an existing poloidal field Bp gives rise to a toroidal
field with an associated current component perpendicular to Bp. The resulting
Lorentz force then acts to reduce the shear and enforce uniform rotation.

Kumar, in collaboration with Patrick Thaddeus, Greg Stacy (both of CFA),
and Harald Riffert (University of Colorado), has been investigating the origin of
massive molecular clouds (2-3) with high internal-velocity dispersion, seen within
a radius of 1 kpc of the galactic center. The mass of these clouds has been
determined from the carbon monoxide line emission at 115 GHz, estimated to be

107 MR 0 . The internal random velocity determined from the width of the
emission line is estimated at 200 km/s, which is larger by a factor of 10 compared
to normal molecular clouds of similar mass found in the solar neighborhood. The
kinetic energy in the cloud is 10 5 4 erg. Based on this large energy requirement,
and the peculiar nature of the observed internal velocity, Kumar and collaborators
have been able to eliminate most of the proposed models for these objects involving
supernova, winds from early-type stars, or the gravitational potential of either
the galactic center or a massive nearby object as the possible energy source. At
the moment there is no reasonable physical model that explains the observed
properties of these clouds, and the only conclusion that can be safely drawn is that
these objects are unique features in our galaxy yet to be explained.

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, ranging from solar wind/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 energy to the
terrestrial environment is a major goal of the Terrestrial Interactions Section.

Raymond Roble is the section head, and Arthur Richmond and Holzer are full-
and half-time scientists in the section, respectively. These scientists and Robert
Dickinson (Climate and Global Dynamics Division) were selected as a team in FY
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90 to participate in the NASA Space Physics Theory Program. The management
and scientific use of the NCAR Incoherent-Scatter Radar Data Base and Coupling,
Energetics, and Dynamics of Atmosphere Regions (CEDAR) Data Base also occur
within the section.

Thermospheric Dynamics

The NCAR thermosphere/ionosphere general circulation model (TIGCM) has
been developed as a collaborative effort by Roble, Cicely Ridley, Dickinson, and
Richmond. The model is evolving continuously with the addition of new physical,
chemical, and radiational processes.

A self-consistent aeronomic scheme for the coupled thermosphere-ionosphere
system has been developed and implemented into the TIGCM. The model
calculates global distributions of neutral temperature; zonal, meridional, and
vertical winds; height of the constant pressure surface; number densities of the
following neutral species, n(O), n(02), n(N2), n(N( 4 S)), n(N(2 D)), n(NO), n(He),
and n(Ar), and of the following ion species, n(O+), n(O+), n(N + ) n(N+), and
n(NO+); and also the electron density and electron and ion temperatures. The
TIGCM contains the first Eulerian model of the ionosphere, and it operates
interactively with the thermosphere on a geographic grid.

The TIGCM has been used to calculate the global thermosphere and ionosphere
structure for steady-state diurnally reproducible equinox and solstice conditions
for solar minimum and maximum. The TIGCM-calculated fields are in good
agreement with similar fields obtained from the mass spectrometer and incoherent-
scatter (MSIS-86) model and international reference ionosphere and the mean
structure observed by the Dynamics Explorer (DE) and Atmosphere Explorer (AE)
spacecrafts. This suggests that the major physical and chemical processes that
describe the large-scale structure of the thermosphere and ionosphere have been
identified and that the model's self-consistent aeronomic scheme can be used
to calculate thermospheric and ionospheric structure considering only external
sources.

The performance of the TIGCM has been tested with a nine-day model run
using realistic time-dependent forcings determined for 20-29 March 1979, a period
that was generally disturbed throughout with major substorm events. The results
showed considerable "weather" variability with complex dynamic interactions.
They also showed that the overall aeronomic scheme was stable and that the
model simulation returned to the original starting fields several days after the
high-latitude forcings relaxed to their initial values. The thermospheric properties
calculated by the model were shown to be in good agreement with measurements
made by a U.S. Air Force satellite and also with incoherent-scatter radar data.
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The TIGCM-calculated global distribution of nitric oxide (NO) is also in good
agreement with the Solar Mesosphere Explorer (SME) NO measurements in the
lower thermosphere. Both TIGCM calculations and SME data show that there is
considerable variation in the NO number density with geomagnetic activity, the
largest variations occurring at high latitudes. Thermospheric dynamics have been
identified as responsible for enhancements of NO seen at low and midlatitudes
following geomagnetic storms.

The TIGCM has been developed as a community model, and it has been used
by a large number of graduate students, postdoctoral fellows, visiting scientists,
and university collaborators.

Geoffrey Crowley (visitor from the University of Leicester, England) has used
the TIGCM for the Equinox Transition Study (ETS), 17-24 September 1984.
Results from a time-dependent simulation using realistic auroral forcings show
good agreement with various ground-based measurements.

Alan Burs and NCAR affiliate scientist Timothy Killeen (both of the
University of Michigan) have been using the TIGCM to calculate compositional
changes during geomagnetic storms. They are comparing model predictions with
data obtained by the NASA DE satellite. Their results clearly demonstrate that
compositional changes are responsible for many of the characteristics responsible
for ionospheric responses during storms.

Cassandra Fesen (University of Colorado) and Jeffrey Forbes (Boston Univer-
sity) have been using the TIGCM to study the dissipation of upward-propagating
diurnal and semidiurnal tides. TIGCM predictions are being compared with
data taken during the Lower Thermosphere Coupling Study (LTCS), a CEDAR
campaign.

Stanley Solomon (visitor from the University of Michigan) and Roble have
developed a global airglow model to be used with TIGCM output. The model
calculates global airglow emission features, such as 630.0 nm, 557.7 nm, 337.1
nm, 427.8 nm, 732.0 nm, and others. A variety of excitation processes such as
photoelectron excitation, dissociative recombination, and thermal electron impact
are included. This is an important diagnostic model that will provide considerable
insight into the temperature and compositional response of the thermosphere and
ionosphere since satellites measure many of the major airglow features. Calculated
global airglow emissions are being compared with various satellite data, such as
from the NASA AE, DE, and ground airglow emission measurements obtained
during CEDAR campaigns. Airglow variations during the great geomagnetic storm
of 8-10 February 1986 are also being calculated and compared with measurements
made from Greenland during the event.
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Mihail Codrescu (graduate research assistant from Boston University), Jeffrey
Thayer, and Richard Cannata (both of the University of Michigan) are all graduate
students using the TIGCM for their thesis research. Codrescu has used the model
to study ionospheric storms and has performed a system analysis on the model.
Thayer is using it to examine high-latitude vorticity and divergence fields and
comparing results with DE data. Cannata has used the model to investigate the
role of Joule heating in the acceleration of the polar wind.

Maura Hagan (Massachusetts Institute of Technology), Roger Burnside
(Arecibo Observatory), Roberta Johnson (University of Michigan), and Vin-
cent Wickwar (Utah State University) have been using the model to examine
seasonal variations of winds, temperature, and composition over incoherent-scatter
radar sites to identify the important physical and chemical processes operating in
the vicinity of their stations and also for various CEDAR studies.

Frank Marcos (Air Force Geophysics Laboratory), Killeen, and Roble have
been critically evaluating the predictive capability of the TIGCM for possible
use in predicting density variations and satellite drag for operational purposes.
Time-dependent predictions of density are being compared with satellite data and
empirical models.

Gonzalo Hernandez (University of Washington), Roger Smith (University of
Alaska), John Meriwether (Air Force Geophysics Laboratory), Manfred Biondi
(Pittsburgh University), and Gerald McCormac (University of Michigan) have
all used TIGCM calculations for comparison with ground-based Fabry-Perot
interferometer measurements of thermospheric winds and temperatures over a
given observing station. Variability from model predictions has led to the
identification of various physical processes that are operating in the thermosphere
and their response to solar and auroral variability.

Interactive Global Dynamo Model

Ridley, Richmond, and Roble have developed a new dynamo model and have
used it to calculate the global distribution of electric currents, fields, and potential,
using wing ds and electrical conductivities calculated by the TIGCM. The model
solves the ionospheric dynamo equations, including a prescription of the measured
magnetic field in Apex magnetic coordinates and the equatorial electrojet. The
present model is not interactively coupled with the TIGCM yet; rather, it is an
independent model that uses TIGCM output fields to solve the dynamo equations.
Coupling of high-latitude solar wind/magnetosphere dynamo currents is also not
yet included. Nevertheless, the model has been used to calculate the structure of
the ionospheric wind dynamo for solstice and equinox conditions, assuming only
in situ solar tides and upward-propagating tides from the lower atmosphere. The
use of realistic magnetic fields produces considerable differences in the calculated

109



High Altitude Observatory

potential, electric field, and current patterns when compared to patterns calculated
using only a dipole magnetic field. It is expected that when self-consistent dynamo
fields are coupled into the TIGCM a significant improvement in the calculated
ionospheric and thermospheric structure will result.

Assimilative Mapping of Ionospheric
Electrodynamics

Richmond and Yohsuke Kamide (Kyoto Sangyo University, Japan) have
developed a theoretical framework for mapping instantaneous high-latitude plasma
convection patterns from combined sets of radar, magnetometer, and satellite
observations has been developed by

The assimilative mapping of ionospheric electrodynamics (AMIE) technique
also gives the instantaneous current distribution, Joule heating rates, and other
electrodynamic properties as well as contours of uncertainty estimates. AMIE is
based on geophysical inverse theory in assimilating the data.

The AMIE technique has been used to define the time-dependent electro-
dynamic parameters for various campaign periods, such as 18-19 January 1984
GISMOS (global ionospheric simultaneous measurements of substorms) period,
the 19 September 1984 ETS period, and the 22-26 September SUNDIAL (global
scale ionospheric measurements and modeling of responses to solar terrestrial
coupling processes) periods. The results of these studies are being made available
to other scientists for their research needs, and the technique is being used by
Delores Knipp (visitor from UCLA), a graduate student, for her thesis research on
electrodynamic couplings between the ionosphere and magnetosphere.

The AMIE technique has also been embedded in the TIGCM to provide
realistic time-dependent high-latitude forcings, when data are available, instead
of parameterized forcings. A significant improvement in reproducing observed
high-latitude winds has been noted.

Richmond and collaborators have used the AMIE technique to derive different
global measures of electric potentials, currents, resistances, and energy transfer
from the magnetosphere that show that the temporal variations of these quantities
are generally well correlated with geomagnetic indices such as Kp, the auroral
electrojet index, and the hemispheric power index of precipitating auroral particles.
They are using the results of these studies to develop the critical parameters in
circuit-analogy studies of ionosphere-magnetosphere electrodynamic coupling.

Polar Cap Convection

The dayside polar cap convection model, developed by Julie Moses (visitor
from Aerospace Corporation) and George Siscoe (UCLA), has been expanded
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during Moses' postdoctoral visit to include the addition of the nightside gap. The
nightside gap maps into the magnetotail reconnection region. Plasma flow exits the
polar cap through the nightside gap. By comparing model results with substorm
F-region ion drifts from DE-2, Moses determined that the reconnection process
appears to continue through the recovery phase of the substorm. These studies
are providing insight into the important processes that are needed to couple the
magnetosphere into the TIGCM.

Auroral Physics

A new controversy between various auroral electron transport codes needs
to be resolved. Solomon, Dirk Lummerzheim (visitor from the University of
Alaska), and Jean Lilensten (visitor from the Center for the Study of Random
Geophysical Phenomena, Grenoble, France) have been addressing the controversy
by conducting studies comparing measured and modeled airglow emission ratios
and electron density altitude profiles using various transport codes. This effort has
led to a critical study of existing codes and their improvement by allowing for a
variable altitude grid spacing and including updated electron impact cross-sections.
There is still considerable work before the controversy can be resolved.

O + Heating/Polar Wind

An important problem in TIGCM development is to include realistic plasma
interactions between the magnetosphere and the ionosphere. Currently the TIGCM
does not interact with the magnetosphere, and there are problems with the
calculated topside ionosphere, especially at night and in the polar region. Holzer,
Margaret Chen (UCLA), and Ashour-Abdalla have made considerable progress in
evaluating microscopic plasma instabilities as a source of 0 + heating and/or 0 +

acceleration in the topside polar ionosphere. Time-dependent polar wind parameter
studies have demonstrated that the mechanism is consistent with available in situ
observations. Holzer and Gerald Browning (Scientific Computing Division) are
continuing to development a time-dependent, 1-D polar wind code (including
subsonic and supersonic flows above 200 km), to study magnetosphere/ionosphere
interactions and to help develop appropriate parameterizations for the TIGCM to
include interactions between these regions.

Global Mean Structure of Mesosphere
and Thermosphere

A self-consistent global average model of the coupled mesosphere, thermosphere,
and ionosphere has been used to examine the basic structure of these regions
during solar minimum and maximum. It has also been used to examine the effect
of trace gas variations, as a result of human activity, on the overall structure
of these regions. The results indicate that the mesosphere and thermosphere
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temperatures will cool by about 10 K and 50 K, respectively, as CO2 and CH 4
are doubled. Global change is projected to occur in the upper atmosphere and
ionosphere as well as in the lower atmosphere during the 21st century.

The global average model has been subjected to considerable testing to evaluate
its overall response to solar and geomagnetic forcings for eventual inclusion into
a new mesosphere/thermosphere/ionosphere general circulation model (MTIGCM)
that will be used to study the downward penetration of solar and auroral influences
as well as investigating upper mesosphere and thermosphere couplings. This new
model will be used for analysis of SME and Upper Atmosphere Research Satellite
(UARS) satellite data.

Venus and Mars General Circulation Models

Stephen Bougher (University of Arizona), Roble, Ridley, and Dickinson have
collaborated on several studies related to the planets Venus and Mars, described
in the following paragraphs. The NCAR thermospheric general circulation model
(TGCM) has been adapted to Venus by including the physical processes for a CO2,
CO, and 0 atmosphere and the dynamics appropriate for a slowly rotating planet.
Model predictions compared reasonably well with Venus data from the Pioneer
spacecraft. But to achieve the measured cold nighttime thermosphere it was
necessary to invoke considerable wave drag at the solar terminator to effectively
reduce heat transport by winds from the dayside to nightside of the planet.

A Mars thermosphere general circulation model (MTGCM) has also been
developed and used to predict the solar-driven global circulation, temperature, and
composition for a nondusty (quiet) lower atmosphere at the time of arrival of the
Russian PHOBOS spacecrafts. The calculation shows that the Mars thermosphere
has aspects found in both the Earth and Venus thermospheres. Planetary rotation
has a significant influence on the Martian wind and temperature structure. Solar-
driven Martian winds give rise to strong adiabatic heating (nightside) and cooling
(dayside), an effect that is pronounced because of the planet's small radius. The
predictions will be compared with PHOBOS data when it becomes available.

Bougher and collaborators have also used global average models of Venus,
Earth, and Mars to study the range of thermospheric variability over a solar cycle.
The results show that the global average exospheric temperature variation between
solar minimum and solar maximum is about 50 K for Venus, 150 K for Mars, and
500 K for Earth. The difference between Venus and Mars is due to a difference
in the atomic oxygen density on the two planets and its relative importance in
enhancing CO2 radiation. The large variation on Earth is attributed to a lack of
an effective radiative cooling species. The relative importance of infrared cooling
and downward molecular thermal conduction has an important influence on the
solar cycle temperature variation on each planet.
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Staff and Visitors

Administrative and Research Support Section

Peter Bandurian
Sharon Beck (to 24 October 1988)
Louise Beierle
Liz Boyd
Joan Burkepile
Carlye Calvin
Linda Croom
Barbara Emery
J.K. Emery
Kristine Fisher
Peter Gilman (director) (to 4 August 1989)
Dan Haynes
Lorraine Hori (to 31 October 1988)
Alice Lecinski
Michael McGrath (section head) (to 17 April 1989)
Cindi Miller (from 26 September 1989)
Joan Morton (from 3 January 1989)
Marsha Rainey (to 17 October 1988)
Janice Saffell
Jeff Schuenke
Kathryn Strand
Betsy White (to 27 June 1989)

Computing Services Group

Ray Bovet (group head)
Roy Barnes
Benjamin Foster
Jack Miller (to 17 April 1989)
Richard Moncayo (to 17 October 1988)
Rose Reynolds
William Roberts
Paul Seagraves
Linda Sirney
Leonard Sitongia
Andrew Stanger
Victor Tisone

Instrumentation Section

Christine Abato (to 25 August 1989)
Greg Card
David Elmore
Charles Garcia, Jr.
Tom Gilbert
Howard Hull
Judd Johnson
David Kobe (to 9 June 1989)
Leon Lacey

Terry Leach
Robert Lee (to 31 March 1989)
Patricia Loudon
Ed Lundin
Paula Rubin
Christopher St. Cyr
Rick Sheffer
Kim Streander
Eric Yasukawa

Solar Interior Section

Timothy Brown (section head)
Ronald Gilliland (on leave from 14 November 1988)
Pawan Kumar

Coronal/Interplanetary Physics Section

Thomas Bogdan
Richard Fisher
Thomas Holzer (1/2)
Arthur Hundhausen
Boon-Chye Low (sec. head) (act. dir. from 7 August 1989)
Keith MacGregor (1/2)
Victor Pizzo (1/2)
Edward Shoub (1/2)
David Sime

Solar Atmosphere and Magnetic Fields Section

R. Grant Athay (to December 31, 1988)
Bruce Lites (section head from 1 June 1989)
Keith MacGregor (1/2)
Victor Pizzo (1/2)
Edward Shoub (1/2)
Andrew Skumanich (section head until 31 May 1989)

Terrestrial Interactions Section

Thomas Holzer (1/2)
Arthur Richmond (on sabbatical from 1 July 1989)
Raymond Roble (section head)

Affiliate Scientists

J0rgen Christensen-Dalsgaard, Univeristy of Aarhus,
Denmark

Timothy Kileen, University of Michigan
Egil Leer, Institute of Theoretical Astrophysics, Oslo,

Norway
Dimitri Mihalas, University of Illinois
Robert Rosner, University of Chicago
John Thomas, University of Rochester
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Graduate Assistants

Thomas Bida
Mihail Codrescu
Chris Halvorson
Graham Murphy (to 31 January 1989)
Joel Van Baelen

Visitors

Grant Athay; independent; January 1989 to December
1992; Solar Atmosphere and Magnetic Fields Section

Lawrence Anderson; University of Toledo; August 1989
to September 1989; Solar Atmosphere and Magnetic
Fields Section

Michael Brenner; University of Pennsylvania; May 1989
to August 1989; Solar Atmosphere and Magnetic Fields
Section

Jo Bruls; Utrecht Astronomy Institute, the Netherlands;
September 1989 to November 1989; Solar Atmosphere
and Magnetic Fields Section

Roger Burnside; National Astronomy and Ionosphere
Center, Arecibo Observatory; October 1989; Terrestrial
Interactions Section

Derek Buzasi; Pennsylvania State University; August
1989 to August 1990; Coronal/Interplanetary Physics
Section

Jim Collett; University of Cambridge, England; October
1988 to December 1988; Solar Interior Section

Geoffrey Crowley; Leicester University, England; March
1986 to February 1989, April 1989 to May 1989;
Terrestrial Interactions Section

Edward DeLuca; University of Chicago; June 1989 to
August 1989; Solar Interior Section

Norman Derby; Bennington College; January 1989 to
July 1989; Solar Interior Section

David Fox; Princeton University; June 1989 to
September 1989; Coronal/Interplanetary Physics Section

Joan Feynman; Jet Propulsion Laboratory; May 1989 to
June 1989; Coronal/Interplanetary Physics Section

Jennifer Gaines; Rhodes College; May 1989 to August
1989; Solar Maximum Mission data analysis

Kevin Giammo; Duke University; May 1989 to August
1989; Coronal/Interplanetary Physics Section

Joshua Goldberg; Haverford College; June 1989 to
August 1989; Mark III K-coronameter data analysis

Paul Hays; University of Michigan; September 1989 to
May 1990; Terrestrial Interactions Section

Ivan Hubeny; University of Colorado; July 1988 to July
1990; Solar Interior Section

Delores Knipp; University of California, Los Angeles;
April 1989 to August 1989; Terrestrial Interactions
Section

Bob Lee; independent; April 1989 to March 1990;
SPARTAN

Jean Lilensten; Center for the Study of Random
Geophysical Phenomena/Grenoble National Technical
School for Electrical Engineers, France; September 1988
to October 1988, September 1989 to September 1990;
Terrestrial Interactions Section

Doug Lindholm; University of Kansas; May 1989 to
August 1989; Solar Interior Section

Dirk Lummerzheim; University of Alaska; September
1988 to December 1988, September 1989 to May 1990;
Terrestrial Interactions Section

Barbara Mihalas; University of Illinois; June 1989 to
August 1989; Solar Interior Section

Vivien Moore; Imperial College of Science and
Technology, London, England; June 1989 to September
1989; Coronal/Interplanetary Physics Section

Cherilynn Morrow; Cambridge University, England;
August 1989 to November 1989; Solar Interior Section

Julie Moses; The Aerospace Corporation; July 1988 to
July 1990; Terrestrial Interactions Section

Frank Orrall; University of Hawaii; July 1989 to August
1989; Coronal/Interplanetary Physics Section

Stanley Owocki; Bartol Research Institute; July 1989 to
August 1989; Coronal/Interplanetary Physics Section

Annick Pouquet; University of Nice, France; August
1987 to August 1989; Solar Interior Section

Bernard Roberts; University of St. Andrews, England;
June 1989 to August 1989; Coronal/Interplanetary
Physics Section

Dieter Schmitt; University Observatory, Gottingen,
Federal Republic of Germany; September 1989 to August
1990; Coronal/Interplanetary Physics Section

Edward Shoub; University of Colorado; October 1986 to
March 1989; Coronal/Interplanetary Physics Section

Stanley Solomon; University of Michigan; September
1987 to December 1989; Terrestrial Interactions Section
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Richard Steinolfson; Southwest Research Associates;
October 1988 to December 1988, July 1989 to August
1989; Coronal/Interplanetary Physics Section

Jan Stenflo; Federal Institute of Technology, Zurich,
Switzerland; April 1988 to April 1989; Solar Atmosphere
and Magnetic Fields Section

Peter Stoltz; University of California, Berkeley; May
1989 to August 1989; advanced Stokes polarimeter

Jim Stone; University of Illinois; July 1989 to August
1989; Coronal/Interplanetary Physics Section

John Streete; Rhodes College; September 1988 to
February 1989; Coronal/Interplanetary Physics Section

Christopher Taylor; Harvard College; June 1989 to
September 1989; Computing Services Group

Michael Thompson; Arhus University, Denmark; July
1988 to December 1989; Solar Interior Section

Steven Tomczyk; Mount Wilson Observatory; June 1988
to June 1990; Solar Atmosphere and Magnetic Fields
Section

Oran White; independent; November 1988 to January
1989; solar-stellar spectrophotometer data analysis

Tod Woods; Princeton University; September 1989 to
October 1989; Coronal/Interplanetary Physics Section

Xue-Pu Zhao; University of Beijing, People's Republic
of China; November 1987 to December 1988;
Coronal/Interplanetary Physics Section
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Advanced Study Program

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.

Visitor Program

Each year ASP awards appointments as postdoctoral fellows or as graduate
research assistants 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. 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.

While in residence at NCAR, each graduate assistant carries out research
based on his or her thesis proposal, which must be endorsed jointly by the
university thesis adviser and an NCAR scientist. In fiscal year 1989 (FY 89),
16 ASP graduate research assistants were in residence at NCAR: seven had new
appointments, four had continued appointments, and five completed their terms
and received Ph.D. degrees during the year.
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While at NCAR, students work directly within ongoing research programs. The
efforts of eight of the students are described in this section; the sections of this
report prepared by the NCAR divisions describe the work of the other eight.

The High Altitude Observatory (HAO) and Atmospheric Chemistry Division
(ACD) also awarded graduate assistantships in FY 89. Information on those
appointments appears within those divisions' reports.

During FY 89, 12 new ASP postdoctoral fellows began appointments, 11
continued from the previous year, and 10 fellows completed their terms. As with
the graduate assistants, much of the work of the fellows is presented in the reports
of the research divisions.

Atmospheric Chemistry

The scientific work within ASP in 1989 showed a continuing and increased
emphasis on the trace chemistry of the atmosphere, with a particular focus on the
chemical exchanges between the atmosphere and the biosphere. The work took
place at various locations and spanned the major aspects of the problem: chemical
and biospheric modeling, laboratory and field measurements, and measurement
technique developments.

One effort focused not on a trace constituent of the air but on oxygen. We
should expect the ratio of the amount of oxygen to nitrogen in the atmosphere
to change slightly with space and time as a result of seasonal photosynthesis and
respiration of terrestrial biota, physical and biological processes in the ocean, and
the burning of fossil fuels. Measurements of these small changes would allow us
to address several important questions, including (1) What is the net source of
carbon dioxide from the land biosphere? and (2) What is the magnitude of the
"new" biological production in the surface waters of the ocean?

As reported last year, Ralph Keeling, in cooperation with ACD and Harvard
University, began the process of creating at NCAR a system that would allow
carefully collected air samples to be analyzed for the oxygen/nitrogen ratio to a
precision of about one part per million. This system was tested during 1989 on air
samples drawn from the end of the pier at the Scripps Institution of Oceanography.
Although at present these measurements span less than seven months, they already
provide evidence of a significant seasonal variation in the oxygen/nitrogen ratio
in "background" air. From March to September 1989, the oxygen/nitrogen ratio
of air sampled during "clean" conditions rose by 0.0085%. Part of this rise can
be attributed to photosynthesis by land plants, which produce oxygen in warmer
months. However, the rise is nearly twice as large as expected from land plants
alone. Evidently the oceans were also a net source of oxygen during this time.
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This result has important implications for estimates of the biological productivity
of the world oceans.

In parallel work, Keeling tested methods for collecting air samples. These tests,
which compared air samples taken in glass flasks with air analyzed continuously
from an inlet system, demonstrate that it is feasible to collect and analyze air
samples without significantly changing the oxygen/nitrogen ratio. This result is
important because it shows the possibility of collecting air samples at remote
locations for analysis in a central laboratory.

Next to carbon dioxide, methane is the gas which is projected to produce the
largest amount of global heating in the coming years. Its concentration in the air
is increasing by about 1% annually. The global budget of methane, however, is
poorly understood; knowledge of the total source of methane may be in error by
30% or more, and estimates of the size of individual sources frequently vary by a
factor of two or more.

One important source, which may contribute 20% of the methane emissions to
the air, is natural wetlands, and it is thought that tropical wetlands provide a
significant portion of that contribution.

During 1987 and 1988, Michael Keller studied methane emission from wetland
habitats and methane consumption by dry soils in central Panama. Last year
he used enclosure techniques to quantify sources and sinks and to gain some
insight into the processes responsible for methane emission and consumption. The
measurements suggest that until now the magnitude of tropical methane sources
has been underestimated. He found that a large proportion of methane emission
from tropical lakes is released by sporadic bubbling events, commonly triggered
by winds. Water depth was a major controlling variable in the study; methane
emissions were over a hundred times greater in 1 m deep water than in 10 m deep
water in Lake Gatun, the main study location.

Keller found that well-drained tropical forest soils consistently consume
atmospheric methane. In contrast, agricultural and pasture soils in deforested
areas consume practically no methane. Although the strength of the soil sink is
small in global terms, it is possible that a diminishing soil methane sink resulting
from land use changes contributes to the current increase of atmospheric methane.
In collaboration with Stanley Tyler (ACD), Keller investigated the carbon isotopic
signature of methane consumption. Preliminary results suggest that soil organisms
strongly discriminate against 13C-CH 4. This process provides a partial explanation
for the difference between the isotope ratios of known methane sources and
methane in the atmosphere.

Garland Upchurch has applied climate sensitivity studies to the problem of
mass extinction. He examined the role of paleoenvironmental changes in the
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global climatic system during the end-Cretaceous mass extinction 66 million years
ago. Many inferred environmental changes during this mass extinction have been
postulated as important agents of biotic and climatic change, but to date no
study has evaluated their importance using general circulation models. Upchurch
will use community climate model 1 to evaluate the importance of change in
the latitudinal oceanic temperature gradient, extent of continental landmass, and
paleotopography during an interval of mass extinction.

During 1989, he gathered information from the geologic literature on paleo-
geography and oceanic temperature gradients and their change during the
end-Cretaceous mass extinction for use in climate simulations. Using estimated
continental positions and oceanic temperature gradients, Upchurch is guesstimating
paleoevolutions and estimating the maximum extent of land area during the period
of sea-level fall at the end of the Cretaceous (global sea level fell by as much as
100 m in less than 1 million years).

Peatland vegetation not only contributes methane to the air but also interacts
with other trace gases and influences the moisture content of the troposphere.
Lee Klinger used a combination of field, laboratory, and modeling studies
to charcaterize the feedbacks between peatland vegetation and climate. He
collaborated with Patrick Zimmerman, Tyler, Alan Fried, Alan Hills, James
Greenberg (all of ACD), Starley Thompson (Climate and Global Dynamics
Division, or CGD), David Goldblum, (a student at the University of Colorado),
Nigel Roulet (York University, North York, Ontario, Canada), and Timothy Moore
(McGill University, Montreal, Quebec, Canada). Klinger conducted his fieldwork
in Schefferville, Quebec, during the summer of 1989 to examine the relationship
between peatland succession and trace gas emission rates. This was part of an
ongoing collaborative effort by numerous Canadian universities and U.S. agencies
to examine the role of northern peatlands in climate change.

In May of 1989, Klinger transported two small bogs, intact, from northern
Minnesota to NCAR for use in microcosm studies. A detailed experiment was
conducted to determine the flux of carbonyl sulfide (OCS), an important source of
stratospheric sulfur, to or from bogs. Klinger and Fried found that the vascular
plants in the bogs are a significant sink for OCS, and that the rate of uptake of
OCS is independent of light.

Klinger still needs more complete peatland data sets before he can conduct
modeling studies. He created, with considerable effort, a peatland data set for
Canada and Alaska depicting the area of peatland cover within each 1° x 1° cell.
These data are now computerized and available for model runs.

High latitudes are not only the location of major peatlands, they are also the
recipients of pollutants from lower latitudes and from the increasing use of the
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Arctic for fossil fuel drilling. Gas and aerosol measurements made at Barrow,
Alaska, during the spring of 1986 and analyses by Shao-Meng Li confirm the
suspected inverse relationship between excess bromine (xBr) and ozone (03). In
addition to this relationship, three other factors were found to be important in
understanding the springtime variability of 03 at Barrow. They are (1) 03

concentration variability controlled by nitrogen oxide (NO) chemistry at high
pollutant levels or transport of primary pollutant 03 from lower latitudes; (2)
displacement of an air mass of high 03 content with one low in 03; and (3) when
pollutant levels were low, advection of air that can cause gradual change in 03
with more rapid, inversely related fluctuations of 03 and xBr superimposed. Under
the conditions of (3), the trend and anticorrelation each accounted for about one
quarter of the variance in 03, suggesting a role for other halogen compounds or
low-level NO, and gas-particle interaction in the photolytic 03 destruction process.

Bromine was also studied in the laboratory, this time with an emphasis on
stratospheric chemistry. For many years catalytic cycles for the destruction
of stratospheric ozone have been proposed which involve compounds containing
chlorine (C1) and bromine (Br). Many of these early catalytic cycles involved
reactions with atomic oxygen (0) for regenerating the Cl or Br atoms to continue
the cycle. However, in the lower stratosphere and in the polar regions, the
steady-state concentration of O atoms is too low for these cycles to be of great
importance. Catalytic cycles which do not involve O atoms become dominant in
these regions. As his thesis topic at the University of Colorado, Andrew Turnipseed
is investigating the kinetics and temperature dependencies for the reactions of BrO
+ BrO and ClO + BrO by using a discharge-flow/mass-spectrometry technique.
Both of these reactions are rate-determining steps for catalytic ozone destruction
cycles which do not involve 0 atoms. The ClO + BrO reaction is especially
important because it may be a major reaction involved in the polar ozone hole
reported over Antarctica. Turnipseed has observed that both of these reaction
rates increase with decreasing temperature, as expected from present theory, and
they are in reasonable agreement with previous studies. This negative activation
energy is an important factor in the C1O + BrO reaction, since its enhanced rate
at lower temperatures will increase the importance of this reaction in the extremely
cold temperatures of the Antarctic stratosphere. From the present work, the ClO
+ BrO reaction can account for about 25% of the ozone depletion observed within
the Antarctic ozone hole.

The enhanced interest in exchanges of chemicals between the air and the
ground (or ocean) calls attention to the need to improve the equipment available to
measure these exchanges. The methods developed in the last 20 years for making
flux measurements from the earth's surface have achieved reasonable accuracy, but
they are most applicable to restricted, intensive, micrometeorological experiments.
There is now a growing need for such measurements to be made routinely.
Satellite studies need surface truth observations covering a relatively large area
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and requiring many surface stations. Air chemistry, biology, and soil studies need
to be performed to understand the problem of global climate change. These latter
studies challenge the present technology by requiring measurements to be made
over several growing seasons (which is an order of magnitude longer than in most
micrometeorological studies), by requiring instruments to be deployed in harsh
environments, and by adding sensors not easily adapted to current techniques.

NCAR's Surface and Sounding Systems Facility (SSSF) is attempting to fill
this need by developing the Atmospheric Surface Turbulent Exchange Research
(ASTER) facility. ASTER will provide both flux measurements using existing
techniques on a routine basis and a platform with which new techniques can be
developed and tested. Steven Oncley has contributed to three aspects of this
development. First, by analyzing existing micrometeorological data and data to be
acquired by ASTER, he found a dependence of the von Karman constant on the
roughness Reynolds number and an imbalance of the turbulent kinetic energy in
neutral stability conditions, which should be tested with more data. Second, he has
begun development of a low-cost, low power-consumption, and low-maintenance
type of sonic anemometer. This development requires a new transducer, which
Oncley believes can be created with new materials. Third, with Hills (ACD), he is
building an instrument to measure chemical fluxes using the conditional sampling
technique developed by Joost Businger, Mesoscale and Microscale Meteorology
Division (MMM), and Oncley. All three approaches are necessary to meet the
needs of future experiments.

Surface fluxes also form the thesis topic of Kenneth Davis (University of
Colorado). Eddy correlation techniques are widely used but cannot be applied to
some gases, such as nonmethane hydrocarbons, for which fast-response detectors
do not exist. Davis is attempting to develop a new method of determining
surface fluxes based on measurements of trace-gas vertical concentration gradients
in the convective boundary layer. This method may make surveys of the surface
fluxes of water vapor and ozone over large areas feasible through the use of
airborne or satellite-borne differential absorption lidar (DIAL) instruments, which
can remotely measure water vapor and ozone concentrations as a function of
height. This method would also make possible surface flux measurements of some
gases whose fluxes cannot be measured via eddy correlation because of insufficient
instrumentation.

The mixed-layer gradient method is based on Chin-Hoh Moeng's and John
Wyngaard's (both of MMM) large-eddy simulations of scalar transport in the
convective boundary layer. Davis is testing it on balloon profiles of isoprene
and on DIAL ozone profiles collected during the Amazon Boundary Layer
Experiments by Zimmerman and Greenberg (both of ACD) and by Edward
Browell (NASA Langley Research Center), respectively. Preliminary results
suggest that integrating concentration measurements for several hours may be
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required to average out instrument and turbulence noise and to allow accurate
determination of the small mean vertical concentration differences that exist in a
well-mixed convective boundary layer.

Interaction between the biosphere and the atmosphere is a two-way street:
plants and soils store organic carbon and hence influence the radiative properties of
the air; the climate affects the species composition and growth rates of ecosystems
and hence their ability to store carbon. Besides oceans and ice, the Arctic
contains vast amounts of land, extensive forests, and soils containing much organic
matter. In the Northern Hemisphere, simulated climate warming induced by
carbon dioxide (CO 2) is greatest in Arctic environments. The degree to which
these cold soils warm and the organic matter reserves decompose could greatly
alter the predicted rate of CO 2 release to the atmosphere and hence the magnitude
of climatic warming. Gordon Bonan is developing several modeling experiments to
examine these interactions. In the first, he uses Dickinson's biosphere-atmosphere
transfer scheme to examine the importance of permafrost in regional climatology.
Most atmospheric general circulation models do not adequately consider latent
heat effects during soil freezing and thawing, so he is testing the sensitivity of
simulated Arctic climates to a more detailed soil temperature algorithm.

In the second experiment, he uses a detailed zero-dimensional model of boreal
forest dynamics to examine the carbon budget of high-latitude forests. Available
data indicate that a high-latitude terrestrial carbon sink is required in the Northern
Hemisphere to balance the global carbon budget, and this experiment attempts
to reproduce such a sink. Several modifications are required before the available
forest model will be appropriate for the task. Preliminary results suggest that in
some bioclimatic regions the boreal forest is a sink of carbon. Moreover, numerous
feedbacks among tree growth, litter quality, soil temperature, and climatic warming
highlight the complexity of high-latitude environments to climatic change.

In another project to improve understanding of atmosphere-biosphere inter-
actions, Philippe Martin devised a new land-surface scheme to be coupled with
gap-phase and other vegetation models. It explicitly treats feedbacks between the
vegetation and the atmosphere.

Martin has taken transpiration from vegetation to be the minimum of the
supply, a function of root and xylen resistance and evaporative demand on the
vegetation. The demand is controlled to some extent by stomata, which in turn
respond to light, temperature, air humidity, leaf pressure potential, and other
factors. At this stage of model development, only light, temperature, and humidity
are considered.

Martin modeled the canopy energy balance as responding to evaporative flux,
solar radiation, leaf area index, and radiative and sensible heat fluxes. Evaporation
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from the ground is again a minimum of supply and demand. Water balance,
runoff, and movement of water in the soil round out the surface representation.

The next steps in the development of this scheme are to test accuracy and
evaluate the physical realism of those parameterizations that have not yet been
tested. Once Martin has completed this work, he will link the model to a series
of vegetation models of increasing complexity, and the combined models will be
tested again.

The projected uses of the model are varied. Its main purpose, however, is to
examine how changes in climate may affect the vegetation of the globe. Hence, two
major avenues are to be explored: understanding better the dynamics taking place
within ecotones and simulating the potential changes in global vegetation cover. It
should be possible to use the model both with very detailed ecosystem models of
gap-phase dynamics and with global vegetation models simulating only vegetation
functional types. Given the required data and an appropriate vegetation model,
this model should provide enough flexibility to study a wide range of questions.

Atmospheric Motions

A second ASP emphasis in 1989 was on the motions of the atmosphere from
small events such as single thunderstorms, up to synoptic-scale episodes. As in
the case of chemistry, the work ranged widely, from a heavy interest in modeling to
data collection and analysis to technique development for extracting information
from the new Doppler radars.

Recent studies of predictability of atmospheric motions based on the complete
limited-area forecast models suggest that the predictability properties of synoptic-
scale motions control predictability of dynamical systems in the local regions. This
is because the evolution of mesoscale perturbations in studied cases is dominated
by damping processes rather than by the dynamical instabilities or nonlinear
interactions in these scales.

Two important questions arise from these results: (1) What is a basic
mechanism responsible for short-term (1-3 days) growth of initial perturbations
in local synoptic-scale flows? and (2) Are convective and explosive mesoscale
processes less predictable than found for mesoscales in past predictability studies?

In order to answer the first question, Tomislava Vukicevic, with Ronald Errico
(MMM), has undertaken the development of a linear version of the Pennsylvania
State University (PSU)/NCAR mesoscale model, which will enable them to study
the influence of linear baroclinic instability on the evolution of initial perturbations.
The second question will be addressed by studying sensitivity to initial data of
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severe weather cases, using the PSU/NCAR mesoscale and Klemp-Wilhelmson
convective model.

While considerable work has been done in recent years on the structure
and dynamics of midlatitude severe convective storms of the type seen over
the Great Plains, relatively little is known about the characteristics of the
severe, often tornadic, storms which form in landfalling hurricanes. Eugene
McCaul is investigating this subject, using analyses of upper-air observations in
conjunction with the Klemp-Wilhelmson cloud model. The observations show that
the hurricane-spawned storms form in environments which have little instability
but very large lower-tropospheric wind shear. The wind shear is distributed
with height in such a way that developing convective cells are exposed to an
environment rich in helicity, a condition which favors updraft rotation and,
eventually, possible tornadogenesis. The numerical simulations confirm that,
despite the relative deficiency in buoyancy, storms are able to assume supercell
character in some cases. The supercells, however, are much smaller than their
Great Plains counterparts, which is in agreement with observational evidence. The
lack of buoyancy is compensated for dynamically by the development of very large
vertical-perturbation pressure accelerations near cloud base. The pressure field is
apparently driven by the interaction of the updraft with the environmental shear.
This interaction is particularly strong because both the shear and the buoyancy
are jointly concentrated in the lower layers of the troposphere.

Extratropical cyclogenesis has long been considered through the paradigm
provided by the Norwegian cyclone model, in which cyclone evolution occurs
through a wave development along a polar front separating tropical and polar air
masses. However, small-scale cyclones are observed to form on the cold-air side of
the polar front, especially over oceanic regions during the winter half of the year.
The evolution of these cyclones is called "polar air-stream cyclogenesis." Warren
Blier studied these events as part of his thesis work with Richard Reed at the
University of Washington.

Observational and diagnostic studies of two cases of polar air-stream cyclo-
genesis were quantitatively included in the thesis work. These studies were
inadequate to describe the mechanisms operating during the formative stages of
the disturbances and the dynamics producing their subsequent growth. Hence,
Blier, in cooperation with Richard Rotunno and Ying-Hwa Kuo (both of MMM),
conducted numerical experiments of the original two cases plus one more using a
high-resolution, primitive-equation numerical model.

Results seem to indicate a spectrum of polar air-stream cyclogenesis within
which the relative degrees of importance of baroclinic amplification, latent heating,
and surface heat fluxes vary. In the most intense of the three cases studied,
growth was initiated by forcing from aloft, but much of the amplification then
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occurred through release of latent heat in the ascent region, organized along a
topographically related, low-level funnel zone, and this in turn appeared to be
driven strongly by surface fluxes.

Mesoscale vortices, called the southwest (SW) vortices because of their
geographical location in China, are frequently observed to the east of the Tibetan
Plateau. The development and intensification of these vortices are often responsible
for heavy rainfall and sometimes flash floods in the area, particularly over the
Sichuan Basin east of the plateau. Interest in this problem arises from (1) the
development of these vortices in an area of complex terrain; (2) their formation in
a relatively weak baroclinic environment; and (3) their relation to the occurrence
of severe weather.

The approach taken in Wei Wang's thesis research, under the supervision of
Kuo (MMM) and her university adviser, Thomas Warner (PSU), has been to
perform a careful study of an SW vortex associated with a very heavy rainfall
event over the Sichuan Basin during 24-27 June 1987.

The study so far has shown that this SW vortex formed in an environment
where baroclinity was weak and upper-level forcing was nearly absent. The
development of the SW vortex appeared to follow the amplification of a short-wave
trough over the Yun-Gui Plateau, located in the southeastern corner of the Tibetan
Plateau. Wang hypothesized the trough amplification resulted from the interaction
of the southwesterly monsoon flow and the mesoscale mountain range. The sloping
terrain and the intensification of the SW vortex played important roles in focusing
the heavy precipitation over a very localized region by providing a continued influx
of the warm, moist, monsoon air into the Sichuan Basin.

To predict the intensity of a hurricane has been a challenge to forecasters.
Although the eye position and the center pressure can be determined accurately
with the help of satellite images and in situ aircraft measurements, only small
portions of the kinematic structure can be revealed from these observational
platforms. With two penetrations through the hurricane center, an airborne
Doppler radar can provide detailed storm-scale flow fields, if the hurricane is
stationary and steady for several hours. Wen-Chau Lee, in association with
Richard Carbone of the Atmospheric Technology Division (ATD) and Frank
Marks (NOAA), attempted to develop an algorithm that can extract the mean
first-order quantities, such as vorticity and divergence, from just one pass
through the hurricane center. If the hurricane circulation is axisymmetric, the
convergence/divergence will displace the location of the maximum Doppler velocity.
With a second pass through the hurricane center, the mean hurricane motion can
be determined.

Lee will perform harmonic analysis on the radial velocities lying on a circle
from the hurricane center. Residuals from the first harmonic should contain the

126



Advanced Study Program

divergence and other information. He will test this algorithm on past hurricanes,
such as Gloria and Gabriella, and in real time during the next hurricane season.

With the development of the Next Generation Weather Radar, single-Doppler
radar observations will extensively cover the United States. These radars will
provide observations of along-beam velocity and reflectivity with a horizontal
spatial resolution of less than 1 km and a temporal resolution of a few minutes.
The use of these data for initialization of storm prediction models and for sampling
the eddy structure of boundary-layer flows requires retrieval of the other two
components, velocity and temperature, from the single-Doppler observational data.

Juanzhen Sun, in collaboration with Douglas Lilly (University of Oklahoma)
and Moeng (MMM), used an optimal control method for such retrieval. She
simulated a Rayleigh-Benard convection flow as a control field to minimize the
cost function, which is quadratic in the differences between the given data and
their model counterparts. She used the limited memory quasi-Newton algorithm
for minimization. Preliminary results indicate that this method can successfully
recover the simulated flow structures from a rather rough first guess; the two
cross-beam velocity components can be accurately retrieved with a reasonable
number of iterations, while an accurate temperature retrieval requires additional
iterations.

There is substantial evidence that the latent heat released by saturated
ascent or moist convection has profound effects on the dynamics of baroclinic
waves. These effects are especially evident in cases of maritime cyclogenesis
and may involve development at scales from nearly the mesoscale (polar lows)
to synoptic scales ("bombs"). However, because of the fundamental difficulties
in adequately incorporating moisture or moist convection in quasi-geostrophic or
other filtered models, theoretical understanding of the problem remains crude.
Extending his thesis work with Richard Lindzen of the Massachusetts Institute of
Technology, Christopher Snyder considered baroclinic instability in a simple quasi-
geostrophic model with a wave-CISK (conditional instability of the second kind)
parameterization of cumulus convection (i.e., vertical velocity at a specified level
leads immediately to a prescribed heating throughout the atmospheric column).
Due to the simplicity of this parameterization, his emphasis was to explore the
possible dynamics in a model with "cumulus" heating, rather than to examine
quantitatively specific observed cases. The model demonstrated that parameterized
convective heating can provide an alternate mechanism for producing baroclinic
development, since the heating allows the disturbance to modify potential vorticity
(PV) independently of gradients in the basic state. With a crude thermodynamic
constraint on the vertical profile of the heating, the model suggested that, in the
parameter range appropriate to the atmosphere, pure CISK is not possible and
the instability exhibits much of the characteristic structure of a classic growing
baroclinic wave. When a basic-state PV gradient is present, Snyder also found,
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in contrast to previous results in the absence of PV gradients, that the heating
may either enhance or decrease linear growth rates, depending on the vertical
scales of the heating and of the disturbance. More recently, Snyder has begun
a collaboration with Rotunno and William Skamarock (MMM) to develop a
primitive-equation, adaptive-grid model to study the development of idealized
baroclinic waves while explicitly resolving mesoscale and some convective-scale
motions. Such a model should provide a bridge between observational or numerical
case studies and theoretical work based on the simplified parameterization of moist
processes.

Peter Hess is examining stratospheric mixing processes during the spring
warming. During the winter months, the stratospheric polar vortex consists of an
air mass isolated from the rest of the atmosphere where anomalous chemistry can
take place. During later winter or early spring, the vortex breaks apart in the final
stratospheric warming and slowly mixes with the rest of the atmosphere. This
process is of fundamental importance, because it is only when air parcels of differing
chemical species are truly mixed that they can interact chemically. However, the
mechanisms and time scales governing this stratospheric mixing process are largely
unknown but may have important effects on middle atmospheric chemistry.

Hess used the results of a modeling study of the transport of nitrous oxide,
which used winds generated with the community climate model (CCM) and an
offline tracer transport model. He also studied data from balloon profiles of
long-lived trace gases taken during the summer months over southern France and
Germany and satellite-derived observations of the final warming during March
1979. The data sources are not good enough to provide quantitative answers
about mixing times following the final warming, since very small spatial scales of
unmixed chemical anomalies may develop which are not well resolved. The balloon
soundings indicate that stratospheric circulation during late winter or early spring
may produce layered regions of zonally symmetric unmixed chemical anomalies
in June, about three months after the final warming. The evolution of the final
warmings in the CCM and in the satellite data give valuable insights into the
evolution of the flow following final warmings. Although these warmings are very
different-one typifying a warming in the Southern Hemisphere, the other in the
Northern Hemisphere-they both indicate that the lifetime of unmixed chemical
anomalies following the final warming may be rather long.

Eric Chassignet studied the use of satellite observations to map the sea-surface
height field, given a variety of satellite orbit scenarios. Of particular interest is
the observation of the vigorous rings that detach from intense western boundary
currents and other less intense mesoscale features of the oceans. To produce
simulated data sets, he used a multilevel model of the Gulf Stream, one that has
reasonably realistic behavior in space and time. He sampled the model sea-surface
heights along tracks of possible satellites for a period of two years and then
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interpolated the values to the model grid. The ability of each altimeter to measure
correctly the mesoscale eddy field of the model was then examined as a function of
its coverage and of the interpolation scheme. So far, Chassignet cannot recommend
higher resolution in space or higher resolution in time as the better representation
of the ocean-eddy flow field.

On climatic time scales, the thermohaline circulation (the large-scale, merid-
ional, overturning circulation driven by surface heat and freshwater fluxes) is
crucial to understanding the role of the world oceans in global climate variability.
Indeed, paleooceanographic evidence appears to indicate that the meridional
circulation of the North Atlantic has changed dramatically since the last ice
age. However, the mechanisms of the thermohaline circulation are poorly un-
derstood, and thus the variability is even more poorly understood. David Darr
is constructing simplified models of the thermohaline circulation-intermediate in
complexity between large, three-dimensional general circulation models (GCMs)
of the ocean and simple analytical models-by analyzing the east-west pressure
torque exerted by meridional boundaries in a simplified geometry version of the
Bryan-Cox primitive-equation ocean GCM. Darr will use these experiments and
their analyses to guide construction of two-dimensional, zonally-averaged models
of the meridional circulation with high vertical and meridional resolution. These
models will then be used in a series of experiments designed to further our
understanding of the mechanisms for variability of the thermohaline circulation.

In recent years, much interest has been focused upon the dynamics of the
tropical oceans due to their importance in the El Ninio/Southern Oscillation
(ENSO). As a result of this and in concert with the Tropical Instability Wave
Experiment in the eastern Pacific and Tropical Ocean and Global Atmosphere
Programme-Coupled Ocean-Atmosphere Response Experiment in the western
Pacific, Jeffrey Proehl developed a three-dimensional numerical model of the
tropical ocean. The model is limited to the upper ocean, which is very well
suited to investigate the dynamics of high-frequency phenomena, such as tropical
instability waves.

These instabilities, first seen in satellite observations of the equatorial sea-
surface temperature field, are linked to the strong current shears present in
the near-equatorial region. They are associated with relatively large meridional
transports of heat and momentum and therefore play a very important role in
the heat budget of the tropical ocean and probably ENSO. Research to date
has been developmental, i.e., computing spectra and energy budgets and adding
computation of the physically relevant quantities to the primitive-equation model.
These computations will allow a detailed look at the generation, propagation, and
decay mechanisms of these instabilities and their dependence upon various model
parameterizations.
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Marie-Pascale Lelong, in cooperation with James McWilliams (CGD), is
studying cyclostrophic adjustment in fluid flows. The study of how a stratified
fluid adjusts to equilibrium under the effects of gravity remains a central problem
of geophysical fluid dynamics because it is fundamental to understanding how
the oceans and the atmosphere behave. When no external forcing is present,
an initially unstable flow will adjust to a steady-state equilibrium by radiating
away some energy in the form of waves. When the final equilibrium represents a
balance between the Coriolis force and the pressure gradient, the adjustment is
called geostrophic. When the horizontal scale of the flow is much smaller than the
Rossby radius of deformation, the equilibrium is between the centrifugal force and
the pressure gradient. This is called cyclostrophic adjustment.

If the initial flow is axisymmetric or if it is a function of only one space variable,
analytic solutions for the final state can be obtained. The method used for
obtaining these solutions relies on conservation laws for mass, angular momentum,
and potential vorticity.

Lelong has obtained analytic solutions for the cyclostrophic adjustment of
some two-dimensional axisymmetric flow configurations. For more complicated
initial configurations, she will use McWilliams's shallow-water code for the
two-dimensional case and Robert Kerr's (MMM) pseudospectral code for three-
dimensional studies.

The thermohaline circulation of the ocean is thought to play an important role
in the climate changes. It is driven by density forcing due to the temperature and
salinity surface distributions and responds on time scales of the order of millenia.
Earlier, Frank Bryan (CGD) performed numerical experiments with an oceanic
model in a simplified geometry, showing that several stable equilibria could be
observed for the same forcing. Since the heat flux between the poles and the
equator is not the same for the multiple equilibria, the earth climate may be
completely different as well.

Olivier Thual is trying to describe the multiple equilibria with an even more
simplified model of the thermohaline convection of the ocean: a two-dimensional
Boussinesq equation in a horizontally (zonally) periodic domain with simple
temperature and salinity forcing and a large-aspect ratio. He started with an
analytical approach, based upon a Galerkin approximation of the equations and
chose the projection functions to be the first pertinent modes involved when
the forcing is increased from zero. The cumbersome algebra required by the
construction of the Galerkin approximation would not have been possible without
the use of symbolic manipulation software.
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Theory

Yu-Qing Lou continued his investigation of the onset of magnetohydrodynamic
(MHD) convective instability. He included in the perturbations the diffusive
effects of thermal condition, viscosity, and resistivity. Since more parameters are
involved in the fully compressible MHD formulation, the MHD convective-stability
boundary in the parameter space is directly associated with the specific background
equilibrium. He found that gravitational stratification of a compressible fluid tends
to destabilize a system in contrast to a physically similar system in the Boussinesq
limit. Another purpose for this study is to provide specific MHD convective-
stability criteria for future reference of MHD overstability criteria.

Others have found numerically that MHD overstability can occur for subadi-
abatic temperature gradients for a polytropic atmosphere with a uniform vertical
magnetic field. In order to understand the origin of this result, Lou returned to
the simpler problem without magnetic field and found that the acoustic modes can
be overstable for subadiabatic temperature gradients in the presence of thermal
conduction, while the gravity mode is stable. This result implies that a class
of stellar acoustic oscillations (including those found on the sun) may be excited
via acoustic overstability. Furthermore, it suggests that the subadiabatic MHD
overstability is probably of the same origin, modified by the presence of magnetic
field.

Lou also obtained closed-form solutions for a class of nonlinear, force-free
magnetic fields to model solar active-region field geometries. These solutions
are of interest for solar magnetic-field observations and for numerical schemes
of extrapolating coronal magnetic fields from the normal component of magnetic
field at the photospheric level. He pointed out that numerical schemes for
extrapolating force-free magnetic fields with open boundary will encounter the
difficulty of singularities. These solutions provide a stringent test for the successful
codes. Furthermore, these solutions can be utilized to construct a new class of
magnetostatic equilibria to model solar magnetic-field structures more closely.

The atmosphere and ocean are turbulent fluids and contain many kinds of
coherent structures. The simplest case of turbulent flow occurs in a two-dimensional
fluid where the structures are coherent vortices. When these structures are far
apart, they may be approximated by point vortices. Jeffrey Weiss undertook
a study of the dynamics of point vortices in a two-dimensional square periodic
domain. Several point vortices constitute a nonintegratable Hamiltonian dynamical
system and thus can be studied with the techniques of nonlinear dynamics and
statistical mechanics. Weiss found that the behavior can be either ergodic or
nonergodic, depending on the energy of the system. In the energy range where the
dynamics is ergodic, there is a tendency for opposite sign vortices to pair up with
a separation chosen by the dynamics.
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Atmospheric blocks are long-lived structures which block the zonal flow pattern,
often producing anomalous weather conditions. They are best described as local
and often display a dipolelike structure with a high-pressure cell to the north of
a low. The blocks are, of course, embedded in a background flow. Observational
evidence suggests that the background flow acts to reinforce the block within
certain regimes.

A plausible way to model these blocks is with a modon, consisting of exact two-
branched solutions of the quasi-geostrophic vorticity equation with closed contours
and a dipole structure. Sue Ellen Haupt is investigating modons in shear flow
within the framework of equilibrium solutions of the quasi-geostrophic vorticity
equation. She computed the solutions numerically, using the Newton-Kantorovich
iterative technique in conjunction with continuation and spectral expansion. She
initialized the model with a modon solution plus an added background flow. The
model has been fully developed and tested, and shear-flow modons have been
computed for various plausible background flows. The solutions appear to be
stable within certain regimes. She expects this approach to allow observation of
modon coherence within various types of flow fields and thus facilitate comparison
with observed atmospheric blocks.

Finally, the interaction of people with the atmosphere is an important area
of study. Hunger and famine continue to plague peoples throughout the world,
in spite of improved local, national, and global monitoring efforts. The causes
of hunger are varied, including climatic variations and economic policy. The
combination of resources, economy, institutions, and demography in many places
creates socioeconomic groups particularly vulnerable to chronic hunger or episodic
famine. Vulnerability changes with ongoing and expected trends, including climate
change, populaio roation growth, resource degradation, economic policy, and political
shifts. Efforts to conceptualize hunger, to identify vulnerable groups, and to assess
the boundaries of adaptation are relevant to policies regarding global change as
well as drought preparedness and famine prevention.

Thomas Downing reviewed literatre on vulnerability and organized the
results according t a conceptual model that distinguishes between causes and
consequences and recognizes the importance of the scale of social aggregation.
This framework has implications for famine monitoring and studies of sensitivity
to global change. He undertook a case study of national and local vulnerability
to hunger in Kenya, using a geographic information system, a hierarchical
decision-making model, and a dynamic simulation.

Downing also made progress toward implementing a crop-yield model to
assess the effectiveness of potential adaptations to climatic variations suitable for
smallholder agriculturalists. It appears that the current range of adaptations is
sufficient to cope with expected climatic variations (droughts and climate change),
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provided that government policies are favorable to smallholder agriculturalists and
that the national food balance can be maintained.

Summer Colloquium and Field Trip

ASP and HAO sponsored a summer colloquium entitled "Observational
Techniques and Data Interpretation in Solar Physics," followed by a five-day field
trip to visit several major astronomical facilities. Twenty-eight lecturers from six
U.S. institutions spoke during the colloquium. Richard Fisher and Kathryn Strand
of HAO coordinated the sessions. The 13 graduate and postgraduate students and
professionals who participated in the colloquium represented eight institutions.
Twelve of the colloquium participants took part in the field trip to Arizona, New
Mexico, and Texas to visit the University of Arizona's astronomy department and
mirror-casting laboratory, Apache Point Observatory, and the National Optical
Astronomy Observatories, including Sacramento Peak and Kitt Peak. They also
visited the University of Colorado's Laboratory for Atmospheric and Space Physics
and the Ball Aerospace Systems Division while in Boulder.

Global Change Instruction Program

John Firor (ASP) and John Winchester (Florida State University) hosted
two three-day workshops for 29 participants representing 14 institutions. These
participants developed course materials for general nonscience, freshman-level use
in universities. Workshop participants will test the materials (which include text
modules, graphs, diagrams, overhead transparencies, and in some cases computer
software) in the classroom during the 1989-90 school year. Another workshop to
complete the materials will be held in the summer of 1990.
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Staff and Visitors

Staff

Division Staff

Juanzhen Sun; University of Oklahoma; practical
recovery of wind and temperature fields from single
Doppler radar data; Chin-Hoh Moeng, MMM

Linda Carroll (to 9/15/89)
John Firor (director)
Barbara McDonald
Elizabeth O'Lear
Walter Orr Roberts
Ursula Rosner

Andrew Turnipseed; University of Colorado;
measurement of gas-phase rate constants for reaction of
C10 and BrO; Jack Calvert, ACD

Davinder Virk; University of Houston; numerical
simulation of vortex reconnection; Robert Kerr, MMM

Graduate Research Assistants

Warren Blier; University of Washington; numerical
investigation of polar air-stream cyclogenesis; Richard
Rotunno, MMM

Thomas Chasteen; University of Colorado; analytical
atmospheric analysis; Patrick Zimmerman, ACD

David Darr; University of Colorado; thermohaline
circulation/geophysical fluid dynamics; William Holland,
CGD

Kenneth Davis; University of Colorado; measurement of
chemical fluxes at the earth's surface using mixed-layer
gradients; Patrick Zimmerman, ACD

Ismail Gultepe; St. Louis University; study of ice-crystal
growth within cirrus clouds using lidar data; Andrew
Heymsfield, MMM

Judith Jacobsen; University of Colorado; analysis of the
Navajo Indian Irrigation Project, an example of societal
efforts to overcome aridity; Michael Glants, CGD

Michael Keller; Princeton University; biological
sources and sinks of atmospheric methane in tropical
environments; Stanley Tyler, ACD

Shao-Meng Li; Florida State University; aerosol
components in late-winter Arctic aerosols; John
Winchester, ACD

Philippe Martin; University of California, Berkeley;
biosphere-mediated hydrological feedbacks to a
C0 2-induced climate change; Robert Dickinson, CGD

Sherry Stephens; University of Colorado; interactions
between ozone and atmospheric soot: experimental rate
studies; Jack Calvert, ACD

Ilana Stern; Massachuetts Institute of Technology;
observational studies of the general circulation; Kevin
Trenberth, CGD

Wei Wang; Pennsylvania State University; genesis of
Tibetan Plateau mesoscale vortices; Ying-Hwa Kuo,
MMM

Wan-Shu Wu; University of Oklahoma; effect of shear on
Rayleigh-Benard convection; Robert Kerr, MMM

Postdoctoral Fellows

Gordon Bonan; University of Virginia; forest dynamics
modeling; biosphere-atmosphere interactions

Eric Chassignet; University of Miami; general oceanic
circulation (including oceanic rings) from numerical
modeling and observational points of view

David Cromwell; University of Glasgow, Scotland;
microscopic plasma instabilities and anomalous transport
processes in the solar corona (particularly flares)

Thomas Downing; Clark University; hunger vulnerability
and food security issues in Africa in relation to prospects
of long-term climate change and short-term climate
variability

Maurizio Fantini; Massachusetts Institute of Technology;
dynamic meteorology, baroclinic instability, and explosive
midlatitude cyclones

Michael Goodman; New York University; theoretical and
numerical MHD studies of the sun's atmosphere

Wojciech Grabowski; University of Warsaw, Poland;
dynamics and microphysics of clouds and numerical
modeling of the precipitation formation process

Sue Ellen Haupt; University of Michigan; application of
nonlinear wave equations to large-scale atmospheric flows

Peter Hess; University of Washington; atmospheric
dynamics and tracer transport processes
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Alan Hills; University of Colorado; atmospheric
chemistry in relation to the development of
instrumentation for the analysis of chemical species,
airborne chemical instrument development and
implementation, and chemical kinetics

Ralph Keeling; Harvard University; atmospheric oxygen
measurements

Kevin Keen; University of Toronto, Ontario, Canada;
applications of multidimensional statistical analysis in
the atmospheric sciences

Lee Klinger; University of Colorado; role of bryophyte
paludification in climate change
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Mesoscale and Microscale
Meteorology Division

The research program of the Mesoscale and Microscale Meteorology (MMM)
Division is directed towards understanding atmospheric phenomena on space scales
of millimeters to a megameter; on time scales of seconds to a day. The research
activities are devoted to the study of (1) the physical mechanisms that govern
the behavior of mesoscale weather systems and the factors which determine
their predictability; (2) the basic nature of moist atmospheric convection; its
interaction with topography and other lower boundary effects; how cloud and
precipitation microphysics and large-scale dynamical factors influence its behavior;
and (3) the fundamental atmospheric processes which 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 major field experiments.

The scientific program complements and extends university-based research
through vigorous scientific visitor support, collaboration in field work, and
community use of major modeling, data analysis, and display systems which are
developed and maintained by the division.

Division Organization

The division is organized into three sections: Mesoscale Prediction, Convective
Meteorology, and Microscale Meteorology. It is also the administrative home for
NCAR's Office of Field Project Support.

The major research focus of the Mesoscale Prediction Section (MPS) is to
understand the important mechanisms that govern mesoscale weather systems and
to promote the application of this knowledge to enhance mesoscale weather forecast
accuracy and understanding of regional and local climate. Although research
interests span a broad range of scales, MPS concentrates on understanding how
processes that may occur on a variety of scales interact to produce mesoscale
weather and climate features. This research seeks to determine how the larger
mesoscale environment organizes to initiate and control significant weather events,
and how these events in turn modify the larger-scale environment. Basic MPS
research is directed towards understanding mesoscale processes in their natural
complexity. MPS attempts to determine the factors that limit the predictability
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of mesoscale weather phenomena and to promote the application of its research to
improve weather-forecast accuracy toward these limits.

The primary objective of the Convective Meteorology Section (CMS) is
to understand the basic nature of atmospheric convection: how it interacts
with topography and other boundary conditions and how it is influenced by
microphysics and large-scale dynamical parameters. The physics of individual
convective systems on scales varying from a few to a few hundred kilometers,
as well as their associated transports, scale interaction, and initiation evolution
is the field of interest. CMS employs idealized modeling experiments and
formalized theoretical principles to establish a generalized theory of organized
convection. The numerical simulation of convective systems having realistic initial
data assists in formulating conceptual models, designing future field experiments,
and understanding the role of scale-interaction and multiphase processes. The
use of advanced observing and analysis techniques enhance the data base for the
study of convective processes and lead to an increased understanding of the real
atmosphere.

The goals of the Microscale Meteorology Section (MMS) are to increase ba-
sic understanding of atmospheric processes that operate on scales up to a few
kilometers and to determine their collective effects on larger-scale atmospheric
phenomena. MMS interests include boundary-layer structure and dynamics, tur-
bulent exchange processes (involving both conserved and chemically reactive trace
species) and wave motions throughout the troposphere, and cloud dynamics and
microphysics, including electrification and radiative interactions. By themselves,
these processes are interesting and important. They are also crucial to understand-
ing the larger-scale behavior of the atmosphere. To achieve these goals requires
a combination of observational studies to provide data sets and test cases and
numerical and theoretical modeling to interpret these observations. In this way,
MMS hopes to develop both a better understanding of microscale phenomena and
improved parameterizations of those phenomena which are essential for larger-scale
models.

The Office of Field Project Support provides an NCAR/NSF focal point for
interagency and international field project planning and implementation. The
office supports atmospheric sciences on a broad front, including mesoscale and
microscale meteorology, climate, and atmospheric chemistry.

Significant Accomplishments

* Experiments with the nested Pennsylvania State University (Penn State)/NCAR
mesoscale model (MM4) on nine cases of explosive cyclogenesis have shown that
the model components most important for accurate short-range (less than 24-h)
numerical prediction are 1) initial conditions, 2) horizontal grid resolution,
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3) precipitation parameterization, and 4) lateral boundary conditions. The
experiments also revealed that, in marine areas, surface energy fluxes influenced
the early stages of development by warming and moistening the boundary
layer.

* The study of low Froude number flow past modest topography continues to
reveal new and interesting physics. Numerical simulations with actual and
idealized topography have shown that the Denver cyclone, formed in southerly
flow in response to the Palmer ridge, would propagate significantly further
northward in the absence of the Cheyenne ridge.

* The Tracking Radar Echoes by Correlation (TREC) technique has been tested
on a number of additional cases and shown to delineate convergence features
near the surface which are well correlated with subsequent outbreaks of
convection. Many research and operational applications of this single-Doppler
radar technique are possible.

* It has been found that the carbon hygristor, which senses relative humidities
on National Weather Service radiosondes, has been incorrectly calibrated in the
low humidity range for the past 25 years. The National Weather Service (NWS)
stopped reporting humidities below 20% in 1973. Present results indicate that
when the correct calibration is used, the low humidities are properly sensed.
The NWS is expected to begin reporting low humidities again in 1990.

* Further research on the Cooperative Convective Precipitation Experiment
(CCOPE) 1 August 1981 hailstorm has revealed the possibility of a self-
sustaining mode of precipitation growth. Some cyclonic trajectories appeared
able to loop back on themselves such that low-level melting and breakup
of graupel following this circuit provided embryonic particles for subsequent
growth to graupel which also followed this path. The most important source
of hail embryos was within this same path as it passed through the turbulent
fringes of the main updraft.

* Direct numerical simulations (DNSs) of several simple archetypes of buoyancy-
driven turbulent flow have shown that only a few updrafts created by the
bottom heating can reach to the top surface, and only a few downdrafts created
by the top cooling can reach far down to the bottom surface. This gives a
maximum (positive) vertical-velocity skewness at the top surface and minimum
(negative) skewness at the bottom surface. When there is only bottom heating,
the skewness is positive throughout, increasing with height to a maximum just
below the top.

* Although observed velocity skewness is positive, the predicted maximum just
below the boundary-layer top has been well documented only in the data
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from the GARP (Global Atmospheric Research Project) Atlantic Tropical
Experiment (GATE), probably because the light winds in GATE make the
conditions most similar to those in the simulations. The remaining discrepancy
between observed and simulated skewness is thought to be due to the influence
of gravity waves, since removal of this effect by sampling roughly along known
wave axes reduces the discrepancy.

* DNS results have shown that skewness of the vertical velocity in a turbulence
field is a sensitive indicator of transport properties in a buoyant fluid. Compar-
isons of simulation results with observations have shown some disagreement. A
theoretical analysis of the significance of measured statistical moments such as
skewness has shown that these moments are difficult to measure with in situ
aircraft instrumentation. Part of the disagreement is likely due to insufficient
sample size. More accurate comparisons with numerical results may await new
sampling and instrumentation strategies.

* Two enhancements to the multidimensional positive definite advection transport
algorithm have been developed. The first enhancement permits a more efficient
implementation of advanced options of the scheme. The second leads to a
third-order convergence rate for analytic fields, permitting substantially more
accurate solutions which better preserve symmetries of the transported fields.

* A fully adaptive grid technique has been used to simulate gravity currents in
two dimensions to test boundary conditions and solution algorithms. Kelvin-
Helmholtz billows have been shown to be well resolved with a two-level
refinement in which computer time and memory requirements are reduced by a
factor of 6 when compared to a single fine-grid solution.

* It has been found in the Preliminary Regional Experiment-Stormscale Op-
erational and Research Meteorology program (PRE-STORM) squall line of
10-11 June 1985 that the coldest infrared temperatures are associated with the
stratiform region of the system rather than the convection region, and that
these temperatures are 5°C colder than the tropopause temperatures outside of
the immediate effect of the squall line, begging the question of the mechanism
of apparent tropopause lifting.

* Numerical simulations have successfully reproduced many of the observed
characteristics of bow echoes (a long-lived meso-convective structure that often
produces extensive swaths of damaging surface winds). The investigations
reveal that the steadiness and strength of these systems result from a balance
between the circulation generated at the leading edge of a spreading cold pool
and the opposite circulation that is inherent in both the ambient low-level
vertical wind shear ahead of the system and a strong, elevated rear-inflow jet
that is generated by the convection.
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* Numerical simulations of low Froude number flow past obstacles with varying
aspect ratio , (cross-stream/along-stream width) reveal that for f < 1, linear
theory adequately captures the tendency for upwind stagnation and flow
reversal. This implies that one may think of the flow stagnation as a
consequence of the positive density anomaly aloft associated with the standing
mountain wave. For P, > 1, linear theory is found to be less useful as wave
breaking and columnar modes become important parts of the solution.

* Sailplane observations in New Mexico thunderstorms show ice-particle concen-
trations as high as 1000/liter at altitudes of 7 to 9 km msl (-20 to -30°C).
Because ice-particle collision rates are approximately proportional to the square
of the particle concentrationen, these surprisingly high concentrations greatly
increase the efficacy of the ice-ice collision process of charge separation.

* Recent measurements of NO in the anvil outflow of New Mexico thunderstorms
show values as high as 2 ppbv (about 100 times background values) with fluxes
in excess of 100 kg/h at the top of the anvil, apparently the main region for
NO outflow.

* A new conceptual model governing the descent velocity, downdraft structure,
and entrainment characteristics for a microburst was discovered, in that
microburst behavior (as documented by Doppler radar and derived thermo-
dynamics variables) is quite similar to a cold thermal.

* A parameterization has been developed to predict cirrus cloud ice water
content as a function of large-scale meterological characteristics for use in
general circulation models. Ice water contents predicted by the parameteriza-
tion are compared with aircraft observations collected in the middle latitudes
and tropics and show reasonable agreement with over four orders of magnitude
in ice water content.

* In situ measurements in Arctic polar stratospheric clouds show particle con-
centrations as large as 17/cc, with the main volume mode of the nitric acid
trihydrate particles at about 1 micron diameter. The measurements suggest
other nucleation mechanisms in addition to nucleation on sulfuric acid particles.

* Recent results on analysis of aircraft observations from the First ISCCP
Regional Experiment (FIRE) (ISSCP stands for International Satellite Cloud
Climatology Program) have shown that horizontal variability plays an impor-
tant role in the evolution of stratocumulus-capped marine boundary layers. In
regions of patchy cloud decks, the horizontally varying rates of radiative cooling
can set up secondary circulations which can break up the clouds in one area
and generate clouds in other nearby areas.
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* Characteristic structures of the large-eddy simulation (LES) fields for both clear
convective and stratus-topped boundary layers have been obtained through a
conditional sampling and compositing process. In the stratus-topped boundary
layer, driven mainly by cloud-top radiative cooling, the composite updraft
and downdraft have about the same strength and contribute about equally
to the turbulent transports of heat and momentum. This differs significantly
from that of the clear convective boundary layer, driven mainly by the surface
heating. In this case the composite updraft is much stronger than the composite
downdraft; the former contributes to almost all of the turbulent transports.

* Comparisons of theory to DNS indicate modest non-Gaussian behavior for
quantities such as variances of acceleration and pressure. Strong non-
Gaussianity puts in doubt traditional estimates of heat and momentum fluxes.
In the meteorological context, recent DNS studies show the potential vorticity
has significant non-Gaussian features: most potential vorticity resides at scales
larger than would be predicted if the flow were Gaussian. If this finding
could be generalized to large Reynolds numbers, it would be important in
determining how molecular processes enter the modeling of potential vorticity
transport. Vortex interactions play a major role in developing intermittency.
DNS results indicate that vortex reconnection becomes singular at finite time
in the inviscid limit, but the singulary exists on a smaller measure than is
predicted by traditional closures.

* DNS of high-Rayleigh-number, large-aspect-ratio convection confirms tradi-
tional laws for the dependence of heat flux on Rayleigh number (the Prandtl-
Priestley law). However, both experiments and DNS indicate a qualitatively
different intermittency for small-aspect-ratio convection. Such a difference
affects the heat-flux dependence on Rayleigh number. A possible reason for
this change is the presence of a large-scale circulation, whose shear limits the
development of the strong plumes needed for classic scaling laws.

* A potential-flow model of the airflow around research aircraft has been used
to estimate the errors that flow distortion introduces into flux measurements.
Typical errors for mid-day fluxes of sensible heat and water vapor in planetary
boundary layers (PBL) were found to be less than 5% when the normal choices
for sensor locations were used, but could be as large as 50% for other sensor
locations or weak fluxes. Correction and error-estimation schemes for these and
other scalar fluxes were developed and used to obtain improved measurements
of scalar fluxes from instrumented aircraft.

* LESs have revealed strong differences between "top-down" and "bottom-up"
diffusion of a conservative scalar in the convective boundary layer-e.g., a
substantially larger across-layer difference in mean concentration is required to
support a given flux in the top-down case. This behavior is also predicted
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through a reinterpretation of an old kinematic analysis of diffusion through
homogeneous turbulence. If the scalar flux profile is linear and the turbulence
strongly skewed and with large Lagrangian integral time scale, the kinematic
analysis shows a diffusion asymmetry strikingly similar to the LES findings. A
simple parameterization of the effect suitable for use in large-scale models of
the ocean or atmosphere has been developed.

of LES data confirmed that b ~ 0.6 in bottom-up diffusion, but b ~ 0.45
in the top-down case. The factor b depends solely on the joint probability
density of vertical velocity and the scalar. For both joint-Gaussian and uniform
densities, b 0.6. This suggests that, due to realizability constraints, b cannot
vary widely, promising that the relaxed eddy-accumulation technique has some
robustness.

Fronts and Cyclones

Baroclinic Cyclones and Convection

Almost all the significant weather during winter and spring is associated with
baroclinic cyclones and attendant fronts. Rudimentary understanding of dry
cyclone development derives from the theory of baroclinic instability, which shows
how the energy of large-scale waves (cyclones) derives from the available potential
energy of the zonal-mean meridional temperature gradient. The association of
precipitation with the cyclone gives rise to the expectation that the effect of
latent-heat release on cyclone development is important. A number of extensions
to quasi-geostrophic theory of baroclinic instability have been made with simple
representations of the effect of latent heating. However, the solutions are very
sensitive to the many different forms of representation which themselves are all
plausible a priori.

The long-range strategy is to use a single nonhydrostatic cloud model with
moving nested grids to simulate the development of an idealized baroclinic cyclone,
together with moist convection. There are two reasons for this approach. First,
the development of faster computers and smarter software (moving nested grids)
makes the contemplated problem feasible. Second, development of and experience
with semi-geostrophic theory has led to significant extensions of understanding
of the nonlinear properties of cyclones and fronts in dry atmospheres. Thus,
less experimentation is expected with the dry problem as work proceeds toward
understanding the moist one.
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William Skamarock, Richard Rotunno, and Joseph Klemp have adapted the
Klemp-Wilhelmson cloud model to run on a large domain, and have reproduced
published solutions of baroclinic waves and frontogenesis that used semi-geostrophic
equations. They will begin to explore the solutions using moving nested grids which
better resolve the fronts that form. At the same time, Advanced Study Program
(ASP) postdoctoral fellow Chris Snyder (Massachusetts Institute of Technology, or
MIT), whose doctoral dissertation (with R. Lindzen) examined the effect of latent-
heat release on linear quasi-geostrophic waves, is developing nonlinear quasi- and
semi-geostrophic models to investigate the theoretical predictions of his thesis. To
lay the groundwork for the theoretical aspects of the current broad investigation,
Rotunno and ASP postdoctoral fellow Maurizio Fantini (MIT) completed an
analytical study that clarified a technical issue concerning the initial-value problem
on the linear quasi-geostrophic Eady model.

Although the effect of convection on a cyclone and its fronts is of intense
theoretical interest by itself, as further experience with the nested-grid solutions
is gained, this research should branch into a number of other areas. If the
basic approach is successful, new knowledge should be acquired on many different
subsidiary problems, including the parameterization of convection, the nature of
frontal rainbands, prefrontal squall lines, the structure of precipitation patterns in
occluded zones, and secondary cylones forming on the front associated with the
primary cyclone.

Explosive Marine Cyclogensis

Rapid cyclogenesis presents a threat to life and property both near the coastal
region and off shore. Although model forecast skill has improved over the years,
it is still far from perfect. Ying-Hwa Kuo and Simon Low-Nam have completed
a study to identify factors that are critical to the short-range prediction of
rapid cyclogenesis. Using the MM4 with different initial conditions, horizontal
and vertical resolutions, lateral boundary conditions, and precipitation physics,
a wide range of forecast skill was obtained for the prediction of nine cases of
rapidly developing storms. The 48-h forecast by an 80-km, 15-layer model with
boundary conditions provided by the NCAR community climate model (CCM)
(thus mimicking an operational setting) produced a 24-h deepening of 21 mb,
while the 24-h forecast by a 40-km, 23-layer model with the observed boundary
conditions simulated a 24-h pressure fall of 35 mb, very close to the observations.
When the model's numerics and physics were improved, increased forecast skill was
obtained. Averaged over the nine cases, the model components most crucial for
short-range (less than 24-h) prediction of rapid deepening (in order of importance)
were: 1) the initial conditions, 2) the horizontal grid resolution, 3) the precipitation
parameterization, and 4) the lateral boundary conditions. These results strongly
support the conclusion that further improvement in the operational prediction
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of explosive cyclones with regional models, such as the National Meteorological
Center (NMC) nested-grid model, is possible.

Since explosive cyclones are predominantly maritime phenomena, and occur
primarily over regions of strong sea surface temperature (SST) gradient, the
characteristics of the marine environment must have a strong influence on rapid
cyclogenesis. In particularly, the potentially large surface-energy fluxes in the
vicinity of the Gulf Stream and Kurishio Current (warm ocean currents off the
east coast of North America and Asia, respectively) can contribute a significant
amount of latent energy for storm development. Of interest is that the results
of recent modeling studies on the role of sensible and latent heat fluxes on
marine cyclogenesis are contradictory, with reports ranging from strongly positive
to slightly negative. Kuo and Low-Nam, in collaboration with Richard Reed
(University of Washington), examined the role of surface-energy fluxes in various
stages of development for seven explosive cyclogenesis events. They found that
the surface-energy fluxes influenced cyclone development mainly in the early stage.
The surface-energy fluxes precondition the marine environment by heating and
moistening the PBL and thereby help produce a significantly larger amount of
precipitation in the cyclone, which enhances surface development. During the later
stage of the development, the surface-energy fluxes in and ahead of the storms
were negative. The upward and downward energy fluxes were not properly located
relative to the storm to promote further intensification. (See Figure 1.)

Gravity Currents

In analyzing the propagation of atmospheric gravity currents, scientists have
made broad application of a formula by Benjamin (1968) that relates the speed
of a gravity current to the depth and density difference of the intruding stream
and the depth of the channel that bounds the flow. In the application of
Benjamin's analysis to geophysical gravity currents, numerous discrepancies have
spawned a variety of explanations and modifications to the basic formula. Even in
laboratory studies of gravity currents, similar ambiguities arise in the application
and interpretation of Benjamin's result. Klemp, Rotunno, and Skamarock have
used idealized theoretical models along with numerical models to refine the
understanding of the factors that regulate the structure and propagation of
gravity currents. From detailed budget analyses of two-dimensional gravity-current
simulations with a free-slip surface boundary condition, they find that Benjamin's
formula provides a good description of the flow, although it overestimates the
propagation speed by as much as 20%. This discrepancy is due to dissipation
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Figure 1. (a) Observed sea-level pressure at 1200 UTC 14 February 1982. Other figures
show the predicted sea-level pressure (in mb) and 500-1000 mb thickness (in dm) verifying
at 1200 UTC 14 February 1982 by (b) LFM 48-h forecast, (c) NCAR CCM 48-h forecast,
(d) MM4 48-h forecast with 80-km resolution and boundary conditions from CCM forecast,
(e) MM4 48-h forecast with 80-km resolution and observed boundary conditions, and (f)
MM4 24-h forecast with 40-km resolution and observed boundary conditions.
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(even in the absence of surface friction) within the cold pool that requires
a corresponding rise in surface pressure, above its stagnation value. They
have proposed a modification to Benjamin's formula that includes these effects.
Rederivation of Benjamin's formula with somewhat more realistic assumptions
provides further support for the robust nature of this result. Through analysis
of the two-layer shallow-water equations, they have identified limitations in
Benjamin's front condition in shallow channels and demonstrated the validity of
alternate front conditions based on solutions to appropriate initial-value problems.

In collaboration with Damon So (Imperial College, London, England), Mitchell
Moncrieff completed a study on the steady, nonlinear, far-field theory of conser-
vative gravity currents that extends the classical Benjamin solution in a vertically
bounded channel. First, the Benjamin analysis of a two-fluid gravity current was
extended to include the effect of vorticity within the denser fluid. In the case of
constant vorticity, the gravity current depth was shown to lie between the limits of
half (the Benjamin solution) and two-thirds of the channel depth. More general
vorticity distributions were also considered, i.e., those that have a maximum in the
upper and lower regions of the gravity current and those that have a maximum
in its middle. In the former, as in the case of constant vorticity, gravity-current
structures exist, whereas in the latter, deep circulations predominate, which can
cause a "blocking" or "slugging" of the upstream inflow. A generalized propagation
formula that includes the effects of finite depth and rear inflow into the gravity
current was established. Second, the analysis was further extended to a three-fluid
system composed of physically distinct component flows: a gravity current, an
overturning circulation region in upper levels ahead of the gravity current, and
an updraft in which the fluid ascends without overturning to its outflow level.
This includes an archetype of the effect of ambient shear and stratification on
gravity-current behavior and degenerates to the two-fluid case. Two types of
behavior are identified: a symmetric mode in which the gravity current and the
overturning updraft have the same depth and an asymmetric mode with solutions
restricted to a more limited range. A wealth of steady, far-field solutions were
demonstrated. The near-field structure is now being investigated as an initial-value
problem in order to determine the physical plausibility of the steady results.

Narrow Cold-Frontal Rainbands

David Parsons has used a numerical model to investigate the dynamics of
narrow cold-frontal rainbands (NCFRs). An intense frontal rainband observed
along a cold front in central California on 5 February 1978 was simulated. Vertical
motions exceeded 15 m/s in a narrow line (km-scale) along the leading edge of the
cold front, in spite of an environment of negligible potential instability. Simulations
with the ambient vertical shear replicated the intense updraft and narrow band of
precipitation evident in the observations. While the cold fronts associated with
NCFRs are often compared to a gravity current, the heavy rainfall associated with
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the NCFR in this case produces a flow within the cold air mass that is the reverse
of the flow observed in dry gravity currents. The strength of the updraft and
rainfall maximum in the simulations depended strongly upon the low-level vertical
shear; in the absence of vertical shear, the narrow band of heavy rainfall that
characterizes this phenomenon was also absent. Using idealized conditions, Parsons
found that the strong, deep updrafts occur at the leading edge of the front with
a deep neutral layer, strong low-level shear, and deep cold pools. These findings
agree with the observations that show NCFRs are commonly present when the air
ahead of the front has a deep layer (on the order of 3 km) that is near a saturated
and moist adiabatic state and displays a wind profile with intense vertical shear in
the lowest 1 to 2 km due to veering of the low-level jet. The increase in the depth
and strength of the updraft with increasing low-level shear is consistent with the
theory proposed by Rotunno, Klemp, and Morris Weisman. However, for large
vertical shears and deep shear layers, the circulations within the cold pool become
increasingly different from shallow-water gravity current theory.

Moncrieff has shown that simplified versions of the steady, three-fluid, two-
dimensional analytical models developed by himself and So are idealizations
of NCFRs. The models conserve mass and energy and the domain-averaged
horizontal momentum equation is used as a bulk constraint. These models,
which are extended versions of gravity-current theory, are termed "gravity-current
systems." The theory also represents two-dimensional squall lines in the limiting
case where the convective available potential energy is negligible, so mature squall
lines can be maintained by the kinetic energy of the mean flow and by the
work done by the pressure field. The basic dynamics of squall lines and NCFRs
have thereby been formally shown to be analogous, and their behavior can be
represented by simple hydrodynamical models. Excellent agreement is found
for quasi-two-dimensional NCFRs when compared to the limited observational
data available, with less convincing results for three-dimensional NCFRs. Wide
rainbands are evidently controlled by other physics.

Frontal Dynamics

Another frequent feature of NCFRs is along-front disturbances with mesoscale
wavelengths (typically 10-100 km). Parsons is working with John Clark (Penn
State) in an effort to further understand these disturbances, which can result in
mesocyclones and, on occasion, tornadoes produced along gust and cold fronts.
They have used three-dimensional simulations of gravity-current flows with large
shear in the along-front winds. Their study replicates many of the observed
features of these mesoscale disturbances, such as the movement, spacing, and
orientation of the strong cores of vertical motion observed along the front.

Tropical Storm Genesis

Gregory Stossmeister and Gary Barnes have analyzed in situ aircraft measure-
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ments obtained in the lower cloud and subcloud layers of non-developing Tropical
Storm Isabel (1985) over a three-day period. They have found that Isabel was
asymmetric and reached a minimum sea-level pressure of only 997 mb. Barnes
and Stossmeister are exploring what role the inner core convection may play in
preventing the genesis of a tropical cyclone.

The track of Isabel's circulation center showed a peculiar acceleration and
deceleration over a 4-h period. Examination of the aircraft wind data demonstrated
the existence of two circulation centers separated by 80 km. Both circulation
centers moved with similar direction and speed and coexisted for a period of
less than 12 h. Reflectivity data from the airborne radars show that convection
surrounding the old circulation center dissipated while convection located in a
rainband rapidly intensified and produced a new center. The new center existed
until landfall, but convection around this center did not maintain its initial
intensity and Isabel did not achieve hurricane status.

One particular convection cell in the rainband contained structures reminiscent
of a "supercell." Convergence into this cell was strong, with changes in the radial
wind component exceeding 25 m/s over less than 10 km. The distortion in the
initial wind field was such that low-level air became anticyclonic with respect to
the old center. The pressure perturbation in the new center was 2.5 mb, while
the low pressure associated with the old center diminished. The new center was
located downwind of the convection and under the anvil of the vigorous convection
cell. The D-value profile, which is synonymous with the height of a given pressure
surface, shows that the new center became the dominant feature in the pressure
field. Aircraft penetrations through the old and the new centers show differences
in the equivalent potential temperature (0e). In the old center, temperature, dew
point, and all increased with decreasing radius. In the new center, temperature
increases but the dew point decreases, resulting in a decrease of 6 e on the order of
10 K. The minimum horizontal scale of the warm, dry air is 40 km. The old center
had a thermodynamic structure similar to that seen in the lower levels inside a
mature hurricane and indicated isothermal expansion controlled by the flux of heat
and moisture from the sea to the air. The new center structure was similar to the
warm, dry air observed in the wake of convective cloud lines and under stratiform
cloud and rain.

The creation of a column of warm, dry air and its maintenance over a number
of hours may be the mechanism that initiates the vortex. However, the new
center's thermodynamic structure must evolve to high, rather than low, 0e values.
Convection along the periphery of the warm, dry column could have maintained
and intensified the new circulation. Fluxes from the sea surface would have led to
an increase of 0e in the ascending portion of the vortex and eventually raised the
0e inside the eyewall.
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Equatorial Mesoscale Expermient (EMEX)

Barnes, Brian Ryan (Commonwealth Scientific and Industrial Research Organ-
isation, or CSIRO, Australia), and Edward Zipser have continued their analysis
of a rainband embedded in a vortex that evolved into Tropical Cyclone Irma
(1987). This rainband was sampled with three aircraft during EMEX, and is a rare
instance of observations made during the early stages of the life cycle of a tropical
cyclone. Both radar and satellite views of tropical depressions and storms point
to a highly asymmetric arrangement of cloud and rain, one large rainband being
the dominant feature. Barnes, Ryan, and Zipser are investigating such a rainband
in the Irma studies to discern what role convection and accompanying mesoscale
circulations play in the spin-up of this tropical cyclone.

The rainband, located on the front side of the vortex and approximately 200
km from the circulation center, is characterized by inflow from both sides and
convergence over an unusually large horizontal scale of 50 km. Convective cells
were initiated on both sides of the rainband. These cells had short lifetimes, rarely
exceeding 30 min. The cells generated a large region of stratiform rain, which fell
between the two lines of convective cells as well as farther away from the circulation
center. Satellite observations show that cloud-top temperatures were less than
-85°C above Irma's reflectivity patterns. The investigators have concluded that
either the convective or the mesoscale motions within the developing tropical
cyclone raised the level of the tropopause as much as 1 km.

The rainband was the location for a maximum in the tangential winds. This
maximum was located along the outer edge of the rainband and is correlated with
the convective cells. The maximum was located from 1 to 2 km above the sea
surface and exceeded the environmental speeds by 6 to 8 m/s. Aircraft traverses
upwind of the band do not show evidence of this increased tangential flow,
which suggests that the rainband was the location where low-level convergence
and attendant convection produced the tangential wind maximum. No three-
dimensional cloud-line simulations that the investigators know of mimic this sort
of behavior of the wind parallel to the rainband, but tropical cyclone rainbands
have been shown to be correlated with such a flow. Rainbands are apparently the
location where the rotational component of tropical cyclone flow is enhanced.

Mesoscale Convective Systems

Squall Lines

Using the PRE-STORM squall line case of 10-11 June 1985 as a primary data
set, Zipser has found that the satellite infrared observations indicate that the
extensive cold cloud tops are found not over the convective region, but over the
stratiform region of the squall line. The finding is surprising for two reasons. One
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is that the convective clouds are deep and vigorous, as found by Michael Biggerstaff
and Robert Houze (both of the University of Washington) in closely related work,
so that the satellite data would be expected to indicate tops overshooting the
tropopause. The other is that the cloud tops, spread over some 10,000 square
kilometers, have infrared temperatures at least 50 C colder than the tropopause
temperature outside of the immediate effect of the squall line, begging the question
of the mechanism for apparent tropopause lifting.

In order to verify that the lifting is indeed on the mesoscale, the stratiform
region must be shown to be free of vigorous vertical motions. EVAD (Extended
Velocity Azimuth Display) analyses by Thomas Matejka (NOAA National Severe
Storms Laboratory Mesoscale Research Division, or NSSL MRD) confirm this,
as do those of collaborators Miguel Larson and Jim Yoe (both of Clemson
University), using wind profiler data. The profiler data also show specular
reflection, characteristic of the tropopause, at a height sufficiently elevated to
provide independent confirmation of the satellite observations.

Zipser is also examining data from other mesoscale convective systems (MCSs)
to find out whether the 10-11 June 1985 case is representative or exceptional. Thus
far, several MCSs observed over the central United States during PRE-STORM
have displayed mesoscale areas of cloud tops which are colder than the tropopause
temperature. Similar cases have been found using the GATE and EMEX data.
Assuming that further analysis confirms these indications, Zipser plans to explore
what mechanisms might be responsible, starting with the obvious speculation that
the latent heating in the massive, slowly ascending stratiform anvil-type cloud in
the upper troposphere may be sufficient.

Stanley Trier collaborated with John Clark (Penn State) in a study of the
evolution and internal precipitation structure of an MCS associated with a
cold front observed on 26-27 June 1985 during the Oklahoma-Kansas PRE-
STORM (OK PRE-STORM). The long-lived system occurred in an environment
of weak vertical wind shear and moderate to abundant potential instability, and
lasted approximately 18 h. Convectively induced modifications to the mesoscale
environment (i.e., surface mesohighs, a midlevel mesoscale trough, and a rear-inflow
jet) were observed; however, their magnitudes and dimensions were smaller than
those commonly associated with systems evolving in strongly sheared environments
with abundant potential instability. The system's life cycle was similar to some
aspects of previously studied MCSs. The existence of nearly parallel rainbands
for several hours, however, suggests that the transition from the highly convective
squall line into a broader, more stratiform system was more complex in this case.

The system's behavior was examined in the context of recent numerical studies
of squall lines. Lifting by the surface cold front was instrumental in maintaining
a strong, well-organized squall line for a 4-h period despite unfavorable low-level
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shear conditions. Subsequent behavior was unsteady, with individual segments of
the MCS weakening approximately 1 h after development. The abundant low-level
convective available potential energy and a low level of free convection (LFC)
enabled thunderstorms to be easily initiated along outflow boundaries ahead of
decaying segments. The system broadened and eventually dissipated when diurnal
cooling raised the LFC and depleted the buoyancy of the preconvective region.

Parsons and Klemp have simulated a number of squall-line systems observed
during PRE-STORM. Two convective cases with distinctly different circulation
characterisics were chosen to permit examination of how environmental character-
istics, such as vertical shear, stability, and the LFC, affect squall-line structure.
In the first system (26-27 June 1985), studied observationally by Trier and John
Clark, convection formed in an environment that was highly unstable but had
very little vertical shear. Despite the large potential instability, after an initial
period of intense convection, the activity weakened as the cold pool circulation
was dominant over the vertical shear, and deep vertical motions ceased to occur at
the front. The convective activity resembled the banded structure found by Trier
and Clark. The second system examined took place on 10-11 June 1985, during
PRE-STORM. This system also developed in an environment of significant CAPE
with large vertical shear. The simulations resulted in a long-lived deep convective
system. Removal of the shear resulted in a system that was also long-lived
but much less intense. A distinctive characteristic of this event was the strong
rear-to-front flow that developed in both the observed and simulated system later
in its life cycle. An examination of the model data indicates that this "rear inflow
jet" develops in response to horizontal gradients of buoyancy associated with the
trailing anvil region of the squall line.

In collaboration with Jimy Dudhia (Penn State), Moncrieff has completed a
modeling study of an Oklahoma squall line with initial conditions taken from the
OK PRE-STORM data for 7 May 1985. Features typical of organized, propagating
convection which occurs during spring and summer in this region were produced,
i.e., a mesoscale convective system with strong right-flank convection resembling
many observed cases. The alignment and motion of the simulated system changed
during development a:-d were determined by the ambient wind at three levels:
the steering level of e ie mature cells, the LFC, and the surface layer. Three
persistent right-flank cells had a characteristic rightward propagation relative to
the mean wind shear vector. Their propagation occurred through successive
mergers of cells that had formed at a downdraft outflow convergence front and
were similar to the flanking line often seen to the south of strong updraft cores.
The three-dimensional flow structure of the right-flank cells was found to center
on a distinct dynamical pressure pattern that itself resulted from the interaction
of the mid-level relative flow with the cyclonic vorticity in the updrafts. The
low pressure on the updraft's flank extended down to low levels, where it was
partly responsible for directing the southward surge of downdraft air that caused

152



Mesoscale and Microscale Meteorology Division

the convergence and flanking line. The updraft cyclonic vorticity transport was
found to strongly influence the domain-scale circulation, particularly in the upper
troposphere, where it counteracted the anticyclonic production due to divergence
and the Coriolis acceleration, leaving net cyclonic vorticity through most of the
troposphere on a scale of 200 km.

Richard Carbone (ATD), John Conway (ATD, currently at the University of
Oklahoma), Andrew Crook (MMM/ATD), and Moncrieff completed a two-part
study of the generation and propagation of a nocturnal squall line. The forcing
and initiation of the squall line that occurred on 25-26 May 1985 in the OK
PRE-STORM network was analyzed in an observational case study. The initiation
of free convection was due to a gust front that propagated, initially as a density
current and subsequently as an undular bore, into a low-level jet with attendant
horizontal vorticity, convergence, and moisture. This work relates to mesoscale
predictability because it highlights the role of weakly coupled, shallow disturbances
in the nocturnal boundary layer in addition to larger-scale effects. Subsequently,
a numerical cloud model was used to examine three mechanisms that could have
caused the regeneration: an increase in low-level moisture, an increase in low-level
shear, and a mesoscale oscillation forced by the previous convective system. Four
hours after the decay of a primary squall line, a second convective system developed
at the leading edge of the gust front from the primary squall line. This secondary
generation was due to a mesoscale oscillation centered at 70 kPa that was forced by
the previous convective system. It was found that an increase in low-level moisture
in the upstream environment and the consequent lowering of the LFC allowed
the gust front to initiate new convection, and that the convective regeneration
was stronger when the gust front collided with the moisture gradient during the
upward phase of the mesoscale oscillation. When shear was enhanced, lifting at
the gust front was accentuated and new convection was initiated. A comparison
of the three regeneration mechanisms found that the strongest convection ensued
with increased low-level shear.

In collaboration with Da-Lin Zhang and Han-Ru Cho (both of the University of
Toronto) and Kun Gao (long-term visitor, Hangzhou University, People's Republic
of China, or PRC), Moncrieff has completed a regional-scale numerical study of
the momentum budget of the midlatitude MCS that occurred on 10-11 June 1985
during PRE-STORM. It was found that momentum generation normal to the line,
associated with the latent heating and cooling, contributed most significantly to
the momentum budget and determined the meso-/3-scale internal structure and
evolution of the squall line. The momentum generation along the line contributed
to the initial development of a mesovortex but had little effect on the vertical
structure of the along-line flow. Both vertical and horizontal momentum advection
contributed significantly, particularly to the vertical mixing of the along-line
flow, and this component of th coe horizontal momentum is generally transported
(locally) downgradient. It was also found that, for midlatitude convective systems,
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convectively generated downdrafts can play as prominent a role as updrafts in the
vertical transport of horizontal momentum over both convective and stratiform
regions. The momentum flux associated with the meso-p-scale circulations of the
simulated squall line was found to agree with previous observational investigations;
that is, normal to the squall line, the system transports horizontal momentum in a
countergradient sense, while parallel to the line the transport is downgradient.

Parsons and Gao are currently investigating the convective parameterization
scheme used in the above hydrostatic simulations of the 10-11 June squall line.
Their study employs a unique and quantitative approach to evaluation in which
they directly compare results from the hydrostatic model using parameterized
convection with high-resolution cloud model simulations obtained with the same
initialization. If the parameterization is working correctly, the hydrostatic model
results should be very similar to the averaged cloud-model flows. The study shows
that the hydrostatic model with an explicit parameterization scheme produces a
reasonable representation of many aspects of squall-line structure, such as the
evolution in the sloping updraft and descending rear inflow, but with far too slow
a time scale to accurately replicate the squall line. When the Fritsch-Chappel
convection parameterization scheme is employed, the time scale of the simulation
improves, but the mesoscale features are not well represented. The joint use of
the Fritsch-Chappel parameterization and an explicit scheme in the hydrostatic
model improves the representation of both the time scale and mesoscale structure
of the squall line. However, this simulation also produced regions of anomalous
convection, since the parameterization does not include the dependence of the
uplift intensity on the interaction between the vertical shear and the cold pool.

Mesoscale Vortices

Sue Chen and Richard Johnson (Colorado State University, or CSU) completed
the first stage of a study of the surface features associated with a mature-
to-decaying midlatitude MCS observed during 23-24 June 1985 PRE-STORM.
The preliminary dual-Doppler radar data analysis shows that strong subsidence
occurred at midlevel along the northern periphery of the decaying stratiform
region. These observations, however, still need to be confirmed. This northern
periphery was cyclonically curved in conformity with the developing cyclonic
circulation. The north-south cross-section analysis through the stratiform cloud
revealed that a strong inflow entered the cloud at 500 mb and descended rapidly
along a sharp reflectivity gradient at the northern edge. This rear descending
inflow feature suggests that the strong sinking motion occurred within a portion
of a rear-inflow jet. It appears that this sinking motion reached 3 to 5 m/s and
warmed the lower troposphere, hydrostatically producing a surface-wake low near
the northern edge of the stratiform region.
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Bow Echoes and Rear-Inflow Jets

Weisman completed a numerical study of mesoscale structures referred to as
"bow echoes." Such systems have long been associated with extensive swaths of
damaging surface winds, but the mechanisms responsible for their strength and
longevity have heretofore remained unknown. The key structural characteristics of
these systems include a 60- to 120-km long bow-shaped segment of convective cells
and a strong rear-inflow jet impinging on the leading edge of the bow at 2 to 3 km
above ground with cyclonic and anticyclonic eddies on the north and south ends,
respectively, of the bowed segment. Strong surface winds are generated behind the
leading edge of the bow, with the overall structure remaining coherent for several
hours.

The investigations reveal that the steadiness and strength of these systems
result from a balance between the circulation generated at the leading edge of
a spreading cold pool and the opposite circulation that is inherent in both the
ambient low-level vertical wind shear ahead of the system and a strong, elevated
rear-inflow jet that is generated by the convection. This balanced state produces
deep, forced lifting at the leading edge of the system that is sufficient to maintain
both an intense downdraft behind the leading edge, which feeds the cold pool, and
a buoyant plume of air spreading rearward above the cold pool, which maintains
the strong, elevated rear-inflow jet. An extensive set of sensitivity experiments
further suggests that the environmental conditions conducive to the development of
these intense, long-lived structures include a convective available potential energy
of at least 2000 m/s and a vertical wind shear of about 20 m/s or greater over the
lowest 2 to 5 km above ground level. These conditions closely match observations
of the environment associated with many bow echoes.

The convectively induced rear-inflow jet represents a major component of the
bow-echo structure, playing a crucial role in producing the system's strength and
longevity. However, rear inflows are observed in a much wider range of convective
phenomena, and their influence on the subsequent evolution of the convective
system is much less clear. Based on the current results, Weisman has proposed a
theory to explain the observed properties and influence of these rear-inflow jets.
Extending the two-dimensional theory of Rotunno, Klemp, and Weisman, it has
been demonstrated that this jet may play either a constructive or destructive
role depending on whether it remains elevated relative to the leading edge of the
system or descends and spreads along the surface, well behind the leading edge.
In weaker shear environments (the majority of observed cases), the jet descends
to the surface, and its circulation enhances the circulation of the cold pool. This
results in the convective system tilting upshear and weakening. In stronger shear
environments, the jet remains more elevated, and its circulation counters that of
the cold pool. This results in a convective system composed of stronger, more
upright leading-edge convective cells.
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Dynamics of the Dryline Front

Parsons, with Michael Hardesty and Melvyn Shapiro of the NOAA Wave
Propagation Laboratory (NOAA WPL), have studied the dynamics of the dryline.
The dryline is a moisture front in the south-central United States that divides
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. This
boundary is the predominant initiator of convective events over large areas of west
Texas and Oklahoma. The mechanisms responsible for convective initiation are
still unclear, due partly to an absence of measurements of vertical air motions
in the vicinity of the dryline. The study used a Doppler lidar to measure the
air motions associated with the dryline prior to the outbreak of convection. The
findings suggest that the dryline circulations vary significantly due to changes in
the density gradient across the dryline. For example, differential solar heating can
cause the boundary-layer air on the moist side of the dryline to become cooler than
the dry air. In these instances, the dryline can move rapidly westward in the late
afternoon and early evening in a manner similar to a density current with strong
convergence at the leading edge.

Taiwan Area Mesoscale Experiment
(TAMEX)

Analysis and modeling studies using data obtained during TAMEX continued
during FY 89. Trier and Parsons recently completed an observational and
modeling study of the precipitation associated with a shallow (approximately 1-2
km deep) cold front which moved southward over the Taiwan area on 8 June
1987. The shallowness, marked baroclinicity (5-7°C temperature contrast), and
abrupt horizontal wind shift (approximate 1-km scale) of this front resembled the
structure of convectively generated cold-air outflows. The precipitation pattern
associated with this cold front was highly complex. Along the northwest coast
where the prefrontal environment was nearly neutral, a shallow but intense
rainband was initiated by frontal lifting. Radar observations and simulations
with a nonhydrostatic cloud model showed many similarities to the narrow cold
frontal rainbands observed in low-CAPE midlatitude environments. The weak
vertical shear in the subtropical environment immediately ahead of the front may
have resulted in weak vertical perturbation pressure forces and, therefore, weaker
updrafts than those found in midlatitude studies. Several lines of deep convection
developed well in advance of the surface cold front in the Taiwan Strait southwest
of the island. This prefrontal convection was situated in a conditionally unstable
environment characterized by synoptic-scale low-level confluence and the presence
of 750 mb wind maximum. East of the approximately north-south oriented
central mountain range (CMR), no significant precipitation was observed. The
southwesterly prefrontal flow at midlevels descended the lee of the CMR, producing
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sufficient adiabatic warming and drying above 900 mb to inhibit convection over
southeastern Taiwan.

Kuo and Chen used surface mesonet and aircraft data to document the presence
of two mesoscale low-pressure systems near the east coast of Taiwan on 16-17 May
1987. The primary system was located off the east-central coast of the island, with
a weaker system situated along the immediate lee of the southeastern portion of
the CMR. Conditions upstream of the island were relatively uniform, characterized
by moist southwesterly flow. A strong thermodynamic gradient was found in the
lee despite the relatively uniform upstream conditions. The gradient was due to
cool, moist air which was diverted around the northern tip of the island, and a
warm, dry airmass situated over the southeastern coastal region which arose from
the midlevel southwesterlies subsiding over the southern portion of the CMR. A
mesoscale wind shear line was present at the interface between the two different air
masses in the vicinity of the primary mesolow. An active convective system was
present in the higher 6e air to the north of the shear line. Numerical simulations
using the MM4 accurately depicted the flow splitting upstream of the CMR, the
observed mountain-wave circulation in southeastern Taiwan, and the circulation
associated with the primary mesolow off the east-central coast. Model sensitivity
tests indicated that the mesolow was related primarily to terrain forcing rather
than latent heating. Significant changes in the simulated flow structure occurred
when the model topography was reduced by 50%.

Margaret LeMone has collaborated with David Jorgensen (NOAA NSSL MRD)
to complete a study of the mesoscale convective system that occurred to the east
of the island of Taiwan on 16 June 1987. The system was quasi-stationary and
oriented parallel to the CMR. There was no clear pattern in the growth of new
cells, although relative winds indicated that the warm, moist air supplying the
system came from the south and east. Individual cells within the line moved
from south to north, merging into a growing stratiform region which straddled the
system and lay to its north. To the north and west of the line, cool, low ,e air
circulated westward and then southward, contributing to a mesoscale temperature
gradient across the band. There was little evidence of a gust front directly
associated with this line, a behavior probably related to the relative warmth of the
downdrafts and the moistness of the environment through which they descended.
In the absence of a well-organized gust front, it is likely that interaction of the flow
with the island kept the system organized.

The study also defined more sharply some of the limitations of both Doppler
and flight-level data and suggested some techniques for partially circumventing
these weaknesses. For this case at least, it was discovered that filtering of the
Doppler data did not hurt the estimation of momentum fluxes (discussed in
this chapter under the heading "Dynamical Transports by Mesoscale Convective
Systems"); however, the amplitude, phase, and average of the Doppler vertical
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velocities were contaminated by poor sampling of the convergence in the lowest
levels. Between the surface and 5.8 km, the average Doppler vertical velocity was
half or less than that obtained from computation of convergence of flight-level
winds. This effect is probably exaggerated in this case, since convergence was very
strong in the lowest 500 m. Further, the error in average vertical velocity results
from problems with measurements at the near (side-lobe effects) and far (large
beams intercepting the surface) edges of the domain. The active convection lies at
the center of the domain, so the individual convective features are less adversely
affected. In addition, the contamination decreases with height, as the fraction of
good data (no surface problems) in the vertical motion integration increases. Thus
it was possible to construct, with some confidence, mass- and momentum-flux
profiles by patching together low-level mean vertical velocities from the in situ
data with low-level in situ fluxes and higher-level Doppler data. The momentum
fluxes were in qualitative agreement with the slopes of updrafts and downdrafts in
cross-sections generated from vertically-incident Doppler data.

James Fankhauser and LeMone are working with Matejka on studies of
momentum generation and transport by convective bands in two cases documented
by Doppler radars in the 1981 CCOPE, while LeMone and Jorgensen are engaged
in a case study of a convective band documented by Doppler and flight-level
data from the NOAA P-3 aircraft in TAMEX. In these studies, the horizontal
momentum, U, is defined relative to the line motion, in a right-handed coordinate
system with its U-axis normal to the line and positive in the direction of line
movement. So defined, both the CCOPE lines have negative U-momentum
transport, consistent with the traditional view of flow normal to a squall line,
and consistent with earlier results from the GATE and French Deep Tropical
Convection (COPT) field programs. The transport is mainly down the vertical
gradient of horizontal momentum, with updraft air bringing up low momentum
and downdraft air bringing down high momentum if the wind increases with
height. This behavior is somewhat surprising in view of the totally different
structure of the two lines. In the 17 July line, the air entering the front of the
line moves, on average, rearward until near the top of the system, then splits into
forward and rearward branches; while in the 20 June line, much of the air from the
front ascends only slightly and then flows toward the rear of the storm, resembling
a solitary gravity wave. Although it is harder to detect here than in GATE cases,
where momentum transports were sometimes countergradient, there is evidence of
U-momentum generation in the CCOPE systems.

The momentum transport in TAMEX does not fit this pattern. While
the vertical flux of U momentum is negative in the lower half of of the
convective system, it turns positive (and countergradient) in the upper half.
This convective band has other anomalous behavior, i.e., little or no detectable
gust front, and downdrafts in its upper half that lie in front (to the east) of
the convective line. In the absence of an organized gust front, the convective
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band (which is stationary and parallel to the axis of Taiwan's mountain range)
could be organized by the interaction of the airflow with the topography. While
negative countergradient momentum fluxes have been observed and explained by
momentum generation within convective bands, there are neither observations nor
explanations of countergradient positive U-momentum flux. It is possible that the
positive countergradient U-momentum flux is a result of an inability to sample
compensating negative values in clear air.

Numerical studies of these cases, if of sufficient quality, will permit the
investigation of momentum generation and redistribution in more detail, including
the effects of inability to observe fluxes in clear air. Using the Clark model (with ice
physics included), William Hall is simulating the 20 June 1981 CCOPE squall line
for comparison to Fankhauser's carefully synthesized Doppler fields and evaluation
of momentum fluxes and budgets. Two-dimensional simulations replicated the
observed conditions for only a short time (30 min) following model initiation,
whereas the actual convective event lasted for more than 2 h. It is postulated that
the cellular nature of the storm and the evaporation of precipitation in downdrafts
are important factors in sustaining the observed circulations. Three-dimensional
model simulations are currently in progress to investigate this hypothesis, and
early results are encouraging. With an initialization similar to the two-dimensional
model, the three-dimensional model has produced a line of convection which has
persisted through the three hours of simulation done so far. W.-K. Tao (NASA
Goddard Space Flight Center, or GSFC) is simulating the TAMEX case, which
will allow similar comparisons to observations.

Topographically Induced Circulations

Mountain Drag of the Alps Complex

Martin Miller (European Centre for Medium-range Weather Forecasts, or
ECMWF, Reading, England), Klaus-Peter Hoinka (German Air and Space Agency,
or DFVLR, Federal Republic of Germany, or FRG) and Clark have continued their
collaborative study over the last year on pressure and wave drag associated with
mean flow over the Alps. A simple envelope orography was tested and compared
with higher-resolution simulations and shown to be rather effective in improving
wave interactions with the mean flow. The observations of winds by aircraft and
surface pressure drag were compared in some detail and found to be in reasonable
agreement with repect to the pressure drag, but the model seemed to produce far
more wave drag than was observed for the particular cross-section where data were
available.

Low Froude Number Flow past Three-Dimensional
Obstacles

Piotr Smolarkiewicz and Rotunno accomplished the second stage of their
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theoretical study of the free-slip flow of an inviscid, nonrotating, stratified fluid
past a three-dimensional obstacle for Froude number o 0(1), (Fr - U/Nh, where
U, h and N are the flow speed, height of the obstacle, and the Brunt-Viis'ili
frequency, respectively). The flow in this regime, which is of particular relevance
to atmospheric flows past large mesoscale mountains, is not addressed by existing
theories and is poorly understood. The numerical simulations show several peculiar
features that emerge at low Fr. In the first stage of the study, Smolarkiewicz
and Rotunno were concerned with formation of the lee vortices when Fr decreases
below ~ 0.5, whereas the second stage focused on the zone of flow reversal
occurring on the windward side of the obstacle. The central theoretical issue
concerns the mechanism for upwind flow stagnation (and subsequent reversal.) It
was found that Smith's 1980 linear gravity-wave theory gives a good prediction of
the approach to stagnation as Fr decreases. These results confirmed the essential
correctness of the view that the upwind stagnation is due to the positive density
anomaly aloft associated with the standing mountain wave, in contrast with
Sheppard's classic criterion relating upwind stagnation to a surface air parcel's
loss of kinetic energy against the potential barrier of the mountain. Smith (1989)
has developed a set of stagnation criteria for obstacles with variable aspect ratio
of horizontal scales (, - across-stream length/along-stream length). A series of
numerical experiments at Fr = 0.33 for /3 varying from 0.5 to 8.0 has shown
that the upwind stagnation disappears for small 3, in qualitative agreement with
Smith's criterion.

Smolarkiewicz and Rotunno also found that the predictive ability of the linear
theory diminishes as ,3 increases beyond unity and as the numerical solutions show
the existence of upstream-propagating columnar modes. The columnar modes are
essentially absent for (3 < 1 but appear with increasing strength as / increases.
Lee-wave breaking, the putative source of the columnar modes, also becomes more
vigorous as / increases. Although the linear theory does not predict columnar
modes, it does predict the onset of wave breaking as a function of Fr and /3
(Smith 1989) that is consistent with the present results. The absence of the
columnar-mode effect for 3 = 1 (even through there is upwind-flow stagnation)
and its appearance for /3 > 1 indicate the coexistence of two distinct gravity-wave
effects that give rise to stagnation and upwind-flow reversal in low Fr flows.

The Denver Cyclone

Crook, Clark, and Moncrieff have completed a numerical study of the Denver
cyclone, a mesoscale vortex that develops in eastern Colorado under southerly to
southeasterly flow and in the lee of the Palmer Divide. With a small Froude
number, a vortex formed over the Denver region and propagated northwards at
just over half the upstream flow velocity, leaving essentially stagnant air in the lee
of the Palmer Divide. (See Figure 2.) It was shown that Coriolis turning had a
negligible effect on the flow when the ambient wind was from the south. However,
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when the ambient wind was at an angle to the Continental Divide, northerly winds
developed along the foothills due to Coriolis turning of the flow as it approached
the divide. Idealized experiments of low Froude number flow past a bell-shaped
hill were also performed to explore the relationship between lee vortices and the
stagnation aloft predicted by linear theory. In one experiment, a low Froude
number (Fr = 0.3) flow was approached from a Fr 1 flow (where linear theory
gives useful predictions) by applying a reverse pressure gradient to decelerate the
flow. During this deceleration, the flow reversed aloft at the point predicted
by linear theory. Wave breaking then occurred and the region of flow reversal
descended to the surface. This experiment suggests that the intense, concentrated
vorticity that develops in the lee of obstacles at low Froude numbers is due to
the tilting of horizontal vorticity as gravity waves break above the obstacle. The
results appear to be relevant to atmospheric lee vortices in general.

Szoke documented a Denver cyclone that occurred during a day overcast with
low clouds, allowing the center of the cyclone to appear as an "eye" of clearing.
This case provided visual evidence of the movement of the Denver cyclone feature
over time. When compared to predictions from numerical model studies such as
the one described above by Crook, Clark, and Moncrieff, the model predicted more
movement than was observed. In a collaborative study, Szoke and John Augustine
(a summer student from NOAA NSSL in Boulder) compiled mean characteristics
of Denver cyclone occurrence from several years of mesonet data from northeastern
Colorado. Initial analysis has shown that the convergence zone associated with
the Denver cyclone is most commonly found in the eastern portions of the Denver
area. Comparison of designated cyclone days with non-occurrence days has shown
that a weaker background flow pattern that resembles that associated with the
Denver cyclone exists, implying that the inclusion of diurnal heating over the
varying terrain is important to the cyclone's formation and behavior.

Thunderstorm Electrification

Electrification of New Mexico Thunderstorms

James Dye and Daniel Breed, in collaboration with William Winn and J.
J. (Dan) Jones (both of New Mexico Institute of Mining and Technology, or
NMIMT), have continued to analyze data obtained during the 1984 New Mexico
field experiment, concentrating on microphysical and electric field measurements.
These studies have shown that at the -10 to -20°C (6 to 7 km) level, where
the dominant negative charge of thunderstorms is found to reside, ice-particle
concentrations increase from less than 1 to in excess of 1000/E as the cloud
matures. Further, in the regions of high ice particle concentrations, millimetric
graupel and some liquid water are also present. Some sailplane observations show
that regions containing high concentrations of graupel and liquid water persist to
altitudes of at least 9 km (-35°C). These observations indicate that the conditions
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necessary for effective separation of charge by the non-inductive mechanism can
be present over a considerable vertical expanse in the cloud. On the other hand,
in these small New Mexico storms the horizontal and (probably) vertical extent of
these regions is often quite localized, with dimensions from 200 to perhaps 2000 m
across, limiting the volume of the cloud in which the mechanism could be effective.

The observation of ice-particle concentrations of 1000/i is new and surprising,
and initially has been viewed with skepticism. However, observations during the
1984 project with a two-dimensional probe on the NMIMT aircraft and by the
cloud particle camera on the NCAR/NOAA sailplane and measurments in 1987
from a two-dimensional probe on the sailplane all support this result. These high
concentrations have been observed only during the mature phase of the storm at
or above 7 km altitude and at about the time the storm becomes electrified.

At lower levels, near or slightly above cloud base, the aircraft measurements
have shown that particle concentrations (usually a mix of ice or melting ice
particles) are typically 10 to 50/i during the mature phase of the storm.
The largest particles are larger than those observed aloft at 7 km, suggesting
that growth has occurred as the particles fall. This is consistent with the
Doppler radar analysis of air motion and terminal fall speeds conducted by
David Raymond and Alan Blyth (both of NMIMT) for these same storms. The
lower particle concentrations in this region compared to the 7-km level implies
that a precipitation-based charging mechanism would be less effective, and may
be an explanation of the transient behavior of lower positive-charge centers in
thunderstorms.

Breed has deduced plausible charge locations and magnitudes based on the
electric field measurements made from the sailplane. Oscillations in the horizontal
component of the electric field produced as a result of the sailplane circling in
an updraft are consistent with a single dominant charge horizontally displaced
from the sailplane. In each of the six cases that were examined, the dominant
charge was negative. In five of the cases, the inferred charge central position was
associated with a reflectivity core of >30 dBZ, while in the other it was located in
the gradient of reflectivity near a core. In the four early electrification cases (prior
to lightning), the initial magnitude of the assumed point charge ranged from -0.03
to -0.14 coulombs at distances of 2.5 to 3.0 km from the sailplane. The initial
point charges were estimated to be at 5.5 to 7.3 km altitude (-3 to -15°C). In the
two electrically mature cases, the initial charges were -1.22 coulombs at 6.3 km
altitude (-8°C) and -2.99 coulombs at 6.5 km altitude (-9°C). The oscillations in
the horizontal component of the electric field through a range of altitudes are not
characteristic of layered charges in these cases, and at least to first order, the data
are consistent with a cellular structure of charge.
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Production of Nitrogen Oxides by Lightning

Currently there are major uncertainties with regard to the importance of the
production of nitric oxide (NO) and ozone (03) by electrified clouds. Both species
figure prominently in the troposphere; NO (together with NO 2 ) in its role in the
photochemical production of 03 and in its influence on OH, which in turn controls
the removal of a number of species; and 03 in its role as an oxidant as well as
an absorber of long-wave radiation. Consequently, it is important to know their
sources, and thunderstorm production may be quite significant.

Field measurements, laboratory experiments, and theoretical estimates all
suggest that electrified clouds ought to be a significant source of NO and, to a
lesser extent, of 03. However, there have been very few investigations in which
electrical measurements are made in conjunction with chemical measurements. To
date, much of the evidence from the field has come from chemical investigations
which, by chance, encountered the outflow from electrified clouds. As a result,
chemical measurements are poorly tied to the electrical aspects of thunderstorms.

In central New Mexico this past August, Dye and Brian Ridley (Atmospheric
Chemistry Division, or ACD), with the help of James Walega (ACD), conducted
an experiment in which both chemical and electrical measurements were made to
study NOx (NO + NO 2 ) and 03 production by lightning. The work was done in
collaboration with William Rison, Charles Moore, David Raymond, Alan Blyth,
Carl Popp, and Edward Franzblau (all of NMIMT).

Measurements of the concentration of NO, NO2 , NOy, and 03 were made using
the NCAR Sabreliner, flown back and forth through the anvils of thunderstorms,
near NMIMT's Langmuir Laboratory. Lightning was detected using the cloud-to-
ground lightning data from the Boise Interagency Fire Protection lightning location
network, an optical detector built and operated by Moore, and two electric field
change meters and associated recording software designed and built by Rison. One
of the field change meters was located at the mountaintop laboratory and the
second at Socorro, about 25 km away. Using two field-change meters separated
in distance, intracloud lightning could be distinguished from cloud-to-ground
lightning for storms occurring near the mountaintop laboratory.

Because there was a relatively low number of storms, most of the measurements
were made in anvil outflows, with only a few measurements in outflows at mid-level
and below cloud base. Some enhancement of NOx species was seen in all three
regions of outflow in separate storms, but the largest enhancement was observed
in the anvil of a storm that occurred on 19 August. The preliminary results
from this storm and one other suggest that the major flux of NO from the anvil
is very near the top of the storm. In the 19 August storm, peak values of
NO at 10.6 km altitude were in excess of 2000 pptv, a 20-fold increase above
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the background concentration found in the surrounding unperturbed air, with an
average concentration of 740 pptv over a 40-km path. Most of the NOX production
from lightning in this case appeared to be NO. There were hints of slightly elevated
03 values near the edge of the anvil, but overall there was little evidence to
suggest that 03 production was occurring in these storms. Future analysis of this
interesting data set will focus on the 19 August storm and a couple of others.
There are also some excellent data from clear-air flights to examine profiles of
these chemicals in relatively clean continental air masses.

Convective Initiation, Cumulus
Interactions with Boundary Layers,
and Gravity Waves

The 17 July CINDE Case Study of Storm
Initiation

The analysis of the stationary convergence zone of 17 July 1987 was completed
with contributions by Crook, Fankhauser, Brant Foote, John Tuttle, Charles
Wade, James Wilson (ATD), and Steven Kruger (University of Utah). The storm
initiation mechanisms operating on that day were quite complex, with many
contributing processes. A synoptic-scale low-pressure system moved northeastward
over Colorado during the day and provided a generally favorable environment
(positive vorticity advection, synoptic-scale ascending motion, low-level easterly
flow) for storm development. At the surface, a mesoscale cyclonic circulation
(Denver cyclone) developed. The latter did not appear to be dynamically linked
to the upper-level trough, but rather connected with southeasterly flow across
the Palmer Divide under conditions of strong low-level stratification. The Denver
cyclone set up the convergence across the CINDE area in a manner that could
be nicely reproduced and understood using model results. The kinematic and
thermodynamic structures of the convergence zone were examined in detail from
aircraft, surface mesonet, Doppler radar, and balloon sounding measurements
made in CINDE. The analysis shows how the convergence line led to conditions
favorable for storm outbreak by significantly deepening the moist boundary layer
and thereby reducing the amount of lifting needed to initiate storms. Conditions
were ripe for storm outbreak for several hours before such an outbreak occurred.
The time evolution of the airflow through the convergence zone was well revealed
by the Tracking Radar Echoes by Correlation (TREC) analysis technique adapted
by Tuttle and Foote, and documented the rapid change in the depth of the
boundary-layer circulation associated with a change in the low-level shear profile
on the west side of the line to one that more nearly matched that on the east
side of the line (though of opposite sign). Storms formed quickly after this
time. Major cloud development occurred along the line over the positions of small
vortices that were well resolved by the radar measurements, and that had lifetimes
measured in hours. Both modeling and observations support the idea that the
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vortices resulted from the interaction of longitudinal boundary-layer rolls with the
convergence zone. The spacing of the vortices seemed to determine the storm
spacing. These vortices were also implicated in tornadogenesis in a previous study
of this and other cases by Wilson (Wakimoto, R. M., and J. W. Wilson, 1989:
Non-supercell tornadoes. Monthly Weather Review, Vol. 117, pp. 1113-1140). The
change in the wind-shear profile on the west side of the storm resulted from the
passage of a short wave accompanying the synoptic low-pressure system described
earlier and a shift of the low-level wind to westerly. It is possible that no storms,
precipitation, or tornadoes would have occurred without this final effect, which led
to a deepening of the convergence-line circulation, which was otherwise slightly
sub-critical in vertical extent.

Single-Radar Measurements of the Boundary-Layer
Wind Field

Tuttle and Foote continued to study the structure and evolution of the airflow in
the boundary layer using a single-Doppler radar technique. The TREC technique
objectively identifies and tracks echo patterns by cross-correlating echo features
measured at two times a few minutes apart. TREC has been applied to five cases
for which convergence lines were observed during CINDE. Four of the cases (25
June and 2, 17, and 24 July) involved stationary convergence lines associated with
the Denver cyclone; the other (28 June) involved moving boundaries.

The 25 June and 24 July cases were similar to 17 July in that a north-south
stationary convergence zone developed under southeasterly ambient flow and deep
convection initiated along the line. In each case the southeasterly flow was present
well before sunrise and the Denver cyclone was already evident by the time the
radars became operational (generally around 1100 local time). The 2 July case
was different in that the low-level flow was northerly in the early morning hours,
becoming southeasterly after sunrise. Thus the flow regime necessary for the
development of the Denver cyclone developed after surface heating had begun and
the air was becoming less stratified. The Denver cyclone that developed was much
less distinct and displayed weaker convergence than the other cases.

In the 28 June case, convection developed along a moving boundary. The
ambient low-level airflow over the plains was northerly. Around 1200 local time,
convection that had developed over the mountains southwest of Denver produced
an outflow that spread northeastward over the plains. The interaction between the
northerly ambient flow and the southwesterly outflow resulted in deep convection
by mid-afternoon.

In all cases, clear-air echoes were observed out to ranges of 80-90 km and data
were analyzed for periods of 5 to 6 h. These examples demonstrate the relative ease
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and broad areal coverage attainable with the TREC method, in marked contrast
to the complexity and more limited domain of the multiple-Doppler approach.

Tuttle transferred the TREC software to the Research Applications Program
(RAP) Alliant minicomputer to test the feasibility of using TREC in an
operational environment. During operations, data from the Mile High Radar
will be transmitted to the Alliant where they will be interpolated to a Cartesian
grid and stored on disk. TREC has been run on several test cases, and the
TREC vectors, reflectivity, and Doppler data sent back to MMM for display on
a MicroVax II workstation. TREC took from 30 s to 80 s of CPU time on the
Alliant to process a useful level of data, depending on the size and resolution of
the input. Optimization of the code is expected to reduce the time required by a
factor of 2 or 3. The results indicate that the TREC technique can be used during
operations and shows promise as a valuable aid in local nowcasting problems and
in mesoscale field experiments. (See Figure 3.)

Effects of Mesoscale Convergence on
Organized Convection

Crook and Moncrieff have conducted a study on the effect of large-scale conver-
gence on the generation and maintenance of deep moist convection. Convergence
was represented through the imposition of a momentum forcing at the lowest
levels of the domain and simulations were initialized with the linear response
to this forcing. It was found that large-scale convergence has an important
effect both before and after the generation of convection. Before convection, the
convergence lifts the atmosphere to saturation, or close to saturation, over a wide
region. Consequently, once convection begins, the inflow air requires little further
lifting, allowing the system to maintain itself without the lifting that evaporative
cooling may produce. This is in contrast to systems generated in an unsaturated
environment by a warm "bubble" perturbation, the persistence of which is often
critically dependent on the lifting at low levels produced by evaporative cooling.
Large-scale convergence also had an important effect on the mature convection;
the average rainfall rate decreased by approximately 40% when the convergence
was removed. It was also found, for systems in which the convective time scale is
comparable to or larger than the time that air spends in the convergence zone, that
the total vertical displacement of air in the convergence region was the important
parameter in determining convective intensity. The process that maintained the
development of new cellular activity at the leading edge of the line was shown
to be a solitary gravity wave that had quasi-linear behavior, as distinct from a
nonlinear gravity event. This process, when coupled to the role of convergence,
de-emphasizes the role of deep downdrafts in the maintenance of organized deep
convection.
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Convection Waves

Widespread gravity-wave systems have been found to exist above convectively
active boundary layers over flat terrain. Joachim Kuettner is collaborating
with Robert Grossman (Cooperative Institute for Research in the Environmental
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Sciences, or CIRES, University of Colorado) on the Convection Wave Flight Project
to explore the characteristics of these waves and their possible gravity-wave drag
effects on the tropospheric flow field. During the past year, multi-aircraft flights
over the Gulf of Mexico, Kansas, and Texas were evaluated with the following
preliminary results: 1) Vertical momentum fluxes in convection waves were found
to be weaker than those in mountain waves, but they seem to occur over
much larger areas, including the oceans; 2) the observed flux divergence appears
strongest in the lower and middle troposphere and reaches values corresponding
to the average surface drag; 3) the majority of the observed gravity waves are
partly trapped within the troposphere; and 4) the observations indicate that
convective waves depend upon the existence of a vertical shear in the horizontal
wind extending from the convective boundary layer into the stable layers above,
confirming Clark's numerical simulations. A new method was developed to derive
the phase speed of convection waves from flight data.

The project will be expanded to include the NASA Electra equipped with lidar
and gust probe, with the collaboration of Harvey Melfi (NASA GSFC). The flights
will be conducted over the Atlantic off Wallops Island with a view to measurement
of wave drag during cloud outbreaks over the ocean.

Cumulus Dynamics

Downbursts

Parsons completed a collaborative case study with Robert Kropfli (NOAA
Wave Propagation Laboratory, or WPL) on a light rainfall downburst. Analysis
of Doppler radar-derived fields, including those obtained from retrieved thermo-
dynamic variables, document the generation, descent, and growth of negative
buoyancy areas below cloud base, which maintain the downburst. During their
descent, forcing due to precipitation loading decreases, while the role of evaporative
cooling increases. The downburst descends in a manner quite similar to a cold
thermal; that is, the descent of the strong downdraft region is about 75 percent
slower than the magnitude of the strongest downdraft. This result is somewhat
surprising, since it had been previously hypothesized that the downburst would
descend at a speed equal to or exceeding that of the strongest downdraft. This
new conceptual model of a downburst suggests a number of aspects of downburst
structure that need to be reexamined. The slower speed of the strong downdraft
region suggests that the time to nowcast some downbursts may be greater than
expected. The slower speed, together with a convergent region above the minimum
and divergence below it, suggest that air is continually entrained into and cycled
through the downdraft. This entrainment process stresses the importance of
subcloud evaporation in maintaining the negative buoyancy of the downdraft.

169



Mesoscale and Microscale Meteorology Division

Tornadic Storms

Szoke has continued to analyze case studies of tornadoes that develop from
non-supercell storms. The latest case occurred on 15 June 1988 in Denver
and formed along a pre-existing topographically induced feature referred to as
the Denver cyclone. These tornadoes are unique in that they seem to develop
through the vertical stretching of vorticity along these pre-existing surface features.
Tornadoes of this type might also represent a significant percentage of tornado
occurrences in other areas.

Cumulus Entrainment

Dynamics of entrainment is still poorly understood, but well recognized as
playing a fundamental role in cloud dynamics, microphysics, radiative transfer
and in-cloud chemistry. Wojciech Grabowski, in cooperation with Clark and
Smolarkiewicz, continued the study of the dynamics of the cloud-environment
interface that leads to entrainment of environmental air into convective clouds.
Grabowski's recent work has concentrated on the improvement of numerical
techniques for the advection-condensation problem to ensure monotonicity of
thermodynamic fields near cloud edges, and gaining further understanding of the
physics of this instability, particularly to the extent to which earlier simulations
were affected by numerical problems.

When phase changes of water substance are taken into account, nonoscil-
latory advection schemes do not ensure monotone solutions for the whole
advection-condensation problem near the vicinity of the cloud-environment in-
terface. Following earlier development of the monotonicity-preserving option for
the multidimensional positive definite advection transport algorithm (MPDATA),
Grabowski and Smolarkiewicz applied the strategy to ensure monotone solutions
for the advection-condensation problem. The approach uses a modified version
of the traditional flux-corrected-transport (FCT) approach to applied situations
with phase changes and incorporates information about condensation/evaporation
processes into the limiters constraining antidiffusive fluxes in the FCT technique.
To address the problem of the physics of the instability and the overall effect
of numerics, Grabowski and Clark performed a series of numerical simulations
of two-dimensional rising thermals, including phase changes of water substance.
Two-dimensional geometry permits a wide range of spatial and temporal resolu-
tions to be addressed and allows the question of convergence of the finite difference
solution for a given Reynolds number and a given finite difference technique for
the advection-condensation problem to be addressed. These simulations support
earlier findings that cloud boundary instability is associated with baroclinic (buoy-
ant) production of vorticity at the cloud-environment interface. Further, the
results indicate that numerical problems primarily influence the excitation of the
instability. Factors governing the scale selection of the instability and implications
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for future three-dimensional numerical entrainment studies are currently under
investigation.

Cloud and Precipitation Physics

Hydrometeor Evolution

L. Jay Miller, Foote, and Tuttle have carried out further research on hail
growth and hail embryo source regions in the 1 August 1981 CCOPE storm. It
had previously been deduced that graupel embryos must have originated primarily
in two columnar regions on the flanks of the updraft core. One column was
within the stagnation zone on the west side (upwind with respect to the midlevel
flow); the other was at the center of the midlevel, mesocyclonic circulation on the
east (downwind) side. The western columnar region was in the more favorable
position to supply precipitation embryos, being upwind of the main updraft, but
precisely where these graupel might have formed and how they were subsequently
transported remained uncertain. It was tentatively concluded that vigorous cloud
turrets flanking the upwind side of the main storm mass most likely injected
millimeter-sized particles into the main updraft fringes. From there, these particles
would likely have undergone a secondary growth cycle into hail along cyclonic
trajectories within the southern portion of the updraft.

Although these flanking towers can apparently be a significant source of
precipitation embryos in some storms, further analysis of the aircraft measurements
of graupel along the upwind flanks in the 1 August case showed that they were most
strongly linked to the occasional merger of drifting, isolated cumulus congestus
clouds within the storm. Such an episodic source of embryos seems unlikely to
explain the persistent hailfall from the 1 August storm. Further study has revealed
that a subset of the deduced cyclonic hail growth trajectories appeared able to loop
back on themselves such that low-level melting and breakup of graupel following
this circuit could have led to a self-sustaining mode of precipitation growth. Such
a result, if found to have some generality, would have far-reaching implications for
the precipitation physics of storms.

The study has also shown that precipitation from graupel grown in the western
updraft fringes, from drops produced by transport and melting of those graupel,
and from graupel grown in the northern updraft fringes, was necessary to explain
the observed patterns of radar reflectivity, dual-wavelength ratio, and specific
attenuation. Further, only embryos from the west and south flanks led to
large-diameter hail near where stones of similar sizes were observed from aircraft
and the ground. Though embryo transport from the upwind side of the updraft
core and around its south side was a necessary deduction from aircraft and radar
observations, details of the early particle formation within the upwind region were
not well documented. This region was characterized as a vigorous cluster of
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cumuliform cloud without dominant or discrete turrets. For reasonable particle
concentrations and liquid-water contents, near-millimeter particle sizes had to be
present to explain the low reflectivities measured there. Presumably graupel
growth was initiated in the upper parts of this peripheral weak-echo region with
turbulent diffusion mixing particles throughout the region.

Figure 4 indicates that, following the embryo growth stage, three types of
hail growth trajectories were found: 1) those passing into the southern (cyclonic)
branch of the middle-to-upper level airflow; 2) those passing into the northern
(anticyclonic) branch of this flow; and 3) those passing in a nearly straight line
through the updraft core in mid-levels (preferentially the northeastern side of the
core). Of these, the straight-line trajectory produced the largest hail. Growth
trajectories were mostly of a simple up-and-down nature, without multiple passes
or loops through the main updraft. Particles that followed cyclonic trajectories
produced a broad maximum in reflectivity east of the updraft, while those that
followed straight-line trajectories produced a similar broad maximum west of the
updraft. Large hail from straight-line trajectories and some graupel and hail from
the cyclonic branch passed through the region that otherwise would have been
the echo-weak vault. A subset of the cyclonic trajectories appeared able to loop
back on themselves in such a way that low-level melting and breakup of graupel
following this circuit could have led to a self-sustaining mode of precipitation
growth.

Miller and Tuttle also began an investigation of the microphysical processes
leading to heavy precipitation within a subtropical squall line (the 16-17 May
TAMEX storm). Using four-dimensional winds (three space and one time) derived
from dual-Doppler radar measurements along with a Lagrangian microphysical
model, they have attempted to deduce the relative importance of ice processes
and collision-coalescence (warm) processes in producing rainfall within the Taiwan
area. The pattern of airflow in this squall line was similar to structures
observed elsewhere, especially in West Africa. Low-level air from in front of
the line rose through a moderately convective region (maximum updraft speeds
of approximately 10 m/s) and formed one stream that exited into the rearward-
trailing stratiform rain region. A second stream of updraft air exited into the
anvil ahead of the convective line. Weak low-to-middle level inflow (speeds of
approximately 2 m/s) into the rear of the system was also observed.

Preliminary results indicate there was not enough time for droplet nucleation
followed by collision-coalescence to produce anything but light drizzle along the
updraft stream that exited rearward. Aggregates of ice crystals in the anvil region
a few kilometers ahead of the convective line descended into the low-level inflow,
and, by virtue of their larger sizes, were able to produce significant amounts of rain
as they were transported back into updraft cells for a second growth cycle. These
results point to the requirement that a critical size of embryo must be attained
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Figure 4. Perspective view of hail growth trajectories. The view is from downwind of the main
updraft, looking into the midlevel environmental airflow which divided into cyclonic (left) and an-
ticyclonic (right) branches. Small frozen drops entered the updraft from the southwest, rose, and
grew to hailstones as they continued along either anticyclonic (A), cyclonic (C), or straight-line (S)
paths. Large hailstones fell from path S into the westernmost high reflectivity core (most distant
white surface). Small- and medium-sized hail fell from path C and reached the ground near the
easternmost high-reflectivity core (nearest white surface). Only small hail and rain were produced
along path A.

before they are injected into cells of high liquid water content in order to promote
growth to the larger drops associated with heavier rainfall.

William Cooper has developed theoretical evidence that turbulent air motions
may be effective in broadening the size distributions of cloud droplets. In
collaboration with Marcia Politovich (ATD), he found instances in which the
observed widths of droplet-size distributions were in reasonable agreement with
these theoretical predictions. Evidence from Hawaiian clouds showed that
such turbulent air motions, accompanied by mixing processes, can broaden size
distributions toward larger sizes and so accelerate precipitation initiation.

Darrel Baumgardner (ATD) and Cooper also examined the effects of turbulence
on coalescence efficiencies and have argued that some published estimates of these
effects are overestimated.
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Microphysics Instrumentation

An analysis by Paul Lawson (visitor, University of Wyoming) and Cooper
showed that the thermometers commonly used on research aircraft, including the
NCAR "reverse-flow" thermometer, measure erroneously low temperatures in some
clouds because the sensing elements become wet. Data from a new radiometric
thermometer were examined and found to provide good observations both in and
outside of cloud. The radiometric measurements are suited to research applications
requiring accurate in-cloud measurements of temperature, as needed for studies of
cloud buoyancy or of the sources of entrained air in cumulus clouds.

Andrew Heymsfield and Cooper developed a new sensor for the detection of
small ice crystals from research aircraft. This sensor uses impaction onto a moving
film to collect ice crystals, which are then carried in front of a microscope lens
and video camera. The instrument records detailed images of the crystals, useful
for determining ice habits and degree of riming, and can also detect ice crystals as
small as 10 pm.

Studies of Cirrus Clouds

Heymsfield and Leo Donner (University of Chicago) have developed a para-
meterization which relates the ice water content of cirrus clouds to large-scale
meteorological variables. The technique identifies large-scale flows in which ice
clouds exist and calculates ice water content by reconstruction of the air trajectory
associated with cloud formation. As the cloud forms, its ice content changes both
by growth due to sublimation and removal by sedimentation. They compared
ice water contents predicted by the parameterization with aircraft observations in
both the middle latitudes and the tropics and showed reasonable agreement over
four orders of magnitude. They have also developed a parameterization for the
sublimation of ice crystals settling into sub-ice saturated environments.

Heymsfield and Karen Miller, along with James Spinhirne (NASA GSFC),
Bruce Wielicki (NASA Langley Research Center), Stefan Kinne (NASA), Thomas
Ackerman (Penn State), and Steven Cox and William Smith (both of CSU), have
been involved in an analysis of FIRE data collected on 28 October 1986 using
lidar, aircraft, and satellite. Two cirrus-cloud layers which formed on this day
were studied, one with a top and base at 12 and 8.5 km, and a second with a top
and base at 8 and 5 km. The most intriguing finding was the discrepancy between
the in situ measurements of mean ice-particle size and those deduced from the
satellite and overflying aircraft data. This discrepancy is now referred to as the
"small-particle" anomaly. The aircraft measurements indicated that most of the
ice mass and cross-sectional area of the size distribution was contained in particles
larger than 200 Ium averaged over the layer, while the radiometer measurements
suggested that particles of about 3 0 ttm dominated the radiative properties. Two
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hypotheses are suggested for the discrepancy: particles smaller than can be
measured by the aircraft probes (< 25 /m) dominate the scattering properties, or
the scattering properties of the ice crystals are much more complex than currently
modeled. New instrumentation to measure small-particle concentrations and the
scattering behavior of cirrus crystals are needed to resolve the problem in future
field programs.

More favorable agreement was obtained in a comparison of particle sizes in
a shallow liquid-water layer associated with an altocumulus on this day. The
aircraft sampled 13 separate episodes of liquid water at about -30°C at about
the same time that the LANDSAT satellite was imaging the location with
dual-channel radiometers. Mean droplet dimensions were < 9 J/m as measured
by the aircraft and about the same dimensions from the satellite radiometer
measurements. A point-by point comparison of the data indicated that the
LANDSAT measurements provide accurate information on the dominant particle
phase, within both liquid-water and iced-out regions.

Fundamental Physics of Ice Formation

Collaborating with Arthur L. DeVries (University of Illinois), Ray Fall
(University of Colorado), and Richard LaDuca (Eastman Kodak Company),
Charles Knight continued research into nonequilibrium ice antifreeze materials.
Several new chemicals of both biogenic and non-biogenic origin with antifreeze
properties have been found. Adsorption planes and alignments of several natural
antifreezes onto ice have been determined. Studies of applications of the results
have been initiated.

First Echo Studies in the North Dakota
Thunderstorm Project (NDTP)

In June-July 1989, Knight participated in NDTP to obtain coordinated radar
and photographic information on early cumulus close to a radar. The early-echo
behavior at approximately -15 dBZ was to be documented in relation to the
visual cloud history. The data gathering was highly successful and analysis is
commencing. In one case analyzed so far, the early-echo stage at -5 to -10 dBZ
lasts about 10 minutes, with backscattering spreading throughout the cloud (from
the top down) before rapid echo growth (from accretion or coalescence growth of
hydrometeors) starts.

Particle Measurements in Arctic Polar
Stratospheric Clouds

During January and February 1989, Dye, Bruce Gandrud (ACD), and
Baumgardner were involved in the NASA Airborne Arctic Stratospheric Expedition
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(AASE) designed to study, in the Arctic, the physical and chemical processes
which have been linked to the destruction of ozone and the Antarctic ozone hole.
An important aspect of the expedition was to obtain measurements of the size
distribution of particles in polar stratospheric clouds (PSCs), as such particles
provide sites for the heteorgeneous reactions which liberate chlorine and allow
it to destroy ozone. The Forward Scattering Spectrometer Probe, Model 300
(FSSP-300) was designed and built by Robert and John Knollenberg of Particle
Measuring Systems in Boulder specifically for the AASE to meet the need for
better measurements in PSCs from the NASA ER-2 aircraft. Dye, Gandrud, and
Baumgardner, assisted by Guy Ferry (NASA Ames Research Center), evaluated
and corrected some early problems with the new device and integrated it into the
ER-2 aircraft and data system. FSSP-300 data obtained during the project have
provided measurements of the background sulfuric acid particles as well as of PSC
particles.

The analysis to date has concentrated on the examination of the size
distributions of the PSC particles for the individual flights and the environmental
conditions present when the ER-2 encountered PSCs. Satellite extinction and
airborne lidar measurements have shown that two types of PSC particles are
present in the polar regions. Type I particles are predominantly composed of
nitric acid trihydrate (NAT), while type II particles are larger and thought to be
composed primarily of water ice. The FSSP measurements confirm the earlier
inferences from remote sensors that the type I particles have a well-defined volume
mode between 0.8 and 1.0 um diameter. Type II particles as large as 24 .m (the
upper size limit of the FSSP-300) were observed.

When the ER-2 entered type I clouds there were large increases in the particle
number and volume. These increases were found to occur when the apparent
saturation ratio of nitric acid with respect to NAT was near 10, but before
saturation of water vapor with respect to ice was observed. This supports the
hypothesis that type I particles are primarily NAT.

During the 24 January flight, particles larger than 4 /im diameter (type II)
were observed only after ice saturation occurred. However, on several other days,
type II particles were observed when the water-ice saturation ratio was less than 1.
On these days the type II particles probably formed at colder temperatures and fell
to the level of the aircraft. The observation of type II particles in a region not in
equilibrium with respect to the local frost point implies that hydration/dehydration
and a vertical redistribution of water in the polar stratosphere can occur via the
direct fallout of large particles.

Marine Stratiform Clouds

Because of their effect on the earth's radiation budget, marine stratiform
clouds play an important role in global climate, yet the boundary-layer processes
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that form, maintain, and dissipate them are still poorly understood. Chin-
Hoh Moeng, Donald Lenschow, and Ilga Paluch, in collaboration with many
university investigators, are studying this subject using large-eddy simulation
(LES) techniques and observational data from Dynamics and Chemistry of Marine
Stratocumulus (DYCOMS) Experiment and from FIRE.

Considerable effort has been spent on checking data consistency, identifying,
and correcting (when possible) measurement errors of aircraft data collected in
marine stratus during FIRE. Vertical velocity has been corrected by determining
correction factors from flight maneuvers. Errors in microphysical measurements
have been estimated from instrument intercomparisons and thermodynamical
consistency techniques. Accurate microphysical measurements are essential in
analyzing criteria and mechanisms for cloud-top entrainment instability.

One surprising feature of the observations made during FIRE is that the single,
uniform stratus layer usually assumed in numerical and physical models was rarely
encountered. The clouds were typically broken and patchy, and on seven out of
ten research days, there were secondary layers or scattered clouds (or fog) below
the main stratus deck. The three research days when single stratus layers were
observed were those with the highest wind speeds (10 to 18 m/s) and no significant
precipitation. In these cases the boundary layer was moderately turbulent, and
the total water mixing ratio and potential temperature were nearly constant with
height. On the remaining seven research days the wind speed was in the range of
O to 8 m/s, with correspondingly weaker and sometimes intermittent turbulence.
On these days, aircraft encountered rain showers extending to the sea surface, and
the data show changes in boundary-layer structure characteristic of evaporating
precipitation. Depending on the turbulence intensity and the temperature profile,
this situation can lead to the formation of low-level cumuli or patches of fog near
the sea surface, as is evident in the present observations.

Since clouds are cooled by radiation, broken or patchy stratus decks are regions
of large horizontal inhomogeneities in air temperature. In the presence of cloud,
the potential temperature profile shows a sharp change at the inversion, whereas
in clear air the change is gradual. Below the inversion, the temperature in the
cloudy air is often several degrees colder than the temperature in clear air at the
same altitude. This temperature difference can be expected to lead to circulations
that will tend to reduce the difference, and promote turbulence near the cloud and
clear-air interface. While the circulation tends to erode cloud edges, the increased
turbulence promotes more rapid turbulent transport of moisture from below, which
can lead to the formation of new cloud patches nearby. This mechanism could be,
at least in part, responsible for the persistent patchiness of some marine stratus
decks.

Jensen (CSIRO) and Lenschow have studied the structure of cloud top and
cloud base using the NCAR Airborne Infrared Lidar System (NAILS) on its initial
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deployment on the NCAR Electra aircraft during FIRE. On days when secondary
cloud layers were observed, they obtained a distinct bimodal distribution of the
height of cloud base, and are thus able to distinguish the height and areal coverage
of the secondary cloud layers. They are also able to resolve cloud-top structure
on scales as small as 10 m, and thus investigate the structures on scales at which
individual entrainment events occur. They have found that the cloud height is
typically strongly negatively skewed, which appears to be a result of relatively deep
(compared to the height to which upward-moving buoyant elements penetrate)
excursions of clear air into the cloud layer.

Moeng and Ulrich Schumann (DFVLR), through conditional sampling on
Moeng's LES results, were able to isolate coherent updraft and downdraft
structures to better understand how large eddies contribute to turbulent transport
and entrainment. They found that the magnitude of entrainment (buoyancy and
moisture) fluxes is larger at the top of coherent updrafts than at the top of
coherent downdrafts, showing that the entrainment process is dominated mostly
by penetrating updrafts. Also, the upper 10% of coherent downdrafts is warmer
than its surroundings and the lower 90% is colder, showing that inversion air
is entrained (promoted by penetrating updrafts) mostly into downdrafts and the
entrainment mixing exists mainly in the upper 10% of the PBL depth. This result
also shows that, below the entrainment zone, downdrafts are cooled by radiation.
They also analyzed quantitatively the mean properties of "thermals" using various
indicators (vertical velocity, moisture, or the combination of the two fields) to
define thermals. The results agree in general with existing observational studies.
From these results, they computed the turbulence statistics, assuming "top-hat"
profile within thermals. They found that the thermal structure is best classified in
terms of the vertical-velocity indicator and that the top-hat profile underestimates
the actual fluxes by a factor of 0.6.

Moeng and Judith Curry (Penn State) continue to study the interaction among
cloud microphysics, long-wave radiative cooling, and turbulent mixing processes.
They have implemented a simple cloud microphysics scheme into Moeng's LES
code that takes into account some effects of drop-size distribution in calculating
gravitational settling and long-wave radiative cooling rate. This study is a first
step toward determining the importance of cloud microphysics in stratus cloud
dynamics.

Boundary Layers, Turbulence,
and Chemical Transport

Boundary-Layer Modeling

Much has been learned in recent years about the physics of the boundary layer,
and it is important that these advances be included as effectively as possible in the
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boundary-layer parameterizations within larger-scale meteorological models. John
Wyngaard and Moeng, in collaboration with James McWilliams (Climate and
Global Dynamics Division, or CGD) and Peter Taylor (York University, Ontario,
Canada), have begun a project on the assessment and development of planetary
boundary layer (PBL) models. The project (under the auspices of the World
Climate Research Program) aims to determine what physics the boundary-layer
models within larger-scale models used throughout the world contain; assess how
they perform against experimental data bases and against high-resolution research
models of the boundary layer; and design models that have the improved physics
and performance that will be required in the future.

Some 20 different modeling groups have been contacted to determine the details
of treatment of the boundary layer. At a 14-15 August workshop at the ECMWF
(organized and co-chaired by Taylor and Wyngaard), a protocol was established
for evaluation of existing models. Taylor will assemble the data base, most
likely from research experiments in horizontally homogeneous sites, e.g., Wangara,
AMTEX (Air Mass Transformation Experiment, which took place over the East
China Sea, centered in Okinawa, Japan), and Cabauw, Minnesota, by mid-1990;
this will be augmented with results generated through LES. A few representative
one-dimensional models will be designed for testing against this data base in
order to ascertain performance, and a new PBL model that incorporates the best
features will be assembled.

Ocean Boundary Layer

Patrick Gallacher (long-term visitor, Naval Postgraduate School) has conducted
several simulations of the convectively forced and stress-driven upper-ocean
turbulent boundary layer, using a modified version of Moeng's LES code. In the
convectively forced case, the temperature in the turbulent boundary layer cools
uniformly as the layer deepens, entraining fluid from the thermocline. Conversely,
as the stress-driven boundary layer deepens, the temperature in the turbulent
layer decreases with depth and the underlying thermocline warms. The vertical
temperature gradient which develops is similar to the upper ocean's response to
severe storms observed during the 1979 Storm Transfer and Response Experiment,
but with a smaller magnitude.

The difference between the convectively driven and stress-driven simulations
can be explained in terms of the turbulent kinetic energy (TKE) budgets which are
computed from the simulated velocity and temperature fields. In the convective
case, the buoyant production at the surface is balanced by the dissipation and
the turbulent transport away from the surface. Near the bottom of the turbulent
layer, the transport, now a source, is balanced by the dissipation and the buoyant
damping which results from the entrainment of colder water. The TKE budget
for the convective case is in good agreement with observations and LESs of the
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atmospheric boundary layer. In the stress-driven case, there is significant shear
production at the base of the turbulent layer. It is balanced locally by dissipation
and the buoyant damping due to the entrainment. Thus, the entrained water
is not mixed throughout the turbulent layer in the stress-driven case, and the
temperature gradient results at the base of the turbulent boundary layer. In this
case, the TKE budget agrees qualitatively with observations of the atmospheric
boundary layer.

Geophysical Turbulence Research

One key unresolved question in geophysical turbulent flows is the extent to
which the large scales of a given flow, which generally do most of the transport
and diffusion, are statistically independent of the small, inertial, and dissipative
range scales. Studies using the statistical theory of turbulence suggest that there
is a degree of statistical independence, and that for a numerical simulation of
given resolution, the effects of the unresolved scales on the large scales may
be approximately represented as a hyper-viscosity, that is, a viscosity that acts
selectively on the small scales near the cut-off wave number and that separates
the resolved from the unresolved scales. Recent numerical attempts to test these
ideas by Marcel Lesieur and Robert Rogallo (both of Stanford University) (1989,
Large-eddy simulation of passive scalar diffusion in isotropic turbulence, Physics of
Fluids A 1 (4), pp. 718-722) by high-resolution direct numerical simulations (DNS)
have shown a surprising result: namely, that a scalar mixed by the turbulence
has much smaller-scale structure than would be expected from classical turbulence
theory. This led them to postulate an enhanced eddy-diffusion coefficient to be
used in LES. In an effort to understand these issues, Jackson Herring undertook
a closure study of this problem with the cooperation of Rogallo. The results
indicated that the discrepancies between closure and DNS were largely attributable
to finite resolution and particular initial scale-size distribution used in the DNS.
However, the comparisons did show that the closures cannot track accurately
initial value problems for which the dissipation effects are extremely small; this
point may be perhaps related to the tendency for inviscid flow to "collapse" into
quasi-two-dimensional structures at small scales. This collapsed state may be a
feature of the small scales of large Reynolds number turbulence, but it is not
known where (relative to inertial range scales) they reside. This point will be an
active topic of research, through the collaboration of Herring with the European
Center for Research and Advanced Training in Scientific Computation, Toulouse,
France.

Turbulent flows may be examined by measuring flow characteristics at a
fixed point (a Eulerian description), or by measuring its properties following
the trajectory of a parcel carried by the flow (a Lagrangian description). The
temporal fluctuations in these two descriptions are well known to be different,
but one prominent theory, the renormalization group theory, asserts that their
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frequency distributions are essentially the same (Yakhot and Orszag, 1986, Journal
of Scientific Computing 1, pp. 3-51). The reasons for this equivalence are supposed
to be dynamical. Flows with vorticity perpendicular to their large scales are
intrinsically more stable and hence dominant. In this case, large-scale sweeping
does not affect the Eulerian decorrelation rate. In an effort to determine the
extent to which this is true, Herring has undertaken, with Robert H. Kraichnan
(Los Alamos National Laboratory) and Rogallo, a study, utilizing principally
direct numerical simulations, but also closure approximations, to examine this
issue. Preliminary results do not support the renormalization group theory, but
dynamical and structural issues remain to be examined.

Another important aspect of turbulence is that it consists of chaotic random
motion with ordered flow-structures (order in chaos) that can dominate the
nonlinear forcing. At the smallest scales, these structures' effects have not been
adequately modelled, especially in boundary layers. At larger scales, the structures
may critically alter the basic energy flow. The turbulence simulation program in
MMM is an effort to provide NCAR staff, visitors, and outside collaborators with
the tools and advice necessary to study some of these issues.

Wanshu Wu (University of Oklahoma), an ASP graduate assistant last year,
continues to use the code in studies of helicity generation. Calculations by Thomas
Horst (visitor, Battelle Laboratories) on shear-driven stably stratified turbulence
have shown some interesting effects at moderate Reynolds number when moderate
resolution is used. However, in careful tests by Horst, a numerical instability in the
time-advancement algorithm adapted from shear-driven codes at NASA Ames was
discovered, and further work has been delayed until the Ames group can suggest a
modification to the existing algorithm. This modification is currently being tested.

In addition to the continuing research, several new sets of calculations use the
turbulence code. Wu has demonstrated that Rayleigh-Benard calculations could be
done in a regime that was not accessible to earlier simulations and that some new
effects, possibly similiar to the discovery of "hard" turbulence in an aspect-ratio-i
cell by Albert Libchaber's group at the University of Chicago, appeared. ("Hard"
refers to turbulence with nonclassical scaling relations.) These effects appeared in
the simulation near Ra = 3 x 105 with an aspect ratio of 1. Earlier experiments
that found classical scaling laws consistent with atmospheric measurements all had
high aspect ratios. Kerr has continued these calculations, eventually simulating a
Rayleigh number of 5 x 107 with an aspect ratio of 6, and found good agreement
with the earlier experiments. The aspect ratio dependence in the simulations
suggests that hard turbulence might be an artifact of the small aspect ratio used
in the experiments; but, since neither the simulation nor the analysis have been
finished, these conclusions are quite tentative.

Following on the success of Kerr and Fasle Hussain (University of Houston)
in finding evidence for a singularity of the Euler equations, Davinder Virk (ASP
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graduate assistant, University of Houston) added compressibility to the code
in order to investigate supersonic turbulence and the turbulence acoustic noise
generation in subsonic flow. In a supersonic calculation of vortex reconnection,
shocks form as the vortices approach and suppress any significant increase in the
vorticity, unlike the subsonic and incompressible calculations. In the subsonic
calculations, weak shocks form that might be identified with acoustic pulses.

Annick Pouquet (visitor, Nice Observatory, France) completed her two-year
NCAR visit in August. Her primary interest during her stay was in magnetohydro-
dynamic (MHD) and compressible, possibly self-gravitating, turbulent flows. Her
studies were largely numerical, utilizing both spectral methods and the piecewise
parabolic method (PPM). She collaborated with Paul Woodward (University of
Minnesota), the inventor of this method, and with Philip Collela (Lawrence
Livermore National Laboratory). Their results in the two-dimensional case showed
that the PPM is surprisingly efficient for turbulent flows at rms Mach numbers
of order unity. At the same grid resolution (10242), the dissipation of kinetic
energy is greater in the Navier-Stokes (NS) solver, as expected, but otherwise the
large-scale variables behave in a similar fashion. It was found that the spatial
appearance of the two flows may differ at small scales, but the global scales are
similar, with strong shocks interacting at the same position in space and moving
at the same velocity for the two methods.

In MHD, the main results, obtained with Thierry Passot (University of
Arizona), Helene Politano, and Pierre-Louis Sulem (both of University of Nice,
France), concern the intermittency of two-dimensional MHD flows due to thin
current sheets. These sheets undergo a resistive instability, the tearing mode, which
creates small islands within. After reconnection occurs, the flow looks globally
identical but has a complex small-scale structure, a signature of the instabilities
that occurred. The process is repetitive and leads to embedded structures and
intense fibrillation. A sub-grid-scale modelling was developed and satisfactorily
tested that ensures positivity of dissipation everywhere in space.

Pouquet, in collaboration with Passot and Sulem, initiated analytical studies
concerning the lack of large-scale instability for a compressible flow, using two-scale
analysis for low Reynolds and Mach numbers. In the supersonic regime, this type
of analysis is not feasible; resort to numerical simulation is the next logical step.

Studies done in collaboration with Jacques Leorat (Observatory of Meudon,
France) and Passot on the influence of supersonic turbulence on self-gravitating
flows, use both phenomenological analysis and numerical simulations. Within
the framework which includes hydrodynamics and excludes both magnetic fields
and radiative transfer, the analysis gives rise to a parameter, which in its
simplified form reads r = (L*/Lj)co/uc, where Lj is the Jeans' length, L* is the
characteristic scale of the turbulence, with a compressive component uc at that
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scale, and co is the speed of sound. There is a critical value of v below which
the flow becomes stable, this case corresponding to typical molecular clouds which
have Mach numbers around 4.

Chemical Transports

Lenschow has continued to collaborate with John Ritter (NASA Langley
Research Center) in analysis of aircraft flux measurements of temperature,
humidity, ozone, and carbon monoxide from the NASA Electra aircraft in the
atmospheric boundary layer over the Amazon Basin during the wet season. For
ozone, no evidence for significant photochemical production or loss was found, and
a surface resistance of 0.07 s/cm was determined. This is considerably smaller
than what has been measured for other surfaces, and implies that absorption by
vegetation is so efficient that the primary control on ozone deposition is transport
through the atmosphere. In contrast, for carbon monoxide, there was evidence
for photochemical production in the first 100 meters above the canopy. The
mechanism for this has not yet been identified.

Lenschow and Grossman are continuing analysis of turbulence and chemical
species data from the NASA ER-2, obtained from the lower stratosphere and upper
troposphere during the Stratospheric-Tropospheric Exchange Project (STEP).
They have found strong evidence for downward transport of odd nitrogen species,
but with somewhat different transport characteristics than for ozone. This may be
a useful indicator for studying the production processes of each in the strosphere.

Turbulence Instrumentation and Measurement
Techniques

When comparing statistical moments predicted by theory or obtained from
numerical models with those obtained from observations, it is important to evaluate
the effects of errors on the observed moments. Lenschow and Leif Kristensen
(NCAR Affiliate Scientist, Riso Laboratory, Denmark) have developed theoretical
expressions for both systematic and random errors resulting from the estimation
of ensembled-averaged moments of second-, third-, and fourth-order moments
from time series of finite length. In comparisons with actual time series of the
vertical wind component (measured from an aircraft), they have found reasonable
agreement with the theory for both second- and fourth-order moments, but the
measured systematic and random-error variances for the third-order moments are
less than predicted by theory.

Cooper and Diana Rogers (ATD) used models of the airflow around fuselages
of research aircraft to estimate the magnitude of some errors in measurements of
fluxes of sensible heat, water vapor, and trace gases. Some sensors of temperature,
water vapor, and gas density are influenced by the direction and magnitude of
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the airflow relative to the aircraft, and false correlations with vertical wind arising
from such biases contaminate measured fluxes. The model results, when applied to
typical measurement conditions in the atmospheric boundary layer, showed that
the effects were negligible for well-developed mid-day boundary-layer fluxes of heat
and moisture, but could be quite significant for other fluxes or for conditions when
the transport was less vigorous.

Boundary-Layer Turbulence

Moeng and Wyngaard, using simulated three-dimensional turbulence fields
generated through large-eddy simulation (LES) of a convective boundary layer,
derived the joint probability densities of the vertical velocity (w) and the scalar
concentration (c). The probability densities are quite different for top-down and
bottom-up diffusion. In the bottom-up case, the correlation coefficient between
w and c is quite high (0.6). Furthermore, updrafts carry 70% of the flux,
downdrafts 30%. In the top-down case, the correlation coefficient is much less
(0.26); surprisingly, updrafts still carry the majority of the flux (62%). These
results demonstrate the striking asymmetry in the vertical transport properties of
skewed convective turbulence.

From these joint probability densities, Moeng and Wyngaard also computed the
key parameter required in the "relaxed eddy-accumulation" technique proposed
recently by Businger and Oncley. This parameter is the coefficient b defined
by Businger and Oncley as Wue = bo,(C+ - C-), where wc is the scalar flux,
a, is the root-mean-square of the vertical-velocity variance, and C + and C-
are the conditionally sampled mean concentrations of updrafts and downdrafts,
respectively. Moeng and Wyngaard found that b 0.60 for the bottom-up scalar,
but is smaller, b r 0.47, for the top-down scalar. The former value agrees well with
Businger and Oncley's observations, which are for scalars that are dominated by
the bottom-up process. Since the relaxed eddy-accumulation technique relies on
the universality of the parameter b, the LES results indicate that the technique is
not as robust as was hoped.

Vertical-Velocity Skewness

Vertical-velocity skewness is an indicator of turbulence structure; positive
vertical-velocity skewness (S,) implies relatively strong and narrow updrafts
surrounded by weak and broad downdrafts. A number of puzzling features of
the S, distribution are found in observations and LESs of the buoyancy-driven
planetary boundary layer (PBL). For example, a large-eddy simulation of a
stratus-topped PBL, where the air is heated from below and cooled from the top,
shows positive S. in the upper part and negative Sw in the lower part of the layer.
This feature seems contrary to intuitive expectations. Moeng and Rotunno used
DNSs of several simple archetypes of buoyancy-driven turbulent flow to study the
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nature of vertical-velocity skewness. Their study helped clarify the S.,, distribution
of the LES of a stratus-topped PBL, showing that, due to turbulent mixing, only
a few downdrafts which are created by the radiative cooling at the stratus top can
reach far down to the bottom surface, and only a few updrafts which are created by
the surface heating can reach high and penetrate into the topped inversion. This
gives a maximum (positive) S, at the stratus top and a minimum (negative) S,,
near the bottom surface when both top-cooling and bottom-heating exist. Their
study also explained why all of the LESs of the clear convective PBL, which is
driven by only bottom heating, showed a continuing increase of S,, with height.

Kerr has shown that, in Rayleigh-Benard convection with rigid, constant
temperature surfaces, for Rayleigh number up to 5 x 10 7 , the vertical velocity
skewness through the center of the cell approaches zero, while remaining negative
in the lower surface layer and positive in the upper surface layer as the surface
layers become thinner. This is consistent with the results of Moeng at moderate
Rayleigh numbers.

Motivated by Moeng and Rotunno's numerical investigation, LeMone examined
skewness statistics measured over the tropical oceans. The data were collected
to the north of Puerto Rico under near-neutral (strong wind) conditions, and
in the equatorial east Atlantic in convective (light wind) situations during the
Global Atmospheric Research Program's Atlantic Tropical Experiment (GATE).
Three of the GATE cases matched a skewness profile simulated by LESs for
convective, cloudless conditions better than did the AMTEX and Minnesota data
published previously, particularly near the top of the boundary layer. The good
match was at least partly due to the close match of the observed conditions to
those the simulation attempted to replicate. However, a deficit in w-skewness
in the upper layer remained. LeMone found evidence that this deficit could be
due to the presence of mesoscale wave structures in the boundary layer. These
wave structures were frequently observed in GATE, and could probably not be
reproduced by Moeng's LES, whose small (5-km) horizontal domain and periodic
boundary conditions preclude simulation of such structures. By counting only
skewnesses observed on flight legs close to parallel to the structure axes, where
their effects on skewness would be minimized, LeMone was able to improve the
match between observed and simulated skewness in the upper boundary layer. (See
Figure 5.) It is believed that the waves result from the interaction of tropospheric
gravity waves with the boundary layer as demonstrated by Venkatramani Balaji
(National Center for Meteorological Research, Toulouse, France) using Clark's
numerical model to simulate the mesoscale structures occurring on a GATE day.

LESs over the past several years by Richard Brost (Max Planck Institute of
Chemistry, Mainz, FRG) and Moeng, in collaboration with Wyngaard, have shown
that passive, conservative scalars emitted into the convective boundary layer of the
atmosphere have unusual diffusion properties. A species introduced through
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Figure 5. The combined w-skewness profile for 6 August and 10 September 1974. The effect
of mesoscale structures is lessened by counting only flight legs nearly parallel to their axes.
The Moeng-Wyngaard LES w-skewness profile is superimposed for comparison. Horizontal
lines are standard deviations (on-). The number next to each point is the number of flight
legs represented by that point.

an area source at the layer top and having zero flux through the bottom (i.e.,
one undergoing "top-down" diffusion) has a well-behaved eddy diffusivity, but
one introduced at the bottom, with zero flux at the top ("bottom-up" diffusion),
has a much different diffusivity profile in the same turbulence field. Wyngaard
has argued that the roots of this transport asymmetry lie in the skewness of
the transporting turbulence. He and Jeffrey Weil (visitor, CIRES) recently
used a kinematic model to show that skewness can indeed induce transport
asymmetry in the limit of small-time-scale, homogeneous turbulence. They used a
Lagrangian particle model to show that this asymmetry extends to large-time-scale,
inhomogeneous turbulence such as that which occurs in the convective boundary
layers of the atmosphere and the upper ocean. Thus, skewness-driven transport
asymmetry could be a ubiquitous feature of geophysical turbulence. Wyngaard
and Weil proposed a simple parameterization that uses a constant eddy diffusivity
modulated by the scalar flux gradient and the transporting velocity skewness. The
resulting transport asymmetry matches well that found through the LESs.
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Model Development, Parameterization,
and Data Assimilation

Clark Model Development

The Clark model has been further developed. Moving inner domains were
added for use in the entrainment studies of Grabowski, Clark, and Smolarkiewicz.
Operational tests with the "virtual nesting" were successful and indicate that
memory should not be a strong constraint on the design of future experiments.
This will be important for both planned cloud population studies such as the
Tropical Ocean and Global Atmosphere Program Coupled Ocean-Atmosphere
Response Experiment (TOGA COARE) and cumulus entrainment studies. The
centered time and centered space scheme have been reinstated in the model as
an economical option, and tests are under way on the feasibility of so-called
"pipe-line advection." This approach is being used by Gregory Tripoli (University
of Wisconsin-Madison) and could significantly cut costs on some of the large
studies being planned.

Future development plans include the implementation of spherical coordinates
to make the model compatible with the analysis packages of regional scale codes.
Fully generalized vertical coordinates are also being investigated as a means of
optimizing the utility of each domain of the model.

The Generalization of Advection Methods

Smolarkiewicz and Len Margolin (Lawrence Livermore National Laboratory)
developed two new major enhancements to the MPDATA family of nonlinear
schemes originated by Smolarkiewicz. MPDATA is iterative in nature; it consists
of a sequence of donor-cell approximations. The first iteration provides a
sign-preserving but first-order-accurate solution to the advection equation. The
subsequent iterations again use donor-cell approximations, but with the pseudo-
velocities which have no physical significance. The pseudo-velocities derive from
the truncation error analysis of the donor-cell scheme and are calculated from
the physical velocity and the field that is being advected. The subsequent
iterations lead to successively more accurate sign-preserving solutions of the
advection equation. The principal result is a new expression for the pseudo-
velocity. Smolarkiewicz and Margolin have described a two-pass algorithm that
has accuracy equivalent to the original MPDATA with multiple (four or more)
iterations and showed that individual pseudovelocities from successive iterations
satisfy a nonlinear recursion relation, which may be effectively summed using a
perturbation series approach. This new enhancement to MPDATA allows for
substantial computer time savings, especially where advanced MPDATA options
are concerned. The second enhancement to MPDATA schemes developed by
Smolarkiewicz and Margolin is the formal, third-order correction term to the
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pseudo-velocity which results in solutions which display a third-order convergence
rate for analytic fields. In practice, this new option of MPDATA leads to the
substantially more accurate solutions which better preserve symmetries of the
transported fields. The accompanying figures show monotone solutions to the
standard, two-dimensional, solid-body rotation test problem. The rotating cylinder
placed on the large constant background is shown after 3768 time steps (six
revolutions) with the second-order-accurate and the upgraded third-order-accurate
MPDATA respectively. These new enhancements are easy to implement and
require minimal changes to any code already based on MPDATA.

Smolarkiewicz and Philip Rasch (CGD) adapted the MPDATA approach
for the tracer transport in spherical geometry. The algorithms developed are
conservative, accurate, and sign-preserving (or optionally monotonic), and may
provide alternatives to the semi-Lagrangian transport schemes currently being
used in general circulation modeling. (See Figure 6.)

Adaptive Grid-Refinement Technique

Atmospheric models have always suffered from severely constrained spatial and
temporal resolution because of limited computing resources. Skamarock and Klemp
are continuing the construction and testing of a three-dimensional nonhydrostatic
atmospheric model that reduces the resolution constraint by incorporating an
adaptive grid-refinement solution technique. The adaptive method involves nesting
fine grids based on truncation-error estimates from the evolving solution and
generalizes the nesting procedure often used in other atmospheric models by
allowing multiple levels of refinement and multiple, overlapping, and arbitrarily
oriented grids on any refinement level. The procedure is truly adaptive because
the grids are placed and removed automatically.

Skamarock and Klemp have used a fully adaptive two-dimensional model to
study gravity currents and to test boundary conditions and solution algorithms.
Figure 7 shows the results of three different simulations of a gravity current using
no refinement, one, and two levels of adaptive refinement. Kelvin-Helmholtz
billows are well resolved in the two-refinement-level adaptive simulation in which
the CPU and memory requirements were reduced by a factor of 6 compared with
the appropriate single fine-grid solution.

Regional Model Intercomparison

MMM hosted a Modeling Intercomparison Workshop in November 1988 to
assess the relative strengths and weaknesses of mesoscale forecast models and
devise strategies for model improvement. For the first time, forecasts from
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Figure 6. The rotating cylinder test. The solutions shown are after 3768 time steps (6
revolutions). The reference spikes in the upper right and lower left corners represent the
initial and minus half of the initial height of the cylinder. The upper and lower panels show
the monotone solutions with second-order-accurate and the upgraded third-order-accurate
MPDATA respectively.
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Figure 7. (a) Temperature after 900 s, coarse-grid simulation. The domain is 10 by 40 km,
of which only the lower half is shown. The lower, upper, and left boundaries are free-slip
walls, and the right boundary is open. The initial cold pool is linearly stratified with a
height of 5 km, a width of 15 km, and a maximum AT of 10. (b) Temperature after 900 s,
adaptive simulation with one refinement level. The fine grid is shown. (c) Temperature
after 900 s, adaptive simulation with two refinement levels. All fine grids are shown.
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various regional numerical models were compared for the same case (the Oxygen-
Scavenging Characteristics of April Rains, or OSCAR IV, case, 22-25 April 1981),
using standard algorithms for analyzing all model results. Low-Nam performed a
verification study using various objective statistical scores for the 46 experimental
results contributed by ten modelling groups, of which six were from the United
States and four from other countries.

As a result of the large variation in physical parameterization and numerics
among the models, it was necessary to classify the experiments into five groups
for analysis. The first two groups, considered as control experiments, used a
horizontal resolution of 75-80 km, with roughly the same domain size and with
well-developed physical parameterizations. The only difference lay in the lateral
boundary specifications; one group used the observed boundary conditions while
the other used forecast boundary conditions. The third group used a grid
resolution of 40 km, the fourth group a grid size of 160 km. The fifth and last
group contained several sensitivity experiments that were conducted on various
aspects of the model system. From the various skill scores computed, the results
confirmed the findings of a previous study by Richard Anthes (UCAR), Kuo,
E.-Y. Hsie (NOAA), Low-Nam, and Thomas Bettge (CGD) that lateral boundary
conditions exert a strong control on error growth beyond 24 h for limited-area
models. Most regional models with complete physical representation performed
well in the prediction of the OSCAR IV case. The performance of regional models
can be greatly increased with finer horizontal resolutions. However, the models
tend to resemble one another more closely than they do the real atmosphere,
indicating common systematic bias. The simplified and degraded versions of the
models gave worse skill scores than the full physics models. Experiments using
identical lateral boundary conditions showed little sensitivity to uncertainties in
the initial conditions beyond 24 h.

Mesoscale Data Assimilation and Model
Initialization

In collaboration with Penn State and the Environmental Protection Agency,
Philip Haagenson and Chen conducted 32 meteorological model (MM4/four-
dimensional data assimilation, or 4DDA) simulations of three- to five-day duration.
These simulations were used by Julius Chang (State University of New York at
Albany) as input to a Regional Acid Deposition Model (RADM) to estimate
seasonal and annual deposition over the eastern United States. The specific
purposes of this cooperative research were 1) to develop and test a 4DDA method
used within the MM4/4DDA modeling system; 2) to monitor and understand
the chemistry, physics, and distribution of acid precipitation in the precipitation
network; and 3) to study and predict the impact of alternate pollution emission
scenarios. Subjective and statistical evaluation of the meteorological simulations
included verification of the primitive variables and precipitation. Comparison of
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the MM4/4DDA simulations with "predictive only" simulations (without 4DDA)
showed that assimilation of wind, temperature, and mixing ratio from the
observations significantly improved the predictive analysis and the accuracy of the
simulated precipitation.

Kuo and Yong-Run Guo (long-term visitor, Shanghai Meteorological Center,
PRC) have continued their research on profiler data assimilation. They found that
assimilation of the total wind field was better than assimilation of the rotational
component alone. The divergent component of the wind field contains important
mesoscale information and should not be ignored. However, assimilation of the
divergent wind component alone failed to induce the rotational component. The
optimal strategy is to assimilate both the rotational and divergent components of
the wind field.

Kuo and Guo also carried out profiler data assimilation experiments using
the special 3-h rawinsonde observations collected during the Severe Environmental
Storms and Mesoscale Experiment (SESAME) 1979. They found that a continuous
assimilation of 3-h rawinsonde wind fields during a 12-h preforecast period produces
better initial conditions than the traditional static initialization. As a result,
short-range precipitation prediction is significantly improved in both pattern and
intensity. Since the rawinsonde wind observations are of generally lower quality
than the wind profiler observations, it is expected that the operational profiler
wind data (when they become available) will have an even stronger impact on
short-range precipitation forecasts.

A number of improvements were made this year in the isentropic data
assimilation project led by Stanley Benjamin in collaboration with the NOAA
Environmental Research Laboratory Forecast System Laboratory (NOAA ERL
FSL). The 3-h intermittent assimilation cycle which runs in real time at FSL was
upgraded to 80-km resolution and 18 isentropic levels over a domain covering the
contiguous United States and surrounding areas. With these improvements and
an increase in the volume of asynoptic commercial aircraft data, 3-h upper-level
wind forecasts from the isentropic 3-h cycle now make a consistent improvement
upon 12-h forecasts from the Nested Grid Model valid at the same time. A
conversion of the components of this system (data ingest, quality control, objective
analysis, forecast model) to a hybrid a-6 vertical coordinate system is nearing
completion. This will allow better resolution near the surface and the incorporation
of boundary-layer physics. Rainer Bleck (University of Miami) accomplished the
restructuring of the model to the hybrid coordinate system in collaboration with
Benjamin. Benjamin also completed a study of surface pressure reductions and
a comparison of observed and estimated tigeostrophic surface winds with Patricia
Miller (NOAA ERL FSL). Among other things, this study showed that the local
Froude number should be used to control the geostrophic coupling of observed
surface winds with the mass field in a multivariate analysis.
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Tracer Verification of Meteorological
Analyses

Haagenson, Gao, and Kuo used perfluorocarbon tracer data collected during
the Across North America Tracer Experiment (ANATEX) to evaluate different
meteorological analyses and long-range transport calculations. Three basic
types of meteorological analyses were evaluated: predictive analysis, objective
analysis of observed data, and 4DDA. The evaluation was based on the root-
mean-square separation between two-dimensional meteorological trajectories and
surface-tracer trajectories, and the relationship between the upward displacement
of three-dimensional trajectories and the maximum value of the surface tracer
concentration. The root-mean-square data indicated that the optimum value of the
Newtonian nudging coefficient for the 4DDA wind analysis in the lower troposphere
is 6 x 10- 1/s. These data also showed that low wind speeds are not analyzed as
well as medium to high wind speeds, and suggested that the rate of increase of
trajectory error decreases with time. The strongest correlation between the upward
displacement of the trajectory air parcels and the surface tracer concentration was
obtained using the 4DDA analysis. The overall results suggested that, when both
the vertical and horizontal components of the wind analysis are considered, 4DDA
is better than the other meteorological analysis techniques.

Experimental Analysis and Forecast
Activities

Experimental Forecast Activities

One of the challenges facing the research community is transferring to the
operational branch of meteorology their knowledge and experience in mesoscale
analysis using some of the newer data types, such as profiler data, advanced
satellite imagery (water vapor imagery), Doppler radar data, etc. The transfer
of this knowledge is becoming even more crucial than in the past because in the
1990's many of these new types of data will become operational. These data
sets will be used in weather forecasting, and the extent to which they are used
effectively will be enhanced by an improved interaction between the operational
and research community. To these ends the Experimental Forecast Center (EFC)
concept has been envisioned as part of the STORM program that will help to
establish better ties between the research and operational factions. In 1989 Szoke
was involved in an increased level of dialogue and planning concerning potential
EFC activities during and after the STORM period. One candidate site for testing
these ideas is in Boulder, and EFC activities have been established, even though
at this point the Denver Weather Service Forecast Office (WSFO) is not collocated
with the Boulder research centers. A key element of an EFC is some researchers
who can substitute for forecasters to enhance the researchers' understanding of
the problems faced in operations, to foster communication between operations and
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research, and to allow more interested forecasters to take part in research projects.
Szoke continued to visit forecasting shifts in FY 89, and is expected to move into
a forecaster-researcher role in FY 90.

Among a number of issues inherent to the EFC concept is the best means of
training forecasters to use the new types of data. It is expected that any EFC
activities should interact with the activities within UCAR's Center for Operational
Meteorology, Education, and Training (COMET) to address training questions.

Storm Structure Study by Radar

Szoke undertook a study of the mesoscale structure present in winter storms
in northeastern Colorado, with an emphasis on the structure as determined from
Doppler radar data. This cooperative effort with two forecasters at the Denver
WSFO has so far indicated a strong tendency toward a number of different banded
features in a variety of storm types. One case has been examined in detail and
developed into a draft for a training manual to introduce forecasters to the many
new data sets that will become operational in the 1990's. It is expected that this
case will form the basis for one of the training modules that will be assembled in a
cooperative effort with the COMET program.

The formation of tornadoes from storms without mid-level mesocyclones is
currently not considered in the forecast techniques being developed for the Next
Generation Radar (NEXRAD) Doppler radars that will soon become operational.
The emphasis of the 15 June 1988 case study has thus been on the use of Doppler
radar data, as well as other newer data sets, in the identification and prediction
of tornadoes of this type. This case study will be used in combination with other
ongoing work at NCAR and NOAA to form the basis for a forecaster training
module to be assembled in a cooperative effort with COMET.

Radar and Satellite Imagery Interpretation

Parsons has contributed to a Manual on the Interpretation of Satellite and
Radar Imagery. The manual is being published by the European Space Agency
and will be used in the training of forecasters in Europe. The idea behind
this manual is that there is a wealth of convective and mesoscale information
in satellite and radar imagery that a meteorologist can use to improve forecast
updates and to nowcast many weather events that are not well predicted or
resolved by current forecast models. Parsons is the lead author of a section on the
effects of topography on convective activity, within a general section on convection
of which he is also a coauthor. A condensed version of the manual will be available
for use in participating forecast offices. The convection chapter will probably also
be published in the United States by NOAA.
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Interactive Distributed Computing

During FY 89, MMM continued to provide community support for the NCAR
Graphics Package running on VAX/VMS computers. Patricia Waukau coordinated
distribution of the VAX/VMS version of the package to about 100 institutions and
William Boyd provided consulting assistance for its installation and use. Chris
Phillips (student assistant) and Boyd brought the C translator for NCAR Graphics
(CTRANS) to VMS and developed an interactive version that allows graphics plots
to be displayed as they are being computed from within Fortran user programs.
They will adapt this interactive translator to Unix in the coming year.

Boyd, Paul Pinkney (student assistant), and Klemp continued the development
of new software for interactive analysis and graphical display of large and diverse
data sets. The software is portable and intended to provide efficient and easy-
to-use procedures for accessing segments of large data sets, performing diagnostic
computations, and graphically displaying the results. It utilizes the NCAR
Graphics Package and PolyPaint, and will replace the previous SIGMA analysis
package. Over the past year, they implemented the interactive C translator under
VMS and the netCDF data management software (supported by Unidata) within
the analysis package.

Matthew McIrvin (visitor, College of William and Mary) and Klemp developed
major enhancements to PolyPaint, a graphics package for computing three-
dimensional contour surfaces and displaying them as continuously shaded objects.
They developed a new technique for volumetric rendering that does not require ray
tracing. With volumetric rendering, the color intensity at each point reflects the
cumulative value of the data integrated across the data volume along the line of
sight through that point. The resulting image appears transparent, with brighter
areas indicating regions where the rendered part of the data array has higher (or,
if desired, lower) values. They integrated this procedure into PolyPaint so that
it can be combined with other features in the software. They also created an X
Window user interface that provides a powerful and flexible way to specify options
and generate images. It provides pop-up menu windows for options that can be
readily set or altered using sliders, toggles, buttons, and text boxes. Boyd has
provided capabilities to send image files directly to the SCD Dicomed film recorder
for color-slide production. These new PolyPaint features will soon be available for
distribution to the research community.

Further development of PolyPaint is being supported in part through a joint
Living Laboratory Project with Digital Equipment Corporation. Through this
project, the division has acquired a VAXstation 3540 (VMS) and a DECstation
3100 (ULTRIX). These workstations allow the development and testing of graphics
software under both VMS and Unix and offer a wider variety of computing
options within the division. Using X Windows on the UNICOS Cray X-MP/18,
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scientists can interactively compute graphics that are displayed on the remote Unix
workstation.

Field Project Support

Office of Field Project Support

The Office of Field Project Support (OFPS), headed by Richard Dirks,
supported four activities over the past year: research coordination for the Genesis
of Atlantic Lows Experiment (GALE), operational support to the Experiment
on Rapidly Intensifying Cyclones over the Atlantic (ERICA), scientific planning
for the Hawaiian Rainband Project (HaRP), and scientific planning for STORM.
OFPS has also contributed to planning discussions for various other projects,
including the Winter Icing and Storms Project (WISP) and the Convection and
Precipitation/Electrification (CAPE) Experiment.

OFPS continued to serve as the GALE project office. Services included the
archiving and distribution of GALE radar data and the coordination of research
activities. In October 1988, a GALE scientific workshop was conducted in
conjunction with the Canadian Atlantic Storms Project (CASP); the proceedings
were published in December 1988. Dirks and Kuettner served as guest editors for
a special GALE issue of the Monthly Weather Review, published in February 1990.
Dirks and John Cunning (NOAA) provided support for the ERICA operations
center, located at the National Meteorological Center (NMC) in Camp Springs,
Maryland, during December 1988 and January 1989. Warren Blier (ASP) also
supported ERICA forecasting activities at NMC.

OFPS coordinated planning activities for HaRP. A meeting of interested scien-
tists was held in February 1989 and several HaRP Steering Committee meetings
were subsequently conducted. Working together with Moncrieff and Cooper, OFPS
prepared ATD facility requests and a HaRP Preliminary Experiment Design in
August 1989. Facilities requests for HaRP were given the highest priority by the
ATD panels at their meetings in October 1989.

The interagency STORM Project Office was established in OFPS in 1988.
Cunning and David McGuirk (NOAA) are assigned to this office. McGuirk is
the STORM data manager and is working with SCD and Unidata (UCAR),
along with various federal agencies, in setting up the STORM data management
system. A draft of the STORM Program Plan has been reviewed by the Federal
Subcommittee on Atmospheric Research and by the National Academy of Sciences
Committee on Meteorological Analysis, Prediction, and Research, and is near
publication.

About 50 members of STORM Working Groups attended a STORM I planning
meeting in June 1989 to develop broad core scientific objectives for the first
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STORM field experiments to be held in the central United States. Subsequently,
community workshops were held to encourage broader participation in the planning
process. Approximately 120 scientists attended a STORM I Spring-Summer phase
workshop, held at Estes Park, Colorado, in September 1989, and approximately
130 attended a STORM I Winter-Spring phase workshop at the University of
Illinois, Urbana. These workshops contributed to the focusing of STORM I
scientific objectives, definition of observing requirements, and a preliminary design
for special observing networks. A draft STORM I Experiment Design is in
preparation.

Taiwan Area Mesoscale Experiment
(TAMEX)

The TAMEX U.S. Project Office, headed by Kuo, continues to serve as the focal
point for U.S. universities and other agencies wishing to access the field program
data sets and to continue the collaborative research efforts which originated during
the 1987 field phase. A review article, "The Taiwan Area Mesoscale Experiment:
An overview," by Kuo and George Chen (National University of Taiwan), will
appear in the Bulletin of the American Meteorological Society in the spring of
1990. The TAMEX U.S. Project Office has published five issues of the TAMEX
Newsletter which contain important information on meetings, workshops, data
management, and research highlights. The publication includes reports from
scientists from many countries; the subscription list continues to grow, making the
newsletter an opportune vehicle for TAMEX information exchange.

Eighty-five scientists attended a workshop on preliminary scientific results from
TAMEX, organized in conjunction with the Taiwan TAMEX office, and held in
Taipei. Support for many of the U.S. scientists was provided by the International
Program Office of NSF. The conference proceedings volume contains new scientific
results based on the data collected during the 1987 TAMEX field operations.

Prior to the scientific workshop, two technical workshops were held, one on
P-3 data analysis, and the other on Doppler radar data analysis. L. Jay Miller,
Parsons, Trier, and Yeong-Jer Lin (St. Louis University) gave invited talks at
the Doppler radar workshop. Jorgensen and LeMone gave lectures at the P-3
workshop.

During FY 89, a significant effort was made to improve the quality of
the TAMEX sounding data. Although the majority of the sounding data are
of good quality, four different types of data errors existed in some of the
soundings. These errors include: (1) typographical and keypunching errors;
(2) incorrect interpolation between significant and mandatory level data; (3)
diurnal temperature oscillation due to instrument error and incorrect operational
procedures; and (4) inaccurate wind-field data from the CLASS soundings due to
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the lack of Loran-C stations. A quality checking procedure was developed to deal
with each of these sounding data problems. All the soundings from all the stations
operating in TAMEX have been checked and archived except for the Taichung
station, for which the original data from Taiwan have not yet arrived. The checked
data are made available to all the TAMEX scientists.

The Doppler radar data management efforts for TAMEX have focused primarily
on the conversion of field data from the TOGA radar to universal format. During
this process, universal format conversion software was developed and the data for
intensive observation periods (IOPs) were processed and archived on the NCAR
Mass Storage System. In addition, detailed catalogs of radar scan listings were
produced to facilitate the use of these data by investigators. After processing,
these data were subjected to extensive quality control procedures. Among the most
common errors were the scan definitions and an erroneous shift in the positioning
of data between subsequent clockwise and counterclockwise radar scans. These
problems have since been corrected.

A second major activity was the publication of an NCAR technical note,
TAMEX Doppler Radar Operations Summary (NCAR/TN-315+STR). This docu-
ment summarizes the characteristics of the wind profiler, conventional radars, and
ground-based Doppler radars used during the experiment. Research highlights for
individual IOPs from the perspective of radar meteorology, scanning strategies
and data problems, and tape listings of data taken from all three ground-based
Doppler radars used during the experiment were also included. Other activities
during the year have included converting CP-4 field data to universal format
upon user request and developing software to convert the field data from a third
ground-based Doppler radar operated by the Chinese Aeronautics Administration
to universal format.

Hygristor Performance in CINDE and
Relevance to NWS Procedures

Wade and Daniel Wolfe (NOAA ERL) examined a number of CINDE
soundings collected on dry microburst days and found questionable performance of
the humidity-sensing element (carbon hygristor) at humidities below 20%. Further
study revealed that the manufacturer of the hygristor (the VIZ Corporation) was
using incorrect coefficients in the algorithm which converts sensor resistance to
relative humidity. This was confirmed by VIZ when they conducted a special
low-humidity calibration of the sensor at NCAR's request. This discovery has
far-reaching significance, since the method of reducing relative humidities below
20% has been in error since the hygristor was first used on U.S. radiosondes
in the mid-1960s. The error was significant enough that the NWS stopped
evaluating humidities below 20% in 1973. The present results suggested that the
hygristor works as well at low humidity as at values above 20%, provided that
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the proper calibration coefficients are used. At the Working Group Meeting on
Upper Air Soundings conducted at Wallops Island, Virginia, in November 1988,
the NWS agreed to rescind its 17-year policy of reporting sounding humidities
below 20% using the 30°C temperature-dewpoint spread, and will begin reporting
humidities over the full humidity range with the implementation of the new
Micro-ART sounding system in 1990. The new policy will not only provide
a better understanding of the thermodynamic structure of the dry microburst
environment, but will also aid researchers interested in relating satellite, profiler,
and other remote-sounding humidity observations to sounding data.
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Sandra Henry; Colorado State University; May
1989 to August 1989; Convective Initiation and
Downburst Experiment (CINDE)

Thomas Horst; Battelle Laboratories,
Washington; August 1988 to August 1989;
numerical simulation of turbulence

Masahiro Kajikawa; Akita University, Japan;
November 1987 to November 1988; snow
crystal sondes

John Latham; University of Manchester,
England; July to August 1989; cloud
electrification processes

Daniel LeBlanc; Metropolitan State College,
Denver, Colorado; June to August 1989;
Summer Employment Program

Monique LeClerc; University of Utah; June to
December 1988; canopy micrometeorology

Matthew McIrvin; College of William and
Mary; June to August 1989; interactive
computer graphics

Judy Moses; Lyndon State College, Vermont;
June to August 1989; Summer Employment
Program (North Dakota Thunderstorm
Project)

Benjamin Phelan; Oberlin College; June to
September 1989; Taiwan Area Mesoscale
Experiment (TAMEX) data

Annick Pouquet; Nice Observatory, France;
August 1987 to August 1989; compressible
turbulent flows

Jean-Luc Redelsperger; National Center for
Meteorological Research, Toulouse, France;
June to September 1989; convection initiation
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Richard Reed; University of Washington; April
and July 1989; explosive cyclogenesis

Alain Robichaud; McGill University;
September to October 1988; explosive
cyclogenesis

Michael Sabin; unaffiliated; October 1987 to
July 1989; FIRE

Ulrich Schumann; Max Planck Institute of
Physics of the Atmosphere, FRG; July to
September 1989; boundary-layer stratus clouds

Craig Spriggs; Whitman College, Walla
Walla, Washington; June to August 1989;
Summer Employment Program (North Dakota
Thunderstorm Project)

Uri Stein; Tel Aviv University, Israel; August
to September 1989; Eastern Mediterranean
cyclogenesis

Gregory Stumpf; Colorado State University;
November 1988 to March 1989; TAMEX data
management
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Scientific Computing Division

The NCAR Scientific Computing Division (SCD) provides supercomputing resources and
services that support research in the atmospheric, oceanic, and related sciences. We emphasize
facilities for the development and execution of large models and for the archiving and
manipulation of large data sets.

Our principal mission is to provide the national research community with:

* Supercomputing resources for developing and executing large numerical simulations and
for archiving and manipulating large data sets;

* Network and communications capabilities required to access NCAR computational and
data resources; and

* A computing environment that emphasizes reliability, high-performance graphics, and user
productivity.

Organization

Functionally, the NCAR computing network contains four components: (1) distributed
computing, (2) mainframe computing systems, (3) network servers, and (4) a mainframe and
server network (MASnet) and a local data network (LDN). The division has six sections, each
with specific functions that address the broad service requirements of the research community.

A diagram of the functional components is shown in Figure 1 and a chart of our organization
in support of these functions is shown in Figure 2.
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Figure 1. Functional diagram, NCAR computing facility.
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Scientific Computing Division
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Figure 2. SCD organization chart.

Significant Accomplishments

*Progressing down the "Path to UNIX"

By far, the most demanding and exciting accomplishment in fiscal year 1989 was the
acquisition and integration into our network of a CRAY X-MP/18 running UNICOS, the
UNIX-based operating system for Cray computers. The CRAY-1A was decommissioned
in December 1988 and the CRAY X-MP/18, known locally as "shavano," was installed the
following April. By 1 October, full network connectivity had been established with
MASnet and the LDN, and the X-MP/18 had been equipped with a robust batch system,
accounting software, software libraries, etc. In keeping with our Technical Advisory
Committee's recommendations, the number of users on shavano was kept to a manageable
level, and SCD has assisted them in converting their models to run under UNICOS. Of
course, UNICOS brings with it the capability for interactive symbolic debugging and the
new feature of interactive graphics via X Window System technology. We were
particularly pleased to see our users experimenting with and enjoying the benefits of that.
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Scientific Computing Division

* EPA Project

Early in FY 89, the Environmental Protection Agency (EPA) approached NCAR with a
request to use the NCAR supercomputing facilities to support its Regional Acid Deposition
Model research project. Since NCAR has the prerogative to provide up to 5% of the
CRAY X-MP/48's capability in support of such projects, and since the associated funding
was needed to cover the lease cost of the CRAY X-MP/18, appropriate agreements were
reached. This project requires careful attention to operations, communications, data access
and shipment, and user support.

· Scientific Visualization

Version 3.00 of NCAR Graphics was released at the end of FY 89. It includes significant
enhancements to textual capabilities and new capabilities in color contouring. Also,
substantial improvement was made to the documentation of this package. To facilitate
interactive use, a new package called "NCAR View" was included.

As a spin-off from our joint research project with Digital Equipment Corporation (DEC) to
develop and apply visualization technology to atmospheric and oceanic models, SCD is
now able to offer a rudimentary video animation capability that we hope will eventually be
available via network access.

· Communication Systems

The T1 upgrade of communications links between the Mesa Laboratory and other sites of
NCAR was completed just in time for users at remote sites to utilize shavano's interactive
capabilities. Other accomplishments in communications included adding two links from
NCAR into Mexico via funding from the Networking and Communications Research and
Infrastructure Division of NSF and NASA. We completed a redirection and centralization
of electronic mail in and out of NCAR via a central post office facility that greatly
simplifies use of electronic mail (e-mail), and we also installed a Sun real-time weather
data collection computer that automatically captures National Meteorological Center data
and archives them in the mass storage system.

* Network Servers

The ability to move data via EXAbyte technology was made available as an expansion to
the import/export utility options for moving data in and out of the mass storage system.
Initial color film services on our output server became operational in the Sun UNIX
Dicomed On-Line Operating System.

* Operations and Maintenance

Our Systems Configuration and Interconnection Document (SCID) project staff completed
their initial phase of cataloging the entire SCD inventory of computer hardware. This
project uses relational data-base technology to provide functional diagrams, floor plans, and
animated graphics describing hardware interconnectivity in the computer and film rooms.

NCAR is listed as a Boulder attraction in the guidebook of the American Automobile
Association and is often a popular stop for tourists in the Boulder area; consequently, our
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visitor displays outside of the machine room were enhanced and brought up to date with
current technology.

The SCD Maintenance Group designed and installed the communications wiring in the
Research Applications Program facility at Flatirons Park West. The wiring project at RAP,
completed in the third week of July, involved considerable effort. From the initial plan to
the final product, the project grew about 68%. Last minute changes, additions, and new
solutions to unique problems accounted for the increase in effort and scale. Additionally,
the group provided assistance to the development of the RAP computer room.

The results of the effort at RAP includes the following communication system features:

1. A seven-node, hub-oriented communication system

2. 163 available RS232 ports wired, expandable to 288

3. 154 available Ether AUI ports wired, expandable to 192

4. 81 available PhoneNet ports wired, expandable to 144

5. 86 available digital Rolm telephone connections

6. 78 available analog telephone connections

7. 64 active Ethernet ports

8. 59 active RS232 ports

9. 4 fully implemented Ethernet trunks including tap loops at each hub

10. 2 Ramtek systems remotely connected

11. Documentation compatibility with the SCID project

In excess of 55 miles of wire were pulled into about 1/2 mile of conduit, and over 22,000
wire terminations were made in the completion of this project. In the process, they gained
valuable experience that will be relevant in the design of communications systems for the
new NCAR building.

User Support

We released the Distributed Software Library utility, available to users via a Sun
workstation, that allows users to access many of NCAR's public domain software libraries.
We held the Seventh SCD User Conference, which attracted 125 participants to hear
presentations on the theme of "Supercomputing at NCAR: Current and Future
Capabilities." The New User Orientation class was offered at NCAR to over 75 users from
local and remote sites to help them compute in NCAR's supercomputing environment.
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* Data Support

Our holdings in ocean data were significantly increased in FY 89, e.g., the World Ocean
Circulation Experiment model data are being distributed, and ocean station data for the
southern and south Atlantic oceans are now available. We also increased our holdings of
global climate model data.

* Research

As part of our research in potential massively parallel systems, a spectral transform version
of the shallow-water equations was developed for the Connection Machine, an 8,192-
processor computer, manufactured by Thinking Machines Corporation, for use by members
of the Center for Applied Parallel Processing at the University of Colorado and NCAR.
Performance for a fully configured Connection Machine was approximately twice that of
the CRAY X-MP/48 when all four processors are being used. A package of portable
vectorized FORTRAN subroutines for automatically discretizing and solving two- and
three-dimensional linear elliptic partial differential equations, using multigrid iteration
techniques, was completed. Mathematical research progressed to relax current restrictions
on accuracy and stability associated with numerical models used in computational fluid
dynamics.

Workload

During FY 89, 747 researchers distributed throughout academe and 484 researchers at NCAR
used our computing facility. University/visitor projects used about 35% of available resources;
NCAR used approximately 54%; and joint NCAR/university projects used about 11%. The list
below shows usage by broadly defined scientific disciplines.

Area of Interest % GAU Use

1. Cloud Physics and Dynamics 7%
2. Data Processing (Aircraft, Balloon, Radar) 5%
3. Planetary Boundary Layer 3%
4. Dynamic Meteorology 6%
5. Mesoscale and Regional-Scale Meteorology 11%
6. Hydrology 1%
7. Tropical Meteorology 4%
8. Numerical Weather Prediction 4%
9. Objective Analysis and Diagnostic Studies 1%
10. Astrophysics and Solar Physics 3%
11. Upper Atmosphere and Aeronomy 3%
12. Atmospheric Chemistry 6%
13. Climate 24%
14. Satellite Meteorology 1%
15. Oceanography 16%
16. Basic Geophysical Fluid Dynamics and Turbulence 2%
17. All Other 3%

100%
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Distributed Computing

The user interface to the NCAR supercomputing resources is at the beginning of a new era.
The typical user has traditionally accessed the supercomputers, mass storage systems, and film
services of NCAR by utilizing a front-end computer and MASnet. (This front-end computer has
provided file and batch job access to the NCAR supercomputing services as well as interactive
access to the Cray supercomputers for program development.)

Local area networks (LANs) are now available in almost all university departments and
campuses. These LANs are interconnected by national and regional wide area networks and are
populated by affordable yet powerful workstations. Such developments make it possible to bring
scarce supercomputing resources to the desk of the scientist in a distributed computing
environment. The objective is to have the remote or distributed supercomputing resources
appear to the user as an extension of the user's node. SCD's efforts in developing the distributed
computing environment are primarily directed toward functionality that will:

* Access and utilize the interactive and batch capabilities of a supercomputer;

* Access and utilize the mass storage system; and

* Support distributed editing and displaying of graphics on the user's node or other output
devices.

The software development work falls into the following broad categories: workstation
interfaces, communication systems, (i.e., LANs, WANs, and gateways), and distributed graphics
capabilities (NCAR Graphics and visualization).

The Workstation Interface

SCD supports the concept of a uniform window interface (UWI) to SCD computers. SCD is
working with user groups to help set the standards for such an interface. SCD is also working
with the users to help develop the interface. This UWI will support the following functions:

* Log-on access to all SCD supercomputer resources and front-end computers;

* Transparent access to file servers and file archives at SCD and the functionality to move
files anywhere in the distributed computing environment including the remote workstation;

* Workstations to produce graphics generated by other nodes in the SCD distributed
environment; and

* Opening process "windows" on the user workstation by processes running on other nodes
in the SCD distributed environment.

We continued the development of the UWIs for the three major classes of inexpensive
workstations: (1) IBM personal computers (PCs) and compatibles, (2) UNIX workstations, and
(3) Macintosh workstations. Since these interfaces are available to the user community, we have
presented our UWI plans to them. We continue to work with the users, both individually and in
user groups, to define and refine the functionality and forms of the UWIs that SCD will support
and distribute. The current planning view of the UWI is that it will be distributed across the
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workstation, file servers, front ends, and the supercomputers, but it should appear as part of the
workstation environment, i.e., the distributed UWI should appear seamless to the user. Some of
the FY 89 UWI development work follows.

Window Applications Development Work. The advantage of window managers is that
several tasks can run "simultaneously" in a multitasking windowed environment. The users are
able to monitor their progress by assigning a window to each task and then interacting with those
tasks. During FY 89, the environment of these workstations, supporting gateways, and front-
ends was extended to include window applications that:

* Provide access to UNIX scripts that enhance the interactive connection to the UNICOS
CRAY (CRAY X-MP/18);

* Provide access to the routines that perform interactive translation of graphics from
NCAR-generated computer graphics metafile metacode, and provide on the workstation
"bitmap" graphics that have been generated and directly transmitted from another
computer;

* Enhance the presentation of Network File System file service and provide Cayman
GatorBox service to other nodes (the Cayman GatorBox is a gateway router between
AppleTalk and TCP/IP);

* Provide archive file service between the mass storage system and the workstation with
an asynchronous command interface;

* Provide general MASnet functionality to the other resources at NCAR such as the Text
and Graphics Server for the Sun UNIX Dicomed On-Line Operating System; and

* Provide window application extensions that will interface to the office support software
of the native window environment and will support distributed editing.

Integrated Interface Development Work in the X Window System. This year we
concentrated on making X Window System applications available to as many different types of
workstations as possible. SCD served as a repository and library of X Window System software
including the development toolkits and Xlib. In addition to convincing most of the SCD
workstation users to use the X Window system, we assisted and consulted with other divisions
on configurations, and through working groups, mail groups, demonstrations, and presentations
encouraged commonality of the X Window System UWI. Since all the major workstation
vendors are now committed to the X Window System as the workstation window interface, the
job of convincing users to convert to and to use the X Window System is becoming much easier.

Local Area Networks and Communications

The type of host-to-host networking with which we are involved is relatively new to the
computing industry and is growing very rapidly.

The following projects were accomplished during FY 89:

*Reconfigured the local network by creating a new stub network for all non-USAN
(University Satellite Network) gateways and bridging more segments of UCARnet (a stub

209



Scientific Computing Division

network provides connection only between two points for which a more conventional direct
interface does not exist);

* Installed a T1 multiplexer system to provide NCAR facilities at the Mesa Laboratory,
Marine Street, Jefferson County Airport, and Marshall with high-speed communications
links to support voice, data, and slow-scan video requirements;

* Installed a T1 Ethernet-to-Ethernet bridge between the NCAR Mesa and the Research
Applications Program (RAP) facilities in the city of Boulder;

* Continued to enhance the NCAR e-mail system;

* Added a second, more robust TCP/IP package to the IBM 4381 front-end computer,

* Established a set of tools for gathering usage statistics for Ethernet traffic, e-mail, NASA's
Space Physics Analysis Network (SPAN) gateway, WATS line, and USAN;

* Established a fourth network at NCAR for shavano and added the Network Systems
Corporation EN641 gateway to this network;

* Provided gateway service for the Los Alamos National Laboratory (LANL) and the
Department of Commerce (Boulder) to the local NSFNET stub network at NCAR;

* Participated in the New Building Review Committee for designing communications; and

* Helped establish communications facilities for the EPA project.

Wide Area Networks

During the past year, changes have continued to occur in wide area networking at NCAR.
We participated as a major hub for Internet traffic, new tools and services from the NSFNET
Network Operations Center have come into existence, and new initiatives in national networking,
including the National Network Testbed and the National Research Education Network, have
been proposed that will impact or involve NCAR. Participation in the activities of the Internet
Engineering Task Force and the Federation of American Research Networks has enhanced
NCAR's role in the new initiatives.

The current configuration for the NCAR Internet segment is shown in Figure 3.

NCAR is a major backbone node in NSFNET and participates in the day-to-day operations of
that network. We also support network links to regional networks and other agencies' networks
and will continue to grow in this function.

Mexican Satellite Network Connection. NCAR supplied the initiative and manpower for the
satellite link to the Mexican sites at the National Autonomous University of Mexico and the
Institute of Technology and Higher Education of Monterrey

USAN. The primary regional network we are involved with is the University Satellite
Network. USAN continues to prove the efficacy of satellite transmission media for interactive
access and file transfer services for users at member sites. USAN users can access NCAR and
other resources on the NSFNET and the rest of the Internet. During FY 89, migration to full
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dynamic routing on USAN was completed. A statistics gathering system was installed and the
full cost recovery plan was implemented.

Marshall Jeffco RL6/RL3 Unidata

Figure 3. NCAR internetworking.

RAP
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Other Network Connections. Cooperative efforts with 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 the NSFNET.

Support continued for the public packet-switched network, Telenet, to provide interactive
access to users not on the Internet.

SPAN support. SPAN is a NASA-sponsored, DECnet-based network with over 5,000 nodes
across the world. During FY 89, SCD provided centralized administration and support for the
NCAR link to SPAN.

BITNET. NCAR continued to maintain a link with BITNET (Because It's Time Network),
which offers mail, file transfer, and RJE facilities to and from the IBM 4381 front-end computer.

Gateways

The major NCAR supercomputing resources are interconnected via a Network Systems
Corporation HYPERchannel network, MASnet, which uses NCAR-specific protocols. Until
recently, only SCD and divisional front-end computers provided MASnet access to the NCAR
supercomputing resources. Access to the front ends was provided by low-speed, public packet-
switched or circuit-switched networks. The front ends also provide editing capabilities, text
processing, interactive graphics, and permanent file storage for small files.

As high-bandwidth, high-functionality networks like the Internet grow, and as the number of
workstations and multiuser microcomputers increases, the front ends will serve less and less of
their traditional functions at NCAR. Rather, we must provide gateway services between MASnet
and the great variety of networks to which NCAR is being connected.

During FY 89, two MASnet/Internet gateways were established and supported. The most
widely available gateway is the remote job entry (RJE) TCP/IP gateway known as the IRJE
system. It runs from any Internet node and using file transfer protocol (FTP), transfers a file to a
daemon (process) on the windom.ucar.edu gateway agent (node). This file is turned into a
CRAY job request and submitted via MASnet to the CRAY X-MP/48. Output is routed back to
the user over the Internet.

The IRJE has seen dramatic growth in both numbers and size of output files returned because
of the increasing number of sites gaining access to the Internet and because of the increased
speed and reliability of the Internet that make the transfer of multimegabyte files routine. The
percent of CRAY jobs submitted over IRJE rose from 5% to 14% and the number of users
doubled, as did the number of jobs submitted (over 6,000 per month). More startling is that files
as large as 30 megabytes (MB) are routinely transmitted to remote sites by the IRJE.

Small improvements to the IRJE were continually made to address anomalous conditions that
arose. For example, e-mail to an Internet protocol number was implemented for sites with no
domain name server; IRJE log-on names were made to correspond to universal master file data-
base entries; and other code to deal with sites with unreliable Internet connections was added.
An enhanced set of error messages for the users was also added.

The second gateway, the MASnet Internet Gateway System (MIGS), supports all MASnet
functions. The interface used on the Internet nodes is MASnet-like and provides almost full
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MASnet functionality to the Internet nodes. The MIGS gateway was made available to all
NCAR users by the end of FY 88. A user manual and a system's administrator manual for
Internet node managers have been written. MIGS uses the FTP and UNIX file transfer utilities
to communicate requests to and from the user. Since MIGS requires a tiny amount of software to
reside on the user's local system, this package will be distributed on a request basis.

In 1989, MIGS handled about 20,000 MASnet operations (e.g., file transfers) per month
involving about two gigabytes (GB) per month. Thirty-nine hosts were registered as MIGS
nodes, and over 400 users on those hosts were registered MIGS users. Only routine
administrative work and error correction were performed on MIGS in 1989.

The SPAN/MASnet gateway server is the virtual memory system (VMS) MASnet gateway
server. Only routine maintenance was performed on this server. Other gateway activities are
listed below.

Interactive Access to the UNICOS Cray. A Network Systems Corporation's EN641
gateway was implemented that permits Internet users to access the CRAY X-MP/18 running
UNICOS via the applications remote log-in, file transfer, and Network File System.

Internet/SPAN Gateway. Several DECnet and TCP/IP functions are being transparently
translated by a DEC ULTRIX system that has access to both SPAN and the Internet. This
provides remote log-in, file transfer, and mail between the Internet and SPAN. Nearly 1,700
mail messages, 800 file transfers, and 400 log-ins are transferred per month on this gateway.

BITNET/Internet Mail Gateway. A BITNET/Internet gateway facility is available on the
IBM 4381 to permit the exchange of mail between the Internet and BITNET. Approximately
300 messages per month come in to NCAR over the BITNET gateway; nearly 900 messages per
month are sent from NCAR over this gateway.

Scientific Visualization

In FY 89, the Graphics Group name was changed to the Scientific Visualization Group
(SVG) to reflect the widespread trend in the evolution of visual tools for scientific analysis.

The term "scientific visualization" refers to the process by which scientists gain insight into
problems using visual techniques. It implies a shift in emphasis away from computer graphics
and towards the overall process of analysis. Scientific visualization tools leverage this process by
unifying several technologies, including computer graphics, user interfaces, data management,
artificial intelligence, and signal processing. The SVG extended plan is to provide a
comprehensive set of state-of-the-art visualization capabilities to the UCAR/NCAR scientific
community.

This year, we initiated a small visualization research effort. First, we conducted a number of
interviews with NCAR scientists on their visualization needs. Next, we acquired, installed, and
integrated graphics workstations, a number of visualization software packages, and video
animation equipment, and began to help users visualize their scientific data sets. We tried
rendering the data in several ways using various three-dimensional software packages. Finally,
we assisted several scientific groups in creating short video animations of their data.
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Version 3.00 of NCAR Graphics/2-D

The primary focus of the Scientific Visualization Group in FY 89 was to complete Version
3.00 of NCAR Graphics/2-D, based upon the graphical kernel system (GKS), a project that
began in FY 88. Version 3.00 contains a number of enhancements including:

* Autoinstallation on more UNIX systems;

* Seven new utilities (CONPACK, PLOTCHAR, SOFTFILL, COLCONV, GFLASH,
STITLE, and LABELBAR);

* All Hershey fonts and improved character handling;

* Improved translators;

* More device drivers (LaserJet, DEC VT330, Talaris 1590);

* Documentation of the new utilities; and

* Color example plots and a color chart.

Approximately 200 packages were distributed by SVG with the assistance of User Services
and Operations staff. Future emphasis will be on the user interface, data interface, and a
seamless fit into the modem desktop computing environment.

Version 3.00 of NCAR View

NCAR View is an interactive package to display, combine, and output computer graphics
metafiles (CGMs) and NCAR raster interchange format (NRIF) files. The components of the
package include:

* A new CGM translator, "ctrans," which supports the X Window System, SunView, and the
standard library of graphcaps;

* A library of routines for manipulating CGMs called "cgmtools";

* CGM and raster filters for converting from the NCAR private encoding of the CGM to and
from external CGMs, for converting from NRIF format to a CGM cell array, etc.;

* Graphcap-based device drivers to support many of the popular printer/plotters and
terminals; and

* The interactive display tool, a "point-and-click" style interactive facility based on the X
Window System for previewing and combining CGMs. Since this is a pilot project based
on user interface capabilities that are neither widespread nor stable, it will be made
available "as is" in Version 3.00 of NCAR View, but not as a supported product.

Support of SCD Services

SVG staff support NCAR Graphics in many SCD sections including User Services, Systems,
Operations, and Distributed Computing.
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During FY 89, SVG staff, in conjunction with SCD's Systems Section staff, supported the
Sun UNIX Dicomed On-Line Operating System (SUDOOS) effort by providing software,
reviewing documentation, and participating in design reviews. Contributed software included a
collection of raster filters that allow Macintosh, Sun, X Window System, and NRIF images to be
processed by SUDOOS, translator enhancements, software fill, color charts, and various CGM
filters.

User Services

Training. SVG staff provided a detailed CONPACK seminar and wrote functional
descriptions of the new utilities and new graphics products including NCAR View.

Site Liaison, User Conference, SCD Computing News. SVG staff contributed
approximately two dozen presentations and demonstrations, both inside and outside NCAR, in
the areas of NCAR Graphics and visualization.

Cray Operating System Implementation of NCAR Graphics. SVG staff maintained the
COS version of NCAR Graphics and worked with the User Services Software Libraries Group to
install and support the package at NCAR.

UNICOS Implementation of NCAR Graphics. SVG staff added an autoinstallation
capability for UNICOS 5.x. They provided training support to the User Services Software
Libraries Group in the installation and support of the package on shavano.

Technical Consulting Support. SVG staff continued to support the User Services
Consulting Group in technical consulting on NCAR Graphics.

System Installation, Integration, and Maintenance

The SVG staff added a substantial amount of visualization hardware and software, including
Sun and Digital workstations; WaveFront, Dore, and Plot-3D software; and a video animation
mastering system.

CU Student Project

The SVG sponsored the Windowed Interface to NCAR Graphics pilot project in FY 89. Four
University of Colorado computer science students developed a prototype interactive interface to
CONPACK as a year-long credited class.

NSF Proposal for an NCAR Interactive Interface

A proposal was written and presented to NSF to fund an interactive interface to all NCAR
Graphics utilities. The proposal is pending.

Visualization Research and Development

Most of the effort in visualization involved planning, acquiring, and integrating related
hardware and software, initiating the DEC/NCAR Joint Research Project, surveying user needs,
making visualization presentations, and hosting visitors interested in visualization. The
following R & D projects were performed:
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* Created an ozone depletion video in collaboration with DEC/WaveFront and NCAR's
Atmospheric Chemistry Division;

* Generated a set of terrain data visuals for the UCAR president that demonstrate the results
of using different size grid meshes in models;

* Supported scientific groups in the use of SVG video animation equipment;

* Used three-dimensional techniques to visualize oceanographic stream function data
produced by Robert Chervin's (NCAR's Climate and Global Dynamics Division) ocean
model; and

* Assisted NCAR's High Altitude Observatory staff in interfacing animation equipment to
their systems and in producing a presentation-quality video.

Collaborations

DECINCAR Joint Research Project. The formal agreement between Digital Equipment
Corporation and NCAR was signed by NCAR in December 1988. NCAR Graphics was ported
to the VAXstation ULTRIX and Reduced Instruction-Set Computer (RISC) DECstation
ULTRIX systems. Formal support for all DEC RISC-based systems was announced in August
1989. Collaborative work in installing NCAR Graphics on DEC systems was very successful.

Computer Output Committee. SVG members continue to serve on the second phase of the
Computer Output Committee. FY 89 topics included color and high-speed laser printers.

SLA TEC (Sandia National Laboratory, Los Alamos National Laboratory, and the Air
Force Weapons Laboratory Technical Exchange Committee) Plotting Library (SPL). Twelve
NCAR Graphics packages were distributed without cost to active SPL members. A formal SPL
cross-licensing agreement is pending.

Unidata. Graphics library negotiations resulted in the Unidata decision to create a C
language package called Unigraph. It was also decided that SCD would maintain distribution of
NCAR Graphics to Unidata members.

UCAR Foundation. The SVG continued to work with the UCAR Foundation in support of
NCAR Graphics through meetings, presentations, demonstrations, and contributions of software
and on-line documentation tapes.

NCAR Graphics Users Group. The NCAR Graphics Users Group and the SVG staff
initiated a number of cooperative visualization efforts. First, to facilitate information sharing, a
news group was formed called visual@ncar. Next, a community effort for sharing visualization
software and its associated documentation was initiated. An SCD user log-in called VISTOOLS
was created to establish a root directory on the SCD mass storage system by that name. The
SVG then added files under this directory, including netCDF from Unidata and the
compression/decompression software for raster images from the Lawrence Berkeley Laboratories
called scry.tar. Other members of the NCAR visualization community are encouraged to add
their favorite public domain software as well.
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Mainframe Systems

IBM 4381 Front End

The 4381 Front-End Group provides support for interactive access to NCAR facilities,
especially for users without front-end capability. The 4381 is currently running IBM's VM/SP
High Performance Option operating system.

The major effort in FY 89 was to plan and prepare for a UNIX alternative to the IBM
Conversational Monitor System on the 4381 front-end machine. IBM's AD/370 appears to be a
viable UNIX mainframe product, which may satisfy our requirement for a UNIX front-end
interface using current hardware. Since the AIX/370 code will not be available until FY 90, we
have performed some initial evaluation and testing of the AIX family of products on an IBM
RISC Technology/Personal Computer (RT/PC). All hardware needed for use with AIX/370 (as
well as AIX on the RT/PC and IBM PS/2 80) has already been obtained. VM/SP HPO Release 5
has been installed (also a prerequisite for AIX/370).

Cray Support

The Systems Section Cray Group currently supports two mainframe operating systems for
the Cray supercomputers at NCAR. COS, the original batch-oriented operating system, with its
thousands of lines of local modifications, is maintained on the CRAY X-MP/48.

After over a decade of service, Serial #3 CRAY-1A was decommissioned on 31 January
1989. On 15 March 1989, NCAR took delivery of a CRAY X-MP/18 computer. After
installation and engineering tests, the UNICOS operating system was installed on the CRAY X-
MP/18, and initial users were put on the system, thus accomplishing a principal goal set in the
FY 89 plan-to replace Serial #3 CRAY-1A with a computer running UNICOS.

Most commonly known by its Internet host name shavano, the X-MP/18 is a smaller version
of the X-MP/48. It consists of a single central processing unit (CPU) with an 8.5-nanosecond
clock, 8 megawords (MW) of 64-bit central memory, a three-processor input/output subsystem,
and 4.8 GB of disk storage.

Shavano's UNICOS is rich in the UNIX interactive commands and tools, and contains
extensions that specifically address the needs of supercomputing, such as the inclusion of a batch
job facility with resource control and improved I/O efficiency.

After the initial software installation, the connection to MASnet was soon added to shavano.
This allowed an early moderate-bandwidth connection to the mass storage system (MSS). The
high-bandwidth "fast path" connection to the MSS became operational in the fall of 1989. Only
a few codes were initially brought up on shavano to gain the experience necessary to support the
general user. More users have been added as the confidence in the system and the expertise of
SCD staff have increased. With about two dozen users on the system as of late summer 1989,
considerable productive work is being accomplished on shavano.

The Path to UNIX

Shavano is providing more computing power than the CRAY-1A it replaced; but more
importantly, it represents a significant step on the path toward a unified UNIX environment at
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NCAR. Early experience with the system is beginning to confirm the advantages that were
anticipated with the move to UNICOS.

After learning how to interact with one common UNIX interface, users can move easily from
one system to another, taking along a wealth of familiar tools, with few conversion problems.
The commonality of system design and the use of the C programming language allow systems
programmers and consultants to also move across system boundaries more easily. This
commonality, along with vendor adherence to industry standards, will be especially
advantageous with the acquisition of new computers, reducing the time from installation to
productive use.

Enthusiastic support has been shown by users who have experienced the advantages of
symbolic interactive debugging on UNIX systems.

Exciting work is being done using interactive graphics incorporating PolyPaint software with
the X Window System facility on shavano. NCAR's Mesoscale and Microscale Meteorology
Division has been effectively experimenting with remote interactive grid modeling. In their
work, the model pauses at predetermined intervals and returns graphical output, composed of
color three-dimensional contour surfaces, to an interactive graphics workstation. At this time,
the images can be manipulated and domains chosen for which a higher-resolution look is desired.
The model is then allowed to continue, and returns more graphical output for further analysis at
the enhanced resolution in the selected domains. In this way, computer resources can be
concentrated on the areas of greatest interest, without wasting CPU cycles on unproductive
calculations.

Batch processing remains an important part of the service provided by SCD. The small,
efficient kernel design of UNICOS, the network queue system batch facility, and the improved
I/O performance allow batch processing that is as efficient as or more efficient than that available
under COS.

There are areas that still require study to assess the effectiveness of UNIX on a
supercomputer. For example, effective means of allocating the computer resources between
batch and interactive use need to be explored. We need to determine the impact of file system
sharing across computer systems using the Network File System from Sun Microsystems, Inc.
These concerns will receive attention as we continue to evaluate the UNICOS experiment at
NCAR.

Systems Engineering

Systems Engineering participates in various systems engineering maintenance and
development activities on the systems operated by SCD. These systems include all machines
operating in MASnet.

Systems Engineering participates in the installation of vendor-supplied hardware engineering
changes. Additional Systems Engineering responsibilities include planning and monitoring
hardware implementation schedules, involvement in new computing hardware procurement
activities, and monitoring these changes to insure overall machine environment stability.

In FY 89, Systems Engineering worked in a coordinated effort with Cray Research, Inc.;
IBM; and Network Systems Corporation (NSC) to resolve problems with the NSC network
adapters. The Systems engineer also compiled and reviewed NSC and IBM equipment
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information for entry into the data base for the System Configuration and Interconnection
Document (SCID).

The Systems engineer worked closely with the SCID data-base coordinator to update existing
technical diagrams and author new diagrams for the CRAY X-MP/18 hardware configuration
and IBM cabling configurations and specifications.

SCID Development Project

The SCID is an interactive relational data base. The SCID is based on the Apple Macintosh
software HyperCard and provides specific information on all the hardware and related
connectivity in SCD's computer room and film room. These data are interlinked with logical
diagrams, floor plans, and animated graphics, all of which are available to SCD users over the
AppleTalk local area network. The SCID also features color diagrams, automated data entry,
change control, and advanced reporting capabilities.

In FY 89, Systems Documentation and Engineering worked with representatives from the
Operations and Maintenance Section and the Network and Data Communications group of the
Distributed Computing Section in the planning and development of the SCID. Information on
equipment in the computer room and the film room was gathered and entered into the data base
using an automated data entry system. New technical diagrams were drawn and existing
diagrams were updated based on developed drawing standards and symbology. These diagrams,
representing both hardware and network configurations, were then linked into the SCID.

Network Servers

Two nodes in our network provide storage and output services, respectively, to both
mainframes and distributed processors. These are the mass storage system and the text and
graphics servers.

Mass Storage

During FY 89, new hardware and software were introduced to MSS users. These
developments provide new functions and improved service.

Hardware. Near the end of the fiscal year, two new hardware systems were purchased. The
first system, the IPL 6860, is an adapter which provides interface to EXAbyte 8-mm helical scan
cartridge tape. This adapter allows the EXAbyte drive to be connected to an IBM mainframe
block multiplex channel operating at a burst speed of 3 megabytes per second (MBps). The drive
is capable of sustaining 246 kilobytes per second (kBps). This system allows the MSS to access
up to 2.3 GB of data from a small cassette the size of a standard audio cassette.

The second device, known as the StorageTek 4400 Automated Cartridge System (ACS),
allows the MSS to treat a collection of 6,000 IBM 3480 cartridges as a single subsystem. This
subsystem will function as a very large capacity disk farm, over 1.1 terabytes (tB), with a slow
access rate, approximately 20 seconds, to mount and position a tape for data movement. Past
experience has shown that reading data from the disk farm produces a median transfer rate of
only 8 Mbps while the transfer rate of a cartridge drive is over 14 Mbps. Concentrating reads
from the ACS will provide faster transfer rates and a smaller amount of time required for reading
data. This device will be introduced during FY 90.
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Software. MSS software development has continued to enhance service to the user
community and to support the hardware devices mentioned above. Additions to the bitfile server
in COS have increased overall system response to requests and have been entirely transparent to
users. The import/export subsystem was officially put into production in February 1989. It
currently supports IBM 3480 cartridges, IBM 3420 standard tapes, and, as a late addition, the
EXAbyte cassette drive.

Near the end of FY 89, the StorageTek 4400 ACS purchase required that the MSS group
design and implement software to support it. The system was delivered at the end of FY 89 and
software will soon be available to begin testing the integration process. By the end of the first
quarter FY 90, the system will be made operational with no effort required by users to access it.

During the second quarter FY 89, an important project was initiated to design and implement
a bitfile server for the LDN in a UNIX environment. This server is initially designed for
operation on a CRAY X-MP under UNICOS. The server was available for friendly users during
the last month of FY 89 and will be generally available during the first quarter of FY 90.

Storage. During FY 89, data storage in the NCAR MSS has grown at a faster rate than the
rate experienced during FY 88. The storage is growing at approximately 2.7 tB per month for a
total of 4 tB per year. Growth at this rate consumes approximately 21,470 cartridges per year.
At the end of FY 89, we had 66,000 cartridges with data and a little more than 5,000 cartridges
available to be written.

MSCP Usage. In general, the heaviest usage is experienced during the hours of 10:00 a.m.
through and 8:00 p.m. and 2:00 a.m. through 5:00 p.m. The first period of time is experienced
because of the high utilization of the MSS by users in prime time. The second is caused by the
disk farm scrub process operation and the compaction of sparsely populated media volumes.
Overall, the CPU is utilized 70% or more during periods of high demand. Additionally, during
this time, channel statistics show that during the period 8:00 a.m. to 5:00 p.m., the channels to
the IBM 3480 are blocked an average 10% of the time and the channels to the IBM 3880
controllers are blocked an average of 20%. IBM considers an average blockage of 30% to be
critical.

Text and Graphics Servers

SCD provides three major graphical and text hard-copy systems:

* The Dicomed MASnet server node (Dicomed On-Line Operating System [DOOS]);

* The Xerox 4050 output devices on the MSS MASnet server node; and

* The new SUDOOS node.

Collectively, these three hard-copy systems are referred to as the text and graphics servers.

The DOOS system produces about 700,000 frames of fiche and film each month, while the
Xerox 4050 output devices produce about 300,000 images per month, which includes about
40,000 CGM images. The SUDOOS system produces CGM and NRIF 35-mm images.
Statistics are not yet available for the SUDOOS.
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DOOS. Only normal maintenance work was performed on DOOS. DOOS will be
decommissioned in early 1990 when its black-and-white film and fiche cameras are moved to
SUDOOS.

Xerox 4050. Several enhancements were added to the Xerox 4050 CGM translators and
4050 operating system including use of the latest version of ftrans, enhanced page control,
enhanced line drawing, improved fonts, and enhanced version control.

A joint venture with Xerox was created to commercialize Xerox 4050 translation software.
The venture was ultimately terminated because of the lack of NCAR human resources and
because the project direction as required by Xerox was of very little benefit to NCAR.

SUDOOS. A prototype SUDOOS system was made available to the general user
community in January 1989. This system produces 35-mm video news film color, CGM vector,
and NRIF raster film frames. Strips, mounted slides, and movies have been made.

A SUDOOS design and reference manual was written and made available to the user
community. Several SUDOOS user guides have also been published.

The definition and implementation of the NRIF raster format for SUDOOS was a major
achievement. In addition, procedures and translators have been made available for obtaining and
filming color raster images obtained in PAINT, X1 1, SunRaster Dump, PICT, PICT 2, and GIF
raster formats.

Mainframe and Server Network

The Mainframe and Server Network provides a hardware and software mechanism for
interconnecting the SCD mainframes and servers, as well as some front-end computers from
other divisions. File transfer, system-status broadcast, remote job entry, distributed printing, and
distributed graphical output are the major functions performed by the MASnet. Figure 4 shows
the configuration for NCAR divisional connections to MASnet.

Monthly activity on the MASnet currently consists of transferring 200,000 files containing
about 600 Gb of data. Compared with 1988, this is a decrease in numbers of files but an increase
in data transferred.

The primary responsibilities of the MASnet project are to develop and maintain the software
utilized by the MASnet nodes. This project also troubleshoots NSC hardware components of
MASnet, develops MASnet software for new nodes, and enhances existing codes to increase
functionality and efficiency.

The following major MASnet activities occurred in 1989:

* MASnet was installed on UNICOS and connected with the network queue system, thus
allowing batch job submission to UNICOS via the MASnet, including IRJE and MIGS
batch job submission.

* A new file format (byte string format) was implemented that allows UNIX MASnet
Network Control Programs to exchange and write user files directly by bypassing the
expensive file copy/translation that is currently required. This implementation was
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Figure 4. NCAR divisional MASnet connections.

achieved by slightly redefining the meaning of the transparent format for UNIX systems.
The MSS was also modified to support this redefined format, thus allowing excellent
compatibility with the UNIX file system.

* MASnet protocols were rewritten to improve transfer rates and to reduce CPU
consumption. The MASnet was also parameterized to allow node addition, deletions, and
changes without recompilation. This code is in use on the I/O front-end (IBM 4381) VM
computer, but is awaiting the completion of documentation prior to installation on the
remaining MASnet nodes.

* MASnet was installed on the VAX 8850, which is the front-end computer for the
Connection Machine's CM-2.

* Work was completed with HAO to help them use the "standard" UNIX MASnet interface.

Another HAO Sun ("sting") was added to MASnet. The gateway-client file transfer code
for the SPAN/MASnet gateway server was improved to take advantage of increased line
speeds between the Mesa Laboratory and offsite VAX/VMS nodes.
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The UNIX Management Project

This project is currently responsible for all UNIX-related hardware and software on most of
SCD's UNIX servers. Currently, these UNIX servers consist of a a Sun-3 ("niwot") and three
Sun-4s ("bierstadt," "handies," and "sunlight").

During 1989, routine systems administration has been the largest activity in the area of UNIX
front-end machines. This activity is a heavy consumer of programmer and manager resources.
Other major activities in 1989 were:

* UNIX administrators developed user support procedures for performing such activities as
user-initiated file restore.

* The bierstadt Sun-3 was upgraded to a Sun-4.

* All Sun servers were upgraded to Sun OS 4.0x.

* Several security policies were written and implemented. Much attention was also given to
detecting and fixing security problems.

* UNIX MASnet sources and procedures were consolidated.

* A new Sun-3 SCD server, niwot, was added along with some 25 diskless clients.

* The Pyramid and the two Sun-2s were decommissioned. Another Sun, "redcloud," was
converted to a server, and all users from the decommissioned systems were redistributed
among existing servers.

* The print spooling software, PD, was modified to allow multiple printers of the same type
to be driven in a "round-robin" fashion, thus allowing more efficient use of the printers.

* SCD purchased an up-to-date AT&T source license for NCAR, as well as the Sun OS 4.03
source code, and the BSD 4.3 source code.

* Automatic backup procedures were installed on all SCD UNIX servers.

* Much reconfiguration work was performed throughout the year, such as port board and disk
installation and moves.

* Implementation of PostScript printing with the Imagen laser printers was successful.

* The NCAR Systems Administrators Group, which is an e-mail distribution list that is
utilized to communicate UNIX system administration issues among interested people at
NCAR, was formed.

* An HP printer in the SCD director's office was configured to bypass the PACX switch and
print directly from staff terminals.
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The Connection Machine Project

The Defense Advanced Research Projects Agency provided NCAR with an 8,192-processor
Connection Machine CM-2 computer, manufactured by Thinking Machines Corporation for use
by members of the Center for Applied Parallel Processing at the University of Colorado and
NCAR. The CM-2, which is specially designed to allow thousands of computations to be
conducted simultaneously (in parallel), was delivered to NCAR on 31 August 1988 and became
operational in mid-September. SCD installed a VAX 8550 front-end computer, and the CM-2
has been functional throughout 1989.

NCAR has also won an NSF grant to provide CM-2 service to the NSF supercomputer
centers. NCAR will develop or obtain software that allows a convenient batch capability for
large jobs submitted from these NSF supercomputer centers.

The CM-2 is operated by SCD and is housed at NCAR's supercomputer facility at the Mesa
Laboratory in Boulder. SCD provided the system's front-end computer, a VAX 8550, and
systems programming support. Researchers have round-the-clock access, 365 days a year, to the
CM-2.

Initial usage of the CM-2 has been somewhat limited because of lack of programmer support
and because of the lack of a FORTRAN compiler on the front-end computer that allows usage of
the CM-2. TMC has provided a full-time analyst to solve the programmer support matter, and
the FORTRAN compiler is expected to be installed in late 1989.

The Distributed Systems Group performed the following CM-2 activities in FY 89:

* Connected the VAX ULTRIX 8550 front-end computer to MASnet;

* Worked with the SCD Maintenance Group to install serial-board connections to the front-
end computer;

* Worked with the SCD Maintenance Group to install a frame buffer in a dedicated room;

* Prepared procedures to add new users to the CM-2 system; and added users to the CM-2
front-end.

Other Projects

Additional MASnet projects included installing a Sun 3/50 utilizing Unidata local data
manager software to capture National Meteorological Center data and archive them on the MSS
(the system is called the Sun Weather Archiving Terminal) and writing a utility package to make
fetches on the I/O front-end computer more efficient in support of the EPA project. However,
the work was used to improve MSS MASnet file fetches on the I/O front-end computer.

Office Systems Support

A team of two electronics technicians and two software analysts provides a wide range of
support services to NCAR users of Apple Macintosh computers and PCs. Now in its third year
of existence, this project has gained a high degree of visibility at NCAR.
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Hardware Support

Support staff provided in-house installation, troubleshooting, and maintenance for an average
of 25 systems per month. Support also included repair of disk drives and controllers; video
adapters and monitors; memory boards and chips; serial and printer ports, connectors, and
cabling; and other specialized devices such as instrument controllers, compact disk-read only
memory (CD-ROM) readers, and video projection systems.

Since our goal is to keep the computing systems functional with minimal downtime, three
other services are provided:

* Consulting on selection of systems and components to achieve the best combination of
price, performance, reliability, and maintainability;

* Ordering spare parts and replacement parts from reliable local distributors to minimize
turnaround time; and

* Periodically backing up hard drives on high-density Bernoulli removable cartridges.

Software Support

In FY 89, the software support group responded to an average of 150 to 200 calls a month.
Software support can be divided into the following categories:

* Applications issues,

* Network issues,

* Systems issues, and

* Managing NCAR site licenses.

The majority of support provided for applications software is consulting on selecting the best
software package for a given set of requirements in a given environment. To enhance this effort,
the group maintains a lending library of the most commonly used packages. In addition, we
support site licenses for several applications such as PCSAS, PCTEX, and PC/TCP.

Network support greatly increased on Macintosh computers and PCs predominantly in
Ethernet and AppleTalk environments. The group assumed responsibility for supporting the site
license for PC/TCP from FTP Software, Inc. Facilities include Telnet, FTP, and the Berkeley
Software Distribution UNIX remote utilities (i.e., remote shell [rsh], remote copy [rcp]
commands), which provide file transfer and program execution from UNIX hosts. A major
upgrade to this package began at the end of FY 89. The upgrade improves performance and
reliability and provides important extensions to the basic facilities such as Tektronix emulation
under Telnet and NFS file system access. The National Center for Supercomputing Applications
Telnet, a public domain package for Macintosh computers, was tested. As more AppleTalk-to-
Ethernet bridges are installed at NCAR, this product will see wider implementation.

AppleTalk provides excellent resource sharing capabilities for networked Postscript printers,
Macintosh and UNIX file servers, and modems. A surprisingly high level of integration between
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PCs and Macintosh computers has been achieved using AppleShare software. Differences in file
formats between PCs and Macintosh computers remain somewhat a problem, but conversion
utilities are able to translate most aspects of formatting.

Systems software support on the Macintosh is usually confined to assuring that the latest
versions of the operating system are installed and to maintaining software compatibility and
integrity on AppleTalk networks. On PCs, a great deal of effort is expended in assuring that the
device drivers for network cards, serial lines, printers, and mouse pointing devices work together
because the symptoms produced by device conflicts are so difficult to interpret and isolate.
Moreover, because each system represents a different mix of devices, often never intended to
work together, each problem is a novel situation. Software and hardware specialists collaborate
to help identify and resolve the problems.

Development efforts in FY 89 were chiefly in the areas of networking and multitasking. We
developed, demonstrated, and helped with the implementation of an AppleTalk network of
Macintoshes for the UCAR staff. Forty workstations at five sites linked by 9,600-baud modems
now have transparent access to file servers, printers, and modems at any of the other UCAR sites.
Electronic mail software allows transmission of messages among Macintosh computers within
the UCAR network. In the near future, there will be bridges to UNIX mail and Telemail.

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 an
irreplaceable store of observational data and analyses, and is used for major national and
international atmospheric and ocean research projects. There are now over 300 distinct data sets
in the archive. The sets range in size from less than one megabyte to over a terabyte. At the end
of FY 89, the DSS archive on the MSS contained 2.018 tB of data, which was 17.4% of all data
on the system.

The DSS staff provide assistance and expertise in using the archive and help researchers
locate data appropriate to their needs. The users may obtain copies of data on tape or use data
directly on the NCAR MSS. Section staff also assist scientists by providing data access pro-
grams (to read and unpack data) and other software for data manipulation, as well as a variety of
written material.

From October 1988 to July 1989, DSS staff handled many requests for information about
data, data processing tools, and on-line access programs. Staff handled 317 requests for data to
be sent elsewhere. These requests required us to obtain data from 424 data sets. Data were
selected from 2,913 tapes and mailed to users on 990 tapes. Many other people used the data on
line at NCAR.

Tasks completed in FY 89 are as follows:

*Entered climate model data: Interest in C02 climate model run data has been high because
of the rising concerns about greenhouse effects. A global coverage tape was made and data
from two more models were entered (a new Geophysical Fluid Dynamics Laboratory run
finished January 1988 and the UK model).
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* Sent large amounts of satellite data to NASA and NOAA: As part of agreements by which
NCAR was partially funded to save Thermal Infrared Observational Satellite (TIROS)
Operational Vertical Sounder data, NCAR sent 2,268 cartridges of data to NASA and 2,455
cartridges to NOAA. On 19 April 1989, NCAR sent the first 990 cartridges to
NASA/NOAA. By 1 September 1989, a total of 4,520 cartridges had been sent to
NASA/NOAA. Six and one-half years of extracted microwave data were sent to NASA
Marshall Space Flight Center. In June 1989, we received 3,700 cartridges from NOAA
with 1985-1988 data to update our set.

* A 25-year ocean simulation was completed by the Climate and Global Dynamics Division.
DSS staff compressed the output by a factor of 3.8 (to 125 tapes). So far, selections of data
have been distributed to six research groups on 40 tapes.

* Participated in work to help make possible a future reanalysis of the global atmosphere:
We prepared detailed data observation counts for October 1973, 1976, 1979, 1982, 1985,
and 1989 for an international intercomparison.

* Participated in international exchanges: Formal U.S.-China and U.S.-U.S.S.R. data
exchanges were active during 1989. Several data sets have been exchanged under each
program. For example, we received daily precipitation data for years 1950-1982 from 180
Chinese stations. NCAR received 5,000,000 ship observations from the U.S.S.R.

* Prepared four more detailed inventories so that they are available on line.

* Obtained world three-hourly surface data for 1967-1980 from Asheville, North Carolina
(from United States Air Force primary data - 160 tapes).

Operations and Plant Engineering

The SCD Operations and Maintenance Section is responsible for the continuous operation of
the NCAR computer center and keeping it in first-rate condition. The Operations staff are
present 24 hours a day, 365 days each year. The Operations staff can assist users with
operational questions during the evenings and weekends when User Services staff are not
available.

Maintenance of computing equipment and associated peripherals is performed by contracted
vendor staff or in-house engineers. The Maintenance Group performs continuous maintenance
for the Dicomed film processors, including the cameras and disk drives; the Gandalf Dual PACX
IV port contention device; all communications connections, nodes, and hardware; and
approximately 600 NCAR PCs and workstations.

Operational Summary

SCD's FY 89 operational statistical highlights are delineated below.

CRAY X-MP Reliability. During FY 89, the CRAY X-MP/48 (with four processors) failed
19 times, or roughly every 19 days, and required an average of 56 minutes to repair. The CRAY
X-MP/18 (with only one processor) was operational during the last five months of FY 89 and
failed six times, or about every 25 days, and required an average of 73 minutes to repair. Our
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reliability statistics indicate that SCD's CRAY X-MP standards are better than those established
by Cray Research, Inc., for these same types of machines.

Background 2 Jobs. The number and size of background 2 jobs remaining in the job queue
at 6:00 am each morning is a measure of the backlog and workload of the CRAY X-MP/48.
These jobs are last in line in the order of processing priority. On the average, the number of jobs
and the number of users those jobs represent grew during FY 89, with July being our highest
peak month. During July, we averaged 89 jobs left over each morning, submitted by 33 different
users. The most astonishing fact was that the average submitted run time for these jobs grew
during the year to an average of over seven hours each in September.

IBM 3480 Tape Cartridge Activity. At the beginning of FY 89, the Operations staff were
mounting an average of 22,000 cartridges per month; this number grew to nearly 29,000
cartridges by the end of FY 89. These figures are consistent with the growth of the library from
46,000 cartridges to 67,000 cartridges, as shown in Figure 5.

Xerox Laser Printer Activity. The number of graphics images produced on the Xerox laser
printers averaged 38,000 per month. Text images produced, however, decreased from 355,000
per month at the beginning of FY 89 to just over 200,000 per month at the end of FY 89. The
decline can be attributed to increased use of intelligent terminals with on-screen viewing
graphics capabilities.

Figure 5. IBM 3480 tape cartridge activity.

Nearly 200,000 actual pieces of paper were printed per month during the year. (Please note
that up to four images can be printed on one piece of paper.)

Microfilm Activity. Microfilm activity includes 35-mm and 105-mm fiche. The 35-mm
output includes color and black-and-white. As we introduced color to our users in FY 89, the
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total number of frames generated decreased steadily during the year, except for a 68% increase in
June.

As high-speed data transfer capabilities develop, some users are able to move graphics files
to remote sites and view their graphics data on local computers. This situation may explain some
of the decline in film activity.

Utilities

Electricity. Power outages and their intensity continue to decrease. However, a few pieces
of equipment are still very sensitive to power surges.

The plan to obtain additional uninterruptible power supply power has become a reality. An
additional 125 thousand volt amps (kVA) of 15-minute backup power has been installed and
provides power equal to the original system. They are, in fact, twin systems; the manufacturer
and the size are the same but the batteries are more heavy duty and better quality.

The plan to purchase and install an additional power distribution unit at a cost of $40,000 was
unnecessary. A thorough investigation proved there were adequate breaker positions in the
existing units.

Air Conditioning. During FY 89, the situation regarding additional air conditioning seemed
fairly dismal. "CH6," an air conditioning chiller composed of four Carrier chillers that are now
12 years old, had been damaged during a failure and needed to be replaced. During FY 89, other
chillers were replaced with much larger units capable of providing 100% of the SCD need. Now
CH6 is in a backup idle mode and will only be needed during massive failures of the other
systems.

Communications. We continue to add more copper wire to the Mesa Laboratory building, as
well as all NCAR facilities. Network connections have increased dramatically over the past year.
The Maintenance Group participated in two major projects during the year: the new NCAR
building plans and the Research Applications Program facility.

The new building will require fresh ideas and procedures, many of which we were able to
apply in the design of the RAP facility. Now that the RAP facility is finished, we learned
considerable information about how projects grow during their lifetimes, as well as how to
accommodate the computer and communications equipment required in the moder office
environment. This was a terrific experience and will have great value in meeting the
requirements of the new building.

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
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is achieved through five functional areas within User Services: Consulting, Documentation,
Training, User Information, and Software Libraries.

Consulting

The Consulting Group provides a centralized forum for resolving time-critical user problems,
advising users on optimal programming techniques, distributing information 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 goals for the Consulting Group are:

* Maintain and provide a high level of technological expertise and facilitative support to
ensure that user inquiries and needs are responded to 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; and

* Enhance communications between the consulting staff, users, and SCD management.

Over 4,500 user contacts were made by the Consulting Office in FY 89, averaging 375
contacts per month. A contact is defined as when a user contacts a consultant and may involve
more than one question.

Continued Consulting Services. Consulting was provided in the following areas: COS,
UNIX, UNICOS, VM/SP, CMS, Cray and IBM FORTRAN, mass storage system, MASnet,
MIMPORT/MEXPORT, input/output, mathematical and statistical software, networking, data
communications, terminal emulator software for IBM PCs and Apple Macintosh computers,
NCAR Graphics software, Cray vectorization and optimization, and COS-to-UNICOS
conversion.

The outside users were represented at times by consultants when they were unable to
represent their own interests, in particular on the Mass Storage System Advisory Committee and
at the SCD User's Group.

Much of the documentation produced by User Services was written and reviewed by
Consulting Office staff. 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
Consulting Office also distributed documentation to users and staff.

Extended Support Services. The staff increased their testing of software before its general
release to users. This included commercial software, such as FAL, TN3270, and CMS release
4.0, as well as software produced in house, such as MIMPORT/MEXPORT, MREAD/MWRITE,
MIGS, and SUDOOS interfaces. This type of testing not only resulted in the release of
adequately tested software, but it increased the level of interaction between consultants and other
SCD staff.
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Support and consulting were provided to users on the new MIMPORT/MEXPORT facility
beginning in December 1988.

The Consulting Office staff began contacting past users to inform them of their mass storage
data sets due to be purged. Whenever a user account is terminated, that account's purge notices
are forwarded to the Consulting Office.

The Consulting Office staff were involved with the preparations for the upcoming conversion
to UNICOS by reading documentation and attending training sessions. They were responsible
for the conversion of several large models to UNICOS. The conversion of the codes included
meeting with modelers and resolving problems as they arose, such as graphics conversion,
missing externals, and I/O difficulties.

The Consulting Office staff sustained programming skills through the maintenance and
programming of EXECS, shell scripts, user sample programs, and consulting tools.

The Consulting Office staff began to consult on the installation of the NCAR GKS Graphics
package through the addition of a half-time FTE and continued to assist with the resolution of
general user-level problems. Graphics-related questions consume an increasing amount of
consultant time because of the distribution of the NCAR GKS package to a larger user base.

The User Services staff supported a large project that began this year, sponsored by the EPA.
This support included the overall technical coordination of the project, collaborations with EPA
on a detailed implementation plan, investigating changing algorithm issues, addressing
connectivity issues such as monitoring links and testing file transfers, testing software written
explicitly for this project, and consulting on the Statistical Analysis System and related usage
particulars.

User Services staff participated as speakers and as consultants at the Seventh SCD User
Conference at the specially constructed user information booth. Staff were available to discuss
SCD documentation as well as computing-related issues.

Record Keeping and Reports. Consulting logs were maintained throughout the year and
discussions began on more optimal methods of logging contacts. The 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.

Documentation

As the complexity of SCD's computing environment has increased, so has the need for user
documentation and the time required to produce effective user documentation. Vendor
documentation alone is insufficient, because SCD needs to document local system modifications
that affect users, the interface between products from different vendors, and SCD-developed
products.

Documentation Advisory Committee Report. A committee made up of 12 NCAR and
university users formed in collaboration with the SCD User's Group during FY 88 to provide
user input into SCD's plans for printed and on-line user documentation. The committee report,
released in October 1988, included the following recommendations: quick-reference guides
(printed and on line); better indexing, cross-referencing, and examples; upgrade of the mass
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storage system guide; a unified Cray (COS) guide; an electronic mail guide; and a beginner's
guide to NCAR Graphics. It also recommended that the Documentation Group explore options
for on-line documentation. The committee concluded, however, that SCD should not commit
resources to an on-line effort at the expense of written documents. SCD has already
implemented many of these recommendations and is using the report in planning for future
documentation. The committee report is available from SCD.

Special Newsletter Issue. The Documentation Group produced a 108-page special issue of
the SCD Computing News on networking and data communications. We printed 1,000 extra
copies of the issue and are advertising its availability and including it in new user packets. A list
of the major articles is included in Table 2. The issue also features a guide to resources on
networking and an extensive glossary of networking terms and acronyms.

Streamlined Distribution. The user documentation catalog and order form first released in
September 1988 have been a big success. The order form is revised frequently to keep users up
to date, and the catalog was revised and reprinted in May 1989. The initial printing of 650
copies was gone within a few months. In the past year, about 1,300 documentation orders were
received on the new order forms. Orders for documentation are up; an average of over 600
documents per month were distributed in FY 89 compared to an average of 450 per month in FY
88.

Documents On Line. We have begun to make more documents available on line, as
requested by the Documentation Advisory Committee. In FY 89, we simplified the formats of
six documents to enhance screen readability and placed them online in a /docs directory
available via anonymous file transfer protocol on the windom.ucar.edu computer. We also wrote
man pages and help files for users beginning to work on the UNICOS (CRAY X-MP/18)
computer. We continue to use UNIX formatting tools for our on-line user documents.

The Primer. The Primer, an introductory user's manual to the computing facilities at NCAR,
was finished in late October 1988, and 500 printed copies were received in December. This
press run is now out. The Primer was a new project for us in the area of instructional design. A
consultant provided the initial design. Each chapter of the manual begins with a list of key
concepts and gives a synopsis of the contents. It then gives step-by-step instructions for usage of
the SCD facilities in the first column. A second column contains a graphic representation of
what the user should see on the screen, and the third column contains text explaining how the
action is being performed.

Documentation Projects. In FY 89, the Documentation Group produced 51 new versions of
45 user documents. Six documents were rewritten and released more than once as new
information became available. Another five were reformatted for use on line. Each document
covered a specific, limited topic and had an average length of 24 pages.

Unanticipated Projects. Over half (24) of the user documents released in FY 89 were not
listed in last year's plans. These unanticipated documents were produced in response to
particular problems encountered by users or to document new software developed or hardware
acquired by SCD staff. Sixteen of the 23 required substantive revisions or were completely new
documents. A large proportion concerned networking and data communications. Table 1
contains a list of projects completed in FY 89.
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CATEGORY DOCUMENT TITLE
Introductory The Primer, 175 pages (October 1988; new)

User Documentation Catalog, 33 pages (May 1989 and September 1989 for
October newsletter; revised)

Cray Computers PERFMON: The Cray Performance Monitor Utility, 16 pages (March 1989;
revised)

SPY: A Timing Information Utility, 7 pages (May 1989; revised)
Mass Storage System MEXPORT and MIMPORT: Transferring Data Between the Mass Storage

System and Tape, 21 pages (December 1988; new)
Networking and
Data Communications

Terminal Emulator Documents

Asynchronous Communications Packages for PC Users, 4 pages (May 1989;
new)

FAL User's Guide, 35 pages (July 1989; new)
Displaying Metafiles on the EPA VAX, 3 pages (September 1989; new)
MICROCOM AX/9624 User Documentation, 3 pages (March 1989; new)
MIGS: MASnet/Intemet Gateway Server User's Guide, 72 pages (November

1988; revised)
Using FTP for File Transfer at NCAR, 17 pages (April 1989; new)
Using the NCAR E-mail System, 22 pages (March 1989; new)
Using the NCAR Internet Remote Job Entry System, 13 pages (November

1988; revised)
Using TN3270 at NCAR, 3 pages (September 1989; new)

Glossary of Networking Terms and Acronyms, 12 pages (September
1989; new)

EM4010/Kermit V3.54-2.56: Direct Connection with the IBM 4381
Computer, 5 pages (May 1989; new)

EM4010/Kermit V3.54-2.56: Remote Access to the IBM 4381 Computer,
5 pages (May 1989; new)

MS-DOS Kermit V2.32: Direct Connection with the IBM 4381 Computer,
5 pages (May 1989; new)

MS-DOS Kermit V2.32: Remote Access to the IBM 4381 Computer,
5 pages (May 1989; new)

EM4105 V3.53-1.65: Direct Connection with the IBM 4381
Computer, 5 pages (June 1989; new)

EM4105 V3.53-1.65: Remote Access to the IBM 4381
Computer, 5 pages (July 1989; new)

Procomm V2.4.3: Remote Access to the IBM 4381 Computer,
5 pages (July 1989; new)
Procomm V2.4.3: Direct Connection with the IBM 4

Computer, 5 pages (July 1989; new)
PROCOMM Plus VL.1B: Direct Connection with the IBM 4381

Computer, 5 pages (August 1989; new)
PROCOMM Plus V1.1B: Remote Access to the IBM 4381

Computer, 5 pages (August 1989; new)
Table 1. SCD user documentation published during FY 89. (continued on next page)
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CATEGORY DOCUMENT TITLE
Graphics GFLASH-A Graphics Instruction Package, 9 pages (March 1989; new)

Preliminary Sun/UNIX Dicomed Online Operating System (SUDOOS)
Reference Manual, 127 pages (December 1988; new)

User's Guide to Producing Color Dicomed Output from the Cray Computers,
12 pages (January 1989; new)

User's Guide to Producing Color Dicomed Output via MIGS Access,
14 pages (March 1989; new)

Using NCAR Graphics in a UNIX Environment (UNIX Version
2.02 and 2.03), 7 pages (May 1989 and June 1989; new)

Transferring Binary Metafiles to VAX/VMS Systems, 5 pages (November
1988; new)

ctrans: NCAR View CGM Translator, 28 pages (August 1989; new)
Applications Software IFTRAN Preprocessor, 29 pages (April 1989; revised)

An Introduction to Using SAS on NCAR's IBM 4381 Computer, 29 pages
(January 1989; revised)

MUDPACK: Multigrid Software for Linear Elliptic Partial Differential
Equations, 10 pages (February 1989; new)

ODEPACK Reprints, 18 pages (March 1989)
User's Guide to STARPAC: The Standard Time Series and Regression

Package (reprint), 300 pages (March 1989)
Distributed Software Libraries, 9 pages (August 1989; new)

Additional Documents Charges for SCD Computing Resources, 12 pages (November
1988, March 1989, April 1989, May 1989; revised)

Acronyms and Terms Frequently Used in the SCD Computing
Environment, 12 pages (November 1988; new)

Data Availability at NCAR (reprint), 45 pages (August 1989)
On-Line Documents Charges for SCD Computing Resources (April 1989 and May 1989)
(hard-copy documents Acronyms and Terms Frequently Used in the SCD Computing Environment
reformatted for screen) (November 1988)

Using the NCAR Internet Remote Job Entry System (November 1988)
Transferring Binary Metafiles to VAX/VMS Systems (November 1988)
FAL User's Guide (May 1989 and August 1989)
Glossary of Networking Terms and Acronyms (September 1989)
gettingstarted-on-line help file and man page for UNICOS machine (new,

plus nine revisions since May 1989).
Table 1 continued.

Graphics Manuals. In the final quarter of FY 89, documentation of the new utilities of
NCAR Graphics Version 3.00 was given highest priority, with a planned publication date of
early FY 90. The new NCAR Graphics Guide to New Utilities, Version 3.00, is 500 printed
pages. It is being distributed with the NCAR Graphics Installer's Guide (new), AUTOGRAPH:
A Graphing Utility (reprinted), and NCAR Graphics User's Guide, Version 2.00 (reprinted).
Between January and July 1989, 93 Graphics packages were distributed, and 356 additional
copies of the User's Guide and the AUTOGRAPH manual were distributed.

Newsletter. During FY 89, we produced ten issues of the SCD Computing News. Three
writer/editors served as managing editors for different issues. While this involved significant
training time, it enabled us to continue to produce the newsletter regardless of staffing changes
and special projects. This solved the problem of having insufficient backup staff that we
experienced in FY 88.

234



Scientific Computing Division

The summer (June/July/August) issue was a special issue on networking and data
communications. The issue yielded four user documents: Distributed Software Libraries,
Glossary of Networking Terms and Acronyms, Using TN3270 at NCAR, and Asynchronous
Communications Packages for PC Users.

Table 2 contains a list of principal articles appearing in the newsletters.

October 1988
Site Liaison Workshop Held for Users
CAPP Receives 8K Connection Machine
Recent Developments in NCAR E-mail
MASnet/Intemet Gateway Server Now Available
SCD Internet/SPAN Gateway Operational
BITNET at NCAR
CFT77 Compiler Release 3.0 Becomes Default October 21

November 1988
E-mail Routing at NCAR
SCD Visitors' Area Upgraded
Transferring Binary Metafiles to VAX/VMS Systems
NCAR Introduces ODEPACK

December 1988
Documentation Advisory Committee Releases Report
New Policy for Using Half-Inch Magnetic Tapes
Friendly User Period Opens for Color Slide Output
MIMPORT/MEXPORT Facility Ready for General Use

January 1989
CRAY-1A Serial Number 003 to be Decommissioned
T1 Network Installed
Directory of UCAR Scientists Now Online
New Directory of Climatologists Available
Call for Ethical Standards in Networking Issued
New PACX Access for RL6 and Jeffco Added

February 1989
Scheduling Multitasking Jobs for the CRAY X-MP/48 Computer
NCAR and Digital Equipment Corporation Begin Joint Research Project
Submitting Batch Jobs to SCD Computing Resources
Tape Services Provided by SCD

March 1989
Advisory Committee Helps Set Mass Storage Priorities
User Groups Established for Text and Graphics Servers
Classes Scheduled for New Users of SCD Computing Facilities
GFLASH Now Available on the Cray GKS Libraries

April 1989
Jenne Recognized for Data Support
Shavano - An Image of Things to Come
Contribute Your Ideas to the Next-Generation Computing Center at NCAR
Cray Software Changed for LSODE, LSODI, and SSORT
New Version of SLATEC Being Released
IFTRAN Preprocessor Updated

May 1989
Symposium Gives New Perspectives on Mass Storage
CMS Commands Added and Modified on IBM 4381

Table 2. Principal articles published in SCD Computing News during FY89. (continued on next page)
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Table 2 continued.

Training

In FY 89, new levels of training attained the previous year were maintained. The New User
Orientation class was given on a regular basis; the Seventh SCD User Conference was held; and
training in UNIX and UNICOS was provided to users.

New User Orientation. The New User Orientation class was offered at NCAR to over 75
users from local and remote sites during FY 89 using a lecture/hands-on format. This is a seven-
hour class that was taught 12 times in FY 89, including sessions at two remote sites. In almost
every instance, users felt the class was extremely beneficial in helping them compute in the SCD
environment. They received a solid background in the basics of COS, the mass storage system,
and using the IBM 4381 front-end computer.

SCD User Conference. The Seventh SCD User Conference was held 9-11 August 1989,
attracting 125 participants from NCAR, universities, government, and industry. The theme was
"Supercomputing at NCAR: Current and Future Capabilities" and there were demonstrations of
software and systems in use at NCAR, such as the X Window System, PolyPaint, IRJE, and
Unidata's PC-McIDAS. Again this year, an information center was staffed through much of the
conference so that users could have questions answered as they picked up available
documentation.

UNIX and UNICOS. In preparation for the conversion to UNICOS, classes in the UNIX
operating system, taught by .profile company of Boulder, Colorado, were offered to over 50

Summer 1989
Glossary of Networking Terms and Acronyms
Networking and Data Communications at NCAR - A Technical Overview
The User's Network at NCAR - UCARnet
Remote Access Paths for Using NCAR Facilities
Networking Standards Evolving in a Complex Environment
NCAR Pioneers USAN
Users Find IRJE Streamlines Remote Supercomputing
IRJE: Eighteen Months Old
MIGS as NCAR Access Method Receives High Marks from Users
SCD Office Support Team Networks Small Computers for UCAR
Distributed Software Libraries - Now Available over the Internet
How to Use "Anonymous FTP" Accounts
Obtaining SCD Documents via Anonymous FTP
Advantages Offered by File Transfer Protocol
FAL: A New System to Access the IBM 4381
Hints for Using TN3270
NCSA Software Packages Offer TCP/IP to Macintosh Users
T1 Network Fully Operational
SCD Supports Asynchronous Communications Packages for PC Users
NCAR's Unique E-mail System

September 1989
SCD Updates User Conference Participants on Global Change, UNICOS, and Graphics
SCD Policy for Using Half-Inch Magnetic Tapes
Meteorological Supercomputer Users Meeting Held at NCAR
SLATEC CML Meeting Held at NCAR
Using Job Classes on the CRAY X-MP/48 Computer
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users on a reimbursable basis. UNICOS application conversion and UNICOS system usage,
taught by Cray Research, Inc., were offered to the group of users who were in the first two tiers
of shavano users.

User Information

Change control procedures were implemented to give users advance notice, whenever
possible, of changes that may affect them and to inform all potentially affected parties within
SCD of upcoming changes. Upcoming changes, whether visible or not to the user, are now filed
with a change control monitor. This helps track potential problems that can sometimes result
from system hardware and software modifications.

User Services became the pivotal point of contact for user and customer information on the
NCAR GKS Graphics package and related areas. The group was responsible for providing
graphics information, filling graphics distribution requests, answering availability questions, and
implementing and maintaining the UNIX graphics log file.

New users were contacted at the time they received accounts. Documentation was sent to
them according to their needs and, if possible, they were registered for the New User Orientation
course. We continued to track users who lost jobs on the CRAY X-MP/48. All users who lost
more than 300 seconds were contacted by the Consulting Group to make sure they were aware of
restart capabilities.

An Apple LaserWriter Plus printer was installed in the user area for Macintosh output.
Terminal hardware and PC software in the user area were also maintained throughout the year.
This involved updating the software on the PCs and periodically reconfiguring emulator settings.

An exhibit describing the Scientific Computing Division was designed for use at various
scientific and computing conferences. The exhibit emphasizes the collaborative efforts with
DEC and the UCAR Foundation. An overview of SCD and of the NCAR GKS Graphics
package are also displayed.

The public displays in front of the computer room were renovated in collaboration with the
Operations Section. Changes included backlit shadow boxes with information describing the
machinery and its functions; general updating of information; contrasting of power of a PC
computer and a supercomputer; and examples of scientists' work on NCAR supercomputers.

Software Libraries

User Services staff acquire and support an extensive collection of applied software packages.
These packages meet user needs for functionality and ease of use on both central and distributed
systems in the areas of mathematics, statistics, user interfaces, and general utilities. The staff
also provide limited design and development of user interfaces and utilities. The following
activities were completed during FY 89:

Released the DSL utility, a software distributed utility based on the Internet. Available to
users via a Sun workstation, DSL provides access to several of NCAR's public domain
software libraries. In particular, users can search for subprograms to solve mathematical
problems and can fetch the software or documentation via the Internet. At present, the
libraries available are ALFPACK, EISPACK, FFTPACK, FISHPAK, LINPACK,
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ODEPACK, AND SPHEREPACK. The Software Libraries Group intends to expand this
list.

* Installed application software on the UNICOS CRAY X-MP/18 including a new version of
the International Mathematical and Statistical Library and the Mathematical/Statistical
Library from the Numerical Algorithms Group.

* Assisted users with COS-UNICOS conversion; monitored and centralized conversion
problems.

* Split out ALFPACK, FFTPACK, FISHPACK, and SHEREPACK from LOCLIB to give
these locally developed libraries visibility in the computing community.

* Consulted on Cray applications software, averaging six questions per week.

* Obtained and tested library LAPACK (a linear algebra package for low-end parallel
computers) from Argonne National Laboratory.

* Represented NCAR at SLATEC (Sandia National Laboratory, Los Alamos National
Laboratory, and the Air Force Weapons Laboratory Technical Exchange Committee)
Common Math Library meetings; worked on FFTPACK and LNPACK aspects of the
SLATEC library.

* Maintained applications software at a "frozen" level on the CRAY X-MP/48 COS
computer. The only new, additionally supported software was pstrans.

Computational Support

The Computational Support Section (CSS) provides state-of-the-art expertise in aspects of
computing that are beneficial to the atmospheric and oceanic sciences communities. This
expertise is communicated via consulting, publications, software development, and training in
the areas of mathematics, numerical analysis, and parallelization. Performance monitoring and
benchmarking studies are also conducted to ensure the efficient use of the current computing
resource and to aid in selecting the most appropriate future computers.

Section staff process all university requests for computing resources, and the associated
allocations represent a significant portion of the computing resource. Section staff are
responsible for selecting reviewers for the requests, updating the reviewer data base, and
presenting requests for more than 50 general accounting units to the SCD Advisory Panel at their
biannual meetings. Smaller requests are handled by the CSS based on peer review from
colleagues at other research institutions.

Center for Applied Parallel Processing

The Center for Applied Parallel Processing (CAPP) was established in FY 88. The center
currently has about 20 industrial affiliates, 5 governmental affiliates, and 5 international
affiliates. NCAR has been directed to investigate the application of massively parallel
processors to problems in atmospheric and related sciences, and CAPP conveniently provides the
vehicle for these investigations.
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In a joint effort with the University of Colorado Computer Science Department, the CSS has
developed a spectral transform version of the shallow-water-equations model for the CRAY X-
MP/48 and the Connection Machine 2 (CM-2).

The CM-2 was benchmarked at 1.2 Gflops (32-bit results) on a fully configured 65,536-
processor model. The corresponding model for the CRAY X-MP 4-processor system executes at
a rate of 0.48 Gflops (64-bit results).

Performance and Benchmarking

Several studies concerning performance issues on the CRAY X-MP/48 were conducted
throughout the year. A problem involving performance degradation of a multitasked ocean model
was resolved, and the overall effect of multitasking on machine utilization was tested. A test to
determine if the overall efficiency of the X-MP could be improved by a change of a parameter of
the job scheduler was conducted over a 15-week period. The test showed a slight improvement
in system utilization with no observed negative side effects, and therefore, the modification was
implemented in the operating system.

In a joint investigation with staff from the Climate and Global Dynamics Division, the
efficiency of the NCAR community climate model, Version CCM1, was increased from 61% to
88% by reducing the system overhead incurred by the I/O scheme of the model.

New computer systems are benchmarked routinely by the CSS. The benchmark set includes
a simple two-dimensional shallow-water-equations model and a complex three-dimensional
climate model. The shallow-water model is a highly vectorizable and parallelizable code that
gives an indication of high-end performance of computers on certain atmospheric problems. The
climate model is a portable version of an early code of the NCAR CCM (Version OB). A large
fraction of the execution time of this model is spent on the parameterization of physical
processes, which is a scalar process; it is also an out-of-memory model and, therefore, uses the
external storage resources of a system. This model is an excellent test of the overall (vector,
scalar, and I/O) capabilities of a computer system.

These benchmarks were run on a number of state-of-the-art computers that are readily
available to the research community. Systems benchmarked include the Alliant FX/80, Ardent
Titan, Apollo DN10000, Convex C220 and C240, DECstation 3100, and Sun SPARCstation 1
and SPARCstation 330. The shallow-water model was also run on a Fujitsu VP200 at Kyushu
University in Japan. Table 3 is a summary of the shallow-water model benchmark1 on several
machines. Table 4 is a summary of the CCM benchmark on several machines and includes both
the CPU time and the wall clock time for completion.

1 This code is 400 lines of FORTRAN that solves the system of shallow-water equations using finite-difference
approximations on a 64 X 64 grid. The total number of operations is 33.51 million, with 95% of the operations
performed in three doubly nested DO loops with both inner and outer loop limits of 64.
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Computer
System* Compiler MFLOPS Ratiot

NEC SX-2 FORT77SX 288.9 2.4
Fujitsu VP-200 FORTRAN77/VP 245.8 2.0
CRAY Y-MP CFT77 V3 186.7 1.5
CRAY-2 CFT77 V3 125.9 1.0
CRAY X-MP CFT 1.15BF2 121.4 1.0
ETA 10E 4/88 with VAST2 113.0 0.93
Convex C240 (4 proc) 6/89 (64 bit) 74.6 0.61
Convex C210 6/89 (64 bit) 24.6 0.20
Alliant FX/8 (6 CEs) FX/Fortran(-O) 22.1 0.18
IBM 3090E/600VF VS V2.2 16.4 0.14
Ardent Titan (2 proc) fc -03 10.3 0.085
Alliant FX/80 FX/Fortran(-O) 6.10 0.050
Ardent Titan fc -02 5.66 0.047
Multiflow Trace 7/200 6/88 4.59 0.038
Apollo DN10000 ftn -opt 3 (V10.7-105) 3.61 0.030
Dec 3100 f77 -03 3.41 0.028
Sun SPARC 330 f77(-0) 2.99 0.025
Sun SPARC 1 f77(-O) 2.34 0.019
Sun 4/280 f77 (-0) 1.35 0.011
IBM 4381/P14 FORTVS 1.30 0.011
VAX 8550 f77(-0) 1.07 0.0088
Table 3. Performance comparisons, shallow-water model 64.

Computer CPU Time Wall Clock
System I/O Device (secs) Ratio w X-MP (secs) Ratio w X-MP

CRAY Y-MP SSD 187 0.6 193 0.6
NECSX-2 XMU 241 0.8 318 1.0
NEC SX-2 Disk 242 0.8 1069 3.3
CRAY X-MP SSD 289 1.0 320 1.0
CRAY X-MP Disk 288 1.0 387 1.2
CRAY-2 Disk 414 1.4 419 1.3
ETA 10E Disk 625 2.2 793 2.5
IBM 3090/600E Disk 855 3.0 n/a n/a
Multiflow Trace 7 Disk 2538 8.8 3257 10.2
AlliantFX/80 Disk 4350 15.1 10380 32.4
Ardent Titan Disk 9460 32.7 11640t 36.4
Sun 4/280 Disk 10300 35.6 10920t 34.1
IBM4381/P14 Disk 11000 38.1 14420t 45.1
VAX 8550 Disk 12900 44.6 16734 52.3

Table 4. Performance comparisons, community climate model five-day simulation.

Table 3

*Only one processor used unless indicated otherwise.
t This is the ratio of the Mflops for the given system divided by the Mflops for the CRAY X-MP.
Table 4

All tests are on one processor.
t* Extrapolated from a 0.25-day run.
tt Wall clock time from run on a quiet, but not dedicated system.
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Standards

The CSS continues its participation in the American National Standards Institute FORTRAN
Standards Committee (X3J3), as well as the international group of FORTRAN Experts (WG5)
under the International Standards Organization. After careful review of the 382 public review
comments, the FORTRAN Standards Committee made a number of significant changes to the
draft standard, such as adding pointers and parameterizing all the FORTRAN intrinsic types.
The modified draft was passed by the committee and has been forwarded to both national and
international groups for a final review and ballot. A handbook for scientists and engineers is in
draft form and will be released as soon as the standard is officially released.

Research

Research is a major effort in the Computational Support Section. Currently, research on the
multigrid algorithm for solving elliptic equations, on the implementation of fluid dynamical
models on massively parallel processors, and on PDEs in computational fluids is being
conducted.

John Adams has developed a package of portable FORTRAN subprograms call MUDPACK
that use multigrid iteration for solving real or complex elliptic partial differential equations. The
solution regions are rectangles in two dimensions and boxes in three dimensions. Any
combination of periodic, Dirichlet, and mixed derivative boundary conditions is allowed. The
equations are automatically discretized using second-order finite differencing. New multigrid
results have been obtained for a variety of linear elliptic partial differential equations using
MUDPACK.

Gerald Browning, William Holland (CGD), Heinz-Otto Kreiss (UCLA), and Steven Worley
studied the severe restrictions on accuracy and stability that arise when one uses a numerical
model based on the Eulerian equations to compute the low-frequency motions of physical
oceanography. They showed that the loss of accuracy is due to the extreme skewness of the
system.

Two alternatives are the well-known primitive and quasigeostrophic equations. Although
models based on these systems alleviate some of the restrictions of the Eulerian model, these
models operate under a new set of limitations. A third alternative is to slow down the gravity
and sound waves. Although the resulting approximate system alleviates the severe accuracy
requirement, the stability requirement may still be unacceptable. By using the reduced system
derived from the approximate system, Browning and colleagues obtained a system that has many
desirable properties. Since the reduced system is the proper limit of a hyperbolic system, a wide
range of boundary conditions can be chosen so that the resulting initial-boundary value problem
is well posed. The reduced system analytically describes the low-frequency solutions to two
digits of accuracy (even when the Rossby number is .1), yet only requires the solution of a linear,
constant-coefficient, three-dimensional elliptic equation. The reduced system can also be used in
the equatorial region.

Paul Swarztrauber and Richard Sato solved the shallow-water equations in Cartesian
coordinates and two dimensions on the Connection Machine 2 (CM-2) using both the spectral
and finite-difference methods. The finite-difference code was written both in C* and *LISP, and
the spectral code was written in *LISP. The performance of the codes is compared with
FORTRAN versions that were optimized for the CRAY X-MP/48. The finite difference code ran
at 1.7 Gflops on the CM-2 (32-bit arithmetic with 64K processors) and 0.56 Gflops on the
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CRAY X-MP/48 (64-bit arithmetic). The spectral code time for solution per grid point was 0.64
seconds on the CM-2 (32-bit arithmetic with 64K processors) 0.70 seconds, on the CRAY X-
MP/48 (64-bit arithmetic).

Supercomputer Acquisition

It has become increasingly evident that many scientific problems can be solved solely by
computational methods. For example, numerical methods are now reproducing most wind tunnel
results very accurately. As the scope of the problems to be investigated expands, so do the
computational needs of the scientific community. To meet the growing demands of the
atmospheric and oceanic sciences communities, SCD must continually upgrade its computers.
Toward this goal, the responsibility for the justification of the replacement of the CRAY X-
MP/48 has been assigned to the CSS.

A project for the replacement of the CRAY X-MP/48 in the FY 91-93 time frame was
initiated in March 1989. To date, there have been three activities: (1) a workshop was held to
provide the material needed for the scientific justification to upgrade the supercomputer facilities
at NCAR; (2) a survey was taken of the user community; and (3) a justification document was
drafted. The draft document was circulated to the workshop participants and to the NCAR
division directors for their comments and suggestions.
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Lead User

Bailey, Paul
Baumhefncr, David
Blackmon, Maurice
Boville, Byron
Branstator, Grant

Brown, Tim
Browning, Gerald

Chang, Julius
Chatfield, Bob
Chervin, Robert
Clark, Terry

Coakley, James
Daniels, Mike
Friesen, Dick
Garcia, Rolando
Gille, John

Gilliland, Ron
Hack, James

Haidvogel, Dale
Hedstrom, Kate

Herring, Jackson

Herzegh, Paul
Heymsfield, Andrew
Hjelmfelt, Mark
Isradar, Barnes
Jenne, Roy

Joseph, Dennis

Kasahara, Akira
Kiehl, Jeffrey
Klemp, Joseph
Kuo, William

Lamb, George

Collaborating
Institution

University of Colorado
University of Utah
University of Washington
University of Washington
University of Utah
University of Washington
University of Colorado
California Institute of

Technology
Various universities
University of Oslo
Various universities
University of Arizona
Bureau of Reclamation
Johannes Gutenberg 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
University of Washington
Institute for Naval

Oceanography
Massachusetts Institute of

Technology
Various universities
University of Chicago
Various universities
Various universities
Colorado State University
University of Utah
Various universities
University of Washington
Various universities
University of Washington
University of Utah
University of Chicago
University of Illinois, Urbana
Pennsylvania State University
University of Washington
University of Alaska

Lites, Bruce
Madden, Roland

Mankin, William

McWilliams, James
Miller, Jay

Nordlund, Aake
Oye, Richard
Parsons, David
Pouquet, Annick
Rasch, Philip
Richmond, Arthur

Roble, Ray

Rotunno, Richard

Schneider, Stephen

Smolarkiewicz, Piotr
Stordal, Frode
Swarztrauber, Paul
Trenberth, Kevin

Van Loon, Harry

Vaughan, Robin
Wade, Charles
Warner, Jack
Washington, Warren

Wyngaard, John
Zipser, Edward

Collaborating
Institution

University of Colorado
Colorado State University
University of Stockholm
University of Denver
Various universities
University of Pittsburgh
NOAA
Various universities
Various universities
Various universities
Colorado State University
Observatoire de Nice
University of Chicago
University of California, Los

Angeles
University of Colorado
University of Alaska
University of Arizona
Univeristy of Colorado
Various universities
Massachusetts Institute of

Technology
Purdue University
University of Miami
University of Toronto
University of Miami
University of Oslo
Stanford University
University of Illinois, Urbana
New Zealand Meteorological

Service
University of Colorado
Iowa State University
Various universities
Various universities
Desert Research Institute
Colorado State University
University of Wisconsin,

Madison
Battelle Labs
Colorado State University

Joint Use Projects

Lead User
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University Users

Principal Investigator and Number of Users
by University

Aerospace Corporation
Walterscheid, Richard

University of Alabama
Knupp, Kevin

University of Alaska
Rees, M. H.
Tanaka, Hiroshi

University of Arizona
Gall, Robert
Hunten, Donald

University of Chicago
(2) Bannon, Peter

Braham, Roscoe
Donner, Leo

(1) Fujita, T.
Konigl, Arieh
Macayeal, Douglas

(1) Ramanathan, V.
(1) Srivastava, Ramesh

Ziegler, Alfred

(3)
(1)

(3)
(3)

(4)

Atmospheric & Environmental Research, Inc.
Rosen, Richard
Wang, Wei-Chyung

University of British Columbia
Pielke, Roger

Brown University
Aref, Hassan

California Institute of Technology
Liu, W.
McKoy, Vincent

University of California, Davis
Grotjahn, Richard
Weare, Bryan

University of California, Irvine
Friehe, Carl

University of California, Los Angeles
Arakawa, Akio
Coroniti, Ferdinand
Dawson, John
Kreiss, Heinz
Mechoso, Carlos
Neelin, J. David
Venkateswaran, S.
Wakimoto, Roger
Yanai, Michio

University of California, San Diego
Canfield, Richard
McClymont, Alexander

Center for Environment and Man
Saltzman, Barry

Clark University
Nicholson, Sharon

Clarkson College
Fulton, Scott

Colorado School of Mines
Bell, Jean

Colorado State University
Bringi, V.

(1) Cotton, William
Cox, Stephen
Grant, Lewis

(3) Gray, William
(2) Hjelmfelt, Mark

Johnson, Richard
McKee, Thomas

(5) Pearson, Richard, Jr.
(5) Pielke, Roger

Randall, David
Reiter, Elmar

(1) Rutledge, Steven
Schubert, Wayne
Sinclair, Peter

(6) Stein, Robert
(5) Stephens, Graeme
(4) Stevens, Duane
(2)
(5) University of Colorado
(1) Ayres, Thomas
(1) Bannon, Peter
(3) Barry, Roger
(3) Begelman, Mitchell

Benton, Edward
Blumen, William

(3) Cathey, W.
(3) Curry, James

Dunn, Gordon
Dusenbery, Paul

(4) Goldman, Martin
Grossman, Robert

(4)
(4)
(1)
(5)
(1)
(1)
(6)
(4)
(1)

(1)

(2)

(6)

(4)
(26)

(4)
(6)
(2)
(2)
(4)
(1)
(5)

(49)
(10)
(1)
(5)
(9)
(1)
(1)
(9)

(14)

(2)
(1)
(2)
(3)
(6)
(3)
(2)
(2)
(2)
(3)

(14)
(3)

246



Scientific Computing Division

Hay, William
Hord, Charles
Hummer, David
Hynes, James
Kiladis, George
Kraus, Eric
London, Julius
Smith, Dean
Stewart, A.
Sweet, Roland
Wahr, John
Walker, Donald

(5)
(1)
(6)
(2)
(3)
(5)
(6)
(2)
(1)
(1)
(2)
(2)

Columbia University
Miller, Robert

Control Data
O'Sullivan, Donal

Mak, Mankin
Ogura, Yoshimitsu
Walsh, John

Institute for Scientific Research
Guberman, Steven

Iowa State University
Chen, Tsing-Chang
Stanford, John
Takle, Eugene

University of Iowa
Goertz, Christopher

(4) Nicholson, Dwight
Nishikawa, Ken-Ichi

(1) Johns Hopkins University
Haidvogel, Dale

Cornell University
Mermin, N.
Shapiro, Stuart

(2)
(3)

University of Denver
Goldman, Aaron
Murcray, David
Patel, Vithalbhai

(14)
(17)

(3)

Desert Research Institute
Long, Alexis (1)

Drexel University
Perkey, Donald
Riordan, Allen

(8)
(1)

Florida State University
Ahlquist, Jon
Krishnamurti, T.
Pfeffer, Richard
Ray, Peter
Smith, Eric
Surgi, Naomi

(3)
(11)

(7)
(4)
(2)
(2)

Harvard University
Jacob, Daniel
Marcus, Philip
McElroy, Michael
Saltzman, Barry
Smyth, William

University of Hawaii, Hllo
Takahashi, Tsutomu

University of Hawaii, Honolulu
Chen, Yi-Leng

Illinois State Water Survey
Ackerman, Bernice

University of Illinois, Urbana
Anderson, John

University of Kansas
Pielke, Roger

University of Maryland
Baer, Ferdinand
Carton, James
Ciao, Shenn-Yu
Dickerson, Russell
Shukla, J.

Massachusetts Institute of Technology
Dole, Randall
Emanuel, Kerry
Lindzen, Richard
Malkus, W.
Marcus, Philip
Meacham, Stephen
Pedlosky, Joseph
Rizzoli, Paola
Robinson, Allan
Wunsch, Carl
Young, William

University of Miami
(2) Barron, Eric
(4) Bleck, Rainer
(3) Boudra, Douglas
(1) Lee, Thomas
(2) Olson, D.

Pitcher, Eric
Prospero, Joseph

(1) Surgi, Naomi

Michigan State University
(2) Stein, Robert

Michigan Technological University
(2) Ierley, G.

University of Michigan
(2) Boyd, John

(2)
(18)

(4)

(1)

(10)
(5)
(9)

(6)
1)

(3)

(4)

(2)

(5)
(2)
(2)
(2)

(15)

(7)
(2)
(1)
(1)
(2)
2)

(2)
(7)
(4)
(3)
(4)

(10)
(9)
(6)
(1)
(1)
(4)
(3)
(1)

(2)

(1)

(7)
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Cravens, Thomas
Gombosi, Tamas
Killeen, Timothy
Mullen, Steven
Nagy, Andrew
Smith, Anne
Torr, Douglas

Middlebury College
Winkler, P. Frank

University of Missouri
Hale, Barbara
Salk, Sung

Naval Postgraduate School
Chang, Chih-Pei
Garwood, Roland, Jr.
Nuss, Wendell
Semtner, Albert, Jr.

University of Nebraska
Verma, Shashi

New Mexico Institute of Mining and Technology
Raymond, David
Winn, William

State University of New York
Bosart, Lance
Molinari, John

No Affiliation
Kraichnan, Robert

NOAA
Watterson, Ian

North Carolina State University
Bumiston, E.
Raman, Sethu

Northwest Research Associates, Inc.
Dunkerton, Timothy

Northwestern University
Birchfield, G. Edward

Nova University
Kundu, Pijush
Snyder, Russell

University of Oklahoma
Bluestein, Howard
Carr, Frederick
Droegemeier, Kelvin
Gal-Chen, Tzvi
Lilly, Douglas
Wilkins, Eugene
Xu, Qin

(6)
(3)
(3)
(5)

Old Dominion University
Cutter, Gregory
Oey, Lie-Yauw

(9) Oregon State University
(3) Ailen, John
(2) Bennett, Andrew

Esbensen, Steven
Mahrt, Larry

(1) Rutledge, Steven
Schlesinger, Michael
Strub, Paul

(2)
(3) Pennsylvania State University

Albrecht, Bruce
Barron, Eric

(5) Carlson, Toby
(3) Clark, John
(1) Fairall, C.
(8) Forbes, Gregory

Frank, William
Fritsch, Michael

(3) Kump, Lee
Seaman, Nelson
Shirer, Hampton

(2)
(4)

(5)
(2)

Unknown
Warner, Thomas
Webster, Peter

Portland State University
O'Brian, Robert

Princeton University-
(1) Okuda, Hideo

Orszag, Stephen

(1) Purdue University
Agee, Erest
Harshvardhan

(1) Snow, John
(3)

University of Rhode Island
Arimoto, Richard

(2) Arthur, Michael
Leinen, Margaret
Merrill, John

(2) Wimbush, Mark

(2)
(4)

(6)
(6)

(26)
(1)
(9)
(2)
(2)

Rice University
Lane, N.
Ledley, Tamara

Sacramento Peak National Observatory
Teem, John

Scripps Institution of Oceanography
Bamett, Tim
Roads, John
Williams, Peter

(1)
(1)

(3)
(16)

(6)
(8)
(4)
(9)
(1)

(4)
(11)

(3)
(1)

(22)
(21)

(6)
(9)
(8)
(3)
(3)
(2)
(9)
(6)

(3)

(2)
(10)

(4)
(4)
(4)

(3)
(2)
(3)
(4)
(1)

(2)
(5)

(1)

(2)
(1)
(1)
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South Dakota School of Mines and Technology
Farley, Richard
Helsdon, John
Musil, Dennis
Orville, Harold
Welch, Ronald

St. Louis University
Rao, Gandikota

Stanford University
Inan, Umran

Tel Aviv University
Warner, Thomas

Texas A & M University
Hofmann, Eileen
Nowlin, Worth
Panetta, R.

Texas Tech
Chang, Chia-Bo

University of Texas
Heelis, R.
Tajima, Toshi

Towner-Hastings Asssoclates
Hastings, Jordan

Trinity College
Brown, Philip

Utah State University
Schunk, Robert

University of Utah
Durran, Dale
Horel, John
Liou, Kuo-Nan
Nogues-Paegle, Julia
Paegle, Jan
Sassen, Kenneth

University of Virginia
Colucci, Stephen
Galloway, James

University of Washington
Baker, Marcia
Brown, Robert
Hartmann, Dennis
Hobbs, Peter
Holton, James
Houze, Robert
Kawase, Mitsuhiro
Leovy, Conway
Mass, Clifford
Reed, Richard
Rhines, Peter

(5)
(4)
(4)
(7)
(4)

Riley, James
Riser, Stephen
Teem, John
Wallace, John
Warren, Stephen

University of Wisconsin, Madison
Battisti, David

(2) Houghton, David
Johnson, Donald
Kutzbach, John

(4) Raymond, William
Schlesinger, Robert
Stull, Roland

(3) Tripoli, Gregory
Unknown

(2) Woods Hole Oceanographic Institution
(4) Chapman, David
(2) Geyer, W.

Huang, Rui
Pedlosky, Joseph

(1) Royer, Thomas

(1)
(5)

University of Wyoming
Rodi, Alfred

Yale University
Park, Jeffrey

(2) Saltzman, Barry
Turekian, Karl

(2)

(6)

(3)
(6)
(9)

(14)
(10)

(1)

(1)
(3)

(6)
(1)
(4)

(13)
(10)

2)
(5)
(1)
(4)
(2)
(4)

(2)
(3)
(1)
(6)

(11)

(3)
(13)
(15)
(11)
(1)
(1)
(6)
(5)
(1)

(5)
(1)
(2)
(1)
(1)

(3)

(2)
(3)
(1)
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The goals of the Atmospheric Technology Division (ATD) are twofold:

* To provide unique centrally administered observing facilities for use in
research programs of the atmospheric sciences community.

* To improve these facilities and to develop next-generation facilities as
community requirements dictate, by means of strong internal development
programs.

ATD's operational capabilities include research aviation, remote sensing,
atmospheric sounding, automated surface observations, and interactive computing
facilities, with skilled scientific and technical staff available for their operation
and deployment. 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 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 had a direct influence on ATD's plans for the development of new systems and
include focusing on the needs for longer-range aircraft, improved 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 research efforts in the climate and
hydrologic systems and biogeochemical dynamics portions of the proposed U.S.
Global Change Research Program.

The division works closely with other NCAR divisions, universities, the
National Science Foundation (NSF), and other federal agencies to ensure that its
facilities and longer-range plans provide for instruments and services most needed
by the community.
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Significant Accomplishments

* The division supported 23 projects during fiscal year (FY) 1989. Some major
NSF studies in mesoscale meteorology could not be supported in FY 89 due
to lack of funding at the NSF grants program and at NCAR for deployment
of field facilities. The Hawaiian Rainband Project (HaRP) was delayed as a
consequence of these funding limitations.

* Electra Doppler Radar (ELDORA) development moved strongly into the
fabrication of major radar subsystems, including transmitter, complex
waveform generator, radar control, and data systems. Several of these
subsystems were integrated to form a ground-based test radar at the
Marshall Field Site. Construction of the ELDORA High Power Amplifier
(HPA) was initiated. Preparations for rotodome construction and aircraft
modifications are well under way.

* The Mile High Radar (MHR) was installed at a site northeast of Denver.
Extensive modifications to hardware and software were completed to allow
the radar to operate as required by the National Weather Service (NWS)
and Federal Aviation Administration (FAA). MHR operations began in July
1989, with the data being transmitted to the NOAA Program for Regional
Observing and Forecasting Services (PROFS) and to NCAR's Research
Applications Program (RAP). PROFS generated forecasting products based
on these data for the NWS Denver office for continued Denver AWIPS-90
Risk Reduction and Requirements Evaluation (DAR 3 E) operations. RAP
generated aviation products for the FAA at Denver's Stapleton Interna-
tional Airport to further test Terminal Next Generation Radar (NEXRAD)
operations. The radar will provide virtually continuous information for
short-term forecasting and nowcasting research and will provide an archive
of the climatology of precipitating systems in the region.

* The Atmosphere-Surface Turbulent Exchange Research (ASTER) facility
neared completion by the end of 1989. This facility includes classical high-
frequency micrometeorological measurements for determination of the fluxes
of water vapor, heat and momentum. Most importantly, it allows chemical
instrumentation data to be collected with the meteorological observations
at both high and low sampling rates, and thereby permits estimations of
trace constituent fluxes in relation to land-surface exchanges and atmospheric
processes. Field testing is expected to be completed by early 1990 and field
programs will be supported immediately thereafter.

* ATD continues to interact regularly with the Atmospheric Chemistry
Division (ACD) and Mesoscale and Microscale Meteorology Division (MMM)
through four joint scientific appointments. In addition, more than a
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dozen intermediate and long-term visitors worked with ATD's staff in new
instrumentation and collaborative research.

Organization

The division consists of five management units: the Research Aviation Facility
(RAF), the Field Observing Facility (FOF), the Surface and Sounding Systems
Facility (SSSF), RAP, and the Design and Fabrication Services Group (DFS). RAF,
FOF, and SSSF provide the community with measurement capabilities extending
from the earth's surface through the troposphere and into the stratosphere.
Available instrument systems include instrumented aircraft, Doppler radars,
surface networks, and sounding systems. Operations staff and the expertise
needed to deploy these capabilities are routinely provided in support of field
research programs. Within these facilities, ATD provides outstanding research
and development capabilities, emphasizing remote- and immersion-sensing devices,
data processing, interactive computing, and displays.

RAP focuses its efforts on the transfer of technology and knowledge from the
research community to mission-oriented agencies and the private sector. In recent
years, specific emphasis has been placed on aviation weather forecasting.

In FY 89, the Director's Office was staffed by a director, an administrator,
an administrative assistant, an administrative secretary, and a documentation
and personal computer support specialist. Robert Serafin vacated the position of
Director in May 1989 to assume the duties of NCAR Director. Richard Carbone
assumed the duties of Acting ATD Director for the remainder of FY 89. DFS,
which provides mechanical design and machine shop services to all of NCAR, as
well as various universities, reports to the Director.

Research Aviation Facility

Mission and Goals

RAF's mission is to develop and operate instrumented research aircraft for the
atmospheric science community.

RAF goals are:
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* 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 staffs
monitor research needs and technological developments that can be applied
to those needs.

Aircraft Fleet and Instrumentation

During FY 89, 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, etc.

* 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 atmospheric chemistry in the upper troposphere
and lower stratosphere, ice particles at high altitudes, upper tropospheric
and lower stratospheric 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 for the
measurement of wind components and turbulent air motions, and have basic
systems for the measurement of state parameters such as temperature, pressure,
and dew point. All can be equipped with probes that detect cloud and precipitation
hydrometeors and with 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
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vapor. In addition, the platforms are flexible; user-supplied or other specialized
equipment can be installed in the aircraft and integrated with the data systems to
meet particular needs.

Field Support and Test Projects

RAF supported 14 university, NCAR, or other-agency projects, flying 225
separate flights for a total of 636 flight hours. Field programs supported
during FY 89 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 were tested on
the NCAR King Air. These included the new fast-ozone (dye chemiluminescence)
instrument, Active Scattering Aerosol Spectrometer Probes (ASASPs) flown for
intercomparison, the new ultraviolet (UV) hygrometer, several new temperature
probes including ones constructed by Paul Lawson (ATD/MMM visitor from
SPEC, Inc.) and Carl Friehe (University of California, Irvine), the microwave
refractometer, and an experimental "M-Meter" for the detection of particle mass.
Modifications to the OPHIR radiometer were also tested, and some useful data
were collected with an improved version of the particle spacing monitor.

Table 1. Summary of Disposition of FY 89 Flight Requests

No. of Projects No. of Hours No. of
Requested/Flown Requested/Allocated/Flown Missions

Sabreliner N307D 7 5 404 221 227.4* 111
Electra N308D 5 4 441 211 218.6 50
King Air N312D 11 5 641 151 190.2** 64

TOTAL 23 14 1486 583 636.2 225

* Includes 25.0 hours of cost-recovery flight time.

** Includes 45.2 hours of cost-recovery flight time.
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Table 2. Summary of Aircraft Use

User Project Aircraft 1 Science 2
Research
Period

Hours
Flown

Cooper/NCAR

Mankin-Coffey/NCAR

Smith/Yale Univ.

Emanuel/Massachusetts
Institute of Technology

Friehe/Univ. of
California

Bandy/Drexel Univ.

Huebert/Univ. of
Rhode Island

Nelson/Ophir Corp.

Twohy/NCAR

Dickerson/Univ. of
Maryland

Hildebrand/NCAR

Dye-Ridley/NCAR

Grossman/Univ. of
Colorado

Twohy/NCAR,
Charlson/Univ. of
Washington,

Huebert/Univ. of
Rhode Island

Instrumentation Test

Shire

ERICA

ERICA

SMILE

CPACE

PASIN

KA

SL

SL

EL

KA

EL

EL

Airborne Exhaust Studies

CVI test

NDTP trace gases

ELDORA Test

NO from lightning

FIFE II

Cloud droplet chemistry

SL

KA

SL

EL

SL

KA

KA

E 10/3-10/14/88

AC 10/11-11/8/88

D/AC 12/10-12/21/88
12/29/88-2/16/89

D/BL 12/1-12/21/88
12/29/88-2/9/89

BL/E 2/8-3/15/89

AC 3/9-4/13/89

AC 3/9-4/13/89

CP

E

AC

E

AC

BL

3/13-4/14/89

5/15-5/26/89

6/12-7/1/89

7/11-7/14/89

7/25-8/25/89

7/24-8/12/89

CP 9/12-10/1/89

6.4

64.1

73.2

89.0

103.5

98.3

24.6

25.0

10.0

34.8

6.7

30.3

45.2

25.1

King Air
Sabreliner
Electra

2 AC
BL
MS
CP
E
D

Atmospheric chemistry
Boundary layer
Mesoscale
Cloud physics
Evaluation of instruments
Atmospheric dynamics

1 KA
SL
EL
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Southern Hemisphere Infrared Experiment (SHIRE). In this program,
the Sabreliner was flown from Jefferson County Airport in Colorado to the southern
tip of Argentina. William Mankin and Michael Coffey (both of ACD) were the
principal investigators (PIs). The purpose of the experiment was to measure, using
remote spectrometric techniques, the distribution of stratospheric trace gases,
particularly those which control the stratospheric ozone layer. The infrared spectra
were used to derive column amounts of a number of important stratospheric
molecules, including ozone (Os), diatomic hydrogen (H 2 ), methane (CH 4 ), nitric
oxide (NO), nitrogen dioxide (NO2 ), nitric acid (HNOs), hydrochloric acid (HC1),
and hydrofluoric acid (HF). The southern hemisphere data were obtained to
complement the previously obtained northern hemisphere data base and will
permit studies of the differences between the two hemispheres. These differences
in stratospheric chemistry are due to differences in sources of species and the
circulations in the respective hemispheres. These results will be compared
with calculations from two-dimensional models incorporating interhemispheric
differences.

Experiment on Rapidly Intensifying Cyclones in the Atlantic
(ERICA). This phase of the ERICA program, under the direction of Kerry
Emanuel (Massachusetts Institute of Technology, or MIT), centered on data
collection using the Electra aircraft within the lowest levels (50 to 300 m above
ground level, or AGL) of the warm sector of wintertime cyclones over the Atlantic.
The primary data set contains information on the thermal disequilibrium at these
levels, and will be used to test a central hypothesis of the ERICA experiment.
This hypothesis maintains that a driving feature of explosive cyclogenesis is the
contribution to the temperature field of surface latent and sensible heat fluxes and
the associated redistribution of heat aloft by moist convection.

The research flights were highly successful due to the excellent timing of both
the ERICA and MIT forecasting teams in identifying the early phases of cyclone
development. The Electra flight and scientific observing teams also responded well,
often under adverse weather conditions, to reach cyclones at the proper time.

Several of these storms over the Atlantic developed into low-pressure "bombs,"
with central pressures in the 950 to 960 mb range. Most of these cyclones
developed and moved along the Gulf Stream. The ferry flights to and from the
cyclone research areas provided opportunities to deploy the newly developed NCAR
Lightweight Cross-chain Long Range Navigation (Loran) Digital Dropwindsonde
(L2D2). The Electra used other new measurement capabilities on this project-a
heated radome gust probe, a fast ozone device, and a remote in-cloud temperature
sensor (OPHIR). The initial project review indicates that the experiment's
objectives were achieved with excellent data quality.

Tropopause Studies during ERICA. Ronald Smith (Yale University) used
the Sabreliner during ERICA to determine the structure of the tropopause in the
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mid-latitude winter environment. He was also interested in investigating the role
of the upper troposphere in the dynamics of ERICA-type storms, as well as the
exchange of gases and particles between the troposphere and stratosphere. The
use of an extensive set of airborne instruments capable of measuring a variety of
tropopause tracers, and the excellent coordination with the larger ERICA project,
which afforded a more complete set of auxiliary meteorological measurements, were
two unique features of this project.

The research flights were conducted under a variety of atmospheric situations
important to the PI. On one flight, the PI was able to measure the fine-scale
temperature structure between two converging jet streams. On two other missions,
he was able to make high penetrations into stratospheric polar eddies by flying
north into Canada to higher latitudes. The data were obtained from standard
RAF instrumentation and several new sensors, including devices to measure carbon
monoxide (CO), 03s, and condensation nuclei (CN). In addition, a new cryogenic
hygrometer developed at RAF was used to measure very low dew points. The
array of chemistry sampling instruments provided unique information at different
altitudes near the tropopause. Typically, a modest decrease in CO was observed
at the tropopause, and the CN concentration peaked. On several stratospheric
flights, O s concentrations in excess of 500 ppbv were observed.

Smith feels that the cryogenic hygrometer represents a breakthrough in
airborne measurements, because it provided relatively fast-response measurements
(approximately 0.3 to 1 Hz) down to dew points as low as -83°C, with errors less
than 1°C. This accuracy allowed, for example, noting a distinction between water
and ice saturation in cirrus clouds.

Shelf Mixed Layer Experiment (SMILE). Friehe used the King Air to
study the interactions between the lower atmosphere and the ocean waters over
the continental shelf off the coast of Northern California. In addition to the King
Air, research ships, oceanographic moorings, weather buoys, Portable Automated
Mesonet (PAM II) stations, and air-dropped and tracked oceanographic drifters
were used to study the response of the ocean circulation to winter storms. The
King Air was based in Santa Rosa, California, at the Sonoma County Airport.
The basic pattern flown by the King Air was low-level mapping (30-m altitude) of
the surface winds and sea-surface temperatures out to about 50 km offshore, with
vertical soundings made at the northern and southern ends of the research area
and along lines perpendicular to the coast.

Several good storm systems that caused strong coastal upwelling moved through
the area during the experiment. Preliminary results indicate that the on-coast and
up-coast winds produce a large variability in the patterns of sea surface conditions.
The vertical structure of the boundary layer was found to be quite complex near
the coast. The characteristics of the marine boundary layer during non-stormy
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conditions were also measured during several research flights. The project data
base thus should provide good information on differences in momentum transfer to
the ocean between the two types of cases for the same low-level winds.

Aircraft Contrail Studies. Loren Nelson (Ophir Corporation) used the
Sabreliner for research on contrails during parts of March and April 1989.
Nine missions to study contrail formation were flown, and characteristics of the
instruments and measuring techniques were studied on two additional flights.
The flights provided good tests of theoretical predictions of contrail onset. The
data set collected should provide the basis for a definitive assessment of the
conditions required for contrail formation and will serve to characterize the sizes
and concentrations of contrail particles.

North Dakota Thunderstorm Project (NDTP)--Trace Gases. Under
the direction of Russell Dickerson (University of Maryland), the Sabreliner
participated in the NDTP to study the influence of convective clouds and
thunderstorms on the distribution of tropospheric trace gases, including NOy,
NO, CO, 03, and nonmethane hydrocarbons (NMHC), and on the distribution
of solar UV radiation. On five occasions, the flights were coordinated with
NDTP flights when thunderstorms were in the research area. These flights
provided information on trace-gas concentrations in the inflow and outflow regions
of the storms, as well as in the surrounding environment. The other seven
research flights were done in clear air and provided calibrations of the chemistry
instrumentation and background levels of the subject trace gases in the upper and
middle troposphere and the planetary boundary layer. On several occasions, the
PI sampled stratospheric air both above the tropopause and in tropopause folds.
Both RAF- and user-supplied instrumentation performed well, and the data set is
of excellent quality.

Particle Matter Airborne Sampling Inlet Experiment (PASIN) and
Central Pacific Air Chemistry Experiment (CPACE). In March and April
1989, the Electra supported an ambitious joint-use air chemistry program that
combined two distinct experiments with overlapping goals. The aircraft was
equipped with the standard RAF high-rate turbulence instrument package, along
with a broad complement of both gaseous and aerosol sampling components,
which were operated by a team of scientists from different university and national
facilities. Roughly 120 hours of research were flown during 19 flights, with
operations split between the western continental United States and the Central
Pacific.

PASIN was led by Barry Huebert (University of Rhode Island). This
experiment was designed to characterize the performance of six different air
sampling inlet systems and to evaluate their effects on bulk aerosol sampling.
Individual cross-calibrated flow meters were used to match and monitor flow rates.
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Initial operations, conducted out of Denver, Colorado, consisted of boundary-layer
sampling throughout the Front Range and Four Corners areas. Subsequent
sampling was conducted during the CPACE maritime flights. Both continental
and maritime environments were sampled in order to evaluate the systems over a
significant range of aerosol sizes and types.

CPACE was led by Alan Bandy (Drexel University). The experiment was
designed to test and intercompare gas chromatographic and mass spectrometric
techniques to establish their usefulness in the airborne sampling of sulfur gases
(sulfur dioxide, SO 2; hydrogen sulfide, H2 S; dimethyl sulfide, DMS; carbonyl
sulfide, OCS; and carbon disulfide, CS 2) in a remote clean marine environment.
Measurements of NO, NO2 , high-rate O0, and volatile aerosol constituents were
added to enhance the basic air chemistry data available for the central Pacific.
Operations were based out of Hilo, Hawaii; 800 to 1,000 km sampling legs extended
the coverage to more remote areas.

Instrumentation Test: Counterflow Virtual Impactor (CVI). These
tests used the King Air to evaluate the performance of the CVI, investigate the
effects on liquid water measurements of probes extending to different distances
from the aircraft, and compare a new particle-sizing probe, the FSSP-300 (FSSP
stands for Forward Scattering Spectrometer Probe), with the FSSP-100. The
CVI allows size-selective sampling of cloud droplets and below-cloud aerosols, and
thus can be used to determine droplet chemical composition and concentration
as a function of droplet size. Such data are important in studies of how
droplet chemistry is affected by droplet growth processes, chemical reactions,
and entrainment. Preliminary results obtained under a variety of atmospheric
conditions indicate that the CVI, in general, functions well in both clear air and
clouds. The collection efficiency of the CVI for different sizes of droplets was
improved and characterized further in the Cloud Droplet Chemistry Experiment
(CDCE) conducted in late FY 89 from a base in Monterey, California. Data from
the instrumentation test flights will also be useful in determining the distribution
of liquid water around the aircraft and in characterizing the new FSSP.

First International Satellite Land Surface Climatology Program
(ISLSCP) Field Experiment H (FIFE II). The second FIFE expedition
was conducted out of Salina, Kansas, between 24 July and 12 August 1989. The
King Air participated in FIFE II under the direction of Robert Grossman (Univer-
sity of Colorado and Cooperative Institute for Research in Environmental Sciences,
or CIRES). Flight operations again centered on the Konza Preserve, a section of
prairie grassland maintained in its original state, and were closely coordinated with
other FIFE aircraft and ground-support measurements. The experiment focused
on boundary-layer flux measurements of both sensible and total heat. These direct
measurements will serve as ground-truth data for comparison with satellite- and
aircraft-based remote sensors and will allow scientists to examine the physical
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mechanisms involved in boundary-layer processes. Most flight operations were
conducted under clear to partly cloudy skies and light winds. The seasonal time
frame was specifically chosen in an attempt to monitor a significant "dry down"
of the Konza. Although the interval was unusually humid, temperatures remained
high, with only minimal precipitation. Surface-based soil moisture monitors
indicated that the target conditions were achieved.

The task of collecting airborne flux measurements for the experiment was split
between the King Air and the Canadian National Aeronautical Establishment
Twin Otter. In order to ensure the compatibility of these two data sets, a series
of formation intercomparison flux legs were flown. Preliminary results showed
excellent correlation in the measurements from the two aircraft of both sensible
and total heat flux.

Sabreliner Study of Nitrogen Oxide Production by Lightning. James
Dye (MMM/ATD) and Brian Ridley (ACD) used the Sabreliner in New Mexico
during July and August to investigate the production of oxides of nitrogen (NOy)
and OS by electrified clouds. Ridley, with the help of James Walega (ACD), made
measurements of NO, NO2 , NOy, and O3 from the Sabreliner. Simultaneously,
lightning discharges were detected on the ground using electric field change meters
built by William Rison (New Mexico Institute of Mining and Technology, or
NMIMT), an optical detector built by Charles Moore (NMIMT), and the Boise
Interagency Fire Center lightning location network. Measurements were made
primarily across the anvils of small thunderstorms and revealed that the largest
enhancement of NO occurred very near the top of the anvil outflow. Values of
NO in one storm exceeded 2000 pptv (almost 100 times the background level of
about 30 pptv outside of the cloud) and the average value over a 40-km path was
740 pptv. Analysis is continuing on this very interesting data set.

Cloud Droplet Chemistry Experiment. This program, led by Cynthia
Twohy (ATD/MMM/ACD visitor, University of Washington), Robert Charlson
(University of Washington), and Huebert was a collaborative study of droplet
chemistry in stratocumulus clouds off the California coast. Two different collection
methods for cloud water samples were used: Mohnen slotted rods, which collect a
bulk cloud water sample, and the CVI, which allows size-selective droplet sampling.
Chemical results from the two methods were compared and used to investigate
how droplet chemistry is affected by different cloud processes. The experiment
was also used to better characterize the CVI and another new instrument, which
collects aerosol particles on filters outside the aircraft. In the final data analysis,
the microphysical measurements will be integrated with the measurements of cloud
radiative properties to study their relationships.
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Instrumentation Development Activities

RAF scientists conduct research and development to maintain the NCAR
research aircraft as state-of-the-art research facilities and to develop new capabil-
ities that match community measurement needs. The current strategy guiding
RAF development activities focuses on three areas: acquisition and calibration of
new instruments to support atmospheric chemistry; development of new airborne
remote sensors; and improvements in the accuracy and reliability of the basic
measurements of temperature, pressure, humidity, and wind.

Airborne Chemistry Sensors-High Sensitivity CO Detector (Gre-
gory Kok, Project Leader). Development of a high-performance gas filter
correlation CO analyzer continued in FY 89. The objective is to provide a CO
analyzer which can operate routinely on NCAR aircraft with minimal operator
intervention and sufficient sensitivity to measure CO concentrations in the remote
atmosphere. The first test flights of the instrument were made in January 1989
on the Sabreliner during the ERICA program. The instrument showed good sensi-
tivity; however, there was considerable baseline drift with changes in temperature.
This problem was traced to the gas filter correlation cell. A new cell was designed
and its location on the instrument changed to isolate it from heat sources. A
second series of test flights indicated that the temperature drift problem has been
rectified. Additional testing is planned for early FY 90.

Airborne Chemistry Sensors-Fast Response 03 Analyzers (Kok,
Project Leader). A series of alternatives to the nitric-oxide-chemiluminescence-
based instrument for the measurement of Os at response speeds up to 10 Hz have
been investigated. The alternative techniques have involved the chemiluminescent
reaction of 03 with an organic dye. Three different dyes have been studied.
Preliminary indications show that Rhodamine B provides the best response. To
eliminate the known problem of a humidity interference with the 0 3 /Rhodamine
B reaction, the reaction surface is heated to approximately 100°C, which improves
the response time of the instrument. Development work is continuing and a test of
the new system in comparison with a conventional fast-response ozone analyzer is
expected during FY 90.

NCAR Airborne Infrared Lidar System (NAILS) (Ronald Schwiesow,
Project Leader). NAILS is a multiyear effort to develop a Doppler lidar for
measuring winds in the clear atmosphere. Prior to FY 89, a preliminary version
of the lidar was used aboard the Electra to measure backscatter profiles and
to develop operating experience with the pulsed laser system. In FY 89, RAF
moved toward the goal of an operational Doppler lidar by participating in a
ground-based field experiment with the aerosol-profiling version of the lidar,
undertaking a complete redesign of the optical system, and developing the Doppler
signal-processing electronics.
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Early in FY 89, the lidar was mounted in a trailer at the Boulder Atmospheric
Observatory to gain additional operating experience for ground-based tests and
to support a study on the dispersion of road dust directed by John Winchester
(visitor, Florida State University) and Dale Gillette (NOAA). The lidar data from
this experiment are being analyzed to determine under what conditions dust from
roads mixes into the free atmosphere and can react with precursors of acid rain.
The NAILS instrument was especially well suited to the study because it is more
sensitive to dust and other large particles than are shorter-wavelength lidars.

With the help of Philip Young (visitor, University of Wisconsin-Platteville),
RAF determined the optical parameters of the pulsed-CO2 laser transmitter and
the continuous-wave local oscillator laser. This allowed continuing with the optical
design for converting NAILS from a direct-detection lidar to a heterodyne lidar
able to measure the Doppler shift of the scattered signal. The new design includes
a transmitter module to inject the seeding radiation into the pulsed-laser cavity,
and a new receiver module to combine the local oscillator with the signal. DFS is
designing a new laser optical cavity for NAILS that will allow active stabilization
of the cavity length and modification of the laser pulse shape with a Q-switch
based on a saturable dye.

RAF engineers have completed the design of the Doppler signal-processing
electronics, which are based on the RP-7 development in FOF. The host computer
chassis and stock cards have been assembled and tested, and RAF staff have
taken relevant SUN computer training. Circuit cards have been fabricated and
are awaiting component installation. The processing algorithms have been tested
in a slow simulation and the code for the high-speed digital signal-processor chip
has been written. Auxiliary electronics, such as signal amplification and laser
frequency control, are in the breadboard stage.

During FY 89, RAF completed the majority of the hardware and software
development necessary for testing the Doppler NAILS. Final optical mount design
and circuit construction remain for completion in FY 90, after which the system
will be mounted in the Electra and flight-tested. If all goes as planned, the first
field test of NAILS will occur during HaRP in the summer of 1990.

Humidity Sensors-Airborne Cryogenic Frost-Point Hygrometer (Paul
Spyers-Duran, Project Leader). In response to the need for better measure-
ments of low humidities in the middle to high troposphere and the lower
stratosphere, RAF developed an airborne cryogenic frost-point hygrometer. Prior
to the development of this new hygrometer, aircraft measurements relied on
devices that could not respond rapidly or maintain the large dew-point depressions
required to measure low humidities accurately. Measurements of low humidities
are needed to study the exchange of air between the troposphere and stratosphere
and the chemical composition of both regions near the tropopause. Because
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these processes are highly localized and transient in nature, only an aircraft-based
instrument can provide the needed measurements.

This successful RAF development is based on the 1981 work by H.J. Mas-
tenbrook (Naval Research Laboratory, or NRL) that was adapted by the NOAA
Geophysical Monitoring for Climate Change program for balloon-borne strato-
spheric water vapor measurements. RAF's modification and redesign of the
instrument for airborne use on the Sabreliner resulted in a capability for relatively
fast-response measurements of dew points as low as -85°C.

The new instrument is a chilled-mirror, condensation-type hygrometer that uses
optical detectors for condensate sensing. The mirror, optics, and electrical circuit
make up a thermo-optical servo system that maintains a condensate equilibrium at
the frost-point temperature, as is done in conventional cooled dew-point devices.
The unique feature of the cryogenic hygrometer is the use of a liquid nitrogen
coolant as a heat sink. The mirror's temperature can be changed rapidly by
electrical heating. This feature allows the instrument to respond rapidly and
maintain the required large dew-point depression.

This hygrometer was successfully used as an experimental device in three
recent RAF-supported field projects: ERICA, NDTP, and the NO Production
from Lightning Project.

Humidity Sensors-UV Hygrometer (Schwiesow, Project Leader). This
effort to develop a replacement for the troublesome Lyman-alpha instrument has
continued during FY 89, but at a slower pace because of staffing constraints. The
new UV hygrometer uses two paths and two wavelengths, and thus has a number of
advantages in correcting for changes in lamp output and window transmission that
result from the rapidly changing environment of an airborne instrument. Following
construction of the prototype instrument in FY 88, RAF conducted airborne flight
tests in FY 89. The digital data system, designed at RAF, allows examination of
the individual signals from either or both of the paths and wavelengths. Analysis
of these data demonstrates the necessity for two wavelengths, especially near
cloud boundaries, and for two paths, especially when the ambient temperature is
changing rapidly.

A paper describing the principles of operation of the UV hygrometer and
preliminary test results is in its final stage of preparation for submission to
the Journal of Atmospheric and Oceanic Technology. Various university research
groups have shown considerable interest in this development. RAF will try to work
collaboratively with one or more of these groups to accelerate progress on the new
hygrometer. Based on the flight tests, a number of improvements to the lamp
electronics and housing aerodynamics should be made in FY 90 before any further
testing. Research on the spectral output of the lamps is required to understand
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observed differences between laboratory and field estimates of the water vapor
absorption coefficient.

Humidity Sensors-Microwave Refractometer (Spyers-Duran, Project
Leader). As an alternative approach to the Lyman-alpha sensor for fast-response
humidity measurements, the new microwave refractometer was used on the SMILE
and FIFE II projects during FY 89. The device's circuitry has been modified and
rebuilt and the electronic module repackaged. The prototype is undergoing further
testing and evaluation with regard to its pressure and temperature sensitivity
during airborne operations. The microwave refractometer should be classified as
operational during FY 90. This instrument has shown promise as a standalone
device for measuring humidity fluctuations.

Inertial Navigation System (INS) Replacement (Richard Friesen,
Project Leader). During FY 89, RAF initiated a project to replace its
obsolete and unreliable LTN-51 INS. These systems, some of which are 20 years
old, have suffered an increasing number of failures during field projects, resulting
in some operational and scientific objectives being severely compromised. RAF is
studying new system requirements from both a research and an operational point
of view. When this study is completed, RAF will select a new INS unit that is
best suited to future needs. Careful consideration in the areas of high reliability
and unaffected comparatively low "duty cycle" (i.e., hours flown) is being given to
the current generation of laser strap-down systems. Several of these new systems
also can integrate navigational inputs from the Global Positioning System (GPS)
as an aid in INS navigation. Current plans call for the first of the new systems to
be installed during the second quarter of FY 90.

Airborne Data Display System Upgrade (Mary Griffith, Project
Leader). A SUN-3E120 computer was built for this new data display sys-
tem. The first phase of an interactive data-processing and display system code
was written and tested, using the standard SUN operating system and SUNVIEW.
The new high-resolution color display features four windows where the user can
choose graphical or numerical information. A fifth window provides user help
information and system status. The user can change displays, zoom, freeze, or
print hard copies with a single-button command. Conversion of the recording
devices to Exabyte cartridge recorders has increased the recording system's speed
and capacity while reducing its size and weight. At the end of FY 89, the system
was ready for installation in the King Air.

Flow Distortion Analyses (William Cooper, Project Leader). Theo-
retical work by John Wyngaard (MMM) and Donald Lenschow (MMM/ATD) has
indicated that some measurements of fluxes using radome gust-sensing systems on
RAF aircraft need to be carefully examined because of possible biases introduced
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by airflow distortion. To obtain quantitative estimates of these errors, potential-
flow calculations were used to study the effects of flow distortion on measurements
of scalar quantities such as air temperature, water vapor density, and trace gas
concentrations. For actual aircraft shapes (as modified by installation of radome
gust probes) and for standard sensor locations, these calculations showed that
measured fluxes of sensible heat, water vapor, and trace gases could be in error
because of false correlations between the sensor responses and the airflow angles.
Correction schemes were also proposed, and an experimental test of the predictions
confirmed their validity. For normal applications to fluxes of heat or water
vapor in a mid-day boundary layer over land, the errors were generally less than
10%, and hence minor in comparison to common statistical uncertainties in such
measurements. However, for measurements where the deposition velocity is small
(as would often be the case for CO2 or CH4), the errors can be larger than
the true flux. These results were presented at the International Workshop on
Wind, Turbulence, and Position Measurements held in Oberpfaffenhoffen, Federal
Republic of Germany (FRG), in July 1989, and in a paper by Cooper and Diana
Rogers (RAF student visitor) submitted for publication.

CVI (Twohy, Project Leader). A new technique for sampling cloud
droplets has been tested on the King Air and will soon be installed on the Electra.
The CVI collects droplets above a certain size in a cloud and separates them
from surrounding interstitial gases and aerosol particles. The droplets are then
evaporated, allowing analysis of the residue particles and volatile gases by various
methods. Droplets in different size ranges can also be sampled by adjusting flow
rates within the instrument. In September 1989, a prototype NCAR CVI was used
in conjunction with an impactor, hygrometer, CN and optical particle counters,
and filters to investigate the chemistry of stratocumulus clouds off the coast of
California.

Developed in a collaborative effort between the University of Washington and
the University of Stockholm, this technology should be available to NCAR users
by mid-1990. Subsequent work will involve improving the electronics of the CVI
to make it more "user-friendly" and testing different inlet and flow configurations
to optimize its collection efficiency. Peripheral instruments that best serve the
needs of the majority of the scientific community will be selected to accompany
the CVI to provide innovative and useful measurements related to cloud physics
and chemistry.

In-Cloud Temperature Measurement (Cooper, Project Leader). Three
efforts were directed toward improving airborne measurements of temperature in
cloud. First, Lawson and Cooper submitted an article to the Journal of
Atmospheric and Oceanic Technology in which they demonstrated that some
commonly used immersion sensors measure erroneously low values in cloud, while
an OPHIR radiometric thermometer apparently functions properly both in and
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outside of cloud. Second, RAF participated in testing a new generation of the
radiometric thermometer (OPHIR II) that is smaller and lighter than the original
version and more suited to general use on research aircraft. These tests indicated
that the measurements from OPHIR II are comparable to those from the original
instrument. Third, Lawson tested a new immersion sensor, designed to avoid the
problems of sensor wetting, and obtained data indicating that this sensor functions
properly in cloud. This latter development may lead to a new immersion sensor,
much smaller and less expensive than the radiometric sensor, and better able to
measure the fine-scale structure of temperature in clouds.

Small Ice Crystal Detector (Cooper, Project Leader). In collaboration
with Andrew Heymsfield (MMM), a new instrument for the detection of small ice
crystals was designed, constructed, and tested. In this instrument, ice crystals
impact onto a moving film and are then carried inside the instrument, where
they are illuminated and recorded by a video camera. The instrument records ice
crystals too small to be detected by the Particle Measurement System imaging
probes, and provides high-resolution images of the ice crystals, from which habits
and degrees of riming can be determined. The instrument should be able to
measure the concentrations of small ice crystals in cirrus clouds, and so may
resolve the current controversy regarding these crystals and their role in the clouds'
radiative effects. The instrument also provides high-resolution images similar to
those obtained from slide samplers or replicators, but with far less effort and
maintenance.

Instrumentation Development for the Sailplane (Dye, Project Leader).
Dye, Michael Spowart, and Cynthia Humiston, in collaboration with Daniel Breed
(MMM), added two rotating-shutter mills with logarithmic output to the sailplane's
complement of field meters. The log amplifiers were designed, built, tested, and
calibrated by Humiston and Spowart to reduce the number of data acquisition
channels necessary to record the electric field data, which can range over four or-
ders of magnitude in both the negative and positive direction. The new "log-amp"
mills were flown and compared to the field mill on the sailplane's nose, which was
designed by William Winn and J.J. (Dan) Jones (both of NMIMT) in a variety of
thunderstorm conditions over the mountains west of Boulder. Preliminary results
showed that the log-amp mills performed well in measuring electric fields greater
than about 180 V/m, and potential improvements were identified that would
extend the measurements to below 100 V/m. The redundancy of measuring one
of the electric field components with both the nose mills and the log-amp mills
proved useful in calibrating the mills against each other and also allowed deduction
of the fore-to-aft component of the electric field not previously measured by the
sailplane.

Aircraft-Launched Expendable Bathythermograph (AXBT) Capabil-
ity on the Electra Aircraft (Spyers-Duran, Project Leader). The capability
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for airborne deployment of expendable sensors for oceanic research is the latest
addition to the array of research instruments available on the Electra. The newly
installed launch tube can deploy any probe in a sonobuoy package (e.g., the AXBT
sensors). The capacity of long-range aircraft such as the Electra to cover large
areas of the ocean in a single flight has long been recognized. In order to collect
the necessary data to better understand oceanic processes, scientists are expected
in the future to make more extensive use of long-range aircraft to drop expendable
sensors like the AXBT.

As part of the instrumentation package, Kim Weaver developed an Expendable
Probe Receiver System (EXPRS). This advanced system enables the aircraft to
receive data telemetered back on sonobuoy channels from three different probes
simultaneously. The EXPRS system is currently configured to process AXBT data.
Testing of this system is scheduled for the spring of 1990.

RAF Staff Research Activities

Darrel Baumgardner, with Bruce Gandrud (ACD) and Dye, participated in
the Arctic Ozone Project. They measured stratospheric aerosols and polar ice
clouds with the new FSSP-300 particle measurement probe mounted on the NASA
ER-2 aircraft. This project was a follow-on to Baumgardner and Dye's work
in characterizing the performance of an FSSP-100 instrument used to measure
high-altitude particles on an earlier NASA campaign in the Antarctic.

For the Arctic project, a newly manufactured probe of somewhat different
design was used for the first time. The measurements from this new instrument
were highly important for understanding the formation of polar stratospheric
clouds. The probe's channel size ranges were set up to cover the initial formation
sizes of the cloud particles, as well as the larger-sized particles that form as
the cloud evolves. This field project included rapid post-flight data analysis
and interpretation by the theoretical and observational scientists assigned to the
project team. To aid in this process, Baumgardner developed (in the field) analysis
software that allowed processing and analysis of the aerosol size and concentration
data within approximately two hours of the end of each research mission.

Baumgardner also was a visiting scientist at the German Aerospace Research
Establishment (Deutsches Forschungs-und-Versuchsanstalt fur Luft-und Raum-
fahrt, or DFVLR, FRG) from 1 May to 30 November 1989. During this period
he collaborated with DFVLR scientists on cloud microphysical measurement and
analysis problems, participated in a boundary-layer experiment (LOTREX), and
was a co-organizer and co-leader of an international workshop on air-motion
sensing from aircraft.

Baumgardner's work on cloud microphysics at DFVLR included development
of software for analyzing measurement uncertainties using error propagation tech-
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niques; development of an improved error-correction algorithm for measurements
from the FSSP; laboratory measurement of the shadow intensity of particles as
a function of size and position in the laser beam of optical array probes; and
development of analysis software for processing hydrometeor images measured
with the PMS 2D probe. During LOTREX, he participated in measurements of
atmospheric aerosol during the development of boundary-layer clouds. Preliminary
results indicate much larger fluctuations in background aerosol concentrations than
expected.

Cooper collaborated with Lawson on the study of temperature measurements
in cloud discussed above, which concluded that all the current in situ sensors
measure erroneously low values in cloud, while a new radiometric thermometer
appears to work properly both in and outside of cloud. Cooper also collaborated
with Baumgardner on a short study of the effects of turbulence on collision
efficiencies, in which they argued that a published estimate seriously overestimated
these effects. He continued his work on the role of turbulent mixing in determining
the shapes of many cloud droplet spectra. With Rogers he developed a way to
estimate the errors inherent in some measurements of fluxes of sensible heat, water
vapor, and trace gases, and he compiled climatological data to illustrate the nature
of droplet spectra in different types of clouds and in different areas.

Cooper's other research-related activities included development of plans for
various future field projects. He planned a study of the initiation of ice in wave
clouds, scheduled for November-December 1989, which will attempt to document
the temporal evolution of ice along airflow trajectories and from that determine
the nucleation processes responsible for ice formation. With Carbone, Mitchell
Moncrieff and Richard Dirks (both of MMM), and others from NCAR, he also
helped plan HaRP, and he worked with RAP scientists to develop plans for the
Winter Icing in Storms Project (WISP).

Schwiesow's work focused on instrumentation research, particularly laser mode
control techniques. He also prepared a review of lidar applications for the
14th International Laser Radar Conference held in San Candido-Innichen, Italy.
Schwiesow's recent analysis of lidar data from the First ISCCP (International
Satellite Cloud Climatology Program) Regional Experiment (FIRE) program,
carried out in collaboration with Vincent Glover and Lenschow, gives evidence for
sloping aerosol layers above the inversion at the top of marine stratocumulus. This
result supports a schematic model based on Os profiles presented by Ilga Paluch
(MMM) et al. at the Symposium on the Role of Clouds in Atmospheric Chemistry
and Global Climate held in Anaheim, California. Schwiesow has written a paper
which is currently undergoing internal review.

In addition to leading the development of the CO and fast-response 03 sensors
described earlier, Kok analyzed in detail the data from the SOz instrumentation

269



Atmospheric Technology Division

intercomparison study conducted in 1988. This study involved comparison of
airborne SO2 measurements from several different types of instruments from
the University of Washington, Texas Technological University, and the NOAA
Air Resources Laboratory. The results from this intercomparison indicated
the capability of these techniques to measure SO 2 at concentrations below
0.1 ppbv. The individual measurements were significantly correlated; however,
there was considerable scatter. A paper on this work is in press for Atmospheric
Environment.

Field Observing Facility

Mission and Goals

FOF's mission is to supply Doppler weather radars, interactive data analysis
systems, and radar data analysis software in support of atmospheric sciences
research. In meeting its mission requirements, FOF engages in the following major
activities:

* Development and field operation of Doppler weather radar systems in support
of atmospheric sciences research.

* Support of users of FOF facilities through provision of advisory services for
data analysis and interpretation and field project design and implementation.

* Development of data delivery systems which provide FOF user scientists with
efficient data archival, data access, and retrieval capabilities.

* Development and operation of interactive computing capabilities, display
systems and software for these interactive computers, and support of
scientists who use these systems.

* Development of operational and analytical techniques for optimal use of
FOF facilities, and transfer of these techniques to the atmospheric sciences
community.

* Development and operation of experiment control centers for field projects
that use FOF and ATD facilities.

* Scientific research in topics related to FOF- and ATD-supported research.

* Collaboration with university, NCAR, and other ATD scientists and engineers
in developing other needed facilities.
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FOF's support activities in FY 89 have primarily focused on mesoscale research
initiatives, including the initiation of convection, microburst observation and
warning, and hailstorm formation, structure and dynamics. FOF's development
activities have been directed toward airborne Doppler radar, new-generation
radar processors, and upgrades to FOF C-Band radars. In addition, FOF
staff have participated heavily in planning for mesoscale and sub-synoptic scale
research programs including the Stormscale Operational and Research Meteorology
(STORM) project and the Tropical Ocean and Global Atmosphere/Coupled
Ocean-Atmosphere Response Experiment (TOGA/COARE).

Strategies for Operations

FOF's major strategy for setting operation goal is to provide the best possible
support to users for all approved field projects to meet user's needs for data and
analysis services as well as possible; and to provide selected development efforts
to improve facility qualities and capabilities, while at the same time focusing new
development activities in the most needed areas.

In the past year, FOF support activities included provision of the Mobile
Operations Center for Control and Analysis (MOCCA) for NDTP and completion
of fielding the MHR for DAR 3 E. Both tasks were critical elements of support for
atmospheric field research. Although shortages of time and resources imposed
unrealistic constraints on FOF's work, both tasks were implemented successfully.

FOF's excellent record for dissemination of data and data analysis software
continued during FY 89. Strong moves to provide widely useful software have been
made, including moves to UNIX, VxWorks, and SUN and Ardent workstations.

Development efforts continue to be guided by critical needs for improved
reliability in the hardware FOF supplies to field research programs and by
responsiveness to new measurement needs. Development of the RP-7 radar
processor, improved C-band radar antennas, and ELDORA development activities
all address these strategies.

Field Program Support

NDTP. During June and July, the CP-3 and CP-4 mobile Doppler radars and
MOCCA participated in a cooperative field program to study convective storms
in the Bismarck, North Dakota area. The radars provided three-dimensional
real-time data on wind fields and precipitation formation around and within the
convective systems that were being studied. The radars, aircraft, and ground
operations were all controlled via communications consoles and workstations
located in MOCCA. Successful studies conducted included SFs tracer, chemistry,
and chaff experiments, lightning radar-satellite correlations, first-echo photography,
and cloud model forecasts. Limitations in the performance of antiquated voice
communications equipment reaffirmed the pressing need for modernization.
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DARSE and NEXRAD Programs. The Denver NWS used the CP-2 radar
in an operational mode to support both winter and summer DAR3 E activities
through the month of July and then transferred operations to the newly installed
MHR on 1 August. NWS forecasters reported that the Doppler data were very
useful in their operational short-period forecasts for both winter and summer
storms. During August and early September, MHR also provided data for RAP
in support of the FAA-supported Terminal NEXRAD program, which involved
building an airport terminal Doppler weather radar (an automatic wind shear-
sensing device). Based largely on this data test, products were sent to the control
tower at Stapleton International Airport and to the Longmont Traffic Control
Center. The products included wind-shear events (microbursts and gustfronts),
precipitation maps, and 30-min forecasts of convective storm location. The users
considered these products to be a major improvement to increasing safety and
efficiencies in the terminal vicinity.

Data Management

FOF provides data management services for FOF radar data and for SSSF's
PAM II for both ongoing and past projects. In FY 89, data support was provided
for 12 radar and nine PAM II projects (see Tables 3 and 4). The amount of
support and the type of project delivered varied widely between projects.

Radar projects that received substantial support were the NDTP, the Coopera-
tive Huntsville Meteorological Experiment (COHMEX), the Preliminary Regional
Experiment-Stormscale Operational Research Meteorology (PRE-STORM), and
PROFS 88/89. PAM II projects that received substantial support were FIFE II,
aerosol studies (SMOG), and SMILE.

Organizations receiving the largest fractions of data management support
include, in approximate descending order:

* The North Dakota Atmospheric Resources Board (NDARB): NDTP radar
and PAM II;

* NASA at Silver Springs, Maryland: FIFE PAM II;

* University of Maryland: SMOG PAM II;

* University of California, Los Angeles (UCLA): COHMEX and Convection
Initiation and Downburst Experiment (CINDE) radar;

* CSU: PRE-STORM and COHMEX radar;

* NCAR/RAP: PROFS and CINDE radar.
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The radar data products delivered varied from copies of raw field data to data
sets written in community-established exchange formats such as Universal Format
for radar data. Many data requests were considered filled when copies of data were
made available to the user community on the NCAR Mass Storage System (MSS);
data were considered available after limited data quality checks were performed
and the data were indexed for access by software routines and cross-referenced
with calibration information. Other requests were for limited generation of simple
products, such as contoured reflectivity for surveillance scans or listings of radar
beam contents (BSCAN output). PAM II products were generally Common
Mesonet Format (CMF) tapes, and sometimes small amounts of data written to
floppy disks.

It seems that increased numbers of radar data requests are being made
by individuals or organizations that do not have access to the NCAR CRAY
supercomputers and the associated MSS. This development impacts the data-
management philosophy of making all data available on the Mass Store, and affects
the Data Management Group (DMG) policy regarding generation of Universal
Format data sets, a CPU-intensive process. In a small but growing number of
cases, data have been requested on media compatible with personal computer
systems. Increased reliance by users on their own computing resources will likely
cause changes in the way the DMG provides data.

It should be noted from the attached tables that data have been requested from
fairly old projects. For example, the Cyclonic Extratropical Storms experiment
(CYCLES) was conducted in 1982, and the SOCORRO experiments in 1983 and
1984. FOF also maintains radar data for the Cooperative Convective Precipitation
Experiment (CCOPE) and Joint Airport Weather Studies (JAWS), two rather
large data sets that date from 1981 and 1982 respectively. In FY 89, efforts were
initiated to dispose of data from some of these and older projects by returning
data to the PIs; this process will continue in FY 90.
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Table 3. Radar Projects Receiving Data Management Support

Project Entities Supported

NDTP
MIST/COHMEX
PRESTORM
PROFS
TAMEX
TNEXRAD 89
CINDE
SOCORRO 84
GALE
CYCLES 82
MAYPOLE 84
UTAH 85

(projects are listed

Table 4.

Project

FIFE
SMOG
SMILE
VALI
NDTP
BAQ
CINDE
POPE
PHOENIX

Universities, NCAR, NDARB
NASA, universities
Universities
NOAA, NCAR/RAP
Universities
NCAR/RAP
Universities, NCAR
Universities
Universities
Universities
NSSL
Universities

by degree of support, decreasing from top down)

PAM II Projects Receiving Data Management Support

Entities Supported

NASA, universities
Universities
Universities
Universities
Universities, NCAR
NOAA, NCAR
Universities
NCAR
U.S. Air Force (USAF)
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Table 5. Visitors to FOF for Use of the RDSS in Radar Analysis

Name Affiliation Project

Hsi Shen, Hsiu-Wu Chang, St. Louis University TAMEX
Fand-Chen Cheng,
Yeong-Jer Lin

Mark Hjelmfelt South Dakota School of Mines CINDE, NDTP
and Technology

Alfred Riordan North Carolina State University GALE
Yi-Leng Chen University of Hawaii TAMEX
Gregory Forbes Pennsylvania State University MIST, GALE
Phillip Currier NOAA Aeronomy Laboratory CHILL data
Brian Klimowsky University of Wyoming NDTP
John Marwitz University of Wyoming NDTP and others
Kevin Knupp University of Alabama NDTP
Robert Dattore, Colorado State University NDTP

Jotherim Vivekanandan

Data Analysis Support

FOF's Research Data Support System (RDSS) serves as a data analysis facility
and a development center for data display and analysis software. RDSS computer
systems consist of a SUN-4/280, two SUN-3/60 diskless workstations, and the old
VAX 11/780, which RDSS intends to retire in the next year. In FY 89, two Ardent
Titan graphics workstations were acquired for a variety of purposes, including
development of three-dimensional data analysis and of an ATD Field Operations
Center, as well as service to RDSS users and NCAR staff.

A primary goal of RDSS activities is to accommodate development of highly
portable analysis codes, conversion of existing codes to the Unix operating system,
and augmentation and replacement of the overburdened VAX processor. Jonathan
Corbet leads this effort. Both the VAX and SUN systems are equipped with
sufficient tape, disk, and display facilities for rapid interactive analysis of large
data sets. In the next year the Ardents will be equipped with sufficient tape and
disk capacities to facilitate rapid analysis of large data sets. All systems have
NCAR local network and Internet connections. An 80386-based personal computer
(386 PC) was purchased in order to develop PC-based data analysis and display
software. Table 6 lists users of the RDSS; Table 7 lists RDSS CPU hour usage for
all significant users.

Software development activities are directed toward both the RDSS and the
NCAR CRAY computers and cover data archival, display, and analysis codes.
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Distribution of access and analysis software to users' home institutions is another
long-standing primary goal. Table 8 lists institutions that presently use FOF
software. Table 9 lists software distributions made during FY 89.

Table 6. Users of the Research Data Support System

V.N. Bringi, V. Chandrasekhar, Jotherim
Vivekanandan, Richard Johnson,
Robert Dattore, Raymond McAnelly

Mark Hjelmfelt

Patrick Wright, Kevin Knupp, Robbie Hood
Anthony Illingworth
John Marwitz, Gabor Vali
Peter Coppin

Rebecca Meitin, Boba Stankov, Jose Meitin,
David Blanchard

Michael Hardesty, Daniel Wolfe, Robert
Kropfli

Thomas Christian
Phillip Currier
Wen-Chau Lee, Waylon Collins
David Johnson
William Roberts

Clive Dorman
Yi-Leng Chen
Carl Friehe
Gregory Forbes
Alfred Riordon
Russell Dickerson
Sue Lee Wang
Frank Lin
Staff of ATD, MMM, CGD, SCD, SSSF

Colorado State University

South Dakota School of Mines and
Technology

NASA Marshall Space Flight Center
University of Manchester, England
University of Wyoming
Commonwealth Scientific and Industrial

Research Organisation (CSIRO),
Australia

NOAA Weather Research Program

NOAA Wave Propagation Laboratory
(WPL)

NOAA Atmospheric Studies
NOAA Aeronomy Laboratory
UCLA
Applied Research Corporation
Cooperative Institute for Research in

the Environmental Sciences
Scripps Institution of Oceanography
University of Hawaii
University of California, Irvine
Pennsylvania State University
North Carolina State University
University of Maryland
NSSL
St. Louis University
NCAR
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Table 7. RDSS CPU USE

Name Affiliation CPU Hours

Daniel Wolfe
Jean Hurst
SYSTEM
BBOARD
PAM II
Richard Oye
Steven Oncley
Thomas Christian
BACKUP
Robert Rilling
MONSTER
Jotherim Vivekanandan
John Militzer
NFS
Jonathan Corbet
Peter Coppin
Frank Lin
Michael Hardesty
Christopher Burghart
NCARMAIL
Galen Cook
Robert White
DECNET
Yi-Leng Chen
Wen-Chau Lee
Wesley Wilson
Russell Dickerson
Peter Wyngaard
Cathy Kessinger
Wendy Schreiber
Gregory Forbes
Matthew Michaelis
V.N. Bringi
Cynthia Mueller
Glenn Wardell
DECNET-VALID
Alfred Riordan
Paul Herzegh

NOAA/WPL
NCAR/FOF DMG
WIZARD
NCAR-NET
NCAR/SSSF
NCAR/FOF RDSS
NCAR/SSSF
NOAA/ASG
WIZARD
NCAR/FOF DMG
WIZARD
Colorado State University
NCAR/SSSF
NCAR-NET
NCAR/FOF RDSS
CSIRO
St. Louis University
NOAA/WPL
NCAR/FOF RDSS
NCARNET
NCAR/FOF RDSS
CINDE
DECNET
University of Hawaii
UCLA
NCAR/RAP
University of Maryland
NCAR/FOF DMG
NCAR/RAP
NCAR/RAP
Pennsylvania State University
NCAR/SSSF
Colorado State University
NCAR/FOF DMG
NCAR/SSSF
NCAR-NET
North Carolina State University
NCAR/FOF POLAR

228.17
202.37
87.30
82.75
70.51
56.56
54.72
53.07
52.93
48.95
42.90
41.98
39.45
39.42
37.66
37.27
36.69
34.73
30.41
29.33
26.85
26.39
26.19
23.69
23.28
22.18
20.02
18.95
17.92
17.36
16.45
16.16
15.43
14.33
14.04
13.00
12.48
11.49
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NETQPP
NETPP1
Winifred Lambert
NETPP2
Charlie Martin
Gerald Albright
Eric Farstad
Odilon Serrano
Anthony Delany
Robert Kropfli
John Marwitz
PAM II-DOWNLINK
Cathy Irwin
Mark Hjelmfelt

Margaret Miller
Vicki Holzhauer
Richard Carbone
Steven Semmer
DECNET-PROFS
David Albo
Charles Wade

NCAR-NET
NCAR-NET
NCAR/RAP
NCAR-NET
NCAR/SSSF
NCAR/SSSF
NCAR/RAP
NCAR/FOF MISC
NCAR/FOF MISC
NOAA WPL
University of Wyoming
NCAR/SSSF
SSSF
South Dakota School of Mines

and Technology
NCAR/FOF SEC
ATD
NCAR/FOF MISC
NCAR/SSSF
NCAR-NET
NCAR/RAP
NCAR/MMM

11.00
9.51
9.40
8.67
8.32
6.90
6.67
6.48
6.14
5.93
5.22
5.18
5.11
4.95

4.08
3.91
3.90
3.74
3.65
3.34
3.06
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Table 8. Institutions Utilizing RDSS Software

Radar Perusal and Editor

ROBOT

VAD

REORDER

NSSL, Univ. of Oklahoma, Texas Tech Univ.,
Silicon Graphics, Sutron Corp., Penn State Univ.,
Univ. of Alabama, Univ. of Washington,
Oregon State Univ., SUN Microsystems, UCLA,
Florida State Univ., NOAA WPL, CSU, Univ.
of Chicago, Australian Bureau of Meteorology
Research Center (BMRC), Texas A&M Univ., St.
Louis Univ., Univ. of Hawaii, NASA, Dalhousie
Univ., North Carolina State Univ.
NASA Langley, NASA Johnson, Colorado State
Univ., Sutron Corp., Meso Inc., UCLA, San Diego
State Univ.
Univ. of Helsinki, Florida State Univ., NASA
Goddard, Illinois Natural History Society,
NOAA Environmental Research Laboratory (ERL),
DFVLR (FRG), Univ. of Washington, Univ. of
Hawaii
Oregon State Univ., UCLA, NOAA WPL, CSU,
Univ. of Chicago, NASA Huntsville

Table 9. Software distributions in FY 89

Radar Perusal and Editor (Unix)

ROBOT Mesonet Software

REORDER
Radar Gridding Software

Ronald Richter (NOAA WPL), Patrick Wright
(NASA), Owen Hertzman (Dalhousie Univ.),
Ramesh Srivastava (Univ. of Chicago), Yi-Leng
Chen (Univ. of Hawaii), Robert Pasken (St.
Louis Univ.), Steven Businger (North Carolina
State Univ.), Kevin Knupp (Univ. of Alabama),
James Scoggins (Texas A&M Univ.), Australian
BMRC
Steven Williams (NASA), Clive Dorman (San
Diego State Univ.)
Yi-Leng Chen (Univ. of Hawaii)

---
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Development Activities Related to Data Analysis Support.

* Corbet has been working on software design for the ATD Field Operations
Center. After much consultation with scientific users and staff in FOF and
RAP, he has produced a design document and software to test some of the
concepts. This effort has occupied the majority of his time over the past
year.

· Christopher Burghart has released the System for User Editing and Display
of Soundings (SUDS). It accepts a wide variety of data formats including
Cross Chain Loran Atmospheric Sounding System (CLASS), JAWS, NWS,
First Global Atmospheric Research Program (GARP) Global Experiment
(FGGE), RadioSonde Analysis (RSANAL), NOAA mobile, and NCAR
mobile sounding. This program has been ported from the VAX to the SUN
and uses the X Window Systems-Based RDSS User Interface and RDSS
Graphics Package developed by Corbet. SUDS is currently being modified
to produce cross sections from two or more soundings and will be available
toward the end of calendar year 1989.

* Peter Wyngaard has ported the Mesonet display and analysis software
(ROBOT) to UNIX.

* Forrest Cook has designed, coded, and partially tested the PAM II
configuration editor software. Test versions run on both UNIX and VMS.

* During the past year, the radar perusal and editor software's ability to
capture the most up-to-date radar parameters from catalogs has been
implemented, along with the ability to accommodate MHR data. This work
was done by Richard Oye.

In addition to software development, a significant portion of RDSS staff time
is devoted to consulting, software maintenance, and system management. In the
past year, members of the RDSS staff have served on the SCD User Group and
the Computer Output, Documentation, NCAR Graphics, MSS, NCAR Distributed
Computing Inventory, and NCAR Database Advisory committees.

Facility Developments

Programmable Radar Processor. Grant Gray, Craig Walther, and Jeffrey
Keeler completed the design of RP-7, FOF's programmable radar processor. RP-7
replaces the obsolete hard-wired processors on CP-2, -3, and -4, and MHR. RP-7
makes use of parallel processing capabilities, using the AT&T DSP32C digital
signal processing chips to achieve computational speed >100 Mflops/board and
1.5 Gflops/chassis. The processor is programmable in the "C" language, allowing
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advanced processing algorithms to be installed using conventional and documented
software.

During FY 89 a prototype unit was tested and three production units were
built by Joseph Vinson and his staff for the C-band radars and MHR. Installation
of RP-7 with a new FOF data system designed by Joseph Van Andel, Jose
Alvistur, Richard Gagnon, and Steven Maher will occur in all three radars in the
winter of 1990. These upgraded data systems will replace obsolete data acquisition
and radar control computers whose functions are being incorporated into RP-7.
A simplified radar display designed by Mitchell Randall and Richard Neitzel and
based on a SUN-3 or a 386 PC will replace the unmaintainable Adage display
systems.

C-band Antennas. Brian Lewis and Robert Bowie have replaced the old
C-band antennas with modern 401-m Ericsson weather radar antennas, which have
somewhat higher gain and much lower sidelobes (-25 db). The new antennas
should thus reduce the ground clutter problem in future field projects. The
new antennas break down into quadrants, which will be an important factor in
repackaging the C-band radars into sea containers for easier worldwide shipping.

MHR. During FY 89, NSF acquired the runner-up NEXRAD prototype
radar developed by Raytheon Corporation. NWS and FAA are jointly funding the
operation of this system at a site near Stapleton Airport for an expected duration
of three years (FY 89-91). NWS is using the system to generate forecasting
products for use in continued DAR3E operations. FAA is using the system to
further operational tests of Terminal NEXRAD products for aviation safety.

FY 89 activities began with training and engineering evaluation of the radar
system at Raytheon in October and November 1988. Radar system hardware was
delivered to Boulder in mid-December. Limited test-bed operation of the radar
was achieved at NCAR's Marshall site in late March 1989. Integration of the full
system (antenna and electronics) at the Denver-area site began in mid-May and
initial delivery of low-quality test data began in mid-June. In mid-July the system
configuration was "frozen" to stabilize operations. Recurring transmitter problems
were stabilized, though not eliminated, in late July, allowing regular data delivery
to NWS and FAA through the end of scheduled operations in mid-September.

Throughout the 1989 effort, Frank Pratte, Donald Ferraro, and Van Andel
were instrumental in bringing the radar to operational status. Modifications
carried out during the year include reconfiguration of the data acquisition system
to implement new scan strategies, extensive transmitter modifications to improve
reliability, and implementation of new color display capabilities and Ethernet-based
communications.
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CP-2 Mothballed. Lack of NSF funding for FOF operations required that
the CP-2 dual-wavelength, polarization-diversity Doppler radar be mothballed.
With great regrets, FOF has removed this radar from service and instituted a
program of preventive maintenance and preservation. Staff have been reassigned
to other duties.

ELDORA. During FY 89, ELDORA development moved strongly into imple-
mentation of major radar components, including transmitter, signal generator, and
radar control. These components were integrated to become the first operational
Meteorological Airborne Radar Data System (MARS) test bed radar associated
with ELDORA. This rudimentary radar will evolve into the ELDORA radar over
the next two years.

Charles Frush, Randall, Walther, and Peter Hildebrand completed selection of
the vendor for construction of the ELDORA HPA. During the following months,
Richard Parsons, Walther, and Norman Zrubek have completed the layout of the
HPA units in an aircraft rack and Zrubek has initiated rack construction at NCAR.

Frush has worked closely with the vendor in preparing and approving the
vendor's HPA design at a critical design review.

Walther, Parsons, Randall, and Jack Fox worked through FY 89 to complete a
detailed mechanical design for the ELDORA rotodome. Walther and Parsons then
summarized this design in a detailed rotodome design document and supervised the
efforts of a subcontractor in performing a finite element analysis of the structural
details of the rotodome design.

As a part of this effort, Walther led an ELDORA test flight program aboard
the Electra to evaluate its vibrational characteristics. The resonant frequencies and
amplitudes of the aircraft were measured, and the rotodome design specifications
adjusted to avoid these frequencies. As another portion of the flight tests, Parsons
constructed a mockup of the ELDORA transmitter, which included realistic
simulation of the noise and heat that will be produced by the ELDORA HPA.
These tests indicated that the noise environment will be acceptable and that the
Electra will be able to handle the ELDORA heat dissipation loads. In addition,
Hildebrand evaluated the new weather avoidance radar on the Electra.

Hildebrand led an effort to develop an agreement with the Center for Research
in Physics of the Environment (CRPE), a French government laboratory, under
which CRPE will assume responsibility for development of the antenna and
rotodome, some receiver components, and some software in return for a prescribed
level of use of the final system. The NCAR rotodome design developed by Walther,
Parsons, Randall, and Fox formed a critical design input to the negotiations with
CRPE.
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Neitzel developed an interactive, X Window-based radar control package on the
ELDORA SUN-3 computer, in the process making major improvements in FOF's
abilities to program and use sophisticated windowing environments in control of
hardware.

Shawn Copeland, Randall, and Walther continued their support of RP-7
development during FY 89, with continued assistance in the troubleshooting and
redesign of RP-7 components for both ground-based radars and the ELDORA test
radar.

The ELDORA test radar was assembled from a variety of components, some
of which were ELDORA development components. Randall and Frush led the
effort. Randall designed and built a brass-board signal generator which will supply
all necessary frequencies for the radar. From available spare components, Frush,
Randall, and Jack Good (temporary service employee) assembled an intermediate
power amplifier. These components were then used to transmit through an
ELDORA test antenna system assembled by Parsons, and, using spare receiver
components, the signals were input to an RP-7 unit. By the end of FY 89, Neitzel
had ported the outputs from RP-7 to the SUN-3 computer for display and radar
control. Randall and Neitzel wrote a radar display package suitable for the SUN-3
or 386 PC environments. This code is now being ported to other FOF radars.

By the end of FY 89, ELDORA development was proceeding with several
major areas of focus: continued improvement of the test radar, construction of the
HPA, preparation for rotodome construction and aircraft modifications, and work
on the joint development agreement with CRPE.

Also during FY 89, the joint ELDORA/RAF team of Walther, Parsons, and
Richard Taylor, William Dawson, and Paul LeHardy (all of RAF) completed the
rewiring of the research power distribution system aboard the Electra. They
received an NCAR incentive award for their highly cost-effective, difficult, and
beautifully completed work.

During FY 89, ELDORA efforts were summarized and reported in six
publications and in numerous presentations. Hildebrand, Frush, and Walther
published an extensive discussion of the ELDORA design as an NCAR Technical
Note, Design of the ELDORA Airborne Doppler Radar (NCAR/TN-325+EDD).
Hildebrand and Walther published and presented a short description of ELDORA
in "Development of an airborne Doppler radar" for the Third Interagency
Geoscience Workshop held in Boulder. At the 24th Conference on Radar
Meteorology in Tallahassee, Florida, Hildebrand described the radar velocity
measurement accuracies for ELDORA in the paper, "Airborne Doppler radar
data accuracy"; Frush discussed the proposed ELDORA transmitted waveform
in the paper "Stepped chirp transmit waveforms for improved fast scanning
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radars"; and Gray, Walther, Keeler, Frush, and Vinson presented the RP-7 design
in the paper, "A new programmable signal processor for NCAR meteorological
radars." Hildebrand published an evaluation of the new Electra weather avoidance
radar as an NCAR Technical Note, Evaluation of the Collins WXR-700G Radar
Performance during the MIST Project (NCAR/TN-328+STR). Randall presented a
paper, "Analysis of a rectangular two-port electromagnetically coupled microstrip
antenna," at the Institute of Electrical and Electronics Engineers, Antennas
and Propagation Society International Symposium and Union Radio-Scientifique
Internationale Radio Science Meeting in San Jose, California. This paper, based
on his master's degree thesis, analyzes the electromagnetically coupled two-port
microstrip antenna problem using a multiple-conductor transmission line model.

During the year, FOF staff grew from seven to nine with the addition
of administrative support (Patricia Alonzo) and an electronic technician (Jack
Good).

Field Control Center. A joint FOF/RAP effort was initiated to plan the
development of an advanced field operations center that could be easily deployed
for large or small field programs anywhere in the world. It would provide software
and hardware for real-time integration and display of research and conventional
data sets, communication between and control of collection platforms, and a
summary data set. Presentations describing the development plan were given
internally and to the facility panels. A paper describing the proposed new facility
was also given by James Moore (RAP), Cynthia Mueller, and James Wilson
(both FOF/RAP) at the 24th Conference on Radar Meteorology. Corbet has
written a first-draft design document for the Field Control Center software system.
Two Ardent computers were purchased for use in developing a prototype data
integration and display system. A development team of Mueller, Corbet, Wilson,
Burghart, Sandra Yuter, and Sherry Comes (both of RAP) has been identified.

Research and Technique Development

Nowcasting. In a joint FOF/RAP effort during the summer of 1989, Mueller
led the formation and conduct of a very successful nowcasting experiment. The
objective was to make place-specific 30-min forecasts of the precise location of
convective cells having >30 dBZ for the 80 x 100-km area surrounding Stapleton
International Airport. The forecasts were communicated every 20 min to the
Stapleton control tower and the Longmont Traffic Control Center. Both convection
initiation and advection forecasts were included. Visiting participants included the
NWS, the Air Weather Service (AWS), and a U.S. Navy meteorologist.

Mueller analyzed the results from the 1988 thunderstorm nowcasting experiment
which made 0-3-hr forecasts of >30 dBZ cells within 10 km of Stapleton. She
found that the forecasts' accuracy went beyond extrapolation forecasts, because
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they successfully included instances of storm initiation and dissipation. She
reported on this work at both the Aviation Meteorology Conference and the 24th
Conference on Radar Meteorology.

Wilson spent 15 days in Darwin, Australia, participating in a nowcasting
project. The intent was to train Australian meteorologists in the operational
use of Doppler radar and to determine if boundary-layer convergence lines were
responsible for initiating convection in this tropical environment. As was the
case for observations made in the United States, sea-breeze fronts and outflow
boundaries were the most common initiating mechanisms.

CINDE Analysis. Wilson is leading an observational and numerical modelling
research effort which involves FOF, RAP, MMM, and university scientists in a
study of the role of boundary-layer convergence lines and convective horizontal
rolls in the initiation of thunderstorms and tornadoes. Stationary convergence lines
are shown to significantly modify the local environment by creating a local zone
that is more favorable to initiating new storms. The intersection of convergence
lines with horizontal rolls are favored locations for the initiation of new storms and
tornadoes. Results of these studies were formally presented in several locations,
including the International Association of Meteorology and Atmospheric Physics
(IAMAP) conference in Reading, England, the Australian BMRC, the Darwin,
Australia, Regional Forecast Centre, CSU, and Metropolitan State College in
Denver, Colorado.

Roger Wakimoto (UCLA) and Wilson published a paper, "Non-supercell
tornadoes," in the Monthly Weather Review. They determined that these tornadoes
were associated with storms in their rapid development stage. Vorticity originating
in the boundary layer intensifies and is lifted when it becomes collocated with the
intense updraft of a rapidly developing storm. They proposed that this mechanism
may also play a role in triggering intense tornadoes within a supercell storm.

Wilson and Mueller also examined the usefulness of soundings taken at different
times of the day in forecasting afternoon convection. The early-morning soundings
were shown to have very limited usefulness. Mueller reported on this study at the
IAMAP conference.

Advanced Doppler Radar. Improved spatial and temporal resolution gains
from rapid-scan radar require a high-bandwidth waveform and a high-performance
antenna (low sidelobe and electronically scanned). Because of the high cost and
uncertainties regarding how best to integrate the desired features of a fast-scanning
radar, FOF adopted a strategy aimed toward focused development in specific areas
critical to advanced Doppler radar performance. Keeler, Gray, and Lewis modified
CP-3 to generate a 127-bit bi-phase coded waveform to test an elementary pulse
compression scheme on weather echoes. This simple test demonstrated that
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distributed target returns could be coherently processed to yield velocity and
reflectivity estimates using the short dwell time characteristic of fast scanning
radars. These results were presented at the 24th Conference on Radar Meteorology.

Dual-Polarization Radar Studies. Paul Herzegh and Arthur Jameson
(Applied Research Corporation) continued research into the interpretation of
the microphysical structure of precipitation using dual-polarization radar mea-
surements obtained during the May Polarization Experiment (MAYPOLE) and
Microburst and Severe Thunderstorm Project (MIST). Linear depolarization ratio
(LDR) measurements are found to provide, at present, a qualitative indicator of
contrasts in ice particle shape/orientation and particle phase. These responses
are seen to be particularly relevant to the delineation of mixed-phase regions aloft
and the discrimination of hail from other solid precipitation forms. Further study
holds promise for reducing the ambiguity in interpretation of LDR measurements.
Progress to date has been presented at the 24th Conference on Radar Meteorology
and through preparation of a near-final journal manuscript.

Tropical Convective Rainfall (Carbone). Carbone and Thomas Keenan
(Australian BMRC) completed a study of convective organizations near Darwin,
Australia, at 12°S latitude. An unusually wide range of conditions, as expressed
in bulk Richardson number coordinates, were identified and compared to the
observed organization of convection. In addition to classical GATE-type squall
lines, more intense storms were observed, including some more closely resembling
mid-latitude, subtropical systems. Preliminary findings were presented at the 24th
Conference on Radar Meteorology.

Research Program Planning (Carbone). Carbone and Hildebrand con-
tributed to the planning of TOGA/COARE. Carbone participated as a member of
the Science Working Group. Both Carbone and Hildebrand attended the planning
workshop in Noumea, New Caledonia.

Several FOF staff participated in planning meetings and discussions with
the STORM Program Office. The principal emphasis was on observing system
definition and scientific focus of STORM I winter/spring and spring/summer field
efforts.

Other Activities

In a RAP/FOF joint effort, Rita Roberts (RAP) and Wilson are studying the
formation mechanism for the intense tornadoes that occurred in Denver on 15 June
1988. Their research shows that the tornadoes fit within the non-supercell class.
Their unusual intensity appears to be a result of the very intense updrafts that
occurred with the associated storms.
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Roberts and Wilson also completed a paper for the Journal of Applied
Meteorology, "A proposed microburst nowcasting procedure using Doppler radar."
This work shows that Doppler radar may aid in providing 0-10-min microburst
forecasts; however, this requires a rapid assimilation of a large quantity of radar
data. They propose a forecaster-computer environment in which rapid progress
can be made in developing an automated microburst nowcasting technique.

Wilson is the participating PI for the proposed 1991 Convection and Precip-
itation Electrification (CAPE) experiment in central Florida. He has contributed
extensively to the scientific overview document, to recruiting other PIs, and to
briefing prospective sponsoring agencies.

Hildebrand continued his aircraft turbulent heat flux research with studies of
the accuracy of aircraft heat flux measurements. The results were presented at
the TOGA/COARE planning meeting in Noumea, New Caledonia. This work
quantifies the sampling uncertainties in aircraft heat flux measurements resulting
from the random variability of boundary-layer turbulence. Hildebrand is continuing
his comparisons of aircraft and ground-based heat flux measurements as a joint
project with staff from the French National Center for Meteorological Research in
Toulouse. Their work shows remarkably good comparisons between aircraft and
ground-based sensible heat flux measurements and poorer comparisons between
latent heat flux measurements. They are continuing this research as part of their
studies of the effects of forest-farm land surfaces on atmospheric heat transport,
and note significant differences between the two regimes.

University Interactions. During FY 89, FOF supported eight students from
the University of Colorado, Metropolitan State College, and the University of
Wyoming. FOF's Radar Systems Group employed Raghu Madhok (University
of Colorado), who assisted in developing radar control software. Wilson served
on Wendy Abshire's master's degree committee at the University of Wyoming.
Mueller and Wilson provided a working and educational experience in observational
meteorology to Robert White (Metropolitan State College) and Odilon Serrano
(University of Colorado). Wilson also interacted with a number of college students
participating in the NDTP. In addition, Wen-Chau Lee completed his Ph.D. work
at UCLA under the joint advisorship of Carbone and Wakimoto.

Education and Training. Mueller assisted in training meteorologists from
the NWS, AWS, and U.S. Navy in the use of Doppler radar for nowcasting.

Wilson participated in a workshop for Denver's NWS meteorologists in
techniques for forecasting tornadoes. He also spent 15 days training Australian
forecasters in the use of Doppler radar for nowcasting.

Herzegh served on a master's degree committee at the University of Oklahoma.
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Keeler presented an in-house course, "Atmospheric Radar Fundamentals," to
FOF technical and scientific staff, particularly new staff associated with ELDORA
and MHR. The 36 sessions occurred over a six-month period.

Visitors. Anthony Illingworth (University of Manchester Institute of Science
and Technology, England) was appointed an ATD Affiliate Scientist. Illingworth
will pursue research in cloud physics, interpretation of multi-parameter radar
measurements, and atmospheric electricity in cooperation with NCAR scientific
staff.

Staff. Beginning 1 May, Carbone served as Acting Director of ATD and
Herzegh served as Acting Manager of FOF.

Surface and Sounding Systems
Facility

Mission and Goals

The mission of SSSF is to provide surface-based in situ and sounding
measurements and affiliated data processing and analysis software in support of
atmospheric research. The facility also engages in a nominal amount of 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 up/dropsonde-based immersion-sensing
systems to support field research of atmospheric scientists.

* Development of new surface and sounding systems in cooperation with other
ATD facilities, NCAR divisions, NOAA, and university collaborators.

* 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. These techniques include sensor calibration, instrument
deployment, data collection, and data analysis.
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* Scientific research and engineering development to support, demonstrate, and
advance these capabilities.

The emphasis of the facility has been to support mesoscale and boundary-layer
experiments in keeping with national scientific interests 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 all requests for field measurements. Our
strategy has been to meet all community requests for field support and 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 STORM, Global Tropospheric Chemistry Programs, and
TOGA/COARE.

Field Program Support

FIFE. SSSF has supported this NASA/NSF field project continuously since
April 1987. FY 89 support consisted of eight PAM II stations enhanced with
radiation budget sensors. The primary objective of FIFE is to measure surface
fluxes of heat, moisture, and trace species across the inhomogeneous rolling terrain
of the Konza Preserve and environs near Manhattan, Kansas. In turn, the surface
fluxes are being used as ground truth for the development and evaluation of
algorithms to estimate fluxes from satellite observations. An additional intensive
field campaign was conducted in July and August to deal with shortcomings in
the data set collected in 1987. The deficiencies addressed were insufficient leaf
spectral data, inadequate CO2 flux data for the separation of respiration from
photosynthesis, and a general lack of data on transition from wet to dry conditions.
PAM II micrometeorological data were used to force surface-atmosphere models
being developed by FIFE investigators. Data collection ended in early November.

Ground-Based Atmospheric Profiling Experiment (GAPEX). The field
phase took place during early November 1988, with the objective of acquiring
and analyzing atmospheric temperature and moisture profile data from a suite
of state-of-the-art remote and in situ sensors. Sensors included a six-spectral-
channel passive Microwave Profiler (MWP), a passive infrared High-resolution
Interferometer Sounder (HIS), an active Radio Acoustic Sounding System (RASS),
and an NWS radiosonde system; a CLASS sounding system provided ground truth
for evaluating performance of the remote systems. The results of the GAPEX
evaluation include the demonstration of encouraging prospects for accurate
continuous thermodynamic profiling systems that can complement NOAA's new
UHF wind profilers; a paper summarizing the results will be published in the
March 1990 issue of the Bulletin of the American Meteorological Society.
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In-Cloud Oxidation Experiment. Support for this experiment, which
began in the fall of 1987, continued throughout FY 89. The study is directed
at the chemistry of cap clouds over the Elk Mountain Observatory operated by
the University of Wyoming. The main objective is to document the retention of
gases in rime ice. Jefferson Snider (University of Wyoming) used the data from a
single PAM II station to compute cloud heights, vertical stability, and cloud liquid
water concentrations. Real-time wind information from the PAM II was critical in
coordinating the release of tracer gases.

Kanton Island Surface and Upper-Air Sounding System. Development
and operation of the Kanton Island station is supported by the NOAA TOGA
Project Office. The station has been in operation for more than a year and has
returned upper-air data better than 70% of the time, on average. At the time of
installation (August 1988), the automatic system software inadvertently prevented
processing of some of the upper-air data. Transportation to Kanton is the biggest
handicap to solving problems quickly. SSSF was unable to deliver the new software
to the island until early February 1989, even though the problem was identified and
solved in October 1988. The new software has increased upper-air data recovery
to better than 90%.

Operation and maintenance manuals were completed in February. In March
Harold Cole and Edward Chamberlain delivered a set of manuals to the Kiribati
Meteorological Service technician on Tarawa, along with a spare upper-air
sounding system. The upper-air system was set up, the technician was trained in
its operation, and several soundings were made. Another set of manuals and a
second spare sounding system were delivered to the New Zealand Meteorological
Service maintenance engineer in Wellington. As part of their contribution to
the TOGA program, New Zealand will provide a higher level of maintenance for
Kanton than can be provided on Tarawa.

In June, two NCAR personnel went to Kanton on the NOAA research ship
Malcolm Baldridge to deliver expendables (helium, radiosondes, and balloons).
They also installed updated software and checked the status of the overall system
and how well it is withstanding the tropical environment.

Experiment on Rapidly Intensifying Cyclones over the Atlantic
(ERICA). The North Atlantic is the scene of some of the world's fiercest
winter storms. Many of these destructive storms develop rapidly from winter
cyclones which intensify quickly as they move off the North American continent.
Because of the threat these storms pose to shipping, the U.S. Navy has undertaken
this basic research program to obtain improved understanding of the processes
and to improve forecasting of these killer storms. The ERICA field study was
conducted from December 1988 through February 1989. For this study, existing
upper-air observing sites were enhanced with eight CLASS systems; free-floating
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buoys were deployed to provide surface pressure and temperature measurements;
and satellite observations were reconfigured to provide the best coverage of the
area. The severity of the storms and the uncertainty of storm tracks made it
impossible to use ships for in situ data collection. Major reliance had to be
placed on aircraft-the NCAR Electra and Sabreliner, the two NOAA P-3 research
aircraft, and a P-3 provided by the NRL. SSSF instrumented the Electra and the
three P-3 aircraft with the newly developed NCAR L2D2 dropwindsonde.

CLASS stations were deployed strategically along the Atlantic coast to
supplement the standard U.S. and Canadian rawinsonde stations. Five of the
sites were located in Canada: Nova Scotia (two), New Brunswick, Prince Edward
Island, and Newfoundland. Since launches were required only with the approach
of storms, the systems were operated in gale-force winds and heavy snow as well as
freezing rain. The eight CLASS stations made a total of 636 soundings in support
of ERICA.

The Electra's primary mission involved low-level flights. When it was available
for L2D2 missions, it performed well, with over 90% completely successful drops.
The two NOAA P-3 aircraft were the primary users of the dropsonde system.
During the first four intensive observing periods (IOPs), difficulties with the
deployment technique and a problem with the humidity sensor limited the success
of the system. By the last phase of the fourth IOP and throughout subsequent
IOPs, the system performed well in the severest weather conditions. A total
of 430 drops were made during ERICA. Of these, 269 provided good wind
and thermodynamic data from release to impact (63%), 115 provided acceptable
thermodynamic data but poor or no wind data, and 46 were failures. For the last
four IOPs, the success rate approached 90%.

NDTP. NDTP was a multiagency study centered around feeder-cloud
microphysics and dynamics, hailstone growth, and electrification and modification
potential of hailstorms. At the request of Paul Smith (SDSMT), two CLASS
systems were utilized in the project. The equipment, located at Elgin and
Goodrich, North Dakota, took a total of 155 soundings between 12 June and
22 July. A PAM II station was installed at each CLASS site to provide surface
measurements for the CLASS balloon flights and to provide some record of
the surface conditions in the dual-Doppler radar lobes. Data from the CLASS
soundings were used to initialize daily forecast models and to document the storm
environment.

The CLASS systems were operated by students participating in the Research
Experience for Undergraduates (REU) program conducted by Harry Orville
(SDSMT) and Nancy Knight (MMM). This program, funded by NSF, provided
students from around the country with exposure to research opportunities in
meteorology. Their participation in CLASS operations was very successful.
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SMILE. Friehe (University of California, Irvine) and Clive Dorman (San
Diego State University) utilized five PAM II remote stations, one CLASS sounding
system, and the PAM II Compact Base station along the coast of northern
California to investigate the effects of the lower atmosphere on the upper ocean
layer over the continental shelf. The PAM II stations were operated between
November 1988 and July 1989, and the CLASS and Compact Base systems were
on site during intensive field operations between mid-February and mid-March
1989.

Several hardware and electronic modifications were made to the PAM II remote
stations in anticipation of and response to difficulties associated with the harsh
marine environment. PAM II data were used to estimate the marine atmospheric
boundary layer thickness, to correlate mesoscale changes in the boundary layer
with upper-ocean changes, and to monitor the stability of the boundary layer
between winter storms. The data were also needed to observe the near-surface
wind structure, particularly the variations within coastal storms.

Between two and four CLASS soundings were flown each day of the intensive
period; the data were used to directly measure the marine atmospheric boundary
layer's thickness and to observe the general structure of storm systems. The
soundings also provided observations of cross-coast circulation patterns and of the
temporal stability of coastal circulations.

Cooperative Oklahoma P3 Studies-1989 (COPS-89). The COPS-89
project was a test of the data-gathering, communication, and coordination
strategies for the much larger COPS-91 field program. The primary objectives
of COPS-91 are to evaluate profiler network observational capabilities in a
variety of weather conditions and to explore ways of using the profiler data
in research aimed at improving understanding of drylines, frontal circulations,
and mesoscale convective system (MCS) physical processes, and to explore the
mechanisms responsible for the separation and generation of electric charge in
MCSs. David Jorgensen (NSSL), COPS-89 project coordinator, requested the
L2D2 dropwindsonde system for evaluation in this project. The light weight of the
new L2D2 sonde permitted the use of dropwindsondes over land for the first time.
About a dozen L2D2 sondes were deployed across several aircraft missions ranging
from dryline to convective-storm studies, with most returning good data sets.
The over-land drop capability and the ability to easily program the transmitter
frequency of the L2D2 sonde permitted a unique dropwindsonde/rawinsonde
application first attempted during this study. During the dryline research
mission, an L2D2 sonde was deployed on one side of the dryline while the NSSL
Mobile-CLASS system simultaneously launched a CLASS balloon sounding from
the other. The spectrum-analysis capabilities of the NCAR-developed 400-Mhz
telemetry receiver enabled the L2D2 system operator to identify the transmitting
frequency of the CLASS sonde before selecting a non-interfering frequency for the
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L2D2 sonde. The unique dual-sounding data set resulting from this coordinated
aircraft and ground effort points to interesting possibilities for researchers utilizing
dropwindsondes over land.

The successful application of the L2D2 dropwindsonde in COPS-89 has led
to a request for participation in COPS-91 and other research programs needing
dropwindsonde soundings over land.

Midwest Winter Cyclonic Storms. This project is part of an ongoing
effort by Robert Rauber (University of Illinois) to study the mesoscale structure
and dynamics associated with wintertime continental storms. SSSF provided one
CLASS system located at Champaign, Illinois, to support the project. Rauber's
students took 81 CLASS soundings between December 1988 and March 1989.
Serial soundings were initiated prior to the passage of a storm and continued
until the storm was downrange. The sounding data were used to study the time
evolution of the thermodynamic profile of the atmosphere as it related to the
movement of the winter storms. The data were also used to detect the presence of
gravity waves. Loran signal attenuation occurred during some of the flights when
the radiosonde was imbedded in a storm, resulting in a degradation of the wind
data. New Loran receivers in the radiosondes will be used in 1990 to improve the
quality of the wind data.

Precipitation Augmentation for Crops Experiment (PACE). One
CLASS system was allocated to the NOAA Flatland Radar Project conducted near
Champaign, Illinois. The equipment was used jointly by the Illinois State Water
Survey to support their PACE experiment during the summer of 1989. PACE 89
was part of a continuing effort to determine the conditions under which cloud
seeding could be used to enhance rainfall for the benefit of agriculture. Specific
objectives were to examine the effects of seeding on microphysical processes and
the behavior and characteristics of treated and untreated clouds. CLASS provided
the data needed for forecasting, model initializations, and documentation of the
environment in which convection occurred.

Terminal Doppler Weather Radar (TDWR) Nowcasting Experiment.
One CLASS system was deployed at Stapleton International Airport to support
ATD and MMM scientists testing concepts to nowcast thunderstorms and related
phenomena. The CLASS soundings were used to augment the temporal resolution
of the soundings routinely taken by the NWS at Stapleton. Data from the CLASS
soundings were transmitted in real time to the project control center to support
the nowcasting component of the project. NOAA/WPL is also using CLASS data
from the site for intercomparison with the 915-MHz profiler operating at Stapleton.

A 400-MHz receiver developed for the L2D2 dropwindsonde was used for the
first time in a CLASS system during TDWR 89. The use of this receiver, with
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its improved RF filtering, resulted in the collection of a data set with minimal
RF contamination and data loss. Receivers of this design are slated to replace all
current CLASS receivers in 1990.

Concentrations and Origins of CO, NO, NOY, and 03. Dickerson used
one PAM II station for a study of trace gas constituents in the Shenandoah
National Park in Virginia beginning in September 1988. The SMOG study
is sponsored by the Environmental Protection Agency. Its objective is the
observation of photochemical ozone production and reactive nitrogen compounds
for modeling the origin and fate of important gases which influence global climate
and air quality. The PAM II station was extensively modified to meet the
scientific objectives. Digitalization of analog data from user-supplied sensors
was accomplished to permit monitoring of Os, CO, NOy, and hydroxyl radical
concentrations. Thirty-second data averages were obtained on a PAM II station
for the first time. The data, telemetered every 3 min to NCAR's Geostationary
Operational Environmental Satellite (GOES) receiving system, were observed by
project personnel in near-real time using NCAR analysis software over a high-speed
network connection with the University of Maryland.

NCAR support for Dickerson extends beyond the use of PAM II. The ROBOT
software package is being made available for data analysis on University of
Maryland computers. Because SMOG field measurements will be needed for
several years, NCAR is providing Dickerson with technical assistance in acquiring
suitable hardware for an independent data monitoring system.

Sensor and System Developments

ASTER. ASTER is reaching the end of its development phase and will start
engineering and scientific field testing in early 1990. Development in FY 89 has
focused on data acquisition and display, sensors, and infrastructure. Initial testing
will take place at the Marshall Field Site; a second field test may take place at the
Carpenter, Wyoming, site.

A final engineering design of the Automated Data Acquisition and Transfer
System (ADATS) was completed in January 1989. The system was designed
around the VME bus, using commercially available hardware components and a
real-time operating software package. Development of ADATS started in February
1989, and three units are near completion. The ASTER base computers, a SUN
4/280 and SUN 3/60, arrived in April 1989. Base software has been developed
to interface the SUN system to the ADATS units. This includes acquisition
and archiving of data, downloading ADATS configuration parameters, a command
interface, and status monitoring. An initial real-time display capability has also
been developed, utilizing simple time-series plots.
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An infrared H 2 0 /CO2 sensor was developed for ASTER by William Kohsiek
(visitor, Royal Netherlands Meteorological Institute, or KNMI). (More detailed
information about this sensor is included later in this report.) Modifications to
an R.M. Young propeller-vane anemometer, begun in 1988, were completed this
year with the construction of seven sensors. The principal modifications were the
replacement of the traditional potentiometer, used for wind direction, with a 9-bit
absolute optical encoder, and interfacing the wind speed and direction transducers
into an integral 68HC11 data-acquisition board. Five of the anemometers will be
used to provide mean wind profiles for ASTER; the other two will be tested for
use on PAM II stations.

Other work on ASTER has focused on upgrades to the University of Washington
3-D sonic anemometers, improvements to the background chemistry sensors, and
development of infrastructure elements such as towers, booms, and transport
vehicles.

A highlight during the development phase was a successful test, in July 1989,
of most major ASTER components. The new infrared H 2 0 /CO 2 sensor and
the modified propeller-vane anemometer were mounted on a tower, along with a
Lyman-alpha hygrometer and a 3-D sonic anemometer. The sensors were interfaced
into one of the ADATS units, which transmitted data to the base computer. The
data are being used to evaluate the performance of both the sensors and the data
acquisition system.

L2D2. The existing dropwindsonde system used by NOAA and the U.S. Air
Force was developed by NCAR over 15 years ago. It uses the Omega navigation aid
for windfinding, requiring winds to be averaged over 3 min, and its weight (1400
grams) precludes release over land. In May 1987, NCAR received support from
the Office of Naval Research (ONR) for development of a Loran dropwindsonde
that would provide research-quality wind data and could be released without FAA
clearance. NCAR also committed to provide airborne systems and sondes for
deployment during the ERICA program.

Preliminary tests to prove that the system would work in the storm environment
were completed in January 1988. A number of improvements were made to the
aircraft data system and to the dropsonde. Four aircraft systems and 1100 sondes
were fabricated for use in the field phase of ERICA (December 1988 through
February 1989). A total of 430 dropsondes were deployed during ERICA with final
development, quick fixes, and production continuing through the eight IOPs.

SSSF now has four aircraft data systems and an L2D2 dropwindsonde with the
following capabilities and attributes:
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* A lightweight (260-gram) sonde that can be dropped over land;

* Computer-adjustable transmitter frequency;

* Calibration coefficients stored in the sonde;

* An accurate (1 mb) solid-state pressure sensor;

* A Loran receiver which performs well in areas with marginal signal reception;

* A heated humidity sensor, which eliminates lag and condensation problems;

* A production cost less than half that of the present standard sonde.

The field program highlighted a number of problems which require further
development and fixes. These include a redesign of the sonde transmitter to
eliminate spurs which prevent simultaneous drops, improvements in the design
and manufacture of the heated humidity sensor, and a deployment system which
will work well even with poorly designed aircraft launch tubes. These fixes will
be flight-tested in early 1990, prior to licensing the L2D2 system for commercial
manufacture.

GOES Telemetry Upgrade Study. Evaluation and development of alter-
native data collection platform communication techniques for the GOES satellite
continue. In July 1989, a contract was initiated with a private consulting firm
to perform system analysis and to identify suitable modulation formats for 300
and 1200 bit-per-second data rates. NCAR continues to coordinate the effort and
provide technical support to the contractor.

Preliminary results of the initial phase of study were reviewed near the end of
the year. It was determined that the satellite can support higher data rates using
8-PSK modulation with Trellis coding, and the National Environmental Satellite
Data and Information Service (NESDIS) has agreed that development can proceed.
Another major result was the projection of existing system performance under
heavily loaded conditions. This is an important factor as NESDIS moves toward
increasing the number of users on the satellite over the next several months.
NESDIS and NASA will use these findings to recommend changes in requirements
for future spacecraft. A final report was due by the end of December 1989.

The GOES upgrade effort is moving into a new phase. A second contract
was recently established with the consultant to analyze the feasibility of spread
spectrum techniques for high-data-rate transmissions. This approach is radically
different from currently practice and may yield reduced platform cost with no loss
of capacity. The users and NESDIS will select the final methodology, after which
generation of a system design and implementation nspecification can begin. NCAR
continues to provide project coordination and technical evaluation.
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Infrared H O/CO 2 Sensor. There is a strong desire by the atmospheric
chemistry community for ASTER to provide fast measurements of 002 for
flux estimation by eddy-correlation methods. Kohsiek developed a prototype
instrument based on the absorption of infrared radiation to measure concentrations
of both water vapor and CO2. The primary change from similar existing designs
was the use of fiber optics to separate the optical bench from the measuring
volume, which allows this sensor to be used with sonic anemometers without
distorting the flow. The prototype instrument presently is accurate to 0.06 g/m 3

in water and 7 ppm in CO2. Kohsiek will pursue several possible upgrades to
improve the sensitivity when he visits again in 1990.

Conditional Sampler. An instrument to implement the conditional sampling
technique for measuring fluxes of non-reactive trace gases, suggested by Joost
Businger and Steven Oncley (ATD/ASP), is being built jointly by Alan Hills
(ACD) and Oncley. The conditional sampling approach permits flux measurements
using a one-component sonic anemometer and (very importantly) slow-response
trace-gas analyzers. The prototype has three valves to switch the flow into one
of three sample bags corresponding to air in updraft, downdraft, and near-zero
vertical wind regions. These valves are controlled by a microprocessor using
data from the one-dimensional sonic anemometer. Tests of the sampler will be
performed initially using a released SF 6 tracer, and later with ambient C02. Both
tests will use ASTER for field support.

Integrated Sounding System. Walter Dabberdt and Cole have led an effort
to establish a multi-institutional project with NOAA ERL and the University of
Wisconsin to develop an integrated sounding system that would provide high-
resolution wind and thermodynamic measurements through the lower troposphere
and lower-resolution measurements through the stratosphere. As envisioned,
the integrated sounding system would consist of a UHF wind profiler with
radio acoustic sounding (NOAA), a navaid radiosonde system (NCAR), surface
meteorological station (NCAR), microwave and/or infrared passive thermodynamic
profilers (NOAA and University of Wisconsin), and the associated data acquisition,
processing, and display system (NCAR). Efforts continue to obtain extramural
support for the development. During the year, NCAR and NOAA collaborated
to design a programmable tilt mechanism for the UHF antenna and a more
comprehensive design for a gyro-stabilized tilt platform for shipboard application.

Research and Technique Development

Turbulence Simulation. Prior to joining SSSF, Thomas Horst was a visiting
scientist with MMM. He was extending his previous observational and modeling
research on the local turbulence structure of nocturnal slope flow by direct
numerical simulation of these flows with Robert Kerr's (MMM) geophysical
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turbulence code. Since Kerr's code had not been used previously for shear-
driven boundary-layer flows, the work during the past year primarily focused on
becoming familiar with and debugging the code by reproducing existing channel-
flow simulations with a constant pressure gradient and no thermal stratification.
(Additional description of this work is found in the MMM section of this
report.) During the coming year, the simulations will be extended to stably
stratified channel flow and the parameterization of turbulent-energy transport and
dissipation will be studied.

Turbulent Transport Research. The relationships between the surface flux
of trace constituents and the chemical resolution required for eddy-correlation,
gradient, and conditional-sampling techniques were explored for the full range of
different atmospheric conditions. These relationships were then defined in terms
of common micrometeorological parameters. The findings of this study (Businger
and Delany, Journal of Atmospheric Chemistry, 1990) will be used to evaluate
the suitability of different chemical sensors and analytical systems for making flux
measurements and will be utilized as part of the ASTER operational system to
define the accuracy with which actual flux measurements are made.

Model simulations based upon previous experimental work undertaken in
the South American Cerrado region during the burning season addressed the
interaction of tropospheric photochemistry and boundary-layer dynamics. The
results of this investigation (Chatfield and Delany, Journal of Geophysical Research,
1990) emphasize the significant differences in the efficiency of tropospheric ozone
production which result dependent upon the nature of the turbulent mixing
process.

Conditional Sampling Technique. The atmospheric chemistry community
needs to measure the fluxes of several chemical species for which fast-response
instruments (which would allow the eddy-correlation technique to be used) are
not available. Businger proposed a method to make these measurements using
conditional sampling based on the vertical velocity. Only the mean concentrations
in updraft and downdraft samples, the standard deviation of the vertical velocity,
and a coefficient of proportionality, b, need to be known. Oncley simulated this
method using existing time series of the vertical wind component, temperature,
and humidity in the surface layer. It was found that, over a wide stability range,
b has an almost constant value of 0.6 for both scalars. This result encourages
application to other scalars and suggests that the method may be used beyond
the atmospheric surface layer in the lower part of the planetary boundary layer.
The results will be published early in 1990 (Businger and Oncley, Journal of
Atmospheric and Oceanic Technology).

Upper-Air Humidity Measurement. Examination of a number of sound-
ings collected on dry microburst days during CINDE revealed questionable
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performance of the humidity-sensing element (carbon hygristor) at relative hu-
midities (RH) below 20%. Further examination of the problem revealed that
the manufacturer of the hygristor (the VIZ Corporation) was using incorrect
coefficients in the algorithm which converts sensor resistance to RH. VIZ confirmed
this finding when they conducted a special low RH calibration of the sensor at
SSSF's request. This discovery has far-reaching significance, since the method
of reducing RH values below 20% has been in error since the hygristor was first
used on U.S. radiosondes in the mid-1960s. The error was significant enough that
the NWS stopped evaluating RH <20% in 1973. SSSF results suggest that the
hygristor works as well at low RH values as at values >20%, provided that the
proper calibration coefficients are used. The NWS subsequently has agreed to
rescind its 17-year-old policy of reporting sounding humidities <20% using the
300C temperature-dew-point spread, and will begin reporting humidities over the
full range with the implementation of the new Micro-ART sounding system in
1990.

The new policy will not only provide a better understanding of the thermo-
dynamic structure of the dry microburst environment, but will also aid those
requiring intercomparison data for research and operations with spaceborne and
ground-based profiling. These results were presented in October 1989 at the 12th
Conference on Weather Analysis and Forecasting in Monterey, California, and
at the Working Group for Upper-Air Observations meeting in Wallops Island,
Virginia, in November, and are currently being prepared for publication in one of
the AMS journals.

Atmospheric Mesoscale Terrain-Forced Coastal Eddies. Dabberdt, with
James Wilczak and Robert Kropfli (NOAA ERL), continued their research into
the dynamics of nocturnal meso-beta eddies formed in the west-central portion of
the Santa Barbara Channel, California The work combines observations from a
diverse group of in situ and remote surface and airborne systems together with
simulations from Wilczak's prognostic mixed-layer model. Results indicate that
the so-called mid-channel eddy is about 40 km in diameter with a warm core
and may form well into the nocturnal period. It forms as a consequence of the
interaction of northerly nocturnal drainage flow from the coastal mountains and
the northwesterly offshore synoptic flow which is channeled westerly between the
coast and the Channel Islands. The work has been submitted for publication in
the Journal of Applied Meteorology.

Research Applications Program

Mission and Goals

The primary mission of RAP is basic and applied research in observational
meteorology that has focused on mesoscale meteorology, with a special emphasis
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on aviation weather. RAP has been contained within ATD since 1981, where it
was first known as the JAWS Project, and evolved into a facility-level program in
1985. At the end of FY 89, RAP separated from ATD and became an NCAR-wide
program reporting to the Director of NCAR.

Research Conducted During FY 89

RAP continued its wind-shear research efforts during FY 89 and conducted an
operational demonstration of an integrated airport terminal wind shear detection
and warning system. The TDWR system, which was previously tested in 1988,
and the Enhanced Low-Level Wind Shear Alert System (ELLWAS), which was
tested in 1987, were integrated into a single alert system that combines the
best of both TDWR and ELLWAS. TDWR successfully detects microburst wind
shear conditions in the summertime, while ELLWAS performs well in detecting
summertime gust frontal shears and wintertime frontal conditions that Doppler
radar cannot. In support of the FAA national procurement plan for 47 such
systems, the 1989 demonstration proved the value of an integrated system
in providing real-time warning and alert messages to aircraft arriving at and
departing from Stapleton International Airport.

RAP collaborated closely with MMM, NOAA ERL, and several universities
to develop the scientific basis for improved aircraft icing forecasts via the Winter
Icing and Storms Project (WISP). Beginning in 1990 and continuing for four
successive field seasons in the Colorado Front Range and in the central Midwest,
WISP will conduct basic and applied research into the physical bases of winter
storms, including mesoscale influences in their formation and in the distribution
of supercooled liquid water as a fundamental cause of icing. The core applied
research objective is to develop an improved aircraft icing forecast for the FAA to
be used by the NWS.

RAP continued to develop the Cooperative Program for Operational Meteo-
rology, Education, and Training (COMET) as a new initiative to assist the NWS
and segments of the military by providing a center for learning and professional
forecaster development. COMET was formally established in FY 89 and situated in
UCAR. William Bonner, previously director of the NWS National Meteorological
Center, will become the COMET director in April 1990.

The forecasting of very short-term (0-2 hr) hazardous weather conditions
became a principal focus of RAP. A real-time, operational thunderstorm initia-
tion "nowcast" experiment was conducted during the 1989 summer operational
demonstration. Following the nowcasting research in RAP and FOF, a 30-min
forecast of the initiation and future location of thunderstorms was provided to
air traffic management units at the Stapleton Air Traffic Control Tower and
to the Center Weather Service Unit and enroute air-traffic management unit at
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Longmont, Colorado. Indications are that a short-term thunderstorm formation
product will provide the enroute environment with strategic planning capabilities
that will aid in modernizing FAA air traffic managemnt. Additional nowcasting
products are planned for tornado forecasting, icing, and the onset and dissipation
of heavy snow/freezing precipitation.

Design and Fabrication Services

Mission and Goals

The primary goals of 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 contributes development team members to project efforts. The
Machine Shop performs machining, welding, sheet-metal, cleaning and anodizing,
electropolishing, and assembly and repair services. The Logistics Group provides
logistics services, equipment maintenance and repair, and general site maintenance
for the Marshall Field Site.

The Mechanical Design Group and Machine Shop provide service to all of
NCAR, while Logistics Group activities are generally limited to ATD, with the
primary focus on FOF radars.

Activities of the Past Year

Major development efforts that involved the Mechanical Design Group and/or
the Machine Shop included the following:

Tuneable Diode Laser System (Alan Fried, ACD)

Aircraft Sample Inlets (Barry Huebert, University of Rhode Island)

MHR (Frank Pratt, FOF)

ASTER (Anthony Delany, SSSF)

Infrared Detector (William Kohsiek, SSSF visitor)

ELDORA (Peter Hildebrand, FOF)

Machine Shop support was distributed among NCAR divisions and other
groups as follows:
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Table 10. Machine Shop Support

Hours Percent

Atmospheric Technology Division 5,547.5 45.6
Atmospheric Chemistry Division 3,713.0 30.5
High Altitude Observatory 1,169.5 9.6
Scientific Computing Division 248.0 2.0
NCAR Director's Office 219.5 1.8
UCAR 18.5 0.2
Mesoscale and Microscale Meteorology Division 1.0-
National Institute of Standards and Technology 8.0-
University of Rhode Island 583.5 4.8
University of Maryland 55.0 0.5
National Scientific Balloon Facility 604.0 5.0

TOTAL HOURS CHARGED

302

12,167.5



Atmospheric Technology Division

Staff and Visitors

Staff

Division Director's Office

Karen Bowie
Richard Carbone (Acting Director) (From 1 May 1989)
Lisa Cummins
Carol Nicolaidis
Robert Serafin (Director) (to 30 April 1989)
Robert Snow
Shelley Zucker

Research Aviation Facility

Herminio Avila
Linda Banks
Harold Barber
Darrel Baumgardner
Jeffrey Berry
Jeffrey Bogen
Henry Boynton
Edward Brown
Robert Carl
Celia Chen
Rene Clifford
William Cooper (50%, MMM)
Michael Daniels
William Dawson
James Dye (33%, MMM)
Richard Friesen
Vincent Glover
Mary Griffith
Michael Heiting
Victoria Holshauer
Gary Horton
Cynthia Humiston
Warren Johnson (Manager)
Katherine Knepper
Gregory Kok (50%, ACD)
Paul LeHardy
Donald Lenschow (33%, MMM)
James Lundahl
David McFarland
Erik Miller
Jerry Pelk
Will Piper
James Ragni
Edward Ringleman
Ronald Ruth
Allen Schanot
Richard Schillawskl
Ronald Schwiesow

Stephen Skinner
Michael Spowart
Paul Spyers-Duran
Richard Taylor
Jerry Tejcek
Kim Weaver
Norman Zrubek

Field Observing Facility

Patricia Alonso
Jose Alvistur
Gary Blair
Robert Bowie
Christopher Burghart
Richard Carbone (Manager) (to 30 April 1989)
G. Forrest Cook (50%)
Shawn Copeland
Jonathan Corbet
Jill Devine (66%)
Donald Ferraro
Charles Frush
Jack Good
Grant Gray
Paul Hersegh (Associate Manager) (to 30 April 1989)

(Acting Manager) (From 1 May 1989)
Peter Hildebrand
Jean Hurst
William Irwin
R. Jeffrey Keeler
Wen-Chau Lee
Brian Lewis
Jonathan Luts (30%)
Raghu Madhok
Steven Maher
Margaret Miller
Cynthia Mueller (50%)
Richard Neitsel
Richard Oye
Richard Parsons
Frank Pratte
Mitchell Randell
Robert Rilling
Michael Strong
Hung Viet Ta
Margaret Taylor
Joseph Van Andel
Joseph Vinson
Craig Walther
James Wilson (50%)
James Ziese
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Surface and Sounding Systems Facility

Edgar Aden
Gerald Albright
Joost Businger (to June 1989)
Edward Chamberlain
Harold Cole
G. Forrest Cook (50%)
Walter Dabberdt (Manager)
Celia Darnell
Anthony Delany
Tom Gardner
Bret Halford
Terrence Hock
Thomas Horst
Catherine Irwin
Kurt Knudson
Errol Korn
Vincent Lally
Dean Lauritsen
Zohreh Malekmadani
Charles Martin
David McNutt
Matthew Michaelis
John Militser
Claude Morel
Kenneth Norris
James Owens
Steven Oncley (ASP postdoctoral fellow)
Carmen Paneits
Mary Ann Pykkonen
Adam Schabtach
Steven Semmer
Marcel Verstraete
Charles Wade (33%, MMM)
Gary Wright

Research Applications Program

E. David Albo
Eileen Allbritten
Robert Barron
Cleon Biter
Gary Blackburn
Michael Carpenter
Lisa Chambers
Charles Chappell (long-term visitor)
Sherry Comes
Larry Cornman
Andrew Crook (50%, MMM) (long-term visitor)
Deborah Davis
Jill Devine (33%)
Kimberly Elmore
R. Kent Goodrich (long-term visitor)
Richard Grubin
Brian Heckman (long-term visitor)

O. Tres Hofmeister
Cathy Kessinger
Jonathan Luts (70%)
William Mahoney
John McCarthy (Manager)
Susan McClintock
Carl Mohr
James Moore
Cynthia Mueller (50%)
William Myers (long-term visitor)
Marcia Politovich
Roy Ramussen (75%) (long-term visitor)
Rita Roberts
Diane Rogers
Wayne Sand
Arthur Shants
G. Michael Siedelberg
Renee Swindle
Joan lanous
Robin Vaughan (40%, MMM)
Gerry Wiener
Jeanette Walters
F. Wesley Wilson
James Wilson (50%)
Sandra Yuter

Design and Fabrication Services

Page Baptist
John Beeby
Jeff Bobka
Richard Bobka
James Ellis
Jack Fox
Paul Geisert
Alfred Hansen
Michl Howard
Paul Johnson (Manager)
Ivan Lee
Hayden Mathews
Alvin Sapp
Bart Woodiel
William Zelt

Visitors

William Kohsiek; Royal Netherlands Meteorological
Institute; 1 September 1988 to 31 July 1989; RAF and
SSSF.

Ting Shan Li; Chinese (Taiwan) Air Force; 1 November
1988 to 31 October 1989; FOF.

Cynthia Twohy; University of Washington; 1 June 1988
to 1 June 1990; RAF.

Andrew Weinheimer; Rice University; 4 January 1988 to
3 January 1989; RAF.
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Phillip Young; University of Wisconsin-Platteville;
1 June to 15 August 1989; RAF.
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Publications

Publications by NCAR staff and visitors that appeared in
fiscal year 1989 (1 October 1988-30 September 1989) are
listed in this section. Also included are 1988 publications not
listed in last year's report. An asterisk (*) indicates a non-
NCAR author. Coauthored publications are entered only once,
according to the division of the principal NCAR author. Each
division's list is divided into refereed publications and other
publications. Because previous editions of this list have
followed the calendar year, some duplication will occur
between this list and last year's.

Climate and Global Dynamics Division

Refereed Publications

BRANSTATOR, G., and J.D. OPSTEEGH, 1989: Free
solutions of the barotropic vorticity equation. J. Atmos. Sci.
46, 1799-1814.

BROWN, B.G., 1989: Climate variability and the Colorado
River Compact: Implications for responding to climate
change. In Societal Responses to Climatic Change:
Forecasting by Analogy (M.H. Glantz, Ed.), Westview
Press, Boulder, Colo., 279-306.

- and *A.H. MURPHY, 1988: The economic value of
weather forecasts in wildfire suppression mobilization
decisions. Can. J. For. Res. 18, 1641-1649.

*CARTON, X.J., and J.C. McWILLIAMS, 1989: Barotropic
and baroclinic instabilities of asymmetric vortices in a
quasigeostrophic model. In Mesoscale and Synoptic
Coherent Structures in Geophysical Turbulence (J.C.J.
Nihoul and B.M. Jamart, Eds.), Elsevier Publishers,
Amsterdam, the Netherlands, 225-244.

*CESS, R.D., *G.L. POTTER, *J.P. BLANCHET,
*G.J. BOER, S.J. GHAN. J.T. KIEHL, *H. LE TREUT,
*Z.-X. LI, *X.-Z. LIANG, *J.F.B. MITCHELL,
*J.-J. MORCREITE, *D.A. RANDALL, *M.R. RICHES,
*E. ROECKNER, *U. SCHLESE, A. SLINGO, *K.E.
TAYLOR, W.M. WASHINGTON, *R.T. WETHERALD,
and *I. YAGAI, 1989: Interpretation of cloud-climate
feedback as produced by 14 general circulation models.
Science 245, 513-516.

*CHEN, S.-C., and K.E. TRENBERTH, 1989: Reply [to
comments by A.M. de Silvaon "Orographically forced
planetary waves in the Northern Hemisphere winter: Steady
state model with wave-coupled lower boundary
formulation"]. J. Atmos. Sci. 46, 2108.

*CHEN, T.-C., and G.W. BRANSTATOR, 1989: A study of
the atmospheric general circulation as an initial value
problem with the NCAR community climate model.
J. Geophys. Res. 94, 3427-3450.

*-- , *R.Y. TZENG, and H. VAN LOON, 1988: A study on
the maintenance of the winter subtropical jet streams in the
northern hemisphere. Tellus 40A, 392-397.

*CHRISTY, J.R., K.E. TRENBERTH, and *J.R. ANDER-
SON, 1989: Large-scale redistributions of atmospheric
mass. J. Climate 2, 137-148.

CHU, P.-S., and R.W. KATZ, 1989: Spectral estimation from
time series models with reference to the Southern
Oscillation. J. Climate 2, 86-90.

COAKLEY, JR., J.A., and *T. KOBAYASHI, 1989: Broken
cloud bases in albedo and surface insolation derived from
satellite imagery data. J. Climate 2, 721-730.

DICKINSON, R.E., 1988: The force-restore model for
surface temperatures and its generalizations. J. Climate
1(11), 1086-1097.

ERRICO, R.M., and D.L. WILLIAMSON, 1988: The
behavior of gravitational modes in numerical forecasts with
the NCAR community climate model. Mon. Weather Rev.
116, 1737-1756.

-- , *E.H. BARKER, and *R. GELARO, 1988: A determi-
nation of balanced modes for two models. Mon. Weather
Rev. 116, 2717-2724.

GENT, P.R., and M.A. CANE, 1989: A reduced gravity,
primitive equation model of the upper equatorial ocean.
J. Comp. Phys. 81,444-480.

GIORGI, F., 1989: Two-dimensional simulations of possible
mesoscale effects of nuclear war fires. 1. Model
description. J. Geophys. Res. 94(D1), 1127-1144.

and *G. VISCONTI, 1989: Two-dimensional simula-
tions of possible mesoscale effects of nuclear war fires.
2. Model results. J. Geophys. Res. 94(D1), 1145-1163.

GLANTZ, M.H., 1988: Politics and the air around us:
International policy action on atmospheric pollution by
trace gases. In Societal Responses to Regional Climatic
Change: Forecasting by Analogy (M.H. Glantz, Ed.),
Westview Press, Boulder, Colo., 41-72.
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and *J.H. AUSUBEL, 1988: Impact assessment by
analogy: Comparing the impact of the Ogallala Aquifer
depletion and CO2-induced climate change. In Societal
Responses to Regional Climatic Change: Forecasting by
Analogy (M.H. Glantz, Ed.), Westview Press, Boulder,
Colo., 113-142.

- (Ed.), 1988: Societal Responses to Regional Climatic
Change: Forecasting by Analogy. Westview Press,
Boulder, Colo., 428 pp.

(Ed.), 1989: Forecasting by Analogy: Societal Re-
sponses to Regional Climatic Change. Environmental and
Social Impacts Group, NCAR, Boulder, Colo., 77 pp.

*GUTZLER, D.S., and R.A. MADDEN, 1989: Seasonal
variations in the spatial structure of intraseasonal tropical
wind fluctuations. J. Atmos. Sci. 46, 641-660.

HACK, J.J., 1989: On the promise of general-purpose-parallel
computing. Parallel Comp. 10, 261-275.

, *W.H. SCHUBERT, *D.E. STEVENS, and *H.C.
KUO, 1989: Response of the Hadley circulation to
convective heating in the ITCZ. J. Atmos. Sci. 46,
2957-2973.

*IMAWAKI, S., *P.P. NIILER, *C.H. GANTIER,
*D. HALPERN, *R.A. KNOX, W.G. LARGE,
*D.S. LUTLER, J.C. McWILLIAMS, *JJN. MOUM, and
*C.A. PAULSEN, 1988: A new method for estimating the
turbulent heat flux at the bottom of the daily mixed layer.
J. Geophys. Res. 93, 14,005-14,012.

IWASAKI, T., 1989: A diagnostic formulation for wave-
mean flow interactions and Lagrangian-mean circulation
with a hybrid vertical coordinate of pressure and isentropes.
J. Meteorol. Soc. Japan 67(2), 293-312

, *S. YAMADA, and *K. TADA, 1989: A parameteriza-
tion scheme of orographic gravity wave drag with two
different vertical partitionings. Part I: Impacts on medium-
range forecasts. J. Meteorol. Soc. Japan 67(1), 11-27.

-, *- , and * - , 1989: A parameterization scheme of
orographic gravity wave drag with two different vertical
partitionings. Part II: Zonally averaged budget analyses
based on transformed Eulerian mean method. J. Meteorol.
Soc. Japan 67(1), 29-41.

*KALNAY, E., *M. KANAMITSU, *J. PFAENDTNER,
*J. SELA, *M. SUAREZ, *J. STACKPOLE, *J. TUC-
CILLO, *L. UMSCHEID, and D. WILIAMSON, 1989:
Rules for interchange of physical parameterizations. Bull.
Am. Meteorol. Soc. 70, 620-622.

KASAHARA, A., and *H.L. TANAKA, 1989: Application of
vertical normal mode expansion to problems of baroclinic
instability. J. Atmos. Sci. 46,489-510.

-- *R.C. BALGOVIND, and *B.B. KATZ, 1988: Use of
satellite radiometric imagery data for improvement in the
analysis of divergent wind in the tropics. Mon. Weather
Rev. 116, 866-883.

KATZ, R.W., 1988: Statistical procedures for making
inferences about climate variability. J. Climate 1,
1057-1064.

-, 1988: Statistics of climate change: Implications for
scenario development. In Societal Responses to Regional
Climatic Change: Forecasting by Analogy (M.H. Glantz,
Ed.), Westview Press, Boulder, Colo., 95-112.

KIDSON, J.W., 1988: Interannual variations in the Southern
Hemisphere circulation. J. Climate 1, 1177-1198.

- and K. E. TRENBERTH, 1988: Effects of missing data
on estimates of monthly mean general circulation statistics.
J. Climate 1, 1261-1275.

KIEHL, J.T., and B.A. BOVILLE, 1988: The radiative-
dynamical response of a stratospheric-tropospheric general
circulation model to changes in ozone. J. Atmos. Sci. 45,
1798-1817.

- , and B.P. BRIEGLEB, 1988: Response of a
general circulation model to a prescribed Antarctic ozone
hole. Nature 332, 501-504.

KOBAYASHI, T., 1988: Parameterization of reflectivity for
broken cloud fields. J. Atmos. Sci. 45, 3034-3045.

LABITZKE, K., and H. VAN LOON, 1989: Association
between the 11-year solar cycle, the QBO, and the
atmosphere. J. Climate 2, 554-565.

-- and -, 1989: Recent work correlating the 11-year
solar cycle with atmospheric elements grouped according
to the phase of the quasi-biennial oscillation. Space Sci.
Rev. 49, 239-258.

LARGE, W.G., and H. VAN LOON, 1989: Large scale, low
frequency variability of FGGE surface buoy drifts and
winds over the Southern Hemisphere. J. Phys. Oceanogr.
19, 216-232.

LEE, Y.-H., and *T.-C. CHEN, 1989: On the maintenance of
the 1982-83 ENSO episode simulated by the NCAR
community climate model. Pap. Meteorol. Res. 12(1),
59-73.
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*L, F., W.G. LARGE, *W. SHAW, *EJ. WALSH, and
*K. DAVIDSON, 1989: Ocean radar backscatter relation-
ship with near-surface winds: a case study during
FASINEX. J. Phys. Oceanogr. 19,342-353.

MADDEN, R.A., 1989: On predicting probability distribu-
tions of time-averaged meteorological data. J. Climate 2,
922-925.

and *H. LEJENAS, 1989: Flow at 500-mb associated
with a measure of persistence over western Europe. Mon.
Weather Rev. 117, 2843-2854.

and *P. SPETH, 1989: The average behavior of large-
scale westward traveling disturbances in the atmosphere.
J. Atmos. Sci. 46, 3225-3239.

McWILLIAMS, J.C., 1988: Vortex generation through
balanced adjustment. J. Phys. Oceanogr. 18, 1178-1192.

- , 1989: Statistical properties of decaying geostrophic
turbulence. J. Fluid Mech. 198, 199-230.

MEEHL, G.A., 1989: Southern oscillation phenomena in a
coupled ocean-atmosphere GCM. In Proc. 13th Annual
Climate Diagnostics Workshop, Cambridge, Mass., 31
October-4 November 1988. U.S. Department of Com-
merce, Washington, D.C., 289-291.

*MELANDER, M.V., *N. ZABUSKY, and J.C. McWIL-
LIAMS, 1988: Symmetric vortex merger in two dimen-
sions: Causes and conditions. J. Fluid Mech. 195, 303-340.

MILLER, K.A., 1988: Hydropower generation and CO 2-
induced climate change: The potential for adjustment
through water markets. In Proc. VIth International Water
Resources Association World Congress, Ottawa, Ontario,
Canada, 29 May-3 June. IRWA, Urbana, Ill., Vol. IL
450-459.

-- , 1988: Public and private responses to Florida citrus
freezes. In Societal Responses to Regional Climatic
Change: Forecasting by Analogy (M.H. Glantz, Ed.),
Westview Press, Boulder, Colo., 375-406.

-, 1989: Climate change: Water rights and electric
utilities. Ener. Pol. 8, 420-424.

,1989: Hydropower, water institutions and CO:-induced
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