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The National Center for Atmospheric Research has a twofold mission--to pursue research
questions confronting the atmospheric sciences and to support the research of the university
community by providing major computing, observational and instrument facilities. Science programs
are carried out by four scientific divisions, Atmospheric Chemistry, Climate and Global Dynamics,
Mesoscale and Microscale Meteorology, and the High Altitude Observatory. Facilities are developed,
operated and maintained by two other divisions, Atmospheric Technology and Scientific Computing.

There are three additional programs. The Research Applications Program is working to
improve predictions of a variety of weather hazards that affect aviation, and to develop forecasting
and visualization products for the aviation industry. The Environmental and Societal Impacts Group
is made up of scientists who research the impacts of climate change, both naturally occurring and
man-made. The Advanced Study Program selects and appoints graduate and postdoctoral fellows
from numerous disciplines who wish to broaden their research experience during a two year visit at
NCAR.

This report is a summary of accomplishments for fiscal year 1993 of the divisions and
programs at NCAR. It provides an overview of all major research programs currently being
undertaken and identifies NCAR and Visitor scientists who are involved. Each divisional chapter is
followed by a list of current staff and publications for the year.

Research in the atmospheric sciences relies on empirical data gathered through field programs
which acquire measurements made by ground-based, ship-based, airborne and satellite
instrumentation. During fiscal year 1993, NCAR participated in and launched several major field
programs to measure ocean-atmosphere interactions with TOGA-COARE in the South Pacific, some
of the basic chemical characteristics of the atmosphere with MLOPEX in the Hawaiian Islands, or to
increase understanding of winter storm genesis, with WISPIT. Instruments such as the Stokes
Polarimeter and SOLSTICE retrieved new information about the sun and its variability. To provide
the research community with new platforms to meet changing observational needs NCAR began to
restructure the aircraft fleet, starting with the acquisition of a C-130 long-range aircraft.

Observational research is complementary to the modeling of complex systems such as weather
and climate. Our understanding of these systems progresses through construction of theories and
numerical models which attempt to simulate events and trends observed in the field. We believe our
participation in field campaigns and the ongoing acquisition and development of instruments and
platforms, combined with vigorous theoretical research programs, assure NCAR's ability to remain in
the forefront of atmospheric research. I encourage you to learn more about these and other activities
at NCAR in the following pages.

NCAR is happy to provide this account of its accomplishments of the past year. We are
especially grateful to the National Science Foundation, our principal sponsor, and the many other
federal agencies who support our work.

Robert J. Serafin
Director



Atmospheric Chemistry Division

The overall ACD objective is to understand the chemical processes mediated by
atmospheric interactions within the Earth system. This is accomplished through
interdisciplinary studies that probe the complex interactions between oceans, ecosystems, and
the atmospheric interface they share. ACD is maintaining a balance between theoretical and
experimental research techniques while developing a hierarchy of mathematical models to
both guide and interpret measurements.

ACD continued its research within the NSF global change program through a tight
integration between laboratory investigations, field studies, and modeling. Global
Tropospheric Chemistry Program (GTCP) activities centered upon MLOPEX field data
reduction, the development of new analytical techniques, and the refinement of ecosystem
models through field measurements in representative biomes. A major OH measurement
intercomparison was also conducted comparing various techniques and including related
chemical species. Climate Modeling and Analysis Program (CMAP) activities focused upon
completion of a CCM2-based carbon cycle model. High Performance Computing and
Communications (HPCC) program activities resulted in the adaptation of chemical modeling
code to a multitasked computing environment. Work also continued on defining the Middle
Atmosphere Research Initiative (MARI) program to coordinate ongoing research in the
stratosphere and develop new aircraft instrumentation.

Remote sensing continued to be a major activity with the continued improvement of
algorithms and analyses of data from the NASA Upper Atmospheric Research Satellite
(UARS). Significant milestones were also achieved in development of NASA Earth
Observing System (EOS) instruments including the High Resolution Dynamics Limb Sounder
(HIRDLS) and the Measurements of Pollutants in the Troposphere (MOPITT) instrument.

Significant Accomplishments

The MLOPEX II field campaign provided some of the first data on seasonal variation
of photochemically active species in the remote atmosphere (Brian Heikes, University of
Rhode Island; Kenneth Mopper, Washington State University; Gerhard Hiibler, CIRES;
Guy Brasseur, Brian Ridley, Jack Calvert, Sasha Madronich, Patrick Zimmerman, and
others). Seasonal changes are largely determined by synoptic scale circulation, and the
spring period was expected to be the time of maxima based upon previously observed
ozone and Asian dust transport. Although this was largely borne out, many species
surprisingly showed maximum mixing ratios and variability during the January-
February intensive (see ACD-5).

* ACD advanced its comprehensive oxidation chemistry capabilities this year with the
arrival of Fred Eisele (Georgia Technological Research Institute). The first OH radical
measurements made in the remote Pacific using two different techniques (Harold Schiff,
York University, Canada) were coupled in models (Sasha Madronich and Jack Calvert)
with the comprehensive suite of chemical and physical measurements made during
MLOPEX II. An OH intercomparison experiment was also conducted in the Rocky
Mountains involving many instrumental techniques, chemical species, and university
investigators (William Brune, Pennsylvania State University; John Birks, University of
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Colorado; Kenneth Mopper, Washington State University; George Mount, Eric Williams,
Steven Bertman, and Susan Buhr, NOAA; and others) (see ACD-4).

* Measurements of C10 and other stratospheric constituents made during the AASE II
campaign were simulated using a three-dimensional stratospheric chemistry transport
model adapted to use observed meteorological fields (Franck Lefbvre, Centre National
de Recherches Meteorologiques, Toulouse, France; and Brasseur). Agreement between
the model and observations were remarkably good when the heterogeneous chemistry
on polar stratospheric clouds and sulfate aerosols were included (see ACD-13).

* Biogenic hydrocarbon fluxes were measured at the leaf, branch, canopy and landscape
scales at five sites representing a cross-section of ecosystems (Perry Sampson, University
of Michigan; Judd Isebrandas, U. S. Forest Service; Zimmerman, Alex Guenther, and
others). These results are being used to develop models for estimating biogenic fluxes
in all ecosystems and are part of preparations for the future GTCP Experiment for
Regional Sources and Sinks of Oxidants (EXPRESSO) (see ACD-16).

* A carbon cycle model was built to study the contributions of different CO 2
1 sources

and sinks to the atmospheric carbon budget and distribution (David Erickson; Pieter
Tans, NOAA CMDL; Philip Rasch; Pierre Friedlingstein, Free University of Brussels).
Based on the CCM2, this model allows tracking of CO 2 from separate sources such as
fossil fuel combustion, the terrestrial biosphere, and ocean exchange. Initial simulations
show good agreement with observations at some locations, but also point to interesting
discrepancies at other locations (see ACD-15).

* Analyses of fourteen years of satellite data showed the first evidence of cooling trends
in the lower stratosphere that are correlated with documented ozone losses (William
Randel). The study also correlated ozone and temperature with equatorial QBO and
ENSO events (see ACD-11).

* Pulsed laser photolysis and resonance fluorescence detection were used to determine the
quantum yields of chlorine nitrate destruction (Geoffrey Tyndall, John Orlando, and
Carla Kegley-Owen, University of Colorado). CIONO2 is central to stratospheric ozone
chemistry and these results will improve the accuracy of models predicting future ozone
levels (see ACD-7).

* Tropospheric inputs of organic chlorine and bromine to the stratosphere were measured
near the tropical tropopause (Leroy Heidt, Walter Pollock, James Vedder, NASA Ames
Research Center; Susan Solomon and James Elkins, NOAA Aeronomy Laboratory). Of
the approximately 3.5 ppbv of organic chlorine, 85% were from CFCs and other
anthropogenic compounds, while the remaining 15% were from naturally occurring
organic chlorine. Methyl bromide was the major organic bromine compound and
represented 54% of the 21 pptv of total organic bromine measured. A mixture of
Halons accounted for the remainder (see ACD-21).

* Reduction in TOMS ozone measurements observed between 1979 and 1992 were
analyzed to calculate the increase in spectral ultraviolet radiation at the surface
(Madronich, and Frank de Gruijl, University of Utrecht, Netherlands). Model
calculations predicted significant increases in the incidence of skin cancer for the
middle and high latitudes in both hemispheres (see ACD-15).

* The construction of a new research facility, the NCAR Phytotron, was completed and
placed in operation (Lee Klinger and Zimmerman). This greenhouse/environmental

1 For names of chemical symbols used in this chapter, see the list on p. 24.
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chamber will enable process studies to determine relationships between physiological
parameters and biogenic trace gas fluxes thereby improving our understanding of the
influence of ecosystems on atmospheric chemistry (see ACD-18).

The first measurements of HCFC-141b (a new replacement for CFC-11) were made
over the Pacific Ocean (Glen Cota, University of Tennessee; Timothy Bates and James
Johnson, NOAA's Pacific Marine Environmental Laboratory; Elliot Atlas, Walter
Pollock, Sue Schauffler, and Richard Lueb). Nearly five-fold higher mixing ratios were
observed in the North Pacific as compared with the South Pacific (see ACD-22).

Atmospheric Chemical Transformations (ACT)

ACT focuses on the measurement of trace species which are major players in
determining the photochemical production and destruction of ozone and in influencing the
oxidizing capacity of the atmosphere, specifically odd nitrogen, oxygen, and hydrogen
constituents. ACT emphasizes (a) the development of instrumentation for measurements
especially in, but not limited to, the remote atmosphere, (b) development of aircraft and
ground-based measurement programs to test our understanding of the chemistry and
transport within the atmosphere, and (c) through collaboration with others in ACD and other
colleagues, the analysis and interpretation of observations through modeling exercises.

Mauna Loa Observatory Photochemistry Experiment
(MLOPEX)-Data Analysis

A large effort has been made on archiving, analysis, and interpretation of the
measurements obtained from this year-long experiment conducted in 1991-1992. James
Walega and Denise Montzka (visitor, NOAA Aeronomy Laboratory) have mostly completed
the construction of the data archive so that all experimenters have access to all of the
observations collected by the participants and to related observations collected by the NOAA
Climate and Monitoring Diagnostics Laboratory (CMDL). (See last year's annual report for
a listing of the university and other agency collaborators of MLOPEX II.) A data workshop
was held in the spring of 1993, and preliminary results on the seasonal variation of many
constituents were reported at the International Global Atmospheric Chemistry (IGAC)
meeting in Israel and at the Fall meeting of the American Geophysical Union. Modeling and
more detailed data interpretation is a major ongoing activity within ACT and a good fraction
of colleagues in ACD.

MLOPEX II has given, in many cases, the first information on the seasonal variation
of photochemically active species in the remote atmosphere. The seasonal change is
determined in large part by the change in synoptic scale circulation over the Pacific.
Surprisingly, many species showed maximum mixing ratios and variability during the winter
intensive (January-February) rather than the spring intensive (April-May). Others showed
maxima in the spring intensive. The spring period was expected to be the time of maxima
based on the well-known maximum in ozone and Asian dust transport to the Observatory. It
is clear that the winter through spring period constitutes the greatest impact of continental and
stratospheric input to the remote Pacific region.
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Arctic Airborne Stratospheric Expedition (AASE II)-
Data Analysis

Analysis of the observations of NO, NO2, NOy, and 03 and their relation to other
measurements made during the 200 hours of DC-8 aircraft flights has been a major effort of
Andrew Weinheimer and colleagues. In a collaboration led by Ian Folkins (now at Dalhousie
University), the measured NO./NOy ratio has been compared to results from a semi-
Lagrangian chemistry/transport model. Model simulations, including the heterogeneous
conversion of N205 to HNO3 yield ratios that are often lower than observed, but they are in
much better agreement than if the model is limited to gas phase chemistry. In collaboration
with James Collins (Science and Technology Corporation) and Glen Sachse and Bruce
Anderson (NASA Langley), the relation between 03 and N20 was examined to show that a
decrease in 03 occurred in the 10-12 km region between the February and March flight
series, a change which was commensurate with that inferred at ER-2 altitudes within the polar
vortex. The change in the 0 3 -N20 correlation was uniform in latitude over the range flown
(40-90°N) implying rapid horizontal transport and mixing. Furthermore, an examination of
the NOy-N20 correlation revealed no examples of denitrification as observed on the DC-8
during the AASE-1 missions, and that no marked differences occurred in the correlation for
DC-8 altitudes between air under and not under the Arctic vortex. Three manuscripts have
been submitted which describe these findings in detail.

In collaboration with Anna Zheng and Shaw Liu (NOAA Aeronomy Laboratory), the
AASE data is being examined to determine characteristics of subsonic aircraft emissions.
About 20 spikes in NOy and NO, presumably due to chance encounters with other aircraft
exhaust plumes, have been identified and are being studied to determine emission indices
(NOx, CO, C02, CH 4). So far, there is no indication of a prominent large scale change in
NOx, NOy, or the NOx/NOy ratio during flights made within the geographic region of
commercial aircraft corridors.

Hydroxyl Radical Measurements

The hydroxyl measurement group led by Fred Eisele were able to measure precisely
the diurnal variation of OH during the last two intensives of MLOPEX II. In collaboration
with AKP, a comparison with that predicted by a box model employing other trace specie
measurements is being made. Preliminary results show fairly good agreement of measured
and calculated OH during the spring intensive, but often poorer agreement during the
summer intensive.

The group also participated in an intercomparison of OH measurement techniques
near the Fritz Peak Observatory during the summer and early fall of 1993. The
intercomparison was supported by measurements of a large number of photochemically
active species related to OH, HO2, and other peroxy radical abundances. The OH
measurement techniques employed were: (a) the long path absorption technique of George
Mount and Jerry Harder (NOAA Aeronomy Laboratory), (b) the in situ laser induced
fluorescence technique of William Brune (Pennsylvania State University), and (c) the ion-
assisted mass spectrometer technique now at NCAR. Measurements of related species and
photolysis parameters were made by AKP, the tunable laser diode group in ACD, and Paul
Goldan, Eric Williams, and Fred Fehsenfeld (NOAA). It is too early to report on the outcome
of this intercomparison effort. Modeling studies, using the many measurements as input, will
also be carried out to interpret the changes in OH observed during the summer to fall
transition, especially with respect to the abundance of natural hydrocarbons.

In addition to the OH gas phase H2S04 and SO 2 measurements,, the number and size
distribution of ultra-fine particles (by Peter McMurray's group from the University of
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Minnesota), and the particulate composition by Daniel Murphy (NOAA Aeronomy
Laboratory) were measured to investigate aerosol formation and growth as part of a
NASA/NCAR/Georgia Tech/ University of Minnesota project. These continental based studies
will be compared to similar measurements made between MLOPEX intensives.

The group has also begun development of a new variable size sampling aperture for
the mass spectrometer with the goal of integrating the system on the NCAR C-130 to allow
measurements of OH and other species from near the surface to the middle troposphere.

Rural Oxidants in the Southern Environment (ROSE)-
Data Analysis

Analysis of data collected on the Sabreliner and King Air aircraft and on the ground
during the ROSE I and II field experiments is ongoing. The aircraft data and especially the
change across the boundary layer and during deep and shallow cloud convection has been
used to improve the vertical transport parameterization of the NOAA Aeronomy Laboratory
regional model. Thus better estimates of the chemistry and transport of ozone during
episodes in the southeastern United States can be made.

Observations of NOy and 03 were also made upwind and downwind of the
Birmingham urban plume and these have allowed estimates to be made of the rate and
amount of ozone formation due to the urban center. The ROSE data interpretation and use is
done in collaboration with Xing Lin, Stewart McKeen, Shaw Liu, Michael Trainer, Marty
Buhr, Gerhard Hiibler, David Parrish and Fred Fehsenfeld (NOAA Aeronomy Laboratory),
AKP, and Gregory Kok (RAF/ATD).

Atmospheric Kinetics and Photochemistry (AKP)

MLOPEX II Study

Field measurements of H02/R02, j(N02) and j(O3) made by Christopher Cantrell and
Richard Shetter were converted from raw to final form and placed in the MLOPEX II data
archive. Jack Calvert and Cantrell performed preliminary analyses of the data, in particular
by applying a steady state treatment to the peroxy radical levels. This involves the
simultaneous solution of three equations that describe the formation and loss of hydroxyl,
hydroperoxy and methylperoxy radicals. A computer program was written that uses a
globally convergent variation of Newton's method for solving nonlinear systems of
equations. This program efficiently iterates until the roots of the three differential equations
are simultaneously satisfied. This process was repeated for the daylight hours and compared
with measured values. For the first two intensive periods (Fall IIa and Winter IIb), the
agreement between peroxy radical measurements and the steady state treatment was very
good. For the last two intensives (Spring IIc and Summer IId), the agreement was either good
or the measurements were lower than the steady state results. We are continuing this analysis
in order to understand the origins of these differences.

Radical signals were also observed during the nighttime hours. While models have
predicted that a few parts per trillion (pptv) of CH 3 0 2 could be expected at night, we
observed, on average, much higher levels that were typically near 8 to 10 pptv. We have
examined possible explanations for these observations including nighttime radical production
processes and instrumental artifacts. Research will continue to attempt to understand this
phenomenon.
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The photolysis rate measurements revealed some very interesting facts about the
radiation field at 3.4 km after the eruption of the Mt. Pinatubo volcano. Since j(N02) was
measured in May 1988 as part of MLOPEX I during a relatively quiet volcanic period, we can
make direct comparisons with the j(N02) values obtained during MLOPEX II. Preliminary
interpretation by Calvert and Shetter indicates that the presence of enhanced stratospheric
aerosols of volcanic origin such as those due to the Mt. Pinatubo eruption increase the
midday values of j(NO2) by 10 to 20%. Presumably there are also effects at larger zenith
angles. The MLOPEX II study marked the first time j(03 - O( 1D)) measurements have
been made as part of a major field campaign. We are evaluating the degree of agreement
between the clear sky j(03) values and those determined theoretically from molecular
parameters and calculated radiation fields. We are also attempting to evaluate the effect of the
Pinatubo aerosols on j(03). These photolysis rate-aerosol effects are being done in
collaboration with Donald Anderson (Johns Hopkins University Applied Physics Laboratory).

Atmospheric Chemistry of Methylglyoxal

Methylglyoxal (CH 3COCHO) is a major product in the atmospheric degradation of
natural hydrocarbons such as isoprene, and anthropogenic hydrocarbons such as toluene are
the xylenes. The atmospheric chemistry of methylglyoxal was studied by Geoffrey Tyndall,
John Orlando, and Thomas Staffelbach (visitor, University of Bern, Switzerland) using time
resolved kinetics methods and also FTIR product determination. UV-visible absorption cross
sections of methylglyoxal were measured for the first time as a function of temperature. The
photolysis rate of methylglyoxal was studied in several wavelength bands and the products
were measured. Using the absorption cross sections, photolysis quantum yields were
determined, and the atmospheric photolysis rate was then calculated as a function of solar
zenith angle.

Rate coefficients for the reaction of OH radicals with methylglyoxal were also
determined as a function of temperature using pulsed laser induced fluorescence detection of
OH. The work clarified a discrepancy between previous room temperature studies, and is the
first study of the temperature dependence of this reaction. The results obtained in this project
show that photolysis is the major atmospheric loss of methylglyoxal (lifetime around 3 hrs),
but that the OH reaction may not be neglected. This work was sponsored in part by the
Coordinating Research Council.

FIELDVOC Field Study

At the invitation of scientists in the Commission of the European Communities,
Cantrell and Shetter prepared the j(N02), J(0 3 ), and H0 2 /R0 2 field instruments and took
them to the Brittany coast of France for a three-week measurement campaign. The goal of
the study, organized by Bernard Bonsang (CNRS, Paris), was to quantify the mechanisms of
atmospheric dimethyl sulfide oxidation during daylight and nighttime periods. The radical
measurements conceivably could indicate the presence of DMS derived peroxy radicals due
to these processes. The j-values gave a direct measure of the degree of photochemical
activity, thereby allowing correlations between DMS oxidation products and the solar
radiation field to be made. The data have been reduced to their final form and submitted to
the data archive. When the rest of the database has been assembled, we hope to perform
steady state and photostationary state calculations on these data like that described for
MLOPEX.
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Photolysis Quantum Yields of NO 2

Quantum yields for NO formation were measured by Coleen Roehl (now at Max
Planck Institute for Chemistry, Mainz Germany), Orlando, Tyndall, Shetter, Gabriel Vazquez
(ASP), Cantrell, and Calvert as a function of wavelength and temperature using CW dye laser
photolysis and NO chemiluminescence detection. The photolysis of NO2 is the major
reaction leading to 03 formation in the troposphere, but the mechanism of the photolysis in
the wavelength region 398-420 nm is poorly understood. The experiments carried out
provided the first systematic study of the quantum yields as a function of wavelength and
temperature, and a quantitative theoretical explanation of the wavelength dependence was put
forward which took into account the distribution of the internal energy of the N02 and the
effect of collisions with the N2 carrier gas. This work was sponsored by the NASA Upper
Atmospheric Research Program.

OH Intercomparison

As part of an ongoing effort to evaluate instrumentation available for measuring the
tropospheric hydroxyl radical (OH), NSF funded an informal intercomparison of three
measurements techniques. This was organized by George Mount and Eric Williams (NOAA
Aeronomy Laboratory) and took place in the Rocky Mountains west of Nederland, Colorado.
The study included the OH techniques of Mount, Fred Eisele (formerly of Georgia Institute
of Technology), and William Brune (Pennsylvania State University). In order to provide
constraints to photochemical models of the ambient hydroxyl levels, a full suite of
complementary measurements were also made including NO,, NOy, J(0 3), j(N02), H02/R02,
hydrocarbons, aerosols, PAN compounds, formaldehyde, and nitric acid. The data reduction
is in progress.

Photolysis Quantum Yields of Chlorine Nitrate

Chlorine nitrate (ClONO 2) forms in the stratosphere and temporarily reduces the
amount of free chlorine available to deplete ozone. The major CIONO 2 loss process is
photolysis, and the amount of ozone destruction is quite sensitive to the exact products
formed. Experiments were thus carried out by Tyndall, Orlando, and Carla Kegley-Owen
(visitor, University of Colorado) to study the photolysis quantum yields. Yields of O atoms
from chlorine nitrate photolysis were determined using pulsed laser photolysis and resonance
fluorescence detection. Experiments to measure the yield of chlorine atoms and C10 were
initiated. The results show that the channel CION02 + hv -* C1 + NO 3 is dominant, with
minor contributions from the channels to give C10 + NO2 and O + C1ONO. This work was
sponsored by the NASA Upper Atmosphere Research Program.

Unimolecular Decomposition of N 2 0 5

The results of a detailed study to measure the temperature and pressure dependence
of the rate coefficients for the unimolecular decomposition of dinitrogen pentoxide (N 2 0 5)
were presented in a paper published this year by Cantrell, Shetter, Calvert, Tyndall, and
Orlando. The results indicated good consistency with measurements of the reverse reaction,
but departed markedly from recent measurements of the equilibrium constant for this system.
This paper was one in a series that discussed the chemistry of the N 205 chemical system,
which is very important for understanding the stratospheric odd nitrogen cycle. These last
results answered several important questions, but begged for further studies to resolve the
kinetic/equilibrium discrepancies.
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Branching Ratios for the Reaction of O(1D) with N 20

The method we employ for the measurement of the photolysis rate of ozone utilizes
the reaction between excited oxygen atoms, O( 1D), and nitrous oxide, N 20. In order to
quantitatively know the production rate of O( 1D), the branching ratio of the O(1D) + N 2 0
must be known. Cantrell and Shetter evaluated the literature reports of the branching ratio
and performed some experiments of their own. A subsequent paper summarized the
experiments and makes recommendations for the use of this ratio in photochemical models
and j(0 3) measurements.

UV Absorption Cross Sections of Methyl Hypochlorite

This work was carried out by John Orlando while at the Max-Planck Institute for
Chemistry in Mainz, Germany. Methyl hypochlorite is a possible product of ozone hole
chemistry, and its role in atmospheric chemistry was suggested by the Mainz group in 1992.
The investigation involved the synthesis of CH 3OCl and the first measurement of its UV
absorption cross sections.

Global Atmospheric Changes (GAC)

Upper Atmosphere Research Satellite (UARS)

Work continued with the analysis of data obtained by instruments aboard the Upper
Atmosphere Research Satellite (UARS), which was launched in September 1991. There are
two major emphases by the GAC group and other members of the UARS Science Team to
evaluate and improve the UARS data, and to apply them to studies of the atmosphere.

Evaluation of Data from Cryogenic Limb Array Etalon Spectrometer
(CLAES)

The GAC group's investigation is charged in part with helping to evaluate and
improve the data resulting from measurements by the Cryogenic Limb Array Etalon
Spectrometer (CLAES). Paul Bailey showed that the observed radiances do not agree with
calculations for one of the spectral intervals where good atmospheric data were available from
other sources. In one of several analyses, work focused upon ways to improve the calibration
of the instrument. Data now being processed rely on a single set of on-orbit calibration
measurements which do not span the full range of measured radiances. Steven Massie has
shown that it is possible to combine measurements from different spectral intervals to get a
calibration curve that covers a much larger range of measurements. He also showed that the
calibration changes by several percent over the life of the instrument, a fact that needs to be
incorporated in production processing. Improvements in the calibration of CLAES will
enhance the quality of temperature-pressure profiles, and the global determinations of
stratospheric C1ONO2, N205, H 20, 03, HNO3, NO2, CFC-12, CH4, and N20 mixing ratios.

Validation of UARS Data

The Upper Atmosphere Research Satellite (UARS) was launched in September 1991
with a compliment of ten instruments which measure global distributions of 03, C10, H20,
N20, CH4, NO, HNO3, N205, CFC-12, CFC-11, ClONO2, HC1 and HF. In addition global
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fields of temperature, winds and solar energy inputs are measured. In 1993, considerable
effort was devoted by NCAR and other institutions toward the validation of these data prior to
public release. This effort has been complicated to some extent by the June 1991 eruption of
Mt. Pinatubo which injected a large amount of aerosol into the stratosphere.

GAC hosted a large workshop for the Validation of UARS Temperature and
Constituent Results at NCAR in October of 1992. John Gille and Lawrence Lyjak edited the
report summarizing the findings, with considerable help from other GAC members who
edited the various chapters of report. Gille, Bailey, Massie, Cheryl Craig and Charles
Cavanaugh extended the comparisons of atmospheric profile measurements between UARS
and correlative measurement experiments to include more time periods and measurement
parameters.

Preliminary data from the ATMOS experiment aboard the Space Shuttle ATLAS
payload which flew in the spring of 1992 were obtained as part of a cooperative agreement
between Gille and Michael Gunson (Jet Propulsion Laboratory). This provided some of the
first comprehensive comparisons of CH4 and N 20 for the UARS instruments. Data from the
UARS balloon correlative measurement campaign also became available in significant
quantities for the first time. This provided information on trace species such as HNO3 and
C1ONO2. Aerosol measurements from the CLAES, ISAMS, and HALOE instruments were
compared in a quantitative way for the first time with measurements from the Stratospheric
Aerosol and Gas Experiment (SAGE-II) satellite instrument and with balloon measurements
made by Terry Deshler (University of Wyoming).

The work resulting from this effort was presented at the third UARS Validation
Workshop in Atlanta, Georgia in September, 1993. Gille chaired the session on temperature
comparison and Massie led the session on aerosol intercomparison. Validation results were
also presented by Gille, William Randel and Massie at the UARS Workshop on Polar Processes
at Virginia Beach and the UARS Science Studies Workshop held at Annapolis, Maryland.

Results to date indicate that temperature measurements from the various UARS
instruments generally agree well with each other. 03 and H 20 measurements from the MLS
and HALOE instruments agree with each other and with correlative measurements. The other
species measured by HALOE and MLS are in good agreement with correlative measurements.
Specie measurements by CLAES and ISAMS showed considerable improvement from the
1992 Workshop, but areas of improvement were identified before their full potential for
scientific use could be achieved. A major outcome of the meetings was a statement of
accuracies and precisions versus altitude for each UARS measured parameter. This
information will be part of the data provided to the non-UARS user community by the NASA
data archives.

Scientific Applications of UARS Data

Gille and William Randel have used UARS measurements of long-lived stratospheric
trace constituents to analyze stratospheric circulation systems; in particular, they focused on
the budgets of nitrous oxide (N20), methane (CH4), and water (H 20), and the roles of
planetary waves and the mean meridional circulation in determining the observed
distributions. To aid in interpreting the satellite data, they made parallel analyses with a
stratospheric version of CCM2, which includes N 20 and CH4 carried as tracers, in
collaboration with Byron Boville (CGD). One important early result obtained by Randel was
the direct identification of stratospheric transport from the tropical "reservoir" region into
midlatitudes, associated with irreversible mixing by planetary waves. Previous stratospheric
transport studies have focused on transport from the polar vortex into midlatitudes (the "surf
zone") by nonlinear planetary wave effects ("wave breaking"). The new UARS data show
that these wave events are also associated with transport across the subtropical barrier from the
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tropics to midlatitudes. Gille and Lyjak have focused on the effect of the Antarctic vortex
evolution on the distributions of long-lived tracers. These studies are on-going, some aspects
awaiting resolution of CLAES data problems.

In another application, Massie was able to devise a method by which CLAES aerosol
data could be used to locate Polar Stratospheric Clouds (PSC's) in the stratosphere. PSC's
alter the chemistry of the stratosphere by allowing aerosol surface reactions to shift the
relative amounts of inactive and active chlorine. The reactive chlorine leads to dramatic
ozone loss over Antarctica each spring. The development of the analysis technique using
aerosol data at several wavelengths will become a useful way to track the location and
development cycles of the PSC's.

David Edwards completed calculations of non-LTE effects to characterize the
radiance from the CO 2 15 gum band system and investigate its impact on temperature
sounding from satellites. The effect is more important for the hot bands, some of which are
used for operational temperature sounding by instruments aboard UARS. Non-LTE limb
emission is shown to be significant above about 70 km, and depends on the particular band
and the kinetic temperature profile. Correct line shape modeling and the effects of
overlapping lines are also important.

Polar Ozone Studies based on Airborne Spectroscopy

Analyses continued on the data collected during the second Airborne Arctic
Stratospheric Expedition (AASE II) in 1992. The complete set of data has been reexamined
and provided to the data archive for the use of other investigators. James Hannigan
completed the analysis of the data on long lived tracers. These data are useful for indicating
the differences in vertical transport between the regions inside and outside the polar vortex.
Using several tracers with different vertical profiles permits the estimation of the vertical
variation of rates of descent during the polar night. The analysis requires high precision,
since most of the column is in the lower part of the stratosphere; Hannigan used the new
interactive spectral analysis method which he has developed. William Mankin and Michael
Coffey, in collaboration with Affiliate Scientist Aaron Goldman (University of Denver),
reanalyzed the data for ozone and nitric acid using a least squares method developed by
Goldman and Curtis Rinsland (NASA Langley Research Center). They used the same
method to analyze chlorine nitrate and found column amounts to be small at the start of the
winter, growing to unusually high values in the early spring. This represents the conversion
of the chlorine released from reservoirs by heterogeneous reactions on polar stratospheric
clouds during the winter back into the reservoir when nitrogen dioxide is returned to the
system by the photolysis of nitric acid. Work is beginning on the detailed comparison of
these data with the results of three dimensional dynamical-chemical models. In the course of
this reanalysis, the differences between the values of HC1 as determined by G. C. Toon and
colleagues (Jet Propulsion Laboratory) and by Mankin, Coffey, and Hannigan has been
resolved. Part of the difference was due to an error in the input to the NCAR analysis
software and part was due to different assumptions about vertical profiles and modeling of the
instrument effects in the analysis by the two groups.

Coffey and Mankin completed a study of the effects of volcanic aerosols on the
chemistry of nitrogen oxides in midlatitudes. The columns of NO 2 were reduced by as much
as 40% following the 1982 eruptions of El Chich6n and by even larger amounts following
the eruption of Mt. Pinatubo in 1991. This is believed to be caused by the heterogeneous
conversion of N2 05 and CIONO2 to nitric acid on sulfuric acid aerosols. Surprisingly, no
concomitant increase in nitric acid vapor was seen. The lower levels of NO2 probably result
in higher levels of active chlorine by shifting the balance between active chlorine (C1 and
C10) and chlorine nitrate.
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During a collaborative scientific visit with Robert MacQueen at Rhodes College,
Mankin wrote a new version of the atmospheric transmittance code he originally developed
several years ago, based on the computation of the Fourier transform of the shape of an
absorption line in an inhomogeneous, isothermal layer. This code is the basis for the analysis
of observed spectra, as well as other radiative transfer work. The new code improves the
accuracy substantially by eliminating the restriction that all lines of a particular species have
the same pressure broadening coefficient. It also improves the computational efficiency and
the program is structured to increase the maintainability of the code. He also gave a series of
lectures on molecular spectroscopy for the students and faculty in the Physics and Chemistry
Departments.

A new software tool for the interactive analysis of spectra was developed by
Hannigan. It uses the transmittance code mentioned above and computes spectra for
comparison with observation using mixing ratios and instrumental parameters prescribed by
the user. The user can easily and quickly vary the parameters to obtain the best fit of the
calculation to the observation. This analysis program can run on a workstation and has been
used for the analysis of all spectra recorded in AASE II for the tracer molecules. In the
analyses of these spectra, the altitude of the aircraft is crucial and can be readily provided to
the analysis.

Analysis and Interpretation of Global Ozone Data

Randel completed an empirical study of coherent variations of total ozone and lower
stratospheric temperature utilizing fourteen years (1979-92) of global satellite observations.
Tnese analyses show the first evidence of cooling trends in the lower stratosphere that are
correlated in space and time with previously documented ozone losses. This study also
documented correlated ozone and temperature signals associated with the equatorial Quasi-
Biennial Oscillation (QBO) and El Ninfo-Southern Oscillation (ENSO) events. Furthermore,
clear signatures of volcanic eruptions and the propagation of their effects into middle-high
latitudes are identified in these data.

Randel has continued analyses of global ozone variability based on Solar Backscatter
UltraViolet (SBUV) ozone data. One study has documented the first evidence of global
normal mode Rossby waves in stratospheric ozone observations; these are westward
propagating planetary waves with periods of 5-10 days, which are the free or resonant
oscillations of the atmosphere. A second study showed evidence of global ozone variations
associated with winter hemisphere stratospheric warming events and coherent variations of the
global ozone field extending across the equator deep into the summer hemisphere. Both of
these studies extend the understanding of "natural" ozone variability, and furthermore
provided idealized situations to study the interplay of radiation, dynamics and chemistry in
the stratosphere.

Development of New Observational Techniques

Development of a New Interferometer

Work progressed on the development of a new high resolution Fourier transform
spectrometer for airborne use. Key subassemblies were built and tested and the overall
system design was completed. A new computer which will operate the servo systems as well as
collecting, storing, and analyzing the data was acquired and programming has begun. The
instrument is being designed from the beginning to be optimized for use in aircraft. In
particular, it will be able to make observations from the C-130 and is being highly automated
to permit possible use on the WB-57. It is expected to be field tested in 1994.
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Conceptual design for a new technique high altitude aircraft, manned or unmanned,
has been completed. This small, light weight system combines low resolution broad band
spectroscopy with narrow band, high resolution spectroscopy in a few channels to measure a
number of the key species in stratospheric chemistry using solar occultation. The high
resolution channels are based on ganged Fabry-Perot interferometers.

Measurement of Pollutants in the Troposphere (MOPITT)

Measurements Of Pollution In The Troposphere (MOPITT) is a satellite-borne gas
filter correlation radiometer that will measure carbon monoxide and methane on a global
basis as part of NASA's Earth Observing System (EOS). Work at NCAR on the Canadian-
built MOPITT is proceeding in close collaboration with the principal investigator, James
Drummond (University of Toronto). Mark Smith (ASP) began construction at NCAR of a
gas filter correlation radiometer based on technology similar to that of MOPITT, but
simplified and capable of ground-based or airborne operation. A key piece of hardware, a
length modulator cell, is being provided by the University of Toronto. The NCAR instrument
will aid the development of the data retrieval algorithm by providing insight into the
operation of MOPITT and by providing limited data sets in advance of satellite launch. In
addition, a calculational study to optimize the spectral band passes of the various
measurement channels has begun.

Progress was made in developing both forward and retrieval models for the CO
channels. In the forward model study, Liwen Pan calculated high resolution spectra for the
atmospheric radiance, surface radiance, radiometer response functions, and the signals. Study
of these spectra provides information on the spectral resolutions of the instrument, the effects
of non-zero surface reflectance, and spectral components of interfering atmospheric
constituents. Vertical resolutions, instrument sensitivities to CO concentrations, and
sensitivities to the variations of other atmospheric constituents, such as the water vapor, were
also investigated.

Pan, working with Gille and Bailey, has also implemented two profile retrieval
algorithms. Using the constrained linear inversion algorithm, retrieval experiments were
performed to study the effects of noise in the signal, retrieval errors introduced by the
temperature profile errors, and errors introduced by the initial guess profile. These results
were presented to the MOPITT science team and in the special EOS session of the AGU
meeting. Further study of retrieval errors and development of a new algorithm is in
progress.

Edwards carried out non-LTE studies of the populations of CO(l) in the middle
atmosphere. Daytime radiation from the 4.7 iLm band, which is often used to retrieve CO
profiles from limb viewing satellites, is strongly affected by solar absorption. Indications are
that the optical depth is small enough that it should not affect the MOPITT experiment.

High Resolution Dynamics Limb Sounder (HIRDLS)

HIRDLS is a 21 channel infrared limb scanning instrument for EOS that is being built
jointly by the United States, led by NCAR, and the United Kingdom, led by Oxford
University. The Principal Investigators are Gille and John Barnett (Oxford University). The
Science Requirements Document compiled by the PI's and the Science Team were refined,
and the requirements on the instrument were flowed down into a mature draft of the
Instrument Requirements Document, largely through the efforts of Michael Dials (newly
appointed HIRDLS Technical Manager), Douglas Woodard and Philip Arter. These
requirements are being flowed down to an Instrument Technical Specification which provides
the overall instrument specification and initial requirement allocations to the individual sub-
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systems. This is proceeding with further work on a baseline conceptual design. Present effort
is focused on preparations for a System Requirements Review in December, where the goal is
to show that the requirements have been defined in sufficient detail that further design can
proceed. Several studies of outstanding technical issues, such as radiometric accuracy,
pointing, optical design and method of chopping are proceeding in parallel.

High altitude studies of non-LTE radiance in the 9-11 gLm bands of 03 and the
contaminating signals from the laser bands of CO 2 in the same spectral region were carried
out by Edwards. This work was used in the 03 channel selection studies for HIRDLS.
Improved channels have been proposed to both avoid and observe non-LTE processes in 03,
and to aid in the 03 retrieval to higher altitudes.

Theoretical Studies and Modeling (TSM)

Stratospheric Modeling

Anne Smith used a three-dimensional dynamical-chemical model to study the global
response in temperature, ozone, and other chemical fields to variations in the winter
hemisphere, and in particular, to reproduce some observational analysis made by William
Randel. The model does a good job of simulating the observations. The analysis then
focused on the quantitative relationship between ozone and temperature in the upper
stratosphere, as compared with available observations (by Randel and others). This
comparison indicates that the model results are within the range of observations. Variations
or other trace species in the model were sometimes large, but could not be verified because of
lack of data and/or analysis.

Rolando Garcia and Susan Solomon (NOAA Aeronomy Laboratory) incorporated
the full chemical scheme of the old Garcia-Solomon model into a new dynamical model
which includes explicitly calculated planetary waves. This enables the model to perform a
number of new studies (under way) including the role of planetary waves in the extratropical
quasi biennial oscillation (QBO), the role of sulfate aerosols in stratospheric ozone chemistry,
and the response of the stratosphere to changes in trace gases.

Garcia and Fabrizio Sassi (ASP) completed a study showing that gravity waves excited
by tropical convection may play a central role in the tropical semiannual oscillation (SAO).
The work was motivated by analyses of the tropical cloud field by Murry Salby and John
Bergman (University of Colorado) who collaborated on the project. Garcia and Salby also
continued studies on the role of unstable Kelvin waves in the Madden-Julian oscillation.

Garcia and Byron Boville (CGD) used the Garcia-Solomon model to gain insight into
the problem of the cold southern winter stratosphere found in the NCAR Community Climate
Model (CCM2) and most other GCMs. Their results show that gravity wave breaking in the
mesosphere can influence stratospheric temperatures down to 25-40 km through the induced
meridional circulation.

Garcia and Joseph Prusa (Iowa State University) completed the development of a high
resolution model of mesospheric gravity waves. The model is based on code provided by
Piotr Smolarkiewicz (MMM) and was extended by Prusa into the mesosphere. Several
preliminary simulations show realistic behavior in the mesosphere/lower thermosphere.

Frank Lefbvre (visitor, Centre National de Recherches Meteorologiques, Toulouse,
France), Guy Brasseur, Ian Folkins (visitor, Dalhousie University) and Smith have adapted a
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three-dimensional stratospheric chemistry/transport model driven by observed meteorological
fields during the AASE II field campaign (December 1991-February 1992, northern
hemisphere). The model predicts distributions of key ozone destroying compounds such as
C10 in remarkably good agreement with observations, but only when heterogeneous
chemistry on polar stratospheric clouds (PSCs) and sulfate aerosol is included.

Brasseur and Claire Granier used the mechanistic two-dimensional stratospheric
model to conduct further studies of ozone reductions over decadal time scales. No significant
reductions in stratospheric ozone are computed from pre-industrial times until ca. 1980, in
agreement with observations. The ozone reductions calculated for the last decade are also in
good agreement with observations if heterogeneous chemistry on PSCs and aerosols is
included. Projections of future ozone changes have been made under different emission
scenarios.

Tropospheric Modeling

Brasseur and Stacy Walters completed the development of the Global Chemistry
Transport Model (GCTM). The GTCM is a complete modeling system that sets up and
performs three-dimensional global simulations of the diurnal time behavior of reactive gases
and aerosols. The model incorporates advective, vertically diffusive and convective transport
processes, developed in collaboration with Philip Rasch, David Williamson, and James Hack
(GCD), operated off-line from the new version of the CCM2. Chemistry is represented by
zero, first, and second order reactions among gas phase species and aerosols, and is computed
by a mixed solver approach using the "photochemical families" technique. The chemistry is
easily changed, and is typically operated with about 30 species involved in about 100
reactions. Validation studies are under way.

Brasseur, Jean-Frangois Muiller (University of Brussels) and Granier completed the
development of the Intermediate Model for the Annual and Global Evolution of Species
(IMAGES). Although this model has lower spatial and temporal resolution than the GTCM,
initial validation studies have been relatively successful, and production runs have been made
to obtain estimates of the global and seasonal evolution of reactive tropospheric chemical
species. The model results are being used for preliminary interpretation of MLOPEX data
and to provide chemical boundary conditions to the higher resolution regional model (see
below).

We have continued our modeling and interpretation of the MLOPEX I and
MLOPEX II field campaigns. Peter Hess and Sasha Madronich have added gas chemistry to
a regional model based on the NCAR/Penn State Mesoscale Meteorological model (MM4),
including a chemical solver that allows for an arbitrary number of chemical species. Hess and
Jean-FranCois Lamarque (ASP) have added convective and boundary layer transport to this
model.

Also in the context of MLOPEX, Hess analyzed trajectories with regard to their region
and height of origin, and uncovered a number of significant correlations with chemical
concentration measurements obtained during the different seasons of the MLOPEX II
campaign. In collaboration with Madronich and Siri Flocke (visitor, Kernforschunganlage,
Jiilich, Germany), these trajectories were combined with International Satellite Cloud Climate
Project cloud data to search for evidence of cloud chemical processing of the reactive
nitrogen budget. The analysis indicates that nearly all air parcels have encountered clouds
within a five day period prior to arrival to the Mauna Loa site. The ratio of HN03 to NOx
tends to be high when the parcel trajectory has not recently encountered clouds, and low
when recent cloud processing episodes are indicated. These results constitute experimental
evidence for the recent hypotheses that cloud chemistry has a major effect on the
photochemistry of the remote troposphere.
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Hess and Lamarque performed a case study of a tropopause folding event using the
MM4. Analysis of the simulations revealed some of the operative mechanisms and allowed
quantitative estimates of rates of two-way exchange of chemical constituents between the
stratosphere and the troposphere.

Madronich and Hess continued their work on the non-linearities of the tropospheric
Ox-HOx-NOx-CH4 system. In addition to the previously reported existence of multiple
steady states, they have now uncovered the existence of periodic solutions in which the
chemical composition of the atmosphere oscillates between high self-cleaning capacity and a
state in which the concentrations of reduced species (such as methane) increase by an order
of magnitude over current values. Factors which control the period and amplitude of the
oscillations were explored. It appears that current chemical forcings are not sufficiently
strong to induce such oscillations, but more modeling is required to obtain a realistic
assessment of the effect of increasing emission fluxes in the future.

Carbon Cycle Model

David Erickson, in collaboration with Pieter Tans (NOAA Climate Monitoring &
Diagnostics Laboratory), Rasch, and Pierre Friedlingstein (University of Brussels), developed
a global three-dimensional carbon cycle model based on CCM2. Simulations were
performed on-line, as well as with an off-line semi-Lagrangian transport code. Initial results
show features of excellent agreement with observations, such as the amplitude of the seasonal
cycle at Mauna Loa, as well as some disagreements. Sensitivity to different parameterizations
of the terrestrial biosphere exchange was also demonstrated.

Process Studies

Erickson continued his work on stability-dependent air-sea gas exchange, and
coupled the NASA Coastal Zone Color Scanner (CZCS) data of global ocean productivity to
the NCAR CCM2 to provide estimates of the global air-sea exchange rates for gases such as
carbonyl sulfide (OCS). He also collaborated with Ralph Keeling (Scripps Institute of
Oceanography) and Raymond Najjar (Pennsylvania State University) to examine the
influence of air-sea fluxes on the cycling of 02 with the aim of using 02 isotopes to constrain
the role of combustion in the global carbon cycle. Erickson, Madronich, and Najjar also
estimated the changes in oceanic OCS emissions expected from the recent increases in sea-
level ultraviolet radiation caused by stratospheric ozone reductions.

Erickson, in collaboration with Robert Oglesby (Purdue University) also studied the
effect of changing cloud albedo on global atmospheric circulation (as might happen in
response to anthropogenic sulfur emission). These admittedly preliminary calculations show
some intriguing similarities to observations.

Madronich and Frank de Gruijl (University of Utrecht) computed the increases in
skin cancer incidence expected from 1979-1992 ozone depletion and the associated increase
in ultraviolet radiation at ground level. Even if no additional ozone reductions take place,
10-30% more new cases of skin cancer per year are expected at mid-latitudes over the next
few decades.

Madronich and Granier continued to study how tropospheric UV increases (due to
stratospheric ozone depletion) may be affecting the oxidizing capacity of the troposphere.
Model calculations show substantial increases in concentrations of OH radical and H20 2 ,
thereby increasing the rates of both the gas and cloud phase oxidation processes. We now
estimate that about one-third of the observed trend slowing of CH4 concentrations may be
due to this effect.
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Granier, Brasseur and Didier Hauglustaine (University of Paris VI) carried out
comparisons of radiative forcings due to the increases of various gases from preindustrial
times until 1960, 1980, and 1990. The gases included CO2, CH4, tropospheric and
stratospheric ozone, N 20, chlorofluorocarbons (CFCs) and hydrogenated
chlorofluorocarbons (HCFCs). The results show that from 1980-1990, about half of the
radiative forcing increase was due to C02, with the sum of the other gases providing the
remainder. Stratospheric ozone reductions over this same period have caused a significant
decrease in the forcing. Global warming potentials were also calculated for a number of
different gases over various time horizons.

Trace Gas Biogeochemistry (TGB)

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

Mauna Loa Observatory Photochemistry Experiment
(MLOPEX II)

A continuing major priority for FY 93 was MLOPEX II data analysis and
assimilation. MLOPEX II was an experiment designed to give new and expanded
information about the chemical and oxidative state of the northern hemisphere free
troposphere (see details under ACT). Efforts in FY 93 included the analysis by James
Greenberg of hydrocarbon data collected at the surface and during aircraft flights. In
addition Detlev Helmig (visitor, University of California, Riverside) continued the
interpretation of the in situ GC/MS data that resulted from the field measurement program.
Several presentations were made at international meetings on the MLOPEX II results.

Non-Methane Hydrocarbon Emission Modeling

TGB has developed a biogenic non-methane hydrocarbon emissions model which is
being used to estimate the impact of biogenic emissions on photochemical oxidant
production. A global emissions model has been developed as part of the International Global
Atmospheric Chemistry (IGAC) project and work has been done to begin to incorporate this
model into the global chemical-transport model (IMAGES) developed by Guy Brasseur. A
regional emissions model has been developed for use by the United States Environmental
Protection Agency (EPA) in regulatory and research applications. TGB efforts are led by
Alex Guenther and involve collaboration with Brian Lamb and Halvore Westberg
(Washington State University), Raymond Fall and Russell Monson (University of Colorado),
Chris Geron and Thomas Pierce (EPA), Nicholas Hewitt (Lancaster University, United
Kingdom), Robert Scholes (Division of Forest Science and Technology, South Africa), and
Ranier Steinbrecher (Institut-fiir-Atmosphariche Umwelt, Garmisch-Partenkirchen, Germany).
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Biogenic Hydrocarbon Flux Studies

Biogenic hydrocarbon fluxes were measured at the leaf, branch, canopy, and
landscape scales at five sites in the continental U.S. during the summer and fall of 1993. The
five sites were (1) an urban forest in Atlanta, Georgia; (2) an Appalachian mountain
deciduous forest in Coweeta, North Carolina; (3) a northern mixed conifer/hardwood forest
near Lac du Flambeau, Wisconsin; (4) an oak scrubland near Hayden, Colorado; and, (5) a
woodland savanna at LaCopita, Texas. Ecological and meteorological measurements were
made in conjunction with the flux measurements at these sites. The work in Coweeta was
done in collaboration with Forest Service scientists at the Southeastern Forest Experiment
Station, and the work in Lac du Flambeau was done in collaboration with Forest Service
scientists at the North Central Forest Experiment Station. The research was done to determine
biogenic fluxes from these critically important regions of the continental United States. Each
site has an extensive history of detailed biological studies and documentation of key
parameters that affect emissions of biogenic hydrocarbons. Some sites have extensive remote
sensing documentation. The TGB research was designed to dovetail with previous research
efforts. In addition, TGB was able to test streamlined techniques deployed independently at
each site to characterize ecosystem structure and function. The long term goal of the
research is to develop a strategy for quickly estimating biogenic fluxes for specific
ecosystems, even in regions of the world where ecosystem dynamics and composition have
not been extensively studied. The work was supported by National Institute for Global and
Environmental Change, EPA, and NSF.

Experiment for Regional Sources and Sinks of Oxidants
(EXPRESSO)

Global change is accelerating in the tropics. Tropical deforestation is occurring at an
unprecedented rate. The tropics, with approximately 40% of the earth's land area contains
69% of the earth's net primary productivity. In addition, because of warm temperatures, and
high rainfall, nutrient cycling often occurs at high rates. The impacts of deforestation on the
production of trace gases is currently little understood.

A meeting in Toulouse, France was attended by ACD, French, Italian, and Israeli
scientists to plan a collaborative experiment to examine the chemical interactions between the
tropical forest and savanna biomes in west-central Africa. A draft proposal of EXPRESSO
was then prepared detailing the experimental design and implementation. The international
experiment, still in the planning stages, will involve several research institutes and universities
and is planned for the 1995-1996 time frame.

Process Studies

Laboratory process studies enable the identification, isolation and manipulation of
variables important in controlling trace gas fluxes. Studies focusing on physiological
controls over methane production have shown that carbon supply and carbon quality provide
important constraints on methane produced from northern wetlands. Studies have focused on
Hudson Bay Lowlands, Marcell Experimental Forest in Minnesota, and the North Slope of
Alaska. A simple model of methane production, based on these laboratory studies is being
tested against field measurements.

Studies focusing on temperature controls on heterotrophic respiration (restricted to
C02 production from soils) are quantitatively similar among tropical soils and are
comparable to the few alpine tundra soils that we have tested. C02 production increased
exponentially to 55°C initially. Later, C02 production peaked at 45°C and finally at 35°C as
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the carbon substrate was consumed more quickly at the higher temperature. As with methane,
carbon supply provides an important constraint and the conclusions drawn are sensitive to
how quickly measurements are made.

These experiments led by Elisabeth Holland provide the framework for a mechanistic
understanding of biological contributions to atmospheric methane and CO2 concentrations.
Models developed from these studies will be justifiably simple and robust. As a result, the
models can be applied over large regions of the earth's terrestrial surface.

NCAR Phytotron

The construction of the Phytotron was completed with a grant from the Frost
Foundation, and plant material for trace gas flux experiments were moved into the facility for
future studies. Computer controls for the Phytotron are still being installed. Experiments are
planned utilizing this facility to determine relationships between physiological parameters and
trace gas fluxes with the initial focus on oxygenated organics.

Peatland Successional Model

Progress was made by Lee Klinger in the development of an ecological model to
simulate successional development of peatlands. This work is being done collaboratively with
Norman Miller (Lawrence Livermore National Laboratory).

Non-methane Hydrocarbon Intercomparison Experiment
(NOMHICE)

The NOMHICE Program was designed to evaluate the methods currently being used
by scientists throughout the world to identify and quantify ambient levels of various non-
methane hydrocarbons of atmospheric interest. There are approximately 40 laboratories
currently participating in this IGAC program convened by Jack Calvert and Fred Fehsenfeld.
Eric Apel is responsible for all laboratory work and administration tasks involved with the
program. Task two of a five task program was completed in 1993 and Task three has begun.
The laboratory component of the tasks includes the preparation, analysis and distribution of
standard hydrocarbon mixtures to participant laboratories and evaluation of the participating
laboratories performance. Feedback was given to laboratories and, when needed, advice for
improvement of their techniques.

Measurements, Technology, and Standards Group (MTS) of the
Southern Oxidant Study (SOS)

The Hydrocarbon Measurements, Technology, and Standards group (HCMTS) was
formed in order to provide a quality assurance program for the hydrocarbon analyses carried
out in SOS programs. The HCMTS program, headed by Eric Apel, provided standard
hydrocarbon samples, elution time standards, helped in the design of measurements
procedures, equipment modifications, and in general helped maintain, assess, and improve the
quality of hydrocarbon measurements made in the SOS network.

Following significant unexpected problems in NO, N02, NO and carbonyl
measurements made during the Atlanta intensive, the SOS Science Team recommended the
functions of the HCMTS group be expanded to include a similar quality assurance program
for these compounds. The group responsible for these functions has been designated as the
Measurements, Technology, and Standards (MTS) group. The overall leader for this
program was Calvert, who has since retired. Apel is the overall co-leader of the program.
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Three major instrument groups constitute the MTS program as it is now conceived. Apel is
the overall leader of the MTS-Hydrocarbon group. Yin-Nan Lee (Brookhaven National
Laboratory) is the leader of the MTS-Carbonyl group, and Eric Williams (NOAA Aeronomy
Laboratory) is the leader of the MTS-NO, NO 2, NOy group. Timothy Gilpin was recently
hired to perform the laboratory work for the MTS-Carbonyl group and has developed the
framework for the methodology to be used in the generation of reliable standards for
carbonyl compounds. The SOS MTS program involves collaboration of many university
scientists including Rod Zika (University of Miami), Michael Rodgers (Georgia Institute of
Technology), Viney Aneja (North Carolina State University), Fred Fehsenfeld (NOAA
Aeronomy Laboratory), and Leonard Newman (Brookhaven National Laboratory).

Analytical Measurements

Measurements of hydrocarbon fluxes, ambient concentrations in remote locations and
identification of oxygenated organic species continue to require improved analytical and
instrumental capabilities. Three analytical improvements related to these activities were made
by Greenberg and Bryan Lee in the past year. (1) a special inlet system was constructed for
the gas chromatographic/mass spectrometric analysis of atmospheric volatile organic
compounds in the C4 to C15 range. This system is based on trapping of organic vapors onto
multi-adsorbent traps and thermal desorption with cryogenic focusing in a fused silica
capillary trap. Desorption from the silica trap is accomplished by rapid (=ls) heating with
temperature controlled hot water (= 80°C). The inlet system also allows the addition of an
internal standard (= 40 ng of deuterated benzene) to each sample to control system
performance and enable quantitative analysis. This technique was successfully used for the
analysis of more than 300 vegetation emission and ambient air samples in 1993. (2)
Automation was completed on two GC-FID systems based upon optically isolated relays
controlled by commercial menu-driven software. These instruments were and will continue to
be used in gradient-flux and relaxed eddy accumulator-flux experiments. The system
standardizes sample introduction and valve switching to increase analytical precision. It
allows scientists to focus their efforts on data interpretation rather than repetitive mechanical
tasks. (3) A 16-canister sample introduction system was automated for the GC-FID systems.
This allows instruments to be operated 24 hours a day with only a small increment in
operating costs.

Helmig and Greenberg completed a cartridge sample introduction system for the
automated GC-FID systems. This technology promises increased capabilities for the
measurement of organics which are not stable in stainless steel canisters. In combination with
the development of the constant flow pump, cartridge technology also allows the development
of simpler, lighter packages for vertical profile measurements.

Cartridge sampling technology improvements included the design and construction
by Greenberg, Helmig, and Lee of two automated 8-cartridge sample collection systems.
These will be used aboard the NCAR Electra during the Boreal (BOREAS) experiment to
measure fluxes with the intermittent sampler/eddy accumulator. They will also be deployed
in pairs on a tower in gradient-flux experiments. The solid absorbent cartridges used in these
systems consisted of multiple solid absorbents in a single cartridge. These are designed to
trap, and later desorb C 2-C 1 5, volatile organic carbons (VOCs), into GC-FID, GC-MS, and
GC-AED systems These absorbents are especially useful in the analysis of oxygenated
organics.

ACD recently acquired GC-AED instrumentation for the detection and quantitation of
VOCs. This instrumentation promises improved identification and quantitation of
oxygenated atmospheric organics as well as increased sensitivity. By providing information
on chemical functionability, it provides a good compliment to current GC/ Mass Spectrometer
capabilities.
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In the last year international collaborations were facilitated through construction of
automated GC-FID system at National Institute for Water and Atmospheric Research
(NIWAR), Lower Hutt, New Zealand in a collaboration between Greenberg and David Lowe.
The instrument will continue to be used for the detection and quantitation of ambient NMHCs
in the marine southern troposphere.

Instrument Development

Relaxed Eddy Accumulator

The relaxed eddy accumulator (also called conditional sampler) allows eddy flux
measurements to be made for chemical species for which fast resolution instruments are not
yet available. Gary Hampton's original relaxed eddy accumulator design was further
enhanced this year by adding several new features. The most important advancement was
automated integration with the FID gas chromatographs used in MLOPEX II. This allows the
eddy accumulation technique to examine a broader spectrum of chemical species while
reducing the number of people required for the experiment. A prototype of this instrument
was deployed in the field during a study to determine the fluxes of biogenic organics from an
urban forest in Atlanta (supported partially by funds from the Southern Oxidant Study). The
field deployment led to improved designs for valving and sample collection.

Ozonizer

A small, efficient ozonizer developed by Hampton was redesigned to reduce its size
and to lower its cost while maintaining the high yields of ozone. The new version was
successfully deployed in two biogenic emissions experiments (Hayden, Colorado and Texas
A&M University, College Station).

Tethered Balloon Air Sample. The constant flow pump controller developed by
Hampton and Patrick Zimmerman (U.S. patent # 5,269,659) designed to efficiently maintain
a constant mass flow regardless of variations in pressure drop, and temperature, was integrated
into a tethered balloon air sampler used to measure mixed layer gradients of trace gases
which predict regional fluxes of the measured species. The prototype was successfully
deployed in the Hayden, Colorado biogenic emissions experiment.

Photon Counting Technique

Hampton's technique for counting photon arrival events in photomultiplier tubes was
improved this year. The feasibility of using digital discrimination techniques to separate
legitimate photon events from noise was tested with encouraging results.

Stratospheric/Tropospheric Measurements (S/TM)

Stratospheric/Tropospheric Measurements (S/TM) investigates the sources, budgets,
distribution and variations of trace gases in the stratosphere and troposphere, with an
emphasis on those species related to ozone production and destruction. An integral part of
the program is to evaluate and develop state-of-the-art sampling and analytical facilities for
trace gas measurement from different environments. During the past year, major activities
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were related to data reduction and interpretation from previous field missions, analysis of
samples from marine and polar surface sites, and methods development for a study of trace
gas variations in surface ocean waters.

Airborne Arctic Stratospheric Expedition II (AASE-II)

AASE II was a major research expedition organized and coordinated by NASA to
investigate the chemistry and dynamics of the Arctic Polar Vortex in relation to stratospheric
ozone depletion in the northern hemispheric winter. Whole air samples collected during the
mission were analyzed for over 20 individual organic chlorine and organic bromine
compounds. Scientists involved in different aspects of the project were Leroy Heidt, Walter
Pollock, Richard Lueb, Sue Schauffler, Timothy Gilpin, and Binu Lohani (all ACD) and
James Vedder (NASA Ames Research Center). Scientists outside NCAR collaborating in the
data analyses and interpretation include Susan Solomon, John Daniel, Alex Weaver, and Eric
Woodbridge (NOAA Aeronomy Laboratory), and James Elkins (NOAA Climate Monitoring
and Diagnostic Laboratory [CMDL]).

The trace gas measurements from this study are used to: (1) establish budgets of
chlorine and bromine in the stratosphere; (2) examine stratospheric input of chlorine and
bromine source gases from the troposphere; (3) evaluate air mass dynamics; and (4) estimate
the age of stratospheric air masses and evaluate HCFC ozone depletion potentials.

Some brief examples of the findings from the data analyses thus far are given below.

The amount of organic halogen entering the stratosphere has a direct influence on the
magnitude of chlorine and bromine catalyzed ozone loss. Comprehensive measurement of
major organic chlorine and bromine species were made in the region of the tropical
tropopause, a primary region where tropospheric air enters the stratosphere. Of
approximately 3.5 ppbv of organic chlorine, 85% of the total were from CFCs and other
anthropogenic compounds, while the remaining 15% were from naturally occurring organic
chlorine. Methyl bromide was the major organic bromine compound. It represented 54% of
the 21 pptv of total organic bromine entering the stratosphere. A mixture of Halons
accounted for the remainder.

Sample intercomparisons for two CFC compounds between the whole air sampler and
an on-board instrument (the NOAA Airborne Chromatograph for Atmospheric Trace
Species-ACATS [Elkins and David Fahey, Principal Investigators]) were examined in detail.
Refinement of standardization procedures from the whole air analyses improved the
agreement between the instruments to about 1% for CFC-11 and to within about 4 pptv for
CFC-113.

As CFCs are being phased out, it is important to document the growth and distribution
of replacement compounds. Samples from AASE II were able to provide the first
measurements of the replacement compound, HCFC-142b, near the tropical tropopause.
These data serve as a baseline for evaluating the future growth of HCHF-142b in the upper
troposphere and subsequent transfer into the stratosphere.

Correlations between tracer species in the stratosphere can provide important
information on their lifetimes. The lifetimes are critical in evaluating the long and short term
effects of a given compound on stratospheric ozone depletion. Data from the whole air
analyses are providing an important check on model derived lifetimes of organic halogen
species. Initial analyses from the measurements indicate good agreement with model
predictions.
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Comparison of organic halogen data and two-dimensional chemical/radiative
dynamical models of various trace gas mixing ratios as a function of latitude and altitude
suggest that models require additional refinement of the dynamics of the lower stratosphere
(below 20 km). An understanding of the dynamics in this region is important since this is the
area of ozone loss associated with polar stratospheric clouds and sulfate aerosols.

MLOPEX II

The Mauna Loa Observatory Photochemistry Experiment II (MLOPEX II) was a
research experiment to test models of the complex factors which control the chemistry of
reactive gases and radical species in the remote troposphere. A wide range of trace gas
species, radical abundances, and photochemical parameters were measured over four intensive
periods at Mauna Loa Observatory (MLO). The project, coordinated by NCAR, involved
scientists from a number of universities and government agencies. Data analyses from S/TM
(Atlas) were primarily related to alkyl nitrate and halocarbon species.

As the data archive is completed, initial data analysis focuses on the seasonal behavior
of alkyl nitrates. Most organic nitrates originate in the photochemical oxidation of
hydrocarbons in "polluted" regions and are subsequently transported to the remote
atmosphere. Thus, variations in these compounds at MLO reflect source emission and
transport variation. Alkyl nitrate mixing ratios were highest in the winter and lowest in the
summer and fall. Spring tended to be a transition period. Correlation of different nitrate
species with anthropogenic halocarbons of different chemical lifetimes suggest that seasonal
variations in rates of chemical loss control the distribution of nitrates and halocarbons over
broad areas of the mid-Pacific, while synoptic scale transport processes modulate the
variations at the MLO site. A more detailed evaluation of the chemistry related to individual
transport events is underway.

South African Fire Atmospheric Research Initiative (SAFARI)

Biomass burning has been shown to have a major impact on regional and global
atmospheric chemistry. In collaboration with Ansie de Kock (University of Port Elizabeth,
South Africa), and M. O. Andreae and Gunter Helas (Max Planck Institute, Mainz) samples
were collected during a series of controlled biomass burning experiments at Krueger National
Park (South Africa). Quantitative analyses of methyl halides and halocarbons and qualitative
identifications of other complex organic emissions were made from the whole air samples
collected during the experiment.

Good correlation of organic emissions with levels of carbon monoxide and methyl
chloride were found for some species. Based on these correlations, it is estimated that
biomass burning is a significant contributor to the global budget of methyl bromide and
carbonyl sulfide. Elevated concentrations of methyl iodide and chloroform also were
identified in biomass burning plumes, but estimated emissions of these compounds contribute
only a few percent to their global emissions from other sources.

A detailed examination of the organic chemical composition of biomass burning
plumes was carried out using different chromatographic and mass spectrometric techniques.
Surprisingly little information has been published previously on the composition of emissions
from natural fires. Identifications of compounds was based on comparison to authentic
standards, to mass spectral libraries, and to chromatographic retention indices. Literally
hundreds of compounds were found in the emission samples. Major classes of compounds
included aromatic hydrocarbons (benzene, toluene), oxygenated hydrocarbons (aldehydes,
ketones, furans, acids), and unsaturated hydrocarbons (alkenes, alkynes).
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Global Distributions and Sources of Halocarbons

Field experiments were carried out to identify sources of methyl halides from polar
ice and to evaluate the latitudinal distribution of different halocarbons in the mid-Pacific
atmosphere. These studies were performed in collaboration with Glen Cota (University of
Tennessee), Timothy Bates and James Johnson (NOAA's Pacific Marine Environmental
Laboratory, Seattle [PMEL]).

Two different research cruises covered the latitude range from near 60°S to 60°N in
the mid- Pacific and into the Arctic. A wide range of halogenated hydrocarbons were
measured during the cruise. From the samples we were able to obtain the first measurements
of the CFC-11 replacement compound, HCFC-141b. This compound has only recently been
manufactured, but our measurements show a clear gradient in its mixing ratio between the
North and South Pacific. Traces of HCFC-141b (=.2-.3 pptv) were measured in the southern
hemisphere, while nearly 5 times higher (1.2-1.5 pptv) mixing ratios were found in the
northern hemisphere. These data suggest atmospheric growth rates on the order of 1 pptv/yr.

Data analyses are continuing for the other compounds (both natural and
anthropogenic) and additional samples were collected from a subsequent cruise six months
later which should provide useful information on seasonal changes as well as additional
confirmation of the HCFC-141b growth rate.

ICECOLORS '93

Studies have indicated that increased UV-B radiation due to ozone thinning in the
Antarctic can cause damage to natural phytoplankton populations. However, little has been
done to evaluate the links between biological response and photochemical processes which
can control trace gas production and destruction under changing conditions of UV-B
radiation. A chance to evaluate these links took place during a research cruise of the Polar
Duke in the fall of 1993. The work is a collaboration between ACD scientists (Madronich,
Atlas, and Lueb) and colleagues at the University of California at Santa Barbara (Barbara
Prezelin, Raymond Smith).

During this year, we have developed analytical systems to allow measurement of a
wide variety of trace gases in seawater using shipboard instrumentation. Lueb (with assistance
from James Greenberg) built and tested a purge and trap system for carbon monoxide. The
system is based on a design suggested by Johnson (NOAA PMEL). Elliot Atlas and Lueb
developed an analytical system for stripping volatile organic gases from seawater and
transferring the compounds to a gas chromatograph/mass spectrometer system for
quantification. The system is designed to measure a sulfur gases (e.g., carbonyl sulfide,
dimethyl sulfide), organic halogens (methyl halides, mixed halomethanes), organic nitrates,
and selected hydrocarbons and oxygenated hydrocarbons at low ng/l concentrations in
seawater.
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Chemical Symbols

CFC
CH3COCHO
CH302
CH3OCI
CH4
C10
C1ONO 2
C1
CO
CO2
HCFC
H 20
H202
H2S0 4
HCI
HF
HNO 3
HO2
HOx
hv
J(N02)
J(03)
N20
N205
NMHC
NO
NO2
NO 3
NOx
NO
0, 62
O(1 D)
03
OCS
OH
Ox
PAN
R02
SO 2

chlorofluorocarbon
methylglyoxal
methylperoxy
methyl hypochlorite
methane
chlorine monoxide
chlorine nitrate
chlorine
carbon monoxide
carbon dioxide
hydrogenated carbon
water, water vapor
hydrogen peroxide
sulfuric acid
hydrogen chloride (hydrochloric acid when in solution)
hydrogen fluoride (hydrofluoric acid when in solution)
nitric acid
hydroperoxyl radical
odd hydrogen
light quanta
photodissociation rate coefficient for NO 2
photodissociation rate coefficient for 03
nitrous oxide
dinitrogen pentoxide
non-methane hydrocarbon
nitric oxide
nitrogen dioxide
nitrogen trioxide
the sum of NO and NO 2
all oxides of nitrogen
atomic oxygen, oxygen
single D form of oxygen
ozone
carbonyl sulfide
hydroxyl radical
odd oxygen
peroxyacetyl nitrate
organic peroxyl radical
sulfur dioxide
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Staff, Visitors, and Collaborators

Staff
Division Director's Office

Guy Brasseur (director)
Michael Coffey (20%)
Alan Fried
Bruce Henry
Teresa Rivas (50%)
Donna Sanerib (50%)
Paul Sperry (50%)
Sharon Vieyra (50%)

Atmospheric Kinetics and Photochemistry

Eric Apel
Jack Calvert (head)
Christopher Cantrell
John Orlando
Richard Shetter
Geoffrey Tyndall

Atmospheric Chemical Transformations

Fred Eisele
Frank Grahek
Brian Ridley (head)
David Tanner
James Walega
Andrew Weinheimer

Global Atmospheric Changes

Philip Arter
Paul Bailey
Michael Coffey (80%)
Cheryl Craig
Michael Dials
Selena Drum
David Edwards
Christine Ennis
John Gille (head)
James Hannigan
Karl Kneisel
Joanne Loh
Lawrence Lyjak
William Mankin
Steven Massie
Daniel Packman
Liwen Pan
William Randel
Charles Smythe (to 30 June 1993)
David Wilson
Douglas Woodard

Gary Hampton
Elisabeth Holland
Lee Klinger
Patrick Zimmerman (head)

Theoretical Studies and Modeling

David Erickson
Chris Fisher
Rolando Garcia
Claire Granier
Peter Hess
Sasha Madronich (head)
Anne Smith
Nanda Srimani (to 30 September 1993)
XueXi Tie
Stacy Walters

Stratospheric/Tropospheric Measurements

Elliot Atlas (head)
Timothy Gilpin
Walter Pollock
Richard Lueb
Susan Schauffler

Visitor and Support

William Bradley
Trinh Dean
Edward Ellert
Timothy Fredrick (leader, Computing Element)
Bryan Lee (leader, Technical Element)
Kathleen Mosher
Janice Powell
Teresa Rivas (leader, Administration, 50%)
Donna Sanerib (50%)
Paul Sperry (head, 50%)
Marilena Stone
Sharon Vieyra
Jack Wainwright

Affiliate Scientists

Aaron Goldman, University of Denver
Susan Solomon, NOAA Aeronomy Laboratory
Halvore Westberg, Washington State University

Trace Gas Biogeochemistry

James Greenberg
Alex Guenther
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Visitors and Collaborators

Dates refer to visitor's stay at NCAR during FY 93. No
dates are givenfor collaborators who did not visit
NCAR.

Raimon Alfier; Institute for Meteorology, Free University
of Berlin, Germany; 11-16 October 1992; Upper Atmo-
sphere Research Satellite

Bruce Anderson; NASA Langley Research Center; AASE I

Donald Anderson; Johns Hopkins University; photolysis
rate-aerosol effects

Gregory Bodeker; University of Natal, South Africa;
8 January to 25 February 1993; atmospheric chemical
modeling

Bernard Bonsang; National Center for Scientific Research,
France; FIELDVOC field study

William Brune; Pennsylvania State University; in situ laser
induced fluorescence technique; OH intercomparison

Marty Buhr; NOAA Aeronomy Laboratory; ROSE data
interpretation

M. . Andreae; Max Planck Institute for Chemistry, Mainz, lyde Burnett; NOAA, Boulder; 30 November to 1 DecemberM. . Andreae; Max Planck Institute for Chemistry Mainz 1992; Middle Atmosphere Research InitiativeGermany; SAFARI

Viney Aneja; North Carolina State University; SOS MTS
research

Susan Avery; University of Colorado; 30 November to 1
December 1992; Middle Atmosphere Research Initiative

John Ballard; Rutherford Appleton Laboratory, Didcot,
United Kingdom; 11-16 October 1992; Upper Atmosphere
Research Satellite

Benjamin Balsley; University of Colorado; 30 November
to 1 December 1992; Middle Atmosphere Research
Initiative

John Barker; University of Michigan; 30 November to
1 December 1992; Middle Atmosphere Research
Initiative

John Barnett; Oxford University, England; 25-29 January
1993; HIRDLS

Mary Barth; University of Washington; 15 August 1991
to 14 December 1993; Theoretical Studies and Modeling

Sunanda Basu; National Science Foundation; 30 November
to 1 December 1992; Middle Atmosphere Research
Initiative

Timothy Bates; NOAA Pacific Marine Environmental
Laboratory, Seattle; global distributions and sources of
halocarbons

Reinhard Beer; Jet Propulsion Laboratory;
3-5 November 1992; EOS
Pascale Beghin; Free University of Belgium, Brussels;
23 August to 15 September 1993; overview of
administrative, technical, and scientific activities

John Bergman; University of Colorado; analyses of tropical
cloud field

Elizabeth Burnett; NOAA, Boulder; 30 November to
1 December 1992; Middle Atmosphere Research Initiative

Patrick Callaghan; University of Colorado; 18 January to
4 June 1993; Theoretical Studies and Modeling

Charles Cavanaugh; University of Colorado; 31 May 1993
to 31 March 1994; Global Atmospheric Changes

Sylvie Chaumon; Enseignement Technologique, Limoges,
France; 25 January to 20 February 1993; administrative
and technical support

Li Chen; University of Colorado; 14 May 1991 to
16 September 1993; Theoretical Studies and Modeling

Sebastien Chene; Ecole Nationale de la Meteorologie,
Toulouse, France; 2 December 1992 to 31 May 1993;
regional chemical/transport model of the troposphere

Philippee Ciais; University of Colorado; 1 June 1993
to 31 March 1994; Theoretical Studies and Modeling

Cory Cleveland; University of Colorado; 15 September
1991 to 31 December 1993; Trace Gas Biogeochemistry

James Collins; Science Technology Corporation; AASE II

Peter Connell; Lawrence Livermore National Laboratory;
11-16 October 1992; Upper Atmosphere Research Satellite

Vickie Connors; NASA Langley Research Center;
3-5 November 1992; EOS

Glen Cota; University of Tennessee; global distributions
and sources of halocarbons

Derek Cunnold; Georgia Institute of Technology;
1116 October 1992; Upper Atmosphere Research Satellite

John Daniel; NOAA Aeronomy Laboratory; AASE II
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Michael Danilin; Institute for Geophysics and Meteorology,
Germany; 10-11 February 1993 and 1 June to 5 July 1993;
comparison and validation of global 3-D middle atmosphere
models

Lance Deaver; NASA Langley Research Center;
11-16 October 1992; Upper Atmosphere Research Satellite

Frank de Gruijl; University of Utrecht; incidence s of skin
cancer

Ansie de Kock; University of Port Elizabeth, South Africa;
20 March to 22 June 1993; Stratospheric/ Tropospheric
Measurements

Terry Deshler; University of Wyoming; balloon
measurements

Michael Fisher; Clarendon Laboratory, Oxford, United
Kingdom; 11-16 October 1992; Upper Atmosphere
Research Satellite

Melany Fisk; University of Colorado; 28 April to
31 December 1992; Trace Gas Biogeochemistry

Frank Flocke; Institute for Chemistry 2, Jiilich, Germany;
29 May 1992 to 26 May 1993; Atmospheric Chemical
Transformations

Siri Flocke; Forschungszentrum, Jiilich, Germany; 29 May
1992 to 26 May 1993; Theoretical Studies and Modeling

Ian Folkins; University of Toronto, Canada; 13 September
1991 to 14 September 1993; Theoretical Studies and
Modeling

Robert DeZafra; State University of New York, Stony Brook; Pierre Friedlingstein; Free University of Brussels, Belgium;
30 November to 1 December 1992; Middle Atmosphere 23 January to 23 February 1993; Theoretical Studies and
Research Initiative Modeling

Anne Douglass; NASA Goddard Space Flight Center;
11-16 October 1992; Upper Atmosphere Research Satellite

James Drummond; University of Toronto, Canada;
3-5 November 1992; MOPITT

Anu Dudhia; Clarendon Laboratory, Oxford, England;
11-16 October 1992; Upper Atmosphere Research Satellite

Eric Edlund; University of California, Berkeley;
15-19 March 1993; Trace Gas Biogeochemistry

James Elkins; NOAA Climate Monitory and Diagnostic
Laboratory; AASE I

Lucien Froidevaux; Jet Propulsion Laboratory;
11-16 October 1992; Upper Atmosphere Research
Satellite

Timothy Fuller-Rowell; Space Environment Laboratory,
Boulder; 30 November to 1 December 1992; Middle
Atmosphere Research Initiative

Chester Gardner; University of Illinois; 30 November to
1 December 1992; Middle Atmosphere Research Initiative

Marvin Geller; State University of New York, Stony Brook;
30 November to 1 December 1992; Middle Atmosphere
Research Initiative

Patrick Espy; Utah State University, Logan; 30 November Chris Geron; Environmental Protection Agency; non-
to 1 December 1992; Middle Atmosphere Research Initiative methane hydrocarbon emission modeling

David Fahey; NOAA Aeronomy Laboratory; 30 November
to 1 December 1992; Middle Atmosphere Research
Initiative; also collaborative research on AASE II

Raymond Fall; University of Colorado; non-methane
hydrocarbon emission modeling; other ongoing
collaborations

Robert Farley; Geophysics Laboratory, Hanscom Air Force
Base; 11-16 October 1992; Upper Atmosphere Research
Satellite

Fred Fehsenfeld; NOAA Aeronomy Laboratory; measure-
ments of related species and photolysis parameters; ROSE
data interpretation; SOS MTS research

Evan Fishbein; Jet Propulsion Laboratory; 11-16 October
1992; Upper Atmosphere Research Satellite

Timothy Gilpin; NOAA Climate Monitoring & Diagnostics
Laboratory; 30 March 1992 to 31 July 1993;
Stratospheric/Tropospheric Measurements

Paul Ginoux; University of Brussels, Belgium; 1 September
1991 to 1 September 1993; Theoretical Studies and
Modeling

Paul Goldan; NOAA Aeronomy Laboratory; measurements of
related species and photolysis parameters

William Grose; NASA Langley Research Center;
1116 October 1992; Upper Atmosphere Research Satellite

Michael Gunson; Jet Propulsion Laboratory: preliminary data
from ATMOS experiment

Chris Halvorson; 17 June 1991 to 30 June 1993; Global
Atmospheric Chemistry
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James Hannigan; 3 February 1992 to 31 December 1993;
Global Atmospheric Chemistry

Jerry Harder; NOAA Aeronomy Laboratory; long-path
absorption technique

Peter Harley; 10 February 1992 to 11 December 1992 and
1 June 1993 to 31 May 1994; Trace Gas Biogeochemistry

Didier Hauglustaine; University of Paris VI; comparisons
of radiative forcings

Leroy Heidt; 18 September 1992 to 17 September 1997;
Director's Office

Gunter Helas; Max Planck Institute for Chemistry, Mainz,
Germany; SAFARI

Detlev Helmig; University of California, Riverside; 1 April
1992 to 30 November 1993; Trace Gas Biogeochemistry

Mark Hervig; G & A Technical Software Inc., Hampton,
Virginia; 1116 October 1992; Upper Atmosphere
Research Satellite

Nicholas Hewitt; Lancaster University, United Kingdom;
non-methane hydrocarbon emission modeling

Colin Hines; Toronto, Canada; 30 November to
1 December 1992; Middle Atmosphere Research Initiative

Noel Hinners; Martin-Marietta, Denver; 11-16 October
1992; Upper Atmosphere Research Satellite

Matthew Hitchman; University of Wisconsin, Madison;
30 November to 1 December 1992; Middle Atmosphere
Research Initiative

James Holton; University of Washington; 11-16 October
1992; Upper Atmosphere Research Satellite

Carleton Howard; NOAA Aeronomy Laboratory;
30 November to 1 December 1992; Middle Atmosphere
Research Initiative

Franck Huang; Science Systems & Applications, Inc.,
Seabrook, Maryland; 11-16 October 1992; Upper
Atmosphere Research Satellite

Theresa Huang; University of Michigan; 1 March to
30 May 1993; Theoretical Studies and Modeling

Gerd Htibler; NOAA Aeronomy Laboratory; ROSE data
interpretation

Daniel Jacob; Harvard University; 35 November 1992;
EOS

James Johnson; NOAA Pacific Marine Environmental
Laboratory, Seattle; global distributions and sources of
halocarbons

Bruno Joly; Ecole Nationale de la Meteorologie, Toulouse,
France; 2 December 1992 to 31 May 1993; Theoretical
Studies and Modeling

Marisa Kadavanich; Metropolitan State University;
1 September 1990 to 31 August 1993: Trace Gas
Biogeochemistry

Ralph Keeling; Scripps Institute of Oceanography; influence
of air-sea fluxes

Carla Kegly-Owen; University of Colorado; 8 February 1993
to 8 June 1995; Atmospheric Kinetics and Photochemistry '

Erica Kelly; University of Colorado; October 1992 to
February 1993; Trace Gas Biogeochemistry

Gaston Kockart; Belgian Institute for Space Aeronomy,
Brussels; 1 July to 31 August 1993; Director's Office

Kunihiko Kodera; Meteorological Research Institute, Ibaraki,
Japan; 5 October to 23 December 1992; Theoretical Studies
and Modeling

Erhan Kudeiki; University of Illinois; 30 November to
1 December 1992; Middle Atmosphere Research Initiative

J. B. Kumer; Lockheed Palo Alto Research Laboratory;
11-16 October 1992; Upper Atmosphere Research Satellite

Mitchio Kumura; California Institute of Technology;
4-5 February 1993; Director's Office

William Lahoz; University of Edinburgh, Scotland;
11-16 October 1992; Upper Atmosphere Research Satellite

Brian Lamb; Washington STate University; non-methane
hydrocarbon emission modeling

John Lambert; Rockwell International; 30 November to
1 December 1992; Middle Atmosphere Research Initiative

Yin-Nan Lee; Brookhaven National Laboratory; MTC-
carbonyl research

Franck Lefevre; Centre National de Recherches
Meteorologiques, Toulouse, France; 1 December 1992
to 1 April 1993; Theoretical Studies and Modeling

Conway Leovy; University of Washington; 30 November to
1 December 1992; Middle Atmosphere Research Initiative

Xing Lin; NOAA Aeronomy Laboratory; ROSE data
interpretation

Gretchen Lingenfelser; NASA Langley Research Center;
11-16 October 1992; Upper Atmosphere Research Satellite
Shaw Liu; NOAA Aeronomy Laboratory; AASE II; ROSE
data interpretation
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Jennifer Logan; Harvard University; 3-5 November 1992;
EOS

Binu Lohani; Tribhuvan University, Nepal; August 1992
to March 1993; Upper Atmosphere Research Satellite

Julius London; University of Colorado; 1 November 1990
to 30 September 1993; Trace Gas Biogeochemistry

David Lowe; National Institute for Water and Atmospheric
Research, New Zealand; automated GC-FID system

Jerry Lumpe; Naval Research Laboratory, Washington,
D.C.; 11-16 October 1992; Upper Atmosphere Research
Satellite

Nathalie Mahowald; Massachusetts Institute of Technology;
5-19 January 1993; Director's Office

Andrew Manning; Institute of Nuclear Sciences, New
Zealand; 1 April 1991 to 15 November 1992; Trace Gas
Biogeochemistry

Edward Martell; 1 October 1984 to 31 March 1994;
atmospheric chemistry

Patricia Martinerie; National Center for Scientific
Research, St. Martin D'Heres, France; November 1990
to November 1992; Theoretical Studies and Modeling

J. C. McConnel; York University, Ontario, Canada;
3-5 November 1992; EOS

Martin Mlynczak; NASA Langley Research Center;
30 November to 1 December 1992; Middle Atmosphere
Research Initiative

Russell Monson; University of Colorado; non-methane
hydrocarbon emission modeling

Denise Montzka; NOAA Aeronomy Laboratory; 1 July 1991
to 30 September 1994; Atmospheric Chemical
Transformations

Geert Moortgat; Max Planck Institute for Chemistry, Mainz;
on-going collaborative research

George Mount; NOAA Aeronomy Laboratory; long-path
absorption technique; OH intercomparison

Jarvis Moyers; National Science Foundation;
3-5 November 1992 and 30 November to
1 December 1992; EOS, and Middle Atmosphere
Research Initiative

Jean-Francois Miller; Belgian Institute of Space
Aeronomy, Brussels; 1 March to 9 April 1993; Theoretical
Studies and Modeling

Frank Murcray; University of Denver; 30 November
to 1 December 1992; Middle Atmosphere Research
Initiative

Daniel Murphy; NOAA Aeronomy Laboratory; particulate
composition

Joe Mclnerney; NASA Langley Research Center; Raymond Najjar; Pennsylvania State University; influence
11-16 October 1992; Upper Atmosphere Research Satellite of air-sea fluxes

Stuart McKeen; NOAA Aeronomy Laboratory; ROSE data
interpretation

Peter McMurray; University of Minnesota; number and
size distribution of ultra-fine particles

R. Joseph McNeal; NASA Headquarters; 3-5 November
1992; EOS

Jason Neff; University of Colorado; 10 May 1992 to
31 December 1993; Trace Gas Biogeochemistry

Leonard Newman; Brookhaven National Laboratory; SOS
MTS research

Richard Nighingale; Lockheed Palo Alto Research
Laboratory; 11-16 October 1992; Upper Atmosphere
Research Satellite

J. L. Mergenthaler; Lockheed Palo Alto Research Laboratory;
11-16 October 1992; Upper Atmosphere Research Satellite Robert Oglesby; Purdue University; changing cloud albedo

on global atmospheric circulation

John Meriwether; Clemson University; 30 November to
1 December 1992; Middle Atmosphere Research Initiative M ic h o Okumura; California Institute of Technology;

4-5 February 1993; Director's Office

Alvin Miller; National Meteorological Center,
Washington, D. C.; 11-16 October 1992; Upper
Atmosphere Research Satellite

Norman Miller; Lawrence Livermore Laboratory;
20-22 March 1993; Trace Gas Biogeochemistry;
peatland successional model

John Olivero; Pennsylvania State University; 30 November
to 1 December 1992; Middle Atmosphere Research Initiative

David Parrish; NOAA Aeronomy Laboratory; ROSE data
interpretation

Jae Park; NASA Langley Research Center; 11-16 October
1992; Upper Atmosphere Research Satellite
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Mai Pham; University of Paris-6, France; 16 October to
20 December 1992; Theoretical Studies and Modeling

Leon Phillips; University of Canterbury, Christchurch,
New Zealand; 1 November 1992 to 30 April 1993;
Atmospheric Kinetics and Photochemistry

Thomas Pierce; Environmental Protection Agency; non-
methane hydrocarbon emission modeling

John Potter; Lockheed Palo Alto Research Laboratory;
11-16 October 1992; Upper Atmosphere Research Satellite

Barbara Prezelin; University of California, Santa Barbara;
30-31 October 1992; Theoretical Studies and Modeling;
and ICECOLORS '93 collaboration

Dianne Prinz; Naval Research Laboratory, Washington,
D.C.; 11-16 October 1992; Upper Atmosphere Research
Satellite

Joseph Prusa; lowas State University; high resolution
model of mesospheric gravity waves

Joseph Pruza; University of California, Santa Barbara;
1 October to 1 August 1993; Theoretical Studies and
Modeling

A. R. Ravishankara; NOAA Aeronomy Laboratory; on-
going collaborative research

William Read; Jet Propulsion Laboratory;
11-16 October 1992; Upper Atmosphere Research Satellite

Carl Reber; NASA Goddard Space Flight Center;
11-16 October 1992; Upper Atmosphere Research Satellite

John Remedios; Clarendon Laboratory, Oxford University,
England; 11-16 October 1992; Upper Atmosphere
Research Satellite

Behroz Rezat; Utah State University; 11-16 October
1992; Upper Atmosphere Research Satellite

Curtis Rinsland; NASA Langley Research Center; least
squares method

Aidan Roche; Lockheed Palo Alto Research Laboratory;
11-16 October 1992; Upper Atmosphere Research Satellite

Clive Rodgers; Clarendon Laboratory, Oxford
University, England; 11-16 October 1992; Upper
Atmosphere Research Satellite

Michael Rodgers; Georgia Institute of Technology; SOS
MTS research

Coleen Roehl; Max Planck Institute for Chemistry,
Mainz. Germany; photolysis quantum yields of NO2

Richard Rood; NASA Goddard Space Flight Center;
11-16 October 1992 and 30 November to 1 December 1992;
Upper Atmosphere Research Satellite, and Middle
Atmosphere Research Initiative

R. G. Roper; Georgia Institute of Technology; 30 November
to 1 December 1992; Middle Atmosphere Research Initiative

Nigel Roulet; York University, Ontario, Canada;
3-5 November 1992; EOS

David Rusch; University of Colorado; 30 November to
1 December 1992; Middle Atmosphere Research Initiative

James M. Russell III; NASA Langley Research Center;
11-16 October 1992; Upper Atmosphere Research Satellite

Glen Sachse; NASA Langely Research Center; AASE II

Murry Salby; University of Colorado; August 1984 to
December 1995; Theoretical Studies and Modeling

Sue Schauffler; January 1990 to December 1993;
Stratospheric/Tropospheric Measurements

Christopher Scheuer; NASA Langley Research Center;
11-16 October 1992; Upper Atmosphere Research Satellite

Robert Scholes; Division of Forest Science and Technology,
South Africa; non-methane hydrocarbon emission modeling

Scott Sewell; University of Colorado; January 1992 to
September 1995; tunable diode laser development

Masato Shiotani; Kyoto University, Japan; June 1992 to
June 1993; Global Atmospheric Changes

Thomas Slanger; SRI International, Menlo Park, California;
30 November to 1 December 1992; Middle Atmosphere
Research Initiative

Raymond Smith; University of California, Santa Barbara;
ICECOLORS '93

Thomas Staffelbach; University of Bern, Switzerland; January
1991 to July 1993; Atmospheric Kinetics and
Photochemistry

Ranier Steinbrecher; Institute fir Atmosphariche Umwelt;
Germany; non-methane hydrocarbon emission modeling

Lila Jean Stine; University of Colorado; October to December
1992; Trace Gas Biogeochemistry

Frode Stordal; Institute for Air Research, Norway; June 1993
to August 1993; Theoretical Studies and Modeling

Raja Tallamraju; January 1992 to December 1993; Trace Gas
Biogeochemistry
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Pieter Tans; NOAA Climate Monitoring & Diagnostics
Laboratory; three-dimensional carbon cycle model

Michael Taylor; Utah State University; 30 November to
1 December 1992; Middle Atmosphere Research Initiative

Terry Theodose; University of Colorado; March 1992 to
December 1992; Trace Gas Biogeochemistry

Gary Thomas; University of Colorado; 11-16 October
1992 and 30 November to 1 December 1992; Upper
Atmosphere Research Satellite, and Middle Atmosphere
Research Satellite

Anne Thompson; NASA Goddard Space Flight Center;
3-5 November 1992; EOS

XueXi Tie; Scripps Institution of Oceanography; December
1991 to April 1993; coupled chemical transport modeling

G. C. Toon; Jet Propulsion Laboratory; analyses of HC1

Alan Townsend; Stanford University; November 1990 to
December 1992; Trace Gas Biogeochemistry

Michael Trainer; NOAA Aeronomy Laboratory; ROSE data
interpretation

J. J. Tsou; NASA Langley Research Center,
11-16 October 1992; Upper Atmosphere Research Satellite

Jonah Troth; University of Colorado; 18 May to
29 August 1993; Trace Gas Biogeochemistry

Adrian Tuck; NOAA Aeronomy Laboratory; 30 November
to 1 December 1992; Middle Atmosphere Research
Initiative

Veronica Vaida; University of Colorado; 30 November
to 1 December 1992; Middle Atmosphere Research
Initiative

David Valentine; Colorado State University; January
1991 to December 1992; Trace Gas Biogeochemistry

Thomas VanZandt; NOAA Aeronomy Laboratory;
30 November to 1 December 1992; Middle Atmosphere
Research Initiative

James Vedder; NASA Ames Research Center; AASE-II

Lee Vierling; May to November 1993; Trace Gas
Biogeochemistry

Timothy Wallington; Ford Motor Company; ongoing
collaborative research

Joe Waters; Jet Propulsion Laboratory;
11-16 October 1992; Upper Atmosphere Research Satellite

Alex Weaver; NOAA Aeronomy Laboratory; AASE II

Bryan Wert; Bowdoin College; May to August 1993; Trace
Gas Biogeochemistry

Gary Whiting; NASA Langley Research Center;
15-16 March 1993; Trace Gas Biogeochemistry

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

Eric Williams; NOAA Aeronomy Laboratory; measurements
of related species and photolysis parameters; OH
intercomparison; MTS-NO, NO 2, NOy research

Eric Woodbridge; NOAA Aeronomy Laboratory; AASE II

Douglas Worsnop; Aerodyne Research, Billerica,
Massachusetts; 30 November to 1 December 1992; Middle
Atmosphere Research Initiative

Fei Wu; University of Colorado; 11-16 October 1992; Upper
Atmosphere Research Satellite

Wanli Wu; University of Michigan; 22-26 February 1993;
Theoretical Studies and Modeling

Donald Wuebbles; Lawrence Livermore National Laboratory;
11-16 October 1992; Upper Atmosphere Research Satellite

Peicai Yang; Academica Sinica, Beijing; June 1991 to
June 1993; Theoretical Studies and Modeling

Joseph Zawodny; NASA Langley Research Center;
3-5 November 1992; EOS

Anna Zheng; NOAA Aeronomy Laboratory; AASE II

Rod Zika; University of Miami; SOS MTS program
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Climate and Global

Dynamics Division

Our research objectives in the Climate and Global Dynamics (CGD) Division are to promote further
understanding of the physical causes of present and past climates and of large-scale atmospheric and
oceanic dynamics, thus contributing to the basis for the scientific prediction of weather and climate. In
fiscal year 1993 (FY 93), we engaged in the following research activities geared toward achieving these
objectives: (1) release of version 2 of the community climate model (CCM2) to the scientific community;
(2) investigation, with the CCM and other models, of the mechanisms of global climate change and
exploration of the basis for long-range prediction of weather and climate; (3) study of the dynamics of
global oceans and their interactions with the atmosphere; (4) analysis of global observational data sets for
the study of climate variability; (5) incorporation of clouds, their radiative properties, and their effects on
global energy balance into the global geosciences through satellite observations; (6) description and
modeling of the interface between the atmosphere and the oceans, cryosphere, chemosphere, and
land-biosphere within the concept of coupled climate systems; (7) examination of the mesoscale
implications of large-scale climate changes; and (8) study of the relationship between ecosystem processes
and the atmosphere.

Our participation in the Climate Modeling, Analysis, and Prediction (CMAP) program, the Global
Tropospheric Chemistry Program (GTCP), the Tropical Ocean and Global Atmosphere Coupled
Ocean-Atmosphere Response Experiment (TOGA COARE), the World Ocean Circulation Experiment
(WOCE), Geosystems Databases, the North Atlantic Climate Change Program, and the International
Satellite Cloud Climatology Project (ISCCP) is strong evidence of our contribution to the U.S. Global
Change Research Program. FY 93 was our second year for CMAP-the study of earth system processes
and feedbacks that affect climate and its systematic changes. We incorporated cloud parameterization into
the CCM2, coupled the Biosphere-Atmosphere Transfer Scheme (BATS) to the CCM2, and included the
BATS land-surface model as an option. All of these features are components of a new-generation climate
system model. Research continued on GTCP (including a CCM-based transport model), TOGA, the
Comprehensive Ocean-Atmosphere Data Set, the North Atlantic Ocean experiments as part of the WOCE
Community Modeling Effort (CME), the Global Energy and Water Cycle Experiment (GEWEX), and the
Paleoclimate of Arctic Lakes and Estuaries (PALE) program. Efforts are ongoing in Geosystems
Databases with the development, documentation, analyses, verification, and distribution of data sets to
university and NCAR users. We also support the multiagency-funded High Performance Computing and
Communications program. We are striving to improve the modeling of physical processes and the
development of numerical techniques to integrate components of the earth's climate system. We are
planning improved computational formulation to stimulate the climate coupling process and to take
advantage of multiple parallel-processing computers.

In addition to NSF, funding from the following agencies supported important research projects in CGD
in FY 93: Department of Energy (DOE) (2 projects); DOE Computer Hardware, Advanced Mathematics
and Model Physics (CHAMMP) program (5 projects); NASA's Earth Observing System (EOS) (3
projects); DOE's Atmospheric Radiation Measurements program (1 project); the Environmental Protection
Agency (EPA) (2 projects); NOAA Global Change (2 projects); NASA (4 projects); the Italian
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Commission for Research and Development of Nuclear and Alternative Energy (ENEA) (1 project); and
the Central Research Institute of Electric Power Industry (CRIEPI, Japan) (1 project). All of these projects
contribute to the program goals set by NSF.

Significant Accomplishments
* Analysis of climate variability in a global coarse-grid coupled general circulation model (GCM),

comparison to microwave sounding unit (MSU) satellite observations, and evaluation of variability
changes in the coupled model with increased carbon dioxide (C02) [Gerald Meehl, Warren
Washington, Matthew Wheeler (visitor, Macquarie University), Garrett Campbell (visitor,
Colorado State University), and Timothy Kittel]. (See Page CGD-4.)

* Release of CCM2, the most recent version of the NCAR CCM, to the NCAR and external NSF
research community on the NCAR Y-MP/8 at the beginning of FY 93. Source code, boundary and
initial data sets, runtime scripts, control integrations, and detailed documentation were provided to
the user community (James Hack, Byron Boville, Jeffrey Kiehl, Philip Rasch, and David
Williamson). (See Page CGD-5.)

* Identification of the relative role of sulfate aerosols to climate forcing. Calculations from a three-
dimensional diagnostic model indicate that sulfate aerosols lead to a reduction in globally averaged
solar forcing of 0.3 W m-2. These results also identified large spatial variability in the greenhouse
forcing due to variability in cloudiness and water vapor (Kiehl and Bruce Briegleb). (See Page
CGD-10.)

* Computation of the heat budget locally over the entire globe for each month of 1988 using
compatible top-of-the-atmosphere radiation from the Earth Radiation Budget Experiment (ERBE),
combined with European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric
data, to produce new estimates of ocean heat transports [Kevin Trenberth and Amy Solomon
(visitor, Massachusetts Institute of Technology, or MIT)]. (See Page CGD-13.)

* Documentation of a substantial decade-long change in the mean atmospheric circulation in the
troposphere, lower stratosphere, and in many surface fields in both hemispheres throughout the
Pacific atmosphere and ocean beginning about 1976. The changes appear to originate from the
tropics (Trenberth, James Hurrell, and Harry van Loon). (See Page CGD-13.)

* Comprehensive documentation of the performance of many NCAR CCMs at different resolutions
and comparison with ECMWF data and other observed fields (Hurrell, Hack, and David
Baumhefner). (See Page CGD-14.)

* Implementation of a new parameterization for the transport of tracers by mesoscale eddies in
noneddy-resolving oceanic GCMs. It shows great improvement in the distributions of tracers and
their lateral and vertical fluxes [James McWilliams, Gokhan Danabasoglu (visitor, Boulder), and
Peter Gent)]. (See Page CGD-16.)

* Detailed synthesis of the totality of results (in five publications) of the CME experiments at several
resolutions [William Holland, Frank Bryan, and Claus Boening (visitor, University of Kiel)]. (See
Page CGD-16.)

* Completion of a large set of numerical experiments to test the response of a high-resolution North
Atlantic ocean model to wind forcing that contains high wavenumber and frequency variability
representative of what can be expected from the NASA scatterometer. Rectification of high
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wavenumber energy is most evident in the Cape Verde basin and off the northern tip of South
America (Ralph Milliff, William Large, Holland, and McWilliams). (See Page CGD-17.)

* Solution of problems of turbulence in rotating stratified flow at unprecedentedly high resolution by
means of highly efficient multigrid algorithms. The solutions exhibit coherent structures-vortices
and plumes-that control the statistical dynamics of the turbulence [McWilliams, Jeffrey Weiss
(visitor, Boulder), and Irad Yavneh (visitor, Weizmann Institute of Science)]. (See Page CGD-18.)

* Completion of studies of the upper ocean's response to midlatitude storms. Numerical simulations
reproduce the observations very well and show how the responses depend on wind-stress
magnitude, wind-stress rotation, initial currents, and ocean stratification [Large and Gregory
Crawford (Advanced Study Program, or ASP)]. (See Page CGD-19.)

* Utilization of the linear tangent and adjoint model of the full diabatic version of the mesoscale
meteorology version 4 model (MM4) to elucidate and clarify issues in predictability on the
mesoscale [Martin Ehrendorfer (visitor, University of Vienna), Ronald Errico, and Tomislava
Vukicevic (visitor, Boulder)]. (See Page CGD-21.)

* Determination of the link between barotropic instabilities of nonzonal flows and observed
westward-propagating large-scale disturbances previously thought to be pure Rossby-Haurwitz
waves [Grant Branstator and Isaac Held (Geophysical Fluid Dynamics Laboratory, or GFDL)].
(See Page CGD-22.)

* Coupling of the second-generation regional climate model (RegCM2) to an interactive lake model
and use in the first application of a regional climate model to paleoclimatic studies [Steven
Hostetler (visitor, U.S. Geological Survey) and Gary Bates]. (See Page CGD-28.)

* Development of a global version of the CENTURY ecosystem model, based on ecosystem-specific
calibration at a range of sites distributed globally and using data collected as part of an
international collaborative project Analyses illustrate the importance of carbon (C)-nitrogen (N)
interactions in controlling ecosystem responses to climate change [David Schimel, Bobby Braswell
(University of New Hampshire), Thomas Painter, and William Parton and Dennis Ojima (both of
Colorado State University)]. (See Page CGD-28.)

* Development of the vegetation and ecosystem modeling and analysis project (VEMAP), an
international integrated model intercomparison project to assess the impact of climate changes on
ecosystems and natural vegetation of the conterminous United States [Kittel, Schimel, Painter, Nan
Rosenbloom, Henry Fisher, Jerry Melillo (Marine Biological Laboratory), Ronald Neilson (EPA),
and Steven Running (University of Montana)]. (See Page CGD-29.)

Climate Sensitivity and Carbon Dioxide Research
Research in the Climate Sensitivity and C02 Research Group is partially supported by the DOE. In

FY 93, Washington, Meehl, Thomas Bettge, Lynda VerPlank, and Gary Strand embarked on a new
simulation of the greenhouse effect with a climate model having improved ocean dynamics (1°) and
dynamical thermodynamic sea-ice components. This simulation will be the first transient (gradually
increasing C02 concentration) experiment with a more realistic ocean and sea-ice model. The simulations
will be part of a new evaluation to be conducted by the Intergovernmental Panel on Climate Change
(IPCC). The results indicate that the ocean is much more dynamically active than in the previous model
version.
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Role of Mesoscale Eddies in Global Ocean Circulation
Robert Chervin and Anthony Craig have investigated the role of mesoscale eddies in the global ocean

circulation, as simulated by an extended-term integration of the parallel ocean climate model (POCM) with
1/2° horizontal resolution and 20 levels in the vertical. They found regions of very large eddy heating and
cooling in the eastern tropical Pacific associated with the instabilities produced by the Equatorial
Undercurrent, the South Equatorial Current, and the North Equatorial Countercurrent. They also found
analogous effects due to eddy salt transports. Attempts to parameterize these eddy effects are under way.

Ocean-Circulation Dependence on Wind-Stress Forcing
Chervin and Albert Semtner (NCAR affiliate scientist from the Naval Postgraduate School) performed

additional experiments with different wind-stress prescriptions with the POCM using the CRAY Y-MP/2
of the Model Evaluation Consortium for Climate Assessment (MECCA). They found substantial
differences in heat transport, currents, and eddy activity with different climatological wind stresses, as well
as large interannual variability in mean heat transport with interannually varying winds.

Global Ocean Model Development and Application
Chervin continued model development for the inclusion of additional physical processes, more accurate

prescription of bottom topography and islands, higher resolution, and massively parallel application, in
collaboration with Semtner, Craig, and several investigators at Los Alamos National Laboratory (LANL)
(Robert Malone, Richard Smith, and John Dukowicz). The DOE CHAMMP program supported these
efforts. Integrations have been performed with a 1/40 average grid spacing on the CRAY Y-MP/8 and with
a 1/6° average spacing on the CM-s at the Los Alamos Advanced Computing Laboratory. Preliminary
analysis of the new 1/40 simulation reveals enhanced meridional overturning in both hemispheres,
continuous flow through a complex Indonesian Archipelago, a Gulf Stream that tends to separate mainly at
Cape Hatteras, and much increased eddy kinetic energy in the Southern Hemisphere (SH).

Global Coupled Model Analysis
Meehl, in collaboration with Wheeler, Washington, Campbell, and Kittel, undertook two major studies

documenting various aspects of intermonthly and interannual variability in the global coupled GCM that
has been used for C02 climate sensitivity studies (with support from NASA and DOE). Upon comparison
with observed MSU satellite data, results showed that the coupled model reproduces most aspects of
intermonthly and interannual variability seen in the MSU data, including high-latitude maxima and signals
in the tropics associated with the El Niflo-Southem Oscillation (ENSO). Changes to that variability
occurring when C02 is increased in the model include increases of tropical interannual variability and
decreases of intermonthly variability near 60"N. The changes in the tropics are associated with changes in
ENSO and the south Asian monsoon, while alterations near 60°N are likely associated with changes in
blocking activity.

Cloud-Albedo Feedback
Meehl, in collaboration with Washington and Bettge, performed a sensitivity experiment with the latest

version of the global coupled ocean-atmosphere GCM to explore the role of cloud-albedo feedback in
global climate sensitivity. A small change in the specified cloud-albedo feedback formulation resulted in
large global changes in climate, including cooling at almost all latitudes. This is consistent with earlier
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mixed-layer model experiments that showed cloud-albedo feedback to be a major factor in moderating the
super-greenhouse effect associated with penetrative convection in the model (research supported by DOE).

Meehl, with support from DOE and in collaboration with W. Lawrence Gates (Lawrence Livermore
National Laboratory, or LLNL), Ulrich Cubasch (Max Planck Institute for Meteorology, or MPI), John
Mitchell (Hadley Centre), and Ronald Stouffer (GFDL), completed an intercomparison of various
simulation features from their global coupled GCMs. Results showed that the climate simulations of the
various models were similar in spite of different formulations, spin-up strategies, and degrees of flux
correction. All models exhibited systematic errors involving surface fluxes, and some groups have corrected
some of these errors at the air-sea interface. NCAR is the only group not to use some form of flux
correction, whereas Hamburg uses the most extensive flux corrections.

Climate Modeling
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 carry out observational studies, particularly in the comparison
of models with observations; they develop and test new versions of the CCM; and they validate and use the
CCM to study the three-dimensional atmospheric circulation. These studies also include simpler models,
such as two-dimensional shallow-water, zonally averaged chemical-dynamical models and one-dimensional
column-radiation models. The CCM Core Group develops and maintains the standard versions of the
CCM and its ancillary postprocessing code.

CCM2
The CCM2 was frozen and released to the NSF user community last year. In addition to sponsoring a

workshop to introduce the model to prospective users, scientists continued to analyze control simulations in
order to document the behavior of the model and provide a basis for improvements for future versions of
the CCM. They added several enhancements to the model and made them available for general use.

Analysis of CCM2 Simulations

Hack, Boville, Briegleb, Kiehl, Rasch, and Williamson documented the details of the algorithms
defining CCM2. Gloria Williamson documented the data sets and various circulation statistics from the
CCM2 control runs available for general use, and other CMS staff documented various climate statistics
simulated by the CCM2. Kiehl, Hack, and Briegleb studied the simulated radiation budget and compared
the model to data from ERBE. In general, the radiation budget of the CCM2 is in better agreement with
ERBE data than previous CCM versions. Hack, Boville, Kiehl, Rasch, and Williamson calculated a wide
variety of climate statistics from the model simulations and compared the model statistics to available
estimates of corresponding atmospheric statistics. Most aspects of the CCM2 are improved over those of
previous model releases.

Hurrell, Hack, Baumhefner, Meehl, and David Pollard intercompared various versions of the
CCM-the first comprehensive examination of the many atmospheric GCMs [including the CCM1, the
CCM2, the global environmental and ecological simulations of interactive systems (GENESIS) model, and
modified versions of the CCMO] used within CGD for several purposes. The intercomparison clearly
indicates the strengths and weaknesses of these models and the evolution of improvements in the
simulations.
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Williamson, Kiehl, Hack, and John Truesdale continued to participate in the Atmospheric Model
Intercomparison Project (AMIP) sponsored by the Environmental Sciences Division of the DOE. Some 30
modeling groups worldwide are participating, all using the same 10-year monthly averaged observed sea-
surface data set for the lower boundary condition that drives the atmospheric models. Computer time was
provided by the DOE at the LLNL for one 10-year AMIP simulation. The data from this simulation are
archived at both LLNL and NCAR for community use. A second AMIP 10-year simulation was carried
out at NCAR. Analyses show that the CCM2 exhibits a realistic response to tropical boundary forcing.
This is easily observed in the outgoing longwave radiation (OLR) and precipitation fields in the tropics. A
precipitation response to ENSO can also be detected in some midlatitude regions.

Hack, Kiehl, and Minghua Zhang (State University of New York, Stony Brook), investigated water
vapor, temperature lapse rate, and cloud feedbacks in the CCM2. This collaboration, making use of a
diagnostic procedure developed by Zhang, has resulted in a quantification of the large compensation that
occurs between the water vapor and lapse-rate feedback in GCMs. They also examined the nature of the
sensitivity in the simulated CCM2 climate to different cumulus convection schemes.

The question of what is an appropriate numerical resolution for accurate climate model applications has
remained unanswered since the first numerical three-dimensional global climate models were developed.
The resolution selected for climate model applications is usually the result of a compromise between
expense and accuracy, with the former often receiving the greater weight. Yet if any faith is to be attached
to the model results, the resolution must be fine enough to provide accurate approximations to the
underlying fluid dynamical component of the model, or numerical deficiencies must be explicitly accounted
for by additional terms. Williamson, Kiehl, and Hack have continued to study this problem by comparing
simulations with the CCM2 at rhomboidal (R15) and triangular (T21, T31, T42, T63, and T106)
truncations. Computer time for some of the simulations was provided by MECCA. Many aspects of the
simulations showed a monotonic change with increasing resolution. The largest variation was from low
(R15) to medium (T42) resolution with some features, but not all, indicating continued convergence above
T42. Where convergence occurred, it was not always consistent with atmospheric analyses. Some model
deficiencies, with respect to atmospheric analyses, were persistent and unaffected by increased resolution.

Augmentations of CCM2

Coupling of the BATS to the CCM2 is complete. Gordon Bonan ran the coupled model for 10 years at
T42 resolution and for 10 years at R15 and compared the simulated land-surface climatology to
observations and to that of the T42 simulation.

The CCM Core Group (Linda Bath, Lawrence Buja, James Rosinski, and Gloria Williamson), along
with Truesdale and Hack, completed development for the public release of the CCM2, labeled CCM2. 1,
which includes the BATS land-surface model as an option. The source code is a highly portable UNIX
implementation explicitly configured to run on the CRAY Y-MP (shavano), an IBM RS/6000, or a Sun
microsystems machine, where user-settable preprocessor variables control the generation of code for each
of these platforms. A large number of other implementation refinements to the CCM2 were incorporated in
this version of the model. A major functional improvement is the capability of generating monthly average
history output, specifiable by the user at run time. By default, the monthly average history tapes contain all
standard model fields plus several additional fields required to calculate a set of higher-order statistical
moments from the monthly average data and to correctly represent certain nonlinear diagnostic fields. A
distribution package containing source code, boundary and initial data sets, and execution scripts is being
prepared for distribution to the general user community via anonymous file transfer protocol.
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Williamson and Hack continued collaboration with Paul Swarztrauber and Richard Sato (both of the
Scientific Computing Division, or SCD) and with members of Argonne National Laboratory and Oak
Ridge National Laboratory (ORNL) to port the CCM2 to a variety of massively parallel computers (a
project sponsored by the DOE CHAMMP initiative). A message-passing version has been ported and
validated on the Intel Paragon. The validation strategy consisted of two phases. (1) The difference between
the ported version and the original shared-memory version grows no faster than does a minimal
perturbation in the original shared-memory version. While satisfying this phase, scientists identified and
eliminated two subtle code errors. (It is unlikely these errors would have been identified from long
simulations.) (2) January averages simulated by the ported version fall within the natural variability of the
long control simulations produced by the shared-memory version.

The 1993 Fourth CCM Workshop hosted by CMS staff consisted of tutorials in the first week by CMS
staff and hands-on-experience assistance by the Core Group. Twelve students from as many universities
were selected to participate in the first week; the second week was devoted to scientific presentations and
discussions and over 100 CCM users took part. As a complement to the workshop, Williamson edited a
CCM Progress Report describing CCM applications from a wide cross section of CCM users.

Chemistry and CCM2
Work continued on modeling transport processes and determining their role in controlling trace-species

distributions in the stratosphere and troposphere. These studies involve both the CCM2 and an offline
transport subset of the CCM2.

Rasch further improved the numerical and physical formulation of the transport model by modifying the
algorithm to transport trace-species mixing ratios normalized by dry-air mass rather than by moist-air
mass, as in the original formulation. He modified the original fixer to reduce its impact on tracers in which
most of the mass is concentrated in the middle atmosphere (unlike water vapor). The offline transport
model now uses modified versions of the semi-Lagrangian transport code from the standard version of the
CCM2 rather than that from a prototype version. This improves compatibility with the CCM2 and
simplifies development of future versions of the model.

Rasch and Natalie Mahowald (MIT) investigated the sensitivity of transport calculations to sampling
strategies from the archived data (i.e., spatial and temporal scales). Their study suggests that the wind
fields must be sampled on time scales of 6 h or less so that the resolved transport processes are accurately
represented in the offline model. They found that the accuracy of transport calculations was degraded
substantially when the winds were sampled less frequently.

The behavior of the offline transport model for the stratosphere has been documented for the transport
of stratospheric airplane effluents and radioactive tracers. This work was carried out under NASA's High-
Speed Research Program. Rasch, Xuexi Tie (visitor, Atmospheric Chemistry Division, or ACD), Guy
Brasseur (ACD), and Williamson compared the model to similar transport calculations in the CCM2 and
two-dimensional chemical transport models. Rasch, Boville, Brasseur, and Tie coupled a comprehensive
middle-atmosphere ozone chemistry model to the CCM2. The CCM2 was used to generate the data sets
required to drive the offline model in its middle-atmosphere configuration. The ozone chemistry model was
also coupled to the offline transport model. Tie and Rasch have added the reactions required to describe the
chemistry taking place in sulfate aerosols, and they will explore the transport of aerosols in the future.

Over the last year, emphasis on the transport and removal of short-lived trace species in the troposphere
has increased. Rasch, Mahowald, and Boville developed parameterizations of in-cloud scavenging
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processes and dry deposition. Having made initial calculations of the transport and removal of 222radon
and 2101ead, they participated in a World Climate Research Programme workshop in model
intercomparison and the role of subgrid-scale processes in controlling short-lived trace-species
distributions.

CCM Applications and Further Development
Kiehl investigated the importance of distinguishing between maritime and continental cloud-drop sizes.

Extensive observations indicate that the effective drop size within warm clouds is roughly a factor of two
smaller over continents than over oceans. With the CCM2, Kiehl performed a 5-year integration that
distinguished between continental and maritime effective drop size, using an effective radius of 5 microns
over land masses and 10 microns over oceans. Employing this distinction in drop size led to an increase in
cloud albedo over land versus ocean, particularly in the summer hemisphere. This, in turn, led to a
reduction of land-surface temperatures by as much as 5 K. The reduction in surface temperature also
resulted in reduced latent heat flux which induced a reduction in precipitation. Al of these changes led to
an improved climate simulation compared to observations. Another interesting response was a shift in the
Australian monsoon to the northeast which excited an extratropical response in the Northern Hemisphere
(NH) planetary wave structure. This work was partially supported by the DOE ARM project.

Hack developed and evaluated a simple diagnostic procedure for liquid water path in the CCM2. Mid-
to high-latitude cloud forcing is more consistent with observational estimates under the more general
diagnostic approach. This diagnostic procedure also helps to reduce the magnitude of CCM2 continental
surface temperature and precipitation anomalies and to shift precipitation maxima closer to where they are
observed, such as in the simulated Australian monsoon. For example, the shift in adiabatic heating over the
western Pacific improved deficiencies in the CCM2 North Pacific January flow field. This response is
consistent with the results of linear barotropic investigations.

Using an explicit representation of cloud water for the CCM2, Rasch and Jan Kristjansson (LANL and
University of Oslo) developed a cloud-water parameterization. The partitioning of cloud water between
liquid and ice phases is diagnosed from temperature. Following the ideas of Hilding Sundqvist (University
of Stockholm), they developed a simple microphysics package to model the conversion of cloud water to
rain and snow and their evaporation. The parameterization included processes for conversion to
precipitation for both pure and mixed phases of the condensate.

Bonan began a series of experiments to determine the importance to atmospheric models of different
parameterizations of surface-energy exchange and land-surface hydrology. He had previously used the
land-surface transfer (LSX) model developed at NCAR in a series of offline sensitivity experiments that
were a component of the Project for Intercomparison of Land-Surface Parameterization Schemes. He
developed a new land-surface model that differs from the LSX in the parameterization of surface-energy
exchange, stomatal resistance, canopy aerodynamics, soil heat and water flow, snow melt, snow albedo,
infiltration, and runoff. Offline model intercomparisons between this new model and LSX for several land-
surface types, with representative annual atmospheric forcings, showed large differences between the two
models that were related to the stomatal resistance, infiltration, and aerodynamics parameterizations. The
importance of these different parameterizations will continue to be studied but in a coupled
land-atmosphere model.

Hack has been investigating the nature of the interaction between parameterized moist convection and
parameterized boundary-layer processes in the CCM2. Budget studies suggest that the boundary layer may
be too active in regions of deep convection, thus contributing to an unrealistically large moistening of low
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levels which further enhances deep convective processes. This kind of unrealistic nonlinear interaction
contributes to the tendency for precipitation to be unrealistically concentrated over certain areas in the
CCM2 simulation. Physical modifications to control the interaction of the two parameterization schemes
are under investigation.

In developing a semi-Lagrangian version of the CCM2 (with DOE CHAMMP support), Williamson
and Jerry Olson gave special consideration to energy-consistency aspects . They developed approximations
in which the pressure gradient in the momentum equations is consistent with the energy-conversion term in
the thermodynamic equation, and they obtained consistency between the discrete continuity equation and
the vertical velocity omega in the energy-conversion term of the thermodynamic equation. They compared
simulations with the semi-Lagrangian version to those from the frozen Eulerian version. Williamson and
Olson argue that the semi-Lagrangian scheme is more accurate than the first-order, finite-difference vertical
advection approximations in the Eulerian version, thus resulting in less computational smoothing of the
temperature at the tropopause with the semi-Lagrangian version. Their results also show that the semi-
Lagrangian method is a viable approach for climate modeling.

Kiehl and Briegleb developed a slab, mixed-layer ocean model and coupled it to the CCM2. The model
employs the net surface fluxes from the control simulation of the CCM2 to obtain implied ocean-heat
fluxes as a function of latitude, longitude, and month. These data are then used in conjunction with
observed mixed-layer depth data to determine sea-surface temperature (SST). The model ensures that the
present spatial and temporal distribution of SSTs is realistically reproduced, while adding an interactive
ocean surface to CCM2. Briegleb has also developed a thermodynamic sea-ice model that has been
implemented in this coupled system.

Other Model Applications and Development
As part of the DOE ARM Program, Kiehl and Hack, in collaboration with Mitchell Moncrieff

(Mesoscale and Microscale Meteorology Division, or MMM), carried out a 20-day integration of the two-
dimensional cumulus ensemble model of Gregory Tripoli (University of Wisconsin). They forced the model
(which included radiation effects) by large-scale horizontal and vertical winds representative of the tropical
west Pacific and are analyzing these simulations to determine the role of convection in the heat, water, and
momentum budgets in this region.

As part of the DOE CHAMMP program, Hack and Kiehl, in collaboration with Bruce Albrecht and
William Frank (both of Pennsylvania State University, or PSU), have continued work on a simplified,
workstation-based, numerical framework for parameterization development. This environment is expected
to support investigations of a wide range of physical processes and provide insight into how the
parameterization techniques scale with increasing model resolution. A motif-based graphical-user interface
drives a column version of the CCM2 physics. Incorporation of dynamical forcing and detailed analysis
graphics capabilities continues.

Kiehl investigated the observed near-cancellation of longwave and shortwave cloud forcing in the
tropics. Using data from ERBE and ISCCP along with in-situ observational data, he concluded that the
major determinant in the observed near-cancellation was cloud-top height. The cloud-top height for tropical
anvil clouds is near the tropopause height and, thus, the height of the tropical tropopause detenmines the
near-cancellation effect.

In a sensitivity study of the importance of small ice crystals to tropical cirrus cloud radiative forcing,
Charles Zender (visitor, University of Colorado) and Kiehl employed a detailed one-dimensional
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microphysical-radiative ice-cloud model. Neglecting ice particles smaller than 10 microns led to a 50 W m-
2 change in the shortwave cloud forcing of tropical anvil clouds.

Boville continued to study the sensitivity of the stratospheric circulation to gravity-wave momentum
deposition. With Rolando Garcia (ACD), he demonstrated that the absence of an adequate gravity-wave
drag parameterization could account for the extreme cold bias over the South Pole in the CCM2 (and other
middle-atmosphere GCMs) in winter. Garcia and Boville used Garcia's quasi-two-dimensional model to
demonstrate that subsidence over the pole caused by gravity-wave drag in the mesosphere could result in
significant warming down to below 10 mb. The effect of gravity waves was much stronger in the SH than
in the NH because the SH planetary waves were relatively weak and the temperatures much colder than in
the NH. Consequently, the radiative damping times are longer and the equilibrium thermal response to
downward motion larger in the SH. Boville and Mariana Vertenstein continued to test the response of a
mechanistic version of the CCM2 to a Lindzen-style parameterization of a spectrum of gravity waves.
They found significant impact in both polar and equatorial regions. In the tropics, a gravity spectrum
forced descending shear zones whose characteristics are strongly dependent of the imposed gravity-wave
spectrum. This work may have important consequences for simulating the semiannual oscillation of the
upper stratosphere and lower mesosphere and the quasibiennial oscillation of the lower stratosphere in
GCMs.

Climate Forcing by Sulfate Aerosols
Kiehl and Briegleb studied the relative role of sulfate aerosols in climate forcing with a three-

dimensional diagnostic model that included the direct radiative effects of sulfate aerosols on incoming solar
radiation. They also calculated the greenhouse effect from preindustrial times to present. The annual
globally averaged sulfate forcing (preindustrial to present) was -0.3 W m-2, compared to the greenhouse
effect of 2.1 W m-2, as a result of increases in C02, methane (CH4), nitrous oxide (N20), and
chlorofluorocarbons (CFCs).

Although the globally averaged direct forcing by the sulfate aerosol is -0.3 W m-2, this does not mean
that the aerosol is unimportant to climate forcing. Kiehl and Briegleb provide maps of the spatial
distribution of aerosol and greenhouse forcings. The greenhouse forcing has large spatial variation from a
few tenths of a W m-2 over Antarctica to 3 W m-2 in the Saharan Desert. In the tropics, the large spatial
variability is due to cloud variations. In the past, greenhouse forcing has been thought of as a globally
averaged number (2 W m-2 for pre-industrial to present; 4 W m-2 for a doubling of C02). These
results-for the first time-show the large spatial variability in greenhouse forcing.

When aerosol forcing is added to greenhouse forcing, the negative forcing by the aerosol offsets the
positive greenhouse forcing in regions like the eastern United States, central Europe, and eastern China.
The implication is that little increase, and perhaps a decrease, in surface temperature has occurred over the
past century in these regions.

Improved Numerical Methods
With support from DOE CHAMMP, Ruediger Jakob (German Climate Computer Centre, Hamburg),

Hack, and Williamson calculated solutions with the spectral transform method to the Standard Test Set for
Numerical Approximations to the Shallo Water Equations in Spherical Geometry, proposed earlier by
Williamson, John Drake (ORNL), Hack, Jakob, and Swarztrauber. These solutions are a benchmark
against which new methods can be compared, and at high resolution they provide reference solutions for the
tests without analytic solutions.
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Rasch developed a new numerical method for transport on the sphere. The scheme is two time level,
montonic, solves the transport equation in flux form, and uses an upwind-biased stencil of points. To
ameliorate the very restrictive constraint on the length of the time step appearing with a regular grid near
the pole, Rasch has generalized the scheme to work on a reduced grid (allowing a much longer time step).
He applied the method to test advection of a coherent structure by solid body rotation on the sphere over the
pole. The scheme was as accurate as current semi-Lagrangian algorithms and inherently conservative.
Tests that use operator-splitting (where the two-dimensional transport operator is approximated by
applying a sequence of one-dimensional operators) reveal large errors compared to the proposed unsplit
scheme.

Supported by NASA, Vertenstein and Boville developed and tested a Lagrangian parcel model in the
CCM2, based on the trajectory calculations used in the semi-Lagrangian transport component of the model.
In addition to the parcel location, the values of model-state variables can be recorded as a function of time.
This model is being used for studies of tracer dispersion in the stratosphere and has been employed in a
stratosphere-troposphere exchange study by Philip Mote and James Holton (both of University of
Washington). The parcel model will likely be included as an option in a future release of the CCM.

Climate Analysis
The goals of Climate Analysis Section (CAS) research are to increase understanding of the atmosphere

by exploring climate, climate variability, and climate change through development and analysis of
observational and assimilated data sets and by using the data sets for empirical studies, diagnostic analyses,
and model validation.

CMS scientists have focused studies on the atmosphere and its interactions with the earth's surface and
oceans on a wide range of time scales. Phenomena studied include blocking events, 40- to 50-day tropical
oscillations, interannual variations such as ENSO, the North American 1988 drought and 1993 floods,
solar-weather relationships, interdecadal variations, and longer-period trends.

An important central ongoing thrust relates to data sets and includes acquisition of data; evaluation,
improvement, and restructuring of data sets; development of climatologies; and the use of data sets in
diagnostic studies. Scientists are also pursuing several theoretical and modeling studies.

CAS research spans many topics but includes several studies that are part of national and international
programs, such as TOGA COARE, ISCCP, ERBE, GEWEX, Climate Variability and Predictability, the
Solar Terrestrial Energy Program, and Global Change. CAS scientists interact with scientists from other
CGD sections, especially through the analysis and validation of all CGD climate models.

Data Sets
With support from NOAA Global Change and NASA, CAS scientists, and Dennis Shea, Christian

Guillemot, and Jeffery Berry in particular, continue to collaborate with NCAR's Data Support Section to
acquire and evaluate data. Ongoing efforts are in conventional meteorological data and analyses, but model
and satellite data are increasingly included as well. Shea has developed a data set consisting of daily
precipitation from over 1600 stations for India and surrounding countries, with some stations spanning
1901-93. This data set will be used to develop a detailed daily, weekly, monthly, seasonal, and annual
climatology of precipitation. Berry is developing an online catalog with a point-and-click interface of all
global data sets in CCM history-tape format. Trenberth continued evaluation of the global analyses from
ECMWF and the National Meteorological Center (NMC) for 1979-1993 (jointly funded by NOAA and
NASA).
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Climate Analysis
Rudolf Weber (Paul Scherrer Institute, Switzerland) and Roland Madden have tested the accuracy of

the optimal averaging method for estimating the global mean temperature with temperature fields simulated
by the CCM. The method provides a better approximation to the true mean than standard area-weight
averaging and demonstrates how crucial to accuracy is the proper choice of a spatial correlation model.
Madden and Meehl explored the possible bias in global mean temperature estimated from sampling a
greenhouse-warming pattern with the current surface-observing network.

Shea and Madden estimated the natural variability climate noise of surface temperature and
precipitation over Australia. A low-frequency white-noise spectral model is used for temperature and a
conditional probability model is used for precipitation to estimate the variability.

Shea, van Loon, and Hurrell have documented the temporal and spatial variability of the tropical
semiannual oscillation (TSAO) in the upper troposphere. Results demonstrate that the TSAO is most
conspicuous over the Indian and Pacific Oceans. Guillemot has developed a new graphics package for
presentation-quality graphics for use, especially with CCM history-tape output. He is preparing a manual
to document this package (supported by NOAA).

Milliff and Madden have begun to study a fast-moving (30-40 m s-i) pressure wave observed in the
eastern tropical Pacific. They used a theoretical model of possible vertical structures and complex
empirical orthogonal function analysis to determine that the wave is primarily associated with the first
baroclinic mode in the troposphere.

Madden-Julian Oscillation (MJO) and ENSO
With support from NOAA funding, Trenberth reviewed the ENSO for a book following on from

lectures at a Macquarie University workshop. He has explored the issues related to the different flavors or
many different varieties of El Niflo that occur in practice for the climate response in the extratropics.

Meehl, with George Kiladis (University of Colorado) and Klaus Weickmann (NOAA), analyzed
composite large-scale features associated with westerly wind bursts in the western equatorial Pacific.
Pressure surges from the midlatitudes of both hemispheres set up near-equatorial surface-pressure gradients
that resulted in surface wind convergence. This contributed to intensification of convection within the
general envelope of instability associated with the MJO and resulted in regional-scale circulation that
includes strong westerlies in the equatorial western Pacific.

Meehl continued to explore the role of land-sea temperature contrast in the south Asian monsoon.
Earlier preliminary results were confirmed in that simple measures of land-sea temperature contrast in a
variety of GCM simulations were positively correlated with area-averaged summer monsoon rainfall. He
used a global coupled GCM to show that these features were associated with interannual variability in the
south Asian monsoon and ENSO and contribute to a biennial oscillation in the troposphere.

Using ECMWF data, Peter Speth (University of Cologne) and Madden analyzed the angular momentum
balance and found a very good correlation between mountain torques and the rate of change of atmospheric
angular momentum (AAM) at time scales longer than 5 days. Frictional torques from 12-h forecasts were
well correlated with changes in AAM only for time scales longer than 20 days. Frequently, large changes
in mountain and frictional torques and in AAM were coincident with eastward-moving tropical clouds of
the 40- to 50-day oscillation.



CGD-13

Climate Diagnostics
Weber and Madden documented the climatology of large-scale traveling Rossby waves in 10 years of

ECMWF analyses. Harald Lejents (University of Stockholm) and Madden began to extend their work
relating the 16-day wave to blocking by computing vorticity budgets during a coincident traveling wave and
a block.

Trenberth and Solomon completed study of the spatial spectra of many variables at many levels and
compared the results with expectations from turbulence and quasigeostrophic theory. They documented the
implications on different scales for processing, diagnostic studies, and displaying data and showed that
ECMWF archival and processing procedures lead to aliasing (study supported by NOAA).

With support from NOAA, Trenberth and Solomon computed the heat budget locally over the entire
globe for each month of 1988 using compatible top-of-the-atmosphere radiation from ERBE combined with
ECMWF atmospheric data. They combined the effective heat sources and sinks (diabatic heating) and
effective moisture sources and sinks for the atmosphere to produce overall estimates of the atmospheric
energy divergence and the net flux through the earth's surface. On an annual mean basis, this is directly
related to the divergence of the ocean heat transport, and new computations of the ocean heat transport are
made for the ocean basins. The need to compute the heat budget locally is demonstrated and results indicate
lower ocean transports than in previous residual calculations which are, therefore, more compatible with
direct ocean estimates.

Decadal Variability
Trenberth and Hurrell completed one phase of their work on a substantial decade-long change in the

North Pacific atmosphere and ocean from about 1976 to 1988 (NOAA funding). Major changes in the
mean atmospheric circulation, temperatures, SSTs, sea ice, rainfall, and surface wind stress were
accompanied by changes in storm tracks and surface ocean sensible- and latent-heat fluxes. They found
additional changes in phytoplankton and zooplankton, as well as changed migration patterns and increased
stock of many fish species. Possible causes of the decadal changes are found in the tropical Pacific but
with strong positive feedbacks by transient eddy fluxes. It is suggested that the changes arise from natural
coupled atmosphere-ocean interactions, primarily in the tropics.

Van Loon and Hurrell further analyzed notable decadal time-scale changes after the late 1970s in
atmospheric circulation over the SH, especially in the semiannual cycle and including a delayed breakdown
of the polar vortex in the troposphere and lower stratosphere during the 1980s. These changes may be
linked to concomitant changes in the tropics. In further work with John Kidson (National Institute for
Water and Atmosphere Research, New Zealand), van Loon examined the relationship between latitudinal
temperature gradient and eddy heat transports in the SH.

Hurrell and van Loon continued their study of interdecadal variations over the North Atlantic during
winter. Using ECMWF global analyses, Hurrell is examining atmospheric circulation changes associated
with recent extreme events of the North Atlantic Oscillation. Van Loon is studying the atmospheric
circulation associated with sea-ice variability around Greenland and Iceland.

Van Loon and Karin Labitzke (NCAR affiliate scientist from the Free University of Berlin) are
continuing to define the decadal period (10- to 12-year) oscillation in the stratosphere. Over the NH for 40
years, it is well correlated with the 1-year solar cycle throughout the year, except that the correlation is
weak in winter. When winter data are stratified by the quasibiennial oscillation in the equatorial
stratosphere, however, correlations similar to the rest of the year emerge for the easterly phase and strong
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opposite correlations emerge for the westerly phase. They have found that the decadal oscillation in the
lower stratosphere is linked to changes on the same time scale in the temperature of the upper troposphere
in the tropics and subtropics.

Climate Modeling and Validation
Trenberth provided a nontechnical review of the book he edited-Climate System Modeling- in the

form of a book chapter following on from lectures at a workshop at Macquarie University on that subject

With NASA support, Trenberth, Berry, and Buja have documented new algorithms implemented in the
CCM modular processor for deriving pressure-level data from model-level (hybrid or sigma) data. They
are exploring issues associated with vertical interpolation and horizontal truncation or change in resolution
of model-coordinate data.

Hurrell, Hack, and Baumhefner extensively documented and compared the climate records of four
versions of the CCM. Included are standard versions of the CCM1 and the CCM2, as well as recent
versions of the CSC02 and GENESIS models. Each CCM version was integrated for 10 years at a
horizontal spectral resolution of R15. In addition, CCM2 was integrated for 20 years at T42 resolution.
Monthly mean, annually repeating climatological SSTs provided a lower boundary condition for each of the
simulations. The validation and comparison involved many different fields, and common strengths and
deficiencies and evolutionary improvements have been highlighted.

Martin Hoerling and Laurel DeHaan (both of the Cooperative Institute for Research in the
Environmental Sciences) and Hurrell have assessed the nature of systematic errors in the 200-mb January
circulation in several CCM versions. Using a linear barotropic stationary wave model, they examined the
sensitivity of the CCM circulation to anomalous tropical forcing. Two principal errors common to
different CCM versions included an erroneous westward shift of the CCM subtropical Pacific stationary
wave troughs and excessive upper-tropospheric divergence over the tropical west Pacific. A larger
extratropical response to tropical forcing occurred within the barotropic model linearized about the CCM
flow than about the observed flow and was attributed to errors in the simulated asymmetric zonal flow.

LejenSs, Madden, and Hack have studied the momentum balance in a 20-year CCM2 simulation. They
found that the model reproduces quite well the latitudinal and annual variation in frictional stress torque.
Similarly, the annual variation of the AAM is well represented, although actual values are about 10 percent
greater than observed.

Field Projects
Meehl participated in the field phase of TOGA COARE and served on the International Scientific

Oversight Team at the Operations Headquarters in Townsville, Australia. He monitored observations from
the western Pacific in real time and contributed to a weekly status report of large-scale conditions over that
region, including forecasts of possible convective activity associated with the MJO. Meehl also
participated in the field phase of the Central Equatorial Pacific Experiment at the Operations Headquarters
in Nadi, Fiji.

In collaboration with Wheeler, Kiladis, Weickmann, and David Gutzler (NOAA), Meehl began analysis
of data collected by the Integrated Sounding Systems during TOGA COARE. Preliminary results indicate
large boundary-layer wind shear during westerly wind-burst events, with westerlies extending throughout
the depth of the troposphere during the mature phase of burst events. In the NMC analyses, systematic
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errors of stronger-than-observed surface winds and weaker-than-observed winds in the upper troposphere
were revealed.

Geophysical Statistics Project
Scientists have initiated a geophysical statistics project to encourage the development and application of

statistical techniques to the problems faced by each section within CGD, to involve others throughout
NCAR, and to entrain a cadre of much needed statistical experts into the atmospheric and climate problems
of importance to science and to society. Principal investigators are Richard Katz and Madden;
coinvestigators are Linda Mearns, Trenberth, Joseph Tribbia, and Williamson. An advisory panel is in
place and the project is spinning up.

Oceanography
Oceanography Section (OS) scientists focus on understanding the large-scale ocean circulation and the

dynamics of climate through studies of the important processes in the ocean, air-sea interaction, and
coupled systems. Emphasis is on numerical modeling of global and regional ocean circulation,
development of coupled models, idealized process studies in geophysical fluid dynamics, and analysis and
interpretation of observational data.

Coupled Models
Bryan, with Katherine Holcomb, Brian Kauffnan, Large, Holland, and Gent, made significant progress

on the development of an ocean-atmosphere coupling interface. This new coupling scheme takes into
account the disparate spatial and temporal scales in atmospheric dynamics and ocean and land-surface
processes and treats conservatively the exchanges of energy, momentum, and matter. Whereas in previous
years OS scientists explored issues involved in the interpolation and transfer of moderate-to-low spatial-
resolution atmospheric information to high-resolution ocean models, in FY 93 they turned their attention to
providing high-resolution ocean-surface information to the atmospheric model. This has been accomplished
by an extensive rearrangement of the surface-interaction code of the CCM2. These modifications allow
fluxes to be computed at higher resolution than the native atmospheric model grid. Initial testing of the
atmospheric model sensitivity to such a representation of the surface exchanges is under way using a new
high-resolution weekly SST product from the NMC. All of the components of the coupler have been
completed and tested, and integration into a complete coupled ocean-atmosphere system is also under way.

Gent and Tribbia have coupled the upper-equatorial ocean model developed by Gent and Mark Cane
(Lamont-Doherty Geological Observatory) to the CCM2 for possible use as an ENSO prediction model.
They ran the coupled integration for 10 years, but simulation of the phase of the annual cycle in SST in the
eastern equatorial Pacific Ocean was poor and little interannual variability resembled ENSO. Before the
model can be used for ENSO prediction, work is in progress to improve the surface fluxes in the tropical
Pacific produced by the CCM2, especially the surface wind stress that, clearly, is too strong.

Other ocean models to be coupled with the CCM2 in the near future are the high-resolution CME North
Atlantic model (Holland, Bryan, and Williamson) and the GFDL Modular Ocean Model (MOM), a global,
full-depth model with two choices of resolution: 3° by 4° and 1.2° by 1°. In addition, the 3° by 4° model
will be run in an upper-ocean-only configuration. The flux coupler described above will be used. A
description of work this year with these models alone follows.

Bryan and Jorge Sarmiento (Princeton University) began a major new effort in modeling the coupled
circulation-biogeochemical cycling of the North Atlantic. This project builds on the development of the



CGD-16

high-resolution model of the circulation of the North Atlantic over the last several years as part of the
WOCE CME. The upper-ocean ecosystem model developed by Sarmiento and collaborators has been
incorporated into the CME circulation model, and integrations of the coupled model are under way. This is
the first time the ecosystem model has been used in conjunction with a circulation model that includes
mesoscale eddies, and it will allow exploration of the role of mesoscale processes in the budgets of
biologically active tracers and natural variability of marine ecosystems.

Doney, with Raymond Najjar (ASP and PSU) and David Glover (Woods Hole Oceanographic
Institution, or WHOI) are exploring aspects of biological-physical coupling in a one-dimensional,
numerical model with the planetary boundary-layer (PBL) mixing scheme developed for the global upper-
ocean model. The initial coupled-model work has focused on the Sargasso Sea where the model can be
validated using the extensive physical, chemical, and biological data set for the Bermuda time-series site.
The coupled model simulates in a reasonable fashion the seasonal cycle in phytoplankton biomass and
productivity for Bermuda, as well as the vertical structure of biological fields. Sensitivity studies have also
been carried out for the various biological and physical parameters in the model to highlight the regions of
greatest uncertainty.

Global Models
With support from NOAA Global Change, Large, McWilliams, Doney, Danabasoglu, and Jan Morzel

continued progress toward a global numerical model and an upper-ocean version by verifying the vertical
mixing schemes in and below the oceanic boundary layer. Preliminary experiments (with Najjar) with a
simple ecosystem model have been encouraging. They are modifying the global GFDL MOM to include a
sigma-coordinate basis, novel parameterizations of vertical and isopycnal mixing, and a three-dimensional
sea-ice model being adapted with W. Brechner Owens (WHOI).

Regional Models
The series of simulations of the North Atlantic, begun as part of the WOCE CME and more recently

directed at the goals of the North Atlantic Climate Change Program, continues to be a major component of
the research effort. OS scientists have completed an extensive series of experiments examining the
sensitivity of the model circulation to specification of wind stress and surface heat flux. Cases employing
synoptic wind-stress and heat-flux information from the CCM2 control integrations were completed in the
last year. Results show that outside the tropics the model circulation is relatively insensitive to the
specification of wind stress within the range of temporal resolution and biases between the observed
climatologies and the CCM2 data sets. Use of the CCM2 data in specifying the surface heat flux results in
some degradation of the quality of the ocean simulation. Comparison of the ocean-model solution under
these different forcing regimes will aid in understanding the generation mechanisms of oceanic variability
and in establishing the character and severity of flux biases between the oceanic and atmospheric models
prior to coupling.

Bryan and Holland completed a synthesis of the extensive set of experiments carried out with the CME
model at NCAR and the University of Kiel, in collaboration with Boening. Issues addressed in this
synthesis include the degree to which Sverdrup balance and linear vorticity dynamics can explain the
response of the simulated circulation to changes in wind-stress distribution, the relationship between deep-
water formation and net vertical mass transport at high latitudes, and the role of lateral mixing processes in
the western boundary current system in controlling the strength of the thermohaline circulation and heat
transport in the North Atlantic.
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Antonietta Capotondi (ASP) began a spectral analysis of 15 years of CME outputs. This study, part of
an extensive diagnostic analysis of the CME results carried out by Holland and Bryan, has been directed
toward identifying the characteristics of the model variability at periods longer than the annual period of the
forcing. The spatial structure and the propagation characteristics of these oscillations seem to be in
agreement with some theoretical studies of turbulent flows. OS scientists expect to complete this work in
1994.

Capotondi, with Holland and Paola Malanotte-Rizzole (MIT), completed work on the assimilation of
satellite altimeter data into a quasigeostrophic model of the Gulf Stream system. This work formed the
basis for Capotondi's Ph.D. dissertation.

Milliff, Large, Holland, and McWilliams are completing analyses of a large set of numerical
experiments to test a North Atlantic ocean model response to realistic high wavenumber and high-frequency
wind forcing. A high-resolution (1/5° by 1/6°) quasigeostrophic North Atlantic ocean model is driven by
annual cycles of three realistic wind-stress curl data sets of prescribed frequency and wavenumber content,
derived as follows. In the first, daily ECMWF surface analyses are augmented to be representative of the
expected scatterometer data. The second is a low-wavenumber derivation of the first, such that scales of 1°
and larger are retained via a spatial filter operation. The third is a temporally filtered representation of the
first such that only the monthly mean signals are retained. OS scientists performed the experiments after
an 85-year spin-up procedure and derived and compared mean circulations, eddy, and mean kinetic-energy
fields using the final 10 years of 15-year experiments. They discussed comparisons in terms of
rectifications into the mean circulation of the high wavenumber and high-frequency-driven signals.

Analysis of the heat budget of the equatorial upwelling zone of the Gent and Cane primitive-equation
tropical ocean model forced with observed Florida State University winds is now complete. One study by
Esther Brady (visitor, WHOI) and Gent presents analysis of the annual cycle heat budget of the model
equatorial upwelling region. Another by Brady discusses the interannual heat budget of the upwelling
region. Both studies establish the fact that variations in the undercurrent are as important as variations in
the meridional overturning cell in affecting seasonal and interannual changes in meridional heat transport.
Moreover, seasonal and interannual variability of poleward heat transport by the meridional overturning
circulation depends not only on the variability in wind stress but also on temperature variability of the
upper thermocline. In a nearly completed study, Brady is analyzing the TOGA array data to confirm these
model results.

In another model study, Brady and Gent investigated the decadal variability of the model as compared to
observations. The model and observed SST corresponded well at the interannual time scale, but the decadal
variability in the model was much weaker than observed. They investigated the decadal balances in the
evolution equation for SST to understand the primary mechanism for the observed decadal trends-ocean
advection forced by decadal trends in wind stress or the heat exchange with the atmosphere. It appears that
decadal changes in the air-sea heat exchange are the primary mechanism for the observed decadal
variability.

Milliff, with Dale Haidvogel (NCAR affiliate scientist from Rutgers University), Mohamed Iskandarani
(Rutgers University), and Nadia Pinardi (Institute for the Study of Geophysical Methodology, Modemo,
and MECCA investigator) has begun a process study of the abyssal circulation of the eastern
Mediterranean Sea. They modeled the abyssal flow as a shallow-water system, assuming an overlying
layer of infinite depth and a mass source from above to represent deep-water formation in the southern
Adriatic Sea. Research foci include deep-water formation and entrainment into Levantine intermediate



CGD-18

water, adjustments due to fast boundary waves and long Rossby waves, bottom topographic control, and
downward control from the overlying eddy and subbasin-scale flow field.

With support from ENEA, Holland, Matthew Hecht (visitor, Boulder), Pinardi, and Vincenzo Artale
(visitor, ENEA) continued work to understand the role of the input of very salty water from the
Mediterranean Sea into the North Atlantic Ocean. They accomplished a high-quality simulation of the
circulation of the Mediterranean Sea and assessed the output of heat and salt through the Gibraltar Strait.
North Atlantic experiments with and without Mediterranean sources are in progress to examine the
sensitivity of the North Atlantic conveyor belt to these inputs. Initial indications suggest that quite different
general circulation equilibria might be found, again highlighting the extreme sensitivity of the overturning
to the saltiness of the North Atlantic domain. A coupled experiment is under way in which the
Mediterranean and North Atlantic are actively exchanging waters.

Studies in Geophysical Fluid Dynamics
Capotondi and Holland began research on some aspects of the ocean thermohaline circulation. Previous

studies have shown the sensitivity of the thermohaline circulation to the type of boundary conditions used
for temperature and salinity as well as to changes in the initial conditions. They found multiple equilibria
and long time-scale variability. Most of these studies considered fixed boundary conditions, thus implying a
noninteractive atmosphere, but one can anticipate important feedbacks because of the small atmospheric
heat capacity and transport processes in the atmosphere. OS scientists are exploring these issues in the
context of a primitive-equation ocean model (the MOM code) configured in a sector geometry.

McWilliams has worked on the following projects involving the dynamics of geophysical vortices: life
cycles of atmospheric cyclones and Gulf Stream rings with Andrew Bush and Richard Peltier (both of
University of Toronto); finite-amplitude equilibration of baroclinically unstable vortices with Xavier
Carton (Naval Hydrographic and Oceanographic Service, Toulouse); evolution of eddies with Alain Colin
de Verdiere (Oceanographic Center of Brittany); and instability of monopole vortices in a rotating stratified
fluid with William Smyth (Oregon State University). McWilliams is investigating cumulus-cloud
parameterizations and self-organized convection with Jun-Ichi Yano (visitor, Ecole Normale Superieure,
Lyon), Moncrieff, and Kerry Emanuel (MIT). With Lien Hua (Oceanographic Center of Brittany), he has
developed a theory of Lagrangian accelerations in quasigeostrophic flows. He has investigated geophysical
turbulence in the following situations: rotating convection with Joe Weme (ASP) and Keith Julien and
Sonya Legg (both of University of Colorado); rotating stably stratified turbulence with Weiss and Yavneh;
turbulence in the shallow-water equations with Lorenzo Polvani (Columbia University) and Michael Spall
(WHOI); breakdown of the slow manifold in shallow-water turbulence with Yavneh; and
magnetohydrodynamic filament dynamics with Toshi Tajima (University of Texas, Austin) and Rodney
Kinney (ASP).

McWilliams has performed large-eddy simulation (LES) modeling of PBL surface-layer fluxes and
intermittency with Chin-Hoh Moeng and Peter Sullivan (both of MMM); LES modeling of Langmuir
circulations with Sullivan and Sidney Leibovich (Cornell University); PBL modeling with a K-profile
parameterization with Large and Doney; modeling the PBL over a nonuniform surface with Stuart Marlatt
and Sedat Biringin (both of University of Colorado); and an evaluation of PBL models against LES
solutions with Large, Doney, Moeng, Sullivan, Keith Ayotte (MMM), and John Wyngaard (PSU).
McWilliams has developed new multigrid algorithms for geophysical partial-differential equations with
Achi Brandt (Weizmann Institute of Science) and Yavneh.
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Milliff and Madden identified fast eastward-moving, tropospheric signals in pressures and zonal winds
at the equator in the easter Pacific. They will examine surface wind-stress data derived from the Earth
Resources Satellite (ERS-1) scatterometer to confirm indications that these signals are first-baroclinic-
mode equatorial Kelvin waves.

Atsushi Kubokawa (visitor, Kyushu University) is developing an analytical theory for the topographic
control of an idealized western boundary current. He is extending his theory to nonlinear regions of
parameter space in numerical experiments performed by McWilliams and Milliff. The goal is to
investigate the feasibility of removing artificial lateral boundary condition control from the variability of
realistic gyre-scale ocean models.

The deep western boundary current system along the east coast of North America transports newly
formed North Atlantic deep water and anthropogenic C02 southward into the western basin of the North
Atlantic. Doney completed a project to examine the transport properties of the boundary current system
using the transient tracers tritium and helium 3. Model estimates based on the observational data base
suggest that the time scale for mixing between the boundary current and the interior of the deep western
basin is rapid and that a volume equal to the transport of the boundary current is recirculated every several
thousand kilometers.

Recent work has suggested that irreversible thermodynamic phenomena near the air-sea interface play
an important (and to date overlooked) role in determining the fluxes between the two media. Doney is
rederiving the relevant thermodynamic equations for air-sea exchange and has made initial calculations
based on the kinetic theory of evaporation and condensation for an idealized gas-liquid interface.
Preliminary work shows that the previous calculations greatly overestimated the significance of irreversible
thermodynamic effects and that, for most conditions, the traditional formulations of air-sea exchange are
fully sufficient.

Ocean Observations
NASA's Topographic Ocean Experiment satellite, launched last year, is providing a set of very accurate

and highly exciting data showing the variability of the sea-surface height field. Observational analyses and
model studies by Holland, Lee Fu and Victor Ziotnicki (both of NASA's Jet Propulsion Laboratory), and
Malanotte-Rizzoli are under way to examine potential ways to meld these observations with models. These
include direct assimilation of data into ocean models, the development of an adjoint ocean model to allow
the implementation of data constraints, observational analyses of various key regions that OS scientists
want to model, and the use of model results to interpret the observations. This work will continue for
several years.

Holland and Chow, with Owens and Ruth Curry (WHOI), began development this year of a new
climatology (temperature and salinity) for the North Atlantic CME domain. This climatology will allow
better specification of surface boundary conditions in the CME model and comparison of model results in
the ocean interior with a high-quality real-world data set.

Large and Crawford are investigating episodic SST cooling in response to select atmospheric storms
and the relationship between such events and large-scale air-sea interation. They have utilized
observational data from the 1987 Ocean Storms Experiment in the northeast Pacific and upper-ocean
models to demonstrate that these events are an inertial resonance response of the upper ocean to strong
winds that rotate inertially.
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Doney was co-chief scientist on the 1993 NOAA C02 cruise in the eastern Equatorial and North
Atlantic. The purpose of the cruise was fourfold-to make simultaneous measurements of the full suite of
parameters for the C02 system [pH, alkalinity, total C0 2 , and the partial pressure of C02 (pC02)], to
provide a baseline for future studies of the ocean uptake of greenhouse C02, to examine the interactions
between biological processes and pC02 in the surface water, and to study the rates of ventilation of the
eastern basin using transient tracers (carbon 14, CFCs). The data analysis from this cruise will extend over
the next several years.

Global Dynamics
The scientific objective of the Global Dynamics Section (GDS) is to increase understanding of the

mechanisms and theoretical predictability of large-scale atmospheric variability on time scales of days to
years. This objective will contribute to the scientific basis of predicting transient global circulations in the
atmosphere beyond present practical limits. GDS scientists concentrate on research in three main areas:
(1) numerical and theoretical studies with a hierarchy of physical models ranging from the nondivergent
vorticity equation to coupled atmosphere-ocean models, (2) investigation of the cause of low-frequency
variability and experimentation with the CCM to explore the practical skill of predicting low-frequency
variability, and (3) sensitivity analysis of numerical prediction to atmospheric initial conditions and design
of improved data assimilation for nongeostrophic flows, particularly for tropical and mesoscale forecasting.

Predictability Studies and the Determinism of Climate
Over the past several years, scientists have been investigating the theoretical predictability of

atmospheric variations of increasingly longer time scales. They concluded studies on the potential for
accurate predictions of monthly and seasonal man atmospheric anomalies and coupled ocean-atmosphere
variations on interannual time scales associated with the ENSO. Continuing studies use a new generation of
models to pursue these issues, while the temporal horizon is broadening to climatic time scales. The next
class of climatic phenomena lies in the decadal-to-millennial range and includes interdecadal variability,
anthropogenic climate change, and 3000- to 15000-year cycles seen in the paleoclimatic record. To model
these phenomena, Ramalingam Saravanan and McWilliams developed a simple coupled, ocean-atmosphere
model. The atmospheric component is a global two-level, moist, primitive-equation model, usually run at
T21 spectral resolution. Simple parameterizations of many of the important physical processes in the
atmosphere, such as radiative heating and precipitation, are included. The oceanic component is a zonally
averaged, two-dimensional Boussinesq convection model that captures the essential features of basin-scale
thennohaline circulation. It turns out that this model does not need any flux adjustments to prevent climate
drift, provided both the atmospheric and oceanic components are tuned so that their flux requirements
nearly match. This model, which is fast enough to be integrated for hundreds of years on a workstation,
captures qualitatively some of the important features of the complex coupled GCM integrations. The
climatology of this simple coupled model bears a qualitative resemblance to the observed climate. The
model possesses two distinct stable climatic equilibria, even for normal climatic-forcing conditions. It also
shows a rapid transition in the thermohaline circulation when greenhouse-gas concentrations are increased
drastically. (Both features have been noted in coupled GCM integrations.) Saravanan and McWilliams
plan to use this model to study the role of the various feedback mechanisms between the ocean and the
atmosphere in determining the model's climate and to simulate particular features in the paleoclimatic
record, such as the response to meltwater fluxes in the North Atlantic.

Significant progress has been made in studying one- to three-day error growth and sensitivity where the
linear approximation often is valid. To capitalize on this simplification, both linear forward and adjoint
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models can be brought to bear on these problems. Errico, Vukicevic, and Kevin Raeder developed an
adjoint modeling system based on the MM4. It includes its own nonlinear model, tangent linear model,
adjoint, and pre- and postprocessors. This is the first adjoint model based on primitive equations with a
complete set of physics (stability-dependent vertical diffusion, cloud effects on radiation, convective
precipitation, normal mode initialization, etc.). It has been designed to be efficient, modular, user-friendly,
and portable. Other researchers within and outside NCAR are encouraged to use it.

The adjoint has been applied to a variety of problems. Errico, Vukicevic, and Raeder have carefully
documented the accuracy of the mesoscale tangent linear model and its adjoint with respect to the new
nonlinear model. They have contrasted sensitivities with respect to initial and lateral boundary conditions
using the adjoint, showing that similar studies performed without an adjoint have likely erred when the
number of realizations examined was small. Errico and Ehrendorfer have determined the spectrum of
optimal modes that determine the predictability of individual synoptic systems, showing that the number of
possible growing modes is far less than the number of degrees of freedom in a typical model, accounting for
the often but mistakenly reported enhanced predictability of mesoscale systems.

Simplified dynamical systems can be used as paradigms of the predictability problem. Using this tack,
Philip Thompson continued his earlier studies of low-order systems. The so-called STYX model, a low-
order GCM whose behavior agrees very well with the observed statistical behavior of the atmosphere, has
regular solutions that approach a stable equilibrium state or chaotic solutions that oscillate irregularly
around it depending on initial conditions. Numerical integrations have suggested that the solution
approaches equilibrium if the initial state lies in a specific finite region of phase space surrounding a stable
equilibrium state. This has been shown exactly for a particular value of eddy heat conduction but has
resisted analysis in more general cases.

The intrinsically statistical nature of the loss of determinism can be studied using the techniques of
statistical mechanics. Ehrendorfer has studied the applicability of the Liouville equation to the prediction
of forecast skill. In the case of low-dimensional dynamical systems, he used an analytical solution of the
Liouville equation to follow the time evolution of an initial probability density function, which may be
interpreted as describing uncertainty regarding the initial model state. From the time-dependent solution of
the Liouville equation, useful information can be derived on the uncertainty of the model forecast. The
analytical solution of the Liouville equation remains valid as long as its characteristics can be constructed
accurately. Scientists intend to extend this investigation to systems that include some form of random model
errors which, in turn, leads to a Fokker-Planck equation.

As part of his involvement in the Geophysical Turbulence Program, Tribbia convened a workshop on
predictability in the geosciences from a broad perspective, attempting to crosscut the disciplines with the
unifying theme of the loss of information intrinsic in the dynamical behavior of the media studied in each
discipline. This information loss is common to the physical, chemical, and biological systems active in the
geosciences, and a communal discussion of this behavior and the methods of analysis and information use
across the geosciences was the overlying purpose of the workshop.

Forecast Studies in the Tropics and at Extended Range
A rigorous test of the understanding of phenomena in the atmosphere, as embodied by scientists'

formulation of comprehensive models, is the accuracy of such models in the forecast arena. This is
especially true in the tropics and at extended range where the influences of the diabatic terms can be
paramount. In the tropics, efforts to validate and improve forecast performance have been hindered by the
delay in the generation of diabatic forcing in atmospheric models when initiated with analyses of the
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atmosphere. With NASA support, Akira Kasahara, Arthur Mizzi, and Leo Donner (NCAR affiliate
scientist from GFDL) have developed a unified scheme of diabatic initialization, applicable in the tropics,
to improve the initial conditions of temperature, horizontal divergence, and moisture fields for numerical
weather prediction. This scheme requires the distribution of daily convective precipitation rates estimated
by developing a regression relationship between the pentad Global Precipitation Climatology Project rain
rates and daily OLR data. They are conducting experimental short-range forecasts with the CCM1 using
ECMWF analysis data for January 1988. The scheme consists of a cumulus initialization procedure,
designed to ameliorate the problem of precipitation spin-up, and diabatic nonlinear normal mode
initialization (NNMI), using the convective heating rate determined by the cumulus initialization. The use
of diabatic NNMI is effective in suppressing a dynamical imbalance incurred by the application of cumulus
initialization. It appears that no more than two iterations of the two processes are required to arrive at a
practical convergence, and the severity of precipitation spin-up is greatly reduced in the forecasts.

The second important testing ground for atmospheric models is the monthly forecast. Baumhefner, with
Thomas Mayer, has expanded in three areas an ongoing study of actual and potential forecast skill beyond
the daily deterministic predictability limit. (1) Using a large number of multiple-forecast ensembles
produced from the CCM1-T31 version, Baumhefner examined the SH for 10- to 30-day time-scale forecast
skill. Surprisingly, skill in forecasting the low-frequency flow in the SH was nearly as great as in the NH.
(2) He expanded the data set by including the two recent winters of 1992 and 1993. These patterns were
exceptionally difficult to forecast, as experienced by the operational techniques. (3) He conducted an 8-
case comparison of the NMC, ECMWF, United Kingdom, and NCAR monthly forecasts and presented the
results at a workshop. On average, the NCAR model was at least as skillful as the much-higher-resolution
operational models, and in some cases actually better. All models had difficulty in forecasting regime
transitions.

Theoretical Studies of Atmospheric Flows
The dynamics of long-lived, low-frequency flow regimes remains a topic of great interest, since a

satisfactory theoretical explanation of their manifestations has been elusive. Branstator has examined three
aspects of this variability-eddy forcing, modal behavior, and external diabatic forcing.

Anomalous momentum fluxes from bandpass eddies with time scales between two and seven days are
recognized as a primary means of maintaining large-scale, low-frequency atmospheric anomalies. To
determine the extent to which these anomalous fluxes are induced by the low-frequency anomalies,
Branstator completed development of a model that generates the statistical properties of bandpass
transients associated with any time mean state. The model uses many short integrations of the linearized
primitive equations to determine where storms tend to grow and migrate. Experiments with the model
indicate that low-frequency fluctuations in the storm tracks are primarily attributable to changes in the
quasistationary atmospheric circulation. For the most part, the anomalous momentum fluxes associated
with storm-track shifts are induced by anomalies in the barotropic component of the low-frequency flow
leading to the possibility of parameterizing these fluxes in simple dynamical models.

Until now, unstable modes of the barotropic vorticity equation linearized about a zonally varying flow
have been viewed as possible counterparts to prominent stationary teleconnection patterns that frequently
occur in nature. A study completed by Branstator and Held suggests that these same modes may be
responsible for the often observed westward-traveling large-scale disturbances. By considering the
sensitivity of the conventional normal-mode analysis to gradual changes in the basic state, they found that
the modes that heretofore had been nearly stationary often became distinctly westward propagating. A
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second outcome of their investigation was that several of the gravest Rossby-Haurwitz modes were
insensitive to even quite substantial changes to the background circulation, a finding consistent with many
observational studies identifying atmospheric perturbations that behave like these gravest modes.

To move beyond considering the influence of tropical heating anomalies on midlatitude conditions in
terms of the composite ENSO picture, Branstator investigated the atmospheric response to tropical heating
anomalies at various longitudes and latitudes. With a coarse-resolution version of the CCM, he completed
120 experiments, each including a heating anomaly at a different tropical location. A useful framework for
interpreting the results of these experiments was the modal view that the responses should be composed
primarily of a few recurring structures. Indeed, over half the case-to-case variance of the time-averaged
flow anomalies in the experiments can be explained by just three patterns. In terms of structure and
maintenance mechanisms, these patterns were very similar to prominent low-frequency anomalies occurring
in experiments with no heating anomalies. Depending on the structure and position of the heating anomaly,
a different combination of these preferred patterns was stimulated. One implication of this work was that it
should be difficult to distinguish externally produced low-frequency variability from internally generated
variability solely from midlatitude information.

One possible conceptual model of long-lived atmospheric anomalies is that of a coherent structure such
as a soliton or modon. Tribbia and Yano have been investigating, both theoretically and numerically, the
relationship between modons and soliton solutions of the Kortweg deVries equation. The unifying
theoretical development is in terms of the functional relationship between vorticity and streamfunction. The
ultimate goal of the research is to broaden the family of analytic solutions so as to improve kinematic
models for atmospheric blocks, ocean eddies, and planetary vortices.

Another fundamental conceptual model of atmospheric and oceanic motions is two-dimensional
turbulence. While studying the general dynamical properties of two-dimensional inviscid flow, Thompson
discovered that any four-mode representation of the flow has three invariants-total kinetic energy,
enstrophy, and a linear combination of the modal amplitudes, whose coefficients are the nonlinear
interaction coefficients with appropriate sign. An immediate consequence is that the solutions are periodic
with more than one period. The existence of a third invariant may be of some direct value in analyzing the
interactions of a long wave with a westerly jet whose axis is free to move north or south.

Diagnostic and Development Activities
With the release of the CCM2, scientists have carried out several diagnostic and development projects.

The CCM2 code's ability to forecast historically observed atmospheric patterns was extensively tested in a
variety of ways. Using a new initialization routine developed by Errico, Baumhefner compared forecasts to
previous CCM1 schemes and found them to be quite similar. Forecasts with and without observed SST in
the winter of 1986-87 were analyzed in terms of forecast skill and response to SST anomalies. Compared
to previous CCM1-T42 and T31 experiments, the new model showed very similar results, except in the
Pacific area where the forecasts drifted toward a less accurate climate state. Efforts to correct this problem
concentrated on reducing the tropical precipitation and included modification of tropical Pacific maritime
continents, specified evaporation, and surface roughness. Each change showed great sensitivity and all
improved the forecasts. Scientists measured predictability error growth in the new model by using existing
perturbation schemes, as well as newly developed methods that take into account land-ocean contrasts,
vertical variability, and spatial variance of the field. The dispersion of forecasts within multiple-forecast
ensembles using the CCM2-T42 was somewhat greater than previous models, thus reflecting a better
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simulated variance structure noted last year. This new model appears to be a viable forecast tool for
experiments in extended-range prediction.

Similarly, Baumhefner began a major effort with Tribbia, Hack, Hurrell, Pollard, and Meehl to
rigorously compare climate simulations from various NCAR models developed over the past decade. Using
very similar integration schemes, duration, boundary conditions, and observed verification, they defined
and implemented a standard comparison. The major findings were that (1) the CCM2's thermal structure
was superior to previous simulations, (2) all models suffered from remarkably similar bias in temperature,
wind, and moisture in some regions, (3) increased resolution improved baroclinic structure, especially in the
SH, and variance at all time scales but degraded the stationary wave simulation, and (4) major differences
among models were noted in tropical precipitation, moisture, and diabatic heating.

With state-of-the-art improvement in physical parameterizations in the CCM2 and in order for previous
studies to evolve further, the development of a physical initialization of the mass-flux scheme became a
necessity. Thus far, a version of the CCM1 that adopts the Kuo cumulus parameterization and a cumulus
initialization has been developed specifically for this version of the CCM1. Kasahara began to investigate
the adaptation of the present methodology of diabatic initialization to a forecasting model that adopts a
different type of cumulus parameterization from the Kuo scheme. For this purpose, a diabatic initialization
scheme is being formulated for the CCM2 that uses a stability-dependent mass-flux parameterization for
cumulus convection designed by Hack.

Two significant differences exist between the Kuo and Hack schemes. The Kuo scheme depends
explicitly on horizontal divergence as well as thermal stability and moisture, whereas the Hack scheme does
not include horizontal divergence in the formulation. Therefore, the question arises of how the divergence
field can be improved in such a way that the computed precipitation rate becomes as close as observed
through the inversion of the Hack scheme. The second difference is that the Kuo scheme is written
analytically in terms of dependent variables so that a small variation of precipitation as a function of the
dependent variables can be calculated explicitly by partial differentiation, whereas the Hack scheme is
expressed only through discretization of dependent variables so that partial differentiation cannot be used to
calculate a small variation of precipitation as a function of dependent variables. Scientists are presently
testing a sensitivity approach for the inversion of the Hack scheme.

With funding from NOAA, Tribbia and Gent have developed a version of the CCM2 coupled to the
Gent and Cane equatorial ocean model. Because this version of the coupled components, in contrast to its
predecessor, uses the full CCM2 and a version of the ocean model with correct equatorial Pacific landmass
geometry, the coupled system is suitable for both ENSO simulation and prediction studies. Preliminary
results from this new coupled configuration indicate that the annual cycle is stronger than in the
predecessor model configuration, but the simulated interannual variability is somewhat weaker than in the
earlier version of the TOGA model.

Development in the adjoint model has led to a new round of diagnostic studies using this tool. Vukicevic
and Raeder and, independently, Errico and John Lewis (National Severe Storms Laboratory) have initiated
projects demonstrating the usefulness of adjoints as synoptic tools to determine quantitatively the synoptic
conditions responsible for such features as Alpine cyclones and Mississippi Basin low-level jets. Errico and
Jian-Wen Bao (ASP) initiated a study to determine what kinds of fields (e.g., wind, temperature, pressure,
water vapor), locations (e.g., near or away from the surface), and scales (both horizontal and vertical) can
be most (or least) assimilated by numerical nudging techniques. Unlike earlier studies, this uses an adjoint
to determine more directly and accurately the sensitivity fields.
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Supported by DOE CHAMMP, Tribbia, Mark Taylor (visitor, New York University), and FranCois
Thibaud (visitor, University of Maryland) have developed low-resolution simple models for the integration
of the climate system and begun porting these models to parallel machines. They constructed initial states
with the most important modes of climate variability (the leading empirical orthogonal functions) for use in
climate ensemble generation studies. These states guarantee the independence of the ensemble elements as
they evolve in time and thus sample different portions of the climate-probability distribution. Another
aspect of this research is the study of minimal gridpoint spectral modeling using direct inversion rather than
Legendre transforms. This will not only reduce the computational load but lead to a more consistent
implementation of parameterized physics.

Interdisciplinary Climate Systems
Scientists in the Interdisciplinary Climate Systems (ICS) Section conduct research on the relationships

between climate change and global environmental systems. Emphasis is on the regional and global
coupling of the atmosphere with other climate systems such as the terrestrial biosphere. Although ICS
scientists of necessity must develop research in specialized disciplinary areas such as land-surface
processes, their overall goal is the study of climate changes of the past, present, and future on decadal or
longer time scales.

GENESIS Climate Model
With funding support from the EPA, Starley Thompson and Pollard continued development of, and

research with, the climate model component of the GENESIS earth system model. The GENESIS model is
designed to facilitate research in terrestrial surface processes and the paleoclimate. The current GENESIS
model (version 1.02) has been in use since January 1992 by a number of groups within and outside NCAR.

With William Hay (University of Colorado), Pollard and Michael Schulz (University of Kiel) performed
GENESIS simulations for two times in the Triassic (225 and 245 millions of years before present). To
better validate the results against available paleoclimatic data, they built a physical submodel of evaporite
basins that could be driven offline by the climate model results. Comparisons of their results with observed
regions of Triassic evaporite deposits were encouraging. The basic approach of using physically based
proxy formation submodels to bridge the gap between GCM results and climatically sensitive sedimentary
deposits is new, and they plan to extend it to more realistic evaporite basins and other sedimentary deposits.

Pollard and Thompson examined the effects on simulated climate of increasing plant stomatal
resistance. As atmospheric C02 concentration increases, it is expected that many plant species respond by
increasing their stomatal resistance to reduce water loss. Pollard and Thompson used the GENESIS model
to test the effects of this hypothesis by comparing a global control run with one in which all stomatal
resistances were uniformly doubled in the plant-canopy calculations. As expected, regional transpiration
rates were reduced by up to 50 percent by this change. In most land regions, surface air temperatures
increased by about 1°C and soil moisture increased by about 10 percent in the Amazon because of reduced
uptake by plants. Such effects are large enough to be significant regionally.

Most global climate models that predict sea-ice distributions include local thermodynamic processes,
but to date only a few also include the advection of sea ice by winds and ocean currents. GENESIS
includes sea-ice dynamics through the use of the cavitating-fluid scheme of Flato and Hibler. Pollard and
Thompson performed four sensitivity experiments with current and doubled atmospheric C02 and with
sea-ice dynamics turned on and off. Although global mean wanning is affected only slightly, the effect of
ice dynamics is large at high latitudes, especially around Antarctica. Without dynamics, the ice is
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everywhere more compact and undergoes relatively little change with doubled C02, whereas with dynamics
the ice is spread more thinly-in better agreement with the present-day distribution-and undergoes much
more areal reduction with doubled C02.

ICS scientists focused much of the model development effort in FY 93 on version 2 of GENESIS,
planned for release to current users in early 1994. Improvements to the atmospheric model for version 2
include higher horizontal and vertical resolutions (spectral T31, 18 levels), hybrid vertical coordinates for
tracers, gravity-wave drag, explicit representation of trace gases in the infrared radiation code (CH4, N20,
and CFCs) by Wei-Chyung Wang and colleagues (State University of New York, Albany), background
aerosols in the solar radiation code, removal of a single-effective cloud-layer approximation in the solar
code, and stratospheric Courant truncation. The problem of excessive global precipitation in version 1.02
has been remedied and the simulation of the Indian monsoon considerably improved. Improvements are
being made to the land-surface representation including better formulations for runoff, an improved soil
data base, and the capability of transporting chemical species vertically within the soil column. The latter
anticipates the coupling of a soil biogeochemistry model under development with Ray Lassiter and Luis
Suarez (both of EPA) (with support from the EPA's Athens Environmental Research Laboratory).

Scientists convened a 3-day GENESIS User's Workshop in 1993, giving more than 30 active and
prospective GENESIS users the opportunity to interact and discuss their results with version 1.02 and to
learn about the new features in version 2. Many users are from the paleoclimate modeling community,
although some work on present applications such as greenhouse warming.

Elizabeth Law-Evans (visitor, Metropolitan State College) began serving as liaison between the PALE
program principal investigators and ICS climate modelers. The PALE program's long-term goals are to
reconstruct late-Quatemary Arctic climate variations and to understand the interactions of those variations
with the global climate system.

Modeling Biosphere-Atmosphere Interactions
With Robert Dickinson (University of Arizona), Bonan, and Ann Henderson-Sellers (NCAR affiliate

scientist from Macquarie University, New South Wales), Patrick Kennedy designed a flux coupler for the
CCM2 and BATS. Preliminary analysis of a 10-year integration shows an improvement in model surface
climate and no major changes in the mid- to upper-atmospheric flow. Of particular interest, however, are
the BATS-specific fields such as snow cover, surface and deep runoff, and interception-reevaporation.
There is good general agreement with observations, with significant and realistic interannual variability.

Jon Bergengren (visitor, University of California, Santa Barbara), in collaboration with Thompson and
with support from the EPA's Corvallis s Environmental Research Laboratory, developed a leaf phenology
model (Leaf) that predicts the seasonal behavior of the earth's leaf area index (LAI) as a function of
monthly mean temperature and precipitation, given terrestrial plant cover as described by the equilibrium
vegetation ecology (EVE) model. This is an important step toward realism in land-surface modeling, as
LAI and associated plant canopy properties can now be a dynamic function of climate. They developed
further the EVE model, including substantial improvements to the net primary productivity and fire-
frequency submodels, and they are using the Leaf model to couple EVE with the GENESIS climate model.

Stephen Schneider, Larry McDaniel, and Terry Root (visitor, University of Michigan) collaborated on a
study of the influence of climatic changes on the abundance and ranges of birds wintering in North
America. They found that climate factors combined with vegetation distributions have a major influence on
birds. In their study of various characterizations of the climate conditions and bird abundances on an
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individual site level within a bird's range, they found very strong relationships with such variables as
minimum temperature or a number of days with the minimum temperature less than a critical value. Once
this work is complete, the next step will be to study the same species and climate relationships at the North
American scale. After any such bird-climate relationships are established, Schneider, McDaniel, and Root
will use vegetation-change scenarios derived by Bergengren and Thompson to extend their analyses to
ecosystem-level responses to climate change.

Climate Model Analysis and Impacts of Climate Variability
Meams analyzed the variability and diurnal range of daily temperature from runs of nested climate

model simulations produced by Filippo Giorgi, Christine Brodeur, and Bates over the conterminous United
States. In comparing observations with the control run for these areas, Meams found, in general, that the
diurnal range is somewhat too low in the model, especially in winter in the central Great Plains, although
the daily temperature mean is often well reproduced. The daily variability of temperature is underestimated
by the model in all areas but particularly when and where the observed variability is relatively high. Under
conditions of doubled C02, both maximum and minimum temperatures increase, but the change in the
diurnal range varies spatially and seasonally. In the Central Plains, generally the diurnal range decreases in
winter and increases in summer and fall. The major determinant of change in the diurnal range appears to
be changes in cloud cover.

Mearns also performed a sensitivity analysis of the effect of changed daily climate variability on a
deterministic crop model. This project is a companion piece to the research performed last year on the
effects on crops of changed interannual variability. In addition to a sensitivity analysis (primarily changing
different aspects of daily variability of temperature and precipitation), she used some of the results from the
analysis of daily climate variability of the runs by Giorgi, Brodeur, and Bates to develop a methodology for
forming scenarios of climate change that include changes in daily variability. Preliminary results indicated
substantial differences in simulated yields of wheat in the Great Plains when changes in daily variability of
temperature and precipitation were considered, compared to the case when only mean changes in climate
were accounted for. Cynthia Rosenzweig and Richard Goldberg (both of Goddard Institute for Space
Studies) are coinvestigators on this project.

Regional Climate Modeling
With funding from CRIEPI, Giorgi, Bates, Brodeur, M. Rosaria Marinucci (Polytechnic Institute of

Zurich and University of L'Aquila), and Hiromaru Hirakuchi (CRIEPI) developed and coded RegCM2.
The pressure-gradient force formulation in the ECMWF model was implemented this year. This
formulation reduces errors in the presence of steep topography by one order of magnitude.

The following test experiments with the model driven by ECMWF analyses of observations have been
completed or are under way: (1) a 1-year run at 50-km resolution over Europe compared with a similar run
performed with the MPI regional climate model, (2) a 10-year run at 50-km resolution over the entire
United States, and (3) summer-season simulations over eastern Asia to investigate the model's capability of
reproducing monsoon circulations. The completed experiments have shown that, compared to the previous
version, the new version of the model significantly improves temperature, humidity, and precipitation
climatology. Bates completed a 2-year simulation with the RegCM2 at 60-km resolution over the Great
Lakes basin. In this simulation, the one-dimensional thermal lake model of Hostetler and Patrick Bartlein
(University of Oregon) was utilized in the RegCM2 system to provide time-varying lake-surface
temperatures, evaporation rates, and lake-ice thicknesses. Results from this research, supported by
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NOAA's Global Change Program, indicate that this coupled modeling system generally captures quite well
the annual cycle of precipitation, surface temperatures, and lake-ice formation.

As part of a cooperative thesis sponsored by the University of Michigan and NCAR, Anji Seth is
investigating the effects of land-surface heterogeneity in regional atmospheric simulations. With the
regional climate model developed by Giorgi, Marinucci, Bates, and DeCanio and through a series of
simulations, she will isolate the effect of heterogeneity in land cover on the dynamics, precipitation, and
surface-forecast variables during a month-long summer simulation.

ICS scientists have conducted the following climate experiments with the RegCM2 model nested within
GCMs: (1) two 5-year runs, one for present-day conditions and one for 2 X C02 conditions over Eastern
Asia at a resolution of 50 km with the model driven by the Washington-Meehl version of the CCM, and
(2) samples of month-long (January and July) simulations over the European alpine region at a resolution
of 20 kman, with RegCM2 nested within the MPI GCM. Analysis of the climatology and hydrology of the
United States climatic runs performed last year has also been completed, in collaboration with Meams,
Kittel, and Hostetler.

Hostetler and Bates used the RegCM2 coupled with the interactive Hostetler lake model for a regional
paleoclimate application. They completed a number of runs for conditions of 18000 years BP over the
western United States with RegCM2 nested within CCM runs performed by John Kutzbach (University of
Wisconsin). The purpose of this study was to identify the role of external climatic forcing and lake-effect
feedback processes in maintaining the high-stand levels of Lake Bonneville and Lake Lahontan at 18000
years BP. This is the first application of a regional climate model to paleoclimate studies.

Ecosystem Dynamics and the Atmosphere
Scientists in the Ecosystem Dynamics and the Atmosphere Section (EDAS) study the linkage of

terrestrial biogeochemical and physiological processes to the atmosphere through modeling efforts, data-
base development, and field studies. A key effort was reconfiguration of the CENTURY ecosystem model,
originally developed at Colorado State University, for use in global applications and coupled earth system
modeling of the carbon cycle. EDAS scientists were involved in field studies to test ecosystem models, to
engage in international ecosystem model intercomparisons, and to develop geographic data bases for the
continental and global implementation of CENTURY. They used simple and highly parameterized models
of the global carbon cycle to evaluate the sensitivity of global carbon-cycle projections to uncertainties in
terrestrial feedbacks. In addition to NSF funds, EDAS received support from the NASA EOS program, the
Electric Power Research Institute, NASA, and the U.S. Forest Service for the VEMAP.

Modeling of Climatic and Ecological Controls on Terrestrial Carbon Storage
Soil carbon is a major component of the global carbon inventory and one having significant potential

for change with changing climate and human land use. Schimel and Rebecca McKeown, together with
Elisabeth Holland (ACD), Alan Townsend (Stanford University), Parton, Ojima, and Braswell, applied the
CENTURY ecosystem model to a series of forest and grassland sites distributed globally to examine large-
scale controls over soil carbon. They studied the simulated soil-carbon storage (SOC), turnover times, and
C-to-N ratios for correlations with patterns of independent variables. Results showed that soil carbon is
related linearly to soil texture, increasing as clay content increases; that SOC and turnover time are related
to mean annual temperature by negative exponential functions; and that heterotrophic respiration originates
from recent detritus (-50 percent), microbial turnover (-30 percent), and soil organic matter (-20 percent)
with modest variations between forest and grassland ecosystems. The effect of temperature on SOC at
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eady stea ate estimated by CENTURY is dSOC/dT = 183e-0.034 T. Global extrapolation of this
relationship leads to an estimated sensitivity of SOC to temperature of 11.1 Pg/PC. In CENTURY, net
primary production and soil carbon are closely coupled by the N cycle so that, as temperatures increase,
accelerated nitrogen release results in fertilization responses, thus increasing C inputs. The CENTURY-
estimated effect of temperature on carbon storage is modified by as much as 100 percent by the N-cycle
feedback. Philippe Ciais (ACD), together with Pieter Tans (NOAA), plant physiologist Joseph Berry
(Carnegie Institution of Washington, Stanford), Michael Trolier and James White (both of University of
Colorado), David Randall (Colorado State University), Roger Francey (Commonwealth Scientific and
Industrial Research Organization, or CSIRO, Australia), and Piers Sellers el NASA), incorporated
CENTURY soil carbon turnover times into a model of the global 13C-C02 budget which substantially
influenced estimated terrestrial carbon uptake. Future work will involve coupling CENTURY directly into
a coupled model framework.

VEMAP
VEMAP, a program to intercompare ecosystem and vegetation dynamics models using common climate

and ecosystem property (soils, vegetation type) information, involves NCAR, Colorado State University
(CENTURY), the Maine Biological Laboratory (Terrestrial Ecosystem Model), University of Montana
(Biome BGC), University of Sheffield, United Kingdom (DOLY), Lund University in Sweden (BIOME II),
and the U.S. Forest Service at Corvallis (Mapped Atmosphere-Plant-Soil System). Through VEMAP,
scientists assess changes to carbon and nitrogen stocks, along with potential natural vegetation for the
United States on a 0.5° grid. EDAS scientists and staff are responsible for developing the boundary and
forcing data bases, participating in the CENTURY calculations, and serving as the clearing house and
central analysis group. They are using results from MECCA and other calculations to develop climate-
change scenarios, and they are interpolating current and future climate data to the 0.5° grid using adiabatic
correction for elevation and a smart interpolation routine for altitude correction of precipitation, also
accounting for rain shadow and lake effects. They generate internally consistent daily and monthly data sets

using a statistical weather generator, and they aggregate 10-km resolution soils data to 0.5° using a
statisitical clustering algorithm. All VEMAP data will become public and be widely distributed after a
short test period. This activity will support integrated assessment modeling of the United States' natural
resources and will be a prototype for subsequent global analyses.

IPCC
Schimel was the convening lead author for the IPCC Carbon Cycle group, along with Ian Enting

(CSIRO), Martin Heimann (Germany), Diogenes Alves (Brazil), Thomas Wigley (UCAR), Dominique
Raynaud (France), and Ulrich Siegenthaler (Switzerland). The 1994 assessment, based on contributions
from approximately 30 authors, has taken a fresh look at the carbon cycle and commissioned a wide range
of model analyses, including a suite of sensitivity studies for terrestrial ecosystems and a set of carbon-
cycle model calculations of industrial emissions consistent with eventual stabilization of atmospheric C02
concentrations. Preliminary results suggest a substantial dependence of allowable emissions on ocean
carbon uptake and major uncertainty associated with terrestrial sink processes. Results of the IPCC
analyses will be significant input into future modeling and coupled model experiments with CENTURY and
NCAR climate system models.
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Staff, Visitors, and Collaborators

Staff

Division Director's Office

Susan Henry
Holly Howard
Mary Lee (to 16 July 1993)
Ann Modahl
Michael Moran
Pamela Morgan (to 16 December 1992)
Kevin Trenberth (deputy director)
Barbara Vlasity
Warren Washington (director)

Division Office Systems Programmers
Elizabeth Coolbaugh
Lisa Giedt
JoAnne Mann
Lee Melvin
Matthew Rice

Climate Sensitivity and C02 Research Group
Gregory Bean
Thomas Bettge
Garrett Campbell (long-term visitor)
Robert Chervin
Anthony Craig
Randy Cubrilovic
John Dennis (to 21 June 1993)
Gerald Meehl (joint with CAS)
Gary Strand
Lynda VerPlank (to 24 March 1993)
Warren Washington (leader)
Suzanne Whitman

Climate Modeling Section

Gordon Bonan
Byron Boville (deputy head)
Bruce Briegleb
Joseph Doetzl
Brian Eaton (long-term visitor, joint with ACD)
James Hack
Michael Hoswell
Jeffrey Kiehl
Jerry Olson

Philip Rasch
Janet Rodina
Xuexi Tie (ong-term visitor, joint with ACD)
John Truesdale
Mariana Vertenstein
David Williamson (head)
Michael Zecca
Charles Zender (long-term visitor)

CCM Core Group
Linda Bath
Lawrence Buja
James Hack (leader)
James Rosinski
Gloria Williamson

Climate Analysis Section

Jeffery Berry
Christian Guillemot
James Hurrell
Roland Madden (deputy head)
JoAnne Martin
Gerald Meehl (joint with CSCORG)
Chester Newton (senior research associate)
Dennis Shea
Kevin Trenberth (head)
Harry van Loon (senior research associate)

Oceanography Section

Barbara Ballard (joint with GDS)
Frank Bryan
Julianna Chow
Scott Doney
Peter Gent (deputy head)
Lydia Harper (joint with GDS)
Katherine Holcomb
William Holland (head)
Brian Kauffman
William Large
James McWilliams
Ralph Milliff
Jan Morzel
Nancy Norton



Affiliate Scientists

Barbara Ballard (joint with OS)
David Baumhefner
Grant Branstator
Jane Burrows (to 19 November 1992)
Ronald Errico (deputy head)
Lydia Harper (joint with OS)
Akira Kasahara
Yen-Huei Lee
Andrew Mai
Thomas Mayer
Arthur Mizzi
Kevin Raeder
Ramalingam Saravanan
Philip Thompson (senior research associate)
Joseph Tribbia (head)

Interdisciplinary Climate Systems Section

James Adams
Gary Bates
Jon Bergengren (long-term visitor)
Christine Brodeur
Charles D'Ambra
Carter Emmart (long-term visitor)
Filippo Giorgi
Hiromaru Hirakuchi (long-term visitor)
Steven Hostetler (long-term visitor)
Patrick Kennedy
Elizabeth Law-Evans (long-term visitor)
Larry McDaniel
Linda Mearns (deputy head)
Mary Ellen Morse
David Pollard
Stephen Schneider
Stephanie Shearer
Starley Thompson (head)
Steve Welch (long-term visitor)

Ecosystem Dynamics and the Atmosphere
Section

Susan Chavez
Timothy Kittel (long-term visitor)
Rebecca McKeown
Thomas Painter-
Nan Rosenbloom
David Schimel (head)
Elizabeth Sulzman

Leo Dormer, Geophysical Fluid Dynamics Laboratory
Dale Haidvogel, Rutgers University
Ann Henderson-Sellers, Macquarie University
Albertus Holtslag, Royal Netherlands Meteorological

Institute
Karin Labitzke, Free University of Berlin
Albert Semtner, Naval Postgraduate School
Hendrik Tennekes, Royal Netherlands Meteorological

Institute

Visitors and Collaborators

Dates refer to visitor's stay at NCAR during FY 93. No
dates are given for collaborators who did not visit NCAR.

Henry Abarbanel; University of California, San Diego;
chaotic behavior of atmospheric data

Bruce Albrecht; Pennsylvania State University;
parameterization of moist convection

James Alexander; University of Maryland; parallel ocean
climate model and mass variations

Ann Algren; Lawrence Livermore National Laboratory; 17
August 1993; Climate Modeling Section

Todd Arbetter, University of Colorado; 24 May-30
September 1993; Oceanography Section

Steven Archer; Texas A&M University; terrestrian
ecosystem modeling

Vincenzo Artale; Italian Commission for Research and
Development of Nuclear and Alternative Energy Sources,
Rome; 16 July-15 December 1993; Oceanography Section

Merra Asres; University of Chicago; 7 June-13 August
1993; Global Dynamics Section

Ferdinand Baer; University of Maryland; 1 July 1993;
Division Office

Eric Barron; Pennsylvania State University; paleoclimatic
modeling with GENESIS GCM

Global Dynamics Section
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Stephen Baum; ARC Technologies; paleoclimatic

modeling with GENESIS GCM

Donna Beller; Hebrew University; 22 July-19 December

1993; Ecosystem Dynamics and the Atmosphere Section

Martin Beniston; Polytechnic Institute of Zurich;

development of a high-resolution regional climate model
for the western alpine region and coupling of model to the

Hamburg GCM

Kathy Bero; Lake Michigan Federation; water resources

and environmental policy

Joseph Berry; Carnegie Institution of Washington; plant

physiology

Sedat Biringin; University of Colorado; large eddy

simulation of the planetary boundary layer

Robert Black; Georgia Institute of Technology; diagnosis
of low-frequency flow in CCM2

Rainer Bleck; University of Miami; 17-18 August 1993;
Oceanography Section

Claus Boening; University of Kiel; 1 April-30 September

1993; Oceanography Section

Vadim Borue; Princeton University; 12-21 July 1993;
Oceanography Section

Penelope Boston; Complex Systems Research, Inc.; 1

April 1993-31 March 1994; Interdisciplinary Climate

Systems Section

Lee Botts: Lake Michigan Federation; water resources and

environmental policy

Esther Brady; Woods Hole Oceanographic Institution; 24

February 1992-17 December 1993; Oceanography Section

Achi Brandt; Weizmann Institute of Science; multigrid

algorithms

Aaron Brasket; University of Colorado; 19 May-30

September 1993; Oceanography Section

Bobby Braswell, Jr.; University of New Hampshire; 10

May 1993-10 September 1994; Ecosystem Dynamics and
the Atmosphere Section

Waltraud Brinkmann; University of Wisconsin; water

resources and climate change

Michael Brklacich; Carlton University; water resources

and climate change

Roberto Buizza; European Centre for Medium-Range

Weather Forecasts, Reading; dynamics of perturbation
growth in primitive equations

Beverly Bums; North Carolina State University; 14-18
June 1993; Interdisciplinary Climate Systems Section

Andrew Bush; University of Toronto; 8 January-30

September 1993; Oceanography Section

Mark Cane; Lamont-Doherty Geological Observatory;
regional equatorial ocean modeling

Antonietta Capotondi; Massachusetts Institute of
Technology; 30 June 1992-March 1994; Oceanography
Section

Xavier Carton; Naval Hydrographic and Oceanographic
Service, Toulouse; baroclinic unstable vortices

Sergio Castellari; University of Miami; 6 July-31 August

1993; Oceanography Section

Robert Cess; State University of New York, Stony Brook;
cloud feedback analysis in CCM2

Stanley Changnon; Illinois State Water Survey; water
resources and climate change

Terry Chapin; University of California, Berkeley;

land-atmosphere exchange of energy, water, and carbon
dioxide

Robert Charlson; University of Washington; aerosols and
climate

Eric Chassignet; University of Miami; 27 July-27 August

1993; Oceanography Section

Jen-Ping Chen; Scripps Institution of Oceanography;
11-13 January 1993; Climate Modeling Section

Tsing-Chang Chen; Iowa State University; 27 June-9 July

1993; Global Dynamics Section
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Frank Chmielewski; Humboldt University, Berlin; 5-30
October 1992; Global Dynamics Section

John Christy; University of Alabama; surface temperatures
and microwave sounding unit data

Ching-Sang Chu; Naval Postgraduate School; ocean sound
transmission

Peter Chylek; University of Oklahoma; 6 May 1993;
Climate Modeling Section

Philippe Ciais; LMCE/DSM; 2 June-20 November 1993;
Ecosystem Dynamics and the Atmosphere Section

Josef Cihlar, Canada Centre for Remote Sensing; forest
dynamics and carbon cycle

Lisa Cirbus-Sloan; University of California; 24 June-2
July and 14-16 September 1993; Interdisciplinary Climate
Systems Section

Stephen Cohn; NASA Goddard Space Flight Center,
26-28 May 1993; Global Dynamics Section

Julie Cole; University of Colorado; GENESIS global
climate model

Philip Colella; University of California, Berkeley; 17
August 1993; Climate Modeling Section

Alain Colin de Verdiere; Oceanographic Center of
Brittany; evolution of eddies

Stephen Colucci; Cornell University; analysis and
prediction of extended-range forecast skill

Curt Covey; Lawrence Livermore National Laboratory;
parallel ocean climate model heat transport

Gregory Crawford; University of British Columbia; 5
September 1991-31 October 1993; Oceanography Section

Thomas Croley; NOAA Great Lakes Environmental
Research Laboratory; lake modeling and hydrology

Thomas Crowley; Texas A&M University; paleoclimatic
modeling with GENESIS global climate model

Ulrich Cubasch; Max Planck Institute for Meteorology,
Hamburg; coupled ocean-atmosphere models, observed
data

Gokhan Danabasoglu; Boulder, 17 July 1992-30
September 1994; Oceanography Section

William Dannevik; Lawrence Livermore National
Laboratory; massively parallel ocean modeling

Gerardo DeCanio; Italian Commission for Research and
Development of Nuclear and Alternative Energy Sources,
Rome; 20 July 1993-19 June 1994; Global Dynamics
Section

Robert DeConto; University of Colorado; GENESIS global
climate model

Laurel DeHaan; Cooperative Institute for Research in the
Environmental Sciences; model validation

Robert Dickinson; University of Arizona;
Biosphere-Atmosphere Transfer Scheme (BATS), Earth
Observing System

Bradley Diehl; Bureau of Meteorology Research Centre,
Melbourne; 22 October-12 November 1992; Division
Office

Ming Ding; State University of New York, Albany;
GENESIS global climate model

Leo Donner, Geophysical Fluid Dynamics Laboratory; 1
July 1993; Division Office

John Drake; Oak Ridge National Laboratory; parallel
algorithms and parallel programming tools

Michael Dudek; State University of New York, Albany;
GENESIS global climate model

Lesley-Ann Dupigny; McGill University; 10-15 November
1992; Division Office

Timothy Durbidge; Macquarie University, New South
Wales; 28 December 1992-30 January 1993;
Interdisciplinary Climate Systems Section

William Easterling; University of Nebraska; crop climate
modeling and climate change
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Martin Ehrendorfer, University of Vienna, 21 December
1992-20 December 1993; Global Dynamics Section

Kerry Emanuel; Massachusetts Institute of Technology;
cumulus cloud parameterizations

James Evans; University of South Carolina; ocean
observations

Jenni Evans; Pennsylvania State University; 15 May-4
June 1993; Division Office

James Famiglietti; Princeton University; 26 April 1993-7
January 1994; Ecosystem Dynamics and the Atmosphere
Section

Peter Fawcett; Pennsylvania State University; GENESIS
global climate model

Jay Fein; National Science Foundation; 1 July 1993;
Division Office

Susan Ferguson; United States Department of Agriculture,
Forestry; effects of climate on United States forestry and
climate-change scenario

Luc Fillion; Atmospheric Environment Service, Inc.;
15-17 March 1993; Global Dynamics Section

Peter Finger; Offenbach, Germany; 24-28 May 1993;
Climate Analysis Section

Susan Firor, Stanford University; GENESIS global climate
model

Gregory Flato; Institute of Ocean Sciences, British
Columbia; 20-24 September 1993; Division Office

Jonathan Foley; University of Wisconsin; 22-25 February
and 14-16 September 1993; Interdisciplinary Climate
Systems Section

Michael Fosberg; United States Department of
Agriculture, Forestry; climate change and forestry

Ian Foster; Argonne National Laboratory; parallel
algorithms and parallel programming tools

John Fowler, University of Colorado; 1 June-15 August
1993; Oceanography Section

Douglas Fox; United States Department of Agriculture,
Forestry; effects of climate on biophysical systems and
climate change

Roger Francey; Commonwealth Scientific and Industrial
Research Organization, Australia; isotope geochemistry

William Frank; Pennsylvania State University;
parameterization of moist convection

James Frew; University of California, Berkeley; 24-25
May 1993; Oceanography Section

Congbin Fu; Chinese Academy of Meteorological
Sciences, Beijing; regional modeling for eastern Asia

Lee Fu; NASA Jet Propulsion Laboratory; ocean
observational analyses and model studies

Kenneth Gage; National Oceanic and Atmospheric
Administration; coupled ocean-atmosphere models,
observed data

John Gallimore; University of Wisconsin; paleoclimatic
modeling with GENESIS global climate model

Zulema Garraffo; Columbia University; parallel ocean
climate model data analysis

Sylvia Garzoli; Columbia University; parallel ocean
climate model data analysis

W. Lawrence Gates; Lawrence Livermore National
Laboratory; coupled ocean-atmosphere models, observed
data

Mark Gibbs; Pennsylvania State University; GENESIS
global climate model

David Glover; Woods Hole Oceanographic Institution;
biogeochemical cycles and satellite ocean color

J. Stewart Godfrey; Commonwealth Scientific and
Industrial Research Organization, Mordialloc; parallel
ocean climate model data analysis

Richard Goldberg; Goddard Institute for Space Studies;
agriculture, crop climate modeling, and climate-change
scenarios
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Hans Graber; University of Miami; 22 March 1993;
Oceanography Section

David Gutzler, National Oceanic and Atmospheric
Administration; coupled ocean-atmosphere models,
observed data

Dale Haidvogel; Rutgers University; 23 June-31 August
1993; Oceanography Section

Anthony Hansen; Augsburg College; 7 July 1993; Global
Dynamics Section

John Hart; University of Colorado; 9 August 1993;
Oceanography Section

Dana Hartley; Georgia Institute of Technology; chemistry
modeling

Sue Haupt; University of Michigan; 1 October 1992-30
September 1994; Global Dynamics and Oceanography
Sections

William Hay; University of Colorado; paleoclimatic
modeling with GENESIS global climate model

Matthew Hecht; Boulder; 10 August 1992-30 September
1994; Oceanography Section

Isaac Held; Geophysical Fluid Dynamics Laboratory; low-
frequency dynamics

Ann Henderson-Sellers; Macquarie University, New South
Wales; 28 December 1992-30 January 1993 and 10-25
September 1993; Interdisciplinary Climate Systems
Section

David Hirsch; Brown University; ocean observations

Martin Hoerling; Cooperative Institute for Research in the
Environmental Sciences; atmospheric model data analysis

Marika Holland; University of Colorado; 26 May-30
September 1993; Oceanography Section

James Holton; University of Washington; stratospheric
dynamics

Paul Houser; University of Arizona; 16-17 August 1993;
Ecosystem Dynamics and the Atmosphere Section

Peter Houtekamer, Division de Recherche en
Prevision Numerique; 15-19 May 1993; Global Dynamics
Section

Philip Hsueh; Florida State University; 19-23 April and
23-27 September 1993; Oceanography Section

Lien Hua; Oceanographic Center of Brittany;
quasigeostrophic flows

Andrew Humphrey; Massachusetts Institute of
Technology; 22-27 March 1993; Division Office

E. Raymond Hunt, Jr.; University of Montana; ecosystem
dynamics and climate change

Mohamed Iskandarani, Rutgers University; 22-23 July
1993; Oceanography Section

Christian Jakob; Humboldt University, Berlin; 5-30
October 1992; Global Dynamics Section

Ruediger Jakob; German Climate Computer Centre,
Hamburg; 18 May 1992-17 May 1993; Climate Modeling
Section

Peter Jaumann; Iowa State University; GENESIS global
climate model

William Jenkins; Woods Hole Oceanographic Institution;
ocean tracer distributions

Fei-fei Jin; University of Hawaii; 10 July-9 August 1993;
Global Dynamics Section

Everett Joseph; State University of New York, Albany;
GENESIS global climate model

Paul Julian; National Meteorological Center; 40- to 50-day
tropical oscillation

Eigil Kaas; Danish Meteorological Institute; blocking

David Karoly; Monash University, Australia; 19-21
August 1993; Climate Analysis Section

David Keith; Carnegie Mellon University; 10 September
1992-10 September 1993; Climate Modeling Section

William Kellogg; Boulder, 1 February 1993-31 January
1994; Division Office
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John Kidson; National Institute for Water and Atmosphere
Research, New Zealand; Southern Hemisphere climate
change

George Kiladis; National Oceanic and Atmospheric
Administration; coupled ocean-atmosphere models,
observed data

Rodney Kinney; University of Texas; 4 January -31
December 1993; Oceanography Section

Erik Kluzek; Utah State University; 30 August-10
September 1993; Interdisciplinary Climate Systems
Section

Steven Koonin; California Institute of Technology; chaotic
behavior of atmospheric data

David Krauel; Royal Roads, Victoria, British Columbia;
WOCE/TOGA Surface Velocity Project

Jon Kristjansson; Los Alamos National Laboratory; 22-25
March 1993; Climate Modeling Section

Atsushi Kubokawa; Kyushu University; 19 May 1993-18
March 1994; Oceanography Section

John Kutzbach; University of Wisconsin; 1-14 August and
14-16 September 1993; Division Office and
Interdisciplinary Climate Systems Section

Karin Labitzke; Free University of Berlin; 17-26 June
1993; Climate Analysis Section

Vitaly Larichev; Geophysical Fluid Dynamics Laboratory;
geophysical fluid dynamics

Ray Lassiter; United States Environmental Protection
Agency; GENESIS global climate model

Paul LeBlond; University of British Columbia; large eddy
simulation modeling

Tamara Ledley; Rice University; 9-13 August 1993;
Interdisciplinary Climate Systems Section

Tsengdar John Lee; Colorado State University; regional
atmosphere-ecosystem interactions

Sonya Legg; University of Colorado; 10 February 1993-9
February 1995; Oceanography Section

Sidney Leibovich; Cornell University; large eddy
simulation modeling

Cecil Leith; Lawrence Livermore National Laboratory;
massively parallel ocean modeling

Harald Lejenis; University of Stockholm; 1 August-7
October 1993; Climate Analysis Section

Pascale Lelong; Institute of Mechanics, Grenoble;
geophysical turbulence

Xin-Zhong Liang; State University of New York, Albany;
GENESIS global climate model

Yongqiang Liu; Chinese Academy of Meteorological
Sciences, Beijing; 1 May-27 August 1993; Division Office

Roger Lukas; University of Hawaii; parallel ocean climate
model data analysis

Christopher Lund; Stanford University; 12 June-15
September 1993; Ecosystem Dynamics and the
Atmosphere Section

Manda Lynch; University of Alaska; 7 March-10 April
1993; Interdisciplinary Climate Systems Section

Marc Lynch-Stieglitz; Lamont-Doherty Earth Observatory
and NASA Goddard Institute for Space Studies; 9-13
August 1993; Ecosystem Dynamics and the Atmosphere
Section

Merry Maisel; University of California, San Diego; 23-27
August 1993: Division Office

Paola Malanotte-Rizzoli; Massachusetts Institute of
Technology; ocean observations

George Malanson; University of Iowa; forest dynamics and
carbon cycle

Robert Malone; Los Alamos National Laboratory;
massively parallel ocean modeling

Nobutaka Mannoji; Japan Meteorological Agency; 21-26
June 1993; Climate Modeling Section

Maria Rosaria Marinucci; 1 October-31 December 1992;
Interdisciplinary Climate Systems Section
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Stuart Marlatt; University of Colorado; oceanography

Hal Marshall; University of Michigan; GENESIS global
climate model

Philippe Martin; Joint Research Centre, Ispra, Italy;
development of a coupled surface physics, biosphere, and
hydrology model

James Maslanik; University of Colorado; GENESIS global
climate model

David Matthews; Bureau of Reclamation; 1 October
1992-30 September 1993; Interdisciplinary Climate
Systems Section

Bryant McAvaney; Bureau of Meteorology and Research
Centre, Australia; 15-28 September 1993; Division Office

John McCalpin; University of Delaware; 12-18 August
1993; Oceanography Section

David McGinnis; Pennsylvania State University;
GENESIS global climate model

Kendal McGuffie; Macquarie University; 10-30 January
and 14-16 September 1993; Interdisciplinary Climate
Systems Section

A. David McGuire; Marine Biological Laboratory; 6
September 1993; Ecosystem Dynamics and the
Atmosphere Section

Jerry Melillo; Marine Biological Laboratory; ecosystem
dynamics and climate change

Gary Meyers; Commonwealth Scientific Industrial
Research Organization, Australia; parallel ocean climate
model data analysis

John Michalakes; Argonne National Laboratory; 4-6
August 1993; Climate Modeling Section

Norman Miller, Lawrence Livermore National Laboratory;
5 October 1993; Ecosystem Dynamics and the Atmosphere
Section

John Mitchell; Hadley Centre; coupled ocean-atmosphere
models, observed data

Philip Mote; University of Washington; 19 April-14 May
and 16-17 November 1993; Climate Modeling Section

Bret Mullan; National Institute for Water and Atmosphere
Research, New Zealand; Southern Hemisphere climate
change

Steven Mullen; University of Arizona; predictability of
time-mean flows

Walter Munk; Scripps Institution of Oceanography;
parallel ocean climate model data and acoustic scattering

Antonio Navarra; Geophysical Fluid Dynamics Laboratory;
15 July-15 August 1993; Global Dynamics Section

Ronald Neilson; Environmental Protection Agency;
ecosystem dynamics and climate change

Neville Nicholls; Bureau of Meteorology Research Center,
Melbourne; coupled ocean-atmosphere models, observed
data

Gerald North; Texas A&M University; statistical structure
of atmospheric data

Warwick Norton; Oxford University; 13-16 September
1993; Climate Modeling Section

Atsumu Ohmura; Polytechnic Institute of Zurich;
development of a high-resolution regional climate model
for the western Alpine region and coupling of model to the
Hamburg GCM

Dennis Ojima; Colorado State University; global carbon-
cycle modeling

Bette Otto-Bliesner; University of Texas; GENESIS global
climate model

Breck Owens; Woods Hole Oceanographic Institution; sea-
ice modeling

Pradip Pal; Indian Space Research Organization; 7 May
1992-6 May 1993; Global Dynamics Section

Lee Panetta; Texas A&M University; 23 June-22 August
1993; Oceanography Section

William Parton; Colorado State University; global carbon-
cycle modeling
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Richard Peltier; University of Toronto; dynamics of
geophysical vortices

William Peterson; Pennsylvania State University;
GENESIS global climate model

Roger Pielke; Colorado State University; regional
atmosphere-ecosystem interactions

Nadia Pinardi; Institute for the Study of Geophysical
Methodology, Moderno; 15 July-15 August 1993;
Oceanography Section

Lorenzo Polvani; Columbia University; geophysical fluid
dynamics

Rui Ponte; Atmospheric Environment Research, Inc.;
parallel ocean climate model data analysis

David Porter; University of Minnesota; high-performance
computing and communications

Michael Prather; University of California, Irvine; 1 July
1993; Division Office

Colin Prentice; SAGES, Sweden; vegetation distribution
modeling

Ronald Prinn; Massachusetts Institute of Technology; role
of convection in transport of trace species

Veerabhadran Ramanathan; Scripps Institution of
Oceanography; 21-22 September 1993; Climate Modeling
Section

David Randall; Colorado State University; atmospheric
sciences

William Reiners: University of Wyoming; ecosystem
dynamics and climate change

Richard Reynolds; National Meteorological Center; sea-
surface temperatures

Jonathan Rich; Northwestern University; GENESIS global
climate model

Franklin Robertson; NASA Marshall Space Flight Center;
GENESIS global climate model

Peter Rogers; Harvard University; hydrology and climate
change

Terry Root; University of Michigan; 1 October 1992-30
September 1993; Interdisciplinary Climate Systems
Section

Chet Ropelewski; National Meteorological Center,
temperature data sets

Richard Rosen; Atmospheric Environment Research, Inc.;
parallel ocean climate model angular momentum

Cynthia Rosenzweig; Goddard Institute for Space Studies;
agriculture, crop climate modeling, and climate-change
scenarios

Steve Running; University of Montana; land-atmosphere
exchange of energy, water, carbon dioxide

Takeo Saitoh; Tohoku University; 28 April 1993; Division
Office

Jorge Sarmiento; Princeton University; ocean
biogeochemical cycles

Joseph Schelling; Sandia National Laboratories; regional
climate modeling

Reiner Schnur; Max Planck Institute for Meteorology,
Hamburg; 4-8 May 1993; Global Dynamics Section

John Schultz; Florida State University; 8 July 1992-7
December 1993; Oceanography Section

Michael Schulz; University of Kiel; paleoclimatic
modeling with GENESIS global climate model

Mansour Seek; Senegal, West Africa; 21-27 March 1993;
Division Office

Piers Sellers; NASA Goddard Space Flight Center;
biosphere-atmosphere interactions

Frederick Semazzi; North Carolina State University;
GENESIS global climate model and regional modeling for
the Sahelian region

Albert Semtner; Naval Postgraduate School; 26-28
September 1993; Division Office
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James Shepherd; NASA Goddard Space Flight Center; 29
August-3 September 1993; Division Office

Kiyotaka Shibata; Meteorological Research Institute,
Japan; 8-9 March 1993; Climate Modeling Section

Pedro Silva Dias; University of Sao Paulo, Brazil; 4-5
March 1993; Global Dynamics Section

Yuri Skiba; Center for Science of the Atmosphere; 25
February-6 March 1993; Global Dynamics Section

Julia Slingo; University of Reading; 40- to 50-day tropical
oscillation in CCM2

Richard Smith; Los Alamos National Laboratory;
massively parallel ocean modeling

Thomas Smith; University of Virginia; ecological effects
of climate change

William Smyth; Oregon State University; monopole
vortices

Amy Solomon; Massachusetts Institute of Technology;
12-16 July and 30 August-3 September 1993; Climate
Analysis Section

Neelima Sontakke; Indian Institute of Tropical
Meteorology; 1 September-24 December 1993; Climate
Analysis Section

Michael Spall; Woods Hole Oceanographic Institution;
geophysical fluid dynamics

Peter Speth; University of Cologne; angular momentum
budget from ECMWF data

Detlef Stammer; Massachusetts Institute of Technology;
parallel ocean climate model sea-surface height analysis

J. Scott Stewart; University of Colorado; 17 May-30
September 1993; Oceanography Section

Robert Stewart; Texas A&M University; parallel ocean
climate model momentum fluxes

Achim Stossel; Max Planck Institute for Meteorology,
Hamburg; 3-7 October 1992; Global Dynamics Section

Ronald Stouffer; Geophysical Fluid Dynamics Laboratory;
coupled ocean-atmosphere models, observed data

Ted Strub; Oregon State University; parallel ocean climate
model eastern boundary currents

Luis Suarez; United States Environmental Protection
Agency; GENESIS global climate model

Gordon Swaters; University of Alberta; WOCErOGA
Surface Velocity Project

Toshi Tajima; University of Texas, Austin; geophysical
turbulence

Eugene Takle; Iowa State University; climate variability,
extreme events, and validation of climate models

Gregory Taylor; California State University, Chico; moist
convection and transport

Mark Taylor, New York University; 3 September 1992-2
September 1994; Global Dynamics Section

Clive Temperton; European Centre for Medium-Range
Weather Forecasts; 21-26 April 1993; Climate Modeling
Section

Fran9ois Thibaud; University of Maryland; 20 July
1992-30 September 1994; Global Dynamics Section

Richard Thomson; Institute of Ocean Sciences;
WOCE/TOGA Surface Velocity Project

Edward Tollerud; National Oceanic and Atmospheric
Administration; precipitation processes, precipitation data
management

Juri Toomre; University of Colorado; geophysical and
astrophysical turbulence

Frank Tower; Boulder, 1 October 1992-30 September
1993; Interdisciplinary Climate Systems Section

Steven Tracton; National Meteorological Center; ensemble
prediction of 10- to 30-day anomalies

Anna Trevisan; University of Bologna; 15 July-15 August
1993; Global Dynamics Section

Gregory Tripoli; University of Wisconsin; cloud modeling
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Michael Trolier, University of Colorado; carbon cycle

Peter Tschuck; Polytechnic Institute of Zurich;
development of a high-resolution regional climate model
for the western alpine region and coupling of model to the
Hamburg GCM

Eli Tzipennan; Weizmann Institute of Science; 20
September 1993; Oceanography Section

Garland Upchurch; Southwest Texas State University;
GENESIS global climate model

David Valentine; Colorado State University; trace-gas
emissions

Geoffrey Vallis; University of California, Santa Cruz;
geophysical fluid dynamics

Keith van Cleve; University of Alaska; ecological effects
of climate change

Peter Jan van Leeuwen; University of Utrecht; 10-17
March 1993; Oceanography Section

Marco Verdecchia; University of L'Aquila; development of
regional climate model for the European region

Shashi Verma; University of Nebraska; trace-gas
emissions

Michel Verstraete; Joint Research Centre, Ispra, Italy;
development of a coupled surface physics, biosphere, and
hydrology model

Guidi Visconti; University of L'Aquila; development of
regional climate model for the European region

Hans von Storch; Max Planck Institute for Meteorology,
Hamburg: drought simulations

Tomislava Vukicevic; Boulder; 1 September 1992-31
August 1994; Global Dynamics Section

Ilana Wainer, Pennsylvania State University; 1 August
1991-15 December 1992; Oceanography Section

Chien Wang; Scripps Institution of Oceanography; 11-13
January 1993; Climate Modeling Section

Huaxiao Wang; University of South Carolina; GENESIS
global climate model

Rik Wanninkhof; National Oceanic and Atmospheric
Administration; ocean carbon dioxide system

Rudolf Weber; Paul Scherrer Institute; Rossby waves and
optimal weights for global average temperatures

Klaus Weickmann; University of Colorado; coupled
ocean-atmosphere models, observed data

Albert Weiss; University of Nebraska; crop climate
modeling, climate change

Jeffrey Weiss; Boulder, 19 September 1992-31 August
1994; Global Dynamics Section

Christian Werner; Macquarie University, New South
Wales; GENESIS global climate model

Carol Wessman; University of Colorado; terrestrial
ecosystem modeling

Melanie Wetzel; Desert Research Institute; use of satellite
data for validation of model cloudiness

Matthew Wheeler, Macquarie University, New South
Wales; 1 March-7 December 1993; Division Office

James White; University of Colorado; carbon cycle

Christopher Wikle; Iowa State University; 21 June-2 July
1993; Climate Analysis Section

Martin Wild; Polytechnic Institute of Zurich; development
of a high-resolution regional climate model for the western
alpine region and coupling of model to the Hamburg GCM

John Wilkin; Commonwealth Scientific and Industrial
Research Organization, Mordialloc; parallel ocean climate
model data analysis

Kevin Wilson; University of Colorado; paleoclimatic
modeling with GENESIS global climate model

Chris Wold; GEOMAR; GENESIS global climate model

Ian Woodward; University of Sheffield, England;
vegetation distribution modeling
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Paul Woodward; University of Minnesota; high-
performance computing and communications and
geophysical fluid dynamics

Carl Wunsch; Massachusetts Institute of Technology;
parallel ocean climate model sea-surface height analysis

John Wyngaard; Pennsylvania State University; large eddy
simulation of the planetary boundary layer

Michio Yanai; University of California, Los Angeles;
Asian monsoon

Jun-Ichi Yano; Ecole Normale Superieure, Lyon; 31
January 1992-31 January 1994; Oceanography Section

Irad Yavneh; Weizmann Institute of Science; 20
January-22 August 1993; Oceanography Section

Weizong Zeng; Nanjing University; regional climate
modeling

Minghua Zhang; State University of New York, Stony
Brook; 3-9 October 1992; Climate Modeling Section

Victor Zlotnicki; NASA Jet Propulsion Laboratory; ocean
observational analyses and model studies

Milija Zupanski; National Meteorological Center, 21--24
June 1993; Global Dynamics Section
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1993: Towards the simulation of the effects of the
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Review 121, 1373-1387.
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Environmental and Societal
Impacts Group

The research activities of the Environmental and Societal Impacts Group are geared toward
providing insights into how societies might better understand and cope with the interactions between
human activities and changes in atmospheric processes. During fiscal year 1993, ESIG activities
encompassed research, linkage, and outreach. Research is undertaken by ESIG group members
individually, with others in the group (including ESIG visitors and adjunct scientists), and in other
divisions within NCAR; linkage refers to collaboration with researchers at universities and in
government organizations in the United States and elsewhere; outreach pertains to ESIG-sponsored
lectures, workshops, symposia, publications, and studentships. ESIG's research and outreach activities
focus on interactions between climate and society; regional scenarios of responses to climate change;
global change; and the value and use of meteorological information. The following paragraphs
provide highlights of several of ESIG's activities during FY 93.

In addition to its NSF support, ESIG received funding from the United Nations Environment
Programme (UNEP) and NOAA's Office of Global Programs (OGP) for its climate-related impacts
Network Newsletter. UNEP also provided support for ESIG workshops on El Niflo/Southem
Oscillation (ENSO) events as they relate to famine early warning systems (FEWS). The US Agency
for International Development (AID) Office of Foreign Disaster Assistance (OFDA) provided equal
funding to support the ENSO/FEWS workshops. The National Oceanic and Atmospheric
Administration (NOAA) Office of Global Programs (Climate and Global Change Program) provided
support for a study of precipitation variability. The North Atlantic Treaty Organization (NATO)
Science Division provided support for ESIG's coordination of an international, multidisciplinary
Advanced Research Workshop (ARW) on "The Role of Regional Organizations in the Context of
Climate Change," held at the US Embassy in Paris, France. The NSF Division of Mathematical
Sciences provided special funds for a multiyear program to foster collaboration between the
atmospheric and statistical sciences (joint with CGD).

Significant Accomplishments

* Richard Katz and Roland Madden (CGD) were awarded a five-year grant (beginning in
FY 93) from the NSF Division of Mathematical Sciences to promote collaboration between
the atmospheric and statistical sciences. The project is focusing on the application of
statistics to climate system modeling and will bring statistical scientists at both junior and
senior levels to NCAR for short- and long-term visits to help facilitate such collaboration.

* ESIG identified and collaborated with new agencies (OGP, OFDA, NATO, and the NSF
Division of Mathematical Sciences) interested in supporting climate-related impact
assessment research.

* ESIG developed a major focus on the regional implications of global climate change using
the case study approach. Studies were initiated encompassing regions in Latin America,
Africa, Central Asia, Vietnam, and the United States, focusing on various socioeconomic
sectors (e.g., water, fisheries, agriculture, etc.).
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* Michael Glantz convened a NATO-sponsored Advanced ResearchWorkshop 5-8 October
1992 in Paris, France, which investigated the role of regional international organizations in
the context of global warming.

* Glantz finalized the manuscript on Drought Follows the Plow. This addresses the issue of
human migration and climate impacts. It suggests that governments will be confronted
with more droughts in future decades than in the past as a result of population movements.
The process of human migration into marginal areas will tend to confound the identification
of a climate change signal in many regions of the globe.

* ESIG has expanded its involvement of students from the undergraduate to the postgraduate
level in climate-related environmental change assessments. Through the judicious use of its
resources, the group enabled six of these visitors to participate on-site in ESIG projects
during FY 93.

Climate Change and Water Resources

Water Banking: Management of Supply Variability

Kathleen Miller, working in conjunction with Lawrence MacDonnell, Teresa Rice, Sarah Bates
(University of Colorado School of Law), and Charles Howe (University of Colorado Department of
Economics and C.U.'s Institute for Behavioral Sciences), began work on a project analyzing water
banking as a tool for promoting flexible management of variable water supplies. The project is
examining the structure and functions of actual water banks throughout the western United States in
the context of climate variability.

Miller's work has focused on a comparative analysis of water banks in California and Idaho.
In California, the recent six-year drought prompted the establishment of Emergency Drought Water
Banks in 1991 and 1992. These banks were operated by the State Department of Water Resources,
which purchased water from agricultural users (primarily along the Sacramento River) and transferred
the water to urban centers in the Bay Area and in Southern California as well as to agricultural users
south of the Sacramento/San Joaquin Delta, who otherwise may have lost valuable crops. In Idaho,
the one statewide and three local water banks function primarily to allow irrigation districts to earn a
modest return in normal and wet years on the disposal of surplus stored water. Because the prices are
held fixed at very low levels, water trading through the Idaho banks diminished precipitously as
drought conditions in that state became critical in 1992.

In general, water banks can function to mitigate the economic impacts of a drought by
reallocating available water supplies from relatively low-valued uses to more highly valued uses where
supplies to the latter have been reduced by drought conditions. To effectively serve this purpose, a
water bank must be able to arrange the physical transfer of water from sellers to buyers, and prices
must be allowed to change as water availability and its marginal value change. Miller's research
demonstrates that California's Emergency Drought Water Banks helped to mitigate the impacts of the
six-year drought while Idaho's water banks became increasingly ineffective as drought conditions
worsened over the 1987-1992 period.
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Climate Change and Water Law: Defining Rights to a Changing Resource

Kathleen Miller, Steven Rhodes, and Lawrence MacDonnell (University of Colorado School of
Law) continued their collaborative research on the interactions between climate and water institutions.
Research during FY 93 focused on the possible effects of evolving water laws on adaptability to long-
term climate changes.

Global climate modeling experiments suggest that global warming may have profound impacts
on temporal and spatial distributions of surface water availability, although the nature of regional
hydrologic changes cannot yet be predicted with confidence. The costs of adapting to such uncertain
changes in water availability will depend heavily on the ways in which the institutions governing water
allocation evolve over the coming decades. This project examined the definition and enforcement of
individual, joint, and community rights to water resources in the eastern and western portions of the
United States as a function of climate, evolving use patterns, and transaction costs. The likely
advantages and disadvantages of modifying eastern water laws (based on riparian principles) to more
closely resemble the prior appropriation system of water law followed in the western states are
analyzed. The possible consequences of introducing riparian-like elements into western water laws are
also examined. It is argued that, while the prior appropriation system appears to have certain
advantages in water-short areas, these may disappear where the predominant water demands are for
instream and non-consumptive uses rather than for the consumptive uses historically important in the
west. This suggests that simple prescriptions for modifying water laws may be inappropriate since
both water availability and prevailing use patterns are likely to change as the effects of global warming
are felt.

An Evaluation of Interstate Water Sharing in the Western United States
Under Conditions of Climatic Uncertainty

Lynne Bennett (ASP Graduate Research Assistant) continued her research by examining water
resources allocated by interstate compact in the western United States. In the relatively arid regions of
the western United States, recent droughts have drawn attention to large interstate differences in water
scarcity and marginal economic values. In some cases, interstate differences in the marginal value of
water occur within a single river basin where the available water is allocated by an interstate compact
that prevents the development of a water market. The allocation rules embodied in the compacts
determine the extent to which these relative marginal values become more or less disparate as
streamflows fluctuate over time, and in some cases one party to a compact is exposed to greater risk
of drought related shortages than another. Compounding this problem are the possible shifts in
precipitation and runoff patterns due to anthropogenically induced climate change. Bennett developed
a theoretical model to test the efficiency of interstate water allocation under fixed climatic conditions
and the two alternative compact types. Bennett presents empirical findings related to case study river
basins governed by interstate compact. Finally, various climate change scenarios are imposed on the
case study river basins to determine vulnerability by river basin and implications of alternative climate
scenarios for the efficiency of various compact types dependent upon relative demand in each state.

Colorado-Amudarya Rivers Project (CARP)

Glantz continued to participate in this U.S.-CIS cooperative project during FY 93, under the
auspices of the U.S. Fish and Wildlife Service. Igor Zonn (visitor, Soyuzvodproyect, Moscow) and
Glantz have been project coordinators. Several activities related to CARP were carried out including
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the preparation and publication of a research paper on the Aral Sea "crisis" (with Professor A.Z.
Rubinstein, Political Science, University of Pennsylvania, and Dr. Igor Zonn). These activities focused
on the origins of the Aral Sea "crisis," an environmental crisis that took place over a forty-year period.

Glantz also participated as one of the two UNEP experts in the Joint Mission of the World
Bank/UNEP/UNDP to assist in the development of an Emergency Action Plan for the rehabilitation of
the Aral Sea region's Disaster Zone in May-June 1993. Glantz continued to serve on the CIS-UNEP
Advisory Panel of Experts on the Aral Sea.

Climate Change, Climate Variability, and River Deltas

David Smith (ASP Postdoctoral Fellow) continued to explore the effects of increased water
diversions from Central Asia's glacier-fed Syrdarya and Amudarya river systems. The accelerated
pace of the diversions has affected the hydrology of the Aral Sea basin, leading to large-scale
ecosystem transformations. Among the effects have been relatively rapid changes in regional climate,
a decline in water reaching the deltaic plains, and desiccation and disruption of deltaic ecosystems.
Smith examined past ecological development of the Syrdarya and Amudarya deltas of the Aral Sea
basin, present anthropogenic factors implicated in recent ecological changes in the deltas, as well as
the relationship between ecosystem changes that might result from global climatic changes (as derived,
for example, from modeling and paleoclimatic studies) that could plausibly occur.

Using a framework for the study of similar changes in other world river deltas (developed
based on the results of the Aral Sea basin prototype assessment), Smith is investigating other similar
regional deltaic ecosystems (for example, Lakes Balkhash in Kazakhstan and Lop Nur in western
China) to identify the roles that climate and human activities have played in their ecological changes.
In addition, Smith will examine how greenhouse warming might alter regional precipitation patterns
and, more generally, regional climate in Central Asia and how water availability and quality could be
affected.

Policy Aspects of Climate Change

Mathematical Modeling and Environmental Policy

Kathleen Miller critically reviewed applications of mathematical models to the analysis of
environmental policy questions. Among the applications reviewed were papers relating to: 1) the
implications of potential global warming for the choice of alternate energy policies, 2) the prospects
for international cooperation on CO2 abatement policies and 3) the potential impacts of global warming
on coastal inundation in Louisiana. This project also involved the development of general criteria for
assessing the utility of mathematical models in the environmental policy process. It was found that
effective communication between modelers and policy makers regarding the nature of model outputs
and the proper use of those outputs is often lacking. Problems identified include a frequent tendency
of modelers to present results without adequate discussion of the model's strengths and weaknesses, or
of the likely range of errors in the outputs, or of the potential importance of factors not included in the
model. Style of presentation and the use of highly specialized terminology were also found to be
common barriers to effective communication with the broader policy community.
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Great Lakes Environmental Degradation and Climate

Rhodes continued his assessment of the relationship between Great Lakes environmental
degradation and regional climate, focusing on efforts to restore beneficial uses of the waters of the
Great Lakes. Beneficial use impairment includes such environmental damages as restrictions on
recreational fishing and fish consumption advisories, beach closings, deformities and reproductive
problems in aquatic species, and degradation of municipal drinking water supplies.

Efforts to characterize and restore beneficial uses of the waters of the Great Lakes have helped
raise public awareness of the extent to which past societal neglect of climatic influences has
contributed to the deterioration of local and regional environmental quality. In particular, the impacts
of stormwater runoff represent the single largest connection between regional climate and
environmental degradation.

In addition to the impacts of the current climate regime, the prospect of a future climate
change poses new challenges for environmental restoration and protection of the Great Lakes
ecosystem. Scientific research suggests that global warming may cause declining lake levels and new
problems for ecosystem management. Only by increasing awareness of the potential impacts of both
present climate and a possible future global warming can society improve its capacity for appropriate
responses.

Climate Change-Induced Sea Level Rise and Toxic Waste Sites Along the
Louisiana Gulf Coast

Rhodes extended his earlier research on Great Lakes toxic sediments remediation and the
prospect of declining lake levels by beginning to assess the prospects for rising sea level inundation of
toxic and hazardous waste sites in low-elevation southern Louisiana. Louisiana coastal wetlands are
presently being inundated at a rate of about 50 acres per year due to land subsidence combined with
naturally occurring sea level rise. However, if sea levels were to rise at an accelerated rate due to
global warming, literally hundreds of known and as-yet-unidentified waste sites in the coastal region of
the state could be exposed to the waters of the Gulf of Mexico, with possibly adverse ecological
results for both marine and terrestrial biota. At present, more than 600 hazardous waste sites have
been identified throughout Louisiana, a majority of them in the low-lying southern half of the state.
Additional waste sites are still being discovered. Recognition of rising sea level as a possible threat to
long-term hazardous waste management and/or remediation may help prioritize cleanup of known and
yet-to-be-identified sites.

Climate Change and International Politics

Glantz proposed, organized, and chaired a NATO-sponsored Advanced Research Workshop
from 5-8 October 1993 in Paris, France, which investigated the role of regional international
organizations in the context of climate change. Participants in this workshop included physical and
social scientists, international civil servants, and government officials: James Bruce (Canadian Climate
Centre, retired); L.K. Caldwell (Political Science Department, University of Indiana); Newton Cordeiro
(Organization of American States); Luis da Cunha (Scientific and Environmental Affairs Division,
NATO); Saleemul Huq (Bangladesh Centre for Advanced Studies); Robert Kandel (Ecole
Polytechnique, Paris, France); Gunnar Kullenberg (Intergovernmental Oceanographic Commission,
UNESCO); Jean Labrousse (Departement Terre, Ocean, Espace et Environnement, Paris, France); Jag
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Maini (Forestry Canada); Edward Miles (School of Marine Affairs, University of Washington); Renat
Perelet (Institute for Systems Analysis, Russian Academy of Sciences); Martin Price (Environmental
Change Unit, University of Oxford); Rui Roda (Empresa Poretuguesa das Aguas Livres, Lisbon);
Naresh Singh (Caribbean Environmental Health Institute, Castries, St. Lucia); Odon Starosolszky
(Water Resources Research Centre, Budapest, Hungary); Sam Tewungwa (UNEP); Jean-Paul Troadec
(Institut Francais de Recherche Scientifique pour le Developpement en Cooperation, Plouzane, France);
Ilter Turan (Department of Political Science, Istanbul University); Arild Underdal (Center for
International Climate and Energy Research, Oslo, Norway); and James Wescoat (Department of
Geography, University of Colorado).

An edited volume, The Role of Regional Organizations in the Context of Climate Change,
submitted to Springer-Verlag in FY 93, was published in November 1993. A Foreword was prepared
by James Dooge (Hydrologist, Ireland), newly elected President of the International Council of
Scientific Unions (ICSU).

Regional Scenarios Projects

Forecasting by Analogy (FBA) Case Studies

Russian Case Studies. Glantz, acting as a scientific adviser, has continued to assist Russian
scientists in the development of their FBA study supported by UNEP. The project is organized by Dr.
Igor Zonn. Case studies include the following: (1) Assessment of the Impact of Global Warming on
Regional Climates in the CIS (Commonwealth of Independent States); (2) An Assessment of the
Implications of Scenarios of Global Warming on the CIS; (3) Global Warming and the Problem of
Flooding in Saint Petersburg; (4) Global Warming and the State of Permnafrost in Northwestern
Siberia; (5) The Influence of Human-Induced Changes of Climate and Economic Activity on the Water
Resources of the Volga Basin; (6) Problems and Lessons of the Exploration of Biological Resources of
Far Eastern Seas; (7) Changing Levels of the Caspian Sea; (8) Changing Levels of the Aral Sea from
the Holocene to the Present; (9) The Extremely Cold Winter in Turkmenistan; and (10) The
Implications of Global Warming For the Russian Arctic. Dr. George Golitsyn (Institute of Physics,
Moscow) will prepare a special section on the history of research related to greenhouse emissions in
the CIS.

Impacts of Climate on Fisheries. Glantz prepared a manuscript for the UNEP/GEMS
Climate Series on climate and fisheries. The manuscript, prepared in FY 93, will be published by
UNEP in early 1994. It is based on the many case histories of fisheries that have developed quite
rapidly. There are also many case histories of collapses of fishing industries. Climatic factors have
often taken the blame for the demise of a seemingly healthy fish population or fishing industry or the
credit for their expansion. However, climatic variations and changes in climate are all too easily a
target for blame (or praise). The adverse effects of other intervening factors may be equally, if not
more, important than atmospheric processes. These include the development of new technologies that
enable fishermen to concentrate on preferred fish populations with relative ease; larger, more
sophisticated vessels to carry and process greater volumes of catches; increases in demands in the
marketplace; marine pollution in coastal areas, especially in spawning grounds. While, in any given
instance, it may be difficult to identify the environmental "smoking gun" and the precise cause of a
sharp decline (or, conversely, the rapid expansion) of a fish population, it is possible to determine if
societies responded appropriately to changes in the fishery. Living in harmony with the marine
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environment is one of the major economic as well as environmental challenges facing the international
community in the twenty-first century.

Climate-Related Impacts Assessment in Vietnam. Glantz served as senior adviser to and
assisted in the preparation of the final report on case studies produced for the Vietnam FBA
assessment. The study was composed of contributions by several Vietnamese scientists on the impacts
of climate change and climate variability on food production, sea level rise, mangrove destruction,
marine fisheries productivity, and human health. This report was completed in FY 93 and will appear
as a publication in FY 94.

Namibian Climate Impacts Assessment. Glantz was asked to serve as a UNEP
representative to a Start-Up Workshop for Drought Impacts and Preparedness in Namibia, held in
Windhoek, Namibia, in August 1993. This was a followup to his negotiations with UNEP and
Namibian officials on the importance of undertaking such a climate impact study. This study has been
based on the use of Namibian researchers. The workshop sought to (1) create awareness among
decision- and policymakers in the Southern African Development Community (SADC) region about
climate change and its possible effects on Southern Africa; (2) develop a basic framework for policy
formulation in the field of climate change and its subsequent effects on sustainable development; and
(3) gather and establish a regional, multidisciplinary group of experts on climate change and identify
needs for the development of adaptive policies, action programs, and research.

Drought Follows the Plow. Glantz organized and completed a multiyear project called
Drought Follows the Plow. The hypothesis on which this multidisciplinary, multinational assessment
was based suggests that an improved understanding of human interactions in the marginal areas is
essential to an improved understanding of how societies might best respond to the regional impacts of
global climate change in the future. This multiyear activity has resulted in the preparation of a
collaborative manuscript to be published by Cambridge University Press in mid-1994. The project
involved contributions from Jorg Janzen (Frei Universitat of Berlin), Antonio Magalhaes (Esquel
Foundation Brazil), Pennie Magee (visitor, University of Florida), David Campbell (Michigan State
University), Les Heathcote (Flinders University of South Australia), James McCann (Boston
University), Alvin Z. Rubinstein (University of Pennsylvania), Will Swearingen (Montana State
University), Coleen Vogel (University of Witwatersrand, South Africa), and Igor Zonn
(Sojuzvodproyect, Russia). Glantz was invited to present lectures on this subject at the Climatology
Research Group, University of Witwatersrand, Johannesburg, South Africa (March 1993), and at the
Department of Agricultural Meteorology of the University of Nebraska, Lincoln, Nebraska (February
1993).

Societal Adjustment to Perceived Climatic Risks

Great Plains Rural Electrification and Groundwater Depletion

Rhodes and Samuel Wheeler (RCG/Hagler, Bailly, Inc.) extended their research on the role of
rural electric cooperatives in irrigated agriculture in the climatically variable U.S. Great Plains.
Electrification of the region in the postwar era, coupled with advances in irrigation and well-drilling
technology, made possible intensive agricultural development in many areas served by the rural
electric cooperatives.
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In recent years, however, excessive mining of the High Plains aquifer has resulted in declining
water levels and increased pumping costs for irrigators. Cropland in irrigation declined by nearly 20
percent between 1978 and 1987. Yet irrigation electricity sales continue to rise for many of the
region's rural electric cooperatives, suggesting that groundwater continues to be exploited despite
efforts to conserve the nonrenewable resource through improved energy and irrigation efficiencies as
well as federal programs.

Trends in irrigation electricity use in the Great Plains may provide a useful indicator of
pending changes in localized conditions in the region's agricultural economy. Rising electricity use by
irrigators suggests that economic depletion of the Ogallala aquifer can be expected to increase within
the next several years, while other areas may in fact experience growing irrigated cropland acreage
where geohydrologic conditions warrant.

Use and Value of Weather and Climate Information

A Statistical Test for Inhomogeneous Variance in Temperature Data

Mary Downton and Richard Katz completed development and evaluation of a method to test
for changes in the variance of temperature time series due to nonclimatic factors. Many climatic
applications, including detection of climate change, require temperature time series that are free from
discontinuities introduced by nonclimatic events such as relocation of weather stations. Although
much attention has been devoted to discontinuities in the mean, possible changes in the variance have
not been considered previously. The proposed method uses the nonparametric bootstrap technique to
compute confidence intervals for the discontinuity in variance. It was tested on mean maximum
temperature data from 21 weather stations in the midwestern United States. Inhomogeneities in
variance were found to be more frequent than would be expected by chance, indicating that variance
inhomogeneity is indeed a problem. Precision of the estimates in the test data indicates that changes
of about 25-30 percent in standard deviation can be detected if sufficient data are available. This
statistical test can be a useful tool for screening out stations that have unacceptably large
discontinuities in variance.

Stochastic Hydrology

Katz collaborated with Marc Parlange (University of California--Davis) on the stochastic
modeling of time series of hourly precipitation amounts. This work is part of a two-year project on
the spatial and temporal variability of precipitation funded by the NOAA Climate and Global Change
Program. These models involve generalizing the so-called "chain-dependent process," commonly fit to
daily precipitation totals. They are needed, for instance, to generate scenarios of climate on a short
enough time scale to be relevant for certain water resource applications. They are also needed as a
tool to aid in validating numerical models of climate, now attempting to incorporate diurnal cycles in
variables like precipitation. Katz also collaborated with Barbara Brown (RAP) and Linda Meams
(CGD) on a study of how the variability changes as precipitation amounts are averaged over different
spatial scales, likewise an issue of importance in the validation of numerical models of climate.
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Economic Value of Weather/Climate Information

Katz neared completion of a co-edited book with Allan Murphy (Prediction and Evaluation
Systems, Corvallis, Oregon) for Cambridge University Press on the economic value of weather and
climate forecasts. This multidisciplinary project is especially timely in view of current speculation
about the prospects for improvements in forecasts, ranging from more accurate short-term predictions
of mesocale phenomena (e.g., through STORM) to extending the lead time for long-term predictions of
regional climate (e.g., through the use of teleconnections with the El Nifio/Southern Oscillation).

Climate Scenario Generation

Katz began work on a critical evaluation of stochastic models that have been employed to
generate scenarios of climate, either to reflect the variation of the present climate or to allow for
possible changes in climate. Research so far has focused on Richardson's model, a popular method
for producing synthetic sequences of daily precipitation amounts, maximum and minimum temperature,
and solar radiation, especially required as inputs to crop-climate models. It is evident that the users of
this model are not aware of its statistical properties, thus leading to confusion over how it ought to be
used in climate change studies.

ENSO/Famine Early Warning Systems

Glantz began work on organizing an international workshop to bring together those involved in
ENSO forecasts with those involved in food security and famine early warning systems in sub-Saharan
Africa. The workshop was held in Budapest, Hungary, 25-28 October 1993. The workshop was
jointly sponsored by UNEP and the US Agency for International Development (AID) Office of
Foreign Disaster Assistance. It focused on the possible value to famine early warning systems of
information about ENSO events in the equatorial Pacific Ocean. A workshop report is in preparation
and will be forthcoming in early 1994. Glantz presented a lecture at AID on "The Value of ENSO
Information for the Mitigation of Disasters."

Rates and Processes of Environmental Change

Glantz continued to coordinate research activities of participants on the rates and processes of
global environmental change project, using existing ESIG funds. Patricia Parisi (Graduate School of
Journalism, University of Colorado-Boulder) reviewed the literature and prepared charts depicting rates
and processes of environmental changes, such as tropical deforestion in Brazil, Africa, and Southeast
Asia, and mangrove destruction. Erica Gallagher (Department of Environmental Science, University of
Colorado-Boulder) assisted Parisi in undertaking a literature review on the policy aspects of
deforestation. Melanie Mason (Department of Political Science, University of Colorado-Boulder)
worked on collecting information about the rates of desertification processes worldwide, under the
guidance of Steven Rhodes. Pennie Magee (University of Florida), who had recently returned from
Brazil, worked as a visitor researching the societal processes fostering deforestation in the Brazilian
Amazon. Anne Kearey (Department of Energy ORISE Fellow, University of Michigan) spent a
summer internship developing a survey instrument for policymakers, ascertaining the importance of
rates of global environmental change to decisionmakers. Sergei Rodionov (ASP) participated in the
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rates and processes project by preparing a preliminary assessment of the rates of change of the Caspian
Sea levels over the past several decades.

Studentships. Two other graduate students worked with ESIG. Stephanie Mitchell (Political
Science Department, University of Colorado-Boulder) was an intern to ESIG focusing on famine early
warning systems in sub-Saharan Africa. Caryn Dean (Department of Energy ORISE Fellow,
Pennsylvania State University) undertook a preliminary survey of scientists on the perceived value to
society of a reliable ENSO forecast. Both worked with Glantz.

Methods of Measuring Tropical Deforestation

The rate and extent of tropical deforestation has been hotly disputed in both political and
scientific arenas. Mary Downton prepared a manuscript reviewing the methods that have been used to
estimate rates of tropical deforestation in Brazil. Focusing more specifically on deforestation in
Brazil's Legal Amazon, the review shows substantial improvement in measurement methods since the
1970s, based on the development of satellite technology. While estimates produced in the late 1980s
differed widely, those produced since 1992 show substantial agreement. Extension of the improved
methods to measurement of worldwide deforestation, however, is limited by inadequate funding and by
political concerns.

Sea Level Rise and Lake Level Decline: Prospective Ecological Impacts of
Global Warming

Rhodes prepared a paper for an air pollution risk assessment conference that compared for the
first time the contrasting ecological impacts that may occur due to climate change-induced sea level
rise and declining water levels in the Great Lakes, Caspian Sea, and other large, inland water bodies.
Simultaneous consideration of both rising and declining water levels demonstrates the importance of
understanding climate change as a local and regional environmental issues--not as an average,
homogeneous future condition.

Consideration of the potential ecological impacts of sea level rise and declining lake levels
also prompts some further observations. The severity and extent of climate change-induced ecological
impacts to coastal resources depend on a number of factors, including the future of coastal, shoreline
and barrier island land uses and preservation: the degree and rate of sea level rise and declining inland
water levels that may occur, the extent of ongoing geophysical and biological changes that may occur
through the coming century (due to both anthropogenic and natural forcing mechanisms); and societal
decisions as they pertain to coastal zone management and other resource-oriented policies.

Global and Regional Climate Interactions: The Caspian Sea Experience

Sergei Rodionov (ASP Postdoctoral Fellow) completed his study on the Caspian Sea climate
and its interaction with global climatic processes. The main focus of this study is the Caspian Sea
level (CSL). The "CSL-climate" relationship has been investigated in the broad range of time scales,
from interannual to secular. Particular attention was paid to the exceptional rise in the CSL that
started after 1977. In 1991, the CSL was about two meters higher than in 1977, and this resulted in a
diverse set of environmental and societal impacts. The unusual behavior of the CSL in recent years
has posed a question as to whether or not this is a manifestation of a global warming signal. In an
attempt to answer this question, climatic anomalies of the 1970s, 1980s, and early 1990s have been
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analyzed. Rodionov has shown that the recent rise in the CSL was caused by a significant
transformation of the general atmospheric circulation that occurred around 1977. At that time, abrupt
changes in climatic variables were noted both in the North Atlantic and North Pacific. To detect
discontinues in historical time series (both in mean and other statistical properties), a method based on
log-likelihood function has been utilized. A point of special interest was the problem of forecasting
the CSL. Different forecasting methods and their origins have been discussed. A new approach based
on a combination of statistical tests and cause-and-effect logic has been offered.

Multidisciplinary Collaboration

Geophysical Statistics Project. Richard Katz and Roland Madden (CGD) were awarded a
five-year grant (beginning during FY 93) from the NSF Division of Mathematical Sciences to promote
collaboration between the atmospheric and statistical sciences. The project is focusing on the
application of statistics to climate system modeling. It is now widely recognized that the modeling
and analysis of the climate system requires the development of statistical methods for complex,
high-dimensional data sets. One particularly challenging aspect involves the quantification of
uncertainty, a necessary input to any studies of the societal impact of climate. The project is bringing
statistical scientists at both junior and senior levels to NCAR for short- and long-term visits to help
facilitate such collaboration.

Networking

Network Newsletter. Glantz, Jan Stewart, and Victoria Holzhauer, assisted by Shirley
Broach and Maria Krenz, have continued to work on networking research centers, institutes, and
individuals interested in climate-related impact assessments. The international, multidisciplinary
Network Newsletter which deals with this topic continued to expand its mailing list (now
approximately 2,400 recipients), with partial financial assistance from UNEP; about 60 percent of the
recipients are in North America, and 40 percent are international. ESIG has been assisting UNEP in
carrying out one of its networking responsibilities, as called for by the UNEP Governing Council, and
supported by UNEP's Scientific Advisory Committee for the World Climate Impacts and Response
Strategies Program (WCIRP). The newsletter has identified a community of people interested in
climate-related environmental change and in climate-related impact assessment.
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(WCIRP) Scientific Advisory Committee meeting; value
of ENSO forecasts to famine early warning systems
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Bert Bolin, World Meteorological Organization, Geneva,
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Leo Breslin; World Meteorological Organization, Geneva,
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Hungary; 22 October to 1 November 1992; WCIRP
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Tsegay Georgis (from Ethiopia); University of Colorado
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Les Heathcote, Flinders University of South Australia,
Adelaide; drought, desertification and climate change

Charles Howe; Department of Economics and Institute for
Behavioral Sciences; University of Colorado, Boulder;
water banking and drought management

Dale Jamieson; University of Colorado at Boulder;
1-30 June 1993; environmental philosophy

Jorg Janzen; Frei Universitat Berlin, Germany; drought,
desertification and climate change

Stanley Johnson; Iowa State University; Ames; economic
value of weather forecasts

Anne Kearney; University of Michigan, Ann Arbor;
3 May 1993 to 31 July 1993; environmental psychology

S.M. Kulshrestha; former Director General of
Meteorology, Indian Meteorology Department,
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25 October to 30 October 1992; WCIRP Scientific
Advisory Committee meeting

John Lewis; McGill University, Montreal, Canada;
24 September to 25 September; famine early warning
systems

Lawrence MacDonnell; Natural Resources Law Center,
University of Colorado, Boulder; climate and water law,
and drought management

Antonio Magalhaes; Fundaqao Grupo Esquel Brasil,
Brasilia; drought, desertification, and climate change

Pennie Magee; University of Florida; 1 September 1992
to 28 February 1993; development policy and the
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Thomas Malone; North Carolina State University,
Raleigh; 25 October to 28 October 1992; WCIRP
Scientific Advisory Committee meeting
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urban droughts

John Maunder; Canadian Climate Centre, Downsview,
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Scientific Advisory Committee meeting

Ana Maria Molina; San Salvador, El Salvador; 1 May to
31 October 1992; economics of climate impacts

Allan Murphy; Prediction and Evaluation Systems,
Corvallis, Oregon; economic value of weather forecasts

Nguyen Huu Ninh; Center for Environment Research,
Education, and Development, Hanoi, Vietnam; climate
impact assessments in Vietnam

Laban Ogallo; University of Nairobi, Kenya; drought,
desertification, and climate change

Patricia Parisi; University of Colorado at Boulder;
1 May 1992 to 30 September 1993; rates and processes
of tropical deforestation

Marc Parlange; University of California at Davis;
1 July to 31 August 1993; stochastic modeling of
precipitation

Martin Parry; Environmental Change Unit, University of
Oxford, United Kingdom; 25 October to 28 October
1992; WCIRP Scientific Advisory Committee meeting

Martin Price; Environmental Change Unit; University of
Oxford, United Kingdom; regional organizations in the
context of climate change

David Pyles; University of California at Davis; 26 July to
3 September 1993; teleconnections and stochastic
hydrology

Teresa Rice; Natural Resources Law Center, University
of Colorado, Boulder; water banking and drought
management

Alvin Z. Rubinstein; University of Pennsylvania,
Philadelphia; policy aspects of the Area Sea dceline

Viktor Sapozhnikov; VNIRO (Russian Federal Institute of
Marine Fisheries and Oceanography); 5 April to 9 April
1993; climate and fisheries

Roland Schulze; University of Natal, Pietermaritzburg,
South Africa; 3 February to 4 February 1993; climate
change and water resources

Gary Sharp; NOAA Center for Ocean Analysis and
Prediction, Monterey, California; climate impacts on
Indian Ocean fisheries

Thomas Stewart; State University of New York-Albany;
economic value of weather forecasts

Will Swearingen; Earth Sciences Department, Montana
State University, Bozeman; drought and desertification in
northwest Africa

Lesley Tarleton; NOAA/NWS, Silver Spring, Maryland;
urban heat island and extremes

Edward Tollerud; NOAA/FSL, Boulder, Colorado, spatial
and temporal variability of precipitation

Ilter Turan; Istanbul University, Turkey; 2 February to
5 February 1993

Peter Usher; UN Environment Programme, Nairobi,
Kenya; 25 October to 1 November 1992; 9 September to
13 September 1993; WCIRP Scientific Advisory
Committee meeting; climate-related impact assessment

Pier Vellinga; Institute for Environmental Studies, Free
University, Amsterdam, The Netherlands; 25 October to
30 October 1992; WCIRP Scientific Advisory Committee
meeting

Coleen Vogel; Climatology Research Group, University
of the Witswatersrand, Johannesburg, South Africa;
druoght and desertification
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C.C. Walldn; World Meteorological Organization,
Geneva, Switzerland; 25 October to 30 October 1992;
WCIRP Scientific Advisory Committee meeting

Wang Shao-wu; Department of Geophysics, Beijing
University, China; 26 October to 30 October 1992;
WCIRP Scientific Advisory Committee meeting

James Wescoat; University of Colorado at Boulder;
regional organizations in the context of climate change

William Westermeyer; Office of Technology Assessment,
Washington, D.C.; water resources and climate change

Karen Wiley; Colorado School of Mines; Great Lakes
climate change impacts

Daniel Wilks; Cornell University, Ithaca, New York;
economic value of weather forecasts

Donald Wilhite; University of Nebraska; agro-
meteorology and climate

Igor Zonn; VO Soyuzvodproyect, Moscow, Russia;
26 January to 5 February 1993; climate impacts in
Russia and in Turkmenistan

Samuel Wheeler; RCG/Hagler, Bailly, Inc.; 1 October to
30 June 1993; rural electrification and Great Plains
aquifer depletion
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Publications

Refereed Publications

DOWNTON, M.W., and K.A. MILLER, 1993: The
freeze risk to Florida citrus. Part II:
Temperature variability and circulation patterns.
Journal of Climate 6, 364-372.

FIROR, J., and S.L. RHODES, 1993: Political and
legislative control of global air pollution, in
W.T. Sturges and C.N. Hewitt (eds.), Global
Atmospheric Chemical Change, London,
Elsevier, 423-452.

GLANTZ, M.H., 1992: Droughts and economical
development in the African Sahara. Chapter in
Problems of Desert Development, Ashgabat,
Turkmenistan, Academy of Sciences of
Turkmenistan. In Russian.

, *A.Z. RUBINSTEIN, and *I. ZONN, 1993:
Tragedy in the Aral Sea basin: Looking back to
plan ahead? Global Environmental Change 3,
174-198. Also published in Iranian Journal of
International Affairs 5, 156-194.

KATZ, R.W., 1993: Dynamic cost-loss ratio decision-
making model with an autocorrelated climate
variable. Journal of Climate 6, 151-160.

, 1993: Towards a statistical paradigm for climate
change. Climate Research 2, 167-175.

,_ and *M.B. PARLANGE, 1993: Effects of an
index of atmospheric circulation on stochastic
properties of precipitation. Water Resources
Research 29, 2335-2344.

MILLER, K.A., and M.W. DOWNTON, 1993: The
freeze risk to Florida citrus. Part I: Investment
decisions. Journal of Climate 6, 354-363.

RHODES, S.L., 1993: The environment's effects on
aviation weather safety: Meteorological
assessment for the new Denver airport,
Environmental Impact Assessment Review 13,
63-74.

, and *K.B. WILEY, 1993: Great Lakes toxic
sediments and climate change: Implications for

environmental remediation. Global
Environmental Change 3, 292-305.

RODIONOV, S.N., and *A.S. KROVNIN, 1992: The
1980s in the context of climate changes in the
North Atlantic region. ICES Marine Science
Symposia 195, International Council on
Exploration of the Sea, 86-95.

*WILEY, K.B., and S.L. RHODES, 1993: State
environmental regulation of federal facilities:
Colorado's recent experience, in F.A. Meyer, Jr.
and R. Baker (eds.), State Policy Problems,
Chicago, Nelson-Hall, 191-206.

*WILHITE, D.A., and S.L. RHODES, 1993: Drought
mitigation in the United States: Progress by
state government, in D.A. Wilhite (ed.),
Drought Assessment, Management and
Planning: Theory and Case Studies, Dordrecht,
The Netherlands, Kluwer, 237-251.

Other Publications

KATZ, R.W., and *M.B. PARLANGE, 1993: Induced
stochastic models in hydrology. Proceedings,
Stochastic and Statistical Methods in Hydrology
and Environmental Engineering, Waterloo,
Ontario, Canada, University of Waterloo, 99-
100.

PARISI, P., and M.H. GLANTZ, 1992: Deforestation
and public policy. The World & I 7, 270-277.

RODIONOV, S.N., 1993: Interannual and interdecadal
changes in the Great Lakes water levels in
association with the large-scale atmospheric
circulation. Preprints, Eighth AMS Conference
on Applied Climatology, 17-22 January 1993,
Anaheim, California, American Meteorological
Society, 3-6.

TARLETON, L.F., and R.W. KATZ, 1993: Effect of
urban heat island on temperature variability and
extremes. Preprints, Eighth AMS Conference
on Applied Climatology, 17-22 January 1993,
Anaheim, California, American Meteorological
Society, J104-J107.

*An asterisk denotes a non-NCAR author.
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High Altitude Observatory
Research at the High Altitude Observatory is focused on understanding the sun and heliosphere and

the earth's upper atmosphere, ionosphere, and magnetosphere as an integral physical system. Although
there are astrophysical and planetary components in HAO's research program, the principal efforts are
directed toward understanding the physical processes underlying the variability of the solar-terrestrial
system and the impacts of this variability on the earth's lower atmosphere.

The combined action of convection and rotation in the solar interior generates the solar magnetic
field in cycles of approximately 22 years, and it is this magnetic field that leads to the variability of the
solar output of radiation, magnetized plasma, and energetic particles on time scales ranging from minutes
to millennia, including the most familiar solar activity time scale of approximately 11 years. In the solar
interior, the 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 the convective a the radiative transport efficiencies. In the solar atmosphere, the magnetic
field controls the thermal and dynamical properties of the plasma which, in turn, give rise to the wealth of
physical phenomena associated with the variable outputs of the sun. Understanding the physics of these
phenomena is both inherently interesting and essential to our desire eventually to have a predictability
capability for the variability of solar outputs that have a significant impact on the terrestrial environment.

The sun, of course, is the principal forcing agent of s the al athe terrestrial environment. Solar radiation in
the visible, infrared, and near-ultraviolet spectral ranges directly impacts the terrestrial lower atmosphere,
while the shorter wavelength radiation directly impacts the upper atmosphere. The solar magnetized
plasma and energetic particle outputs couple through the inner heliosphere and the terrestrial
magnetosphere to impact primarily the high-latitude terrestrial upper atmosphere. The variability
associated with the short-wavelength radiation, magnetized plasma, and energetic particles is coupled
downward into the lower atmospheric layers, just as the variability in the lower atmosphere associated with
anthropogenic effects is coupled upward into the upper atmospheric layers. Hence, studies of the
anthropogenic effects in the upper atmosphere (where they are frequently much larger than in the lower
atmosphere) can provide important information on the magnitude of anthropogenically induced global
change at lower levels in the atmosphere, while studies of the downward transport of solar variability
effects through the atmosphere provide a basis for understanding the relative importance of solar and
anthropogenic variability effects on biospheric global change.

The unusual breadth of the HAO research program strains the available resources, but it is
necessary for a coherent approach to the study of solar variability and its impact on the terrestrial
environment. Fortunately, the unifying theme of solar-terrestrial research produces strongly overlapping
interests over all of HAO's research efforts and leads to a healthy level of interaction and cooperation.

Significant Accomplishments

* Tom Bogdan, Keith MacGregor, and Michael Knolker (Kiepenheuer Institute) have for the first time
provided a complete and rigorous account of linear wave propagation in a homogeneous radiating fluid
which unifies a great number of existing studies that have not always appeared to be mutually
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consistent in their predictions. This study paves the way for the study of radiative damping of acoustic
waves in the sun. (See page HAO-5.)

* Paul Charbonneau and Keith MacGregor have completed the analysis of their solar spindown
calculations, carrying out additional numerical simulations which have clarified and further quantified
the importance of phase mixing in damping large-scale internal toroidal oscillations. (See page
HAO-8.)

* Andrew Skumanich and Bruce Lites, in studying small sunspots with Advanced Stokes Polarimeter
data, have found that fluctuations in field strength are anti-correlated with fluctuations in field zenith
angle and are only weakly correlated with intensity fluctuations, which implies that thermal processes
are neither responsible for nor strongly coupled to whatever mechanism leads to such fine scale
magnetic structure. (See page HAO-10.)

* Philip Judge and Paal Brekke (University of Oslo) have derived properties of the solar transition region
from absolute intensities of resonance emission lines observed with the SMM/HRTS instrument and
have found extremely small volume filling factors for the transition region plasma, with very high
electron densities. (See page HAO-12.)

* Eijiro Hiei (Meisei University), Art Hundhausen, and David Sime have used a combination of MLSO
white-light coronal data and Yohkoh X-ray data to demonstrate conclusively that the coronal mass
ejection of 30 April to 1 May 1993 does not involve significant coronal heating and to show that the
associated X-ray flare is likely the result of magnetic reconnection which occurred as a distinctly
different process, well after the mass ejection has left the region. (See page HAO-14.)

* Victor Fomichev, Rashid Akmaev (both from St. Petersburg University), and Raymond Roble have
used a global average model and the TIME-GCM with a new radiation parameterization to study
thermal balance in the upper atmosphere and have found that the global average mesosphere and
thermosphere are in near radiative balance, even though there are strong local departures from radiative
equilibrium (e.g., the cold summer mesopause). (See page HAO-17.)

* Maura Hagan, Jeffrey Forbes (University of Colorado), and Francois Vial (Laboratoire de
Meteorologie Dynamique du Centre Nationale de Recherche Atmospherique, France) have used a new
spectral model capable of predicting atmospheric tides and planetary waves between the ground and the
upper thermosphere to investigate the properties of the middle atmosphere 2-day wave that is a
dominant feature of the summer hemisphere middle and low latitudes.. The results suggest that the
wave magnitude is extremely sensitive to the zonal mean winds assumed in the model and that the
comparatively weak eastward strato-mesospheric jet during northern hemisphere winter can account for
a shift in the resonant frequency of the quasi-2 day wave response. (See page HAO-19.)

* Gang Lu, Arthur Richmond, and Barbara Emery derived the high-latitude ionospheric convection
patterns in both northern and southern hemispheres simultaneously during the period of 27-29 January
1992, using the AMIE procedure, and they were able to identify the magnetospheric drivers of the
convection flow and to estimate quantitatively their contributions to the total cross-polar-cap potential
drop. (See page HAO-22.)



HAO-3

* Paul Song and coworkers from 11 universities and other institutions have conducted a series of studies
of wave and particle properties of the dayside magnetopause, using data from 14 instruments on two
spacecraft covering the entire frequency and energy ranges of interest A major discovery of these
studies is that the dayside boundary layer is not formed by diffusive processes, but by time-dependent
processes, most likely magnetic-field-line reconnection. (See page HAO-22.)

* The SOLSTICE instrument (Gary Rottman, Principal Investigator, with coinvestigators from HAO
and the University of Colorado) on the UARS satellite continues to make daily measurements of the
full disk solar irradiance at ultraviolet wavelengths, 120 to 420 nm. Data from the first year, October
1991 through September 1992 have been validated and released to the scientific community. Time
series of these data illustrate solar variability on all time scales, including very rapid solar flare
activity, the dominant 27-day variability associated with the appearance and disappearance of active
regions on the solar disk modulated by solar rotation, and an initial determination of the eleven year
solar cycle variations. This is the first instrument to incorporate a calibration scheme to correct for
long-term instrumental drift. (See page HAO-24.)

* Thomas Woods (with coinvestigators from HAO, the University of Colorado, the Naval Research
Laboratory, and the Jet Propulsion Laboratory) submitted a proposal to NASA to develop an EUV
irradiance spectrometer to be flown on the TIMED (Thermosphere-onosphere-Mesosphee-ehere Energetics
and Dynamics) mission scheduled for launch in 1999. This proposal was accepted and the HAO
instrumentation group is now completing the conceptional design for the SEE (Solar Extreme-
ultraviolet Experiment) instrument. (See page HAO-25.)

* Thomas Woods and collaborators from HAO, the University of Colorado, Boston University, and the
Jet Propulsion Laboratory conducted a highly successful sounding rocket experiment on 27 October
1992. The primary science objective of this program is to measure the solar EUV (A < 100 nm) solar
irradiance with emphasis on the calibration and development of proxy models for the data. This is the
third in a series of experiments extending back to 1988 and provides and a reliable estimate of solar
cycle variability. (See page HAO-26.)

Solar Physics

The Solar Physics Section of HAO embraces a broad range of research topics connected by a common
theme: to understand the physical processes which describe the sun from its interior to its extended
atmosphere and the interplanetary medium, and the specific observed phenomena which arise from these
processes. Particular emphasis is placed upon those mechanisms which cause the sun to vary its output of
radiation, fields, and energetic particles; and, in concert with the Terrestrial Interactions Section,
investigation of the influence of these processes on the earthts upper atmosphere.

Solar magnetic activity is the driver for the known variability of the sun on time scales ranging from
seconds to decades (and perhaps longer).The source of solar activity lies in the interior of the sun, and it is
believed to result from the interaction of convection and rotation in the outer one-third of the solar
envelope: the solar dynamo. It manifests itself at the surface of the sun and above in a variety of
fascinating phenomena including sunspots, solar flares, prominences, and coronal mass ejections.
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These phenomena are interesting subjects of study in their own right as they represent the physical
behavior of magnetized plasmas in regimes unattainable in terrestrial laboratories, and as they occur in
perhaps the only physical system where we have a reasonable hope of understanding in detail those
processes responsible for a wide variety of astrophysical phenomena. Therefore, understanding of solar
variability and its terrestrial influences necessarily begins with study of the solar interior. Accordingly, this
summary of solar physics research at HAO during FY 1993 is organized by domain of study, starting with
the deep interior of the sun, and progressing outward through the solar atmosphere into the solar corona,
and the solar wind. While emphasis is given to investigation of phenomena related to the solar magnetic
activity cycle, this goal is broadly interpreted to encompass the study of the "quiet" solar atmosphere which
also participates in the solar activity cycle and whose phenomena are important components of the larger
problems of solar magnetic activity and variability.

Research within this section is not limited to the context of the sun alone. Study of the sun provides
us with details of magnetic activity in one star at one particular moment of its evolutionary history.
Through observation of other stars at different evolutionary states, and whose rotation rates, masses, and
chemical compositions differ from those of the sun, we may be able to further constrain the physical
processes causing magnetic activity. This research is not only directly related to the overall goal of
understanding the physical basis of solar variability, but it also helps scientists at HAO keep abreast of the
larger astrophysics community.

Solar Physics at HAO takes a broad-based approach which integrates observations from
instrumentation developed and operated in-house, utilization of national and international observing
facilities, participation in space programs, and maintenance of a vigorous theoretical program. HAO is
therefore maintaining its long history of diversity and excellence in its scientific approach. The following
excerpts summarize research activity during FY 1993.

The Solar Interior

Research is ongoing at HAO in both theoretical and observational studies of the solar interior,
including the study of solar and stellar oscillations, the evolution of the rotation of solar-type stars, and the
physics of convection within the solar interior and its relationship to the solar magnetic activity cycle.

Helioseismology. The nonradial acoustic oscillation modes of the sun provide the best available
information about the structure and dynamics of the solar interior via measurements at the solar surface of
frequencies, amplitudes, and phases of the millions of oscillatory modes. The HAO Fourier tachometer
(FT) project is drawing to a close with the completion of four papers dealing with the entire 6-year long FT
solar oscillation data set and with efforts to understand the systematic errors that arise in these data or in
their analysis. Jesper Schou (graduate student from Arhus University, now at Stanford University)and
Brown completed a study of systematic errors in the time-series analysis of FT data, using artificial data
produced by a careful simulation of all processes (both solar and instrumental) known to be operating in
the real data. This study revealed that some of the measured parameters (particularly mode frequencies
averaged over multiplets) are likely to be essentially free of systematic error, while others (mode line widths
and, to a lesser extent, frequency splittings induced by solar asphericity) may suffer from significant
systematic problems. A thorough analysis of the best FT data set (April-June 1989) by Kurt Bachmann
(long-term HAO visitor, now at the National Solar Observatory), Schou, and Brown showed that with one
significant exception, the solarp-mode parameters (mean frequencies, amplitudes, linewidths, and
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frequency splittings) determined from FT data agree well with the parameters derived from observations at
Big Bear Observatory taken during the same interval. A follow-up analysis of the entire 6-year FT data
archive by Bachmann and Brown revealed a very tight correlation between the mean frequency of a large
set of intermediate-degree p-modes and the Sun's magnetic activity as defined by certain radiative
diagnostics. Finally, Schou and Brown have reanalyzed the April-June 1989 data set to yield more
information about the latitudinal variation of angular velocity than has hitherto been available. This study
yielded values for the rotational splitting coefficients aj out to i = 17 (previous studies stopped at i = 5).
The observed splitting coefficients conclusively disprove a hypothesis by Gough et al. that the angular
velocity in the Sun's convection zone is constant on cylindrical surfaces, but that structures at high latitudes
conceal this behavior from seismic observation.

During 1993, Tomczyk continued his role as Project Scientist for the Low Degree Oscillations
Experiment (Low-L). This instrument will observe oscillations of low degree (spatial frequency) in the
velocity field of the solar photosphere in order to infer the structure and rotation rate of the deep solar
interior. This instrument, developed in collaboration with Alessandro Cacciani (University of Rome), and
with the assistance of Bifford Williams (graduate student, Physics Dept., University of Colorado), is based
on a Magneto-Optical Filter which uses the effects of a magnetic field on a laboratory vapor of Potassium
to create narrow transmission bands near the solar absorption line of Potassium at 770 nm. During June,
1993 first light was passed through the optical system, and the first velocity images of the sun were
obtained. Thorough evaluation and testing of the instrument continues in preparation for installation at
Mauna Loa, Hawaii in early 1994.

The width of individual oscillatory modes provide information about the mechanisms of excitation and
damping of modes, and in turn provide information about the dynamics of the solar interior and
atmosphere. Bogdan, MacGregor, and Michael Knolker (Kiepenheuer Institut fur Sonnenphysik, Freiburg,
FRG) are continuing their investigations of linear wave propagation in a homogeneous radiating fluid. The
radiation field is treated in the gray approximation and the source function is assumed to be the (local)
Planck function. Most previous studies have then invoked some closure and thus worked exclusively with
the two lowest angular moments of the radiation field. The novelty of their investigation is that they retain
the full angular dependence in the transfer equation and make no such closure approximation. Both
momentum and energy exchange between the fluid and the radiation field are treated correctly to leading
order in the perturbations. Through this formalism they may consider either the relaxation of an imposed
disturbance back to the equilibrium state or the asymptotic response of the radiating fluid to steady
localized harmonic driving at a specified frequency. As a result of their analysis, Bogdan, MacGregor and
Knolker have provided for the first time a complete and rigorous account of linear wave propagation in a
radiating medium which unifies a great number of existing studies that have not always appeared to be
mutually consistent in their predictions. An important practical result of this work is the determination of
those circumstances under which the Eddington approximation provides a sensible description of the
behavior of small disturbances in a radiating fluid. This study paves the way for the consideration of wave
propagation in a stratified radiating fluid, which is of some importance for understanding the radiative
damping suffered by the solar acoustic oscillations.

Matthias Biinte (Institute fur Astronomie, ETH- Zentrum, Zurich, Switzerland) and Bogdan obtained
a new class of analytic solutions for linear magneto-atmospheric waves in a stratified, isothermal
atmosphere permeated by a horizontal magnetic field. This new class of solutions contains as special cases
the only two known analytic solutions found by Yu in 1965 for an atmosphere with a constant Alfven
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speed, and by Nye and Thomas in 1976 for an atmosphere with exponentially upward increasing Alfven
speed. Biinte and Bogdan were able to show that the influence of the radiation field it may be incorporated
in any isothermal magnetoatmospheric wave problem simply by allowing the ratio of specific heats to be a
complex, frequency-dependent, quantity. This new larger class of analytic solutions provides greater
flexibility for models that have previously employed the Yu and Nye and Thomas solutions in order to
understand such diverse effects as the Evershed phenomenon and the solar-cycle variation of the p-mode
frequencies.

Asteroseismology. As the new field of helioseismology is revealing the subsurface structure of the
sun, the even newer field of asteroseismology holds promise of providing information about the structure of
other stars which harbor similar global oscillation modes. Brown, in collaboration with Scott Homer
(graduate student, University of Chicago, now at Pennsylvania State University), Robert Noyes, Peter
Nisenson, and Sylvain Korzennik (Harvard-Smithsonian Center for Astrophysics), installed the Advanced
Fiber Optic Echelle (AFOE) stellar spectrograph at the 1.5 m Smithsonian-operated telescope at Mt.
Hopkins, Arizona in October-November 1992. This spectrograph is the first fiber-fed echelle to be
optimized specifically for precision radial velocity measurements; its intended use is to study small-
amplitude pulsations in distant stars (asteroseismology) and to search for low-mass stellar companions. By
October 1993, the system had been used for two engineering runs and two observing runs of approximately
one week each. These runs demonstrated Doppler precision of about 3 mis for observations of bright stars,
and indicated that long-term stability of roughly 15 mis was attainable using preliminary calibration and
reduction techniques. Observations in April 1993 yielded a 5-night set of observations of the rapidly-
rotating 6 Scuti star v UMa. No other observations of line-profile variability in 6 Scuti stars cover so long
an interval; the AFOE data show the first evidence for night-to-night changes in mode amplitudes, and
imply either two groups of modes with nearly identical frequencies, or nonlinear transfer of energy between
modes.

Brown, J0rgen Christensen-Dalsgaard (Arhus University and HAO affiliate scientist), Ronald
Gilliland (Space Telescope Science Institute), and Barbara Weibel-Mihalas (National Center for
Supercomputing Applications) completed a study of the utility of stellarp-mode data in determining the
stellar structure parameters describing distant stars. They found that pulsation frequencies in combination
with more traditional photometric, astrometric, and spectroscopic indices can yield a substantial
improvement in estimates of stellar age, mass, mixing length, and composition. Moreover, in some cases
pulsation frequencies may allow direct tests of some physical assumptions underlying the theory of stellar
structure.

Sunspot Seismology. Work continues at HAO toward understanding the interaction of the global p-
modes with sunspots and active regions. Absorption by p-modes on internal critical layers in cylindrical
magnetic flux tubes has long been a promising means of explaining the observed p-mode absorption by
sunspots. Rony Keppens (HAO Newkirk Graduate Assistant, Katholieke Universiteit, Leuven, Belgium),
guided by Bogdan and Marcel Goossens (Katholieke Universiteit, Leuven, Belgium), has been investigating
how the multiple scattering of acoustic waves within a bundle of magnetic flux tubes, which each possess
an internal critical layer, It is expected that interaction of p-modes with sunspots might provide a useful
diagnostic means to distinguish between the competing monolithic cylinder and composite ("spaghetti")
fibril sunspot models. Bogdan & Fox (1991) had previously sought such a diagnostic by studying the
multiple scattering of acoustic waves from bundles of uniformly magnetized flux tubes which do not
possess critical layers, but their investigation proved inconclusive. Keppens, on the other hand, has
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succeeded in identifying the physical basis of such a distinguishing diagnostic. He finds that for a fixed
amount of magnetic flux, the composite sunspot is a much more efficientp-mode absorber than its
monolithic counterpart, whereas both models have comparable scattering cross-sections. The physics
underlying this striking result is rather easily understood: the absorption by individual tubes adds
incoherently while the scattering adds coherently over the flux tubes in the bundle.

Paul Cally (Monash University, Clayton, Australia), and Bogdan have intensified their efforts to
model the observed absorption ofp-modes by sunspots. During the past year they have carried out further
investigations of u-modes, which may be regarded as the counterparts of the familiarp-modes in a stratified
atmosphere with an imposed, predominantly vertical, magnetic field. The key difference between thep-
modes and the a-modes is that even in the absence of dissipation, the latter have complex frequencies for
real horizontal wavenumbers (or vice versa) whereas the former generally exhibit both real frequencies and
horizontal wavenumbers. The essence of this distinction results from the ability of magnetic field-guided
slow magnetoacoustic waves to carry energy away from the atmospheric resonant cavity. For a uniform
vertical magnetic field and a realistic solar envelope, Cally and Bogdan were able to demonstrate that this it
-mode damping has sufficient strength to be able to explain the absorption suffered by the p-modes. This
assessment is based upon the use of an acoustic transfer equation for the p-modes, a strategy that was
developed in collaboration with Ellen Zweibel (University of Colorado) and which circumvents the difficult
problem of computing the coupling coefficients between the nc-modes of the sunspot interior and thep-
modes of the surrounding quiet Sun. Ultimately this coupling problem must be solved, and to this end
Charbonneau and Paul Hunter (Monash University, Clayton, Australia), have joined the collaboration to
develop the means to describe the n-modes in diverging magnetic field geometries and implement the
matching conditions between the internal and external oscillations.

Convection. Bogdan and Knolker are collaborating with Fausto Cattaneo and Andrea Malagoli
(University of Chicago), to create a low-viscosity hydrodynamic code for studying compressible convection
at the highest attainable Rayleigh and Reynolds numbers. The program involves modification of the
existing convection code developed by Cattaneo and Malagoli to incorporate the transport of energy by
radiation. In its present form, the transport of energy is effected entirely through thermal conduction
characterized by a constant thermal conductivity. In addition to the greater degree of realism, another
reason for upgrading the energy equation is that new physics is accessible for study with the code. A stable
overshoot layer is expected to develop in the upper portion of the computational domain owing to the
efficient transport of energy by the radiation field in the optically thin zones. The previous studies by
Cattaneo and Malagoli indicated that transonic flows and accompanying shocks developed intermittently
near the upper surface of the computational domain. One of the first issues that will be addressed with the
new code is to what extent this phenomenon is influenced by the radiative energy transport in these layers.
Bogdan and his collaborators also plan to use the numerical simulations to study the impact of the upper
overshoot layer and the attendant radiative damping on the acoustic emission processes and determine the
efficiency of gravity wave generation.

Fox and his co-workers have continued their numerical modeling of compressible convection in the
Sun and stars to improve understanding of the internal structure of the Sun. Fox, with Vittorio Canuto
(NASA Goddard Institute for Space Studies) and Sabatino Sofia (Yale University), have been comparing
formulations of Subgrid-Scale (SGS) turbulence models (developed by Canuto and associates) using large
eddy simulations of compressible, stratified convection. The advantage of using SGS models in the
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simulations is to accommodate higher turbulent parameter ranges than would otherwise be attainable on
existing supercomputers, thus making the most of the available spatial resolution. These SGS models are
the first ones to incorporate the physical effects of unstable and stable stratifications, rotation, anisotropy,
temperature variance and buoyancy effects in the expressions for the Reynolds stress and turbulent heat
flux. So far they have found that the incorporation of buoyancy only makes a small difference to the energy
transfer on small scales (where the GS models operate).

Convection in the Presence of Magnetic Fields. The interaction of convection with subsurface
magnetic fields determines the behavior of the solar magnetic field at the solar surface, and thus contributes
to the observed variability of the Sun. Investigation of magneto-convective processes in the solar interior
then provides the foundation for our understanding of solar variability. Fox and Sabatino Sofia (Yale
University) are continuing their numerical simulations of energy flow around sunspot-like objects on and
near the solar surface. This year models have been calculated in two dimensions which explicitly include a
strong magnetic field concentration. In addition, previous simulations (without magnetic fields) have been
extended to include more realistic spot geometries and boundary conditions.

Fox, Sofia, and Michael Theobald (Applied Research Corporation) have also continued their study of
the statistical nature of the interaction of convection and magnetic fields. Currently, they are focusing on
the spectrum of waves and oscillatory phenomena excited in the presence of strong magnetic fields. All of
these calculations utilize a new subgrid-scale magnetic resistivity formulation which allows the
development of small scale regions of intense magnetic fields (flux tubes). In related work, Fox continued
an investigation of magnetic flux expulsion from a submerged horizontal flux concentration based on both
two and three-dimensional models. It was found that many aspects of the flux emergence (omega-loops) are
similar in two and three dimensions; however, the submergence (u-loops) is distinctly different. Fox also
used the three-dimensional, stratified model to study the amplification of low intensity magnetic fields to
study intranetwork field organization and small scale dynamo action.

Fox and Peter Gilman (NCAR Associate Director),initiated an investigation of kinematic and dynamic
solar dynamos. For the alpha-squared omega kinematic dynamo in axisymmetric spherical geometry, they
investigated the effects of various differential rotation profiles and alpha distributions in a thin shell near
the base of the solar convection zone. They found equatorward propagating cyclic solutions for suitable
values of solar parameters such as magnetic diffusivity and strength of the alpha effect. These studies are a
precursor to the dynamical study of differential rotation, meridional circulation and thermodynamic
variations at the base of the convection zone which will then provide a framework for studying the
induction of a magnetic field.

Evolution and Structure of the Sun and Stars. Charbonneau and MacGregor have completed
the analysis of their solar spindown calculations, carrying out additional numerical simulations aimed at
clarifying and further quantifying the importance of phase mixing in damping large-scale internal toroidal
oscillations. The next phase of the project consists of extending the simulations backwards in time to the
pre-main sequence evolutionary phase, in order to verify whether or not the rapid spin-down exhibited by a
subset of models-a desirable feature if observational constraints are to be met-still occurs when the
calculations are begun at earlier evolutionary stages.

Along related lines, Charbonneau, MacGregor, Keppens, and Axel Brandenburg (visitor, NORDITA,
Finland) have begun a series of spin-down calculations using the Weber-Davis model for angular



HAO-9

momentum loss, a simplified formulation of internal angular momentum redistribution, and incorporating
results from various dynamo simulations. The aim is to investigate to what degree the observed rotational
evolution of young solar-type stars is sensitive to the behavior of dynamos at high rotation rates.
Preliminary results indicate that powerful constraints on dynamo models can indeed be obtained in this
manner.

Keppens, Charbonneau, and MacGregor are conducting a systematic investigation into the evolution
of the distribution of rotational velocities for solar-type stars. The objective of this study is to determine
how the evolution of the distribution of rotational velocities is affected by: (i) the form of the assumed
initial distribution; (ii) a spread in the ages of stars of a given mass; (iii) the exchange of angular
momentum between the star and a magnetized accretion disk during the first few million years of pre-main
sequence evolution; and (iv), saturation of the dynamo-generated magnetic field at high rates of rotation.
Preliminary results suggest that the last two of these enumerated effects are capable of broadening the
distribution during pre-main sequence evolution in a manner that is consistent with observations.

MacGregor, Charbonneau, and V. Hansteen (Oslo University) are also studying the evolution of solar
wind properties over the course of the Sun's main sequence lifetime. The results of these calculations
indicate that the outflow from the young Sun attained a substantially higher asymptotic speed than that of
the present-day solar wind, a consequence of the acceleration produced by increased magnetic and
centrifugal forces at early times. However, if the average solar coronal temperature is maintained constant
at its present value during the evolution, then the wind models covering the first 3 x 109 years of the Sun's
life on the main sequence have lower mass fluxes than the model for the current solar wind. This result
contradicts inferences drawn from measurements of heavy element abundances in lunar surface rock
samples. Measured overabundances of certain species (i.e., Xenon) have been interpreted as evidence for
an enhanced solar wind mass flux at early times. In an effort to reconcile these results, MacGregor,
Charbonneau, and Hansteen are studying the dynamics of such minor constituents in flow solutions like
those described above. By considering the motion of trace species in wind solutions obtained for a variety
of coronal temperatures, comparison between observed and predicted abundances will provide constraints
on coronal thermal evolution.

The Galactic Dynamo. Ferriere continued with her program to systematically study the evolution
and generation of the galactic mean magnetic field by the effects of supernova explosions and
superbubbles. Using the best available observational information on supernovas and their distribution in
the galaxy, simple models have allowed the direct derivations of the transport coefficients as tensors in
terms of basic processes they represent. Among the new properties demonstrated are the anisotropic effects
as functions of the sources of turbulence previously not suspected when these tensors were oversimplified
to scalar constants.

The Solar Photosphere

The region just above the visible surface of the sun is known as the photosphere. It represents the
interface at which the transport of energy suddenly changes from dominantly convective in the interior to
dominantly radiative in the lower solar atmosphere, and above. The nature of the stability and
thermodynamics of magnetic concentrations in the photosphere is one of the major puzzles for solar
physics, and quantitative understanding of their structure is a major goal of the section.
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Observations of Photospheric Vector Magnetic Fields. The Advanced Stokes Polarimeter
(ASP), a joint program between HAO and the National Solar Observatory (NSO), is now providing
polarimetric data of unprecedented angular resolution and polarimetric accuracy. During FY 1993,
considerable effort was devoted by Skumanich, Lites, and Valentin Martinez Pillet (Visitor, Instituto de
Astrofisica de Canarias, Spain) to continued and improved observations, and to refinement of the
techniques for calibration of the data. The latter work was essential to allow full scientific use of the ASP
data. The design goals for the instrument have been met or exceeded in both cases, and the instrument is
now fully operational. HAO scientists and visitors are beginning to exploit the rich observational data on
solar photospheric vector magnetic fields that are available from ASP.

Skumanich and Lites continued their analysis of ASP sunspot data. Further study of small sunspots
indicated that the fluctuations in field strength are anti-correlated with fluctuations in field zenith angle with
a cross-correlation of 80% and that such fluctuations are only weakly correlated to intensity fluctuations.
This would imply that thermal processes are not responsible for-or coupled strongly to-whatever
mechanism leads to such fine scale magnetic structure. In addition, the ASP data was found to provide the
definitive evidence for the departure of mean magnetic fields from potential field configurations. Magnetic
forces must occur in the body of the spot as well as at the penumbral boundary.

Pillet, Lites, and Skumanich used high angular resolution ASP data to investigate the "moving
magnetic features" (MMFs) in the immediate surroundings of sunspots. The ASP data provided the first
quantitative information of vector magnetic fields and flows in these small features observed to move
radially outward from sunspots. It was found that the magnetic fields in MMFs are more highly inclined to
the local vertical than are nearby plage fields and, unlike plages, their field inclinations are anti correlated
with their field strengths. On average, MMFs show a slight redshift of 200 mis (similar to that of plages).
It has been proposed that the magnetic flux of sunspots dissipates via the MMFs, but the precise flux
measurements now available from the ASP show that the sunspots associated with these MMFs decay at a
much slower rate. This new information places strong observed constraints on mechanisms proposed for
MMFs and the decay of sunspots.

Lites, Pillet, and Skumanich have begun a study of a small 6-sunspot whose entire evolutionary
history was recorded by the ASP. The reliable vector magnetic field measurements strongly suggest that
this event is the passage through the photosphere and into the corona of a nearly closed magnetic system.
Further, the data suggest that the strong magnetic shear of the region was in place before its appearance in
the photosphere, i.e., it was not caused by motions of the magnetic footpoints after emergence. This event
continues to be studied regarding its implications for the formation of active region prominences, and for
observed strong downflows at photospheric levels in active regions.

Jorge Sanchez Almeida and Pillet completed a study of the inclination of network elements observed
close to disk center with the German Gregory-Coude Telescope at the Observatorio del Teide (Tenerife,
Spain). Unlike previous measurements, the instrumental polarization for these data is very well
understood. Also unlike previous studies, they found that network magnetic elements are not highly
inclined to the vertical. This result is anticipated from theory, and is also verified by recent ASP
measurements.

Sunspot Dynamics. Detlev Degenhardt (University of G6ttingen, Germany) and Lites extended
their earlier numerical models of flux tube structures within sunspot umbrae, with the goal of
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understanding the physical structure and origin of very small bright inclusions in sunspot umbrae: umbral
dots. Umbral dots are suspected to be the surface manifestation of convection in the presence of the strong
sunspot magnetic field. The new calculations explore the range of boundary conditions of the model that
are permitted by existing observations. The models so constrained can provide guidelines for future
numerical modeling of the magneto-convective processes giving rise to umbral dots.

Charbonneau, Paul Cally (Monash University, Clayton, Australia) and Bogdan are tackling the
difficult problem of computing magnetoacoustical normal modes in a realistic magnetic flux tube model
including stratification and flaring of the magnetic fieldlines. They are now working on the formulation and
numerical implementation of a proper radiating boundary condition at the base of the flux tube, a non-
linear integral constraint between the complex amplitudes of ingoing and outgoing wave modes.

Granular Convection. Yong-Cheol Kim (Yale University) and Fox have continued their study of
solar and stellar granulation and photospheric convection using high resolution three-dimensional
simulations with a realistic equation of state and opacities (LASL, OPAL and Kurucz). The results of these
simulations are fed into the ATLAS spectral line synthesis program to study weak photospheric absorption
lines for both the Sun and an A5 star. The shape of the asymmetries in the spectral line record the effects of
the convection on the radiation field. For the two cases studied, the line asymmetries are qualitatively in
agreement with observations.

Fox and Ira Bernstein (Yale University) continued their investigation of the accuracy and validity of
the "anelastic" approximation for the Navier-Stokes equations of compressible flow. Using both two and
three dimensional simulations without the anelastic approximation, they found that, while the
approximation is valid in some cases, whenever strong diverging, or converging flows arise (which are
prevalent in simulations for the surface layers of the Sun), the approximation ceases to be valid. A
completely new approximation has been developed which does not suffer from these drawbacks and is
being tested on a two-dimensional simulation of compressible convection which can be directly compared to
the unapproximated case.

The Solar Chromosphere and Transition Region

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. 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 variability the ultraviolet radiation from the sun,
which in turn has a strong influence on the upper terrestrial atmosphere, as discussed later in this report.
Significant advances in understanding of the energetics and dynamics of the solar chromosphere will
depend upon the development of better diagnostics of the chromospheric plasma. Much of the current work
on the chromosphere at HAO is in the direction of exploring these diagnostics.

Diagnostics of the Solar Chromosphere. Judge and Grant Athay (HAO Senior Associate
Research Scientist) have studied observations of neutral oxygen lines in the near infrared and ultraviolet
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solar spectrum. Athay and Judge argue that collisional excitation processes are consistent with the solar
data only if (1) the collision cross sections at thermal energies are too small by an order of magnitude;
and/or (2) the solar chromosphere has thermal properties which are substantially different from the mean
thermal models of Avrett and colleagues. If (1) is the cause, then Athay and Judge have identified lines
which are valuable diagnostics of the chromospheric electron density, if (2) then models of the
chromosphere lack physical processes probably related to the elusive heating mechanism(s).

In collaboration with Paal Brekke (Oslo University), Judge has derived properties of the solar
transition region from absolute intensities of resonance emission lines observed with the HRTS, the UVSP
instrument on the SMM spacecraft, and with archival data of low gravity stars from the Hubble Space
Telescope. Judge and Brekke find: (i) extremely small volume filling factors f for the transition region

plasma (f:s 0.001) but with much higher electron densities than previously found (Ne - Clt2 cm- 3); (ii) that
the stellar data provide a check on the atomic calculations which have been used to derive the spectrum of a
low-density ( < 10-10 electrons cm-3, say) transition region plasma (no region yet observed on the Sun has
this density); (iii) that a lower density component (Ne 1010 cm- 3) must contribute the bulk of the emission
in the intersystem lines. Owing to the radical departure from previous results, this work is likely to
generate controversy and change fundamentally our understanding of the solar transition region.

Diagnostics of Stellar Chromospheres. Judge has demonstrated the feasibility of extending an
established plasma diagnostic technique using published chromospheric emission line profiles of the red
giant a Tau. These data were obtained using the Goddard High Resolution Spectrograph on the Hubble
Space Telescope. The new technique promises to be valuable as a tool for studying the thermodynamics of
plasma flows of optically thin plasmas, including the solar transition region and corona. The premise is
extremely simple: traditional "density diagnostics" have relied upon frequency-integrated quantities (e.g.,
the total line intensity). The new aspect of the work by Judge is the demonstration that, using data of
sufficiently high spectral resolution and signal-to-noise, electron densities can be derived from ratios of
monochromatic flux densities. Future applications should include a study of the nature of the "transition
region downflows" seen in the Sun and stars.

In collaboration with Jeffrey Linsky, Brian Wood, Alexander Brown, Catherine Andrulis, and Thomas
Ayres (all at the University of Colorado), Judge has performed emission measure and electron density
analysis of an extensive set of observations of Capella (G8 III + GO III) obtained with the Hubble Space
Telescope. The GO III star is chromospherically more active than the Sun, (in terms of emitted radiation),
but its transition region has on average a lower pressure. Its surface abundances determined from the
emission measure analysis are closer to solar photospheric abundances. This is contrary to what might be
expected on the basis of solar work, and it suggests that gravitational acceleration and/or binarity play a
role in the separation of elements by ionization potential in the atmospheres of the Sun and stars.

Judge, in collaboration with Carole Jordan (University of Oxford) and Thomas Ayres, has constructed
empirical models of the chromosphere, transition region and corona of the very inactive coronal star I3 Gem
(KO III). The models are based upon observed line profiles and flux densities from the IUE satellite, the
Hubble Space Telescope and upon X-ray data from the EINSTEIN satellite. These models may be usefully
compared with the semi-empirical models of the Sun made by Avrett and colleagues. This is one of the
least active stars known to show coronal X-ray emission and it therefore could provide an important test on
the average energy balance of extremely inactive regions on the Sun.
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The Solar Corona/Solar Wind

Coronal Magnetic Fields. With Joan Hundhausen (Visitor, Colorado School of Mines), Low
initiated a theoretical study of long-lived, large-scale coronal structures modeled as static equilibrium states
in the presence of a uniform gravity. The governing equations are nonlinear with few known solutions.
New results obtained include the demonstration of vertical sheet-like prominences embedded in a
horizontally oriented magnetic flux rope manifesting as a cavity of density depletion which has been
traditionally ignored in previous theoretical models. The model shows that the prominence as a vertically
extended structure in the so-called inverse magnetic configuration crucially requires the diffuse currents
associated with the cavity for its support against gravity, a conclusion based on a rigorous mathematical
proof. Recent observational interpretations by Martin (Caltech) suggested that quiescent prominences in Ha
are located in channels with quite distinct morphological properties. The above theoretical results suggest
that prominence channels are manifestations of the cavity magnetic flux rope.

A definite but intriguing relationship exists between the mass ejection and the flare. Despite their
close association, the flare does not cause the mass ejection whereas many mass ejections are followed by
flares. Low has synthesized a global view of the evolution of the solar corona in the course of an eleven-
year cycle in response to new magnetic fluxes injected by the dynamo mechanism below. In this view, the
concept of magnetic helicity as developed by Mitch Berger (former visitor, University College of London)
plays an important role. If it is accepted that the new magnetic fluxes enter corona in twisted form, the
subsequent flaring liberates energy by magnetic reconnection with no significant loss of local net helicity,
according to the classical Taylor theory and its development by Berger. It then follows that stable magnetic
structures are produced with a considerable amount of current locked into the structure by the conserved
net helicity. Low pointed out that this would explain long lived sheared magnetic structures in the corona
observed by Grant Athay and his co-workers, and the long-lived coronal helmet-streamer belts. In the latter
the trapped helicity is readily identified with the magnetic flux rope believed to be the origin of the
prominence cavity at the base of the helmet; see above. Eventually such long-lived structures do erupt due
to an ever changing corona which must reverse its global magnetic polarity at the end of each eleven year
cycle. Since flare-like eruption cannot get rid of the helicity in the helmet-streamer, it then follows that the
only means of ridding that helicity is by bodily expulsion as mass ejections. This global view gives the
mass ejection a natural place in coronal activity, and pieces together diverse observational information into
a whole.

With Low, Yung-Ping Chou (Advanced Study Program Graduate Assistant, Columbia University)
studies the quasi-static evolution of magnetic fields treated to be force-free in the low plasma-beta,
quiescent corona. Of particular interest is the morphology of the magnetic field in fully three-dimensional
geometry and its evolution in association with magnetic footpoint motions, magnetic flux emergence and
submergence, taking place at the lower boundary of the corona. Present magnetic field observations give
only the field vector at the photosphere and incomplete information on the field morphology in the
chromosphere and corona. Yung-Ping's analytical model allows the demonstration of quite complex,
realistically-looking magnetic topologies for study in terms of energy build-up and the driving mechanisms
at the photosphere.

Yung-Ping, with Charbonneau and Low, has extended his model of the force-free magnetic fields to
allow for field-aligned and cross-field currents in order to describe the global corona in terms of its capacity
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to store energy for a coronal mass ejection. For this purpose, it is strategically useful to localize the
currents so that the magnetostatic problem reduces to a free boundary problem which requires numerical
treatment. The numerical code development has been completed and a study has been initiated to study the
role of cavity-like structures in the energy storage process.

Coronal Observations. The analysis of white light data from the Solar Maximum Mission
Coronagraph/Polarimeter (SMM C/P) continues. Mass estimates for coronal mass ejections observed in
1984 - 1987 undertaken by Hundhausen, Stanger and Serbicki (Colorado University, undergraduate)
yielded an average mass of 2.1 to 2.5 105g , with minor solar-cycle variations despite strong
corresponding variations in the mass ejection speeds (157 km s-1 in 1984 to 371 km s-1 in 1986), and in the
level and character of solar activity in this period. Hundhausen, Stanger and Frances Bagenal (Colorado
University), completed the final absolute calibration of the coronagraph/polarimeter by the use of images of
Jupiter. This calibration yields an absolute intensity consistent with earlier work, with an uncertainty of
less than 25%.

The data from the Yohkoh satellite provide the first opportunity to observe the large-scale corona in
soft X-ray during a coronal mass ejection. Eijiro Hiei (Tokyo National Astronomical Observatory),
Hundhausen and Sime use Yohkoh, MLSO and related data to examine the origins and effects of mass
ejections and their relationship to flares. The mass ejection observed by these two instruments during April
30 to May 1 1993 is outstanding. In white light, the erupted prominence and its cavity were observed to
rise to 2.6 solar radii, and accelerate to speeds of the order of 200 km s-1. In soft X-rays, no significant

activity was observed until the mass ejection has well left the low corona, when the characteristic bipolar
flare loops with a cusp at the top set in. This shows conclusively that the mass ejection does not involve
significant coronal heating, and that the associated X-ray flare is likely the result of magnetic reconnection
which occurred as a distinctly separate process, well after the mass ejection has left. This observation
confirms results already proposed from the Sky-lab, SMM, Solwind observations as well as theoretical
studies by Low and others, namely, that mass ejections are not "hot" and therefore not driven by the
thermal energies of flare, but are likely to be the result of hydromagnetic nonequilibrium as an ideal
process. In addition, this observation combined with the interpretation of the mass ejection opening up
initially closed coronal magnetic fields, puts the magnetic reconnection as a flare mechanism first proposed
by Roger Kopp (Los Alamos), Jerry Pneuman, and Tadashi Hirayama (Tokyo Astronomical Observatory)
in its logical place in a global scenario..

Once the characteristics and temporal order of the various events making up the mass ejection-flare
eruption are confirmed in select complete observations like the one described above, we have a basis for
confidence in interpreting less complete observations to be indicative of such eruptions. For example, Long
Duration Events can now be confidently be interpreted to be the signature of a mass ejection. The
observations by GOES show a surprising number of very large such events in the high latitude in 1993.
Their association with mass ejections are supported also by observed eruptions or disappearances of high
latitude filaments. Mass ejections would produce major disturbances in the solar polar wind and there is
great interest in their detection with the Ulysses spacecraft as it flies over the solar pole. The MLSO white-
light data have proved to be very valuable to the interpretation of Ulysses observations. With Vivien
Moore and Andre Balogh (both at Imperial College, London), Sime obtained preliminary results,
apparently indicating that the disappearance of the interplanetary current sheet observed recently by
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Ulysses occurred at a time consistent with that based on the location of the current sheet implied by the
white-light data.

Hundhausen, Elmore, Lecinski, Burkepile, Sime, Stanger, and Bagenal continue with the upgrade of
MLSO observations, calibrations and data archiving. The field of view has been extended to beyond 2.74
solar radii, calibration has been significantly improved, and preparation are being made to render the data
set accessible to outside users and to participate directly with the Ulysses experiments.

Wave Driven Solar Wind Models. Keppens, Charbonneau, and MacGregor have begun the
development of a finite element-based relaxation scheme aimed at constructing multi-dimensional MHD
wind models. A one-dimensional version of the scheme has been successfully implemented. This is an
important and useful step, since the availability of 1-D Weber-Davis solutions allows a thorough
verification of the new numerical solutions.

MacGregor and Charbonneau have undertaken a study of the ways in which propagating Alfven
waves can affect the dynamics of the solar wind and related flows. Previous treatments of this problem
have been predicated on the assumption that the waves have wavelengths that are short in comparison to
the length scales over which the physical properties of the wind vary. In this limit, wave propagation and
evolution can be analyzed using the WKB approximation. In the present work, no assumptions were made
concerning the relative sizes of wavelengths and flow scale lengths. Instead, equations describing the
propagation of linear Alfven waves of arbitrary wavelength along the inward- and outward-pointing
characteristics were derived. These equations provide for wave reflection from gradients in the Alfvdn
speed, an effect not described by the WKB approximation. MacGregor and Charbonneau find that for
physical conditions like those in the outer solar corona and wind, even relatively high frequency, short
wavelength waves can experience partial reflection from the Alfven speed gradient at the base of the flow.
As a consequence of the interaction between inward and outward directed waves, the magnitude of the
time-averaged wave force in the sub-Alfvenic portion of the flow is reduced relative to its value in the
WKB limit. For very low frequency, long wavelength waves, reflection can also occur in the super-
Alfvenic portion of the wind. Here the modifications to the wave magnetic and velocity amplitudes can
produce a wave force whose magnitude exceeds that of an equivalent WKB wind solution. Hence, as a
result of these behaviors, wind solutions exhibit smaller mass fluxes and larger asymptotic flow speeds as
wave frequencies are reduced and wavelengths increased.

Basic Fluid Dynamics. Low has discovered a family of self-similar, time-dependent, inviscid
vortical flows for a y = 5/3 adiabatic gas, whose existence results from a compatibility in the temporal
change of the internal energy and the conservation of angular momentum in maintaining the self-similarity.
This theory is developed from a related theory for magnetohydrodynamic flows studied previously by Low.

Terrestrial Interactions

Studies of the response of the earth's environment to the variable nature of the sun encompass a wide
range of topics, from solar wind 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 radiative
and solar plasma energy to the terrestrial environment is a major goal of the Terrestrial Interactions
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Section. Studies are also underway to understand the effects of global change on the structure of the upper
atmosphere, ionosphere and magnetosphere and possible changes in solar-terrestrial couplings.

During the past year Gang Lu joined the section. Lu who studies the couplings between the solar
wind, magnetosphere and ionosphere and analyzes electrodynamic data as part of the Geospace
Environmental Modeling (GEM) effort joined the section in September 1993.

Raymond Roble, Arthur Richmond, Paul Song, Maura Hagan, and Rolando Garcia (Atmospheric
Chemistry Division) are a team that is participating in the NASA Space Physics Theory Program. The
management and scientific use of the NCAR Coupling, Energetics, and Dynamics of Atmospheric Regions
(CEDAR) data base also occur within the section.

Thermosphere-Ionosphere Interactions

TIGCM. During the past year, the thermosphere-ionosphere general circulation model (TIGCM)
continued to be used by the scientific community for a wide variety of geomagnetic studies. This model is
currently being used to study the upward propagation of tides from the middle atmosphere to the
thermosphere and ionosphere and the modification of tidal amplitudes and phases by geomagnetic activity.
It has also been used in the lower thermosphere coupling study (LTCS) of the CEDAR program for
comparison with data obtained during the campaign and also for the interpretation of data. These studies
done in collaboration with Cassandra Fesen (Dartmouth College) have shown that tidal structures can be
altered considerably during geomagnetic storms introducing variability into both thermosphere and
ionosphere structure and dynamics.

The TIGCM has also been used by Jeffrey Forbes (visitor from Boston University and now at the
University of Colorado) and Frank Marcos (Air Force Phillips Laboratory) to study various density
features in thermosphere and ionosphere structure that develop during geomagnetic storms. The model has
been used by Geoffrey Crowley (Applied Physics Laboratory, Johns Hopkins University) and Jacqueline
Schoendorf (graduate student at the University of Massachusetts at Lowell) to study density cells in the
polar regions that develop with enhanced ionospheric convection during geomagnetic storms. These density
cells were first identified in TIGCM simulations and then later verified using data from an Air Force
satellite. Schoendorf is determining the physical processes responsible for cell structure as thesis research
for her Ph.D. She is also a graduate student assistant at HAO.

The TIGCM is being used by Alan Burns, Timothy Killeen and Roberta Johnson (all of the University
of Michigan), and Roble to do a series of model runs that are being used to construct a numerically fast
empirical model for operational prediction of satellite drag for the U.S. Air Force.

The TIGCM is also being used by Gonzalo Hernandez (University of Washington), Roger Smith
(University of Alaska), and Roble to study thermospheric winds over the south pole and compare model
predictions with measurements being made from that unique station. The model has been used by Wei Deng
(University of Michigan), Killeen, and Roble to study the high latitude "flywheel" effect of thermospheric
winds on the solar wind/magnetosphere dynamo. They found that thermospheric winds provide a feedback
mechanism that is particularly important during intense geomagnetic storms.
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The TIGCM is a community model, that in addition to the above studies, is being used by various
other scientists for CEDAR and GEM campaign studies as well as for analyzing data from NASA satellite
missions, such as the Atmosphere Expl Solar MesExplorer, Solar Mesospheric Explorer, Dynamics Explorer, and the
Upper Atmosphere Research Satellite.

TIE-GCM. The thermosphere-ionosphere-electrodynamics general circulation model (TIE-GCM) is
a new simulation model that computes self-consistently the coupled thermosphere and ionosphere
dynamics, the associated dynamo electric fields and currents, and the electrodynamic feedback on the
neutral and plasma motion and thermodynamics. During the past year the model has been in an evaluation
phase to determine the overall model performance and its ability to model various geophysical events. The
results of TIE-GCM simulations have been compared with similar simulations using the TIGCM to
determine the importance of electrodynamic feedback between the neutral thermosphere and ionospheric
plasma and also for comparisons with data obtained from various NASA satellite programs and CEDAR
and GEM campaigns. Overall, the model is performing well and it will eventually replace the TIGCM as a
new community model for scientific research.

The TIE-GCM has been used by Richmond and Roble to study disturbance dynamo interactions that
occur following geomagnetic storms. They found that the neutral winds that are established during the
storm decay slowly as they readjust to geomagnetic quiet conditions and the dynamo effect of these winds
can produce a 5-10 kVpotential difference between the equator and pole and plasma vortices in the post
sunset mid latitude thermosphere. These features decay slowly as the winds subside with perturbations
lasting on the order of 12 hours to a day. These predictions are in qualitative agreement with earlier
predictions made using a two-dimensional zonally averaged model and with observations of mid-latitude
electrodynamics by incoherent scatter radars.

The TIE-GCM has been used to support studies in the CEDAR coordinated analysis of the
thermosphere (CAT) campaigns by providing predictions of winds and temperatures for various Fabry
Perot interferometer and incoherent scatter radar locations. This new model achieves generally better
agreement with data than the older TIGCM. In 1994 the TIE-GCM will replace the older TIGCM for
future scientific studies of thermosphere and ionosphere dynamics.

Thermosphere-Ionosphere-Mesosphere Interactions

Global Mean Structure. The global mean model of the thermosphere-ionosphere-mesosphere and
upper stratosphere between 30 and 500 kmn has been used to study the important physical processes that
maintain the global mean structure of these regions and to develop and test parameterizations for eventual
incorporation into the new thermosphere-ionosphere-mesosphere-electrodynamics general circulation model
(TIME-GCM). During the past year the model was used to test a new 15Ctm CO2 LTE and non-LTE
radiation parameterization developed by Victor Fomichev (University of St. Petersburg, Russia) and
Rashid Akmaev (visitor from the University of St. Petersburg, Russia). This radiation cooling
parameterization is important for determining the thermal balance of the upper atmosphere. The results
obtained with this model using the parameterization suggest that the global average mesosphere and
thermosphere are in near radiative balance even though there are strong local departure from radiative
equilibrium in such regions as the cold summer mesopause. The parameterization is numerically fast and it
has been incorporated into the TIME-GCM to calculate radiative cooling rates for the thermodynamic
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equation. Overall the calculated heating and cooling rates from this parameterization are consistent with
results from more complex non-LTE radiative transfer codes.

The global mean model was also used to test a gravity wave parameterization scheme developed
David Fritts and Wentong Lu (both of the University of Colorado) for use in general circulation models
before incorporation into the TIME-GCM. The parameterized gravity waves interact with the mean flow
and tides and provide an important heat and momentum source for the middle atmosphere as well as
enhanced turbulent mixing of chemical constituents. After testing this parameterization in the global mean
model it was incorporated into the TIME-GCM and used in various studies that are described in the next
section.

The global mean model was also used in global change studies. The model was used to calculated
changes in atmospheric thermal and compositional structure for the case when the concentrations of CO2

and CH4 are doubled from their present day concentrations. The results are strongly dependent upon the
magnitude of the 0 - CO2 vibrational exchange rate used in the calculation. Roble and Robert Dickinson
(University of Arizona) used a rate coefficient of Ix 10-12cm3 / s in their initial study but new laboratory
and satellite studies suggest a rate as high as 6 x 10-12. If the higher rate coefficient is used the global
mean temperature of the mesosphere will cool -15K and the thermosphere -100K. This compares with the
previous values of -10K and -50K calculated by Roble and Dickinson. This suggests that the cooling of
the upper atmosphere in the CO2 and CH4 doubled scenario will be much larger than previously thought

and that the changes in compositional structure and dynamics will be much larger than in previous studies.
It also suggests that it is important to determine present day atmospheric structure for comparisons with
future global change.

TIME-GCM. The TIME-GCM is a new simulation model of the mesosphere, thermosphere and
ionosphere with coupled electrodynamics that has been developed to calculate the global circulation,
temperature and compositional structure of the upper atmosphere between 30 km (10 mb) and 500 km

altitude. The model incorporates all of the features of the TIE-GCM but the lower boundary has been
extended into the upper stratosphere and it includes physical and chemical processes appropriate for the
mesosphere and upper stratosphere. The scientific motivation for the development of a new model that
couples the mesosphere and upper stratosphere with the thermosphere and ionosphere is threefold: (1) to
determine how deep into the atmosphere do the effects of solar and auroral variability penetrate; (2) to
determine how physical, chemical and dynamical processes in the lower atmosphere affect the structure,
dynamics and electrodynamics of the thermosphere and ionosphere; and (3) to determine how the upper
atmosphere will respond to impending global change. The new model solves for global distributions of
neutral gas temperature and winds, the heights of constant pressure surfaces and global compositional
distributions of 0, 2, N2, He, Ar, COQ, CO, CH4 , H2 , H20, H, OH, HO2, NO, N(4S), N(2D), NO2,

Oz(lg), O2('Ag), 03, O(1D), and properties of the ionosphere including the electron and ion temperatures

and the electron and ion number densities including: 0+(2D), O+(2P), O+(4s), 0O, N2, N +, NO+, andD-

region positive and negative cluster ions. The model includes the Ce LTE and non-LTE radiational
cooling and gravity wave parameterizations that were discussed in the previous section and about 50
chemical reactions that are calculated at every grid point and time step.

The model has been run for two hypothetical geophysical conditions: perpetual equinox and December
solstice solar cycle minimum, geomagnetic quiet conditions in order to test the model and compare the
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calculated structure and circulation with mean climatology. The first simulations used Rayleigh friction to
represent gravity wave drag in the middle atmosphere and although it was able to close the mesospheric jets
it severely damped the diurnal tide. Reduced Rayleigh friction allowed the tide to penetrate to
thermospheric heights but did not close the jets. The gravity wave drag parameterization developed by
Fritts and Lu allowed both features to exits simultaneously with the structure of the tides and mean flow
dependent upon the strength of the gravity wave source. The model calculates a changing dynamic structure
with the mean flow and diurnal tide dominant in the mesosphere, the in-situ generated semi-diurnal tide
dominating the lower thermosphere and an in-situ generated diurnal tide in the upper thermosphere. The
results also show considerable interaction between dynamics and composition, especially atomic oxygen
between 85 and 120 km.

The model uses a specification of gravity wave fluxes at 30 km that was measured over Australia by
Robert Vincent (visitor from University of Adelaide, Australia) and extrapolated globally. The model has
been used by William Sharp (University of Michigan) for comparisons of middle atmosphere chemical
composition and temperature profiles with composition measurements made by a rocket at Wind Sands
Missile range and by John Wise (Boston College) to study the lower thermosphere IR cooling and for
comparisons with IR measurements made by an Air Force rocket from the Poker Flats missile range. The
model has also been used by Paul Hays and Dong Wu (both of the University of Michigan) for comparison
of TIME-GCM winds with measurements made by the High Resolution Doppler Imager (HRDI)
instrument on-board the NASA Upper Atmosphere Research (UARS) satellite.

Tidal and Planetary Wave Model Development. A spectral model capable of predicting
atmospheric tides and planetary waves between the ground and the upper thermosphere has been
completed. This model development is a collaboration between Hagan, Forbes, and Francois Vial (Centre
National de la recherche scientifique, France). The model was used to investigate the properties of the
middle atmosphere 2-day wave that is a dominant feature of the summer hemisphere middle and low
latitudes. The model was used to quantify the resonant frequency of the wave and the maximum height of
lower thermospheric penetration using realistic background conditions. The results suggest that the wave
magnitude is extremely sensitive to the zonal mean winds assumed in the model and that the comparatively
weak eastward strato-mesospheric jet during northern hemisphere winter can account for a shift in the
resonant frequency of the quasi-2 day wave response. Further, the inclusion of a realistic lower
thermospheric jet in the summer lower thermosphere sets up a reflecting layer and an associated
enhancement of the summer mesospheric wave signature. These features are in keeping with meteor and
partial reflection drift radar observations.

The inputs of ozone and water vapor tidal forcing schemes within the model have been improved and
the model has been used in various CEDAR LTCS campaign studies. Work is also underway between
Hagan and Cecelia DeLuca (graduate student, Boston University) to develop a non-linear time-dependent
spectral model that is suitable for running on the massively parallel CM-5 processor at NCAR.

TIE-GCM Studies of Magnetosphere-Ionosphere Coupling. Christophe Peymirat (CEDAR
postdoctoral scientist, now a lecturer at the University of Versailles, France) began a collaborative study
with Richmond, Roble, Barbara Emery, and Cicely Ridley, to model the mid latitude ionospheric electric
fields produced by ionospheric dynamo action in the aftermath of a magnetic storm. They used a new
formulation of magnetospheric feedback on ionospheric electrodynamics in the TIE-GCM to simulate the
retreat of the ionospheric mapping of the magnetospheric "shielding layer" to higher latitudes during the
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decay of the storm. They found that the high-latitude thermospheric convection cells that have been spun up
during the storm have a significant residual effect on mid latitude electric fields after the shielding layer has
retreated.

Lunar Tides. Robert Stening (University of New South Wales, Australia) began a study with
Richmond and Roble to model the effects of lunar atmospheric tides in the thermosphere and ionosphere
with the TIE-GCM. They simulated the tides for different seasons and solar-cycle conditions, and
compared the model results with observed lunar ionospheric variations at a number of places around the
world. In order to investigate the sources of differences that were found, Stening and Richmond are using a
tidal model of Forbes and Hagan to examine the sensitivity of lunar tides to changes in the state of the
middle atmosphere.

Thermospheric Gravity Waves. Nikolai Gavrilov (visitor from the University of St. Petersburg,
Russia), Richmond, and Franjois Bertin (Centre de Recherches en Physique de l'Environnement, France)
completed an analysis of gravity-wave climatology for the St.-Santin incoherent-scatter radar in France,
using data for 1968-1987. They found significant seasonal variations, as well as interannual variations, in
the intensity of thermospheric gravity waves.

Upper Mesosphere/Lower Thermosphere Heating by Gravity Waves. Gavrilov and Roble
using gravity wave and turbulence theory developed gravity wave heating and turbulent cooling
formalisms and used them in the global average model to study the energetics of the mesopause region. The
results of their study suggest that heating caused by gravity wave dissipation is nearly balanced by
turbulent cooling for a wide range of conditions suggesting that the globally averaged middle atmosphere is
in near radiative equilibrium. This results is consistent with other studies that suggest that the upper
mesosphere Prandtl number is large and this conclusion is generally confirmed with results from the TIME-
GCM.

Thermosphere Climatology. Hagan completed an analysis and interpretation of thermospheric
winds derived from 7 years of Millstone Hill incoherent scatter radar data. The analysis showed clear
seasonal and solar cycle variations of the magnetically undisturbed thermospheric circulation. This data
and analysis will be used to test the predictions of the TIE-GCM and TIME-GCM of seasonal and solar
cycle variations over a mid-latitude station.

CAT and LTCS CEDAR Studies. Hagan, Richmond, Emery, and Roble have participated in
various CEDAR campaigns on the analysis and interpretation of data as well as making the NCAR models
available for the simulation of CEDAR events. Hagan is a leader in the Coordinated Analysis of the
Thermosphere (CAT) and has studied the seasonal variation of winds at a series of mid latitude stations,
studied the seasonal and solar cycle variation of F-region electrodynamics and couplings between the upper
and lower thermosphere. In addition, to data analysis, the TIGCM and TIE-GCM has been run in support
of various CAT and LTCS campaign studies.

Measurements of Winds in the Sodium Layer

Steven Tomczyk continued work in applying a wide field-of-view version of a Sodium Magneto-
Optical Filter for observations of waves in the earth's atmosphere. This instrument will measure the
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Doppler shift of the Sodium D-line emission of a thin atmospheric layer at about 100 km altitude. This
work is being done in collaboration with Hays, and with the assistance of graduate student Bifford
Williams (graduate student, University of Colorado).

Comparative Terrestrial Planetary Thermospheres

Stephen Bougher and Donald Hunten (both of the University of Arizona) and Roble have used global
average models of the upper atmosphere for Venus, Mars and earth to examine thermospheric heat budgets
and in particular the role of CO2 cooling on each of the planets. CQO cooling in each of these
thermospheres is strongly impacted by collisions of CO and 0, yielding vibrationally excited CO2 and
enhanced 15 rtm emissions in regions where non-LTE conditions prevail. It was found that a relatively
large O - CO2 rate coefficient is required to properly balance the heat budgets of each of these planets with
values on the order of 2 - 4 x 1012 cm3 / s. This relatively high rate coefficient is also required to model the
solar cycle variation on each of the planets. The derived rate coefficient is a factor of 2-4 times larger than
that used by Roble and Dickinson to model global change effects in the earth's upper atmosphere,
suggesting that their predictions of global change in the earth's upper atmosphere will be much larger than
previously predicted.

Simulation of an Annual Cycle in the Middle Atmosphere

Akmaev has used a global spectral model of the middle atmosphere for both diagnostics and
simulations of the observed middle atmosphere climatology as represented in the CIRA-1986 empirical
model. The spectral model was first used in a two-dimensional mode and was initialized with the empirical
temperature and wind distributions for each month. An analog of the nudging data assimilation technique
was then applied to derive the zonal momentum deposition rates necessary to keep the model's state in the
vicinity of the observed climatology. The spectral model was used in the three dimensional mode, with the
derived momentum deposition rates, to do an annual-cycle integration. The model was also run with a
parameterized gravity wave forcing and gave results similar to those derived from the diagnostic
procedure. This suggests that the procedure can be used to derive zonal momentum deposition rates and
vertical eddy diffusivities that reproduce the observed climatology of the middle atmosphere. This
information is important for models of the middle atmosphere.

Assimilation of Global Radar Observations

Forbes developed a methodology for assimilating global radar observations of the semidiurnal tide.
This work essentially involves least-squares fitting measured tidal oscillations of winds and temperatures
at various latitudes and heights with numerically generated functions called "hough mode extensions".
The result is a globally-continuous specification of semidiurnal temperature, wind, and density variations
from 80 to 150 kman. These results can be used, for instance, to specify lower boundary conditions for the
NCAR TIEG-CM, or for comparison and interpretation of UARS measurements. This technique is useful
for deriving tidal amplitudes and phases for the CEDAR LTCS campaigns.
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Magnetic Activity Effect on High Latitude Thermospheric Winds and
Densities

Forbes, Roble, and Marcos used densities and cross-track winds from the Satellite Electrostatic
Triaxial Accelerometer (SETA) experiment during 21 March - 9 April, 1979, to elucidate the latitudinal,
local-time, and magnetic activity dependence of winds and densities in the atmospheric region between 170
and 220 km above 45 degrees magnetic latitude. Comparisons were also made with the NCAR TIGCM,
and with empirical models of densities and winds recently developed by Alan Hedin (NASA/GSFC). In
general, there was good agreement between model predictions and observations. This study is part of a
model verification procedure for the development of a coupled thermosphere/ionosphere model for the
prediction of satellite drag.

Assimilative Mapping of Ionospheric Electrodynamics (AMIE). HAO has continued to use
the AMIE procedure in studies of high-latitude ionospheric electrodynamics. The procedure combines
large quantities of observations from radars, magnetometers, and satellite sensors to map out the electrical
conductivity, electric field, electric current, and magnetic perturbations as they vary in time in response to
changing conditions of the solar wind and the magnetosphere. The AMIE studies involve a large number of
collaborators at universities and other institutions, who provide the data and use the output of AMIE.

Lu, Richmond, and Emery dery ived the high-latitude ionospheric convection patterns in both northern
and southern hemispheres simultaneously during the period of 27-29 January 1992, using the AMIE
procedure. By comparing the convection patterns with the corresponding energy spectrograms of the
precipitating particles, they were able to identify the magnetospheric drivers of the convection flow and to
estimate quantitatively their contributions to the total cross-polar-cap potential drop.

In other studies, Delores Knipp (US Air Force Academy) and Emery have begun analysis of the
CEDAR magnetic-storm period of 20-21 March 1990. As part of the 28-29 March 1992, GEM campaign,
Lu incorporated a set of comprehensive satellite data into AMIE, including those from Akebono and UARS
for the first time. She provided the AMIE patterns to other scientists in the GEM community for
collaborative studies. She has also analyzed the 1 April 1986 (CDAW-9) period to study the rapid time
variations of currents and electric fields during magnetospheric substorms. Mariko Sato (undergraduate
student at Nagoya University, Japan) used AMIE to study another substorm period. Tim Marshall
(undergraduate student at Clemson University) visited HAO to use AMIE as an aid in interpreting rocket
observations of thermospheric winds at high latitudes.

Solar Wind/Magnetosphere Interactions

Waves in the Magnetosheath. The magnetosheath is the region in which the solar wind interacts
with the magnetosphere in form of waves. Identification of the wave modes is the first step toward the
understanding of the processes in the magnetosheath. Song, Chris Russell (University of California, Los
Angeles), and Peter Gary (Los Alamos National Laboratory) introduced four ratios of the plasma and field
perturbations (the transverse ratio, compressional ratio, partition ratio and Doppler ratio) and an invariant
(the measured frequency) to complete a scheme to identify four MHD modes (the fast and slow
magnetosonic modes, the Alfven and entropy modes). This scheme is based on MHD linear theory and is
consistent with the results from linear kinetic theory. With this scheme, the wave modes at different
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frequencies can be identified at the same time and the evolution of each wave in the magnetosheath can be
resolved.

Physics of the Magnetopause. Song and coworkers from 11 institutions in the world have
conducted a series of studies on the wave and particle properties of the dayside magnetopause. They used
data from 14 instruments on two spacecraft, covering whole frequency and energy ranges of interest.
Because this is the most comprehensive multiple-instrument study in space physics, they have concentrated
on the internal linkage among different instruments and tried to understand the physical processes
coherently. They intercalibrated different measurements and developed several techniques to derive
information and physical quantities which cannot be provided by these instruments if they are used
separately. A major discovery of these studies is that the dayside boundary layer is not formed by diffusive
processes but by time dependent processes. Reconnection is the most likely mechanism. They also found
that low frequency waves may be transmitted across the magnetopause through a mode conversion. The
waves do not propagate to the dayside low latitude ionosphere but to the cusps.

The issue of flux transfer events versus pressure pulses has become the most controversial one in
magnetospheric physics in recent years. To many, the two phenomena may be indistinguishable. Song,
Guan Le (University of California, Los Angeles), and Russell investigated the observational differences
between the two phenomena. They found that the confusion arose from unrealistic estimates of the
spectrum and strength of upstream fluctuation and from qualitative speculation. (The above is based on
five Journal of Geophysical Research papers published or accepted in 1993).

CEDAR Data Base. The CEDAR Data Base is operated jointly by HAO and SCD to make data
from upper-atmosphere research instruments available to the scientific community. Additional data for
many of the instruments were added, including significant sets from 3 new instruments, and 2 greatly
expanded sets for 2 older instruments. The major accomplishment of the data base was the issue of a new
User's Guide for about 100 login users from about 25 different institutions. Approximately 40 requests
from about 30 users were filled in FY 1993, about half from students with logins who copied over data sets
themselves. Of the 16 users who got data without logins, 6 were students, and 7 were from outside the
US.

HAO hosted the 1993 CEDAR Workshop in June. There were 397 participants, an increase of 30%
over 1992. Of these, 176 were students, most of whom received travel support. Emery was the local
organizer. Video tapes and lecture note copies were made of the five tutorial speakers and the Saturday
Data Analysis Class. There were 72 posters, 54 by students, shown in two sessions. Three prizes were
given out for the best student poster in each session, and the best runner-up from both. The 26 workshops
ranged from middle atmosphere transitions between molecular and eddy diffusion to analysis of magnetic
storms in the thermosphere. Throughout the week, participants were able to get some hands-on experience
on accessing and using the CEDAR Data Base.

Solar-Terrestrial Coupling

Solar radiation at wavelengths less than 300 nmn is almost completely absorbed by the earth's
atmosphere and plays a dominant role in the complicated interplay of photochemistry, temperature and
dynamics. The sun is either known or assumed to change on all time scales. There are eruptive, transient
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phenomena taking place with time scales of seconds to tens of minutes, and perhaps solar flares best
represent this behavior. Also, since the sun rotates every 27 days and its surface is scattered with active
regions varying in size, shape and intensity, it is quite reasonable that it displays a striking 27-day
variability. Longer-term solar variations, perhaps ones that would have an influence on climate, are likely
to occur, but conclusive observations are not yet available. The single historical record is the sunspot
number, but this data set only goes back some four hundred years. Nevertheless it provides a clear
indication that the sun exhibits an 11-year cycle, changing from an active, solar maximum condition to a
quiescent, solar minimum roughly every 5 1/2 years. Additional secondary evidence, for example the width
of tree rings, extends back even further in time and supports a strong solar/climate relation.

Different wavelengths penetrate and affect different layers of the atmosphere. The white-light, or total
integrated, flux from the sun passes through the atmosphere and, with only modest atmospheric absorption,
warms the troposphere, oceans, and earth's surface. This so-called solar constant is quite stable and,
although reliable measurements extend only over one or two solar cycles, the recent variation is likely only
on the order of 0.1%. The shorter-wavelength ultraviolet radiation appears to be far more variable and
radiation important to the dissociation or loss of ozone (240 < k < 300 nm) in the stratosphere may vary by a
few percent. Radiation important to molecular oxygen photodissociation (170 < h < 220 nm), and therefore,

a source of ozone, may vary by a few percent up to ten percent. Still shorter wavelengths, the extreme
ultraviolet (k < 100 nm) and soft X-rays, radiation that establishes the ionization and heating of the earth's

upper atmosphere, probably vary from as little as a factor of two up to values as large as two orders of

magnitude.

Scientists at HAO are playing a lead role trying to understand the sun as a variable source and its
influence on the earth system, with emphasis on effects in the atmosphere. This activity includes collecting
data from satellite and sounding rocket instruments, coupled with ground-based observations, interpreting
these data from the standpoint of understanding both the physical processes and conditions at the sun and
the effects of the changing radiation field on the earth's atmosphere. These observational and interpretation
activities go hand-in-hand with a strong modeling and theory program. The resulting solar models provide
the opportunity to extrapolate in time: backward to understand the sun's past behavior and influence on
climate, and forward to predict and forecast future conditions.

Observations of Solar Variability

UARS SOLSTICE. The Upper Atmosphere Research Satellite was launched in September 1991.
The High Altitude Observatory has responsibility for the Solar/Stellar Irradiance Comparison Experiment
(SOLSTICE), one of the ten scientific instruments aboard the satellite. The SOLSTICE is a three channel
spectrometer and measures the full disk solar irradiance at ultraviolet wavelengths between 120 and
420 nm. Three of the other UARS instruments also measure the energy input to the earth's atmosphere,
and the remaining seven measure atmospheric composition and dynamics.

The SOLSTICE has now provided over two years of irradiance data and the resulting time series
clearly show solar variability on all time scales. The amount of variation differs significantly as a function
of wavelength, from a small fraction of one percent at the longest (visible) wavelengths, increasing toward
shorter wavelengths, and becoming as large as a factor of two near 120 nm. One of the principal finding is
the apparent rapid decline of Solar Cycle 22 in a series of steps following the last strong outburst of solar
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activity in January of 1992. These data plus measurements provided by Jack and Karen Harvey of the
National Solar Observatory suggest a short, strong cycle with a length near 9 years.

Precise photometry accurate to better that 1% over long time periods is extremely difficult, especially
in the ultraviolet where the harsh radiation coupled with the space environment have notoriously degraded
the optics and compromised the stability of past instruments. However, SOLSTICE is uniquely suited to
this challenge and incorporates its own internal, long-term calibration technique. During night portions of
each orbit, it observes bright, blue stars with the very same optics and detectors used for the solar
observations. The key assumption for this technique is that these young stars, of spectral classification 0,
B, and A are inherently stable and, in fact, the theory of stellar evolution postulates that these stars should
be stable to far better than 1% over time periods of thousands of years. Moreover, a collection of more
than twenty stars is used, and it is the ensemble average flux from these stars that, first, provides a
mechanism for identifying and removing any pathological stars from the selection, and then yields an
average stellar flux level that should be absolutely unvarying in time. Apparent changes in this stellar flux
level, therefore, are immediately and unambiguously recognized as changes in the SOLSTICE sensitivity.
HAO scientists continue to validate and analyze the SOLSTICE results, and we are encouraged that the
stellar comparison technique is working exceptionally well and that the final solar data set will provide a
relative accuracy exceeding 1% throughout the UARS Mission.

The UARS SOLSTICE will perhaps be the first of many devices using stars as a calibration standard
to monitor solar irradiance over extremely long time periods. The technique is not limited by the
characteristics and accuracy of an individual instrument. At any time in the future, other instruments, with
similar or even quite different design, can monitor the sun, and by comparing the solar output to the same
ensemble of stars used by the UARS SOLSTICE, it can directly relate solar conditions at that future time
to the conditions in 1993. The SOLSTICE concept has been proposed and accepted by NASA as the
ultraviolet irradiance instrument for the Earth Observing System (EOS) to be implemented over the next
twenty or so years. At the present time the EOS SOLSTICE is being planned to be one of the five
instruments on the EOS Chemistry Mission, scheduled for launch perhaps in 2002.

Gary Rottman is the Principal Investigator for the SOLSTICE investigation and the Co-investigators
include Tom Woods and Oran R. (Dick ) White of HAO and Julius London and Tom Ayres of the
University of Colorado. In addition to the UARS Science Team, collaborations include Paul Simon,
Lucien Bossy and Gaston Kockarts at the Institute for Aeronomy in Brussels, Judith Lean at the Naval
Research Laboratory, Lon Hood at the University of Arizona, Kent Tobiska at the Jet Propulsion
Laboratory, Charles Barth at the University of Colorado, Pal Brekke at the University of Oslo. The first
year of UARS SOLSTICE data has now been released and is available to the science community through
the EOS Distributed Active Archive Center (DAAC).

TIMED SEE Instrument. The Solar EUV Experiment (SEE) is a new HAO/NCAR program that
was recently selected for the NASA Thermosphere, Ionosphere, Mesosphere, Energetic, and Dynamics
(TIMED) mission. The science objectives for SEE are (1) to accurately and precisely determine the time-
dependent solar vacuum ultraviolet (k < 200 nm) spectral irradiance, (2) to study the solar-terrestrial
relationships utilizing atmospheric models, (3) to determine the thermospheric neutral densities from solar
occultations, (4) to study the mechanisms and sources of solar VUV variability, and (5) to improve proxy
models of the solar irradiance. These objectives will be pursued using solar irradiance and solar
occultation measurements, coupled with modeling of both solar variability and atmospheric response to
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solar radiation. The instruments now being designed for the TIMED SEE program are enhanced versions
of instrumentation successfully flown on NASA sounding rockets during the past few years. The HAO
SEE program will include the design, fabrication and test of the new instruments, their operation during the
TIMED satellite mission, and the analysis of data and modeling solar variability and solar-terrestrial
interactions. The current plan for the TIMED project is to start fabricating the flight instruments in 1996
and to have both TIMED satellites launched in 1999. The scientific team consists of Thomas Woods
(Principal Investigator), Gary Rottman, Ray Roble, and White at HAO/NCAR, Stan Solomon and George
Lawrence at the University of Colorado, Judith Lean at the Naval Research Laboratory, and Tobiska at the
Jet Propulsion Laboratory (Telos System Group). The current SEE Definition Phase Study is being carried
out within the HAO Instrumentation Group.

Irradiance Rocket Program. The main science objective of the HAO rocket experiment is to study
the solar EUV spectral irradiance with special emphasis on comparing results from different types of
instrumentation. A second objective is to study the solar-thermosphere interactions by comparing the solar
EUV and airglow measurements to predictions from atmospheric models. Thomas Woods leads the science
team for this rocket program that includes Gary Rottman, Stan Solomon and Scott Bailey at the University
of Colorado, Supriya Chakrabarti and Dan Cotton at Boston University, and Tobiska at the Jet Propulsion
Laboratory. We have had two successful rocket launches at the White Sands Missile Range, one on
27 October 1992 and the other on 4 October 1993. This later flight also supported the moon albedo study
using the EUV Explorer (EUVE), calibration for the Voyager UVS solar measurements, and
complimentary science for rocket measurements of Barth at the University of Colorado. We now have a
total of four rocket measurements of the solar EUV irradiance extending back to 1988 and we are able to
provide estimates of the solar cycle variation. Pending approval of our NASA rocket proposal, we plan to
continue this rocket program with emphasis on studying the solar cycle minimum conditions, development
of new solar EUV proxy models, and calibrations for the SOHO solar EUV measurements.

Solar Disk Sextant. Peter Fox, with Sabatino Sofia (PI) at Yale University, Kenneth Schatten
(NASA/GSFC), Hong-Yee Chiu (NASA/GSFC), and Lawrence Twigg (ARC), continues his involvement
with the Solar Disk Sextant (SDS) experiment which makes very accurate measurements of the solar
diameter-one of the important global solar parameters. This year, the 30 September 1992 balloon-borne
flight data were reduced and a strict limit on the solar oblateness was obtained (8.2 ± 0.7 x 10-6). Further
flights will determine if the oblateness changes from year to year and detections of radius changes should
also be possible.

EUVE Measurements Using Lunar Scattered Light. Phil Judge, Tom Woods, Gary Rottman,
Ray Roble, Alexander Brown (JILA, University of Colorado), and Jeremy Drake (University of California,
Berkeley) have successfully observed EUV light scattered from the moon using NASA's EUVE satellite .
The goal of this project is to obtain regular (twice per month) solar EUV irradiance measurements needed
for models of the earth's upper atmosphere. The investigators have obtained simultaneous measurements of
the solar EUV irradiance using spectrographs on a sounding rocket on 4 October 1993.

EUV Observations from the San Marco Satellite. This program studies the solar irradiance
variability as measured in 1988 by the ASSI instrument on the San Marco 5 satellite. One major effort for
this program has been to determine the absolute photometric calibration of the ASSI EUV and FUV
spectrometers. A second major effort is to develop a proxy model for the solar EUV irradiance based on
the solar magnetic fields measured in the photosphere. Thomas Woods, John Worden, a graduate student
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at the University of Colorado, and Gerhard Schmidtke at the Fraunhofer-Institut fur Physikalische
MeBtechnik have completed the ASSI calibration effort and have distributed their results to the ASSI
science team. Worden and Thomas Woods, interacting with scientists at HAO and the University of
Colorado, are developing a solar EUV proxy model using the San Marco data and ground-based
measurements of solar magnetic fields.

Call Ground Based Observing Program. This project has continued on a monthly basis since
October 1974 and has generated a basic, high precision line profile series to define the variability of the
Call H and K lines (X = 390 nm) for the Sun when observed as a Star. White and William Livingston of
the National Solar Observatory will continue the observations into the minimum of solar activity between
Cycles 22 and 23, which will probably occur between 1996 and 1999. These Kitt Peak data are routinely
combined with independent daily measurements from Sac Peak to generate as accurate and complete a
database as possible. These measurements of chromospheric activity form the basis of a comparison
between the sun and stars of the same mass but slightly different age.

The Kitt Peak and Sac Peak measurements are the basis of a backward extrapolation in time to
determine the state of the sun during the Maunder Minimum, 1640 to 1715 AD. This extrapolation
provides an estimate of the total irradiance of the sun for the same epoch. These data plus 10.7 cm radio
flux observations and relative irradiances in the MgII doublet at 280 nm provide the most reliable
surrogates for estimating solar irradiances at other wavelengths.

Theory and Modeling of Solar Variability

Influence of Convection upon Irradiance Variations. Peter Fox, Sofia (Yale University) and
Kwing Chan (NASA/GSFC) continue to develop a model of solar convection related to irradiance
variations. Time dependent, three dimensional numerical simulations, are used to establish how
perturbations in the emerging flux of energy from the solar interior are either redistributed over the Sun, or
stored within the Sun. Thomas Lydon (Yale), Fox and Sofia, continue their study of the perturbations to a
standard model of the Sun which would be associated with time dependent changes in convective efficiency
or variations in magnetic field strength and location. Their scientific objective is to establish which changes
in solar radius and luminosity occur on timescale of decades to centuries.

Synthesis of the Solar Spectrum. White and Fox continued a collaboration with Eugene Avrett
and Robert Kurucz (Center for Astrophysics) to develop synthetic models of the solar spectrum using the
ATLAS and PANDORA codes. To date, parallel improvements have been made in the physics of the
models and in the analysis of solar images (primarily full disk Calcium-K images from Jack Harvey at the
National Solar Observatory) to define a set of solar surface structures (sunspots, plages, active and quiet
network, and a basal atmosphere). The next stage will be to calculate intensities of other emission lines for
each surface structure and then, using their statistical spread, compute the Sun's irradiance at any
particular time. White and Fox have initiated the HAO SunRISE effort by seeking and hiring Juan
Fontenla as a collaborator to work with them in the calculation of synthetic solar spectra for different levels
of solar activity. The objective is 1-) to determine the sensitivity of the solar energy distribution to changes
in surface structure (spots, plages, etc.) and 2) to determine the sensitivity of specific spectral lines to the
same changes. This theoretical project will provide insight into variability of the solar spectrum over a
solar cycle.
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The Connection of Solar Radiation to Photospheric Magnetic Fields. White continues to
work with Karen Harvey of the NSO in the study of the correspondence between the chromospheric
network, active and quiet, and the solar magnetic field. The objective is to improve our ability to map
magnetic field changes into radiation field changes. Preliminary results show that the 1992 UV decrease
occurred when solar activity ceased in the southern hemisphere of the sun for about three months. In this
period the sun's magnetic field decreased by a factor of 2.

Historical Studies of Solar Variability and Climate Change. White worked with Elizabeth
Ribes of Meudon Observatory as she finished her analysis of the Maunder Minimum period (AD 1645-
1715) using the Paris Observatory archive created by Picard and the Cassinis. These careful solar
observations give a very interesting picture of a star in a non-cycling state: sunspots can be totally absent
for many months, they only appear near the equator, and the sun's rotation appears to slow and become
more sheared in latitude. The most important result of this study is the apparent rapidity with which the
Maunder Minimum started and stopped: The rise time from no spots to a full solar cycle is on the order of
only 10 years.
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MESOSCALE AND MICROSCALE METEOROLOGY
DIVISION

The research of the Mesoscale and Microscale Meteorology Division (MMM) focuses on
understanding atmospheric phenomena on space scales of millimeters to a megameter, on time scales of
seconds to a few days. Research activities include: (1) the physical mechanisms that govern the behavior of
mesoscale weather systems and the factors that determine their predictability; (2) the basic nature of moist
atmospheric convection, its interaction with topography and other lower boundary effects, and how cloud
and precipitation microphysics and large-scale dynamical factors influence its behavior; and (3)
fundamental atmospheric processes that operate on scales of up to a few kilometers, including boundary-
layer processes, turbulence, and cloud and precipitation microphysics. The program addresses the impact
of mesoscale and microscale processes on the global circulation and therefore contributes to goals of the
U.S. Global Change Research Program (USGCRP). Through its model development efforts and its
programs designed to understand weather systems by means of theoretical and observational analysis, the
division contributes to the goals of the U.S. Weather Research Program (USWRP).

Theoretical and laboratory work, numerical model development and experimentation, and design,
coordination, and conduct of field experiments comprise the MMM scientific program. This 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 that
are developed and maintained by division scientific staff.

The division is organized into three sections: Microscale Meteorology, Convective Meteorology, and
Mesoscale Prediction. The principal focus of research within each of these sections corresponds,
respectively, to the three areas mentioned above. A component of the NOAA National Severe Storms
Laboratory (NSSL), Mesoscale Research Division (MRD), which completed its first year of residency in
MMM, concentrates on field observations, especially from aircraft, and interacts with the division's
observationalists and modelers.

In addition to NSF funds, MMM received funds from five agencies, the FAA, DOE, NASA, NOAA,
and ONR, in support of 19 projects which contribute to program goals set by NSE FAA supported the
CASH, Modeling, and GPS/MET projects. DOE supported the ARM/Cloud-Radiation, ARM/
Microphysical, IDASS, and CHAMMP projects. NASA supported the FIRE/TOGA, TRMM, ASHOE,
AASEII, SPADE, and BOREAS projects. NOAA supported the GPS/MET, Forecasting, Profiler, and
Monsoon projects, and ONR supported the ASTEX and LES projects.

Significant Accomplishments

* Based on nonhydrostatic model results and theoretical considerations, Christopher Snyder, William
Skamarock, and Richard Rotunno demonstrated that frontogenesis should produce gravity waves of
significant amplitude when the crossfrontal scale is reduced to 0(10 km), especially if significant
dissipative processes are present. (See page 3.)
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* Through analysis of adiabatic model simulations of the Experiment on Rapidly Intensifying
Cyclones in the Atlantic (ERICA) Intensive Operating Period (IOP) 4 cyclone, Richard Reed
(affiliate scientist, formerly of the University of Washington), Ying-Hwa Kuo, and Simon Low-
Nam identified the detailed evolution of frontal formation and occlusion, and demonstrated that
these processes are quite different from those described by the classical Norwegian cyclone model.
(See page 5.)

* Morris Weisman, Skamarock, and Joseph Klemp conducted Mesoscale Convective System (MCS)
simulations using environmental conditions appropriate for tropical systems which suggest that
mesoscale convective vortices forming within these MCSs may represent a critical seed for the
longer-term intensification of tropical systems. (See page 6.)

* Christopher Davis (joint appointment with RAP) and Weisman concluded a study of mesoscale
vortices in simulated convective systems that demonstrates that these vortices rapidly attain a
balanced state, even though they are formed largely through unbalanced processes. This finding
suggests that the vortices may be a significant factor in subsequent reinitiation of convection. (See
page 6.)

* Margaret LeMone participated in the Tropical Ocean and Global Atmosphere Programme Coupled-
Ocean Atmosphere Response Experiment (TOGA-COARE) and in collaborating with NOAA
colleagues documented the structure and momentum fluxes associated with two cases of organized
convection. One of these cases is being simulated. (See page 8.)

* In collaboration with Ernst Klinker (European Centre for Medium-Range Weather Forecasting
(ECMWF)), Mitchell Moncrieff investigated the structure of large "superclusters" in a westerly
"wind burst" that occurred during TOGA COARE. (See page 9.)

* Piotr Smolarkiewicz along with Joseph Prusa (Iowa State University) and Rolando Garcia (ACD)
studied gravity wave activity in the middle atmosphere. Results show that a "wave breaking front"
forms which rapidly moves windward and downward. (See page 12.)

* The progression of "warm" rain development to cloud glaciation and subsequent electrification was
quantified by Daniel Breed by combining aircraft microphysical and electrical measurements with
multi-parameter radar observations. (See page 14.)

* Analysis of aircraft data by William Cooper (joint appointment with ATD), collected during the
Kuwait Oil-Fires Smoke Experiment (KOFSE), indicates that strong wind shear coupled with weak
vertical mixing was the dominant cause of the downwind growth in the smoke plume width. (See
page 15.)

* Modeling and observations of polar stratospheric clouds (PSCs) conducted by James Dye (joint
appointment with ATD) suggest that in some circumstances in the Arctic the particles in the initial
stage of PSC formation are likely to be liquid solutions of water, sulfuric acid, and nitric acid. (See
page 16.)

* Model simulations by Mary Barth (visitor, formerly of the University of Washington, joint
appointment with ACD) of a narrow cold-frontal rainband showed that as the storm becomes more
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vigorous, with more precipitation, the accumulated sulfur deposition at the surface decreases due to
the rate at which aqueous sulfur dioxide oxidation occurs. (See page 18.)

* Cooper found that ice concentration in wave clouds sometimes increases rapidly in association with
the onset of a downdraft in those clouds, as if evaporation of the cloud water leads to a sudden
increase in ice crystal concentration. (See page 18.)

* Based on extensive tests, Alan Hills (visitor, formerly with ACD) found that both thin-film
capacitive and chilled-mirror hygrometers appear to be suitable for use in the Commercial Aviation
Sensing of Humidity (CASH) program to provide near-real-time in situ humidity data for weather
forecasting from commercial aircraft. (See page 19.)

* Direct numerical simulations by Robert Kerr indicated that for sufficiently precise initial conditions
and high resolution, inviscid flows can become singular (in the vorticity field) in a finite time. (See
page 23.)

* William Hall and Terry Clark extended their interactive grid nesting software to accommodate
multi-processing on shared-memory computers. The same software is extendable to distributed
memory machines. (See page 26.)

* Juanzhen Sun (visitor, formerly of the University of Oklahoma, joint appointment with RAP) and
N. Andrew Crook (joint appointment with RAP) extended the adjoint technique and
thermodynamic retrieval to accurately retrieve the detailed structure of low-level boundary layer
convergence and circulation. (See page 28.)

* High-resolution real-time forecasts were conducted by Philip Haagenson, David Gill, Kevin
Manning, and C. Davis in support of the Winter Icing and Storms Project Instrument Test
(WISPIT) using the newly-developed Penn State/NCAR Mesoscale Model Version 5.1 (MM5) to
produce a better representation of fronts and surges in several cases that have been compared with
operational models available from the National Meteorology Center (NMC). (See page 28.)

* Crook and John Tuttle (joint appointment with RAP) forecasted the low-level winds in
Northeastern Colorado using a small-scale numerical model. On 21 June, the model was successful
in predicting (to within 5 km) a Denver Convergence Zone that produced a line of 60-70 dBZ cells
to the east of Denver. (See page 29.)

Baroclinic Waves, Cyclones, and Fronts

Frontal Dynamics

Christopher Snyder, William Skamarock and Richard Rotunno have completed a study of two-
dimensional (straight) fronts near the time of "'frontal collapse." Using a nonhydrostatic numerical model
and theoretical arguments, they have shown that frontogenesis can and should produce gravity waves of
significant amplitude once the crossfrontal scale reaches O(10 km). These waves are especially prominent
if dissipative mechanisms are present to halt the frontogenesis and produce a local, nearly steady frontal
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flow. In this case the waves are stationary, and produce a characteristic band of enhanced low-level ascent
just above the surface front.

To help understand the importance of along-front disturbances on frontal dynamics, Snyder studied
the stability of steady fronts with uniform potential vorticity to along-front perturbations. He found that the
fronts were unstable to two distinct classes of instabilities: synoptic-scale baroclinic waves, which exist
regardless of the cross-front scale of the basic state, and small-scale Kelvin-Helmholtz instabilities (with
wavelengths of 0(1 km)), which appear only when the basic-state front is near collapse and has
Richardson numbers significantly less than one-quarter. For these fronts with uniform potential vorticity,
no intermediate or mesoscale instabilities exist. This suggests that diabatic processes are at least indirectly
important to frontal stability via their generation of anomalous potential vorticity along the front.
Furthermore, it is likely that the cross-frontal scale may also be controlled by diabatic processes,
specifically those in the planetary boundary layer, since the frontal instabilities that do appear at small
scales (the Kelvin-Helmholtz waves) are confined to levels of a few tens of meters above the surface.

Spurred by these results, Snyder and Daniel Keyser (State University of New York, Albany) have
begun exploring how the planetary boundary layer modifies frontal structure, by returning to the two-
dimensional context and considering the spin-down of frontal zones by surface drag. They are also
investigating the possibility that boundary-layer mixing could lead to a density-current-like surface front
by inhibiting cross-front geostrophic balance.

Frontogenesis in Growing Baroclinic Waves

Using a primitive-equation (PE) model, Rotunno, Skamarock, and Snyder have revisited two
canonical flows that they previously studied using a semigeostrophic-equation (SG) model. In a previous
study, they showed that the PE and SG models can have significantly different large-scale behavior; now
they have studied the implications of this difference for frontogenesis. They followed the frontogenesis
study of Byron Hoskins (University of Reading, England) and collaborators to show how, in the PE version
of the canonical cases, the surface warm front develops before the cold front, and why the upper-level front
is a long, nearly continuous, feature going from ridge to trough. The frontogenesis experienced by an air
parcel is computed following the parcel to better illustrate the mechanisms involved. As their calculations
are carried out longer than most previous ones, the relation of the upper frontogenesis to the formation of
the upper-level "cut-off' cyclone was also examined. With respect to the latter, trajectory and three-
dimensional graphical analyses showed how the extreme distortions of the isentropic surfaces and mixing-
induced variations in the potential-vorticity field are produced.

Effects of Latent Heat Release on Cyclogenesis

In collaboration with Melvyn Shapiro and Evelyn Grell (both of NOAA), Christopher Davis (joint
with RAP) has examined the dynamics of the early stages of the Experiment on Rapidly Intensifying
Cyclones in the Atlantic (ERICA) intensive operational period (IOP) 4 cyclone using potential vorticity
diagnostics. This study showed that the dominant contribution to development was the latent heating and
low-level warm advection induced by an exceptionally intense tropopause potential vorticity (PV)
anomaly as it passed over the Gulf Stream. This study is consistent with the more-idealized study by
Jeffrey Whitaker (NOAA) and C. Davis of rapid growth of low-level cyclonic circulation from latent
heating effects in the nonlinear stage of baroclinic waves.
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Occlusion Process in Extratropical Cyclogenesis

To examine the occlusion process in a fundamentally baroclinic environment without diabatic effects,
Richard Reed (affiliate scientist, formerly of the University of Washington), Ying-Hwa Kuo, and Simon
Low-Nam performed an adiabatic model simulation of the ERICA IOP4 cyclone. They found that warm,
cold, and occluded fronts formed simultaneously and were already sharp in the first nine to 12 hours of the
simulation. Occlusion occurred after the frontal formation as the cold front moved forward along the warm
front; the segment of the warm front adjacent to the triple point was then transformed into an occluded
front. The warm-core seclusion formed at the tip of the occluded front shortly after its appearance, and was
subsequently collocated with a pool of large vorticity that broke off from the strip of intense vorticity along
the occluded front. The warm pocket and vorticity maximum were carried along together in the flow for 21
hours. The structure of this occluded front and the occlusion process are quite different from those in the
classical description of the Norwegian cyclone model.

Analysis of a Frontal Passage During STORM-FEST

Margaret LeMone and L. Jay Miller collaborated with William Blumen, Robert Grossman, and
Nimal Gamage (all three of the University of Colorado), and Robert Zamora (NOAA) on the study of an
arctic cold front that passed through the Stormscale Operational and Research Meteorology Program-
Fronts Experiment Systems Test (STORM-FEST) Boundary-Layer Array on 9 March 1992. This array,
with five NOAA Wave Propagation Laboratory (WPL) 915 MHz profilers, nine Portable Automated
Mesonet (PAM) stations, a Atmosphere-Surface Turbulent Exchange Research (ASTER) facility, serial
Cross-Chain Loran Atmospheric Sounding System (CLASS) soundings, coverage from the CP-3 and CP-4
Doppler radars, and data from the NCAR King Air, provided unprecedented detail on such a front. The
larger STORM-FEST Beta-Scale Array and serial King Air flights provided information on its evolution.
The temperature gradient across the front increased, with a near discontinuity developing during the day;
this probably related to the greater solar heating on the south side of the front. However, a 50-km frontal
zone remained throughout the day. Through use of directly-measured and derived (from heat budgets) heat
fluxes, they are attempting to document the differential heating and its role in frontal evolution.

Mesoscale Convective Systems

Vertical Transport of Horizontal Momentum

Changhai Liu (ASP visitor, Texas A & M University) and Mitchell Moncrieff generalized the
'"archetypal" theory of Moncrieff for the vertical transport of horizontal momentum by mesoscale systems
by adding baroclinic vorticity generation and shear effects. The momentum flux profile displays a striking
similarity to the archetypal form, demonstrating the basic nature of this model. Based on the 22 and 23
June soundings during the Convection Profonde Tropicale 1981 experiment (COPT81), a series of
numerical simulations were conducted using the Clark non-hydrostatic model. Momentum flux
parameterizations were tested against convection-resolved cloud model simulations. The Schneider-
Lindzen-type approach fails to represent the line-normal momentum flux, but predicts well the along-line
momentum flux. The extended dynamical model improves the original Moncrieff momentum-flux
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representation theory. This program was supported, in part, by the Role of Clouds, Energy, and Water
(ROCEW) Program.

Explicit Simulation of Long-Lived Three-Dimensional Squall-Line Systems

Skamarock, Morris Weisman, and Joseph Klemp continued their study of the three-dimensional
evolution of mid-latitude mesoscale convective systems (MCSs) using the automated adaptive
Collaborative Model for Multiscale Atmospheric Simulation (COMMAS) model. Their results
demonstrated that larger-scale synoptic forcing was not required to produce many of the distinctive
features and evolutionary traits of long-lived MCSs and mesoscale convective complexes (MCCs),
including the often-observed mid-level mesovortices and MCS propagation to the right of the low-level

shear vector. They found that asymmetric system structure resulted directly from the influence of the
earth's rotation and squall-line line-end effects.

Tropical MCVs and Their Relationship to Hurricane-Genesis

The finding that balanced mid-level mesoscale convective vortices (MCVs) form within mesoscale
convective systems, together with recent Tropical Experiment over Mexico (TEXMEX) field-experiment
documentation showing that such vortices often preceded tropical-cyclone formation, suggests a possible
scenario by which convective systems may help initiate or enhance tropical waves or incipient tropical
cyclones. To further investigate this possibility, Weisman, Skamarock, and Klemp have completed a set of
MCS simulations using environmental conditions more appropriate to tropical systems, including a
sounding with very deep moisture, weaker convective available potential energy (CAPE), weaker vertical
wind shears, and weaker background rotation. These simulations confirm that MCVs can also form in
tropical environments if the ambient vertical wind shear is less than 10 m s l over the lowest 2.5 km above
ground level (AGL). However, the flows are somewhat weaker and the evolution is much slower than for
midlatitude systems, due both to the weaker system-scale mid-level convergence and the weaker
background vorticity. These preliminary simulations extend to only 12 hours, and do not include surface-
moisture fluxes, heat fluxes, ice-phase microphysics, or radiation. However, the similarities in scale and
intensity between the simulated MCVs and the initial mid-level vortices observed in TEXMEX suggest
that they may indeed represent a critical seed for the longer-term intensification of tropical systems.

Mesoscale Vortices in Convective Systems

C. Davis and Weisman concluded their study of mesoscale vortices in simulated convective systems.
They found that vortices rapidly attained a balanced state, even though they were formed largely through
unbalanced processes; thus, while balanced models cannot capture the formation of MCSs, they may
adequately treat the long-time behavior of such systems.

Hurricane Supercells

Weisman and Eugene McCaul (NASA, Marshall) have analyzed a set of non-hydrostatic cloud-model
simulations that characterize the type of convective cells that may evolve in hurricane-landfall
environments. Their results confirm that supercell structures can form within such environments, despite
the lack of significant CAPE, as the storm updraft interacts with strong low-level vertical wind shears to
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produce updraft rotation and an associated dynamically-induced upward-directed vertical pressure
gradient. This is similar to the results for more typical supercells that form in high-CAPE, midlatitude
environments, except that the storm circulations in the hurricane environments are much shallower.
Nevertheless, vertical motions of 10 m s-l or greater may be generated within the lowest km above the
ground, providing a mechanism to significantly stretch ambient or storm-produced vertical vorticity near
the surface. The existence of supercell-type structures in such environments thus helps explain the frequent
occurrence of tornadoes as hurricanes move ashore.

Structure of Hurricane Spiral Bands

A literature search revealed a number of theories explaining the origin of hurricane spiral bands. John
Tuttle (joint appointment with RAP) and Robert Gall studied the structure of bands in Hurricanes Andrew
and Hugo using two-dimensional wavelet analysis of radar reflectivity data. The analysis revealed a
number of small-scale bands (tangential wave numbers of 4-5), embedded within the larger scaled bands
typically seen in satellite images, spiraling 100-200 km outward from the eye wall and crossing constant
radii rings at angles of 8-18 degrees. The bands rotated about the eye while propagating outward at about
7-9 m/s. As the hurricanes made landfall, the bands became less evident. Modeling work is currently
underway to investigate forcing mechanisms.

Predictability of a Mesoscale Vortex

Kuo, C. Davis, and Kun Gao (visitor, Hanzhou University, China) examined an upper-level mesoscale
(diameter of about 250 km) vortex that formed in early February 1992. This unusually long-lived
mesoscale vortex lasted more than three days. Its formation was poorly predicted by the nested grid model
(NGM) and the Penn State/NCAR Mesoscale Model Version 4.1 (MM4). However, once the vortex has
formed, the model can retain it and predict its track fairly well, given sufficient resolution. Sensitivity
experiments using the adjoint of MM4 show that this vortex formation is highly sensitive to mesoscale
wind and temperature structure associated with a disturbance at the tropopause. Because of strong
sensitivity to wind and temperature perturbations that are too small to be resolved with current
observational and analysis capability, the formation of this vortex has very limited predictability despite its
long life.

Cloud System Studies

Global Energy and Water Cycle Experiment (GEWEX)

The GEWEX Cloud System Study (GCSS) is a new initiative established under the auspices of the
World Climate Research Program. As chair of the GCSS Working Group on Precipitating Convective
Cloud Systems, Moncrieff established four ad hoc action groups to obtain input from the international
community (with about 30 scientists participating). He produced a report on the shortcomings of sub-
gridscale process parameterizations in global models and priorities for process studies that will not only
improve existing approaches, but will lead to new principles in cloud-mean flow interaction. The selected
priority is cirrus-producing precipitating cloud systems in the tropical Pacific and Maritime Continent
(several initiatives are involved). Emphasis will be on the multi-scale interactions among microphysics,
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radiation, and dynamics. A mix of cloud resolving modeling, basic theoretical studies, and observational
analysis will be used in a broadly-based approach. This activity was supported, in part, by ROCEW
funding.

Hawaiian Rainband Experiment (HaRP)

The Hawaiian Rainband Experiment (HaRP) collected a unique data set documenting the
thermodynamic and wind structure upstream and over the island of Hawaii during a six-week period. Roy
Rasmussen (joint appointment with RAP) has used these data to test various predictions of low Froude
number flow past the island such as the location of the upstream convergence zone and the strength of the
downslope flow. Results to date suggest that the upstream convergence zone is well predicted by the
Froude number. Rasmussen is currently analyzing tethersonde and PAM mesonet data in order to test the
hypothesis that the downslope flow increases with increasing Froude number.

Tropical Ocean and Global Atmosphere Programme Coupled Ocean-
Atmosphere Response Experiment (TOGA-COARE)

Field Phase Participation

LeMone was in Honiara, Solomon Islands, as part of the Tropical Ocean and Global Atmosphere
Programme Coupled Ocean-Atmosphere Response Experiment (TOGA-COARE) airborne research group,
during January and February 1993. She participated in designing flight patterns that combined definition of
environmental data with documentation of both the convection and the associated boundary-layer fluxes.
She flew on both the NCAR Electra and the NOAA P3s, on missions documenting convective structure
and fluxes in weather conditions ranging from clear skies to widespread precipitation, using both in-situ
and airborne Doppler data. She is working with David Jorgensen, Bradley Smull, and Thomas Matejka
(visitors, Mesoscale Research Division (MRD), National Severe Storms Laboratory (NSSL), NOAA), on
two case studies with organized convection, to document the structure and momentum fluxes through their
depth, and the effects the convection and its precipitation have on the surface fluxes of heat, moisture, and
momentum and hence on the sea. One of the cases is being simulated by Stanley Trier (joint appointment
with ATD) and David Parsons (joint appointment with ATD) using the Klemp/Wilhelmson cloud model.
This research was supported, in part, by TOGA and TOGA-COARE special NSF funding.

Observational Analysis

LeMone, Trier, and Edward Zipser and students (Texas A & M University) are determining
environmental soundings for the convective cases examined by the aircraft. This is part of a long-term
study on how the environment affects convective structure; the soundings will provide input for an
idealized model of organized momentum fluxes developed by Moncrieff and already tested against earlier
case studies with promising results. In addition, some of the soundings have been made available to other
COARE investigators. These efforts require a quality data set, and LeMone has joined other COARE
investigators in ensuring one is produced. LeMone and Zipser are pooling instrument biases identified in
sounding studies with members of the COARE Flux working group to identify biases among the COARE
aircraft, and the most well-behaved sensors. In addition, LeMone joined Charles Wade (joint appointment
with RAP) and Claude Morel (now of TCIPO) in initiating and fostering an effort (by Morel) to convert
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hard-copy soundings from outlying third-world stations into electronic form so that they can be part of the
COARE data base. This research was supported, in part, by TOGA and TOGA-COARE special NSF
funding.

Role of Organized Convection in General Circulation Models

Moncrieff has begun a project to determine the effect of convectively-driven mesoscale processes in
general circulation models. The first phase of this study involves diagnostics from the European Centre for
Medium-Range Weather Forecasts (ECMWF) T213 model used operationally during TOGA-COARE. In
collaboration with Ernst Klinker (ECMWF), he is investigating the structure of large "superclusters" in a
westerly "wind burst" event that occurred in December 1992. Sub-gridscale physics diagnostics shows that
highly-organized transports on scales of about 1500 km indeed exist but there is a marked bias in the wind
field. Preliminary analysis of the physical processes obtained from special T106 and T213 experiments
show that these are due to unrealistic sub-gridscale momentum transports by both sub-gridscale and
resolved-scale processes underscoring the need for a realistic representation of mesoscale processes. The
second phase will be undertaken in fiscal year (FY) 94, and will involve the limited-area version of the
ECMWF model nested in the global domain.

Cloud Resolving Model Studies of Tropical Cloud Clusters

Moncrieff and Xiaoquing Wu (University of California, Los Angeles (UCLA)) started numerical
simulations of organized convection in TOGA-COARE using the Clark model. Their first objective is to
perform cloud resolving simulations of the above Moncrieff and Klinker study to minimize uncertainties
arising from the effects of parameterized convection. The long-term goal is to investigate the dynamics and
transports of superclusters, their mean flow interaction, and their contribution to interseasonal climate
processes in tropical regions.

Organized Convection in Large-Scale Models

In a collaborative Department of Energy Atmospheric Radiation Measurement (ARM) study with
Jeffrey Kiehl and James Hack (both of CGD) and Gregory Tripoli (University of Wisconsin, Madison),
Moncrieff, and Wojciech Grabowski are analyzing a 20-day simulation of organized convection in a
sheared environment produced by Tripoli's model. This model incorporated state-of-the-art radiation and
cloud physics parameterizations and used initial data from the Marshall Islands region in the tropical
Pacific. Organized deep convection with extensive cirrus anvils is prevalent throughout the 20-day period,
and distinctive regimes of episodic behavior can be distinguished. The theory for organized convection
developed by Moncrieff is providing a dynamical framework for analyzing the transports and determining
their mean flow interaction. This effort also contributed to research supported by ROCEW.

Dynamical Model of Westerly Wind Events

Moncrieff began production on a simple barotropic dynamical model that is a first approximation to a
class of westerly wind burst appearing in the tropical western Pacific. Following one of his previous
studies, the model is based on an equatorial-plane formulation. Rossby wave "rotors" in this model
represent closed circulations (often seen in westerly wind bursts) and these have a structure and scale
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consistent with idealizations of the observed phenomenon. Work continues to generalize the theory and
thus represent some aspects of baroclinic modes seen not only in the real atmosphere but in numerical
process models and operational general circulation models as well. This research was supported, in part, by
ROCEW funding.

Cumulus Dynamics

Convection Initiation

James Fankhauser, N. Andrew Crook (joint appointment with RAP), Tuttle, and Wade have
completed a study of boundary-layer mechanisms affecting the initiation of deep convection using
observations from the Convection and Precipitation/Electrification Experiment (CaPE). The study
concerns the evolution and interaction of two converging air (sea-breeze) masses that were initially
separated by an intervening neutrally-stratified boundary layer characterized by horizontal convective rolls
prior to major thunderstorm development. An unexpected convective development takes place within the
intermediate air mass along a well-defined confluence zone formed along the updraft branch of a
prominent quasi-stationary roll vortex that persists while other roll structures dissipate. Results from two-
dimensional (2-D) model simulations replicate many of the observed features (e.g., circulations similar to
the interacting sea breeze fronts; vertical velocity maxima and associated convergence zones; horizontal
roll vortex structures; and convection initiation).

Cumulus Entrainment

Grabowski and Terry Clark continued studies of cumulus entrainment. The research involved
collaboration with Jean-Louis Brenguier (National Center for Meteorological Research, France), with the
emphasis on effects of entrainment on cloud droplet spectra.

Cloud-top entrainment instability (CTEI) assumes a strong feedback between buoyancy reversal (due
to droplet evaporation) and the rate of entrainment. This concept was examined using a numerical model
where the buoyancy functionally depends upon the amount of fluid mixing. Despite dramatic effects of
buoyancy reversal on the overall flow evolution, only minor differences in the amount of mass entrained
were found in the experiments. This result casts doubt on the concept of CTEI in cumulus entrainment and
supports the role of baroclinic instabilities studied recently by Grabowski and Clark. This research was
supported, in part, by ROCEW funding.

Wave Structure Atop Convectively-Produced Cold Surface Outflows

In a recent dual-Doppler study, Tammy Weckwerth (ASP), and Roger Wakimoto (UCLA),
documented the existence of three-dimensional wave structures along the top of a convectively-produced
surface cold pool. These waves were oriented both parallel and perpendicular to the cold-pool boundary,
and appeared to significantly modify the pattern of convective cells triggered by the outflow. To more fully
understand these observations, Weckwerth and Weisman conducted a series of two- and three-dimensional
simulations using a high-resolution non-hydrostatic cloud model, and replicated and diagnosed many
aspects of these wave structures. They found that the existence and character of both Kelvin-Helmholtz
waves and gravity waves depend strongly on the strength and direction of the low-level vertical wind
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shear. In particular, the Kelvin-Helmholtz-type billows were favored along the portion of the three-
dimensionally spreading cold pool that was perpendicular to the ambient shear vector, while the vertically
propagating gravity waves were favored along the portion of the cold pool that was parallel to the ambient
shear vector. These results emphasize that such three-dimensional interactions are critical for interpreting
the wide variety of wave structures observed above cold surface outflows.

Mesoscale Fluid Dynamics

Vorticity Generation in the Shallow-Water Equations as Applied to Hydraulic
Jumps

Under certain conditions, a hydraulic jump occurs in the fluid flow past an obstacle on the lee side.
For an isolated obstacle, this implies a frictional retardation of the fluid flowing through the jump, but not
of the fluid flowing beyond the lateral edges of the jump. Hence, a frictional force couple exists that leads
to a vortex pair in the lee of the obstacle. Many researchers have used the shallow-water approximation
(SWA) to study the phenomenon; but when considering the full equations of motion (without the SWA),
there are puzzling aspects. To understand the physics implied by the SWA, Rotunno first established how
the vorticity dynamics work in the real turbulent fluid of the hydraulic jump, then how those dynamics are
represented in the SWA.

In summary, the original vorticity source in a hydraulic jump in the lee of a submerged obstacle is
baroclinic production of cross-stream vorticity upstream in the free surface. The energy loss by fluid
passing through the jump is associated with a downward eddy flux of that cross-stream vorticity, which is
tantamount to a cross-stream eddy flux of vertical vorticity. When the jump is of finite cross-stream extent,
there is eddy-flux divergence/convergence at the lateral edges of the jump that produces the vortex pair. In
the SWA version of the dynamics, the downward eddy flux of cross-stream vorticity is independent of
height, and the cross-stream vorticity is therefore not "seen" by the SWA. However, since the deceleration
due to eddy friction is distributed evenly throughout the layer, the SWA can "see" the vertical vorticity
component.

Gravity Currents in a Rotating Environment

To better understand the character of frontal boundaries propagating along a coastal boundary, Klemp
and Rotunno have begun to study the role of Coriolis effects on the structure and propagation of gravity
currents. Using simple theoretical models and idealized solutions of the 2-D shallow-water equations, they
have documented the characteristics of the wall jet that forms following the release of a semi-infinite
reservoir of cold air, and are now investigating the nature of the front condition that controls the
propagation of this rotating current.
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Dynamics of Density Currents

Sheared Fluids

Qin Xu (Cooperative Institute for Mesoscale Meteorological Studies (CIMMS), University of
Oklahoma) and Moncrieff have completed an idealized (inviscid two fluid), two-dimensional, steady-state
model of a gravity (density) current circulation and its front propagating into a uniformly sheared
environmental flow. This fully nonlinear analytical model is used to examine the kinematic and dynamic
factors that control the depth and propagation speed of a current and the geometric shape of the density
current front. The results show that in comparison with the environmental inflow shear, the strength of the
internal circulation within the cold pool plays a secondary role in controlling its depth and propagation
speed, at least one having constant vorticity. The direction of the cold pool circulation can be either
clockwise or anticlockwise, not affecting the propagation speed, depth, and geometric shape of an inviscid
conservative current; this surprising result requires further investigation. Physical interpretation of the
results shows how inflow shear controls the shape of the gravity current head and relates to an "optimal
state" for supporting long-lived squall lines. This work was supported, in part, by ROCEW funding.

Stratified Fluids

Liu and Moncrieff investigated gravity currents in non-conservative fluids and sheared environments
based on an idealized steady-state model showing that the current becomes shallower and propagates faster
as a stable stratification is incorporated; the opposite behavior is found in a buoyant fluid. When a sheared
mean flow is considered, the current becomes deeper and propagates faster if the shear changes from the
negative to the positive. The result implies that buoyancy, along with surface drag, may significantly
reduce the coefficient in Benjamin's formula and probably is the major factor responsible for the
discrepancy between the observation or simulation and theoretical prediction noted by many researchers.
This influence is, however, partially offset by the shear in the environment ahead of the gust front.

Gravity Wave Breaking in the Middle Atmosphere

The collaborations among Joseph Prusa (Iowa State University), Piotr Smolarkiewicz, and Rolando
Garcia (ACD) have advanced understanding of gravity wave activity in the middle atmosphere. A semi-
Lagrangian anelastic model with time-dependent irregular lower boundary was employed to simulate
translating tropopausal disturbances generating gravity waves breaking at mesopausal altitudes. Once
wave breaking begins at the altitude set by the increasing molecular diffusion in the lower thermosphere, a
"wave breaking front" forms which rapidly moves windward and downward. In contrast to the published
results of Julio Bacmeister and Mark Schoeberl (both of NASA, Goddard), the downward propagation of
the front slows and ultimately stops at a level consistent with linear predictions. Leeward and above the
wave-breaking front, the potential temperature field is restored to a stratified state. The model results
strongly suggest that gravity wave breaking is a primary factor in the formation and maintenance of the
turbopause (at about 105 km).
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Orographic Flow

Windstorm Simulations

Clark and William Hall, with Robert Banta (NOAA), completed their case study of the 9 January
1989 Boulder windstorm. Highlights of some of the three-dimensional effects on front range windstorms
include inertial effects due to sub- and super-geostrophic motions on the large scale, and the vortex tilting
nature of gusts on the fine scale. A collaborative modeling/observational study began on the 9 December
1993 front range windstorm which caused severe damage to a cargo plane over Evergreen, Colorado.
NOAA obtained unique lidar observations of this case showing intense wave breaking in the region where
the plane lost an engine in severe turbulence.

Moist Airflow Simulations in Support of Weather Modification Projects

Roelof Bruintjes (joint appointment with RAP), Eric Betterton (University of Arizona), Clark, and
Hall continued their modeling study of airflow and clouds over the Mogollon Rim in north central Arizona.
This project is funded through NOAA to the Arizona Department of Water Resources who support a grant
to the University of Arizona. The results show that the dispersion and transport of tracer material indicates
that ground-based seeding may be very inefficient in the Arizona case.

Clark and Hall have continued their collaboration with James Heimbach (University of North
Carolina, Asheville) on simulating the airflow and clouds over the Wasatch Mountains of Utah.

The Denver Cyclone

A collaborative research effort continues on a unique set of upstream observations taken on a Denver
Cyclone day as part of the Winter Icing and Storms Project 1992 Field Phase (WISP92). The researchers
involved include Edward Szoke, Roy Rasmussen (joint appointment with RAP), Crook, and John Brown
and James Wilczak (both of NOAA). So far, the analyses support both the low-Froude-number theory put
forward by Smolarkiewicz and Rotunno for the formation of the Denver Cyclone, and the formation
mechanisms put forth from the mixed-layer modeling work of Wilczak and John Glendening (Naval Post
Graduate School). Numerical modeling of the case with a fine-resolution, three-dimensional (3-D) model
for different stability conditions is underway to further address the cause of the Denver Cyclone.

Work continued on a third Denver Cyclone case, a WISP case from 23 March 1990, in which snowfall
was not very significant, but freezing drizzle and aircraft icing conditions were. This contrasts with two
other Denver Cyclone cases where distinct bands of heavy snow developed. Analysis thus far indicates that
the greater depth of the cold air and its less stable structure for the two snow cases may be the critical
factors in distinguishing the two types of Denver Cyclone cases. In another cooperative effort, with Robert
Glancy and Ray Wolf (both of the Denver National Weather Service Forecast Office), Szoke investigated
the concurrence of supercell tornado days and Denver Cyclone days. The study indicates that on days
when conditions support supercell-type storms, the area around the Denver Cyclone is often free of
tornadic activity because supercell storms tend to form further to the east, or propagate eastward from the
Denver Cyclone area before producing tornadoes. The implications are significant for forecasting and
issuing Tornado Watches and reducing false alarms for the Denver area.
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Simulation of the Mexican Monsoon

David Stensrud (National Severe Storms Laboratory (NSSL), Gall, and Steven Mullen (University of
Arizona) have begun a project to understand a number of aspects of the rainy period that occurs over the
southwestern U.S. and northern Mexico during the summer months. This period is often referred to as the
Mexican Monsoon. MM4 was run for 32 days of the 1990 SouthWest Area Monsoon Project (SWAMP)
field project. Model runs were for 36 hours for each day and were initialized with the National
Meteorological Center (NMC) data 12 hours prior to the starting time. During those 12 hours, special pibal
data taken during SWAMP was assimilated. Model runs consisted of two nested domains; resolution of the
inner domain was 25 km. The data generated by this process will be used to: (1) construct high resolution
climatologies of the monsoon period from the context of the model in that 30-day period, (2) examine the
role of diurnal circulations in the overall monsoonal circulation, and (3) use the model output to trace
trajectories for the purpose of identifying the source(s) of moisture for the Monsoon over southern
Arizona.

Thunderstorm Electrification

Radar and Aircraft Studies

Daniel Breed investigated the co-evolution of ice phase precipitation and cloud electrification using
multi-parameter radar and sailplane measurements obtained during CaPE in Florida. In a small storm on 19
July 1991, the NCAR sailplane measured microphysical and electrical parameters continuously between
the +8 C and -8 C levels while the same growing cell was sampled by the NCAR CP-2 radar. The
development of a short duration (- 5 min) differential reflectivity (ZDR) column, which sailplane data
shows is a region of 3-5 mm drops, preceded the rapid growth of echo top and the formation of significant
amounts of ice. Sailplane data also show that the mantle of linear depolarization ratios (LDR) greater than
-20 dB which formed around the ZDR column were apparently caused by wet growth of ice - frozen drops
(to 7 mm) and cloud liquid water contents to 2 g m' 3. Electric fields grew rapidly to > 40 kV m -l

approximately 5 minutes after the ZDR pulse, with the first lightning flash detected about 2 minutes later.
The simple correlations of the ZDR column to cloud glaciation to electrification seem clear from these data.

Breed, Dye, and Alfred Criswell have documented the concurrent development of electric fields and
radar reflectivity from an expanded set of CaPE cases utilizing sailplane and NCAR King Air data. Earlier
results, showing reflectivity thresholds for electrification of (0 dBZ) tops greater than 7 km (-13 C) and
echo greater than 30-35 dBZ at 6 km, continue to hold.

Modeling Studies

John Latham (visitor, formerly of the University of Manchester, England) and Marcia Baker
(University of Washington) have formulated a simple model of the glaciation and electrification of
thunderclouds. Lightning is initiated at the location within the cloud where a prescribed breakdown electric
field first develops, and a field-gradient criterion is used to establish whether the stroke is internal or from
cloud to ground. Following this breakdown event, continuing charge transfer produces field regeneration
until a second lightning stroke occurs. In this way, the frequency (f) of occurrence of lightning is calculated
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as a function of the meteorological sounding, precipitation rate, radar reflectivity, ice crystal
characteristics, and other parameters. A primary long-term objective of this work is to develop algorithms
by which rainfall rates may be determined from measurements off.

Instrumentation Evaluation

Kathy Giori (Southwest Research Institute (SRI) International), Andrew Detwiler (South Dakota
School of Mines and Technology (SDSMT)), and Breed have examined electric field measurements from
several intercomparison flights during the CaPE. Thus far, analysis of aircraft data from the NCAR King
Air, the sailplane, and the SDSMT T-28 has revealed no large discrepancies, but have quantified some
consistent differences between aircraft leading to improvements in processing the electric field data. Work
continues on analyzing these intercomparison flights and those between the NCAR King Air and the
NASA Learjet.

Aerosol, Cloud, and Precipitation Physics

Kuwait Oil-Fires Smoke Experiment (KOFSE)

The data collected during studies of the smoke plumes from the 1991 oil fires of Kuwait provide good
characterization of the turbulent diffusion of a large plume, because the plume was mapped while
turbulence-scale wind measurements were collected. Studies by William Cooper (joint appointment with
ATD) of the observations have indicated that strong wind shear coupled with weak vertical mixing was the
dominant effect responsible for the growth rates of the smoke plumes. Some calculated effects of wind
shear on diffusion support this explanation. It appears that the rapid dispersal of the smoke plumes
minimized their ascent in the atmosphere, because dilution and spreading of the plumes reduced the
heating from solar absorption. These observations also provided a clear illustration of the important effects
of wind shear on plume dispersal.

First Echo Studies and Precipitation Formation in Small Cumulus Clouds

Charles Knight and Miller continued work on Bragg and Rayleigh scattering from the dual-
wavelength CP-2 radar, with data from CaPE in 1991. Knight also participated in the RAP summer 1993
project at Boulder, trying to obtain dual-wavelength data for first-echo studies in more continental, colder-
based clouds, largely without success. He found a clear need to backtrack and repeat the same radar studies
with dedicated aircraft measurements in support. Therefore, Knight has organized a "Small Cumulus
Microphysics Experiment" in Florida, with participants from a number of universities and other
organizations. Support facilities were not available in 1994, but the request will be renewed to do this
experiment in 1995.

This work is a result of recent improvements in radar sensitivity which allows the detection of radar
echoes from clouds in their very early stages of development. Presently Ilga Paluch is looking into the
possibility of using this reflectivity to deduce cloud liquid water content. While earlier studies have
predicted rather poor correlation between cloud liquid water and reflectivity, preliminary analysis of
droplet data from the Forward Scattering Spectrometer Probe (FSSP) collected by the NCAR King Air
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aircraft during CaPE suggests that it should be possible to deduce cloud liquid water from radar
reflectivity, provided the cumulus clouds are in their early stages of development, before the onset of cloud
droplet growth by coalescence.

Studies of Stratospheric Aerosol

Dye, and Darrel Baumgardner, Bruce Gandrud, and Cynthia Twohy (all three of ATD) made
stratospheric aerosol measurements using the FSSP 300 from the NASA ER-2 aircraft during the NASA
sponsored Stratospheric Photochemistry, Aerosol and Dynamics Experiment (SPADE) in October and
November 1992, and April and May 1993. The effects of the eruption of Mt. Pinatubo in the Philippines in
June 1991 continue to affect the aerosol burden in the stratosphere and the SPADE campaign provided an
opportunity to continue studies of this evolution and decay. Near 20 km, surface areas ranged from
2 to 5 m m /cm 3 (non-volcanic background is approximately 1 gL m2/cm 3 ). This is a substantial decrease
from the 25 to 30 p. m2/cm 3 observed six to nine months after the eruption. However, at altitudes of 15 to
16 km in November of 1992, surface areas as large as 30 un m2/cm 3 existed, which are as large as any
observed from the NASA ER-2 at mid-latitudes following the eruption of Mt. Pinatubo. By May 1993, at
the lower altitudes of 13 to 16 km, surface areas were as large as 20 and as low as 3 pg m 2/cm 3. This
decrease with time of the peak surface areas dominated by the larger particles is expected as sedimentation
of the Mt. Pinatubo aerosol continues.

During both the fall and the spring periods, the vertical profiles of surface area from the tropopause to
20 km varied greatly from day to day. This apparently is a result of intrusions of air from tropical latitudes
(which at 20 km contains less aerosol mass than at mid-latitudes) mixing with air from mid-latitudes. The
aerosol observations suggest that at 20 km relatively free mixing across the subtropical jet occurs and is no
major barrier to transport.

Polar Stratospheric Clouds

Dye, in collaboration with Twohy and Katja Drdla (ASP visitor, UCLA), has continued to study the
mechanisms responsible for the formation of polar stratospheric clouds (PSCs). Measurements by the
FSSP 300 from the NASA ER-2 in the Arctic showed, contrary to previous thought, that the stratospheric
sulfuric acid solution droplets remained liquid down to temperatures at which PSCs occurred, 192 to 193
K. Recent laboratory studies by Mario Molina's group at the Massachusetts Institute of Technology (MIT)
have shown that at temperatures below about 200 K, the stratospheric H2 S0 4 -H 2 0 solution droplets begin
to absorb HNO 3 thus forming a ternary solution. Calculations using the laboratory results showed that an
appreciable fraction of the observed increase in particle volume associated with the same types of PSC
formation can be accounted for by the uptake of HN0 3 in the liquid solution droplets. Additionally, results
from Drdla's model when compared to the FSSP observations in PSCs, show that if the stratospheric
sulfuric acid aerosols were frozen, PSC formation at 20 km in the Arctic would be expected to occur at
temperatures near 195 to 196 K, a few degrees warmer than actually occurs. Both of these results suggest
that in some circumstances in the Arctic the particles in the initial stage of PSC formation are likely to be
liquid. Major uncertainty exists as to when the solution droplets freeze and about the ways in which
different types of PSCs form.
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Ice-Cloud Microphysical and Radiative Properties

Jimy Dudhia (visitor, formerly of the Pennsylvania State University) has simulated convection
observed during the Severe Environmental Storms and Mesoscale Experiment (SESAME) 79 field
program in Oklahoma with the MM5. As part of the ARM Program, mean radiative properties in the
convective region have been obtained from the model in preparation for future comparisons with general
circulation model (GCM) cloud/radiative schemes. The domain-averaged impact of radiation within the
model is to decrease low-level cloud during the day and to increase high-level cloud at night. The former
effect is due to net solar warming and evaporation of clouds, while the latter is due to extensive sub-cloud
longwave warming as the high clouds expand in area relative to low and mid-level clouds.

Andrew Heymsfield and Rudolf Pueschel (NASA, Ames) worked collectively to acquire data in
cirrus anvils from the NASA DC-8 aircraft in TOGA-COARE. Data were collected during three flights
into Typhoon Oliver. During the developing stage, updrafts exceeding 20 m s-l were measured and liquid
water was encountered at temperatures as low as -40 C. The storm's eye (and associated wall-cloud) was
penetrated near the top of the eye wall cloud during the more mature stage, but during this phase the
vertical motions were more subdued and supercooled liquid water was usually absent. The microphysical
measurements are now being placed in the context of the cloud dynamics. Measurements of shortwave and
longwave radiation by an overflying NASA ER-2 aircraft are being used to relate the in-situ cloud
microphysical measurements to the cloud radiation. This activity was supported with ROCEW funding.

Results from the Central Equatorial Pacific Experiment (CEPEX)

Heymsfield and V. Ramanathan (Scripps Institute of Oceanography), along with Francisco Valero
(NASA, Ames), Grossman, and Joachim Kuettner (senior research associate, joint appointment with
UCAR) planned and executed the Central Equatorial Pacific Experiment (CEPEX). The purpose was to
test the so-called "Thermostat Hypothesis" of Ramanathan and William Collins (Scripps Institute of
Oceanography). An excellent set of microphysical and radiation data were collected north of Fiji in a
developing convective system and associated anvil. Well-defined signatures of particle advection from the
main convective towers and particle fallout were revealed by examining the change in particle size as a
function of downwind distance and altitude. The relationship between ice water path and cloud optical
depth, as well as the vertical distribution of cloud radiative divergence, are being examined.

In complementary modeling studies, Heymsfield and Janice Coen (visitor, formerly of the University
of Chicago) are applying cloud life-cycle models to study the processes that determine the anvil's lifetime,
and microphysical and radiative properties. A simple numerical model tracks the evolution and dispersion
of hydrometeors in a convective debris-like anvil with the unique feature that it makes no assumptions
about the evolving ice particle spectrum's shape. This is an important step in order to accurately represent
growing and sedimenting ice particles, and predict quantities such as effective radius and ice water path.
The ice particle size spectra entering the anvil are initialized with CEPEX data collected in the anvil near a
convective core to have realistic conditions at the anvil's source and to avoid making questionable
assumptions about ice nucleation processes. This simple treatment predicts the anvil's basic microphysical
and radiative properties for a given flux of water and ice crystals from a convective updraft into a
stratiform cloud. This activity was supported, in part, by ROCEW funding.



MMM-18

Fundamental Physics of Ice Formation

Knight completed a study of recrystallization inhibition (with Richard Laursen, Boston University)
with the conclusion that nonequilibrium antifreezes only have special effects in this regard when present in
ice along with small-molecule impurities. Grain boundary motion is inhibited because the migration of
liquid inclusions is inhibited through the antifreeze effect. A model of how poly (vinyl alcohol) bonds to
ice was developed and used to predict which stereoregular version should have the strongest effects. A
qualitative explanation of the unusual effects of long antifreeze glycopeptides on ice growth was
developed in collaboration with Arthur DeVries (University of Illinois).

Effects of Clouds on Clear-Air Chemistry

Mary Barth (visitor, formerly of the University of Washington, joint with ACD) has been examining
the effects of clouds on clear-air chemistry, as part of the Global Tropospheric Chemistry Program
(GTCP). During the past year, a cloud chemistry model was used to study the effect that a narrow cold-
frontal rainband has on the chemical environment. Results from model simulations showed that as the
storm became more vigorous and more precipitation collected at the surface, the accumulated sulfate
deposition at the surface decreased; this result was attributed to the amount of aqueous sulfur dioxide
oxidation occurring rather than to mass transport. The model is currently being modified to include a gas-
phase chemistry module to examine the effect of clouds on the oxidation capacity of the troposphere.

Orographic Clouds

Heymsfield and Larry Miloshevich have examined data from the FSSP-300 in orographic wave
clouds sampled at temperatures as low as -60 C. The FSSP samples particles as small as 0.4 microns. In the
relatively simple conditions of these wave clouds, the FSSP clearly showed the development of particles
from the point at which they deliquesced to the development of haze particles and then water droplets (at
temperatures warmer than -40 C), followed by the nucleation of ice crystals (presumably homogeneously),
followed by the reverse process in the descending, evaporating portions of the wave clouds.

Winter Icing and Storms Project (WISP)

During FY 93, WISP conducted a preliminary experiment in preparation for a major field experiment
in FY 94. The preliminary experiment was designed to evaluate some approaches and instrumentation to
be used in the 1994 experiment, where the focus will be on the origins of ice crystals. Among the
techniques tested in the preparatory experiment were: (1) collection of aerosol samples from aircraft which
were later processed in the Colorado State University (CSU) cloud chamber to detect ice formation from
ice nuclei in those samples; (2) tests of various techniques for the detection of ice nuclei, and comparison
of the results to those obtained in the CSU chamber and also to the concentrations of ice observed in
natural clouds; (3) evaluation of flight patterns and instrumentation to be used in wave clouds for the study
of ice formation and its relationship to ice nuclei; (4) studies of instruments for the detection of cloud
condensation nuclei (CCN) and for the measurement of ice mass; and (5) studies of the patterns associated
with ice formation in wave clouds and upslope clouds, in order to design procedures for the 1994
experiment. An interesting observation by Cooper, from these studies, was that the ice concentration in
wave clouds sometimes increases rapidly in association with the onset of a downdraft in those clouds, as if
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evaporation of the cloud water led to a sudden increase in ice crystal concentration. This clue will be
pursued in the 1994 experiment, which has been developed in collaboration with scientists from the
University of Wyoming, CSU, the University of Nevada, NOAA-Forecast Systems Laboratory (FSL),
New Mexico Institute of Mining and Technology (NMIMT), and elsewhere.

Effects of Large Hygroscopic Particles on Precipitation Formation

Some recent operational cloud-seeding programs have obtained apparently significant increases in
rainfall by the injection of hygroscopic particles having sizes of about 0.5 l m. To try to understand these
results, Cooper and Bruintjes have visited these projects and calculated expected effects of such particles in
natural and seeded clouds. Evidence both from focused observations in these field projects and from
numerical simulations indicates that such particles may accelerate coalescence by broadening the droplet
spectrum near cloud base. While the studies have not yet completed the link to precipitation formation,
they provide some support and a possible explanation for the positive results being obtained in these
operational programs.

Instrument Development and Measurement Physics

Commercial Aviation Sensing of Humidity (CASH)

Alan Hills (visitor, formerly of ACD) has evaluated water vapor sensors for the CASH Program to
ascertain the suitability of available sensors for measuring humidity from commercial jets. The
information could be used in near real time for weather forecasting. Sensor requirements for such a
program are exacting. The system must be easily retrofitted onto existing commercial aircraft and be
lightweight, compact, rugged, sensitive, accurate, and contaminant resistant. It must operate reliably over a
wide range of temperature, pressure, Mach number and humidity. In addition, it must have sufficient time
response to resolve water vapor fine structure of the lower troposphere. Finally, it must be stable over at
least a three-month period of unattended operation.

Thin-film capacitive and chilled mirror hygrometers were exhaustively tested in the laboratory and a
wind tunnel, and were flown on a jet aircraft. Further tests were conducted in harsh environments. The
results showed that both types of sensors nominally meet program measurement objectives, with thin-film
devices having more rapid response times and chilled-mirrors having better accuracy and sensitivity.
Neither was Mach-number dependent. A complete water vapor measurement system suitable for the first
phase of CASH has been designed and described in detail.

Intermittent Sampling for Measurement of Fluxes

An intermittent-sampling system is being developed, as part of the GTCP, for the measurement of
fluxes of chemical species from aircraft by Cooper, Stephen Shertz (ACD), Gregory Kok (ATD), and
Donald Lenschow (joint appointment with ATD). During FY 93, the mechanical components of the system
were constructed and the system assembled for a flight test program in early FY 94. Theoretical and
simulation studies of the technique support the underlying concept, in which air samples are collected over
short periods but are dispensed to instruments over longer periods to permit adequate measurement by
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instruments that are otherwise too slow for this use. Following this test program, full deployment of the

system is planned for the Boreal Ecosystem-Atmosphere Study (BOREAS) in summer of 1994, where

scientists from MMM, ACD, and ATD will participate with those from the University of Wyoming,

NASA, and others in a comprehensive study of the carbon budget and boundary-layer fluxes over a boreal-
forest region of Canada.

Lidar Boundary-Layer Measurements

Kenneth Davis (ASP visitor, University of Colorado), collaborating with Carl Hagelberg (ASP) and

Nimal Gamage (University of Colorado), developed a technique for objective retrieval of high spatial
resolution atmospheric structure from airborne lidar backscatter observations. The wavelet-based
technique was applied to observations of stable, clear convective, and stratocumulus-topped boundary
layers, as well as smoke plumes from KOFSE using data from NASA Langley, SRI International, and

NCAR lidar systems. The technique will be applied to studies of entrainment and turbulence in the lower
atmosphere.

Davis, working with Lenschow, and Gerhard Ehret and Anne Jochum (Deutsche Luft und Raumfahrt

(DLR), German Air and Space Travel Research Institute, Germany) also completed a study of the

feasibility of deriving surface fluxes of water vapor using the DLR airborne differential absorption lidar.
The study showed that it may be possible to derive marginally useful fluxes with this system. This
technique will be tested during BOREAS.

Boundary Layers and Turbulence

Boundary-Layer Modeling and Parameterization

Dudhia and Steven Oncley (ATD) have evaluated the MM5 surface flux prediction against direct
measurements by the ASTER from the WISP91 and STORM-FEST92 field programs. Four STORM-
FEST92 cases ranging from wet to dry conditions were studied. They found that the surface moisture
availability drops by a factor of about five for several days following a period of rain. The model was
capable of reproducing the observed fluxes in a dry case only by assigning a low-moisture availability to
the agricultural land-use category, while the higher default moisture availability works well a few days
earlier.

Keith Ayotte (visitor, Atmospheric Environment Service (AES), Canada), Chin-Hoh Moeng, and
Peter Sullivan, in collaboration with James McWilliams, Joseph Tribbia, William Large, Scott Doney (all
four of CGD), Andres Andren (Uppsala University, Sweden), Albertus Holtslag (Royal Netherlands
Meteorological Institute (KNMI), the Netherlands), John Wyngaard (Pennsylvania State University), Peter
Taylor (York University, Canada), and Pierre Koclas (AES) evaluated the ability of various planetary
boundary layer (PBL) parameterization schemes to correctly represent PBL parameters important in global

circulation modeling. The large eddy simulation (LES) data base currently contains eight refined PBL
simulations ranging from neutral to strongly convective cases involving different thermal structures and
large-scale forcings. The PBL model set, which contains ten different PBL models, has been updated and
tested to assure model behavior which is expected for the different model algorithms. In addition, an
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extensible graphics package, portable to several different platforms has been written which produces plots
of all model variable profiles, as well as calculates and plots a number of evaluation indices.

Stochastic Particle Modeling

Jeffrey Weil (visitor, Cooperative Institute for Research in the Environmental Sciences (CIRES)) is
using Lagrangian stochastic models to compute scalar dispersion in the convective boundary layer (CBL)
and forest canopies. This is a statistical approach in which one obtains the scalar field in a turbulent flow
from the probability density function of passive "particle" position. For the CBL, a hybrid Lagrangian
model was developed for determining the mean and root-mean-square (rms) fluctuating concentration due
to elevated buoyant plumes. The model includes: (1) a stochastic model to describe the plume meander
caused by the large-scale CBL turbulence, and (2) an entrainment model to determine the plume rise and
growth relative to the meander. Overall, predictions of the mean and rms scalar fields were in fair
agreement with laboratory convection tank experiments and showed that source buoyancy effects were
important only within two or so eddy turnover times from the source. However, these results only
pertained to weakly buoyant plumes, and extensions are necessary to deal with highly buoyant plumes.

For canopies, Weil developed a simple turbulence parameterization to describe the profiles of velocity
variances and dissipation rate in a canopy as a function of the canopy density or leaf-area index. The
parameterization was in fair agreement with available observations and was used in a Lagrangian
dispersion model to obtain the scalar distribution within the canopy. The scalar fields agreed well with
available observations but suggest that sources at the canopy floor should be included.

Baroclinic Boundary Layers Over Land

Moeng and Sullivan have generated two PBLs under different baroclinic environments using LES.
They are analyzing these flow fields to understand how the wind turns with height within the baroclinic
PBL. The results will be compared with STORM-FEST and other data sets.

Aircraft Measurements of Boundary-Layer Structure

Most of our understanding of mean and turbulence structure in the atmospheric boundary layer is
obtained from measurements and simulations of horizontally homogeneous cases. Yet, for the most part,
land surfaces vary considerably in roughness, vegetation and soil properties on a hierarchy of scales. Larry
Mahrt (affiliate scientist, Oregon State University) and Lenschow are studying ways to deal with the
variability in surface fluxes due to different crops and farming practices using aircraft data obtained over
the San Joaquin Valley of California. This is an important aspect of "scaling up" measurements from
towers and aircraft to scales relevant for larger scale models. They have also found that ozone deposition
estimates from aircraft can be affected by local sources of NO such as diesel-powered irrigation pumps.

Jakob Mann (visitor, Ris0 National Laboratory, Denmark), Leif Kristensen (affiliate scientist, Ris0
National Laboratory), and Lenschow have obtained and tested relationships to estimate errors in
turbulence fluxes and other turbulence moments. Using results from the First ISLSCP (International
Satellite Land Surface Climatology Project) Field Experiment (FIFE), they found that significant
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systematic errors can be introduced into aircraft-measured fluxes by high-pass filtering the data and by
inadequate length of the flight legs. This activity was supported, in part, by ROCEW funding.

Marine Stratiform Cloud

Moeng, Lenschow, and David Randall (CSU) studied mechanisms of marine stratus cloud breakup.
Based on three LES stratus cloud cases with different large-scale conditions, they found that the breakup is
determined by the relative importance of cloud-top evaporative cooling and cloud-top longwave radiative
cooling in driving the boundary-layer turbulent circulations. The cloud deck breaks up only when
evaporative cooling dominates.

Ozone in the Marine Boundary Layer

Understanding ozone sources and sinks in the marine boundary layer is an important aspect of global
tropospheric chemistry. Furthermore, ozone is often used as a conserved tracer for entrainment studies; it is
very useful for studying rapid, small-scale mixing in unpolluted air. However, there is evidence that ozone
cannot be treated as a conserved tracer over periods of days when dealing with the ozone budgets in the
moist marine troposphere. Chemical models predict net photochemical ozone decay in the presence of high
moisture and low NOX concentrations. To make comparisons between calculated and observed ozone loss,
Paluch, Stewart McKeen (NOAA), and Lenschow have analyzed observations from two Lagrangian field
experiments in the Atlantic Stratocumulus Transition Experiment (ASTEX), where aircraft monitored
changes in the boundary layer following the trajectories of tracer balloons. ASTEX took place in the
vicinity of the Azores in June 1992. These observations were compared with modeling calculations. In the
first case, with pristine conditions, no significant ozone loss was observed; this agreed with the model
prediction. The second case involved higher ozone concentrations in polluted air from Europe; here the
ozone loss was observed to be significantly faster than predicted. It is not yet clear why this is the case.

Wavelet Analysis of Radar Data

Tuttle investigated the structure of radar echo features in the boundary layer using wavelet analysis of
the reflectivity and Doppler velocity convergence fields for the 2 August CaPE case. The analysis revealed
a number of stationary linear features having a 6 km wavelength oriented parallel to the mean low-level
winds, consistent with boundary layer horizontal roll theory. The convergence and reflectivity features
were collocated showing that lines of enhanced reflectivity were associated with convergence lines. Other
propagating features originated from thunderstorm outflows. These convergence bands were slightly ahead
of the reflectivity lines. The analysis revealed information that was not obtainable by conventional analysis
methods.

Boundary-Layer Array Facility

LeMone, Blumen, and Grossman continued to explore the feasibility of a boundary-layer array within
the ARM Cloud and Radiation Testbed (CART) site which would have instrument sites (including easily-
accessible phone and electrical hookups) and routinely-collected data. In addition, a boundary-layer data
archive might be established. Such an array would facilitate both small science and educational efforts, as
well as support for future field experiments in conjunction with the USWRP, GEWEX, NASA-FIFE, and
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DOE-ARM. Ideally, the array would coincide with a drainage basin, so that joint hydrological-
meteorological experiments could be conducted. In FY 94, they will work with John Pflaum (NOAA,
USWRP) to find a location for the array; two possible sites are located near the Kansas-Oklahoma border.
Pflaum plans to convene a meeting in early 1994 to finalize preliminary plans which will be presented to
the community.

Geophysical Turbulence Program (GTP) in MMM

The Geophysical Turbulence Program (GTP) is an inter-divisional (CGD, HAO, MMM) collection of
scientists interested in the fundamental aspects of turbulent flows in the astrophysical and geophysical
context. Within MMM, Jackson Herring, Moeng, and Robert Kerr are members. The research programs of
Yoshi Kimura (formerly ASP; now University of Colorado) and Joseph Werne (ASP visitor, University of
Chicago) are also described.

Four problems were explored and completed during the past year: (1) comparisons of various
statistical theories with direct numerical simulations (DNS) to assess the effects of turbulent structures on
the scale-size distribution of turbulence; (2) an investigation of the possible singular nature of inviscid flow
structures and their implications for real flows; (3) high-resolution simulations of thermal convection (in
two and three dimensions) to measure the effects of the large-scale shear on thermal convection; and (4) an
examination of the dependence of the distribution of scalar fluctuations convected by turbulence on the
presence of a mean temperature gradient.

The comparison of DNS to statistical theories of turbulence indicates the necessity for statistical
theories to incorporate accurately historical effects in the flow (a dynamical dependence on the history of
the flow) if it is to have quantitative accuracy. Significant errors were noted for a class of approximations
which abbreviate too severely the dependence of the current statistics on the past.

The question of whether strictly inviscid flows become singular in a finite time is an unsolved
mathematical problem with profound consequences for turbulence theory. Kerr recently performed
numerical simulations indicating that for sufficiently precise initial conditions and high resolution, the flow
does become singular (in its vorticity field) in a finite time.

Thermal convection studies at MMM were carried on by Kerr, Herring, and Werne. A central issue
here is whether large-scale features of the flow (either a circulation pattern extending over the whole
domain, or more random flow patterns larger than the convective plumes) induce changes in the heat
transport from its classical value. The numerical simulations carried out by Kerr, Herring and Werne have
clearly shown the need to incorporate the effects of large-scale shear to modify the heat transport in
thermal convection in both two and three dimensions.

Of interest in the small-scale range of mesoscale meteorology is the problem of how the probability
density function (PDF) of temperature (i.e., the probability distribution of temperature fluctuations)
depends on the stratification of the turbulence. That is, given a convectively unstable region and its lapse
rate (averaged temperature decrease with height), what distribution of temperature fluctuations is to be
expected at a given point and for a given lapse rate. Kimura and Robert Kraichnan (independent consultant
for Los Alamos National Laboratory) show (both via an analytic theory and DNS) that the PDF for a
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nonlinear mean temperature profile becomes non-Gaussian. They are also able to explain, through simple
combined effects of strain and dissipation, the origin of the non-Gaussian distribution function for
homogeneous flows. In FY 94, Kimura and Herring will examine particle dispersal in stably stratified
turbulence. This research was supported, in part, by the High Performance Computing and
Communications (HPCC) initiative.

Numerical Techniques

Forward-In-Time, Semi-Implicit Discretization for Fluids

In support of the Department of Energy Computer Hardware, Advanced Mathematics, and Model
Physics (CHAMMP) program, Smolarkiewicz and Len Margolin (Los Alamos National Laboratory) have
further generalized the forward-in-time, finite-difference methods for fluids for elastic systems with
implicit temporal discretization of the forcing terms responsible for generating high-speed propagating
modes. This approach is different from the traditional semi-implicit approach of Andre Robert (University
of Quebec, Canada) designed for three-time-level discretization schemes. It avoids nonlinearity of the
resulting elliptic equations without recourse to an arbitrary linearization of the governing equations of
motion. This novel method has been tested within the framework of the shallow water flows on the sphere
in both Eulerian and semi-Lagrangian formulations.

Simulation of the Green-Naghdi Equations on the Sphere

In addition, as part of CHAMMP, Smolarkiewicz, Balu Nadiga (Los Alamos National Laboratory),
and Margolin have generalized an existing semi-Lagrangian shallow water model on the sphere for the
nonhydrostatic, dispersive Green-Naghdi equations. Since these equations contain third-order differential
terms that are nonlinear in the fluid thickness, the stability of the underlying numerical method is difficult
to evaluate. The new model has been employed to simulate flow problems whose solution for the usual
shallow water equations is well-understood. For large Courant numbers, the solutions of the dispersive
equations are close to those of the usual shallow water equations. However, as the Courant number is
decreased, differences between the two solutions may become significant. It is unclear whether these
differences are due to the physical effects of high frequency waves which are resolved at shorter time steps,
or to artifacts of the finite-difference discretization.

Model Development

Improved Upper Boundary Condition in MM5

Dudhia has reformulated the Klemp-Durran upper radiative boundary condition, so that it can be
applied as a one-step algorithm to obtain vertical velocity at the top of the model domain from the pressure
field. The resulting scheme has been implemented in the MM5, and has proven robust and successful in
controlling gravity-wave amplitudes in real-data simulations.
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Adaptive-Grid Model Development

Skamarock has implemented fully-automated adaptive-grid capabilities in COMMAS, using the
generalized adaptive grid interface constructed by Skamarock and Ming Xue (Center for the Analysis and
Prediction of Storms (CAPS), University of Oklahoma). This cloud-scale model was constructed by Louis
Wicker (Texas A & M University) and Robert Wilhelmson (University of Illinois) and contains a
sophisticated ice-microphysics parameterization developed by Jerry Straka (University of Oklahoma).
Skamarock, Klemp, and Weisman are making extensive use of the automated adaptive COMMAS model
in simulations of mid-latitude and tropical mesoscale convective systems. The interface has also been
successfully coupled with the nonhydrostatic CAPS Advanced Regional Prediction System (ARPS) 3.0
model, which is available for use by the general modeling community.

Nonhydrostatic MM5 Mesoscale Model Development

Dudhia, Georg Grell (NOAA), and David Stauffer (Pennsylvania State University) continued to
develop the MM5, which will soon be released to the university community. The new model contains
multiple movable nests on multiple levels, and a versatile four-dimensional data assimilation capability.
New physics added this year include a mixed-phase microphysics scheme developed by Reisner and a
cloud-radiation interaction scheme developed by Dudhia. Improvements to existing surface layer, vertical
mixing and cumulus schemes have also been made. Dudhia, Grell, and Stauffer have written the model
description and, with Philip Haagenson, have prepared the program documentation. Both will be released
along with the model in early 1994.

Participation in the COMPARE Project

As part of NCAR's participation in the ongoing Comparison Of Mesoscale Prediction And Research
Experiments (COMPARE) project, Low-Nam performed several numerical experiments on the Canadian
Atlantic Storms Program (CASP) IOP14 case. He ran the MM5 model in a full-physics configuration for a
36-hour forecast using the initial analyses prepared by the Recherche en Prevision Numerique (RPN)
Center in Canada. He wrote the model output fields to tapes at 6-hour intervals and returned them to RPN
for quantitative verification and comparison with other numerical models from other research centers. A
workshop is planned for the fall of 1994 to discuss the model results and their implications.

PSU/NCAR Mesoscale Modeling System User Service

Sue Chen provided support to the community users and coordinated the development (with David
Gill, Kevin Manning, and Yong-Run Guo (visitor, Shanghai Meteorological Center, China)) of the pre- and
post-processors of the MM5 modeling system. User support provided by MMM in FY 93 included: (1)
consultation for the modeling system, (2) modeling system maintenance and debugging, (3)
documentation, (4) tutorial classes, and (5) annual workshops. Guo and Chen wrote documentation for
TERRAIN, a package that defines terrain and land-use characteristics for grids placed at any geographical
location. The completion of the MM5 modeling system, including the pre- and post-processors, will
provide users with a more flexible and easy-to-use system.
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Two tutorial classes were offered in May and October. A total of 60 users attended these two classes.
The workshop, held in October had 78 participants from 33 institutions. The 47 papers presented at the
workshop stimulated significant discussion, and were also described in the 1993 workshop abstract reprint
volume.

Parallel Processing Development of the Clark Model

Hall and Clark have extended the interactive grid nesting software within the Clark model to
accommodate multi-processing on shared memory systems such as the Cray-YMP and Cray-3. The
technique uses a virtual nesting procedure where the model domain is subdivided into a number of smaller
domains with processors spread out over the various domains. This design should be scalable through
increasing the size of the model as the number of processors increases. Utilization of a number of
processors within each virtual nest or subdomain is also considered in this design. The software has passed
a number of initial tests on the Cray-YMP using up to six processors. This method is extendable to
distributive memory systems such as Thinking Machine's CM-5 with the addition of message passing
procedures. This activity was supported, in part, by the HPCC initiative.

Semi-Lagrangian/Eulerian Nonhydrostatic Model for Fluids

Smolarkiewicz, Grabowski, Vanda Grubisic (visitor, Yale University), Margolin, Prusa, and Janusz
Pudykiewicz (AES) have developed a new numerical model for simulating flows of moist, rotating,
stratified, anelastic fluids past a specified time-dependent irregular lower boundary. The model assumes the
two-time-level temporal discretization consistently for all dependent variables, and it contains both semi-
Lagrangian and Eulerian approximations, selectable by the user. The model has been used for a variety of
problems representative of small-scale atmospheric applications. The results suggest that modem two-time
level methods may be superior to the more traditional three-time level schemes, both in terms of accuracy
and computational efficiency. This research was supported, in part, by the GTCP.

Semi-Lagrangian Atmospheric Transport of Reactive Tracers

Pudykiewicz and Smolarkiewicz have extended applications of the theory of semi-Lagrangian
approximations for fluids on modeling flows of atmospheric reactive tracers. Their semi-Lagrangian
algorithms were incorporated in a regional model simulating atmospheric oxidants (with chemistry
involving 43 species) and modified to include accurate representation of multiple point sources. The model
was applied successfully for simulation of high concentration ozone episodes in eastern Canada. This
activity was supported, in part, by the GTCP.

Large-Eddy Simulation (LES)

Sullivan, Moeng, and McWilliams have developed a new subgrid-scale (SGS) model for use in LESs
of planetary boundary flows. Simulations with the new model produce clear logarithmic regions (prior
simulations were deficient in this regard) in both the mean wind and potential temperature profiles in the
atmospheric surface layer from highly-convective to near-neutral stability. The new SGS model is simple
to implement, and the results were found to be independent of grid anisotropy.
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Sullivan, Moeng, and McWilliams are also developing a nested-grid capability in the present LES
code which will allow much finer resolution of selected regions of a PBL domain. The intention is to use
this new capability to study intermittency and coherent structures in the surface layer.

Forest Fire Modeling

David Packham (Bureau of Meteorology, Australia), his colleagues at the Commonwealth Scientific
and Industrial Research Organization (CSIRO) (Australia), Mary Ann Jenkins (York University, Toronto),
and Clark began a collaborative effort to couple the Clark mesoscale model with a physical forest fire
model. Understanding the fire/meteorological coupling is important in such applications as controlled
bums.

Data Assimilation

Observational Requirements for Simulations of MCSs

As part of the ARM Program, Dudhia and Kuo have completed observational system simulation
experiments (OSSEs) to determine the impact of data coverage and data type on simulating mesoscale
convection in Oklahoma. The investigation was carried out with the MM5 model in a four-dimensional
data assimilation (FDDA) mode that revealed the importance of lateral boundary conditions in the limited-
area (500 km square) simulations. The simulations also demonstrated the sensitivity of precipitation
prediction to the density of observations used in the FDDA. They showed that the temperature could be
recovered through the assimilation of the wind field, but this is effective only when the wind-field
observations are available over a domain larger than 1000 km.

Research on FDDA Using the Adjoint Method

Jian-Wen Bao (ASP visitor, Pennsylvania State University) and Kuo investigated the treatment of step
functions associated with physical parameterization in the development of adjoint models for either data
assimilation or sensitivity studies. They applied the calculus of variations to examine ways to treat step
functions, and developed a general formalism for this problem and demonstrated that, in theory, there is no
difficulty in dealing with both discontinuities in the values of functions or in their derivatives. However, in
practice, the latter are much easier to accommodate within the model.

Research on FDDA Using the Newtonian Relaxation Method

Bao and Kuo performed numerical experiments using a simplified primitive equation model to
examine the impact of temperature information on mesoscale data assimilation. They showed that the
assimilation of temperature information is effective only when the observed wind and temperature are in
dynamical balance. When the resulting errors in observation and analysis are such that the observed
variables are not in dynamical balance, the temperature information is less effectively assimilated with the
Newtonian relaxation method (nudging).
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Adjoint Variational Data Assimilation Using Single-Doppler Radar Data

Juanzhen Sun (visitor, formerly with the University of Oklahoma, joint appointment with RAP) and
Crook have further developed the adjoint technique for wind and thermodynamic retrieval and tested it
using real data. Three data sets have been used to examine the real data applicability of the method. Using
these data sets, a number of numerical experiments are conducted to extensively explore the real-data
applicability and the sensitivity of the adjoint method. Results from these experiments have shown that the
adjoint technique is able to accurately retrieve the detailed structure of the low-level convergence and
circulation.

Mesoscale Measurement Analysis

With a goal to develop an integrated data assimilation and sounding system (IDASS), Guo and Kuo
performed a data assimilation study using special observations collected in the WISP-ARM 1991
experiment. This study was performed using a 5-km grid in the MM5 model over a domain of 300 km by
350 km. They showed that the assimilation of data from a wind profiler and a ground-based microwave
radiometer improved the model wind and moisture fields. However, assimilating wind and moisture data
alone did not lead to improvements in the temperature field indicating that the use of independent
temperature information (from a system such as the CLASS) is essential for the design of IDASS.

Data Analysis Systems

William Anderson, Daniel Hansen, and Miller continued support of software for analysis and display
of radar, mesonetwork, and aircraft data. Miller tutored users of radar analysis packages. Anderson
installed UNIX versions on workstation computers at several universities and government research
agencies. He converted the radar interpolation software to UNIX workstations and added interpolation
schemes to handle most radar scanning procedures. Hansen consolidated aircraft data analysis programs,
including spectral analyses and data processing from particle imaging probes.

Experimental Forecast Activities

Real-Time Forecasting for WISPIT

Haagenson, Gill, Manning, and C. Davis conducted a real-time forecasting experiment using the
newly-developed MM5 model in support of WISPIT. They ran the model daily on the Cray-YMP, in
cooperation with SCD, from 16 February to 11 March, and produced 36-hour forecasts in a doubly-nested
configuration with respective domain resolutions of 180 km, 60 km, and 20 km, centered on Colorado.
They performed four-dimensional data assimilation using Mesoscale Analysis and Prediction System
(MAPS) data from FSL, whenever possible. This group used output from MM5, along with conventional
data, to prepare daily forecasts in support of WISPIT operations. One conclusion from the experiment was
that the simple ice physics scheme used frequently produced excessive amounts of mid- and high-level
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cloudiness. However, the high resolution allowed a better representation of fronts and surges in several
cases compared with operational models available from the NMC.

In association with WISPIT, a short-term snow forecasting/nowcasting program and a ground-deicing
program was conducted from 15 November 1992 through 4 April 1993 in coordination with United
Airlines at Stapleton Airport. Szoke served as a nowcaster for the experiment, in which 1- and 2-hour
nowcasts of snow and equivalent liquid accumulation, as well as 5-hour, short-term forecasts, were sent in
real time to United Airlines every hour. Various mesoscale snow bands were documented in an attempt to
further understand the mechanisms that organize the precipitation.

Verification MM4 Prediction in STORM-FEST

The multiply-nested MM4, with a finest grid of 20 km, was used to provide real-time mesoscale
numerical weather prediction during STORM-FEST 1992. Kuo, Gao, and Low-Nam completed a
verification study of the MM4 model predictions using the special observations collected in STORM-
FEST. The results showed that the diurnal cycle predicted by MM4 had a weaker amplitude than was
observed. They also found a systematic bias in the upper-level relative humidity fields that was as large as
30 percent by the end of a 36-hour forecast. The positive humidity bias was even larger in the NGM
prediction. Comparing horizontal structure functions between observations and model forecasts clearly
demonstrated MM4's superiority in predicting more accurate mesoscale atmospheric structures and
precipitation distribution. However, the traditional verification skill scores indicated that thhe performance
of NGM and MM4 were comparable, which suggests an inadequacy of these skill scores in differentiating
the model performance on the mesoscale.

Interactions with the National Weather Service (NWS)

Szoke also continued the Experimental Forecast Facility (EFF) activity of working public-forecasting
and aviation shifts at the Denver National Weather Service (NWS) Forecast Office. This is an important
part of the EFF process designed to improve the ties between research and operational meteorology,
allowing the researcher a first-hand understanding of the forecasting difficulties, and giving those in
operations more time to pursue research projects. A new forecast shift, in which Szoke also participated,
was implemented at the Denver Forecast Office, and new forecast and nowcast products were evaluated.
The Denver office is a testbed for the next generation of meteorological workstations, developed at
NOAA-FSL, that will replace the current Automation of Field Operations and Services (AFOS) system.

Low-Level Wind Prediction

During the summer, Crook and Tuttle participated in the Real-time Analysis and Prediction of Storms
(RAPS) 93 experiment. A small-scale numerical model was run in real-time to provide 30-60 minute
forecasts of low-level winds in Northeastern Colorado. The model was initialized with data from a surface
mesonet of 40 stations, Doppler radar, and a CLASS. Above the surface, in the planetary boundary layer,
the horizontal wind was derived from radial velocity measurements and a technique called Tracking
Reflectivity Echoes by Correlation (TREC). Thermodynamic retrieval was used to initialize the
temperature in the boundary layer. Above the boundary layer, the model was initialized with data from a
single CLASS sounding. This system was run in real-time during the months of June and July and
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produced 60-minute forecasts every 20 minutes. The model was useful in detecting and predicting the
location of boundary layer convergence zones. On 21 June, the model was successful in predicting (to
within 5 km) a Denver Convergence Zone that produced a line of 60-70 dBZ cells to the east of Denver.
The model was also useful in forecasting the motion of gust fronts over Stapleton Airport.

NOAA National Severe Storms Laboratory (NSSL), Mesoscale
Research Division (MRD) Interactions with MMM

Participation in TOGA-COARE

Jorgensen, Smull, and Matejka worked closely with LeMone and Robert Houze (University of
Washington) and Frank Marks (NOAA/AOML/Hurricane Research Division) on the design of the aircraft
flight patterns for the study of TOGA-COARE convective systems. Primary emphasis was given to the
effective use of the airborne Doppler radars installed on the two NOAA P-3 aircraft and NCAR's Electra
(ELDORA) as well as strong emphasis on documenting the boundary layer and nearby environment of
convective systems. As a result of this planning, one of the unique aspects of TOGA-COARE convective
missions was the emphasis given to highly coordinated flight patterns by the turboprop aircraft. The
principal flight pattern used in TOGA-COARE was parallel tracks by two Doppler equipped aircraft
spaced 30-50 km and roughly centered on the feature of interest. The resultant data (termed "quad-
Doppler") make possible substantially improved estimates of vertical motion within convective clouds
because vertical velocity can be directly measured, especially near cloud top, rather than inferred from
vertical divergence integration with assumed boundary conditions. A variationndal adjustment technique has
been developed by Matejka in which information on horizontal divergence, vertical precipitation velocity,
and precipitation terminal fall speed at each level in a column are synthesized to produce an internally
consistent column of values of adjusted horizontal divergence, adjusted vertical precipitation velocity,
adjusted precipitation terminal fall speed, and vertical air velocity. The problem is formulated so that all
data are used in proportion to their reliability. During the four-month field phase (November 1992 through
February 1993) members of NSSL/MRD, along with LeMone and other university and NOAA scientists,
contributed to the successful execution of the convective missions as airborne mission scientists, Doppler
radar operators, and observers on the turboprop aircraft. The NOAA P-3 flight-level and Doppler radar
data tapes now reside at MMM. MRD personnel are responsible for management of those large data sets.

Tropical Convective System Case Studies

NSSL and NCAR researchers are collaborating in the study of several MCSs observed during TOGA-
COARE that exhibited contrasting modes of convective organization. These efforts will hinge on analysis
of in-situ momentum flux measurements and more novel "quad-Doppler" observations made possible by
close coordination of the turboprop aircraft flight tracks. Initial efforts have focused on case studies of (1) a
rapidly propagating squall-type system observed by a total of five research aircraft spanning the full depth
of the troposphere (collaboration between Jorgensen and LeMone), and (2) an intense but slower moving
convective band oriented parallel to the large-scale environmental shear (collaboration between Smull and
LeMone). The Doppler analysis from both cases shows a somewhat unexpected maximum of vertical
motion at high levels within convective lines that is thought to be a result of acceleration of the updrafts
above the freezing level through water unloading and release of heat from freezing. The Doppler and in-
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situ penetration data confirm the relatively weak character of the vertical motions compared to mid-latitude
thunderstorms documented in studies. Collaboration between NSSL, MMM, NASA, and Zipser will utilize
the vertically-scanning Doppler radar installed on the NASA DC-8 to compare estimates of vertical
motions for periods when the DC-8 traversed the "quad-Doppler" domain of the turboprops. Both systems
also greatly enhanced fluxes of heat, moisture, and momentum at the sea-air interface over areas of 104
km2. Such enhancement was also documented in Global Atmospheric Research Program, Atlantic Tropical
Experiment (GATE), but the extreme values appear to be higher in COARE. Other planned analyses
include: (1) several exceedingly large convective systems observed during mid-December over the
equatorial Intensive Flux Array during the onset of a westerly burst event (westerly bursts, which involve a
rapid and profound reversal of low-level flow over the warm-pool region, are thought to play an important
role in the El Nino Southern Oscillation (ENSO) cycle) that extended into early January (in collaboration
with researchers at the University of Washington); (2) a study of the momentum budget of a shear parallel
band as a function of life cycle (Matejka and LeMone); and (3) analysis of proximity soundings for the
MCS cases documented by the aircraft to see if there will be a systematic relationship between
environmental structure and convective structure and evolution (collaboration between LeMone, Zipser,
NSSL/MRD, and Parson). LeMone and Moncrieff found that the details of the flow in convective bands as
well as the extent of the stratiform region was systematically related to the sounding structure. This study
will complement the radar convective climatology study being done by Steven Rutledge (CSU).

Numerical Simulations of a Tropical Squall Line System

Jorgensen has collaborated with LeMone, Parsons, and Trier to utilize the Klemp-Wilhelmson cloud
model to study the structure and evolution of a squall-line system observed by aircraft during TOGA-
COARE. Using environmental soundings constructed by conditional sampling of aircraft ascent/descent
profiles ahead of the line coupled to nearby soundings released from Honiara, the model has successfully
replicated many of the structural features seen in the "quad-Doppler" analysis. In particular, the cold pool
strength and distribution, convective line structure vertical motions (including the bi-modal character of
the updraft maxima at low and very high levels), and basic horizontal circulations are quite similar.
Counter-rotating gyres near each end of the convective line centered on the pronounced "bow" in the
middle of the line are also seen in both Doppler and model wind fields. This close agreement between the
model and observations gives some hope that the two approaches can be combined to quantitatively
evaluate momentum fluxes by convective and mesoscale circulations, as well as the role air-sea energy
exchanges play in the evolution of oceanic convective systems and the recovery of the boundary layer to a
state that can support convection following convective line passage.

Bow-Echo Observations and Simulations

Smull and Weisman are collaborating on studies of "bow-echo" convective systems. Airborne
Doppler radar analyses were completed describing the internal organization and evolution of two bow-
shaped MCSs observed during spring 1991 in central Oklahoma. P-3 Doppler radar data employing the
fore-aft scanning technique (FAST) allowed three-dimensional airflow patterns to be reconstructed over
regions of unprecedented horizontal extent, providing an essential context for interpretation of M-CLASS
soundings of meteorological and electrical conditions profiled in both the leading convective and trailing
stratiform regions of these storms. Many observed features of these MCSs correspond to structures seen in
recent non-hydrostatic numerical simulations by Weisman. These features include a pronounced bulge or
"bow" in the convective line, and a pair of counter rotating mesoscale vortices bracketing the bowing
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segment. The dominant cyclonic vortex, which originated near the line's northern end, strongly modulated
rear inflow intensity behind the extensive convective line. Enhanced westerly flow on the south side of the
vortex was directed toward that the most intense, bow-shaped portion of the line, while much weaker mid-
level flow to its north accompanied the weaker, slow-moving northern portion of the convective line. The
resulting absence of strong westerly flow, which was available for transport toward the surface by
convective downdrafts along the line's central bowing southern portion, appears to explain the much
slower propagation and absence of a gust front along its northern reaches. Detailed comparisons have
revealed several intriguing similarities between this case and simulations of bow-echo windstorms. In
particular, these storms evinced counter rotating cyclonic and anticyclonic "bookend" vortices at either end
of its bowing convective line. Initially rather symmetric in shape, the storm evolved into a more
asymmetric form as the cyclonic member grew to dominance.

Squall Line Momentum Fluxes and Budgets

Matejka and LeMone analyzed momentum budgets of the squall line of 17 July 1981, observed
during the Cooperative Convective Precipitation Experiment (CCOPE), which were calculated based upon
ground-based Doppler radar observations. Calculation of the full momentum budgets was made possible
by the availability of three-dimensional pressure fields, retrieved from the Doppler winds. This study
focuses on how the generation and redistribution of momentum changed as the squall line weakened and
became more organized in a line. Primary results were that the vertical transport of momentum remained
nearly constant during this evolution because the decrease in transport resulting from the weakening of
convective updrafts was offset by the internal generation of momentum in the updrafts by mesoscale
pressure forces, which strengthened as the system became more two-dimensional.

Division Computing System

During FY 93, MMM, with oversight provided by Patricia Waukau, continued the modernization of
its computing environment. An additional file server system was added to accommodate the growth of
Silicon Graphics systems within the division. Disk storage capacity was increased on the existing file
server systems. Enhancements to the network included the addition of Fiber Distributed Data Interfaces
(FDDI) to the file server systems to provide efficient transfer of large data sets between MMM and SCD
facilities. In addition, hardware was acquired to provide the capability to subdivide the local MMM
network into logical working groups. In FY 94, MMM will continue to evaluate systems for a high-end
compute server machine which will include negotiations pending between SCD and Cray Computer to
install a Cray EL for evaluation of real-time weather forecasting using the MM5 model. In addition, the
division produced and distributed a comprehensive computing guide which documents basic information
on a wide variety of capabilities within MMM's computing environment.

Interactive Distributed Computing

SIGMA

Klemp, Weisman, and William Boyd supervised the continuing development of SIGMA, a software
package for the interactive analysis and graphical display of large data sets. Use of SIGMA has increased
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as scientists moved their work to the division's UNIX workstations. As a result of this increased use, new
features have been added and a number of bugs have been eliminated. Sigma was distributed to several
university scientists through UCAR using a beta test agreement.

PolyPaint+

Klemp and Boyd supervised the continuing development of PolyPaint+, a graphics package used to
render large complex data sets in three dimensions. This work is funded by NASA and is a collaboration
with the University of Colorado's Laboratory for Atmospheric and Space Physics (LASP). MMM and
LASP personnel completed an object-oriented design for PolyPaint+, and implemented this design along
with an advanced user interface. Tests were conducted to assess the usability of the interface, resulting in
an enhanced user interface. Additional tests were conducted to identify and resolve implementation
problems. An Alpha version of the software was produced late in FY 93 along with a mechanism for
licensing and distributing the software.

Student Visualization Project

Marjorie Klemp (LASP) and Boyd supervised a University of Colorado student software engineering
project. The goal of this project was to create 2-D visualization objects which can be integrated into
PolyPaint+. The visualization objects include a 2-D raster display object, a contour plot object, a vector
plot object, a map background object, as well as objects used to merge the graphics objects. The software's
design and implementation were completed in FY 93. As part of the PolyPaint+ project, the 2-D
visualization objects were successfully integrated into PolyPaint+.
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Staff, Visitors, and Collaborators

Staff

Division Director's Office

Amy Allen
Toni Biter
Robert Gall (director)
Hope Hamilton
Josephine Hansen
Kathy Morgan

Computing System

William Boyd
Teresa Harris
Patricia Waukau (system manager)

Convective Meteorology Section

William Anderson
Tae Young Chang
Terry Clark
N. Andrew Crook (joint appointment with RAP)
James Fankhauser
G. Brant Foote (on assignment to RAP from 1/1/90)
Wojciech Grabowski
William Hall
Sudie Kelly
Joachim Kuettner (senior research associate; joint with UCAR

Office of Programs)
Margaret LeMone
L. Jay Miller
Mitchell Moncrieff (section head)
Mary Ann O'Meara
Roy Rasmussen (joint appointment with RAP)
Piotr Smolarkiewicz
Juanzhen Sun (long-term visitor; joint appointment with RAP)
John Tuttle (joint appointment with RAP)
Charles Wade (joint appointment with RAP)

Microscale Meteorology Section

Keith Ayotte (long-term visitor)
Keith Barr
Mary Barth (long-term visitor; joint appointment with ACD)
Daniel Breed
Martine Bunting
Janice Coen (long-term visitor)
William (Al) Cooper (joint appointment with ATD)
Alfred Criswell
James Dye (joint appointment with ATD)
Joanne George
Rick Graves
Daniel Hansen
Jackson Herring

Andrew Heymsfield
Alan Hills (long-term visitor)
Robert Kerr
Charles Knight
Nancy Knight
Donald Lenschow (section head; joint appointment with ATD)
Jakob Mann (long-term visitor)
Larry Miloshevich
Chin-Hoh Moeng
Ilga Paluch
Stephen Shertz (on assignment from ACD)
Peter Sullivan
Jeffrey Weil (long-term visitor)

Mesoscale Prediction Section

Sue Chen
Christopher Davis (joint appointment with RAP)
William Davis
Jimy Dudhia (long-term visitor)
Kun Gao (long-term visitor)
David Gill
Yong-Run Guo (long-term visitor)
Philip Haagenson
Joseph Klemp (section head)
Ying-Hwa (Bill) Kuo
Simon Low-Nam
Kevin Manning
David Parsons (joint appointment with ATD)
Richard Rotunno
William Skamarock
Christopher Snyder
Edward Szoke
Stanley Trier (joint appointment with ATD)
Morris Weisman
Debra Witman

Mesoscale Research Division, NSSL, NOAA

Diana Bartels
John Daugherty
Robert Hueftle
David Johnson
David Jorgensen (chief)
Thomas Matejka
Bradley Smull
Loretta Quinn

Affiliate Scientists

Kerry Emanuel (Massachusetts Institute of Technology)
Leif Kristensen (Riso National Laboratory)
Larry Mahrt (Oregon State University)
Richard Reed (University of Washington)
Hendrik Tennekes (Royal Netherlands Meteorological Inst.)
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Visitors and Collaborators

Dates refer to visitor's stay at NCAR during FY 93. No dates
are given for collaborators who did not visit NCAR.

Kenji Akaeda, Meteorological Research Institute, Japan, 1
March 1992 to 1 March 1993 and 19 September to 3 October
1993, Mesoscale Prediction Section.

Bruce Albrecht, Pennsylvania State University, 23-25 June
1993, Convective Meteorology Section.

Andren Anders, Uppsala University, Sweden, Microscale
Meteorology Section.

Daniel Austin, Texas A & M University, 6-19 August 1993,
Convective Meteorology Section.

Marcia Baker, University of Washington, Microscale
Meteorology Section.

John Bally, Bureau of Meteorology, Australia, 5-18 March
1993, Convective Meteorology Section.

Robert Banta, NOAA, Convective Meteorology Section.

Richard Barhydt, University of Colorado, 16 July 1993 to 16
January 1994, Convective Meteorology Section.

Gary Barnes, University of Hawaii, Convective Meteorology
Section.

Eric Betterton, University of Arizona, Convective Meteorology
Section.

Warren Blier, University of California, Los Angeles, 2-5 May
1993, Mesoscale Prediction Section.

Howard Bluestein, University of Oklahoma, 20 June to 20
August 1993, Mesoscale Prediction Section.

William Blumen, University of Colorado, Convective
Meteorology Section.

Alan Blyth, New Mexico Institute of Mining and Technology,
July 1993, Microscale Meteorology Section.

Jean-Louis Brenguier, National Center for Meteorological
Research, France, Convective Meteorology Section.

Christopher Bretherton, University of Washington, 1 January
to I June 1993, Mesoscale Prediction Section.

John Brown, NOAA, Convective Meteorology Section and
Mesoscale Prediction Section.

Elizabeth Carter, Desert Research Institute, 24 May to 4 June
1993, Convective Meteorology Section.

Joelle Champney, NASA, Ames, 2-5 May 1993, Mesoscale
Prediction Section.

Chaing Chen, NASA, Goddard, 2-5 May 1993, Mesoscale
Prediction Section.

Qiu-Shi Chen, Peking University, China, April 1990 to
November 1992, Mesoscale Prediction Section.

Sam Chen, University of Hawaii, 19 October to 10 December
1992, Mesoscale Prediction Section.

Hugh Christian, NASA, Huntsville, 26-28 July 1993,
Microscale Meteorology Section.

William Collins, Scripps Institute of Oceanography,
Microscale Meteorology Section.

Steven Cox, Colorado State University, 23-25 June 1993,
Convective Meteorology Section.

Andrew Detwiler, South Dakota School of Mines and
Technology, Microscale Meteorology Section.

John DeVore, VISIDYNE, Inc., 2-5 May 1993, Mesoscale
Prediction Section.

Arthur DeVries, University of Illinois, Microscale
Meteorology Section.

Katja Drdla, University of California, Los Angeles, Microscale
Meteorology Section.

Dale Durran, University of Washington, 14-18 June 1993,
Mesoscale Prediction Section.

Gerd Ehret, Deutsche Luft und Raumfahrt, Germany,
Microscale Meteorology Section.

Richard Farley, South Dakota Schools of Mines and
Technology, 24 May to 4 June 1993, Convective
Meteorology Section.

Brad Ferrier, NASA, Huntsville, 26-28 July 1993, Mesoscale
Prediction Section.

William Gallus, Colorado State University, 15 April 1993,
Convective Meteorology Section.

Nimal Gamage, University of Colorado, Microscale
Meteorology Section.
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Kathy Giori, Southwest Research Institute International,
Microscale Meteorology Section.

Robert Glancy, National Weather Service, Mesoscale
Prediction Section.

John Glendening, Naval Post Graduate School, Mesoscale
Prediction Section.

Steve Goodman, NASA, Huntsville, 26-28 July 1993,
Microscale Meteorology Section.

Evelyn Grell, NOAA, Mesoscale Prediction Section.

Georg Grell, NOAA, Mesoscale Prediction Section.

J. Scott Grinnell, University of Washington, 28 September
1992 to 9 October 1992, Microscale Meteorology Section.

Robert Grossman, University of Colorado, 1 May 1991 to 1
January 1994, Convective Meteorology Section.

Vanda Grubisic, Yale University, 7 September to 7 November
1993, Convective Meteorology Section.

Zitian Guo, Pennsylvania State University, 4-8 November
1992, Microscale Prediction Section.

John Gyakum, McGill University, 5-9 November 1992,
Microscale Prediction Section.

James Heimbach, University of North Carolina, Asheville, 8-
13 February and 24 May to 4 June 1993, Convective
Meteorology Section.

Matthew Hitchman, University of Wisconsin, 26-27 July 1993,
Microscale Meteorology Section.

Albertus Holtslag, Royal Netherlands Meteorological Institute,
Netherlands, Microscale Meteorology Section.

Robert Houze, University of Washington, National Severe
Storms Laboratory, Mesoscale Research Division, and
Convective Meteorology Section.

Zailiang Hu, University of Chicago, 24 May to 4 June 1993,
Convective Meteorology Section.

Daniel Itzigsohn, Tel Aviv University, Israel, 10-16 January
1993, Mesoscale Prediction Section.

Daniela Jacob, Max-Planck Institute, Germany, 3 March 1992
to 31 December 1992 and 16 August to 1 September 1993,
Convective Meteorology Section.

Mary Ann Jenkins, York University, Canada, Convective
Meteorology Section.

Anne Jochum, Deutsche Luft und Raumfahrt, Germany,
Microscale Meteorology Section.

Andrew Jones, Royal Society Meteorological Office, England,
13-23 July 1993, Microscale Meteorology Section.

Sarah Jones, Munich University, Germany, 3-7 May 1993,
Mesoscale Prediction Section.

Mohan Karyampude, NASA, Goddard, 2-5 May 1993,
Mesoscale Prediction Section.

Daniel Keyser, State University of New York, Albany,
Mesoscale Prediction Section.

Yoshi Kimura, University of Colorado, 3 July to 14 August
1993, Microscale Meteorology Section.

Magorie Klemp, Laboratory for Atmospheric and Space
Physics, University of Colorado, Mesoscale Prediction
Section.

Ernst Klinker, European Centre for Medium-Range Weather
Forecasts, England, Convective Meteorology Section.

Pierre Koclas, Atmospheric Environment Service, Canada,
Microscale Meteorology Section.

Praveen Kumar, NASA, Goddard, 2-5 May 1993, Mesoscale
Prediction Section.

George Lai, NASA, Goddard, 2-5 May 1993, Mesoscale
Prediction Section.

Winnie Lambert, Pennsylvania State University, August 1993
to August 1994. Mesoscale Prediction Section.

John Latham, University of Manchester, England, March 1993
to March 1994, Microscale Meteorology Section.

Richard Laursen, Boston University, Microscale Meteorology
Section.

Qihang Li, Massachusetts Institute of Technology, 24 May to 4
June 1993, Convective Meteorology Section.

Pay-Liam Lin, University of Taiwan, Taiwan, October 1992 to
October 1993, Mesoscale Prediction Section.

Yubao Liu, Chinese Academy of Meteorological Sciences,
China, May 1993 to May 1994, Mesoscale Prediction
Section.
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Gregory MacFarquhar, Scripps Institute of Oceanography, 20-
28 September 1993, Microscale Meteorology Section.

Victor Magana, University of Colorado, 2-5 May 1993,
Mesoscale Prediction Section.

Len Margolin, Los Alamos National Laboratory, frequent visits
of less than 5 days during FY93, Convective Meteorology
Section.

Frank Marks, NOAA, National Severe Storms Laboratory,
Mesoscale Research Division, and Convective Meteorology
Section.

David Matthews, Federal Bureau of Reclamation, 9 October
1991 to July 1994, Convective Meteorology Section.

Eugene McCaul, NASA, Marshall, Mesoscale Prediction
Section.

Stewart McKeen, NOAA, Microscale Meteorology Section.

Catherine Miller, University of Manchester Institute of Science
and Technology, England, 26-28 July 1993, Microscale
Meteorology Section.

Andrey Monin, Russian Academy of Sciences, Russia, 25 June
to 24 August 1993, Microscale Meteorology Section.

Michael Morgan, Massachusetts Institute of Technology, 17
June to 20 August 1993, Mesoscale Prediction Section.

Bruce Morton, Monash University, Australia, 11-18 October
1992, Convective Meteorology Section.

Steven Mullen, University of Arizona, 2-5 May 1993,
Mesoscale Prediction Section.

Balu Nadiga, Los Alamos National Laboratory, 1-3 September
1993, Convective Meteorology Section.

Stephan Nelson, NSF, 19-20 May 1993, MMM Director's
Office.

Kent Norville, University of Washington, 26-27 July 1993,
Microscale Metorology Section.

Harry Ochs, University of Illinois, Urbana, 11-12 July 1993,
Microscale Meteorology Section.

Martin Otte, Pennsylvania State University, 22 May to 23
August 1993, Mesoscale Prediction Section.

David Packham, Bureau of Meteorology, Australia, 5-18
March 1993, Convective Meteorology Section.

Edward Patton, University of California, Davis, September
1993 to September 1994, Microscale Meteorology Section.

Jordan Powers, University of Washington, 15 June 1992 to 15
September 1993, Mesoscale Prediction Section.

Alexander Praskovsky, Central Aerohydrodynamic Institute,
Russia, 2 January to 1 March 1993, joint appointment with
Microscale Meteorology Section and CGD.

Joseph Prusa, Iowa State University, 10 June to 10 August
1993, Convective Meteorology Section.

Janusz Pudykiewicz, Atmospheric Environment Service,
Canada, 3 May 1993 to 15 August 1993, Convective
Meteorology Section.

Rudolf Pueschel, NASA, Ames, Microscale Meteorology
Section.

Ravi Raghavan, NASA, Huntsville, 26-28 July 1993,
Microscale Meteorology Section.

V. Ramanathan, Scripps Institute of Oceanography, 23-25
July 1993, Convective Meteorology Section and Microscale
Meteorology Section.

David Randall, Colorado State University, Microscale
Meteorology Section.

Robert Rauber, University of Illinois, 12-13 July 1993,
Microscale Meteorology Section.

David Raymond, New Mexico Schools of Mining and
Technology, 23-24 July 1993, Convective Meteorology
Section.

Francoise Robe, Massachusetts Institute of Technology, 22
June to 21 July 1993, Mesoscale Prediction Section.

Steven Rutledge, Colorado State University, National Severe
Storms Laboratory, Mesoscale Research Division, and
Convective Meteorology Section.

John Scinocca, Cambridge University, England, 6-9 May
1993, Convective Meteorology Section.

Charles Seman, National Meteorological Center, 18-20
February 1993, Mesoscale Prediction Section.

Melvyn Shapiro, NOAA, Mesoscale Prediction Section.

Steven Siems, University of Washington, 10 July to 9
September 1993, Microscale Meteorology Section.



MMM-38

Joanne Simpson, NASA, Goddard, 12-16 July 1993,
Convective Meteorology Section.

Paul Smith, South Dakota School of Mines and Technology,
11-12 July 1993, Microscale Meteorology Section.

David Stauffer, Pennsylvania State University, Mesoscale
Prediction Section.

David Stensrud, National Severe Storms Laboratory, 10-12
February and 27-29 July 1993, MMM Director's Office.

Pamela Stephens, NSF, 23-25 June 1993, Convective
Meteorology Section.

Mark Stoelinga, Pennsylvania State University, July 1993 to
July 1994, Mesoscale Prediction Section.

Jerry Straka, University of Oklahoma, Mesoscale Prediction
Section.

Saffet Tanrikulu, California Air Resources Board, 2-5 May
1993, Mesoscale Prediction Section.

Peter Taylor, York University, Canada, Microscale
Meteorology Section.

Ronald Taylor, NSF, 23-25 June 1993, Convective Meterology
Section.

James Telford, Desert Research Institute, 23-25 June 1993,
Convective Meteorology Section.

Jutta Thielen, Lancaster University, England, 24 May to 4 June
1993, Convective Mesoscale Section.

Sigurdur Thorsteinsson, Icelandic Meteorological Office, 6-7
October 1992, Convective Meteorology Section.

Jeffrey Tilley, University of Colorado, 2-5 May 1993,
Mesoscale Prediction Section.

Gregory Tripoli, University of Wisconsin, Madison,
Convective Meteorology Section.

Cynthia Twohy-Ragni, University of Washington, October
1992 to September 1993, joint appointment with Microscale
Meteorology Section and ATD.

Paul Vaillancourt, McGill University, 24 May to 4 June 1993,
Convective Meteorology Section.

Francisco Valero, NASA, Ames, Microscale Meteorology
Section.

Gabor Vali, University of Wyoming, 23-25 June 1993,
Convective Meteorology Section.

Aad Van Ulden, Royal Netherlands Meteorological Institute,
Netherlands, 1-5 February 1993, Microscale Meteorology
Section.

Roger Wakimoto, University of California, Los Angeles,
Mesoscale Prediction Section.

Wei Wang, Pennsylvania State University, to April 1993,
Mesoscale Prediction Section.

Thomas Warner, Pennsylvania State University, June 1993 to
August 1994, joint appointment with Mesoscale Prediction
Section and RAP.

Jeffrey Whitaker, Cooperative Institute for Research in
Environmental Sciences, July 1993 to July 1994, Mesoscale
Prediction Section.

Louis Wicker, Texas A & M University , 3 July to 13 August
1993, Mesoscale Prediction Section.

James Wilczak, NOAA, Convective Meteorology Section and
Mesoscale Prediction Section.

Robert Wilhelmson, University of Illinois, Mesoscale
Prediction Section.

Earle Williams, Massachusetts Institute of Technology, 26-28
July 1993, Microscale Meteorology Section.

Scott Williams, Pennsylvania State University, 2-5 May 1993,
Mesoscale Prediction Section.

Ray Wolf, National Weather Service, Mesoscale Prediction
Section.

Xiaoqing Wu, University of California, Los Angeles, 24 May
to 4 June 1993, Convective Meteorology Section.

John Wyngaard, Pennsylvania State University, Microscale
Meteorology Section.

Qin Xu, Cooperative Institute for Mesoscale Meteorological
Studies, Convective Meteorology Section.

Ming Xue, Center for the Analysis and Prediction of Storms,
Mesoscale Prediction Section.

Akiva Yaglom, Academy of Sciences, Russia. 6-25 September
1993, Microscale Meteorology Section.

Robert Zamora, NOAA, Convective Meteorology Section.
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Kesu Zhang, State University of New York, 24 May to 4 June
1993, Convective Meteorology Section.

Yong Zheng, University of Oklahoma, 9-31 December 1992,
Mesoscale Prediction Section.

Sergei Zilitenkevich, Academy of Sciences, Russia, 7-14
March 1993, Microscale Meteorology Section.

Edward Zipser, Texas A & M University, 30 June to 21 August
1993, Convective Meteorology Section.

Conrad Ziegler, National Severe Storms Laboratory, 1 October
1992 to 31 July 1993, National Severe Storms Laboratory,
Mesoscale Research Division.
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Publications

Refereed Publications

ANDREN, A., and C.-H. MOENG, 1993: Single-point
closures in a neutrally stratified boundary layer. Journal of
the Atmospheric Sciences 50, 3366-3379.

*BAKER, M.B, and J. LATHAM, 1992: A quasi-analytic
model of droplet and CCN lifetimes, optical and chemical
characteristics of ice-free cumulus clouds. Quarterly
Journal of the Royal Meterological Society 118, 851-875.

*BLYTH, A.M., and J. LATHAM, 1993: Development of ice
and precipitation in New Mexican summertime cumulus
clouds. Quarterly Journal of the Royal Meterological
Society 119, 91-120.

BAO, J.-W., and T.T. WARNER, 1993: Treatment of on/off
switches in the adjoint method: FDDA experiments with a
simple model. Tellus 45, 525.

*CARLON, H.R., and J. LATHAM, 1993: Enhanced drying
rates of wetted materials in electric fields. Journal of
Atmospheric and Terrestrial Physics 54, No. 2, 117-118.

CHEN, Q.-S., and Y.-H. KUO, 1992: A consistency condition
for wind field reconstruction in a limited area and a
harmonic-cosine series expansion. Monthly Weather
Review 120, 2653-2670.

*CHEN, S.,*G. DOOLAN, J.R. HERRING, *R.H.
KRAICHNAN, and *Z.S. SHE, 1993: Far-Dissipation
Range of Turbulence, Physical Review Letters 70, 3051-
3054.

CHEN, S.-J., Y-H. KUO, L. BAI, 1993: Analysis of a case of
east Asia coastal cyclogenesis. Acta Meteorologica Sinica
7, 385-411.

,___ , *P. Z. ZHANG, and *Q.-F. BAI, 1992:
Climatology of explosive cyclones off the east Asian
coast. Monthly Weather Review 120, 3029-3035.

DABBERDT, W.F, D.H. LENSCHOW, T.W. HORST, P.R.
ZIMMERMAN, S.P. ONCLEY, and A.C. DELANY,
1993: Atmosphere-surface exchange measurements.
Science 260, 1472-1481.

DAVIS, C.A., 1992: A potential vorticity diagnosis of the
importance of initial structure and condensational heating
in observed extratropical cyclogenesis. Monthly Weather
Review 120, 2409-2428.

,1992: Comments on decomposing the atmospheric
flow using potential vorticity framework. Journal of the
Atmospheric Sciences 50, 2065-2067.

9 M.T. STOELINGA, and Y.-H. KUO, 1993: The
integrated effect of condensation in numerical simulations
of extratropical cyclogenesis. Monthly Weather Review
121, 2309-2330.

*DOYLE, J.D., and T.T. WARNER, 1993: A numerical
investigation of coastal frontogenesis and mesoscale
cyclogenesis during GALE IOP 2. Monthly Weather
Review 121, 1048-1077.

* , and _ , 1993: A three-dimensional numerical
investigation of a Carolina coastal low-level jet during
GALE IOP 2. Monthly Weather Review 121, 1030-1047.

* _, and _ , 1993: The impact of the sea-surface
temperature resolution on mesoscale coastal processes
during GALE IOP 2. Monthly Weather Review 121, 313-
334.

DUDHIA, J., 1993: A nonhydrostatic version of the Penn
State / NCAR mesoscale model: Validation tests and
simulation of an Atlantic cyclone and cold front. Monthly
Weather Review 121, 1493-1513.

*FAHEY, D.W., *S.R. KAWA, *E.L. WOODBRIDGE, *P.
TIN, *J.C. WILSON, *H.H. JONSSON, J.E. DYE, D.
BAUMGARDNER, S. BORRMANN, *D.W. TOOHEY,
*L.M. AVALLONE, *M.H. PROFFITT, *J. MARGITAN,
*M. LOEWENSTEIN, *J.R. PODOLSKE, *R.J.
SALAWITCH. *S.C. WOFSY, *M.K.W. KO, *D.E.
ANDERSON, *M.R. SCHOERBERL, and *K.R. CHAN,
1993: In situ measurements constraining the role of
sulphate aerosols in mid-latitude ozone depletion. Nature
363, 509-514.

GEWEX Cloud System Science Team (*A. BETTS, *K.A.
BROWNING, *P.R. JONAS, *R. KERSHAW, *M.
MANTON, *P.J. MASON, M. MILLER, M.W.
MONCRIEFF, *H. SUNDQVIST, *W.K. TAO, and *M.
TIEDTKE), 1993: The GEWEX Cloud System Study
(GCSS): Bulletin of the American Meteorological Society
73, 387-399,

GRABOWSKI, W.W., and TERRY L. CLARK, 1993: Cloud-
environment interface instability. Part II: Extension to
three spatial dimensions. Journal of the Atmospheric
Sciences 50, 555-573.

HEYMSFIELD, A.J., 1993: Microphysical structures of
stratiform and cirrus clouds. In Aerosol-Cloud-Climate

*An asterisk denotes a non-NCAR author.
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Interactions (P.V. Hobbs, Ed.), Academic Press, Inc.,
Orlando, Florida, 97-121.

_ , and L.M. MILOSHEVICH, 1993: Homogeneous ice
nucleation and supercooled liquid water in orographic
wave clouds. Journal of the Atmospheric Sciences 50,
2335-2353.

KERR, R.M., 1993: Evidence for a singularity of the three-
dimensional incompressible Euler equations. Physics of
Fluids A 5, 1725.

KNIGHT, C.A.,* E. DRIGGERS, and *A.L. DEVRIES, 1993:
Adsorption to ice of fish antifreeze glycopeptides 7 and 8.
Biophysical Journal 64, 252-259.

, and L.J. MILLER, 1993: First radar echoes from
cumulus clouds. Bulletin of the American Meteorological
Society 74, 179-188.

KUO, Y.-H., and *G. T.-J. CHEN, 1992: The International
Conference on Mesoscale Meteorology and TAMEX, 3-6
December 1991, Taipei, Taiwan. Bulletin of the American
Meteorological Society 73, 1611-1622.

_ Y.-R. GUO, and *E. R. WESTWATER, 1992:
Assimilation of precipitable water measurements into a
mesoscale numerical model. Monthly Weather Review
121, 1215-1238.

_ , R.J. REED, and S. LOW-NAM, 1992: Thermal
structure and airflow in a model simulation of an occluded
marine cyclone. Monthly Weather Review 120, 2280-
2297.

PARSONS, D.B., and M.L. WEISMAN, 1993: A numerical
study of rotating downbursts. Journal of the Atmospheric
Sciences 50, 2369-2385.

POWERS, J.G., and R.J. REED, 1993: Numerical simulation
of the large-amplitude mesoscale gravity-wave event of 15
December 1987 in the central United States. Monthly
Weather Review 121, 2285-2308.

RASMUSSEN, R.M., and P.K. SMOLARKIEWICZ, 1993:
On the dynamics of Hawaiian cloud bands: III. Local
aspects. Journal of the Atmospheric Sciences 50, 1560-
1572.

, N.A. CROOK, and C. KESSINGER, 1993: Snow-band
formation and evolution during the 15 November aircraft
accident at Denver airport. Weather and Forecasting 8,
453-480.

REED, R.J., *G.A. GRELL, and Y.-H. KUO, 1993: The
ERICA IOP 5 storm. Part I: Analysis and simulation.
Monthly Weather Review 121, 1577-594.

,__ * , and , 1993: The ERICA IOP 5 storm.
Part II: Sensitivity tests and further diagnosis based on
model output. Monthly Weather Review 121, 1595-1612.

ROTUNNO, R., 1993: Supercell Thunderstorms Modeling
and Theory. American Geophysical Union Volume on
Tornadoes: The Tornado, Its Structure, Dynamics,
Prediction, and Hazards; AGU Geophysical Monograph
Series 79 (C. Church, D. Burgess, C. Doswell III, and R.
Davies-Jones, Eds.), 57-73.

*SALAWITCH, R.J., *S.C. WOFSY, *EW. GOTLIEB, *L.R.
LAIT, *P.A. NEWMAN, *M.R. SCHROEBERL, *M.
LOEWENSTEIN, *J.R. PODOLSKE, *S. E. STRAHAN,
*M.H. PROFFITT, C.R. WEBSTER, *R.D. MAY, *D.W.
FAHEY, D. BAUMGARDNER, J.E. DYE, *J.C.
WILSON, *K.K. KELLEY, *J.W. ELKINS, *K.R.
CHAN, and *J.G. ANDERSON, 1993: Chemical loss of
ozone in the Arctic polar vortex in the winter of 1991-92,
Science 261, 1146-1149.

SHEN, S., and C.-H. MOENG, 1993: Comparison of a
computer-simulated stratus-topped boundary layer with
aircraft observations. Boundary-Layer Meteorology 65,
29-53.

SIEMS, S.T., D.H. LENSCHOW, and C.S. BRETHERTON,
1993: A numerical study of the interactions between
stratocumulus and the air overlying it. Journal of the
Atmospheric Sciences 50, 3663-3676.

SKAMAROCK, W.C., and J.B. KLEMP, 1993: Adaptive grid
refinement for 2-D and 3-D nonhydrostatic atmospheric
flow. Monthly Weather Review 121, 788-804.

SMOLARKIEWICZ, P.K., and *G.A. GRELL, 1992: A class
of monotone interpolation schemes. Journal of
Computational Physics 101, 431-440.

, and *L.G. MARGOLIN, 1993: On forward-in-time
differencing for fluids: Extension to a curvilinear
framework. Monthly Weather Review 121, 1847-1859.

, and *J.A. PUDYKIEWICZ, 1992: A class of semi-
Lagrangian approximations for fluids. Journal of the
Atmospheric Sciences 49, 2082-096.

*STAUFFER, D.R., *N.L. SEAMAN, T.T. WARNER, and
*A.M. LARIO, 1993: Application of an atmospheric
simulation model to diagnose air pollution transport in the
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Grand Canyon region of Arizona. Chemical Engineering
Communications 121, 9-25.

SZOKE, E.J., and R. ROTUNNO, 1993: A comparison of
surface observations and visual tornado characteristics for
the June 15, 1988, Denver tornado outbreak. American
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Research Applications Program
The Research Applications Program (RAP) focusses scientific and engineering resources to aviation

weather phenomena. Scientific research in areas of aviation weather provide the understanding necessary
for the development of engineered products. These "products" provide the aviation community with tools
for improved flight safety and air space use. Aviation weather system solutions are engineered to be
transferred as compatible technologies with air traffic management and control systems around the world.
Federal agency, industry and global interest benefits include passenger safety, and efficient air space use
and greater airport capacity through the transfer of these technologies.

Research efforts in RAP are centered on (a) the microphysics and dynamics of winter stonns, the
factors leading to en route and ground icing conditions, and methods for detecting and forecasting such
conditions; (b) methods for remotely sensing storm microphysics (e.g., hail, supercooled liquid, snowfall
rate); and (c) the development of techniques for the accurate short-term forecast of thunderstorms. The
RAP developed Aviation Weather Development Laboratory (AWDL) provides the support necessary to
evaluate advanced aviation weather capabilities, and interactively demonstrate new "products" to potential
users. The AWDL is also a valuable resource during and after the conduct of field programs for real-time
ingest, analysis and display, and disp nevaluation.

Funds from the Federal Aviation Administration (FAA) support the work of RAP. Aviation weather
systems are developed in close collaboration with other NCAR Divisions, notably the Mesoscale and
Microscale Meteorology (MMM) Division, the Atmospheric Technology Division (ATD), and the
Scientific Computing Division (SCD).

Significant Accomplishments

* WISPIT. In preparation for the 1994 Winter Icing and Storms Project (WISP), a month-long
WISP Instrumentation Test (WISPIT) was conducted in February and March of 1993 under the
leadership of Roy Rasmussen and Marcia Politovich with the primary goal of evaluating
instrument performance. Included in the test were airborne and ground devices. NCAR King
Air flights into wave clouds and upslope clouds provided the basis for the evaluation. Most of
the instruments performed well and will be used in the upcoming WISP94 field program. (See
Page RAP-2)

* Rasmussen conducted a snowgauge/radar experiment from 15 November 1992 to 5 April 1993
at Stapleton Airport in order to obtain data necessary for the development of an accurate real-
time snowfall rate product for ground de-icing purposes. (See Page RAP-3)

* A new bulk microphysics scheme including the ice phase has been implemented into the
NCAR/Penn State MM5 modeling system. Development of this scheme has been guided by
observations from WISP case studies. Jon Reisner led this research. (See Page RAP-5)

* J. Vivekanandan took the lead on multiparameter radar studies of convective storms which were
combined with cloud model results to show the relationship between various polarimetric
parameters and particle type and mass contents at various stages of storm evolution. It was
shown that rain and graupelhail are easily detectable with polarimetric data while snow is more
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difficult to detect because of its low density and tumbling motions. (See Page RAP-7)

* Automated thunderstorm forecasting software has been developed based on radar or
radar/satellite data. The software integrates algorithms with human input and numerical model
output. Flexibility includes modifying forecast rules, run mode options and the capability to
verify and score forecasts. James Wilson was instrumental in leading this research. (See Page
RAP-12)

* An eight-week field program led by Peter Neilley and Andrew Crook, the Real-Time Analysis
and Prediction of Storms (RAPS93), focussed on detection and forecast of summer hazards.
The program utilized multiple observing systems. The Aviation Weather Development
Laboratory (AWDL) provided real-time data ingest, analysis and display. Successfully
demonstrated techniques included automated identification and tracking of convective storms,
gust front depiction, and boundary layer convergence zone, location prediction and detection.
(See Page RAP-12)

* The AWDL, under the leadership of William Mahoney, continued to provide a platform for
product development, validation and operational evaluation. During 1993, in-flight icing,
ground de-icing, precipitation, winds aloft, storm cell life cycle, current ceiling and visibility,
microburst, windshear and gust front products were provided for user observations on product
utility. (See Page RAP-15)

Icing and Winter Storms

WISPIT

The next major field program for the Winter Icing and Storms Project (WISP) is planned for winter
1993/94 and will focus on the initiation of ice in the atmosphere. In preparation for this effort, a short,
focussed field program was conducted during the winter of 1992/93 called the WISP Instrumentation Test
(WISPIT) with the primary goal of testing instruments for use during WISP94. The program was
coordinated by Rasmussen and Politovich, (RAP) and Al Cooper (MMM). Additional participants
included Greg Stossmeister, Ben Bernstein, Jeff Cole, Doug Wesley, Vivekanandan, Rita Roberts, Peter
Neilley, Wayne Adams and Roelof Bruintjes (NCAR/RAP), Gabor Vali (University of Wyoming), V.
Chandrasekar, Paul DeMott, Dave Rogers and Pat Kennedy (Colorado State University), Bob Kropfli,
Roger Reinking and Brooks Martner (NOAA Wave Propagation Laboratory) and John Smart and John
Brown (NOAA Forecast Systems Laboratory). WISPIT was conducted from 15 February to 12 March
1993, during which a variety of instruments were tested. Airborne instruments included a new ice crystal
measuring device, a cloud condensation nuclei instrument built by the University of Wyoming, an ice
nuclei sampling system with filters, an aircraft bag sampling system allowing in-situ air samples to be
collected and subsequently processed in both a cloud chamber and a continuous flow diffusion chamber
(both located at Colorado State University), and a particle measuring system 2D-C grey scale probe with
25 pm resolution. On the ground, NOAA's new quarter wave plate polarization system was tested on their
K-band radar located at Platteville.

Aircraft flights with the NCAR King Air were conducted into a number of wave clouds and upslope
clouds, providing sufficient data to evaluate the performance of these instruments. Post-field season
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analysis of these data showed that most of the instruments performed well, and will be used during the
major WISP94 field experiment

Ice Initiation Studies

Rasmussen used aircraft data collected near the tops of shallow upslope clouds during WISP90 and
91 to investigate the initiation of ice. Results showed general agreement with previous studies of ice
nucleation in wintertime clouds in the High Plains, i.e., increasing ice crystal concentration with decreasing
temperature. The most notable result in both the current and previous studies was a nearly two order of
magnitude variation in ice crystal concentration at a given cloud temperature for a variety of clouds.
Rasmussen is currently investigating the cause for this variation in the WISP upslope clouds.

Rasmussen also examined aircraft data collected during the 24 February 1993 upslope cloud during
WISPIT. The analysis showed low ice crystal concentrations in the upper half of the cloud and high ice
crystal concentrations near cloud base associated with the boundary layer. The concentration of Ice Nuclei
(IN) from both a filter analysis and from a bag sample processed by Rogers and DeMott in the Colorado
State University continuous flow diffusion chamber was 1 I1' both above cloud top and below cloud
base. In addition, the upper cloud top was stable (Richardson number = 3.1). These results suggest that
the high ice near cloud base formed on IN in the boundary layer, while the low ice concentration near
cloud top was due to the inefficient mixing of IN from aloft into the upper cloud layer. Rasmussen also
noted a similar structure in the 1990 Valentine's Day storm during WISP90. These results suggest that
the boundary layer is the main source for ice nuclei in wintertime shallow upslope clouds.

Snowfall Estimation and Nowcasting Related to the Ground Icing Problem

In order to improve the estimation of real-time snowfall rates for use in support of ground de-icing
operations, a field program was conducted from 1 October 1992 to 5 April 1993 using snowgauges and
Mile High Radar data. Rasmussen managed the program with support from Cole,Wesley, Stossmeister,
Adams, Vivekanandan, Neilley, and Ed Szoke.

Cole deployed five snowgauges with a variety of wind shields near Stapleton airport. These
snowgauges transmitted data to a PAM II station installed and supported by ATD, which in turn
transmitted both the snowfall data and the weather station data to the RAP AWDL in real time. In
addition, Mile High Radar data were also obtained in real time. Both datasets were displayed on a color
graphics terminal in the RAP Operations Center and at United Airlines ground operations. The United
display was used in support of de-icing fluid tests in which the failure time of a fluid applied to a panel
was determined under different snowfall conditions. In addition, snow nowcasting was conducted by
Wesley (lead), Rasmussen, Stossmeister, Politovich, and Szoke in which hourly nowcasts of snowfall rate,
temperature, wind speed and direction were made during snow storms from 15 November 15 1992 to
5 April 1993. These nowcasts were faxed to United Airlines ground operations to help them determine
when to conduct the panel tests of fluid failure. The goal of this work was: 1) to determine the usefulness
of short term snow nowcasting for the airport environment, 2) to document the variety of snow producing
mechanisms in order to develop conceptual models of snowfall initiation and evolution, and 3) to develop
algorithms based on radar and other data to nowcast the initiation and evolution of snow using the
conceptual models as guidance for the algorithm development. Stossmeister and Wesley have compiled
radar and synoptic data from the 15 snowstorms that occurred during this period, and have developed a
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number of new conceptual models of snow formation and evolution.

Cole and Rasmussen have analyzed snowgauge data from a number of these snowstorms. Results
to date show wide scatter in snowfall rate for a given reflectivity level associated with the snowfall,
showing the need for a real-time calibration of the reflectivity-based snowfall rate with snowgauge data.
In addition, they showed that proper wind shielding on the snowgauges was necessary for accurate liquid
equivalent snowfall measurements.

Adams has developed three models to more accurately relate the radar reflectivity factor (Z) to the
snowfall rate (S). These models are updated in real time using a radar and a network of one or more
snowgauges. As radar and snowgauge measurements become available in real-time, they are used to
update the Z-S relationship, which is assumed to be variable both from storm to storm and within a given
storm. For a Z-S relationship to be useful in the terminal area, the Z-S relationship must remain stable
over periods of about half an hour.

The first model is the familiar power-law model, Z = aSb, where b is determined to be 1.56
(assuming an exponential snow size distribution and snow fall velocity proportional to the square root of
the spherical equivalent diameter of the crystal or aggregate). The coefficient "a" of the equation is
obtained by linear regression analysis. The other two Z-S models are based on neural networks and are
designed to use as much meteorological information as available (such as temperature, relative humidity
and so on) to perform a non-linear mapping of the available meteorological parameters to the snowfall
rate.

Two systems to provide short-term mesoscale automated snowfall guidance are being evaluated at
RAP. The first is a system previously developed by Michael Dixon to nowcast convective storm behavior.
Tests were run on all of the major snow storm cases of the 1993 winter season. Not surprisingly, it
performed well in those cases in which convection was a major feature of the storm. In other situations
dominated either by transient features or moving snow bands, method performance was not as good. In
such storms the reflectivity signature upon which the tracking relies changed rapidly in response to
dynamic and terrain-induced forcing, making the reflectivity field on its own less suitable for feature
identification and tracking. Nevertheless, the method yielded forecasts which were better than persistence,
and it showed some promise especially if it were to be linked to a model run in real time, a possibility
in the not-too-distant future.

The second system, developed by Neilley, produced forecasts of snowfall by first predicting the
future structure of the radar reflectivity image and then calibrating the reflectivity forecasts into snow rate
forecasts using a real-time, in situ Z-S relationship. The radar reflectivity image forecast was produced
by computing a local translation velocity for every point in the radar image and then individually
translating those points into the future. The translation velocities were determined using a cost function
minimization approach using a series of past radar images. Results of this system also show considerable
skill improvement over persistence during those times when persistence is a poor predictor, but did not
perform as well for rapidly evolving events.

Producion and Depletion of Supercooled Liquid

Bernstein and Politovich continued work on the 27-28 February 1990 case study which focusses on
the production and depletion of supercooled water, A cold surge from the north produced widespread
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stratiform cloud with relatively warm temperatures, > - 120C. Ice crystal concentrations were low,
generally much less than 1 t'. Liquid water contents reached values > 0.5 g m 3, which is high for winter
stratiform clouds in the Denver area. Widespread pilot reports of aircraft icing, some reaching severe
levels, were reported in the Denver area.

The evolution of cloud liquid was monitored by three microwave radiometers operated by the NOAA
Wave Propagation Laboratory, at Platteville, Denver and Elbert. At Denver and Elbert, the southernmost
locations, integrated liquid rose quickly to a peak near 1 mm within 3 hr of surge passage, with gradual
decreases as the cloud subsequently thinned. At Platteville, the pattern differed; the initial rise in
integrated liquid was followed by a rapid decline 2 hr after surge passage.

Satellite imagery revealed an upper-level cloud deck, with top temperatures around -16°C, over
Platteville but not Denver or Elbert. These clouds were formed in convectively unstable southwesterly flow
aloft in southwest-northeast oriented bands about 20-40 km wide. A research aircraft flew in the
Platteville area during the time these clouds were present and obtained measurements of dendritic crystals
falling from these clouds into the lower, predominantly liquid, cloud deck. As the crystals grew through
riming in the lower cloud, radar reflectivities reached nearly 20 dBZ, and rimed dendrites and graupel
were observed at the surface. The depletion of liquid in the lower cloud is also clearly seen as the aircraft
flew in and out of the snow shower region. The time to depletion of the integrated liquid measured at
Platteville to about one third of the original value was just under 1 hr.

After the upper-level cloud moved to the north of Platteville, the depletion process ended and the
integrated liquid water returned to values comparable to those at the other two radiometer sites. These
results show the important role of ice crystals in the depletion of supercooled liquid water in winter
stratiform clouds.

Improved Microphysics for Mesoscale Storm Modeling

To improve the understanding of the dynamical and microphysical processes leading to the
production and depletion of supercooled liquid water, a new bulk microphysical scheme has been
implemented into the NCAR/Penn State MM5 modeling system. In this scheme, water is categorized in
up to six forms: vapor, cloud water, rain, pristine ice, snow and graupel. In addition, the number
concentration for pristine ice is also predicted. The new scheme was implemented in MM5 by Reisner
with support from Rasmussen and Bruintjes.

Initial comparisons between simulations conducted by Reisner with the new scheme and observations
from a WISP case study showed remarkable skill in predicting areas of supercooled liquid water associated
with an arctic front approaching the Colorado Front Range. The grid-nesting capabilities of the MM5
model were used to do simulations on 180, 60 and 20 km horizontal resolution domains. The 180 and 60
km domains included the continental United States while the 20 km domain included the mid-western and
western parts of the United States. The results from the 20 km domain suggested that explicit prediction
of supercooled liquid water over a large area of the United States may be possible in the future with
advanced computer capabilities.

Mesoscale Cold Surges

Christopher Davis (joint MMM) studied the dynamics of cold surges along the Front Range of the



RAP-6

Rocky Mountains. Davis concentrated on a case from WISPIT, using observations, MM5 simulations (in
collaboration with Kevin Manning of MMM) and simulations with a simple 2-D model (in collaboration
with Reisner). One disturbance was identified which propagated east of and parallel to the Continental
Divide with properties similar to a topographically-trapped Kelvin wave. A separate and more intense
disturbance developed near the Cheyenne Ridge and affected northeastern Colorado. The effects of terrain
variations along the Front Range, coupled with spatially-inhomogeneous surface heating were believed to
account for the latter disturbance, which brought briefly heavy snow and strong winds as it passed.

Effect of Meteorology on Aircraft Performance

The fact that liquid water content, temperature and droplet size influence the intensity of icing has
been long known through flight tests, wind tunnel experiments and numerical simulations. Politovich has
performed analyses of data collected from the University of Wyoming King Air during WISP90 and 91
to quantify the effects of those three weather variables. The measurements were collected in supercooled
clouds in northeastern Colorado during the winter months. Data from nine flights in light-to-moderate
icing conditions were analyzed.

The net decrease of climb capability of the aircraft was assessed and compared with weather
variables encountered during the flight. The climb capability was determined by comparing the actual
rate of climb to that expected for an un-iced aircraft, based on knowledge of the coefficients of lift and
drag, and measurements of the plane's airspeed, angle of attack, and power. Minima in the climb
capability were isolated; those minima ought to represent the result of both current and past weather
conditions encountered during flight. Strong relationships between the performance decrease and both total
liquid water content and median-volume droplet diameter were found, as well as a dependence on the
amount of ice already accreted on the aircraft. Effects on flight were more pronounced at temperatures
warmer than about - 10°C, where clear rather than rime icing is likely to form.

To isolate the immediate effects of the cloudy environments, the rate of decrease in climb capability
was examined. This ought to diminish effects of the already-accumulated ice. Results to date show a
complex dependence on liquid water content, temperature, and droplet median-volume diameter. However,
there was a surprising degree of dependence on the amount of ice already accreted on the aircraft, i.e.,
given similar environments, the aircraft response is greater if there is more ice accreted.

The results of these analyses will be applied to RAP's numerical modelling efforts in aircraft icing
forecasting; that is, to provide guidance for the cloud variables necessary for an accurate forecast, as well
as the resolution needed for those variables. This will also be used to establish a quantification of the
intensity or severity of icing expected given certain environmental conditions.

Remote Sensing of Storm Microphysics

Multiparameter Radar Signatures of Cloud Model Microphysics

Microwave remote sensing of clouds and precipitation is complicated by the co-existence of liquid
and frozen precipitation. Also, vertical structures of a profile are not uniform in nature. It has been
recognized that a profile-based algorithm is stable and enhances confidence in the retrieval process.
However, due to the incompatibility in sampling volume between radar and aircraft, it is difficult to
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evaluate the performance of inverse scattering techniques. Hence, our hypothesis is that coupling
microphysics generated by a cloud model with a microwave multiparameter radar model will provide a
realistic cloud-radar database which can be used for hydrometeor retrieval using actual radar
measurements.

A 2D cloud model was used to initialize the radar model by Vivekanandan. The cloud model
provides vertical cross-section (x - z) behavior versus time, of the cloud water, cloud ice, rain, hail/graupel
and snow. A uniform grid spacing of 200 m was used, with an extent of 20 km in both the x and z
directions. The cloud model was initialized with sounding data procured on 28 June 1989 during the North
Dakota thunderstorm project. The model was run for a duration of 477 time steps, each step representing
one minute of cloud evolution.

The study considered only three time steps at 15 minute intervals viz., 270, 285 and 300 minutes
into the simulation. Time step 285 represented peak activity in the simulation of the storm event. For the
purpose of radar modeling only rain, hail/graupel and snow were considered. Since the bulk water 2D
cloud model produces only mixing ratios, it is necessary to introduce assumptions regarding the drop size
distributions (DSD) for each hydrometeor type in order to perform modeling computations to calculate
the radar observables. The cloud model treated hail/graupel as one category and produced one mixing
ratio. The size range 0-5 mm was assumed to be graupel and 5-40 mm to represent hail.

An exponential size distribution of the form N(D) = No eD was used for the rain, hail/graupel and
snow categories. This form of the DSD was chosen for reasons of simplicity, since the moments can be
expressed in a compact closed form. Slope A of the DSD can be calculated from the closed form
expression for the mass content M as M = N p No I 1000 A4 where M is the mass content in g m' , p is
the assumed bulk density in g cm 3, No is in units of mm' m'3 and A is in units of mm-'. The assumptions
regarding particle size, shape and composition were made comparable to known microphysics.

Values assumed to characterize the exponential DSD for each category are as follows. For raindrops,
No = 8000 mm-' m 3 with p =1.0 g cm 3. The hailstones were assumed to have a bulk density p = 0.9
g cm 3 and No was set to 8000 mm' m 3. No = 8000 mm' m'3 for graupel and p was set to 0.5 g cm'3.
An No = 4000 mm-' m 3 and p = 0.2 g cm 3 was associated with snow. The mass contents M for each time
step considered was provided through mixing ratios for each category by the cloud model. At each time
step and every grid point (grid spacing was 200 m), these distribution parameters were used to compute
the vertical profiles of the size spectrum integrated scattering and extinction coefficients as well as the
Mueller matrix. The multiparameter radar observables were then derived from Mueller matrix elements.
A major advantage of using the output of a cloud model as input to a radar model is that it allows one
to model regions of coexisting species.

The cloud-model based synthetic radar data provide a unique opportunity to understand microphysical
retrieval using multiparameter radar techniques. Radar parameters calculated from the cloud model data
show spatial and temporal evolution of the storm from a radar perspective. It is interesting to note that
ambiguities which might result in characterizing mixed phase precipitation using only ZH, or ZH combined
with differential reflectivity (ZDR), are reduced by using additional measurements like propagation phase
(KDP), linear depolarization ratio (LDR), correlation coefficient (pHy) and backscatter phase (8).
Polarimetric radar parameters also show the relationship between different polarimetric parameters and
particle types/mass contents at different stages of the storm evolution. One important conclusion is that
it is very difficult to detect snow using polarimetry because of its low density and tumbling motions. On
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the other hand rain and graupel/hail are easily detected and quantified. Small scale features in the cloud
model data such as strong vertical air currents transporting raindrops to higher altitudes are also visible
in the radar parameters such as ZDR and KDP.

Passive Remote Sensing of Convective Storms

For global precipitation retrieval, especially over the ocean where scant rainfall (R) observations are
available, it is likely that polar orbiting satellite-based passive microwave radiometers will remain the most
widely-used instrumentation for some years to come. Since 1987, the Defense Meteorological Systems
Package (DMSP) satellites have carried into polar orbit several of the Special Sensor Microwave/Imager
(SSM/I) multifrequency microwave radiometers. It is fair to say that this radiometer package has been
well received and finds widespread geophysical applications. For the case of precipitation retrieval, the
response of upwelling brightness temperatures TB to the precipitation structure depends upon the vertical
and horizontal distribution of the various hydrometeors, gases, and the surface characteristics. In the
10-100 GHz range, small cloud water drops are absorbers (albedo = O), rain is a fairly good absorber
(albedo 0.3-0.5), and ice is nearly non-absorbing (albedo o 0.90-0.99 depending on its density). It is
well known that, in general, the lower passive microwave frequencies - the "emission-based" frequencies
below 20 GHz - are most sensitive to processes originating at lower altitudes in the cloud, while the
"scattering-based" frequencies above 35 GHz respond to the higher altitudes near and above the 0°C level.
Scattering-based observations scatter upwelling thermal emission away from the radiometer field of view
by the presence of high albedo graupel or snow, while emission-based methods are generally made below
20 GHz and are primarily utilized for the estimation of rainfall over ocean. However, such categorization
can be misleading since in actuality, non-precipitating cloud water is often spread throughout the cloud
and even at 19 GHz, scattering effects from graupel can be significant.

Rainfall estimation over an ocean background has been studied more extensively than over a land
background. Low ocean surface emissivity results in a radiometrically cold background, where
emission/absorption processes within any cloud water or moderate rain produces an increase in the
brightness temperature. This is essentially the idea behind oceanic 19.35 GHz T, -R relations for
estimation of rain rates less than 20 mm hr' over the ocean. Also, emission from most ocean surfaces
exhibits a substantial polarization difference between its vertical and horizontal TB at scan angles away
from nadir. Surface polarization differences are overcome due to unpolarized radiation emitted by
precipitation. Thus precipitation intensity can be related to the decrease in polarization differences.
However, the above-described simplistic radiation transfer process is complicated by the presence of
melting, cloud water, and highly variable and unestablished parameters of ice particles, such as average
and maximum size and the corresponding density.

Between 10-100 GHz, land surfaces have emissivities ranging between 0.6-0.9, decreasing with the
soil moisture. Consequently, rainfall estimation is restricted by the lack of T, contrast between land and
precipitation. Theoretical studies using radar and a radiative transfer model have shown that the T.
response above 37 GHz is relatively insensitive to the actual rain mass content, being essentially controlled
by the optical thickness of the overlying ice region. Although there is certainly a physical process that
connects the ice and rain phase intensities, there is also a time lag associated with the fallout of ice
particles into rain. As a result, the precipitation rate estimation from 37 and 85 GHz scattering channels
displays a large scatter in their behavior, and depends rather widely upon the evolutionary stage of the
cloud system. In general, TB observations over precipitation from 37 to 85 GHz are sensitive to both
large ice particles and supercooled cloud drops, the latter of which can "mask" the ice scattering.
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Recently, there have been a number of radiative transfer models developed which incorporate
multifrequency, multipolarization components to facilitate the understanding of a variety of observed
brightness temperatures. These are vertically and angularly detailed plane-parallel radiative transfer models.
It is fair to state that most of the modeling studies emphasize that the improved characterization of vertical
structure of precipitation (ice, melting, and rain layer) will require multifrequency passive observations.
Based on the current state of understanding of the interaction between microwave radiometry and the
rainfall process, there is ample scope for improvement, testing, and verification of remote sensing
techniques by combining both active and passive microwave methods. Accordingly, Vivekanandan has
undertaken investigations using the NCAR CP-2 multiparameter radar observations from the 1991
Convection and Precipitation/Electrification Experiment (CaPE) in central Florida. In addition, the new
Advanced Microwave Precipitation Radiometer (AMPR), a scanning multichannel radiometer, was flown
aboard a NASA ER-2 aircraft over storms being scanned by the CP-2 radar during CaPE. AMPR T,
imagery was analyzed against the coincident radar observations. The behavior of the multifrequency TB
was explained in terms of the various radar products, which were remapped to facilitate both visual and
quantitative comparisons to the AMPR imagery.

The complementary behavior associated with combined active and passive observations of
precipitating clouds has been demonstrated. While passive measurements (either ground or space-based)
represent integrated effects from emission, absorption, and scattering along the radiometer's view direction,
active measurements such as radar probe a specific location within the cloud (provided attenuation along
the beam is negligible). Ideally, both the radar and radiometer systems should be located on the same
platform and have a similar field of view. Comparisons of radar and AMPR images have illustrated that
the 85 GHz TB is inversely related to the radar reflectivity at heights of 9-10 km. 19 GHz TB depressions
and increases against a land and ocean background, respectively, show a natural correlation with the
reflectivity near 3 km height. A 37 GHz channel seems to sense from the microphysically complex region
near (0C. While initial tendencies are to dismiss the applicability of the 10 GHz channel for precipitation
over land, the imagery shows that easily measurable T. depressions occur with soil wetting resulting from
rain fallout. This gives an indication of the surface emissivity and also the evolutionary state of the storm.
Over the main storm core, the 37-85 GHz TB difference AT, approached and in some regions fell below
zero. Radiative transfer model results indicate that a dominant ice size near 3-4 mm radius is consistent
with both CP-2 and AMPR observations above 7 km height. This unique signature (85 GHz TB < 150 K
and ATB -* 0) could potentially be used as a means to gauge a storm's "convective strength", since it
appears to be associated with strong upward vertical velocities and an extended reflectivity column.

Radar Retrieval of Snowfall Rate and Supercooled Liquid Water Content

In winter weather situations, accretion of supercooled liquid water (SLW) droplets onto aircraft results
in icing. Icing continues to be an important cause of aviation accidents. The problem of icing detection
is that of identification of SLW. Direct remote sensing of SLW is almost impossible using conventional
S-, C-, X- and K-band radars because of the negligible backscatter cross-section of cloud droplets
(diameters c 50 pm). Microwave radiometers can remotely estimate the path-integrated SLW, but cannot
themselves provide spatial distribution. Vivekanandan and Adams have investigated the use of the
differential attenuation parameter to provide spatial distributions of SLW. This measurement is available
via the dual-frequency radar technique (X- and K-Band) and is susceptible to problems which are due to
non-Rayleigh scattering at the shorter of the two wavelengths. Particularly in the presence of aggregates
and gradients in snowfall rate along the radar beam, the dual-frequency technique might yield false SLW
concentrations because of non-Rayleigh scattering effects. However, regions of considerable SLW
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concentrations may not co-exist with aggregates. Thus, by carefully avoiding the non-Rayleigh scattering
regions, a better estimate of the differential attenuation can be obtained. Also, dual-frequency ratio and
X-band reflectivity observations can be used to estimate the snowfall rate.

Ice Water Content Estimation

The algorithm relies primarily on differences in reflectivity which are due to non-Rayleigh scattering
effects at the higher of the two frequencies. Actually, for the two wavelengths considered here, aggregates
found in moderate snowfall belong in the Rayleigh-Gans regime even at the higher frequency.
Vivekanandan and Wayne Adams modeled aggregates as Rayleigh-Gans spheres. The aggregates are
modeled as spheres because, for the densities considered here (less than 0.1 g cm-3), the particles are so
soft (in an electromagnetic sense) that there is little or no polarization signature regardless of the particle
aspect ratio. The essential requirements for applicability of the Rayleigh-Gans approximation are satisfied
by snow particles at K-band. The difference in reflectivity factor (A Z) at the two wavelengths (X- and
K-band) is exploited to retrieve the snowfall rate in the following manner: given a dual-wavelength
measurement of snowfall, the difference in reflectivity factors is used to obtained the slope of the
(assumed) exponential distribution: N(D) = No exp(-A D) mm-' m 3. Then, a relationship such as No =
2500 R-09 mm' m 3 and A = 2.29 R' 45nmm1 is used to solve for No given A. R is the melted snowfall
rate in mm hr'. A limitation of this approach is the need to know the snowflake density, as the
relationship between A Z and A is a function of density. The foundation of this algorithm is the creation
of two lookup tables - one which contains A Z vs A for three different snowflake densities (0.02, 0.04
and 0.06 g cm'3), and another which contains Z, normalized to No vs A for the same snowflake densities.
A set of measurements Z, and Zk (and their difference A Z) is used to select N0 and A from the lookup
tables. Then, N0 and A are used to calculate the liquid water content given an assumption of the snowflake
density and a D,, integration limit of infinity.

Supercooled Liquid Water Content Estimation

The dual-frequency supercooled liquid water retrieval algorithm is based upon the difference in the
attenuation rate of water at two frequencies. The technique is limited, however, by the assumption that
the volumes under observation either contain only Rayleigh scatterers or only uniform distributions of
non-Rayleigh scatterers. This assumption can significantly degrade the technique in precipitation. From
the equation for SLW concentration (where X- and K-band reflectivities are being used in this case):
SLW(r)= 0.438 A. (dBZ, - dBZk ) g m-3 that a change in reflectivity yields an SLW prediction only if it
varies with distance. Thus, reflectivity differences caused not by differential attenuation but by
non-Rayleigh scattering still will not degrade the method unless there is a gradient in the distribution of
non-Rayleigh scatterers (that is, snowflakes). The existence of just such a situation is suspected in field
data analyzed with this technique.

A preliminary approach which combines the above-mentioned SLW-retrieval algorithm with a
knowledge of cloud microphysics is used to develop a more robust algorithm by Adams and
Vivekanandan. With the exception of a few convective cases, large aggregates are not expected to co-exist
in large numbers with significant concentrations of supercooled liquid water. Thus, an automated
decision-making process can categorize resolution volumes along a radar ray path as exhibiting Rayleigh
or non-Rayleigh scattering and assume little or no SLW concentrations in those volumes tagged as
non-Rayleigh scattering. The cumulative attenuation along the path can then be extrapolated through such
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regions, and a more accurate estimate of the SLW content along the path can be made.

Hail Detection using Conventional and Multiparameter Radar

A two-year field program lead by Edward Brandes and Cathy Kessinger to collect multiparameter
radar data in support of research activities directed toward precipitation type discrimination in
thunderstorms was completed in 1993. Instrumentation used in the experiment included the CP-2
multiparameter radar and the Mile High coherent radar. In situ observations were obtained from two
vehicles vectored to storms and by the T-28 aircraft operated by the South Dakota School of Mines and
Technology (during the summer of 1992). Hail and rain reports received by Mountain States Weather
Service and by the National Weather Service office in Denver were also available for study. A highlight
of the 1993 activities was the collection of differential phase information of transmitted signals ((p) and
the correlation between horizontally and vertically-polarized radar signals (PHH). These parameters, useful
for discriminating between rain and mixed-phase precipitation, were obtained with an auxiliary radar
processor built by collaborators from Colorado State University.

The data collected are being used in an evaluation of reflectivity-based hail algorithms proposed for
implementation on the national network of WSR-88D radars. The current WSR-88D algorithm (developed
primarily on supercell storms in Oklahoma) and a proposed improvement (developed by the National
Severe Storms Laboratory) are being tested. Preliminary results indicate that the two algorithms behave
similarly for supercell storms and that the improved algorithm is superior for multicell thunderstorms.
Roughly, 90% of reported events were detected by the improved algorithm.

The study includes an examination of the added-value multiparameter measurements given for
detecting hail. Specifically, the differential reflectivity (ZR) and the linear depolarization ratio (LDR),
and the dual-wavelength ratio (a DWR derived parameter) are being evaluated for hail detection. In-cloud
distributions of solid and liquid precipitation particles obtained with the T-28 aircraft have been used to
verify the multiparameter measurements. Although the study will continue for the next several years, the
utility of the multiparameter measurements for more precisely delineating regions of hailfall in space and
time than algorithms based upon reflectivity alone is readily apparent. Another finding, of importance to
the aviation community, is the ability to define icing regions within thunderstorm regions of supercooled
liquid water with the differential reflectivity parameter.

Convective Weather

Development of Thunderstorm Forecasting Techniques

The goal of this program is to develop automated techniques for place specific 0-2 hr forecasts of
convective weather phenomena that are a hazard or efficiency concern to the aviation weather community.
This includes forecasting the initiation, growth, movement and dissipation of thunderstorms. The plan
contains a strong scientific research effort that involves RAP scientists working closely with other
scientists from Lincoln Laboratory, a test facility where real-time nowcasting experiments can be
conducted and the development of automated techniques for detecting, quantifying and forecasting
meteorological events. This effort, led by Wilson, emphasizes both numerical models and rule based
techniques to forecast thunderstorms. Radar-based techniques for automatically detecting and
extrapolating convergence lines and convective storms are essential for the thunderstorm forecasting effort.
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Automatic nowcasting algorithm

Kristine Gould successfully developed a software package for automatically forecasting
thunderstorms. This flexible code integrates data from other algorithms and applies forecasting rules to
produce place-specific short period thunderstorm forecasts. It is capable of integrating data from a
radar-based algorithm that automatically detects and extrapolates convergence lines, a radar-based
algorithm that detects characterizes and extrapolates convective cells, a radar- or satellite-based algorithm
that detects and extrapolates clouds, and an algorithm that utilizes surface mesonet observations and a
sounding to specify fields of the Lifted Index. It will also accept input from a human forecaster. In the
future it will also integrate output from a numerical model. The program can be run in real time or post
analysis mode. The forecast rules can easily be modified. This latter feature, together with an internal
capability to verify and score the forecasts, makes it a powerful development tool.

Automatic detection of convergence lines

The location of radar-detected boundary-layer convergence lines is central to the thunderstorm
forecasting procedures. Hence, the development of a fully automated thunderstorm forecasting procedure
is very dependent on developing an automated means to detect these convergence lines. Significant
progress was recently made in this effort by installing an algorithm from Lincoln Laboratory called
MIGFA (short for Machine-Intelligent Gust Front Algorithm). Initial testing of this algorithm on the Mile
High Radar looks very promising and efforts will continue on fine tuning and verifying the algorithm.

RAPS93: The Real-time Analysis and Prediction of Storms Program

Field studies have long been a substantial part of the ongoing research program at RAP. During the
summer of 1993, RAP conducted an eight-week field program called the Real-time Analysis and
Prediction of Storms Program-1993 (RAPS93) over the plains of Northeast Colorado. The program was
directed by Neilley and Crook. Its principal goals included multiparameter radar hail detection, real-time
numerical modeling, automated thunderstorm forecasting, non-supercell tornado detection and forecasting
and refinement of several algorithms designed to detect and forecast various convective hazards. Special
observing systems deployed for RAPS93 included NCAR's CP-2 multiparameter radar, 26 PAM II
mesonet stations, a mobile CLASS sounding system and two radio-directed and GPS-tracked chase
observation crews. In addition, the data from NCAR's Mile High Radar, NOAA's surface mesonet and
profilers, and the suite of routine NWS observations were used. All data were ingested, analyzed and
displayed in real time in the Aviation Weather Development Laboratory developed by RAP (see later
section).

Numerical Model Forecasts of Low-Level Winds

As part of RAPS93, a small-scale numerical model was developed and run in real time by Crook.
The principle goal of the effort was to provide 3060 min forecasts of low-level winds in northeastern
Colorado. The model was initialized with data from a surface mesonet of 42 stations, a Doppler radar and
a CLASS sounding system. Above the surface, in the planetary boundary layer, the horizontal wind was
derived from radial velocity measurements and a technique called TREC (Tracking Reflectivity Echoes
by Correlation), discussed later. Thermodynamic retrieval was used to initialize the temperature in the
boundary layer. This technique ensures that the initial wind tendency in the model will be the same as the
measured wind tendency. Above the boundary layer, the model was initialized with data from a single
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CLASS sounding. A forward, four-dimensional data assimilation system was developed for the model
by Crook and Neilley. The system used previous forecasts as first guesses to subsequent model
initializations in a manner that preserved small-scale features developed in the model during its forecast
cycle. This enabled the assimilation/forecast system to depict more precisely the structure of mesoscale
features such as gust fronts at the initialization time that could not be resolved using a standard analysis
scheme. The data assimilation system proved to provide substantially better initial conditions for the
model.

This system was run in real time during June and July and produced 60 min forecasts every 20 min.
In general, the model proved to be quite useful in both detecting and predicting the location of boundary
layer convergence zones. On June 21 the model was successful in predicting the formation and location
(to within 5 km) of a Denver Convergence Zone, that produced a line of 60-70 dBZ cells to the east of
Denver. The model was also useful in forecasting the motion of gust fronts over Stapleton Airport.

Deriving low-level winds with the adjoint method

A key to the forecasting of small-scale winds, and eventually thunderstorms, is the ability to measure
accurately the initial wind field. Jenny Sun has continued her work on retrieving the low-level wind field
from single-Doppler radar by using the adjoint method. Three data sets have been used to examine the
viability of the technique. The first data set is associated with an intense gust front, observed during the
Phoenix II field experiment near Boulder, CO. Using this data set, a number of numerical experiments
were conducted to extensively explore the real-data applicability and the sensitivity of the adjoint method.
Results from these experiments have shown very good agreement between the retrieved and the dual-
Doppler derived velocities. The adjoint method has also been able to retrieve small-scale (< 1.5 km)
vortices along the leading edge of the gust front. The adjoint technique has also been applied to two other
cases observed by NCAR's Mile High Radar. Both cases involve low-level convergence and one is
associated with tornadoes. Results from both cases demonstrate the ability of the adjoint technique in
retrieving the detailed structures of the low-level convergence and circulation.

TREC

John Tuttle continued to streamline and improve TREC (Tracking Radar Echoes by Correlation) to
provide reliable real-time wind information in the boundary layer during field operations. The
enhancements included changing the vector interpolation scheme to preserve vertical wind structure more
accurately, tests to eliminate erroneous vectors due to second-trip radar echoes, and an improved scheme
to determine the location of maximum correlation (vector endpoint) by fitting a least-squares parabolic
surface to the correlation values.

TREC ran throughout RAPS93 providing boundary layer winds over a 140 km by 140 km area every
six minutes. Numerous convergence lines and thunderstorm outflows were detected. The TREC
information was usedfor field operation guidance and was an integral part of the real-time numerical
modeling effort described elsewhere in this document.
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Radar-based automatic detection, characterization and extrapolation of
convective systems

From 1990 to 1992 Dixon developed a technique for automatically identifying and tracking
convective storms using volume scan radar data. The recent storm history is used to make a trend-based
extrapolation forecast of storm position and size. By the summer of 1992 the technique had been refined
to the point that it was usable for providing guidance to the scientists making forecasts in the RAPS92
convective nowcasting experiment. The method was again used by the scientists in the RAPS93
nowcasting experiment.

During 1993 the possibility of refining the storm size forecast based on physical properties of the
storm at a given time were investigated by Sandra Henry and Wilson. Initial results indicated that storm
properties such as maximum reflectivity and storm tops have some utility in forecasting storm size over
a 30 min period.

Storm-track data collected and analyzed by Dixon during the 1991, 1992 and 1993 summer seasons
were used to compile a convective storm climatology of the region within 150 km of Denver. The data
set comprises more than 15,000 storm tracks for the three-year period. The spatial resolution of this
climatology, made possible by the use of radar rather than point observations, provides a new
understanding of distribution of convective storms and their precipitation in the study area.

Research on storm initiation

Research by David Kingsmill (ASP), James Fankhauser (MMM) and Wilson using data from the
CaPE program conducted in Florida shows that storms often initiate where a moving boundary-layer
convergence line passes under existing cumulus clouds. These clouds are usually cloud streets associated
with horizontal convective rolls. Tammy Weckwerth is conducting an extensive study of horizontal
convective rolls for her PhD dissertation. Forecasts of thunderstorm initiation are improved if the presence
of cumulus clouds is known in advance of a moving convergence line. Utilizing the research of Charles
Knight (MMM) it is possible to use radars with characteristics similar to the WSR-88D to detect cumulus
clouds from their first appearance out to radar ranges of at least 60 km.

Work in progress by Wilson with the CaPE data set is showing that at least in Florida the wind
velocities at cloud heights are influential in determining which convergence lines initiate storms. Winds
that carry storms away from the convergence line are unfavorable for initiating storms. Cindy Mueller
has recently begun studies to examine the degree of storm organization and lifetime with respect to
boundary orientation and movement with respect to the vertical profile of the horizontal wind.

Wavelet analysis of radar data

Tuttle has been investigating the structure of radar echo features in the boundary layer using
two-dimensional wavelet analysis of the reflectivity and Doppler velocity convergence fields for the 2
August CaPE case. The analysis revealed a number of stationary linear features in both fields having a
6-km wavelength and oriented parallel to the mean low-level winds, consistent with boundary-layer
horizontal roll theory. The convergence and reflectivity features were collocated showing that lines of
enhanced reflectivity were associated with lines of convergence in the low-level winds. Other features
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that were propagating, originated from thunderstorm outflows. These convergence lines were slightly
ahead of the reflectivity lines. The analysis revealed information not obtainable by conventional analysis
methods, such as Fourier analysis.

Aviation Weather Development Laboratory (AWDL)

Research and development activities associated with the AWDL continued this year. This laboratory
has been established to support scientific research and prototype evaluation of advanced aviation weather
capabilities to be transferred to the operational aviation weather system. Evaluation consists of
determining the scientific validity of products, correctness of algorithms, utility of products in the aviation
environment, and suitability of user interface. During field experiments, the AWDL provides a source for
the ingest, analysis and display of real-time data. The AWDL includes the installation of test bed systems
in the FAA's Air Route Traffic Control Center (ARTCC) in Longmont, Stapleton Terminal Radar Control
(TRACON), Stapleton air traffic control tower, the Denver Flight Service Station, the Air Traffic Control
System Command Center, United Airlines Chicago Dispatch Center, United Airlines Denver Operations
Center, the National Aviation Weather Advisory Unit, and the FAA Technical Center.

The AWDL receives sensor data from multiple radars, mesonet stations, profilers, and satellites. It
also has access to the full range of NWS products and commercial weather products, NWS operational
models, FSL and NCAR experimental models, and real-time databases. The major objective of the AWDL
is to evaluate products developed using these data sources to eventually be hosted as part of a national
aviation weather system that will include an Aviation Gridded Forecast System being jointly developed
by FSL and NCAR, a Regional Aviation Weather Products Generator and a National Aviation Weather
Products Generator to be developed by industry, and an Integrated Terminal Weather System being
developed by MIT Lincoln Laboratory.

NCAR's objective in developing an aviation weather system for the FAA is to provide products to
aviation users who are not trained in atmospheric science. The products will be designed to use the best
models and data sources available, while summarizing this information into very simple displays and
databases that require no user interpretation. FSL and NCAR share the responsibility of determining how
to collect and assimilate the data to support these products, and NCAR then tests and demonstrates
prototype software to produce this user- friendly set of aviation products.

NCAR/RAP develops a new product in the AWDL based on interaction with working-level user
groups. Users are brought in to see, to try out, and to critique the product in the laboratory. When the
product is iterated to something operationally useful, it is installed in operational sites for periods of
operational evaluation. It is not intended that these prototype products become a permanent part of local
operations, but that they are run long enough to judge the merits of national development. Part of this
evaluation includes the collection of data to help quantify the operational benefits of the products. These
data are used by the FAA, in conjunction with estimates of development cost, to determine the most
efficient use of scarce development dollars.

During the early periods of operational evaluation, the products are actually produced in the AWDL
at RAP and shipped over high-speed communications links to the user sites. The AWDL operations center
contains numerous computing facilities and displays that allow personnel not only to monitor the products
being delivered to the sites, but also to conduct scientific research on the validity of the products.
Meteorologists, data analysts, and technicians are stationed in the AWDL to monitor performance during
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operational periods.

In order to expedite near-term deployment of some of the new products, commercial vendors are
being invited to participate in the demonstration of products through Cooperative Research and
Development Agreements (CRDAs). Once AWDL products complete early operational evaluation, the
technology can be transferred to the CRDA vendors for a broader evaluation across more diverse sites for
sustained periods of time. Once these are successful, FAA initiates acquisition mechanisms to make the
products universally available.

During 1993, several products were provided to selected users for operational evaluation, including
in-flight icing, ground deicing, precipitation, winds aloft, cell tracking/growth/decay, current ceiling
visibility, microburst, wind shear and gust front products. Depending upon the level of validation of a
product, users are sometimes cautioned against making operational decisions based upon the data, but are
always asked to take the time to provide their general observations about the product utility.

TDWR

1993 was the final year for the Terminal Doppler Weather Radar (TDWR) research and development
program at RAP. The windshear research effort began in 1982 during the Joint Airport Weather Studies
(JAWS) Project and successfully concluded this year after 11 years of scientific research, algorithm
development, testing and demonstration. An enormous amount of scientific understanding of windshear
was gained during this program which led to more than 65 scientific publications and project-related
reports. . As part of the TDWR development process, RAP has been protecting Denver's Stapleton
Airport from windshear since 1988. This successful technology transfer [to Raytheon via the FAA] has
led to the development and national implementation of both the TDWR and the Low-Level Windshear
Alert System (LLWAS). By the end of 1995, 45 U.S. airports will have integrated TDWR and LLWAS
systems. RAP's accomplishments have included: a) developing a solid understanding of the science of
windshear, particularly microbursts and gust fronts; b) assisting the FAA with developing user needs and
requirements for windshear products; c) developing (with Lincoln Laboratory) radar-based algorithms for
windshear detection including microburst and gust front detection and wind shift prediction; d) developing
TDWR and LLWAS into an integrated system; and e) performing intensive scientific and operational
verification of the prototype TDWR and LLWAS systems. During the demonstration period (1988-1993)
the prototype NCAR windshear detection system was responsible for preventing at least one aircraft
accident at Stapleton. Alerts also provided a greater margin of safety, through awareness, for terminal
controllers and pilots throughout the multi-year demonstration.
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Staff, Visitors, and Collaborators

Staff

Director's Office

Lisa Chambers
Deborah Davis
Joanne Dunnebecke
Kevin Geiger (student assistant)
Deborah Henson
Patricia Hill
Randy Kamischke
Barbara Magill
Rhonda McGaffic
John McCarthy (Director)
Wayne Sand (Deputy Director)
Arthur Shantz (Associate Director)
Richard Wagoner (Deputy Director)

Applied Science Group

G. Brant Foote (Manager of Science)

Wayne Adams
Ben Bernstein
Edward Brandes
Roelof Bruintjes
Jeff Cole
Andrew Crook (50%)
Chris Davis (50%)
Gregory Forbes (50% - long-term visitor)
Carl Hagelberg (Advanced Study Program)
Sandra Henry
Beth Hobson (long-term visitor)
Erik Jeannette (student assistant)
Teddie L. Keller
Cathy Kessinger
David Kingsmill (Advanced Study Program)
Kevin Knight (student assistant)
Li Li (student visitor)
Carol Makowski
Dan Megenhardt (student assistant)
Cynthia Mueller (38%)
Peter Neilley
Tiffany Omeron (student assistant)
Marcia Politovich
Heather Rabatin (student assistant)
Roy Rasmussen (75%)
Jon Reisner (long-term visitor)
Rita Roberts (90%)
Lynn Seagren (student assistant)
Jonathan Smith (student assistant)
Gregory Stossmeister

Juanzhen Sun (long-term visitor, 25%)
Gregory Thompson
John Tuttle (50%)
Jothiram Vivekanandan
Charles Wade (50%)
Thomas Warner (50% - long-term visitor)
Tammy Weckwerth (Advanced Study Program)
Doug Wesley (long-term visitor)
James Wilson (50%)

Bruce Carmichael (Manager of Engineering)

Computer Systems Support Group

David Albo
Rachel Ames
Paul Burry (student assistant)
Eric Butz (student assistant)
Laurie Carson
Celia Chen
Sally Copeland
Terri Eads
Jason Helland
Anne Jones (student assistant)
Carol Nicolaidis
Carol Park
George Rabatin
Carol Stimmel
Robin Vaughan (Group Head)

Demonstration Facility

Cleon Biter
Gary Blackburn
Barbara Brown (85%)
Randy Bullock (student assistant)
Larry Corman
Gary Cunning (student assistant)
Steve Delp
Kimberly Elmore
Tressa Fowler (student assistant)
Layne Heber (student assistant)
O. Tres Hofmeister
Yongyun Hu (long-term visitor)
Cheryl Jones
Tenny Lindholm
William Mahoney (Group Head)
Frank McDonough (student assistant)
Daniel Peters (student assistant)
Nancy Rehak
Brandon Slaten (student assistant)
Ren Tescher
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Scott Swerdlin
Renee Swindle
Thomas Wilsher

Engineering Systems Group

Robert Barron
John Caron
Michael Dixon
Deirdre Garvey
R. Kent Goodrich (long-term visitor)
Kristine Gould
Richard Grubin
Frank Hage
David Hart (student assistant)
Zhongqi Jing
Corinne Morse
William Myers
Scott Swerdlin
Renee Swindle
Gerry Wiener (Group Head)
Thomas Wilsher
John Yunker (student assistant)

Visitors and Collaborators

Dates refer to visitor's stay at NCAR during FY93. No
dates are given for collaborators who did not visit NCAR.

Nolan Atkins; University of California, Los Angeles;
Applied Science Group

Dave Atlas; National Aeronautics and Space
Administration; Applied Science Group

Howie Bluestein; University of Oklahoma; Applied
Science Group

Peter M. Bodiley: Hong King Civil Engineering: Applied
Science Group

Dave Brunkow; Colorado State University; 1 February-31
March; Applied Science Group

V.N. Bringi; Colorado State University; Applied Science
Group

Mary Cairns; National Oceanic and Atmospheric
Administration; Engineering Systems Group

Jay-Chung Chen; Hong Kong University of Science and
Technology; Applied Science Group

Rodney Cole; MIT Lincoln Laboratories; Applied Science
Group

Richard Delanoy; MIT Lincoln Laboratory; Engineering
Systems Group

Paul DeMott; Colorado State University; Applied
Science Group

Frank Eaton; White Sands Missile Range; Applied
Science Group

James Evans; MIT Lincoln Laboratory; Applied Science
Group

Mike Erwin; University of Illinois; Applied Science
Group

Ted Fujita; University of Chicago; 1-31 July; Applied
Science Group

Nimal Gamage; University of Colorado, Dept. of
Astrophysics, Planetary and Atmospheric Sciences;
Applied Science Group

Ken Glassen; Bureau of Meteorology, Australia; 1-30
September; Applied Science Group

Doug Green; National Weather Service, Phoenix; 1-31
May; Applied Science Group
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Martin Hagen; Institute fur Physik d'Atmosphare;
Applied Science Group

Pat Haines; Purdue University; Applied Science Group

Jack Hales; National Severe Storms Forecast Center; 1-30
June; Applied Science Group

Art Hansen; Federal Aviation Administration; Applied
Science and Engineering Groups

Jay L. Helms; Federal Aviation Administration;
Engineering Group

John Houbolt; MIT Lincoln Laboratory; Engineering
Systems Group

Robert Houze; University of Washington; Applied
Science Group

Bengt Hultqvist; Swedish Institute of Space Physics:
Applied Science Group

Scott Isard; University of Illinois; Applied Science Group

Max Ivey; Hong Kong University of Science and
Technology, Centre of Computing Services and
Telecommunications; Applied Science Group

Richard Jeck; FAA Technical Center; Applied Science
Group

John Keller; MIT Lincoln Laboratory; Applied Science
Group

Pat Kennedy; Colorado State University; Applied Science
Group

Brian Klimowski; University of Wyoming; 2-8
December; Applied Science Group

Kevin Knupp; University of Alabama, Huntsville;
Applied Science Group

S.C. Kot; Hong Kong University of Science and
Technology; Applied Science Group

Michael Krauss; National Oceanic and Atmospheric
Administration; Applied Science Group

Robert A. Kropfli; National Oceanic and Atmospheric
Administration; Applied Science Group

C.Y. Lam; Hong Kong Royal Observatory; Applied
Science Groups

Lawrence Law; Hong Kong University of Science and
Technology, Centre of Computing Services and
Telecommunications; Applied Science Group

Bruce Lee; University of Chicago; 1 May-30 September;
Applied Science Group

Ophelia Lee; Hong Kong University of Science and
Technology; Applied Science Group

Peer K.N. Lok; Hong Kong Civil Aviation; Applied
Science Group

Alexander MacDonald; National Oceanic and
Atmospheric Administration; Applied Science Group

John Marwitz; University of Wyoming; Applied Science
Group

Ronald Miller; National Oceanic and Atmospheric
Administration; Engineering Systems Group

Peter Meischner; Institute fur Physik d'Atmosphare;
Applied Science Group

Andrei A. Monakov; St. Petersburg Institute of Aviation
Instrument Making; Applied Science Group

Alberto Mugnai; Instituto di Fisica dell'Atmosphera;
Applied Science Group

Harold Ochs; Illinois State Water Survey; Applied
Science Group

Ron and Olson; National Aviation Weather Advisory
Unit; Applied Science Group

Joseph Poon; Royal Observatory Hong Kong; Applied
Science Group

Peter Ray; Florida State University; Applied Science
Group

Ravi Raghaven; USRA, Marshall Space Flight Center;
Applied Science Group

Gary Rasmussen; MIT Lincoln Laboratory; Engineering
Systems Group

Robert M. Rauber; University of Illinois; Applied Science
Group

Ron Rinehart; University of North Dakota; Applied
Science Group



RAP-20

Al Rodi; University of Wyoming; 1-30 May; Applied
Science Group

Dave Rogers; Colorado State University; Applied Science
Group

Robert Russell; University of California, Irvine; Applied
Science Group

Steve Rutledge; Colorado State University; Applied
Science Group

Paul Schultz; National Oceanic and Atmospheric
Administration; Applied Science Group

Thomas Seliga; University of Washington; 9-13
December; Applied Science Group

David E. Skaggs; U.S. Congressman; Applied Science
and Engineering Groups

John Smart; National Oceanic and Atmospheric
Administration; Applied Science Group

Eric Smith; Florida State University; Applied Science
Group

Roy Spencer; NASA, Marshall Space Flight Center;
Applied Science Group

Boba Stankov; National Oceanic and Atmospheric
Administration; Applied Science Group

Edward Tollerud; National Oceanic and Atmospheric
Administration; Engineering Systems Group

Joseph Turk; Colorado State University; Applied Science
Group

Gabor Vali; University of Wyoming; Applied Science
Group

Hans Verlinde; Pennsylvania State University; November
7-November 31; Applied Science Group

Roger Wakimoto; University of California, Los Angeles;
1-30 September; Applied Science Group

Pao K. Wang; University of Wisconsin-Madison; Applied
Science Group

David Webb; Embry Riddle University; Engineering
Group

Ed Westwater; National Oceanic and Atmospheric
Administration; Applied Science Group

Wesley Wilson; MIT Lincoln Laboratory; Applied
Science Group

Marilyn Wolfson; MIT Lincoln Laboratoru: Applied
Science Group

Sandy Yuter; University of Washington; Applied Science
Group



RAP-21

Publications
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Atmospheric Technology Division

Observing and associated facilities of the Atmospheric Technology Division (ATD) include research
aircraft, remote sensing systems, atmospheric sounding instruments, automated surface systems, and
interactive computing facilities. These facilities are staffed with skilled engineers and technicians who
operate and deploy the equipment. ATD's development capability resides primarily in its staff of scientists,
engineers, and programmers. ATD is set up to be the focal point for the more complex platforms and
instruments that are needed by many scientists and that can only be developed and operated by a sizeable
team of technical staff. Development programs are routinely undertaken in collaboration with other
NCAR divisions and university scientists.

The ATD technical staff frequently advises and assists users of its facilities in experimental design
and planning for field programs, in sampling and measurement techniques, and, in some instances, in the
design and fabrication of special equipment. Field data are quality assured and processed before distribu-
tion to users. Assistance in analysis of these data is also frequently provided.

The division supports the observing component of research studies in 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. In addition, there has been a trend in research toward the
simultaneous study of a multiplicity of atmospheric spatial and temporal scales. These changes have
directly influenced ATD's plans to develop new systems.

Based upon available information on science needs for observing facilities, some common themes are
being addressed by ATD in its observing system development program. One recurrent need is for remote
sensing from mobile platforms (mostly aircraft), together with specialized ground-based network capabil-
ities. Measurements (maps, profiles, transport, fluxes, and flux profiles) of atmospheric water, radiation,
ozone, momentum, and sensible heat all have a high priority and require special attention. Many other
gaseous chemical species need to be measured within the troposphere and lower stratosphere, as do
specific aerosol and hydrometeor properties.

ATD's aim is to provide comprehensive, high-quality observational support for process studies of
climate, hydrologic systems, and biogeochemical dynamics in the U.S. Global Change Research Program,
as well as for important mesoscale meteorology and cloud physics studies. The division works closely
with other NCAR divisions, universities, NSF, and other federal agencies to ensure that its current facil-
ities and long-range plans provide for instruments and services most needed by the scientific community.

ATD's goals are:

* To provide unique, centrally administered observing facilities and associated data support services
for use in research programs by the atmospheric and oceanic sciences communities.

* To continually improve these facilities and services, and to develop next-generation facilities as
community requirements dictate, by means of strong internal development programs.
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Significant Accomplishments

* Among the 18 field programs successfully accomplished by ATD during FY 93, clearly the most

challenging was the Tropical Ocean Global Atmosphere Program Coupled Ocean-Atmosphere
Response Experiment (TOGA COARE). Over half of the ATD's total staff participated directly in
the four-month field program in the tropical western Pacific, while many others helped develop
instruments and support the program in other ways from Boulder. ATD observing facilities
deployed and used in TOGA COARE included the Electra research aircraft, the new Electra

Doppler Radar (ELDORA), an island and ship network of six Integrated Sounding Systems (ISS),

two dual Lightweight Digital Dropsonde (LD2) systems, and three specially designed UV Hygro-
meters. ATD also set up and maintained computer networks at the Honiara (Solomon Islands)

and Townsville (Australia) operations centers, as well as high-speed data and voice communica-

tions links between the field operations centers, aircraft, research ships, and the U.S. In addition,

ATD staff helped develop, install, and operate Doppler radars on each of two research ships. The
field support team successfully overcame numerous logistical difficulties while supporting this

experiment, including shortages of water and electricity, aircraft fuel, and exposure to malaria.

All indications are that an excellent data set was obtained under a diverse set of weather regimes

ranging from clear conditions to intense, large-scale convective systems. (See pages ATD-7, -10,
-12, -14, -16, -20, -21, -24, and -33.)

* During its TOGA-COARE debut, the ELDORA airborne Doppler radar easily met most of its

design goals, even though several aspects of the radar implementation were incomplete.

ELDORA was operated on 13 aircraft missions, the first seven of which were boundary-layer

flights that served as ELDORA check-out missions. The remaining six flights were atmospheric

convection missions during which high-quality ELDORA data were collected. Four of these

latter flights included coordinated data collection efforts involving other research aircraft and

ships equipped with Doppler radars. Improvements being incorporated into the radar's digital
signal processor will enable an increase in the number of transmitted frequencies and a doubling
of the scan rate. These changes will reduce errors in the velocity estimates and will improve the
along-track resolution to 0.3 km. They will also significantly improve the utility of the radar for

high-resolution studies of convective storms. Additional upgrades being implemented include

improvements in antenna sidelobe performance, replacement of the unreliable high-power
amplifiers, and refinement of the radar control and data display software. The leader of the
ELDORA project is Peter Hildebrand. (See pages ATD-7, -21, and -22.)

* Arrangements with the General Services Administration led in FY 93 to transfer of title of a 1985
model Lockheed EC-130Q aircraft to NSF. The plane, which arrived at the Research Aviation

Facility (RAF) base in mid-August, is a variant of the four-engine C-130 Hercules and was used
by the U.S. Navy for special communications needs. The aircraft is in excellent condition, having
logged only 8,700 hours in service. An initial RAF pilot/flight-engineer crew has completed

training and obtained "type ratings" for the C-130. RAF has reordered its development priorities

and staff assignments to quickly bring this aircraft into operation. Planning for instrumentation of

the aircraft includes a strong orientation toward remote sensing; a solid infrastructure for inter-

related measurements in chemistry, dynamics, cloud physics, and oceanography; and a real-time
data system that enhances the scientist's capability to visualize and understand the experimental
environment. Early emphasis is being given to research applications that benefit uniquely from
the heavy-payload, long-range capabilities of the C-130. Pending availability of funds for
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reconfiguration work, the aircraft is expected to begin research service in early FY 95. Larry
Radke is leading the C-130 conversion activities. (See pages ATD-4 and -5.)

Significant progress was made in FY 93 toward government transfer of a WB-57F aircraft to NSF
for operation by NCAR. Larry Radke and Bruce Gandrud are playing key roles in this effort.
The aircraft is capable of taking detailed measurements throughout the tropophere and into the
lower stratosphere up to an altitude of 65,000 ft. It was previously operated by NASA in support
of high-altitude atmospheric sampling. An independent review conducted for NSF found RAF
planning to be sound and the proposed acquisition and operation of the WB-57F to be feasible.
NOAA's Aeronomy Laboratory awarded NCAR/RAF a substantial grant to assist in returning the
aircraft to research service. Draft Memoranda of Agreement were negotiated between NASA and
NSF regarding transfer of the aircraft, and between the U.S. Air Force (USAF) and NSF regarding
ongoing provision of parts and equipment from USAF supplies. Finalization of these agreements
is expected early in FY 94. Pending availability of funds for reconfiguration work, the WB-57F
is expected to begin research service in late FY 95 or early FY 96. (See page ATD-5.)

Development of the first phase of the Next Generation Upper-Air Sounding System (NEXUS),
led by Dean Lauritsen, neared completion at the end of FY 93. NEXUS is a prototype sounding
system being jointly developed by NCAR and the National Weather Service (NWS) as a possible
replacement for the current NWS system. Five of the new systems have been delivered to NWS
for testing and evaluation. NEXUS is based on NCAR-developed technology used in the Cross-
Chain LORAN Atmospheric Sounding System (CLASS) and the Kanton Island Sounding
System. The new system obtains winds through the use of LORAN and Omega navaid signals,
and will incorporate Global Positioning System (GPS) technology at a future date. The system is
PC-based, incorporates automatic balloon launching and tracking, and supports several commer-
cial radiosondes with 400- and 1680- MHz telemetry. (See pages ATD-13 and -16.)

Joshua Wurman (ATD Postdoctoral Visitor) constructed a unique Bistatic Doppler Radar
Receiver Network (BINET) system that was tested during FY 93. Dual-Doppler wind fields
derived from a data set obtained using BINET with the NCAR CP-2 radar exhibited excellent
agreement with wind fields from a conventional dual-Doppler pair (CP-2 and Mile High Radar).
BINET uses a single conventional transmitting radar and one or more low-gain, passive, receiving
sites to retrieve full vector wind fields. Radiation scattered from the pencil beam of the trans-
mitting radar is detected at the receive-only sites as well as at the receiver co-located with the
active transmitter. The measured Doppler shifts of the radiation received at all sites are used to
construct two- and three-dimensional wind fields in a manner similar to that used with conven-
tional Doppler-radar networks. Since BINET receivers are inexpensive, a major advantage of the
new system is its lower cost compared to a conventional multiple-Doppler-radar network.
Wurman and Christopher Holloway (ASP Postdoctoral Fellow) also developed a new slotted-
waveguide bistatic receiving antenna for BINET that has been important to the success achieved
thus far with the system. (See page ATD-26.)

* A major ATD data-management initiative during FY 93 was a joint effort with the UCAR Office
of Field Project Support to prepare a three-disc CD-ROM set for distribution of data from the
STORM Fronts Experiment Systems Test (STORMFEST) field program. This project is being
led by Cynthia Mueller. The CD set, which was sent to all STORMFEST investigators, contains
over 1.2 GBy of data derived from surface systems, lightning networks, the CP-4 radar,
NOWRAD weather surface radar mosaics, several sounding systems, the NCAR and Wyoming
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King Air aircraft, the University of Washington C-131 aircraft, the NOAA P-3 aircraft, and the
GOES satellite. The discs also contain ATD's Zeb data integration/display software and WINDS
aircraft display software. Both of these powerful software tools are configured to provide direct
access and display of the data on the discs, yielding a unique analysis capability for investigators.
Joint efforts continue on a follow-up CD-ROM set of STORMFEST model output to be distrib-
uted during summer 1994. (See page ATD-29.)

The Lightweight Digital Dropsonde (LD2) development for the USAF was completed in FY 93
with the official acceptance of the dropsonde in early May. The acceptance followed a series of
successful drop tests by USAF. The technology transfer to Radian Corporation for manufacturing
LD2s was also completed in FY 93. Radian has since built 50 each LOD2s and 50 L2D2s (the
Omega and LORAN versions of the LD2, respectively). The LOD2 sonde also performed well in
two major field programs during FY 93. During TOGA COARE and the Central Equatorial
Pacific Experiment (CEPEX), almost 90% of the drops were completely successful, while others
also produced useful data. Harold Cole is the leader of the LD2 project. (See page ATD-15.)

User Community

In FY 93, ATD provided observing support for 18 field programs. A listing of supported field

programs is provided in each of the succeeding sections describing the activities of ATD's Facility
organizations. In summary, six of the 18 field programs supported were for university investigators, six
involved both NCAR and university investigators, four were for non-NSF government agencies, and two
were for private research organizations. In a normal year, ATD would expect to support a somewhat
larger number of field programs; however, FY 93 was unusual because of the huge resource requirements
of TOGA COARE.

During the year ATD also distributed field data upon request to 66 universities and other institutions.

A total of 59 institutions requested and used ATD applications software. These requests were in addition
to the usual large number from NCAR and UCAR users.

In FY 93, ATD also worked on a number of sensor and observing system developments funded by
various government agencies and other organizations, in addition to NSF. Many of these development
projects involved collaborative efforts with scientific and technical staff from universities and other
research organizations.

Research Aviation

Mission and Goals

The mission of the Research Aviation Facility (RAF) mission is to develop and operate instrumented
research aircraft for the atmospheric science community at a level of performance, sophistication, and
operational complexity not generally available elsewhere.
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RAF's goals are:

* To operate the research aircraft safely and reliably. Aircraft safety is of paramount importance in
RAF's strategy.

* To provide research aircraft users with comprehensive support, so that RAF participates as an
integral part of the scientific and technical research team. RAF assists in planning and conducting
field experiments; provides data processing and quality control; documents instrumentation char-
acteristics and limitations; and, when appropriate, assists during the analysis phase of experi-
ments.

* To anticipate the future scientific needs of the atmospheric science community and to develop
research systems (aircraft, instruments, and data acquisition systems) suited to those needs. RAF's
scientific and engineering staff monitors research needs and technological developments that can
be applied to those needs.

Aircraft Fleet and Restructuring Activities

In December 1992, NCAR submitted to NSF a proposal to restructure the research aircraft fleet
operated by NCAR. The proposal drew upon results of the Third NCAR Research Aircraft Fleet
Workshop (1992), which recommended that NSF and NCAR take maximum advantage of near-term
opportunities to acquire an EC-130Q (C-130) four-engine turboprop and a high-altitude WB-57F twin-jet.
The proposal outlined evolution to a transition fleet in which two new aircraft (the C-130 and the
WB-57F) join the existing NCAR Electra. The proposal also outlined RAF's ultimate goal, which
continues to be acquisition of an optimum fleet built around the C-130, the WB-57F, and a mid-sized jet.

In March 1993, NSF directed NCAR to take the following steps toward realization of the transition
fleet:

* Removal of the NCAR Sabreliner from service, and sale of the aircraft with proceeds to be
applied to fleet restructuring;

* Preparation for stand-down of the NCAR King Air in FY 94;

* Acquisition of the C- 130 via government transfer to NSF;

* Acquisition of the WB-57F via government transfer to NSF.

C-130 Progress. Arrangements with the General Services Administration have led to transfer of title
of a 1985 model Lockheed EC-130Q to NSF. The aircraft is a variant of the four-engine C-130 Hercules
and was used by the U.S. Navy for special communications needs. The aircraft is in excellent condition
and has logged only 8,700 hours in service. C-130 training and "type rating" has been completed for an
initial pilot/flight-engineer crew in RAF. The aircraft was ferried from Davis-Montham AFB to RAF's
base at Jefferson County Airport in mid-August. RAF subsequently reordered its development priorities
and staff assignments because of the pressing, near-term need to quickly bring this aircraft to functionality.
To help handle the growing complexity of technical management, Paul Herzegh joined RAF as its Deputy
Manager in mid-1993, transferring from ATD's Research Data Program.
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Planning for instrumentation of the aircraft seeks to incorporate the best of past experience and new
ideas as they apply to the needs of airborne research in meteorology and oceanography. Early themes
include a strong orientation toward remote sensing; a strong infrastructure for interrelated measurements in
chemistry, dynamics, cloud physics, and oceanography; and a real-time data system that enhances the
scientist's capability to visualize and understand the experimental environment. Input and guidance on
development of C-130 research capabilities are being provided by twelve working groups, each composed
of a cross-section of aircraft users and sensor developers from the research community. Early emphasis is
being given to research applications that benefit uniquely from the extended payload and range capabilities
of the C-130. Pending availability of funds for reconfiguration work, the C-130 aircraft is expected to
begin research service in early FY 95.

WB-57F Progress. Work proceeded well toward government transfer of a WB-57F aircraft previ-
ously operated by NASA in support of high-altitude atmospheric sampling. An independent review
conducted for NSF by Allen Mason of Sumner Associates found RAF planning to be sound and the pro-
posed acquisition and operation of the WB-57F to be feasible. NOAA's Aeronomy Laboratory awarded
NCAR/RAF a substantial grant to support initial work toward returning the aircraft to research service.
Draft Memoranda of Agreement were negotiated between NASA/Johnson Space Center and NSF regard-
ing transfer of the aircraft, and between the U.S. Air Force (USAF) and NSF regarding ongoing provision
of parts and equipment from USAF supplies. Finalization of these agreements is expected early in FY 94.
Pending availability of funds for reconfiguration work, the WB-57F is expected to begin research service
in late FY 95 or early FY 96.

Field Support and Test Projects

During FY 93, RAF supported 13 university, NCAR, or other-agency projects, flying 226 separate
missions for a total of 720.5 flight hours. Research use of RAF aircraft is summarized in Tables ATD-1
and ATD-2. Field programs supported during FY 93 included studies of storm dynamics, atmospheric
chemistry, cloud physics, planetary boundary-layer processes, and air-sea interaction, as well as tests of
newly developed instrumentation. Some of these programs are briefly described below.

Table ATD-1. Summary of FY 93 RAF Flight Requests and Aircraft Usage

Includes 6.8 hours of cost-recovery time.
2 Includes 6.7 hours of FY 92 allocation.

Includes 38.8 hours of FY 94 allocation.
4 Includes 199.9 hours of cost-recovery flight time.

No. of Projects No. of Hours No. of
Aircraft Msi

RequeRequesReqted Flown Allocated Flown Missions

Sabreliner 1 2 28 28 35.8' 19

Electra 3 5 524 340 451.32'3 97

King Air 7 6 413 147 233.44 110

Total 11 13 965 515 720.5 226
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Stable Isotopes in Cloud Tops. This project used the Sabreliner to test a new technique for deuterium
isotope measurements in clouds that shows promise as a tool for tracking the movement and evolution of
atmospheric water. The Principal Investigator (PI) was Ron Smith of Yale University, who developed the
new air chemistry instrumentation. Smith collected vapor samples in cryogenic dewars, and collected
impacted ice with a Mohnen "ice stick." The collected samples were analyzed after each the flight to
determine the relative amounts of isotopes of water. Ratios of these isotopes provided information on the
atmospheric source region of the collected samples. Greg Kok (RAF) provided chemistry support for the
project through measurements of ozone and cloud nuclei (CN) concentrations. Bob Rauber (University of
Illinois) supported the cloud physics aspects of the project.

Optical Air Data System (OADS) Evaluation. This cost-recovery program to evaluate a laser-based
OADS was an extension of an earlier (February 1992) program conducted by Northrop Corporation. The
PI of this follow-on program was Pete Kenefick (Spectron Corporation). During December 1992, five
Sabreliner sorties were flown to collect a set of concurrent data from the OADS and from meteorological
sensors for future engineering considerations.

Table ATD-2. Summary'of FY 93 Projects Using RAF Aircraft

Research HoursPI (Affiliation) Project Aircraft' Science 2 se h Fow
Period Flown

Smith (Yale) Stable Isotopes SL AC 10/01/92-10/21/92 29.0

Kenefick (Spectron) OADS Evaluation SL E 12/01/92-12/15/92 6.8

Hildebrand (NCAR) ELDORA Test EL E 10/01/92-11/06/92 6.7

Carlson (NCAR) TOGA-COARE EL BL, CP, MS 11/07/92-02/28/93 291.0

Kuettner (UCAR) CEPEX EL BL, R 03/01/93-03/31/93 51.3

Gardner (U of Ill.) ANLC-FY93 EL UA 07/15/93-08/07/93 63.5

Gardner (U of Ill.) ALOHA-FY94 EL UA 09/20/93-09/30/93 38.8

Van Baelen (NCAR) Momentum Flux KA BL 11/10/92-11/20/92 19.3

Rasmussen (NCAR) WISPIT KA E 02/16/93-03/12/93 24.8

Cockayne (SAIC) MUDCAT KA CP, AR, BL 06/10/93 11.8

Kok (NCAR) Swiss Oxidant KA AC 07/12/93-07/30/93 93.1
Studies

Fehsenfeld (NOAA) NARE-Air KA AC 08/4/93-08/31/93 70.5

Riggan (USDAFS3 ) FIB-II KA AC, R 09/15/93-09/29/93 9.8

' KA = King Air
SL = Sabreliner
EL =Electra

2 AC = Atmospheric Chemistry
BL = Boundary Layer
CP = Cloud Physics
E = Evaluation of Instruments

MS = Mesoscale Meteorology
R = Radiation
UA = Upper Atmosphere

3 USDAFS = U.S. Department of Agriculture, Forest Service
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Tropical Ocean Global Atmosphere Program Coupled Ocean-Atmosphere Response Experiment
(TOGA COARE). After a four-month-long preparation period which included testing of ELDORA and
implementation of several other new measurement capabilities on the aircraft, the Electra was flown to
Honiara, Solomon Islands in early November 1992 for the TOGA COARE field program, directed by
David Carlson of the TOGA COARE International Project Office. Electra flight support was provided
during the four intensive operational periods (OPs) in November- Decemer 1992 and January-February
1993. A total of 32 research missions were flown. The majority of these missions were coordinated,
multi-aircraft missions with the other TOGA COARE aircraft (two NOAA P-3s, UK C-130, NASA DC-8
and ER-2, and Flinders University Cessna 340). Several of the boundary layer missions included inter-
comparisons with the ships R/V Franklin, RV Moana Wave, and RV Vickers. The flights for convection
studies utilized the newly developed ELDORA Doppler radar system in conjunction with the P-3 airborne
Doppler radar capabilities. The support team successfully overcame numerous logistical difficulties while
supporting this experiment, such as lack of water and electricity, aircraft fuel, and exposure to malaria. All
indications are that an excellent data set was obtained under a diverse set of weather regimes ranging from
clear conditions to intense, large-scale convective systems.

Central Equatorial Pacific Experiment (CEPEX). Following the four-month long TOGA COARE
field study, the Electra was used by David Rogers (Scripps Institution of Oceanography) and Robert
Grossman (University of Colorado) to collect data for the CEPEX during the month of March. Nine
research flights were made over the central equatorial Pacific in the vicinity east of Christmas Island. This
special tropical Pacific data set will provide researchers with observations to investigate the mechanisms
controlling tropical sea-surface temperatures.

Arctic Noctilucent Cloud Campaign-FY 93 (ANLC-FY93). This program, led by Chester Gardner
(University of Illinois), employed an airborne Rayleigh/sodium lidar, an airglow imager, and an airglow
spectrometer to study stratospheric/mesospheric dynamics, polar mesospheric clouds, noctilucent clouds
(NLC), and sporadic sodium-layering phenomena in the upper atmosphere. The campaign began in mid-
July with a ferry/research flight from RAF's base in Broomfield, CO, to Edmonton, Alberta, Canada. Two
research flights from there produced very interesting data on stratospheric wave structure and NLC. How-
ever, both were interrupted by difficulties with an Electra engine, which subsequently had to be replaced.
Later, successful research flights were flown out of Anchorage and Yellowknife, NWT.

Airborne Lidar and Observations of the Hawaiian Airglow-FY 94 ( ALOHA-FY94). ALOHA
utilized the Electra to study the generation and propagation of gravity waves in the upper atmosphere, and
the structure of sporadic sodium layers in the mesosphere. Principal observations were obtained by the
University of Illinois vertically pointing excimer laser aboard the Electra. The lidar was used to charac-
terize the vertical and horizontal structure of wave-induced density perturbations in the mesospheric
sodium layer and in the lower atmosphere, and to provide information on the geographic extent of
sporadic sodium layers. The program was based in Hawaii, where related observations were obtained by
the Phillips Lab Rayleigh radar, the Aerospace airglow imager, Utah State University imagers, a Univer-
sity of Colorado (Fritts) vertically-pointing radar, and the University of Western Ontario spectro-meter.
Additional supporting observations were obtained on Christmas Island by vertically-pointing radars
operated by the University of Colorado (Avery) and the University of Adelaide (Vincent). This highly
successful program, led by Chester Gardner (University of Illinois), utilized 135.2 flight hours on the
Electra over a six-week period spanning the FY 93 - FY 94 boundary.

Momentum Flux Intercomparison. This program utilized the King Air aircraft to support the field
testing and evaluation of an innovative single-beam interferometric UHF wind profiler. The interfero-
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metric profiler offers an alternative approach to measurement of wind and flux profiles in non-homo-
genous conditions - where the representativeness of conventional three-beam profiler measurements is
questionable. King Air momentum flux measurements were taken within and above the boundary layer
over the interferometric profiler for direct comparison with profiler results. Preliminary results indicate
that a successful intercomparison was achieved. Joel Van Baelen (ATD Postdoctoral Visitor) was the PI of
this program.

Winter Icing and Storms Project Instrumentation Test (WISPIT). WISPIT utilized the King Air to
carry out focused tests of airborne and ground-based instrumentation required for the study of the micro-
physics of winter storms. The tests were built around a variety of instrument intercomparison and
validation studies, and dealt with (1) measurements of the concentrations of ice crystals, ice nuclei, CN,
and CCN; (2) measurements of supercooled liquid water via active and passive remote sensing; and (3)
evaluation of multiparameter radar measurements in winter clouds and precipitation. The program was led
by Roy Rasmussen (RAP). Co-investigators included P. DeMott (Colorado State University; ice nuclei
sampling), V. Chandrasekhar (Colorado State University; multiparameter radar measurements), and G.
Vali (University of Wyoming; cloud condensation nuclei, ozone, and carbon monoxide measurements).
The aircraft missions yielded a successful test and intercomparison of airborne and ground-based
measurement systems.

Minor Uncle Dust Cloud Atmosphere Characterization (MUDCAT). This cost-recovery program
utilized the King Air to collect aerosol and radiometric data to characterize the dust cloud lofted into the
atmosphere by a powerful ground-level detonation of explosives. Aircraft penetrations of the resulting
dust cloud were carried out over the period from 100 to 500 minutes following the detonation. The data
are being used to characterize the radiative properties of the cloud and to aid interpretation of the multi-
channel infrared measurements obtained from satellite overpasses during the experiment. The PI, John
Cockayne (Science Applications International Corp.), anticipates application of these results to studies of
global climate, including volcanic and "nuclear winter" effects.

Swiss Oxidant Studies. This cost-recovery program utilized the King Air to study production of
ozone in Switzerland as part of a five-year Swiss program, which seeks to develop ozone dispersion
models that can be used for pollution reduction strategies. The King Air measurements characterized the
horizontal and vertical distribution of nitrogen oxides, non-methane hydrocarbons, formaldehyde, hydro-
gen peroxide, organic hydroperoxides, and other species over the Swiss Plateau to examine reaction
intermediates of ozone production. The measurements documented the buildup of photochemical smog in
the region south of the Alps, including high concentrations of nitrogen oxides and ozone concentrations in
excess of 100 ppbv. The ATD team overcame a series of small problems with the King Air data system to
obtain an excellent data set for this program. The co-PIs were Gregory Kok (ATD) and Albrecht Neftel
(University of Bern).

North Atlantic Regional Experiment-Aircraft (NARE-Air). This cost-recovery program sought to
determine and quantify the processes responsible for the transport of ozone and ozone precursors from
North America to the North Atlantic Ocean. Specific goals included improved understanding of (1) the
fate of continental emissions transported over the Atlantic Ocean, (2) the impact of these compounds on
the oxidative properties of the atmosphere over the Atlantic Ocean, and (3) the delivery of these com-
pounds and their oxidation products to the ocean. Partners in the program included the Atmospheric
Environment Service of Canada, Battelle Northwest Laboratory and the British Meteorological Office.
The King Air was deployed to Portland, ME in August 1993. The research flights were mostly between
the Boston and Newfoundland coastal areas. Measurements were obtained of ozone, carbon monoxide,
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nitric oxides, non-methane hydrocarbons, and aerosols, in addition to state parameters and winds.
Favorable weather conditions contributed to a significant pollution buildup and a highly successful
airborne measurement program. Fred Fehsenfeld (NOAA Aeronomy Laboratory) was the PI.

Fires in Brazil-II (FIB-II). This cost-recovery program led by Philip Riggan (USDA Forest
Service) was directed toward the characterization of radiative and mass emission flux from the widespread
burning of savannah in central Brazil. As the research team prepared to depart for the experiment, per-
mission to conduct flight operations in Brazil was withheld by the Brazilian government. As a result, a
smaller-scale study of the emissions of savannah-like wildfires in southern California was planned and
executed in place of the Brazilian sampling. Several successful flights were completed under the alternate
plan, affording an important opportunity to make unique emission measurements via combined remote and
in situ sampling.

Instrument Development Activities

The principal instrument development efforts in FY 93 focused on the UV Hygrometer, the Total
Water Probe, the Intermittent Sampler, the Multiangle Aerosol Spectrometer Probe (MASP), and the
Organic Hydroperoxide Analyzer. Development of the NCAR Airborne Infrared Lidar System (NAILS)
was transferred to RSF during the fiscal year and is summarized under Remote Sensing in this report.

FY 93 saw the completion of two new instruments, the UV Hygrometer and the Total Water Probe.
Both of these sensors were mounted on the Electra during the TOGA COARE program. The UV Hygro-
meter is expected to replace the old Lyman-Alpha as NCAR's fast-response hygrometer. It eliminates the
Lyman-Alpha's drift and optical contamination problems using an innovative dual-wavelength, dual-
optical-path design. The UV Hygrometer collected a large amount of good data during the field program,
and is currently undergoing modifications to correct several problems that were identified while in the
field. This development was primarily the product of Ron Schwiesow and his team. However, a signifi-
cant contribution was also made by the project advisory group, consisting of Jim Telford (Desert Research
Institute), Bob Kelly (University of Wyoming), Stig Rossby (NOAA), Carl Friehe (University of
California at Irvine), Andy Weinheimer (ACD), and Don Lenschow (MMM).

The Total Water Probe was developed for TOGA COARE under both internal and external funds.
This instrument, a total water evaporator, measures the wet- and dry-bulb temperatures of air downstream
from a heater that evaporates water drops and ice particles. The water vapor mixing ratios measured with
this sensor and the other hygrometers are in excellent agreement. Analysis of the in-cloud measurements
is still in progress.

The Intermittent Sampler is a collaborative effort among ATD, MMM, and ACD, led by Al Cooper.
This device provides a way to measure high-rate fluxes with slow-response instruments. The sampler uses
fast- response valves triggered by vertical-air-motion sensors to collect air samples that can be measured
with slower chemical analyzers. Theoretical studies have shown that intermittent samples will produce
flux values comparable to continuous high-rate measurements when the flight legs are sufficiently long to
insure good sample statistics. This has been confirmed by recent test flights. The Intermittent Sampler will
be used during the 1994 BOREAS project to provide fluxes of carbone dioxide (CO2), hydrocarbons, and
other trace gas constituents.
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The MASP has been under development for the past two years, funded by a grant from NASA. This
instrument, which measures aerosol particles from 0.2 to 20 pm and provides an estimate of particle index
of refraction, will be used in 1994 for measurements in the Antarctic stratosphere during the NASA
Airborne Southern Hemisphere Ozone Mission. After this field program, the probe will become part of the
standard RAF complement of particle sensors. Additional funding was provided by NASA for RAF to
design and build a new data recording system that interfaces to the MASP and another aerosol probe on
the NASA ER-2 aircraft.

Efforts have been continuing on the development of an automated system for the collection and
analysis of organic hydroperoxides. The analytical system is based on the High Pressure Liquid Chroma-
tography (HPLC) separation technique developed at RAF. The work during the first year has included
characterizing the properties of the Horibe trap which is being used for manual cryotrapping of the organic
hydroperoxides. A design has been completed for the automated system. This work is funded by the
NOAA Office of Climate and Global Change.

Research Activities

Research activities by RAF staff in FY 93 covered a wide range of topics in aerosol and cloud
physics and atmospheric chemistry. Some of these research activities were connected with involvement in
new field projects, while other efforts ere focused on the analysis of data sets from previous projects.

Cynthia Twohy (ASP visitor at RAF) conducted a field project on the Australian Falcon F-27 during
the Southern Ocean Cloud Experiment. The overall project was an investigation of the microphysical and
radiative properties of stratus clouds over the relatively pristine Southern Hemisphere oceans, in order to
better understand the effects that anthropogenic cloud condensation nuclei (CCN) may have on clouds in
the polluted Northern Hemisphere. The residual nuclei of cloud droplets were sampled by Twohy with the
RAF Counterflow Virtual Impactor. In a collaboration with James Hudson (Desert Research Institute), the
CCN spectra of the residual nuclei were measured and compared to ambient CCN measurements. Impactor
samples were also taken to analyze the properties of the ambient aerosol. This work was funded by a grant
from NASA's "Role of Aerosols in Global Climate" program.

Krista Laursen, Darrel Baumgardner, Bruce Morley, and Al Cooper were funded by RDA Logicon to
continue their evaluation of the optical and turbulent properties of the Kuwait oil-fire smoke plume. This
evaluation has focused on deriving the physical and optical properties of the plume particles from dual-
wavelength lidar measurements coupled with in situ optical particle-counter and nephelometer measure-
ments. Cooper's analysis of the turbulence data has produced an interesting new perspective on diffusion
where the primary forcing mechanism is vertical transport coupled with vertical shear. Both of these
studies have produced NCAR technical notes that are being followed by papers submitted to journals. This
work has been done in collaboration with Pat Sheridan (NOAA Climate Monitoring and Diagnostics
Laboratory).

Greg Kok was involved in a major field effort during 1993, the Swiss Oxidant Study, conducted in
July in Switzerland. This study used the NCAR King Air, and was carried out in conjunction with the
Swiss Pollution and Meteorology (POLLUMET) program. A significant portion of the funding was
provided by POLLUMET. The goal of this program was to examine the limiting reagent for photo-
chemical ozone production. Kok collaborated with Albrecht Neftel and Bruno Neininger (University
of Bern, Switzerland).
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Darrel Baumgardner, Jim Dye, Cindy Twohy, and Bruce Gandrud were funded by NASA to partici-
pate in the Stratospheric Photochemistry, Aerosols, and Dynamics Experiment. This was a study of the
stratosphere in the west coast region, using the NASA ER-2 aircraft. The RAF team operated the FSSP-
300 aerosol probe and evaluated the measurements from this experiment. The results from this experiment
are being added to the data base that these researchers have already compiled on the stratosphere using this
instrument. Research papers that summarize these results are currently being prepared.

Darrel Baumgardner participated in the TOGA COARE experiment with the Total Water Probe that
he developed for this project. Baumgardner is evaluating aerosol fields prior to cloud development and
looking at the depletion of these fields by the proximity of clouds.

Larry Radke has collaborated in the preparation and publication of two research papers on anthro-
pogenic pollution. One paper deals with the effect of aging on smoke from large forest fires and the other
is concerned with the impact of anthropogenic aerosols on climate.

Surface and Sounding Systems

Mission and Goals

The mission of the Surface and Sounding Systems Facility (SSSF) is to provide surface-based in situ
and sounding measurements and associated data-processing and analysis software in support of atmos-
pheric research. The Facility also engages in related scientific research to maintain and support a leader-

ship role in the operation and development of state-of-the-art measurement systems. SSSF engages in the
following major activities:

* Operation of advanced surface- and upsonde/dropsonde-based immersion- and remote-sensing
systems to support field research of atmospheric scientists.

* Development of new in situ and remote surface and sounding systems in cooperation with other

ATD facilities, NCAR divisions, NOAA, and universities.

* 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 include techniques for
sensor calibration, instrument deployment, data collection, and data analysis.

* 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 asso-

ciated with important national scientific priorities in atmospheric chemistry, global change, mesoscale
precipitation systems, cumulus convection, boundary-layer processes, air-surface interaction, and air
quality. SSSF has focused significant resources over the past year on several important developments of
improved and advanced observing systems, while continuing to support all approved requests for field
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measurements. Our strategy is to meet community needs for advanced 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 the U.S. Weather
Research Program, the Global Tropospheric Chemistry Program, and Global Change research programs
such as TOGA and GEWEX.

Significant progress has been made on the development of the Integrated Sounding System (ISS) and
the assimilation of ISS measurements into mesoscale models. Six ISSs were developed jointly with the
NOAA Aeronomy Laboratory and deployed in TOGA COARE. Four systems were land-based, while two
were installed on Chinese research vessels. Three systems have subsequently become NCAR/NSF
national facilities (two were retained by the Aeronomy Laboratory and one by Taiwan's National Central
University); a fourth ISS will be added as a NCAR/NSF national facility next year. A Radar Interferom-
etry (RI) wind profiler is being developed and tested with promising early results, and if successful will be
incorporated into future ISSs. The RI profiler can provide three-component wind profiles from a common
beam. Preliminary field tests of the new system were conducted in central Oklahoma during November
1992 and June 1993. In a related activity, ISS-like data from previous field programs are being assimi-
lated into the Penn State/NCAR MM-4 and new MM-5 mesoscale models to test the sensitivity of the
retrievals to the number of ISS sites and the composition of the data sets. The ISS and Four-Dimensional
Data Assimilation (4DDA) research and development efforts are being cosponsored by NCAR/NSF and
the U.S. Department of Energy (DOE)/Atmospheric Radiation Measurements (ARM) program.

Development of the first phase of the Next Generation Upper-Air Sounding System (NEXUS) neared
completion with the end of FY 93. The NEXUS development is cosponsored by NCAR/NSF and the
NOAA National Weather Service (NWS), and is based on NCAR-developed CLASS and Kanton Island
Sounding System technology. NEXUS obtains winds through the use of LORAN and Omega navaid
signals, and will incorporate Global Positioning System (GPS) technology at a future date. The system is
PC-based and supports several commercial radiosondes with 400- and 1680- MHz telemetry.

Field Support Activities

SSSF's field support activities are summarized in Table ATD-3 and are briefly described below.

Atmospheric Radiation Measurement (ARM)/Cloud and Radiation Testbed (CART). SSSF once
again supported the DOE ARM Program's CART field site in northern Oklahoma and southern Kansas.
ARM is a long-term effort sponsored by the DOE to improve the monitoring and prediction of global
change through developing more accurate general circulation models (GCMs). A particular weakness of
these models is their treatment of the radiative properties of clouds and sub-GCM-gridscale processes.
Measurements taken at CART field sites are designed to improve the understanding of cloud radiative
processes and their parameterization in GCMs. During FY 93, SSSF deployed six PAM surface stations,
two ISS units, and three CLASS sounding systems. The six PAMs were operated in support of the general
ongoing monitoring activities at the CART site. Other SSSF instrumentation was deployed for two special
observing periods in support of instrument development and mesoscale modeling/data assimilation re-
search being conducted by ATD and MMM scientists (discussed later). In June 1993, the new RI wind
profiler was deployed in northern Oklahoma along with a conventional ISS and three CLASS systems
distributed over the CART site. The basic goals of this deployment were to obtain a data set to test the
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Table ATD-3. SSSF FY 93 Field Support Activities

data assimilation capabilities developed for the Integrated Data Assimilation and Sounding System
(IDASS) program, and to further test the ability of wind profilers to measure the fluxes of heat and
momentum in the boundary layer, using multiple- and single-receiver techniques. These fluxes are
thought to be an important component of cloud radiative processes, but are difficult to determine on the
scale of a GCM due to the lack of representativeness of surface in-situ flux measurements.

Real-Time Analysis and Prediction of Storms-FY 93 (RAPS-93). This was the last PAM-II project
before retirement of the system (development of the next generation PAM was initiated during FY 93 and
is discussed later). RAPS-93 was a continuation of earlier efforts to study short-term weather forecasting
related to aviation operations that either are hazardous or affect aircraft efficiency or airport capacity.
These phenomena include thunderstorm development, severity, and movement; hail; heavy rain; and
tornadoes. Twenty-six PAM stations were deployed during June, July, and August 1993 over an area
along the front range of Colorado, bounded in the north by Greeley and Ft. Morgan and in the south by
Castle Rock and Colorado Highway 86. Each PAM station had a standard complement of sensors,
including the new solid-state humidity probe introduced in FY 92. A large number of humidity inter-
comparisons were conducted during the program. These showed that the new humidity probes worked
well in the dry Colorado climate. Data recovery for the program was 98%.

Tropical Ocean Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA
COARE). TOGA COARE was designed to provide a comprehensive set of accurate scientific data from
the western Pacific warm pool to allow climate modelers to better quantify several aspects of coupled
ocean/atmosphere processes. The experiment focused on energy exchange between ocean and atmosphere
over an area of nearly three million square miles extending from 10°N to 10°S latitude and from 140°E to
180° longitude that covered the warmest part of the warm-pool region. COARE consisted of three com-
ponents (atmospheric, oceanic, and air-sea interface), each with five elements: pilot studies, a year-long

Project PI (Affiliation) Location System(s) Dates

ARM/CART Wesley/Stokes Oklahoma 10 PAM-II Oct. 1992 -
(Battelle Pacific Mar. 1993
Northwest Labs)

CEPEX Heymsfield (NCAR) Western 2 L2D2 March 1993
Pacific

IDASS Parsons, et al. Oklahoma 1 ISS June 1993
(NCAR) 3 CLASS

NDTE Hjelmfelt North Dakota Mobile CLASS June - July 1993
(SDSMT)

RAPS-93 Brandes, et al. Colorado 25 PAM-II May - June 1993
(RAP)

TOGA-COARE Carlson, et al. Western 6 ISS Oct. 1992 -
(UCAR) Pacific 1 CLASS Mar. 1993

WISPIT Rasmussen, et al. Colorado 2 PAM-II Dec. 1992 -
_(RAP) l | Mar. 1993
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enhanced monitoring period, a four-month Intensive Observing Period (IOP) focused on energy exchange
and mixing in the center of the region, an ongoing modeling effort, and a data-analysis phase. SSSF has
been heavily involved in three of the five atmospheric elements. During the year-long enhanced moni-
toring period, SSSF cooperated with the NOAA Aeronomy Laboratory in deploying four ISSs, one on
each of four islands located in the COARE region. The four island stations included: Momote on Manus
Island, Papua New Guinea (PNG); Kavieng on New Ireland, PNG; Kapingamarangi, Federated States of
Micronesia; and Nauru. For the IOP, two additional ISSs were constructed and installed and operated on
two Chinese (PRC) research ships, Shiyan-3 and Kexue-1. Since the end of the IOP, SSSF has been
involved in reduction and quality checking of the ISS data and in producing high quality data sets for the
scientific community. Both data recovery and data quality were consistently high for all ISSs.

SSSF also provided two dual-dropsonde systems for the COARE IOP. One of the dual systems was
installed in the NOAA P-3 aircraft and the other in the NASA DC-8. These systems and associated sondes
performed well during the project. The overall recovery rate of both the wind data and the thermodynamic
data was very high. Out of a total of 99 dropsonde releases made from the two aircraft during COARE,
the data from 85% of the soundings were fully recovered. Several of the other soundings had partial data
recovery. A new heated humidity sensor appeared to operate well and produced dropsonde humidity
measurements inside deep convection for the first time.

North Dakota Tracer Experiment (NDTE). SSSF provided a mobile CLASS during June-July 1993
for this study of the processes of transport, dispersion, ice initiation, and hail embryo development in
active convective storms. The goal of the experiment, led by Paul Smith (South Dakota School of Mines
and Technology), was to increase the understanding of these processes in natural and seeded clouds and
their relation to the subsequent development of liquid and solid precipitation. Soundings from the mobile
CLASS were used to define the environment in which the clouds of interest developed, to initialize
models, and as a tool to help interpret aircraft and radar data cloud characteristics. The mobile CLASS
was operated by students under an NSF Research Experience for Undergraduates (REU) grant, which
enabled the students to gain valuable field project experience.

Central Equatorial Pacific Experiment (CEPEX). The primary scientific goal of CEPEX was to
understand the relative roles of the cirrus radiative effects and ocean surface evaporation in limiting
maximum sea-surface temperatures in the equatorial Pacific. To assist in the understanding of these
processes, a pair of Lightweight Omega Digital Dropsonde (LOD2) systems was installed in a Learjet
research aircraft operated by Aeromet Inc. The drop location for each sounding in CEPEX was carefully
selected before each flight to provide measurements in data-sparse areas or to make comparison measure-
ments against other observing platforms within the program domain. A typical research mission involved
departure of the aircraft from project headquarters in Nadi, Fiji, a flight north to within three degrees of the
equator, then west to the island of Nauru for refueling, then a direct return to Nadi. Most of the dropsonde
soundings were made in the equatorial regions while on the westbound leg of the flight track. During the
17 Learjet missions that dropped sondes, a total of 106 LOD2 dropsondes were deployed. Good to
excellent thermodynamic data were returned from virtually every sonde, with most returning usable
Omega-derived winds.

Winter Icing Studies Program Instrumentation Test (WISPIT). SSSF deployed two PAM-II
stations between December 1992 and mid-March 1993 to support investigators Roy Rasmussen and
Jeffrey Cole of RAP with their ongoing WISPIT program. The goal is to enhance the safety of winter
aircraft operations by improving understanding of phenomena related to hazardous conditions and
developing better techniques for real-time forecasting, monitoring, and notification of operations
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personnel. One PAM station was located at Stapleton airport and the other at the Denver NWS office
adjacent to the airport. The PAMs were modified to accommodate two each Belfort and ETI rain/snow

gauges with two different types of snow shields (Wyoming and Nypher). Utilizing PAM wind data, the
PIs were able to evaluate the performance and quality of each gauge configuration. Data from the PAM
stations were networked to RAP where investigators used ATD's Robot display software to merge the

output products into their own geographical situation display. This real-time routing of data permitted
on-line presentation of current snowfall rates at the RAP and Stapleton weather operations centers.

Sensor and System Developments

Lightweight Digital Dropsonde (LD2). The LD2 development for the U.S. Air Force (USAF) was
completed in FY 93 with the official acceptance of the dropsonde in early May. The acceptance occurred
after a successful drop test over the Gulf of Mexico by USAF. After the acceptance test, final revisions to
the drawings were made and the drawing package submitted to the Sacramento Air Logistics Center at
McClellan Air Force Base for future procurement action. The technology transfer to Radian Corporation
for manufacturing LD2s was also completed in FY 93. Radian has since built 50 LOD2s and 50 L2D2's
(the Omega and LORAN version of the LD2, respectively). Testing by SSSF of 5 to 10 of the Radian-
produced sondes will take place in early FY 94.

The LD2 sonde also performed well in two major field programs during FY 93. During TOGA
COARE, 99 dropsondes were released, with about 85% of the sondes producing good data and several
others producing partial data sets. The CEPEX experiment had about the same statistics - 106 sondes
were deployed, with most sondes producing good data but about 10% producing only partial data sets.

Heated Dropsonde Humidity Sensor. A significant drift of the VIZ humidity sensor's calibration
(i.e., the lock-in resistance at 33% relative humidity) was found during pre-CEPEX tests, and SSSF
subsequently developed a method for measuring (and applying) the actual lock-in resistance just prior to
launch of the sonde. With this correction applied, the sensor operated well during both TOGA COARE
and CEPEX. Further testing by SSSF of other sensors in storage indicates that the sensor continues to
drift with time, although the rate of change decreases. As part of the development of the Reference
Radiosonde and GPS dropsonde, small, fast-response, capacitive humidity sensors will be evaluated for
possible incorporation into both systems. The capacitive sensors have a small thermal mass and may track
ambient temperature much better than the large carbon element; therefore, they may not need to be heated.

Radiosonde Sensor Performance During TOGA COARE. During the TOGA COARE IOP,
program scientists and SSSF engineers noticed that the first few temperature and humidity points from the
ISS radiosonde data appeared to be in error when compared with the surface measurements. After further
investigation it was determined that the problem also existed at other COARE primary sounding sites.
Two of the ISS sites (Kapingamarangi and Nauru) used balloon launchers that were located inside air
conditioned shelters. This accounted for some of the errors, which were manifested as colder temperatures
and drier humidities. The shipboard sites and the sites at Manus and Kavieng also exhibited drier humid-
ities, but showed warmer temperatures than the surface measurements. These latter errors disappeared
during cloudy conditions and at night, indicating a radiation error. An accelerated study was undertaken
by Harold Cole of SSSF and the error sources were determined. The radiosonde sensors were thoroughly
characterized by wind tunnel testing so that correction equations could be developed for application to the
radiosonde data. Cole prepared a technical report describing the tests and the corrections. These were
presented to the TOGA- COARE upper-air scientific steering committee and were approved for incorpor-
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ation in the processing of the ISS data. Other COARE sounding sites are being evaluated to determine if
radiation corrections are needed.

Reference Radiosonde. With Support from the DOE ARM program, SSSF in FY 93 began design
and construction of a first-generation Reference Radiosonde. The Reference Radiosonde is intended to
provide an ambient transfer standard that can be used to assess the performance of operational radio-
sondes, dropsondes, in-situ aircraft measurements, and a variety of active and passive remote sensors. In
addition to assisting in evaluating sensor performance, the device will also enable tests of sensor exposure,
radiation effects, and so forth. Initial flight tests of the Reference Radiosonde are scheduled for the second
quarter of FY 94. Efforts also are underway to establish the new system as a national facility serving the
needs of both operational and research applications.

NEXUS - Next Generation Upper-Air Sounding System (NEXUS). NEXUS is a prototype sound-
ing system being jointly developed by NCAR and the NWS. NWS will evaluate the system to determine
if it is a viable replacement for the current MicroArt radiotheodolite system. NEXUS provides additional
capabilities by supporting radiosondes from three different vendors at both 400 MHz and 1680 MHz. The
system currently uses either LORAN or Omega windfinding and can be adapted to GPS windfinding when
that technology becomes economically viable. An automated balloon launcher releases the balloon and
radiosonde entirely under computer control after the system operator inflates the balloon and activates the
sonde. Automatic tracking is accomplished at 1680 MHz with a computer-controlled antenna rotor and a
phased-array patch antenna system developed by SSSF engineers. Tracking at 400 Mhz is performed by
the rotor and a high-gain Yagi antenna.

This past year has seen the completion and delivery to the NWS of the first two of a total of ttfive
NEXUS systems for initial tests and evaluation. The delivery of the remaining three systems at the end of
FY 93 will mark the conclusion of the NEXUS development phase and the beginning of the field-test
phase of the program. NWS field testing will take place through much of 1994 at numerous sites in the
United States, under a variety of environmental conditions. During this period SSSF will provide tech-
nical support and implement changes and improvements as dictated by feedback from field operations.

Portable Automated Mesonet (PAM)-III. SSSF is developing a third-generation PAM surface
meteorological station. The core PAM-III remote station will be capable of the same measurements as
PAM- II, albeit with state-of-the-art sensors and improved data acquisition and communications elec-
tronics. In order to meet the growing demand for flux measurements at multiple sites, each station will
also have the capacity to be upgraded to a "Flux-PAM" capable of measuring fluxes of momentum,
sensible and latent heat, and trace species.

Over the past year development work has continued on the basic meteorological sensors and on the
data acquisition system. Both in-house designs and commercial products are being considered for most
aspects of the station. Fluxes will likely be measured with a hybrid eddy-correlation/Bowen-ratio tech-
nique. Momentum and buoyancy fluxes will be measured by direct eddy correlation with a sonic ane-
mometer, and concurrent measurements of the Bowen ratio will be used to partition the buoyancy flux into
sensible- and latent-heat fluxes. Net-radiation and soil-heat-flux measurements will be used to complete
the surface energy budget and thus provide an independent check of the eddy flux measurements. With
the addition of user-provided chemical sensors, trace species fluxes can be measured by a variety of
techniques including direct eddy correlation, relaxed eddy accumulation, and modified Bowen ratio.
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Special Sampler Development. Three special sampling systems for the measurement of fluxes of
atmospheric trace gases were fabricated and tested during FY 93. The three sampling systems enable trace
gas fluxes to be measured by effecting a rapid segregation of ascending and descending air into reservoirs
and allowing a relative leisurely chemical analysis of these samples. The Automated Relaxed Eddy
Accumulator (AREA) is the cybernated version of the simple device proposed by Joost Businger and
Steven Oncley and successfully tested by Oncley, et al. In addition to the sonic-anemometer-controlled
segregation assembly, the device has an automated gas handling and analysis system which allows the
sampler to be operated continuously. The Continuous Flow Relaxed Eddy Accumulator (CFREA) is
similar but utilizes a flow-through reservoir that ensures that the segregated air samples are continuously
replenished. Both of these devices were tested in association with the Atmospheric Surface Turbulence
Exchange Research (ASTER) facility at the Marshall field site. The test data are now being analyzed.
The third system is an Automated Disjunct Eddy Correlator (ADEC). Although conceptually distinct
from the other two devices, it shares mutual engineering features including common microprocessors and
control software. The operating cycle of ADEC consists of periodic and rapid acquisition of a multi-liter
air sample followed by a leisurely chemical analysis period. The device has been mounted and tested
aboard the NCAR Electra.

Radar Interferometry (RI) Wind Profiler. Clear-air wind profilers have been used to provide rela-
tively accurate vertical profiles of wind for operational and research applications. The primary advantage
of these radars is that they provide far higher temporal resolution than can be realized with networks of
rawinsonde systems. Most wind profilers for tropospheric application measure the wind field by scanning
in three to five different directions and assuming spatial and temporal homogeneity to obtain the three
orthogonal wind components. ATD, in collaboration with Radian Corp., has developed a UHF wind pro-
filer that can simultaneously be operated in this conventional mode and also as an RI, multiple-receiver
system. In the RI mode, the electronically steering antenna array is subdivided into four subarrays con-
nected to different receivers. The phase delays from the different receivers are processed in such a way
that an estimate of the three wind components can be obtained from a single transmitted beam. The
long-term goal of this development is to provide better mean wind estimates in situations where the winds
vary significantly in space and time, such as in the convective boundary layer, and to eventually improve
the ability of wind profilers to estimate profiles of the fluxes of heat and momentum in the lower tropo-
sphere. The RI wind profiler has been tested in two field experiments at the ARM/CART site. Current
work is concentrating on removing the effect of turbulence on the mean wind measurement, which can
lead to an overestimate of the winds. These efforts may also lead to an ability to estimate the turbulent
intensity within the radar beam.

Advanced Lightweight Dropsondefor Use in Stratospheric Research Aircraft (ALDUS). The
German Aerospace Research Establishment (DLR) has let a contract to build a high-altitude manned
research aircraft (the STRATO-2C) that will begin research operations in 1996. The STRATO-2C design
provides the capability to remain airborne for up to 50 hours at altitudes between 16 and 26 km, and in
doing so can fly nonstop nearly halfway around the earth. The high-altitude and long-range capabilities of
the aircraft will make it an ideal platform for many types of atmospheric and climatic research. A large
majority of the STRATO-2C research missions can benefit greatly from deploying dropsondes to measure
profiles of atmospheric variables below the aircraft.

Supported by DLR, SSSF has performed a design study to determine the feasibility and cost of devel-
oping a GPS dropsonde and aircraft data system for the STRATO-2C. The study addressed a number of
technical issues relating to the design of the sonde (which will be a variation of the LD2 design), the air-
craft data system, and the launch mechanism. Because of tight accuracy requirements, new wind and
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thermodynamic sensors will be required. The horizontal wind accuracy requirements will be met using
GPS technology. The next steps on this project will be undertaken after DLR has evaluated the results of
the design study.

Infrared Water Vapor H 20 and Carbon Dioxide (CO2) Sensor. Construction has begun on an infra-
red absorption sensor to measure water H 20 and CO2 fluctuations for the ASTER facility. This sensor is
designed to operate either in a high-resolution mode using a folded open optical path or in a low-flow-
distortion mode using a single open path connected to a small optical bench by fiber optics. This design
also allows easy comparison with other sensors currently being produced by other research organizations.

Research Activities

Flux Footprint Modeling. Tom Horst has continued investigation of the flux footprint, the relation-
ship between the vertical flux measured at some height above the surface and the surface distribution of
emission/deposition fluxes. Horst is currently collaborating with Dennis Finn and Brian Lamb of Wash-
ington State University and Monique Leclerc of the University of Quebec at Montreal to evaluate his
theoretical model of the flux footprint with field observations made in 1992 with the ASTER facility.
Initial comparisons of the observations and model predictions are very encouraging. Horst has also
collaborated with Jeff Weil MMM Visiting Scientist in examining the fetch requirements for accurate
micrometeorological measurements of surface fluxes. Most recently they have determined that their
estimates based on surface-flux-layer assumptions are in reasonably good agreement with estimates based
on convective- boundary-layer scaling.

Full Look at Turbulence Kinetic Energy (FLAT). Analysis of data from the FLAT experiment
continued under a grant from the U.S. Army Research Office. This data set was taken for the purpose of
evaluating all of the terms of the turbulent kinetic energy (TKE) balance equation in the atmospheric
surface layer and is unique in that all terms were measured directly. Alex Praskovsky and Steven Oncley
have found a variation of the one-dimensional Kolmogorov constant with Reynolds number, which
challenges the assumption that the mechanisms of turbulence dissipation are independent of production.
Collaborative work with Jim Wilczak (NOAA Environmental Technology Laboratory) continued on
interpreting data from the sensors used to measure pressure fluctuations, which are expected to yield the
first direct measurements of the pressure transport of TKE.

Integrated Data Assimilation/Sounding System (IDASS). Four-dimensional assimilation of ISS
data into a non-hydrostatic version of the NCAR/Pennsylvania State University mesoscale model is being
pursued by Walt Dabberdt, David Parsons, and Steven Oncley together with MMM scientists Bill Kuo,
Jim Dudhia, and Yong-Run Guo. The project is funded by DOE's ARM program. A number of results
have been obtained using observing simulation system experiments and data from various field campaigns
including WISP-91, two intensive observing periods at the ARM/CART site, and other programs. For
example, Steve Oncley and Jim Dudhia have compared surface flux measurements taken by ASTER with
model estimates of the fluxes and found that the model estimates of moisture flux could be significantly
improved through improved knowledge of the soil moisture. The data assimilation technique used is
Newtonian nudging. To date, a significant effort has concentrated on how to best implement this scheme,
since data assimilation into a non-hydrostatic model is a relatively new area of research. Thus far, an
optimal set of coefficients for the nudging has been shown to exist. Current research is concentrating on
data taken during a field experiment at the ARM/CART site in June 1993 to extend these winter-time
results to active warm season convection.
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Fractal Plume Properties. Praskovsky and Dabberdt have continued a study of video images of
particle concentration in a smoke plume. The data were collected by Dabberdt and Walter Hoydysh
(Environmental Science and Services Corporation-ESSCO) in an atmospheric boundary-layer wind tunnel
at ESSCO. The fractal geometry of isoconcentration surfaces in a smoke plume was analyzed with box-
counting and area-perimeter methods over a wide range of thresholds. The investigation has demonstrated
that isoconcentration surfaces in a smoke plume are self-similar fractals over the range of thresholds
studied. A research paper describing these results has been submitted for publication.

Urban Dispersion Studies. Dabberdt has continued collaborative studies with Hoydysh (ESSCO) on
modeling pollution dispersion in complex urban geometries. During FY 93, the work included fluid and
mathematical modeling of the complexities of dispersion processes at urban intersections. The fluid
modeling experiments indicated large spatial variations in gas concentrations emitted from surface sources.
Conventional Gaussian dispersion models that are routinely applied to these situations by air quality
regulators were shown to perform extremely poorly when compared with the fluid model observations.
Improved results were obtained with a hybrid model that simulates the street-canyon transport with a
mass- consistent flow model and the dispersion with a Lagrangian particle model.

Heavy Rainfall in the Subtropics. David Parsons is collaborating with Kenji Akaeda (visitor from
the Japanese Meteorological Society) and Jon Reisner (RAP) on investigating a heavy rainfall event
observed during the TAMEX project. The heavy rainfall resulted from a long-lasting convective system
in the lee of the central Taiwan mountains with convective cells repeatedly forming close to a fixed
location and then moving toward the north. A number of simple numerical experiments were undertaken
with uniform initial conditions in an isentropic model that included the diurnal heating cycle. The model
predicted the occurrence of a long-lived area of convergence close to the region where the cells initially
formed. The observed and simulated circulations were in general agreement with the flows predicted by
low Froude number flow modified by the diurnal heating cycle. The implication of this finding is that a
theoretical framework together with a simple numerical model can be used for understanding and perhaps
even predicting heavy rainfall events and flash floods.

Convection and the Air-Sea Interface over the Western Tropical Pacific. Data taken by the ISS
network during TOGA COARE has provided an excellent opportunity to examine the impact of con-
vective systems on the air-sea interface over the western tropical Pacific ocean. Analysis of these data by
Parsons suggests that convective systems over the tropical warm pool, even systems of modest propor-
tions, can have relatively strong cold outflows with wind gusts of approximately 10 m s-1 and cooling of
3-5° C. One system observed during a period of light winds contained peak hourly averaged fluxes of
sensible and latent heat that were nearly an order of magnitude larger than ambient conditions. In this case
the boundary layer took approximately 18 h to recover to its ambient state. An understanding of the
surface energy budget over the warm tropical ocean in light-wind conditions may require knowledge of
the spatial distribution of these outflows. The intensity of the outflows are consistent with the surprising
ISS observations of rather dry air in the middle troposphere generated by advection and subsidence.
Parsons and Stanley Trier (MMM) have simulated a large convective system observed during TOGA
COARE using a non-hydrostatic cloud model. The simulated system generates strong westerly flow
through downward transport of momentum and some acceleration of the flow. Current work is concen-
trating on using the simulated fields to calculate fluxes and to eventually assist in developing a simple
coupled ocean-atmosphere model.

Frontal Studies. Parsons and Mary Barth (ASP post-doctoral fellow with MMM/ACD) are working
on understanding the dynamics and microphysics of the narrow band of heavy rainfall frequently found at
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the leading edge of winter-time cold fronts. A two-dimensional model with ice physics has been used to
successfully simulate the radar reflectivity pattern and air flow associated with a severe cold-frontal
rainband. Comparison of the model results with multi-Doppler radar measurements of the system has led
to a better understanding of the ice physics and the production of precipitation within these storms. Cur-
rent work is concentrating on investigating whether feedbacks from the ice phase impact frontal dynamics.
This link has been hypothesized by Carbon and other previous investigators. In another study, three-
dimensional simulations using a non-hydrostatic model by Parsons are concentrating on the form-ation of
mesoscale frontal waves along the surface cold front. These waves are associated with zones of heavy
rainfall and areas of increased vertical vorticity that have been shown to sometimes lead to the formation
of weak tornadoes.

Remote Sensing

Mission and Goals

The mission of the Remote Sensing Facility (RSF) is to provide state-of-the-art remote sensing
capabilities and associated data processing and analysis software in support of atmospheric research. RSF
staff also conduct scientific research in order to maintain and support a leadership role in the operation and
development of remote sensing systems. In meeting these mission requirements, RSF engages in the five
following major activities:

* Development and field operation of remote sensing facilities, including Doppler weather radar
and lidar systems.

* Consulting with users of RSF facilities on field project design and implementation, data analysis,
and data interpretation.

* Development and operation of interactive computing capabilities, display systems, and software
for the editing, display, and analysis of data collected.

* Scientific research on topics related to ATD-supported field projects and development activities.

* Collaboration with scientists and engineers at universities, at other research organizations, and
within NCAR divisions in developing new facilities and data analysis techniques.

RSF field support activities in FY 93 have focused on TOGA COARE, real-time storm initiation and
forecasting, winter storms and aviation icing. Development activities have concentrated on improvements
to the CP-4 and CP-2 Doppler radars, further development of the ELDORA airborne Doppler radar,
improvements to the radar data processor and data system, upgrades to the Mile High Radar (MHR), and
continuation of the NCAR Airborne Infrared Lidar System (NAILS) project that was transferred from
RAF late in FY 93.

Remote Sensors and Capabilities

RSF operates three ground-based research Doppler radar systems (CP-2, CP-4, and MHR) and an
airborne Doppler radar system (ELDORA). A second C-band Doppler radar (CP-3) was withdrawn from
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service in FY 93. RSF is also continuing development of the NAILS Doppler lidar. Brief descriptions of
these remote sensing systems are given below.

ELDORA Airborne Doppler Radar. ELDORA is an X-band, dual-Doppler radar that can be
mounted on the tail of NCAR's Electra aircraft. The planning and design work for ELDORA began at
NCAR in FY 84. ELDORA has been a joint development between NCAR/ATD and the French Centre de
Recherche en Physique de I'Environnement (CRPE). An NCAR-CRPE joint development and use agree-
ment was signed in Paris in FY 90. The radar construction began during FY 90 and was completed in FY
92. During the fall of 1992, the radar was installed on the NCAR Electra aircraft and flown in a test
program to evaluate the system prior to the TOGA COARE field project. During TOGA COARE various
unanticipated problems resulted in the radar having reduced functionality. Table ATD-4 compares the
design goals for the radar with those actually achieved during TOGA COARE. All of the design goals
listed in the table are expected to be met when ELDORA is next deployed in a field study.

CP-2 SIX-Band Doppler Polarization Radar. The CP-2 is a unique multiparameter radar consisting
of a dual-polarization S-band Doppler radar coupled with an incoherent X-band radar. The S-band radar
switches polarization on a pulse-to-pulse basis, giving a differential reflectivity measurement. The X-band
radar transmits in horizontal polarization and receives in both horizontal and vertical polarizations, thus
measuring the linear depolarization ratio.

Table ATD-4. ELDORA Radar Performance Characteristics

Characteristic
Wavelength (cm)
Transmit Frequency (GHz)
Beamwidth (degree, circular)
Antenna Gain (dB)
Polarization
Sidelobes (dB)
Beam Tilt Angle (degree)
Antenna Spin Axis Parallel to
Antenna Rotation Rate (degree/s)
Dwell Time (ms)
Rotational Sampling Rate (degree)
Peak Transmit Power (kw)
Minimum Detectable Signal at 10 km (dBZ)
Receiver Bandwidth (Mhz)
Receiver Temperature, Antenna (K)
Pulse Repetition Frequency (pps)
Unambiguous Range (km)
Unambiguous Velocity (m/s)
Number of Radars
Number of Transmit Frequencies per Radar
Pulse Chip Length (microseconds)
Range Averaging (chips)
Total Gate Length (km)
Elevation Step (degree)
Along-Track Beam Spacing (km)

Design
3.2
9.2-9.8
1.8
40, 40
Horizontal
-35
15-19
Heading
0-144
7-50
1
35-50
-12
0.5-8
<600
2000-5000
20-90
13-20
2 (Fore/aft)
4
0.1-3.0
1-4
0.015-1.2
1
0.3-1.0

TOGA COARE
3.2
9.35, 9.45
1.8
38.75, 38.7
Horizontal
-23 to -30
18.5, 17.5
Heading
66
15
1
35-50
-12
2
<600
2000
55
16
1 (Switched)
2
1
1
0.15
1
0.72

-
I
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CP-4 C-band Doppler Radar. The CP-4 is an easily transported, fully coherent Doppler radar. It has
a peak transmitted power of one megawatt, a beamwidth of 1 °, an antenna gain of 44 decibels, and a scan
rate of up to 20° per second. This is the radar of choice for field programs not requiring high penetration
of dense clouds or in-depth cloud microphysical measurements.

Mile High Radar (MHR). MHR is a modern S-band Doppler radar operated by RSF under contract
from the FAA and NWS to provide a real-time, high-quality radar data service to FAA and NWS users.
The data are used to generate real-time aviation-hazard products, real-time severe-weather warnings, and
general public forecasts, and to assist in ongoing research efforts in aviation weather, storm warning, and
hydrology. The radar site is located 18 kilometers northeast of Denver's Stapleton Airport. Data from
MHR are fully available to the atmospheric research community for climatological studies, icing research,
applications development, dual-Doppler analysis, hydrology, hazards case studies, and numerical
modeling.

Field Support Activities

RSF field support activities during FY 93 are listed in Table ATD-5 and briefly summarized below.

Winter Icing and Storms Project Instrumentation Test (WISPIT). This program was conceived as a
feasibility and proof-of-concept test for the equipment and procedures to be used in the WISP-94 follow-
on experiment. WISP-IT participants included scientists from NCAR, the University of Wyoming,
Colorado State University, the University of Illinois, and other institutions. The goals of the program
included instrument tests to support (1) measurements of ice nuclei, cloud condensation nuclei, and other
aerosol populations; (2) remote characterization of ice crystals by multiple-polarization radar; (3) measure-
ments of small ice crystals; and (4) diagnosis of cloud layers and regions of icing hazard by means of
remote measurements.

Real-Time Analysis and Prediction of Storms (RAPS)-93. During the summer of 1993, RSF sup-
ported this program with CP-2 and Mile High Radar. This project, led by scientists from RAP, had several
objectives, including the following: (1) using the multiparameter CP-2 radar to obtain quantitative hail
measurements; (2) obtaining real-time, dual-Doppler radar data; and (3) collecting measurements to
facilitate automated, very-short-period forecasts of tornadoes and thunderstorms. These objectives were
in support of the Federal Aviation Administration (FAA) Aviation Weather Program. In addition, Charles

Table ATD-5. RSF FY 93 Field Support Activities

Project Facility PI (Affi.) Location Period
WISPIT CP-2 Rasmussen Eastern Feb. 93-Apr. 93

MHR (NCAR/RAP) Colorado

RAPS-93 CP-2 Brandes Northeastern June 93-July 93
MHR (NCAR/RAP) Colorado

FAA/NWS MHR Wilson Eastern All Year
(NCAR/ATD) Colorado

TOGA ELDORA Carlson Western Nov. 92-Mar. 93
COARE MIT-C (UCAR/TCIPO) Pacific
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Knight (MMM) used CP-2 multi-wavelength data to detect cumulus clouds in their infancy and examine
the initial precipitation growth and entrainment processes.

FAA/NWS Activities. The Mile High Radar was operated daily during the summer convective season
(1 May through 15 September), and during forecasted storms through the winter season (November
through April). The data service provided was consistently reliable and of high quality. During the
summer of 1993, the radar was available 99% of the requested time. The system is used by the FAA for
routine windshear warnings at Stapleton Airport and for the development of aviation weather products.
The NWS uses MHR for severe weather warnings and general public weather forecasts.

TOGA COARE. RSF staff played a key role in supporting this major field study in the western
pacific. The ELDORA airborne Doppler radar was operated during January and February aboard the
NCAR Electra aircraft. During this period, the aircraft flew 15 research missions in support of studies of
atmospheric convection and boundary layer processes, and ELDORA was operated on 13 of these flights.
The first seven flights were boundary layer flights which served as ELDORA check-out missions. The
remaining six flights were atmospheric convection missions during which research-quality ELDORA data
were collected. Four of these latter six flights included coordinated data collection efforts involving two
other research aircraft equipped with Doppler radars.

Other RSF activities in TOGA COARE included engineering development of the NOAA/NASA
TOGA radar and the Massachusetts Institute of Technology (MIT) C-band radar. In an effort led by Jon
Lutz, both were converted to ship-stabilized platforms and installed on two research ships, the RNV
Xiangyanghong No. 5 and the R/V Vickers, respectively. RSF staff also operated the MIT-C radar aboard
the Vickers during the TOGA COARE IOP. In addition, Robert Bowie participated in the CEPEX
program with the Vickers immediately following the IOP. RSF staff also operated an ISS station on
Kapingamarangi atoll. Peggy Taylor assisted with logistics at the Honiara aircraft operations center.

Sensor Development Activities

Considerable effort was spent in development activities during FY 93. These activities spanned
ground- based and airborne radar development as well as the recently transferred Doppler lidar project.
Developments in the areas of data systems and signal processing have common elements among the
various sensor systems.

ELDORA. As implemented in TOGA COARE, the ELDORA airborne Doppler radar easily met most
design goals, even though several aspects of the radar implementation were incomplete. Improvements in
the radar's digital signal processor will enable an increase in the number of transmitted frequencies and a
doubling of the scan rate. These improvements will reduce errors in the velocity estimates and will
improve the along-track resolution to 0.3 km. They will also significantly improve the utility of the radar
for high-resolution studies of convective storms. Additional upgrades that are currently being imple-
mented include improvements in antenna sidelobe performance, replacement of the unreliable high-power
amplifiers, and improvement of the radar control and data display software.

CP-2 Radar. Jon Lutz and David Johnson developed a plan for making CP-2 more portable with
much smaller deployment cost and with additional polarization processing capability. The X-band
transmitter is being upgraded for 10 db greater sensitivity, and the S-band dish will be replaced with a
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higher quality antenna with better sidelobe response to provide improved gain and clutter suppression. As
part of a cooperative effort with Colorado State University, an auxiliary signal processor was interfaced to
CP-2, allowing computation of additional components of the radar scattering matrix.

CP-4 Radar. Over the years lack of both timely maintenance and component upgrades has rendered
the CP-3 and CP-4 radars vulnerable to failure. Accordingly, beginning in FY 90, an extensive radar
renovation program was initiated, involving replacement of the antennas, complete refurbishment of the
pedestal and antenna drive systems, addition of a new digital signal processor, renovation of the receiver,
replacement of the intermediate power amplifier, and replacement of the radar data system computer and
all radar control software. This work, which was completed during FY 93, has greatly improved the radar
reliability and data quality, and thus its scientific utility.

NCAR Airborne Infrared Lidar System (NAILS). Following a detailed evaluation of this project and
its transfer from RAF to RSF, Ron Schwiesow designed improvements to the system and prepared a
detailed plan for further development, testing, and evaluation of the lidar at RSF's new Optical Remote
Sensing Laboratory in Foothills Laboratory. The NAILS activity is currently focused on developing a
reliable ground-based system in FY 94. Later work is expected to result in a refined system for airborne
application.

Signal Processor. Joe VanAndel and Eric Loew evaluated advanced digital signal processing boards
that could increase the performance of radar processors for the ELDORA, CP-2, and rapid scan radars, as
well as NAILS. Mitch Randall developed and built a digital intermediate frequency circuit that replaces
distortion-inducing analog circuitry in all RSF remote sensors.

Technique Development Activities

Remote Sensing Workshop. James Wilson and Richard Doviak (University of Oklahoma) co-chaired
the NCAR Remote Sensing Workshop held in October 1992, which was attended by over 100 scientists
from universities and other research institutions. The principal goal of the workshop was to review the
capabilities of RSF's remote sensing systems in light of the needs of the U.S. Global Climate Program and
the U.S. Weather Research Program. One of the main conclusions was that the atmospheric research
community needed new remote sensing systems for acquiring wind, temperature, and humidity measure-
ments in the clear atmosphere and in the vicinity of clouds. Another conclusion was that, where possible,
new remote sensors should be designed so that they could be flown on NCAR aircraft.

ELDORA. Wen-Chau Lee, working jointly with Peter Hildebrand and Jacques Testud (CRPE,
France), developed an objective procedure to identify and correct small navigation errors inherent in
airborne Doppler radar data. These errors result from drifts in the inertial navigation system and from
small radar mounting errors. The PIs have developed a technique for using radar returns from the sea
surface to correct these errors.

Mile High Radar Enhancements. Frank Pratte and the MHR staff completed the final upgrades on
the MHR radar, which originally was the Raytheon NEXRAD prototype. In doing this work, they devel-
oped several techniques that can be readily applied to the WSR-88D (NEXRAD) radars. These include
the following: (1) adaptive-neural-network techniques to identify ground clutter and anomalous propaga-
tion contamination; (2) a pulsing scheme that mitigates the range and velocity ambiguity problem; (3) a
network calibration technique; and (4) a new method for data access, recording, and distribution. They
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also developed a plan, of critical importance to NWS, for testing these NEXRAD upgrades on NCAR's
MHR system.

Bistatic Doppler Radar Receiver Network (BINET). Joshua Wurman (ATD Postdoctoral Visitor)
constructed a bistatic dual-Doppler radar system that was tested during FY 93. Dual-Doppler wind fields
derived from a CP-2/BINET data set exhibited excellent agreement with wind fields obtained from a
conventional dual-Doppler pair (CP-2 and MHR). BINET uses a single conventional transmitting radar
and one or more low-gain, passive, receiving sites to retrieve full vector wind fields. Radiation scattered
from the pencil beam of the transmitting radar is detected at the receive-only sites as well as at the receiver
co-located with the active transmitter. The measured Doppler shifts of the radiation received at all sites are
used to construct two- and three-dimensional wind fields in a manner similar to that used with conven-
tional Doppler-radar networks. Frequency coherence between the transmitting and receiving sites is
achieved with synchronized frequency synthesizers using signals from the GPS satellite network. Since
BINET receivers are inexpensive, a major advantage of BINET is its lower cost compared to a conven-
tional multiple-Doppler-radar network. Wurman and Christopher Holloway (ASP Postdoctoral Fellow)
also developed a slotted-waveguide bistatic receiving antenna for BINET that provides maximum gain
from the bistatic scattering area while minimizing contamination from ground clutter. This development
has been important to the success achieved thus far with BINET.

Rapid-Scan Doppler Radar. Jeffrey Keeler continued his studies of rapid-scan Doppler radar. This
research is focused on testing complex pulse-compression waveforms for use with a step-scanned, phased-
array antenna to enable a scan rate that is approximately ten times faster than that of conventional mechan-
ically scanned radars. The ELDORA test-bed radar is being adapted to acquire test data using biphase-
coded and frequency-modulated waveforms to observe convective weather systems having high reflec-
tivity gradients. Data obtained in FY 93 showed that by properly filtering the received coded waveform,
the range sidelobes from ground clutter could be suppressed in excess of 40 db. Research is continuing on
non-linear, frequency-modulated waveforms for achieving better performance with moving clutter.

Radar Interferometry. Holloway investigated new processing techniques for extracting cross-wind
components from 915-MHz wind profiling radars. He found that by properly averaging the phase of the
cross spectrum, the velocity bias can be significantly reduced.

Differential Absorption Lidar (DIAL). Schwiesow conducted literature studies on remote measure-
ment of water vapor and ozone profiles using DIAL. He has proposed a near-IR system using optical
parametric oscillators to measure water vapor, and a system using five UV-absorbing wavelengths and two
aerosol-reference wavelengths to measure ozone profiles.

Research Activities

Peter Hildebrand applied the scatterometer technique to ELDORA data collected during TOGA
COARE to measure sea-surface winds using backscatter cross-section data. (The radar, which was
designed for atmospheric volume scans, also incidentally scans the sea surface.) This new sea-surface-
wind estimation technique gives good results over a wind-speed range of approximately 2 to 20 m/s.

James Wilson and Tammy Weckwerth (ASP Graduate Fellow), in collaboration with Jothiram
Vivekanandan (RAP), Roger Wakimoto (UCLA), and Robert Russell (University of California), prepared
a paper that examined the origin of clear-air radar echoes and their use for determining detailed wind fields
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in the boundary layer. They used multiwavelength and dual-polarization microwave radar data from
various field studies. At radar wavelengths of 10 cm, these clear-air echoes are typically -5 to 10 dBZ,
with maxima of 20-35 dBZ in convergence lines, such as sea-breeze fronts and gust fronts. It was
determined that the clear-air echoes were from both particulate and Bragg scattering, with particulate
scattering from insects dominating in the well mixed boundary layer. At and above the top of the
boundary layer, Bragg scattering dominated and was usually observed only at S-band (10-cm) wave-
lengths. This study shows that the dual-Doppler radar technique is capable of providing detailed wind
measurements associated with horizontal convective rolls and the sea breeze in the clear-air boundary
layer.

David Johnson investigated cloud and precipitation processes affecting radar polarization measure-
ments, and did a theoretical study of the boundaries between wet and dry hail growth. In a separate paper,
he examined the conditions leading to precipitation onset in warm convective clouds. Johnson also
continued his exploration of the use of high-resolution satellite imagery for mesoscale meteorological
studies. In addition, he contributed to a paper showing the daily extent of the smoke plumes from the
Kuwait oil fires following the 1991 Gulf War.

Lee continued his collaboration with the NOAA Hurricane Research Division on using the velocity
track display (VTD) technique to derive the primary circulation of a hurricane using data collected from a
single pass of an airborne Doppler radar. The VTD technique was applied to typhoon data collected by a
ground-based radar in collaboration with National Taiwan University. His work shows that the mean
pressure and temperature fields of a hurricane can be dynamically retrieved from the VTD-derived mean
tangential winds.

University Interactions

In FY 93, RSF continued assisting universities in support of education whenever possible. During the
year, several students from local colleges and universities were employed at RSF as student assistants.
They work with RSF engineers and scientists on projects closely related to their field of study. As
mentioned earlier, Wilson is working with Tammy Weckwerth, an ASP Graduate Assistant, in investi-
gating the interaction of horizontal convective rolls and the Florida sea breeze in convection initiation.

Lee is on the thesis committees of J. Li, a Ph.D. candidate at the University of Hawaii who is using
Doppler radar to study the characteristics of the low-level jet in the Taiwan area, and B.L. Chang, an M.S.
candidate at National Taiwan University (NTU) who is developing a ground-based VTD technique. In
addition, Lee is working with D. Chen (University of Hawaii) on TAMEX data analysis and with Ben J.D.
Jou (NTU) on VTD analysis techniques.

Johnson worked with Pierre Flamant (University of Hawaii) on a review of high-resolution satellite-
imagery techniques for application to mesoscale meteorology.

Keeler and Johnson maintained a collaboration with Robert McIntosh (University of Massachusetts-
UMass) and Gabor Vali and John Marwitz (University of Wyoming) on mm-wave radar applications for
the scientific community. The goal is to provide for access by NSF-supported scientists to airborne and
ground-based mm-wave radar systems for application to atmospheric chemistry, cloud physics, and
boundary layer studies.
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Wurman hosted Yuri Sakakura, an entering student at Harvard, and introduced him to atmospheric
research activities including tornado chasing and BINET data analysis.

As part of his work as a member of the Colorado State University CHILL Radar Advisory Committee,
Keeler participated in developing specifications for a new CHILL antenna.

Research Data Program

Mission and Goals

The Research Data Program (RDP) supports the scientific user community and the ATD Facilities via
service and development in each of the following areas:

* Data archival and distribution - through operation of a comprehensive data archive of multi-
platform ATD data sets and timely distribution of these data via appropriate media.

* Analysis software tools - through development, maintenance, and user support of advanced soft-

ware tools for editing, display, overlay, scientific processing, and analysis of ATD and other data
sets.

* Networking and distributed computing - through coordination of distributed computing man-
agement within ATD to maximize connectivity and compatibility among ATD Facilities and users
outside of NCAR.

* Fieldprogram support - through development and support of software tools for real-time inte-
gration and display of field data, provision of limited field communications services, and support
for project planning.

RDP was down-sized in FY 93 in response to budget constraints. This action resulted in RDP's incor-
poration into SSSF for administrative purposes, and in the elimination of field program support from
RDP's mission. (Field support activities are reported here because prior commitments required activity
during FY 93.)

Tools and Capabilities

Applications Software. Software tools are developed and supported for research community use to
facilitate the display, editing, analysis, and graphical integration of observational data sets. RDP software
support includes documentation, distribution, maintenance of code, and user consultation. RDP's principal
community software tools are targeted for use on UNIX workstations and include the following:

* Radar Analysis - includes Perusal and Editor codes for detailed analysis of Doppler radar data,
and utility codes for data access, format conversion, and file/disk management.

o Zeb - for comprehensive graphical integration of mesonet, radar, sounding, aircraft, and satellite
data for use in real-time and post-analysis.

* Robot - for flexible display of mesonet observations.
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* Reorder - for 3-D interpolation and gridding of radar data.

* SUDS - for display and editing of rawinsonde measurements.

ATD Foothills Laboratory Computing System. This computing system and its resident applications
software support ongoing needs for data processing and analysis within ATD and serve as resources for
data users in the community. The core server is a four-processor Sun 670MP. The system also includes a
SUN-4/280 computer, two SUN Sparc-2 workstations, a Sparc-10 workstation, several lesser SUNs, a
Hewlett-Packard workstation, and a Silicon Graphics workstation. The latter two were added during FY
93 to increase the number of architectures to run RDP applications software. Multiple tape drives (nine-
track and Exabyte) and large disk storage capacity provide for flexible ingest and manipulation of large
data sets by the scientific user.

Data Management Activities

RDP serves as a "one-stop" source for ATD data sets, associated documentation, and consulting
services related to data access and analysis software. Data archived and distributed through RDP in FY 92
include data sets derived from measurements used aircraft (Sabreliner, Electra, and King Air), radar (CP-2,
CP-3, CP-4, and MHR), PAM, CLASS, and ASTER, as well as summary data sets from Zeb.

Data Distributions. In FY 93 RDP received a record high 66 individual data requests from non-
NCAR researchers (see Table ATD-6). In addition, data services were also provided to NCAR investi-
gators in RAP, MMM, and ATD. Data distribution was accomplished primarily in the form of high-
density 8-mm Exabyte cassettes. Network transfer continued to grow in application, particularly for data
sets of a few tens of MBy or less. Conventional nine-track tapes and PC floppy disks are distributed to a
small number of investigators who require these media.

Storm Fronts Experiment Systems Test (STORMFEST) CD-ROM Project. RDP's main data-
managament initiative during FY 93 was a joint effort with the UCAR Office of Field Project Support to
prepare a three-disc CD-ROM set to distribute data from the STORMFEST program. The CD set was sent
to all STORMFEST investigators. The disc set contains over 1.2 GBy of data derived from surface
systems, lightning networks, the CP-4 radar, NOWRAD weather surface radar mosaics, sounding systems,
the NCAR and Wyoming King Air aircraft, the University of Washington C-131 aircraft, the NOAA P-3
aircraft, and the GOES satellite. The discs also contain RDP's Zeb data integration/display software and
RAF's WINDS aircraft display software. Both of these powerful software tools are configured to provide
direct access and display of data on the discs, yielding a unique, value-added analysis product for
STORMFEST investigators. Joint efforts continue on a follow-up CD-ROM set of STORMFEST model
output to be distributed during summer 1994.
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Table ATD-6. Researchers Receiving Data Distributions from RDP in FY 93

Requestor
Bruce Albrecht
Dave Atlas
Gary Austin
Ian Baker
Gary Barnes
Andrew Benjamin
Alan Blyth
Bruce Boe
Jeff Caylor
Kathy Ceasar
Andrew Dienstfrey
Ellen Eakins
Jeff French
Carl Friehe
Grant Gray
Anthony Guillory
M. Hagen
John Hallett
Jeffrey Halverson
Tom Hamill
Ken Heideman
Wei-Hong Hendricks
Jim Hudson
Anthony Illingworth
Pat Kennedy
Brian Klimowsky
Kevin Knupp
Steve Koch
Anuja Kochar
Neil Laird
Barrie Leach
Jun Li
Walter Lyons
Frank Marks
John Marwitz
John Marwitz
Michael Matthews
Raymond McAnelly
Becky Meitin
DeWayne Mitchell
Alan Nelson
Jerry Nespor
Tim Olander
Larry Oolman
Vern Ostdiek
David Priegnitz
Rahul Ramchandra
V. Ramanathan

Institution
Penn. State U.
AOML/Hurricane Research Div.
U. of Illinois
ASTeR, Inc.
U. of Hawaii
Colorado State U.
NM Inst. of Mining and Tech.
ND Atmos. Resource Board
Colorado State U.
Texas A & M U.
NASA Ames Research Center
U. of Wyoming
SDSMT
U. of California
NM Inst. of Mining and Tech.
NASA Marshall SFC
Inst. fur Phys. der Atmos. (Ger.)
Desert Research Institute
U. of Virginia
Phillips Lab, U.S. Air Force
Phillips Lab, U.S. Air Force
Desert Research Institute
Desert Research Institute
U. of Reading (England)
Colorado State U.
U. of Wyoming
U. of Alabama
NASA
Colorado State U.
U. of Illinois
Canadian Nat. Research Agency
U. of Hawaii
ASTeR, Inc
NOAA/Hurricane Research Div.
U. of Wyoming
U. of Wyoming
MIT Lincoln Laboratory
Colorado State U.
NOAA Forecast Systems Lab.
Nat. Severe Storms Lab.
NASA/Goddard SFC
Martin Marietta
U. of Wisconsin
U. of Wyoming
U. Colorado
SDSMT
SDSMT
U. California at San Diego

Data Tape
Aircraft
Radar
PAM
PAM
Aircraft
Aircraft
Aircraft
CLASS
Zeb
Radar, Zeb
Aircraft
Radar
CLASS
Aircraft
Radar
CLASS
Aircraft
Radar
Various
Radar
Zeb
Radar
Aircraft
Radar
Radar
Radar
CLASS
Radar
Radar
Various
Aircraft
Radar
Various
Aircraft
Aircraft
Radar
Radar
Radar
Radar
Radar
PAM
Radar
PAM
Zeb, Aircraft
PAM
Zeb
CLASS
Aircraft

Field Program
ASTEX
CaPE
HARP
CaPE
TOGA COARE
Polar Radar, WISPIT
HaRP
NDTE
CaPE
CaPE
ASTEX
TNEXRAD90
CaPE
TOGA COARE
CaPE
CaPE
Polar Radar
CaPE
TOGA COARE, CaPE
CaPE
CaPE
CaPE
FIRE
CaPE
TNEXRAD91, 93
NDTP
CaPE
CaPE
CaPE
CaPE
ASTEX,CEPEX
HARP
CaPE
TOGA COARE
STORMFEST
STORMFEST
TNEXRAD92
TNEXRAD92, 93
NDTP
CaPE
BOREAS
RAPS93,TNEXRAD92
CaPE
Various
STORMFEST
CaPE
CaPE
CEPEX

III
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Requestor

Jorge Rameriz
Bob Rauber
David Raymond
Nilton Renno
Jannelle Reynolds
David Rogers
Daniel Rosenfeld
Perry Samson
John Scalzi
James Scott
Joanne Simpson
Ron Smith
Roland Stull
Michael Tjernstrom
John Valdes
Joel VanBaelen
Sandra Yuter
Ed Zipser
LeMone, et al.
Rasmussen, et al.
Carbone, et al.

Institution

Colorado State U.
U. of Illinois
NM Inst. of Mining and Tech.
MIT
NOAA Forecast Systems Lab
Scripps Inst. of Ocean.
Hebrew U. (Israel)
U. of Michigan
Florida State U.
Colorado State U.
NASA/Goddard SFC
Yale U.
U. of Wisconsin
Uppsala U. (Sweden)
U. of Illinois
Meteo-France
U. of Washington
Texas A&M U.
NCAR/MMM
NCAR/RAP
UCAR/TCIPO

Data Tape

PAM
Aircraft
Aircraft
Aircraft
CLASS
Aircraft
Radar
CLASS
CLASS
Radar
LD2
Aircraft
Aircraft
Aircraft
Radar
ISS/RASS
Radar
LD2
Various
Various
Various

Field Program

CINDE
Isotopes
TOGA COARE
TEXMEX
RAPS92
Various
CaPE
SOS
CaPE
PreSTORM
TOGA COARE
Isotopes
HAPEX,FLUX
FIRE
RAPS92
Oklahoma
CaPE
TOGA COARE
Various
Various
Various

Analysis Support Activities

RDP's scientific and programming staff provide extensive consultation and support to community
scientists making use of RDP's application software analysis tools. These tools are developed and main-
tained to facilitate portability to users' home computing facilities. Institutions that have ported RDP
software to their home machines or used the software during FY 93 are listed in Table ATD-7. Key RDP
analysis support achievements in FY 93 are briefly described below.

Initiation of an Email List for Zeb Users. This list facilitates exchange of information between Zeb
users and developers. A total of 30 research organizations are on this email list.

Zeb Enhancements. During FY 93, a number of enhancements were made to the Zeb software. They
include reworked configurations, new documentation, improved data storage, and additional X-Y plotting
capabilities. Some of the enhancements were cosponsored by DOE-ARM and NSF.

ELDORA Processing and Editing Tools. Software was developed to enable ELDORA engineers and
scientists to review their data sets and to process the data for distribution and archival. These tools include
software for correcting aircraft locations for incorporating aircraft state parameters (such as location, pitch,
and roll), and for batch editing to correct errors and de-alias velocity measurements.

-

I

-
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Table ATD-7. Institutions Utilizing RDP Software in FY 93.

Institution
Applied Research Corporation
Argonne National Lab.
Atmospheric & Env. Research, Inc.
Battelle Pacific Northwest Lab.
BMRC Australia
Boeing Co.
Brookhaven National Lab.
CNRM (France)
Colorado State U.
Dalhousie U.
Desert Research Institute
ENSCO, Inc.
Florida State U.
General Electric Aerospace Corp.
Illinois State Water Survey
Intermountain Fire Sciences Lab.
Lawrence Livermore National Lab.
MESO, Inc.
Meteorological Research Institute
MIT Lincoln Lab.
MIT Weather Radar Lab.
NASA/GSFC
NASA/MSFC
National Central U. (Taiwan)
National Chung Hsing U. (Taiwan)
National Severe Storms Lab.
National Taiwan U.
NOAA
North Carolina State U.
Oak Ridge National Lab.
Pennsylvania State U.
Phillips Lab
Princeton U.
Reading U. (England)
Rutherford Appleton Lab. (England)
SDSMT
St. Louis U.
Sandia National Lab.
San Diego State U.
Scripps Inst. of Oceanography
SUNY Albany
Sutron Corp.
Tel Aviv U. (Israel)
Texas Tech. U.
Texas A&M U.
U. of Alabama
U. of Calif. at LA
U. of Calif. at Santa Barbara

Radar Zeb Robot Reorder SUD

X
X

X

X
X

X
X
X

X
X
X
X

X
X
X
X
X
X

X
X
X
X

X
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X

X
X
X

X
X
X
X
X
X
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Institution Radar Zeb Robot Reorder SUD
U. of Chicago X X X
U. of Colorado X X
U. of Hawaii X X X X
U. of Illinois X X X X
U. of Maryland X X
U. of North Dakota X X
U. of Oklahoma X
U. of Rhode Island X
U. of Washington X X X X X
U. of Wisconsin-Madison X X X
U. of Wyoming X X X
UCAR/COMET X X X X
UCAR/OFPS X X X

Field Program Support

TOGA COARE. RDP's FY 93 activities included a significant support effort for the TOGA COARE
field program. These efforts centered on the design, implementation, and maintenance of (1) a computer
facility for project control, data perusal, and data analysis, based in Honiara, Solomon Islands, and (2) a
data communications network over the TOGA COARE domain. The Honiara Operations and Analysis
Center included several Sun workstations furnished by RDP, a MCIDAS workstation, and PCs and UNIX
workstations belonging to individual investigators. A total of 30-40 machines were connected into the
network. Peripheral equipment included disk drives, Exabyte drives, and both color and black and white
printers. RDP supplied and supported a number of software tools, including Zeb, Radar Perusal, Radar
Editor, and Reorder. Zeb was used to produce composite displays of the field measurements along with
information about weather conditions and platform locations associated with each of the aircraft missions.
Thus, a comprehensive record of the entire aircraft program was assembled, complete with superimposed
flight tracks, infrared satellite imagery, and radar data composites. The Radar Perusal and Editor software
were used to display the shipboard radar data along with the airborne data from the P-3 and ELDORA
Doppler radars. RDP also established and maintained the communications links between Honiara and
Townsville, Australia, and between Townsville and James Cook University. This link allowed access to
the Internet and enabled communications to the United States. RDP worked in conjunction with SSSF to
set up the Townsville computer network. In addition, RDP established and maintained high-frequency
(HF) radio voice communications with Townsville, the research aircraft, and the ships.

CEPEX. RDP helped set up and maintain communications links between the CEPEX Operations
Center at Nadi International Airport, Fiji, the aircraft base at Barber's Point Naval Air Station (Honolulu,
Hawaii), and the Internet. In addition, RDP worked in conjunction with UCAR's Office of Field Project
Support to establish and maintain the computer network in Fiji.

Research Activities

Mueller continued her research on nowcasting and thunderstorm initiation and published two papers
on the results of these studies. Jonathan Corbet and Mueller prepared a paper on the Zeb software that has
been submitted for publication.
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University Interactions

RDP works closely with the university community to insure that its data service and software
products meet the users' needs. During FY 93, RDP staff collaborated with groups at Texas A&M
University, the University of Washington, and Colorado State University to configure Zeb systems for
their individual needs. The Texas A&M and Colorado State installations of Zeb are used for real-time
display of local radar data for educational purposes.

Design and Fabrication Services

Mission and Goals

The primary goals of Design and Fabrication Services (DFS) are to provide engineering service
through the Mechanical Design Group, fabrication service through the Machine Shop, and logistics and
maintenance support through the Logistics Group. The Mechanical Design Group often participates in
project efforts by contributing staff to the development team. The Machine Shop performs machining,
welding, sheet-metal work, cleaning and anodizing, electropolishing, and assembly and repair service.
The Logistics Group provides logistical services, equipment maintenance and repair, and general site
maintenance for the Marshall site. The Mechanical Design Group and Machine Shop provide service to
all of NCAR, while the activities of the Logistics Group are generally limited to ATD, with a focus on the
RSF radars.

Activities of the Past Year

Major development efforts that involved the DFS Mechanical Design Group and/or the Machine
Shop included the following:

* NEXUS (Lauritsen, SSSF)
* FTIR Spectrometer (Mankin and Coffey, ACD)
* Integrated Sounding Systems (Cole, SSSF)
* Tunable Diode Laser (Fried, ACD)
* Syringe Sampler (Dabberdt, SSSF)
* Fast-Response Valve (Shertz, MMM)

Machine Shop support was distributed among the various NCAR divisions and other groups as
shown in Table ATD-8.
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Table ATD-8. DFS Machine Shop Support in FY 93

Organization Hours Percent

Atmospheric Technology Division 4,625.0 58.5

Atmospheric Chemistry Division 1,719.5 21.7

High Altitude Observatory 1,086.5 13.7

University Corporation for Atmospheric Research 204.0 2.6

Mesoscale and Microscale Meteorology Division 125.5 1.6

Research Applications Program 81.0 1.0

Scientific Computing Division 68.5 0.9

Total Hours Charged 7,910.0 100.0
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Staff, Visitors, and Collaborators

Staff

Division Director's Office

Richard Carbone (director)
Warren Johnson (assistant director)
Kathleen Miloshevich (01/31/93)
Willis Piper
Robert Snow
Shelley Zucker

Research Aviation Facility

Rob Andzik
Herminio Avila
Linda Banks
Harold Barber
Darrel Baumgardner
Jeffery Bogen (2/15/93)
Mark Bowen
Henry Boynton
Edward Brown
Teresa Campos (long-term visitor)
Steve Carley (02/10/93)
William Cooper (33%)
Michael Daniels
William Dawson
James Dye (33%)
Todd Edmonds (50%)
Richard Friesen
Bruce Gandrud (long-term visitor)
Lowell Genzlinger
Vincent Glover
Joanne Graham
Mary Griffith (1/29/93)
Julie Haggerty
Michael Heiting
Paul Herzegh (Deputy Manager)
Gary Horton
Barbara Knowles
Gregory Kok
Krista Laursen (long-term visitor)
Paul LeHardy
Donald Lenschow (33%)
James Lundahl
Brenda Martinez
David McFarland
Amy Michaelis
Bruce Morley
Aref Nammari
George Nicoll
Robert Olson
Jerry Pelk

Lawrence Radke (Manager)
James Ragni
Edward Ringleman
Diana Rogers
Ronald Ruth (50%)
Allen Schanot
Richard Schillawski
Ronald Schwiesow
Joel Sloss
Michael Spowart
Paul Spyers-Duran
Richard Taylor
Jerry Tejcek
Kim Weaver
Chris Webster
Kurt Zrubek
Norman Zrubek

Surface and Sounding Systems Facility

Edgar Aden
Gerald Albright
Edward Chamberlain
Harold Cole (Deputy Manager)
Forrest Cook (25%)
Walter Dabberdt (Manager)
Celia Damell
Anthony Delany
Terrence Hock
Thomas Horst
Catherine Irwin
Kurt Knudson
Errol Kom
Dean Lauritsen
Gordon Maclean
Charles Martin
Matthew Michaelis
John Militzer
Larry Murphy
Santiago Newbery
Kenneth Norris
Scott Norris
Steven Oncley
James Owens
Carmen Paneitz
Dave Parsons (66%)
Mary Ann Pykkonen
Steven Semmer
Sigvard Stenlund
Michael Susedik
Marcel Verstraete
Qian Zhao (50%)
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Remote Sensing Facility

Patricia Alonzo
Herminio Avila
Robert Bowie
Shawn Copeland
Richard Cornelius
John Cowan
John Downing
Todd Edmands (50%)
Don Ferraro
Charles Frush
Richard Gagnon
Jack Good
Jeremy Hackney
Bryant Heberlein
Reif Heck
Peter Hildebrand (Manager)
Jean Hurst (38%)
Charles Hwang (60%)
Bill Irwin
David Johnson
Jeffrey Keeler
Alyssa Krissen
Wen-Chau Lee
Brian Lewis
Eric Loew
Jon Lutz
Richard Neitzel
Linda Nettleton
Richard Parsons
Al Phinney
Frank Pratte (23 July 1993)
Mitch Randall
Robert Rilling (50%)
Ron Schwiesow
Sherrie Smith
Cathy Stack (75%)
Susan Stringer
Michael Strong
Margaret Taylor
Joseph VanAndel
Hung Viet Ta
Joseph Vinson
Craig Walther
Jim Wilson (50%)
Joshua Wurman (long-term visitor)

Research Data Program

Chris Burghart
Steve Carley
Michele Case
Forrest Cook
Jonathan Corbet
David Ecoff

Ray Giles
Gary Granger
Jean Hurst
Cindy Mueller (Manager)
Richard Oye
Bob Rilling
Ron Ruth
Mike Siedelberg
Cathy Stack

Design and Fabrication Services

Page Baptist
Jeff Bobka
Jim Ellis
Jack Fox
Robert Garramone
Walter Hodshon
Michl Howard
Paul Johnson (Manager)
Ivan Lee
Hayden Mathews
Steven Palmer
Jose Rivas
Alvin Sapp
Dale Smith
Robert Upthegrove
Bart Woodiel
William Zelt

Affiliate Scientists

Richard Doviak; National Severe Storms Laboratory; 1
August 1992 to 31 July 1995; Remote Sensing Facility

Dr. Gerhard Peters; University of Hamburg, Germany

Collaborating Scientist: Dr. Joel van Baelen; CNRM,
Toulouse, France

Visitors and Collaborators

Dates refer to visitors stay at NCAR during FY 93. No

dates are given for collaborators who did not visit NCAR.

Kenji Akaeda; Meteor. Research Institute, Kbaraki-ken,
Japan; 18 September to 3 October 1993; mesoscale
convective systems; Surface and Sounding Systems
Facility

Jumaan Al-Qahtani; Meteorological and Environmental
Protection Agency, Jeddah, Saudi Arabia; 10 November to
20 December 1992; Research Avation Facility

Dan Austin; Texas A&M; 9-13 Aug 1993; Research Data
Program
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Stephan Borrmann; University of Mainz; 1 October 1992
to 31 July 1993; ASP

Carl Bower; National Weather Service, Silver Spring, MD;
12-16 July 1993; NEXUS technical issues; Surface and
Sounding Systems Facility

Fred Brock; University of Oklahoma, Norman, OK; 10
May 1993; PAM III instrumentation; Surface and
Sounding Systems Facility

Lew Buckler; FAA; 3 February 1993; Remote Sensing
Facility

V. Chandresekar; CSU; periodically throughout FY 1993

Jackson Cheng; Chinese Air Force; 1 August 1992 to 31
July 1993; Remote Sensing Facility

Warner Ecklund; NOAA ERL AL; 30 June 1993, 9 July
1993; Remote Sensing Facility

Rob Edsall; Penn State, University Park, PA; 25 August to
1 September, 1993; ASTER data analysis; Surface and
Sounding Systems Facility

Hans P. Fimpel; Inst. L. Deutsche Luft und Raumfahrt,
Oberpfaffen, Germany; 19-20 November 1992, dropsonde
design; Surface and Sounding Systems Facility

Dennis Finn; Wash. State Univ., Pullman, WA; 22-25
February 1993; ASTER data analysis; Surface and
Sounding Systems Facility

Thomas Foken; German Weather Service, Potsdam,
Germany; 5-8 October 1992, turbulence measurements in
surface layer; Surface and Sounding Systems Facility

Paul Frenzen; Argonne National Laboratory, Argonne, IL;
8-9 February 1993; micrometeorological measurements,
Surface and Sounding Systems Facility

Jerry Friedman; Martin Marietta Government Electronic
Systems; 3-5 February 1993; Remote Sensing Facility

Ted Fujita; University of Chicago; July 1993; Remote
Sensing Facility

Ken Glassen; BMRC, Australia; September 1993; Remote
Sensing Facility

Paul Gluhosky; Yale University; 1-25 October 1992;
Research Avation Facility

Debbie Gracio; Battelle National Lab; 11-13 October
1993; Research Data Program

Doug Green; NWS, Phoenix; May 1993; Remote Sensing
Facility

Jack Hales; National Severe Storm Forecast Center; June
1993; Remote Sensing Facility

Robert Houze; University of Washington; July 1993;
Research Data Program

Richard F. Kelley; South Dakota School of Mines and
Technology; 17-19 May 1993; Research Avation Facility

Vytas Kezys; McMaster University; 2-3 December 1992

Robert Knobben; National Institute of Water & Atmos.
Res., Wellington, NZ; 24 March to 23 April, 1993,
software development with the NEXUS program; Surface
and Sounding Systems Facility

Carl Leyh; Paramax Corp.; 16 March 1993; Remote
Sensing Facility

Pay-liam Lin; National Central University, Inst. of Atmos
Physics, Chung-li, Taiwan; 25 September 1992 to 10
September 1993; mesoscale/boundary layer data analysis
and modeling; Surface and Sounding Systems Facility

Robert McIntosh; University of Massachusetts; 22
February 1993; Remote Sensing Facility

Ron Melton; Battelle National Lab; 11-13 October 1993;
Research Data Program

Gene Mueller; CSU; 30 June to 9 July 1993; Remote
Sensing Facility

Jerry Nespor; Martin Marietta Government Electronic
Systems; 3-5 February 1993; Remote Sensing Facility

Richard Pearson; NASA, Moffett Field, CA; 17 September
to 1 October 1993; ASTER flux data from San Joaquin
ozone deposition experiment; Surface and Sounding
Systems Facility

Fred Peters; National Weather Service, Silver Spring, MD;
12-16 July 1993; NEXUS technical issues, Surface and
Sounding Systems Facility

Gerhard Peters; University of Hamburg, Hamburg,
Germany; 9-17 November 1992 and 1-23 June 1993;
active acoustic and UHF profiling systems; Surface and
Sounding Systems Facility

Greg Peters; Yale University; 1-25 October 1992;
Research Avation Facility
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Alexander Praskovsky; Central Aerohydro. Institute,
Moscow, Russia; 4 March to 4 June, 1993 and 7 June to
2 July 1993; validity of current theories of turbulence;
Surface and Sounding Systems Facility

Frank Pratte; NOAA ERL FSL; 23 July 1993 to
30 September 1994; Remote Sensing Facility

Ed Roberts; National Weather Service, Silver Spring, MD;
12-16 July 1993; NEXUS technical issues, Surface and
Sounding Systems Facility

Al Rodi; University of Wyoming; May 1993; Remote
Sensing Facility

Jim Rogers; FAA; 3 February 1993; Remote Sensing
Facility

Bill Rubin; Paramax Corp.; 16 March 1993; Remote
Sensing Facility

Hans Schlager; Inst. L. Deutsche Luft und Raumfahrt,
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Scientific Computing Division

The Scientific Computing Division (SCD) provides supercomputing resources and related services
to support research in the atmospheric, oceanic, and related sciences. Much of the research in these
disciplines requires large computer models and generates large amounts of data. To support that
research, SCD's mission is to provide supercomputing resources needed for the development and
execution of large, long-running numerical simulations and the archiving, manipulation, and analysis
of large datasets; network and data communications capabilities required for an international user
community to access NCAR computational and data resources; and a computing environment that
emphasizes reliability, high performance, and user productivity.

Significant Accomplishments

* Thanks to funding from the Advanced Projects Research Agency (ARPA) through the National
Consortium for High Performance Computing (NCHPC), we installed a 32-node Thinking
Machines Connection Machine CM-5 with 128 megawords (Mwords) of memory in April 1993.
The machine quickly attracted a small community of dedicated users, and by the end of Fiscal
Year 93, overall utilization was averaging about 75%. (See pages 7, 13.)

* Under the High Performance Computing and Communications (HPCC) funding via NSF, SCD
installed an eight-node IBM Scalable Power Parallel 1 (SP-1) system for experimentation and
evaluation as a parallel processor. This machine has a very high performance potential and
competitive cost performance. (See pages 7, 14.)

* Throughout FY 93, SCD's Computational Support Section carried out a number of performance
measurements of microprocessor-based systems and their incorporation into parallel
architectures. As a consequence of their work, we continue to believe that traditional shared-
memory supercomputers will offer our community the most cost-effective computing through FY
94 and into FY 95. (See page 29.)

* As part of the Computer Hardware, Advanced Mathematics, and Model Physics (CHAMMP)
project, we completed the parallelization of the Community Climate Model (CCM2) for data
parallel systems. Initial performance on the CM-5 is only about 5 million floating-point
operations per second (Mflops) per node, which substantiates the above statement concerning
shared-memory supercomputers. (See page 30.)

* We enhanced our supercomputing capabilities during FY 93. UNICOS (UNIX-based operating
system for Cray computers) was upgraded on both of our CRAY Y-MPs. Also, the extended
service queues became heavily used after they were retired for parallel processing on the Y-MP8.
The Y-MP disks were put under our uniform power system to preserve their integrity during
power interrupts. Finally, High Performance Parallel Interface (HIPPI) connections were
completed from the Y-MPs to our HIPPI switch. (See pages 13, 17.)

* In FY 93, ARPA funded a joint proposal with NCAR and Ohio State University. Under this
proposal the Advanced Communications Technology Satellite (ACTS) will be used to couple an
atmospheric simulation over North America with a Great Lakes simulation model. The
atmospheric simulation will be run the NCAR Y-MP, the Great Lakes model with be run on the Y-
MP at Ohio State, and the two will communicate at high speed via the ACTS.

* In response to the Department of Defense (DOD) Technology Reinvestment Program, SCD
participated in two proposals with commercial entities in Colorado. A proposal with CCC and
Thinking Machines was formulated in which the CRAY-3 and the CM-5 at NCAR would be
coupled via high-speed networking. A proposal with Storage Technology Corporation
(StorageTek) and the Supercomputing Research Center would accelerate the development and
deployment of "desk-size" systems that would hold terabytes of data.
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* Net growth rate of data in the Mass Storage System (MSS) was approximately 0.8 terabytes (TB)
per month throughout FY 92. As a result, by the end of the year the system held about 1.3
million files totaling over 37 TB of data. During the year we completed migration of data from
single-density to double-density media. Also, the robotic arm in the StorageTek Silo was
upgraded to one that is twice as fast as its predecessor. On average 100,000 cartridges are being
mounted per month, approximately half of these by operators and the other half in the
StorageTek Silo. A HIPPI connection to the MSS was also completed. (See pages 7, 14.)

* The refurbishment of the networking physical plant in the Fleischmann Building and in much of
Tower B at the Mesa Lab was completed. Also, because networking pervades NCAR and UCAR, a
Network Coordination and Advisory Board (NCAB) was formed to assist SCD with priorities as
well as policies. NSF issued a solicitation to establish a gigabit backbone network, and we are very
pleased that NCAR was included with the other four NSF supercomputer sites in that project.

* A major accomplishment in the area of visualization was the release of Version 3.2 of the NCAR
Graphics package. Version 3.2 includes new functionality and much improved documentation.
Also, batch processing of video animations via the Text and Graphics System (TAGS) became
routine with an average of one videotape per day being output. (See pages 9, 11, 21, 24.)

* Data Support projects maintained a high profile during FY 93. Version la of the Comprehensive
Ocean-Atmosphere Dataset (COADS) was released. Also, substantial additions and enhancements
were made to the Global Area Coverage (GAC) and Thermal Infrared Observational Satellite
(TIROS) Operational Vertical Sounder (TOVS) satellite datasets. The first Compact Disk-Read
Only Memory (CD-ROM) was released, and work on the second one was begun. Finally, usage of
the network to access data as well as information about data became very popular with several
hundred transactions per day taking place. (See page 27.)

* The Association for Computing Machinery, Inc. (ACM)/Institute of Electrical and Electronics
Engineers, Inc. (IEEE) Supercomputing conference is the premier conference and exhibition in
the United States on high-performance computing. A number of SCD staff were involved with
Supercomputing '92 (November 16-20, 1992, in Minneapolis, Minnesota).

The Supercomputing '92 Advance Program, envisioned and written by User Services' conference
and documentation staff, won an award of Distinguished (first place) in the Society for Technical
Communications' 1993 national competition and an award of Excellence (second place) in the
1993 International Technical Publications Competition.

* SCD hosted its ninth User Conference with over 120 people in attendance. The focus of the
conference was high-performance computing at NCAR in the 1990s. Presentations included
recent developments within SCD, technological trends in high-performance computing, and
future developments in networking and graphics. (See page 41.)

User Community
In FY 93, SCD provided supercomputing services to 1,582 users: 583 from NCAR, 768 from the

university community, and 231 from cost-recovery projects and Cray grants. A simplified diagram of
the NCAR supercomputing facilities and the networks operated by SCD is shown in Figure 1.

About 80% of the Central Processing Unit (CPU) hours used on NCAR supercomputers were
devoted to problems whose execution required more than one hour, and over 50% for problems that
required more than four CPU hours.

Potential users must receive an allocation of general account units (GAUs) to use SCD's
computers. Table 1 shows GAU usage by broadly defined scientific disciplines.
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User Access

(shavano)

Mass Storage

Figure I. Functional diagram, UCARINCAR computing facilities.

Table 1. General Accounting Unit Allocations in SCD

AREA OF INTEREST FY 93 % OF GAU USE

Climate 33
General Circulation
Radiative Processes
Satellite Meteorology

Oceanography 16
Basic Fluid Dynamics and Miscellaneous 5

Basic Geophysical Fluid Dynamics
Numerical Methods
Turbulence
Wave Processes
Economic and Societal Impact Studies
Data Management
Computer Science
Other

Regional Meteorology 24
Planetary Boundary Layer
Dynamic Meteorology
Mesoscale and Regional Scale Models
Surface Conditions, hydrology
Tropical Meteorology
Numerical Weather Prediction
Objective Analysis and Diagnostic Studies

Chemistry and Upper Atmosphere 10
Aerosol Physics
Atmospheric Chemistry
Upper Atmosphere Dynamics and Aeronomy



SCD-4

Cloud Physics
Radar Meteorology
Severe Storm and Cloud Physics
Data Processing (Aircraft, Balloon)

Astrophysics
Astrophysics
Solar Interplanetary Medium
Solar Physics
Physics of Planetary Atmospheres
Solar-Terrestrial Relations
Magnetohydrodynamics and Plasma Physics

Total

8

4

100

SCD Organization
To carry out its mission, SCD has a staff of about 100 full-time equivalent employees (FTEs)

organized into six sections (see Figure 2). A complete staff list. is provided at the end of this chapter.

Division Director
Bill Buzbee

Deputy Director
Pete Peterson

| , ,1 . .~~~~~~~~~~

Computer
Operations

and Facilities
Gary Jensen

File Management
Graphics Produc-

tion
Operations
Office Support

Data Support

Roy Jenne

Data Archives
Analyses,

Observation,
Atmosphere,
Oceans

Land Surface
Incoherent Scatter

Radar Data
Climate Models

User Assistance
Data Catalogs

User Services

Ginger Caldwell

Consulting
Documentation
Math Libraries

Support
Training
Media Distribution
NCAR Graphics

Support

uI
Computational

Support

Dick Sato

Algorithmic Con-
sulting &

Software
Research
Resource Alloca-

tion
Standards and

Benchmarking

High Performance
Systems and

Networks
Bernard O'Lear

Supercomputer
Systems

Networking &
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Mass Storage
System Documen-

tation
Communication

& Maintenance

Distributed Services
and Scientific
Visualization

Phylecia Brandley

NCAR Graphics
Distributed Com-

puting Envir-
onment

Visualization Lab
Distributed Service

TAGS
File Servers
Front Ends
Gateways

Figure 2. SCD organization.

Overview of SCD

SCD has assembled a computer network that offers a variety of hardware, software, and
communication facilities. Functionally, the NCAR computing network contains five components: (1)
computational servers to provide computing and data processing services; (2) a Mass Storage System;
(3) networking and data communication systems to provide access to SCD services by local and
remote users; (4) distributed services to provide hardcopy output, and a host of other services
required in a distributed-computing environment; and (5) scientific visualization. In addition, we
provide user support and administrative services.
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Computational Servers

Computational servers in our network provide the computing power to run the large simulations
required by our user base. They include:

* A CRAY Y-MP8/864 with eight processors, 64 Mwords of main memory (64-bit words), 256-
Mword auxiliary solid-state memory (2,000 Mbytes-per-second channels), a 6.0-nanosecond
(ns) clock cycle, vector processing hardware, and 97 GB of local disk storage. A measured peak
rate of over 1 Gflops has been achieved with a multitasked ocean model. The CRAY Y-MP runs
the UNICOS operating system.

* A CRAY Y-MP2D with 2 processors, 16 Mwords of main memory, a 128-Mword solid-state
storage device (SSD), and 20 GB of local disk storage.

* A CRAY-3 with 4 processors, 128 Mwords of main memory, a 2.08-nanosecond clock cycle,
and 20 GB of disk storage.

* A CM-5 Connection Machine with 32 processors, 128 Mwords of main memory, and 20 GB of
disk storage.

* An IBM SP-1 Scalable Parallel Processor with eight processors interconnected by a high speed
switch. Each processor has 128 MB of memory and each will sustain about 50 Mflops.

* A cluster of 4 IBM Reduced Instruction-Set Computer (RISC) System/6000 550 workstations.
Each workstation has 128 MB of memory and 1.2 GB of disk. The cluster provides support for
single processor applications, both interactive and batch. It also has a HIPPI connection to the
MSS to facilitate high-speed access to data.

* A Sun SPARCserver 670MP, which serves as a UNIX front-end computer for both NCAR and
remote users. It has 4 processors, 128 MB of memory, and 2.6 GB of disk space.

Mass Storage Services
The MSS currently stores about 37.5 TB of data. SCD developed the MSS software to support

extremely high data transfer rates, required in the atmospheric sciences community, to the Cray
computers.

The MSS allows users to store and access massive amounts of data from the mainframes or from
workstations. Access from the MSS is at the file level. The MSS is a hierarchical system that currently
has two levels of storage. The first level is an online cache that provides very quick access of relatively
small, often-used datasets, and a Nearline StorageTek 4400 ACS that provides quick access of large,
often-used datasets. The second storage level provides offline cartridge tape storage for archival
purposes. On a daily basis, the system handles approximately 11,000 requests involving about 300
GB of data.

Networking and Data Communications Systems
For most scientists, desktop computers and/or departmental computers provide the primary means

of software development and post-analysis of model results. We collectively refer to these systems as
"user nodes" and, invariably, they need to communicate with other computing systems via networks
in a distributed-computing environment. Through the technologies of communications, local area
networks (LANs), wide area networks (WANs), network gateways, user workstations, and window
interfaces, SCD is assimilating the user nodes into an integrated environment with the CRAY Y-MPs
and network servers of the NCAR computing facility.
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Local Access

SCD is responsible for communication links throughout UCAR/NCAR's organizational units in
Boulder County that support voice, data, and slow-scan video services. Through a combination of
Fiber Distributed Data Interface (FDDI), Ethernet, the Transmission Control Protocol/Interet
Protocol (TCP/IP), other protocols, and network gateways, most NCAR scientific and facility divisions
enjoy full interconnectivity, including access to the NCAR supercomputer facilities. The combination
of an FDDI backbone and the ethernets that link together individual UCAR and NCAR organizational
units is known as UCARnet.

Remote Access

Modem networking technology, national and international, provides efficient access for remote
users. NCAR is a backbone node on the National Science Foundation's (NSF) network, NSFNET, and
also on the National Aeronautics and Space Administration (NASA) Science Network (NSN), and the
Because It's Time Network (BITNET). In addition to the above, SCD also provides long distance
dial-up access to NCAR facilities by 9600 bits-per-second (bps) Wide Area Telecommunications
Service (WATS) lines.

High-Speed Interconnect

A combination of FDDI, HIPPI, and HYPERchannel technologies provide hardware and software
mechanisms for high-speed interconnections between SCD computational servers, network servers,
and the MSS.

Distributed Services

The use of distributed services makes possible substantial economies in support and expansion of
our facilities. By isolating functions to special network nodes, each node can be optimized to the
function it provides, and changes can be made with minimal disruption to other nodes. These services
include an Auspex file server, our TAGS, and gateway and access servers.

The Auspex file server allows users to augment the disk available on the CRAY Y-MPs via the
cross-mounting of files, makes available large amounts of temporary disk space to all users, and
provides access to files at the record level.

TAGS provides hardcopy output on several types of media, namely, paper, film, and videotape.

The gateway servers provide batch-spooled access to NCAR's other distributed resources.
Currently, there are two gateway access methods: the Internet Remote Job Entry (IRJE) system and
the Mainframe and Server Network (MASnet) Intemet Gateway Server (MIGS). These provide a
buffer between the NCAR computing center and the rest of the world. They allow for the expected
and unexpected disruptions in communications systems by monitoring network transfers and
retrying, if necessary, to prevent the loss of information.

Access servers provide interactive access for users of NCAR's distributed resources. These users
may not have access to workstations of their own, may not have good network access to NCAR, or
may be away from their usual work sites. Access servers provide a variety of services, such as
interactive logon to prepare jobs for submission to the mainframes, electronic mail (e-mail), and so
forth.

Scientific Visualization

Scientific animation is becoming increasingly popular, and SCD provides both batch and
interactive facilities for the production of high-quality animation. The TAGS system provides batch
video printing, with support for several popular videotape formats. A user simply sends to TAGS
digital imagery in any one of several formats, including CGM, and receives back the finished
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videotape. Users who require high-performance exploratory animation, or the ability to produce
more elaborate scientific video presentations, can use one of SCD's two visualization labs.

User Services

SCD strives to provide a high level of service to its users and actively solicits their input. The SCD
director and several of his staff visit at least six university sites each year in an effort to stay current
with user issues and to inform university users of SCD's new services and future plans. SCD also
encourages user participation through a number of advisory committees. These include:

* The SCD Advisory Panel. This panel is composed of 12 appointed representatives from
universities and nonprofit research organizations, a representative each from UCAR and NSF,
and invited observers. The panel meets twice a year and advises the staff on long-term planning
and university computing allocations.

* The SCD Users Group (SCDUG). This group comprises two representatives from each NCAR
division and all interested observers and meets monthly at NCAR. Its agenda covers a broad
range of computing issues.

* The Mass Storage System Advisory Committee. This committee comprises at least one
representative and an alternate from each NCAR division. The group meets at NCAR each
month to give SCD input on user needs for the MSS. All interested users are welcome to attend.

* The Visualization Users Group (VUG). This group comprises representatives from each NCAR
division and Unidata, UCAR's University Data Project. The group meets periodically and
provides direction to the staff on enhancements to NCAR Graphics and visualization and
reviews software designs and services.

* SCD User Conference. This conference is held at NCAR approximately every 18 months, and
all users are invited to attend. Conference themes vary, depending on the latest software and
hardware changes and division plans. Attendees are invited to contribute to the planning input
and to comment on current operations.

* Site Liaison Workshop. This workshop is held at NCAR approximately every two years. Site
Liaisons from more than 20 universities, who assist users of NCAR supercomputers, are invited
to attend and obtain in-depth training on new hardware and software enhancements and new
NCAR and SCD developments. During this week-long workshop, participants are encouraged to
present to SCD management their opinions on a variety of computing issues.

* CM-5 User Group: This group was formed last year to provide a forum for users of the new
CM-5 to discuss issues.

In addition, SCD uses special advisory groups when specific input is needed, such as the
Technical Advisory Group, the Computer Output Committee, and the Documentation Advisory
Committee.

Consulting

To assist scientists in the use of our facilities, SCD provides consulting and information services,
documentation, training, software libraries, and assistance with the installation of the NCAR Graphics
package. User consulting is provided by highly skilled professional programmers, 38.5 hours per
week via the telephone, e-mail, or in person. User Project Completion Reports consistently rate the
quality of SCD's user support services as "very good" to "excellent." A user area providing a
variety of graphics workstations and personal computers (PCs) is available to SCD visitors 24 hours a
day, seven days a week. A full set of vendor and SCD documentation is available for reference.
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Documentation

As the complexity of the supercomputing environment has increased, so has the need for
documentation. To fill this need, SCD has developed and maintains a comprehensive set of written
and online documentation. A documentation catalog describing SCD and vendor documentation is
updated every six months and distributed to all users once a year.

Training

SCD offers on-site training classes to help new users quickly assimilate into NCAR's computing
environment. By the end of a class, students gain a basic introduction to the SCD computing
environment including the use of scripts to control job execution under UNICOS and commands to
access the MSS and output servers.

Software Libraries

The SCD-supported applications software contains over 8,000 subroutines and functions,
spanning 24 mathematical libraries. Requests for new software are given priority according to overall
usefulness, quality of software, cost, and effort required to support the product. SCD provides both an
online database with documentation for most of the mathematical software and source code for the
nonproprietary libraries.

NCAR Graphics

The NCAR Graphics Package is now installed at over 1,500 sites worldwide, and Version 3.2 was
released in the summer of 1993. Version 3.2 includes high-level Fortran-callable utilities that provide
contouring, mapping, field-flow visualization, histograms, X/Y plots, wire-frame surfaces, and iso-
surfaces. In addition to stroked characters, Version 3.2 also offers high-quality filled character sets
including support for meteorological symbols. NCAR Graphics comes with a Computer Graphics
Matafiles (CGM) translator and drivers for more than 50 devices and formats. In addition to several
other tools for manipulating CGMs, NCAR Graphics provides interactive X Window-based tools for
viewing both CGM and raster imagery. SCD has worked to make NCAR Graphics interoperate with
other visualization tools and is also actively developing a fully interactive X Window-based version.

Administration

Resource Allocation and Management

Users must obtain an allocation of General Accounting Units (GAUs) to use NCAR computing
resources managed by SCD. GAU allocations to university researchers are made by the SCD director
with the advice of peer reviewers and the SCD Advisory Panel. Allocations to NCAR divisions are
made by the NCAR director, based on advice from the NCAR Allocations Committee. Currently,
104% of estimated available resources are allocated. The overallocation is deliberate and fosters full
utilization of resources. The distribution of allocations is as follows:

University projects 40%
NCAR projects 40%
Joint university/NCAR projects 10%
Cray Research, Inc., grants 5%
Use by other government agencies 5%
NCAR Director's Reserve 4%

TOTAL 104%

The Job Queue System

The CRAY Y-MP8/864 job queue system is designed to meet the full range of computing needs
of our varied user community, and utilize the Y-MP8/864 to its full capacity 24 hours a day. To meet
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these goals, individual job queues have different memory limits, run-time limits, run-time priorities,
and GAU charges. Queues with higher run priority have higher GAU charges.

In FY 93, there were ten job queues on the CRAY Y-MP8/864. SCD created two of the nine job
queues in FY 92, in response to requests from users whose multitasked computing jobs require large
amounts of memory and resources such as the SSD and disk space. After a few months of testing,
SCD found that use of the new queues significantly improved the turnaround for the targeted jobs,
without negatively affecting the throughput of other jobs. Jobs in the new queues have full use of the
computer during the early morning hours, and other jobs are suspended when the special queues are
active.

Detailed Review of SCD Activities

Following are detailed reviews of SCD activities in Computational Servers, Mass Storage Services,
Networking and Data Communications, Distributed Services, Scientific Visualization, Data Support,
Computational Support, Operations and Facilities, and User Services.

Computational Servers

Large-scale supercomputing is arguably the most important service supported by SCD. SCD
actually supports three types of supercomputing efforts. The first type involves support for the
traditional large, shared-memory mainframes that provide a small number of powerful CPUs, such as
NCAR's CRAY Y-MP8/864 and CRAY Y-MP2/216 supercomputers manufactured by Cray Research,
Inc. General-purpose computers such as the Y-MPs perform admirably on NCAR's varied mix of
scientific computing tasks.

Within this same class of computers, NCAR is helping to test a CRAY-3 supercomputer
manufactured by CCC. This supercomputer was installed at NCAR in May 1993 as part of a
cooperative effort with CCC to test the machine in a production environment and allow CCC to
perform final engineering enhancements and software development. NCAR has used the CRAY-3 to
run atmospheric and oceanic computer simulations.

SCD is also looking to the future by supporting research activities involving massively parallel
processors (MPPs). These machines can be constructed of hundreds, even thousands, of relatively
inexpensive CPUs of moderate speed. Typically, each CPU manages its own local memory, and
information that must be exchanged between CPUs is transferred between processor memories via a
network internal to the MPP.

For four years, SCD operated a Thinking Machines CM-2 machine. In April 1993, we acquired
the newer, more powerful, CM-5 machine.

In August, we installed an IBM SP-1 system, which, at NCAR, consists of 8 Model 370 RS6000
processors tightly coupled with an internal switch called the High Performance Switch (HPS).

A third type of supercomputing being investigated by SCD involves machines that utilize an
approach intermediate to the shared-memory and MPP architectures. Such machines generally
consist of a small number of cost-effective, high-performance computers that are loosely coupled
together by an external network provided by the customer. Loosely coupled systems are often
referred to as clusters.

Cray Supercomputers

CRAY Y-MP8/864 System Improvements. The CRAY Y-MP8/864 (shavano) has eight central
processors that access a shared, 64-Mword central memory. The central processors can also access (in
block transfer mode) an auxiliary SSD containing over 256 Mwords of memory. Central processors
in both of the Y-MPs operate with a 6-ns clock cycle, making each processor capable of performing
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100 to 200 Mflops in vector mode. In addition, the I/O power necessary to support the high data
transfer demands of climate modeling is provided by directly attached, high-bandwidth disk units
capable of transferring 10 MB/sec per channel, as well as the SSD, which can transfer 1250 MB/sec
per channel.

SCD undertook several projects during FY 93 to improve the effectiveness and efficiency of the
shavano system. These improvements included: a major UNICOS operating system upgrade; an
increase in the available online disk space; locally developed kernel enhancements to the disk file
allocation algorithms; the full implementation of an "extended-class" capability that allows selected
jobs with large resource requirements to run in a near-dedicated mode; and improvements to the
batch job checkpointing process

CRAY Y-MP2/216 Improvements. The CRAY Y-MP2/216, named castle, has two central
processors with a 16-Mword central memory and 128 Mwords of auxiliary high-speed SSD memory.
It is dedicated to climate modeling in support of the MECCA Project. Although it has a smaller
configuration than the Y-MP8/864, it has sufficient resources to run the models for which it is
dedicated. The UNICOS operating system was also sized and tuned to best suit this machine's
configuration and workload. Castle usually runs no more than about six models at a time. Thus, it
consistently delivers well over 90% of its compute cycles to user jobs.

With the extension of the MECCA contract to the end of 1993, it was felt that the advantages
afforded by the UNICOS 6.1.6 operating system warranted the upgrade of the system from version
5.1.11. The castle upgrade was completed on April 5, 1993, after a significant effort involving a
number of sections in SCD. The benefits of the upgrade are better software compatibility between the
two Cray computers, availability of new features and products, the fixing of known problems, and
increased efficiency. Also, it is easier to maintain and troubleshoot UNICOS when identical versions
exist on both Crays.

CCC CRAY-3

The Cray Computer Corporation CRAY-3 supercomputer, named graywolf, is a four-processor
128-Mword (64-bit) machine with a 2.08-ns clock cycle, which is the fastest clock speed of any
commercially available supercomputer. There are also 23 GB of disk storage available on graywolf in
the form of Redundant Arrays of Inexpensive Disk (RAID). The CRAY-3 is the only supercomputer
to use gallium arsenide integrated circuits rather than silicon. The operating system on the CRAY-3,
CSOS, is based on AT&T UNIX System V. At NCAR, graywolf is connected via HIPPI channel to
NCAR's Mass Storage System.

Other Computational Servers

SCD now offers computational services on a IBM RS/6000 cluster, an IBM SP-1 with an HPS for
parallel computing, and a 32-node CM-5 massively parallel processor from Thinking Machines. SCD
is providing a consistent environment across all of these platforms by providing common libraries,
common tools, compilers, shells, and, most importantly, common data formats and file structures. We
support both UNIX-nonblocked and CRAY-blocked datasets. We provide conversion of data
representations in CRAY and IEEE floating-point data formats. Since most of the newer compute
server architectures support 64-bit floating point calculations, it is now possible to duplicate CRAY
"answers" on these compute servers. SCD is providing a complete and symmetric set of these
libraries across all of the compute servers.

NCAR Mass Storage Services

The NCAR MSS is a central, large-scale data archive that stores data used and generated by
climate models and other programs executed on NCAR's compute servers. The NCAR MSS currently
manages more than 37 TB of stored data, and during 1993, data transfers to and from the MSS
exceeded 100 TBo



SCD-11

While some of the data stored on the NCAR MSS originate from field experiments and
observations, the bulk of the data is generated by global climate-simulation models and other earth-
science models that run on supercomputers, and SCD faces an increasing demand to archive data
from ever-faster supercomputers. Essentially, the faster the supercomputer, the more data there is to
be archived. Even greater demands for archiving data will result from the growing use of coupled
atmospheric/oceanic simulation models.

MSS Access Methods

The NCAR MSS provides three access methods. The first method is a high-speed data fabric.
The data fabric consists of host computer HIPPI channel interfaces, a non-blocking HIPPI switch
capable of supporting 64 bi-directional 100 MB/sec data transfers, and protocol converters which
connect the HIPPI data fabric to the IBM style device control units. The data fabric provides data
paths directly between the MSS storage devices and the client compute servers. To utilize this data
fabric, SCD has written a file-transport type of interface to enable users to copy files between their
host systems and the MSS. The data fabric provides the fastest access of the three methods and can
support a total of six independent file transfer operations between the storage devices and the
compute servers, with each transfer sustaining 3 MB/sec.

Another access method is via the MASnet file-transfer network, which provides MSS access to
host computers that are not connected to the MSS via the data fabric. Like the data fabric, MASnet
provides a file-transfer access method, but file transfers require the accessed data to be copied
through the MSCP. Such access is slower than the data fabric access, though it is possible to attach
more hosts to MASnet than to the data fabric.

The third access method uses File Transfer Protocol (FTP) to access MSS data. With FTP, any
host computer attached to the Internet can access the NCAR MSS. However, access speed is even
slower than the MASnet, so speed has been traded for connectivity (see Figure 3).
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Figure 3. NCAR Mass Storage System

MSS Storage Hierarchy. The NCAR MSS currently uses two levels of storage: online and
offline. The most frequently accessed data are kept on the fastest storage media, which, in this case, is
the online storage devices: 24, 5-GB IBM 3380 Model E disks and a StorageTek 4400 ACS, which is
a 3490E-based cartridge system that uses robotics to mount and dismount cartridges. Lower in the

)m
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storage hierarchy is a 3490E offline cartridge tape library holding 112,000 cartridges that can be
staged with one of the 12 external IBM 3490E manually mounted cartridge drives. Because each
3490E tape can hold up to 400 MB, this offline library can hold up to 44 TB of uncompressed data.

MSS Import/Export Capability. Another important capability of the NCAR MSS is the ability to
import and export data to and from external, portable media. Importing data involves copying data
from portable media to the MSS data archive, while exporting data involves copying data from the
MSS data archive to portable media. Import/export allow users to bring data to NCAR with them, as
well as take data away. Import also allows data from field experiments to be copied to the NCAR MSS
archive.

In addition to 3480 cartridge tapes, and 7-and 9-track round tapes, the NCAR MSS also offers
import/export to single- and double-density Exabyte cartridge tapes.

Improvements to NCAR MSS

In FY 93, SCD made significant improvements to the NCAR MSS:

Project Aquarius. Project Aquarius replaces the HYPERchannel-based Local Data Network
(LDN) with Network Systems Corporation (NSC) PS-32 HIPPI switches and HIPPI interfaces to the
remote-device adapters (RDM-Es) and client hosts. To distinguish the HYPERchannel LDN from the
HIPPI network, the HIPPI network is referred to as the High Performance Data Fabric (HPDF).

We completed the first phase of Aquarius in FY 93. This phase involved the installation of the
NSC PS-32 switch, one RDM-E with a HIPPI interface, and a Sun Microsystems computer with a
HIPPI VMEbus (Versa Module Eurocard) board (but Small Computer System Interface [SCSI]-based
instead of Intelligent Peripheral Interface [IPI]-based disks). This installation provided a testbed for
testing HIPPI hardware as well as for developing basic HIPPI-based communications software. This
proof-of-concept phase was completed successfully, creating basic communications software which
was used as the basis for the second phase.

We also completed the second phase of Aquarius in FY 93. This phase involved the development
of software that allows MSS clients to communicate with the HIPPI HPDF instead of the
HYPERchannel-based LDN fabric. Once this software was developed, we could complete the third
phase of Aquarius. That is, HIPPI-attachable clients could be migrated from the LDN to the HIPPI
HPDF. During this third phase, we successfully attached NCAR's CRAY Y-MP8/864 supercomputer to
the HIPPI HPDF.

Finally, in late FY 93, we added a second NSC PS-32 HIPPI switch to the HPDF to provide
additional connectivity of equipment outside the 50-meter HIPPI cable-length restriction, and to
provide disaster backup and redundancy for the original PS-32 switch.

Project Midas and Other Storage Devices. Project Midas replaces the STK ACS 3480-
compatible tape system with tape systems capable of higher density and higher transfer speeds. We
took two major steps in FY 93. First, we upgraded the 3480-compatible cartridge drives to 3490E-
compatible drives, thereby doubling the capacity of the ACS from 1 TB to 2 TB. Second, we
enhanced the ACS robotics with the so-called "Powderhorn" upgrade, thereby more than doubling
the number of mounts per second that were obtainable prior to the upgrade.

We enhanced the MSS disk-farm file-allocation scheme in FY 93 to allow a disk-farm file to be
allocated using a maximum of 16 separate disk sections, thereby decreasing disk fragmentation and
increasing effective utilization of disk space. Prior to the enhancement, disk-farm allocations had to
use one contiguous extent of physical disk space for each file, which caused disk fragmentation and
lowered effective disk space utilization.

Mass Store Control Processor and MSS Software. The MSCP was upgraded from an IBM 3090-
110J to an IBM 3090-150J, thereby doubling MSCP computing capacity. This upgrade was
necessary because the existing MSCP was fully loaded at the end of FY 92. Shortly after the upgrade,
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the MSS throughput reached an all-time peak of 8 TB per month to/from client hosts, plus an
additional 8 TB per month of internal MSS storage hierarchy staging and migration activity. The
MSS could not have reached these levels without the MSCP upgrade.

We developed a multitasking version of the import/export software to speed-match data transfer
rates of the external devices with the data transfer rates of the MSS devices. Faster import/export
turnaround and decreased MSS device contention resulted from this software improvement.

Networking and Data Communications

Network Hierarchy

Wide Area Networks. WANs are networks that consist of point-to-point links and switches that
generally span city, state, and even international boundaries. The primary function of WANs is to
interconnect LANs and/or voice networks at sites that are located large distances from each other.
NCAR is directly attached to such WANs as NSFNET (National Science Foundation Network), the
NASA Science Internet (NSI), and WESTNET, as well as several smaller networks.

Metropolitan Area Networks (MANs). MANs are like WANs, except on a smaller scale. They too
consist of links and switches, but everything is located within a county-sized geographic area. Like
WANs, MANs interconnect LANs and (or) voice networks at physically separate sites. NCAR utilizes
several T1 (1.544 Mb/sec) links and a T3 (45 Mb/sec) link to interconnect its six Boulder County sites
for transmitting voice and data among the sites.

Local Area Networks. LANs are data communication networks located within building-sized
areas. LANs generally consist of several PCs, workstations, and/or mainframe computers attached to a
common bus such as Ethernet or FDDI.

NCAR primarily uses Ethernet, FDDI, Thinnet, and repeated fiber-link technology for its LANs.
Both bridges and routers are used in various places between LAN segments. The primary routed
protocols at NCAR/UCAR are Internet Protocol (IP) and DECnet, a Digital Equipment Corporation
network for DEC computers and network devices, and AppleTalk.

Asynchronous/Twisted-Pair Networks. At NCAR, most asynchronous terminals are now
connected to terminal servers, which are themselves attached directly to some LAN. The terminal
servers provide the protocol support necessary for a terminal to establish a connection to remotely
attached hosts or workstations. Modems for both inbound and outbound dialed data connections are
attached to both terminal servers and the Private Automatic Computer Exchange (PACX) port
selection device. Local calls as well as 1-800 dial-in service are available. Asynchronous printers, too,
are supported via terminal servers or a PACX connection. Finally, NCAR supports several large
LocalTalk (AppleTalk) networks built with twisted-pair technology.

Back-End Networks. Back-end networks are usually very high-speed networks attached to a
small number of very fast or very large computers. A back-end network is generally limited to
performing specialized, high-volume data transfers among its attached nodes and usually one or
more attached mass storage systems. NCAR currently utilizes three back-end networks to connect a
variety of supercomputers to a mass storage system and several front-end and gateway computers.
Two of these networks are currently constructed from NSC HYPERchannel adapters, while the third
utilizes HIPPI channels connected with an NSC PS-32 HIPPI switch. One of the HYPERchannel
back-end networks, the MASnet, provides for high-volume file exchange and input/output queuing
among its attached nodes. The other HYPERchannel back-end network, the LDN, is a cross-bar-like
network that connects a collection of supercomputers with the storage devices of the NCAR MSS. An
IBM 3090-150J functions as an MSCP that keeps track of data volume location and allocates paths
between storage devices and supercomputers, though the LDN is designed so that data do not actually
have to flow through the MSCP itself.
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SCD Responsibilities

Within NCAR/UCAR, SCD is responsible for the design and engineering, construction and
deployment, configuration, operation, maintenance, performance-analysis, tuning, monitoring, and
problem-diagnosis of the following specific networks and components located at nine NCAR/UCAR
buildings at six Denver Metro sites:

* WAN attachment support. This includes attachments to NSFNET, NSI, the National Institute of
Standards and Technology (NIST), Los Alamos National Laboratory (LANL), Rad Academica
de Mexico (RAM), WESTNET, Oregon State University, Cray Computer Corporation, and three
Federal Aviation Administration (FAA) sites involved in a project for the NCAR Research
Applications Program.

* MAN support. This includes a T1 multiplexed voice and data network which connects all
NCAR/UCAR sites in the Denver Metro area, plus a T3 link that provides a 45 Mb/sec data
service between the Mesa Laboratory (ML) and Foothills Laboratory (FL) sites.

* IP Engineering and LAN support. This includes bridge, hub, and router support for the
NCAR/UCAR divisional LAN backbone networks.

* FDDI LAN support. This includes FDDI routers, concentrators, host interfaces, and the cable
plant.

* DECnet LAN support. This includes bridge, router, and address support.

* Asynchronous support. This includes nine Annex terminal servers, three Cisco terminal servers,
the PACX port switch, dial-in modem support, terminal support, printer support, host port
support, 1-800 service, LocalTalk (AppleTalk) wiring, and leased-line support.

* AppleTalk support. This includes support for 24 AppleTalk networks involving 23 gateways.

* HYPERchannel support. This includes NSC HYPERchannel equipment used in two back-end
networks (MASnet and the LDN) and one IP LAN named Large Packet Network (LPnet).

* HIPPI support. The HIPPI-based HPDF is being built to replace the LDN back-end network.

* Wiring Plant. This includes all wiring, hub, repeater, and patch panel equipment at nine
NCAR/UCAR buildings in the six NCAR/UCAR Denver Metro area sites.

Distributed Services

SCD provides a variety of network-based computing services to a local as well as a remote user
community. The term service in this section refers to services provided via interaction with a
computer (for example, getting a file from an archive), rather than with a person (for example,
providing consulting assistance on a programming problem). Any system that provides one or more
services is referred to as a server.

File Servers

As the distributed environment evolves, access by users to files stored in various places across the
network becomes more important. Distributed file spaces have various purposes:

* Home directories provide permanent long-term storage for a user.

* Project directories provide shared, long-term storage for groups of users.
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* Temporary space provides short-term storage of files (some possibly very large) that cannot be
kept in home or project directories. This type of space may be used to allow random record
access to portions of a large dataset.

* Workstation support directories provide vendor and local software for supported architectures
of workstations.

Our main file server on the Mesa is currently an Auspex NS5000 Network Server, crestone, which
was placed into production in December 1991. Crestone provides high-speed Network File System
(NFS) service to approximately 100 SCD diskless workstations and servers, the CRAY Y-MP8/864, the
IBM RS/6000 cluster, the new SP-1, the Thinking Machines CM-5, the Sun front-end computer
(meeker), and many divisional systems. In 1993, we added 10 GB to crestone to give a total of 25 GB
of disk storage and eight Ethernet connections.

Late in 1993, we installed a new host processor on the file server. The new host processor has a
much higher bandwidth and will allow faster backups of user directories and faster completion of
other systems administration tasks.

TAGS Output Server

TAGS lets users select an output device for processing files with various formats at NCAR. TAGS
has several new capabilities, including batch videotape output and enhanced PostScript support. We
also installed Version 3.2 of the NCAR Graphics ctrans CGM translator and updated some of the
internal processing related to job parameters to handle new output devices.

PostSct. During 1993, SCD made PostScript output available on the high-speed Xerox 4050
laser printers.

On-Demand Printing. The new PostScript capabilities on the Xerox 4050s make on-demand or
"just-in-time" publishing possible. Documents may be preprocessed and then stored on the MSS for
later printing in small quantities by the users themselves. Users can more easily obtain documentation
from SCD, other vendors, and other organizations. The basic mechanisms for on-demand printing are
in place, and we will soon offer this service with a limited set of documents to users.

Videotape Output. During FY 93, we opened the batch video system to users for production
usage. As a complement to the interactive video systems at the Mesa Laboratory and Foothills Labs.
TAGS will allow users to produce animation sequences without requiring continuous user interaction.
Initially, we supported VHS, SVHS, and Umatic-SP tape formats. Staff from the Distributed
Services/Scientific Visualization (DSSV) section are developing a scripting language to facilitate the
production of animations with some simple titling.

Color Printing. PostScript for color hardcopy (paper and transparencies) from TAGS is in beta
test at the end of FY 93 via the Canon CLC500's EFI Fiery controller.

Gateway Servers

Chief Gateway. During 1993, SCD upgraded chief to act as the gateway to both the cluster and
the new SP-1. We selected the Distributed Queuing System (DQS) as our batch job submittal tool for
the cluster and SP1. (DQS functions similarly to the Network Queueing System [NQS] but does not
interoperate with NQS.) The Distributed Job Manager was selected as the job submittal tool for the.
CM-5.

MIGS and IRJE. The current gateway servers, IRJE and Mainframe and MASnet MIGS provide
batch and spooled access to NCAR's distributed resources. These gateways provide a buffer between
the NCAR computing center and the rest of the world and allow for expected and unexpected
disruptions in communications and service without the loss of information.
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IRJE provides a simple user interface based on FTP, and is primarily used by university users.
MIGS provides a command-line interface with greater flexibility and independence from the
functionality provided by the distributed resources. MIGS is primarily used by local NCAR users, and
requires the installation of a small shell script on the user's system.

Interactive Servers

The interactive servers (front-end computers) provide users with access to NCAR's distributed
resources. These users may not have access to workstations of their own, may require 24-hour service
and support, may not have good network access to NCAR, or may be away from their usual work
sites. The interactive servers provide a variety of services such as editing, job submission and output
return, e-mail, interactive previewing of graphics, and the ability to make requests of other distributed
resources.

There was little change in our interactive access servers. SCD supports two primary access servers:
meeker-a Sun-4 670MP with 4 processors for NCAR divisional or university users and niwot -a
Sun-4 690 MP for SCD's users. Most user files are mounted from the Auspex file server.

Data Servers

Data servers provide users with access to a collection of data. SCD provides or administers three
servers with various methods of access to the data.

FTP Server. The NCAR FTP server, ftp.ucar.edu, provides over 800 MB of disk space for FTP
archives with both anonymous and password access. A variety of documentation, source code,
binaries, and information is available. In addition, about 450 MB of disk space is available for the
Distributed Software Libraries (DSL). DSL is available via FTP and via an interactive menu-driven
logon (dsl.ucar.edu).

Library Server. SCD administers the NCAR library database system, an IBM RS/6000 running
AIX (IBM's version of UNIX) and Sirsi Corporation's Unicorn software. This system
(library.ucar.edu) is available via hard-wired terminals, dial-up lines, and TCP/IP network (TELNET)
connections. Users may query the book catalog, read announcements, place materials on hold, order
materials from other library systems, and make suggestions.

Unidata Family of Services. Unidata offers a package called Family of Services (FOS). SCD
administers a Sun SPARCstation (wetterhor.ucar.edu) running FOS that is connected to weather wire
services. FOS reads the National Weather Service data provided by these services, interpolates it onto a
common grid, and places it into a Network Common Data Form (netCDF) archive. FOS also provides
maps generated from the FOS database in a number of graphics formats. The database is generally
available to NCAR users, who may use the data as-is or build various other products on their own
systems. During FY 93, the load on wetterhorn grew as more users accessed the database. To reduce
the load on wetterhor, the NFS access of the data was moved to another machine.

Network Services

SCD provides several centralized network services to the NCAR community. With the installation
of the tijeras.scd.ucar.edu system at Foothills Lab, backup or secondary incarnations of the network
services become available to systems at FL in the event communications links to the Mesa Lab are
down.

Domain Name Service. The Domain Name Service (DNS) is one of our more visible services.
DNS provides a lookup service that maps system names to network addresses. The primary DNS
server resides on ncar.ucar.edu, and several secondary servers are defined. Delegation of the DNS
authority to each NCAR division allows administrators to assign names and addresses for divisional
systems. A global NCAR-wide list of hosts is constructed automatically from the DNS databases and
is made available via anonymous FTP.
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Electronic Mail and News Service. Electronic mail is supported by the primary and secondary
"Central Post Office" (CPO) systems: ncar.ucar.edu and tijeras.scd.ucar.edu. These systems
understand the specifics of routing mail to the outside world, as well as delivering mail addressed to
NCAR users using their full name or their SCD logon name aliases. This means that mail addressed to
"user@ncar.ucar.edu" will be delivered regardless of the actual system on which the user reads
his/her mail.

Information Services

SCD is participating in the trend toward making information available online and over the
Internet in an organized fashion. This information includes: general information (NCAR, SCD, etc.),
specific information (NCAR Graphics, data available) and actual access to other services (local and
remote libraries, etc.). During 1993, SCD began providing two new information services. The first
service, Gopher, is an ASCII text-based, hierarchically structured system that is very easy to
administer and use, and makes a wide amount of information available. The information can be put
into gopher itself or can be pointed to by another gopher server.

The second information server that DSSV is supporting is a World Wide Web server with a
National Center for Supercomputing Applications (NCSA) Mosaic browser for our X Window users.
Mosaic overcomes Gopher's main limitation (only ASCII text) and is a hypermedia-based tool.
Mosaic can send graphics images, sound, and videos over the internet to a user's workstation. All of
this information can be linked together in a logical and intuitive fashion. Mosaic can also point to
Gopher, WAIS, ARCHIE and other information browers.

Scientific Visualization

SCD's Scientific Visualization Group (SVG) focuses on creating and supporting visualization
tools and services for use by the atmospheric, oceanographic, and general scientific and engineering
research communities. Primary areas of focus for visualization are: NCAR Graphics support; NCAR
Graphics development; visualization, animation, and multimedia; and support of a visualization
infrastructure.

Highlights for the SVG in FY 93 included: the release of Version 3.2 of NCAR Graphics;
the release of production video service on the TAGS; an Open House for the Interactive Visualization
Laboratory at Foothills Laboratory on 7 October 1992; and the procurement and installation of an
SGI workstation in the Mesa Visualization Laboratory which is configured for HPCC Grand
Challenge visualization of large model datasets.

NCAR Graphics Support

In FY 93, about 40% of SVG staff time was dedicated to supporting NCAR Graphics for NCAR
and the distributed research community. About 1,500 sites have licensed NCAR Graphics.

NCAR Graphics is a continually evolving package. In FY 93, UNIX Version 3.2 was released,
which included a number of major enhancements. In Version 3.2, we added functionality and
capabilities, including: high-quality text; inverse map transformations; direct output of graphical
objects into an X11 window; support for multiple simultaneously open windows; and improved
compatibility of graphics utilities. For example, it is now possible to overlay contours, vectors, and
streamlines on any of the standard NCAR Graphics mapping projections.

Supporting the Auto-Installation Process. SCD provides and maintains a UNIX installation
system that auto-installs NCAR Graphics across a wide variety of popular UNIX systems. We port the
auto-install process and the software to new popular systems as they evolve. Auto-installation-
supported UNIX systems in FY 93 were:

CRAY Y-MP (UNICOS 6.1)
* DECstation (ULTRIX 4.3)
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Hewlett-Packard (HP) 9000 series 7xx
IBM RISC System/6000 (AIX 3.2)

· Silicon Graphics, Inc. (SGI) 4R-series (IRIX 4.0.5C)
Sun-3 series (OS 4.1)
Sun-4 series (OS 4.1, Fortran 1.4)
Sun-4 series (Sun OS5.1, Solaris 2.1)

Visualization, Animation, and Multimedia

One of SVG's goals is to enhance scientific computing by providing state-of-the-art systems,
support, and development for visualization, animation, multimedia, education and outreach, as well as
more focused support for specific scientific projects, such as HPCC and MECCA. In support of our
goal of advancing visualization at a level commensurate with our role as a supercomputing center and
a premiere research organization, we provide a carefully structured portfolio of capabilities and
support.

Visualization. An FY 93 highlight was the opening and associated Open House for the FL
visualization lab. The construction of this facility was requested by a committee of staff from the
other NCAR divisions who wanted to make sure that FL had animation facilities comparable to those
at ML. The new facility has seen steady productive use since it opened.

In FY 93, the visualization labs were host to many people, including scientists and technical staff
involved in animation and visualization work, as well as many visiting groups. The list includes HAO,
MMM, CGD, RAP, COMET, CU, CSU, the Naval Postgraduate School, the Canadian Meteorological
Center, the US Air Force, the University of Chicago, Lawrence Livermore National Laboratory
(LLNL), the Climate Impacts Centre in Australia, MECCA researchers, HPCC researchers, various
conference attendees, and more. The labs were also host to a live production on NCAR's role in
environmental caretaking that was broadcast on cable television, a production on El Nino that was
broadcast in Japan, and other productions on climate change and NCAR's role in studying the
problem. A prominent section in UCAR's Annual Report was dedicated to discussion on the
laboratories. FY 93 was a very busy year in the visualization labs.

Animation. The long-awaited TAGS video animation and duplication facility went into
production phase in FY 93, allowing NCAR researchers to produce complex, high-quality animations
without leaving their offices or having to contact anyone for assistance. TAGS animation allows the
researcher to automatically have video animations produced by simply sending digital imagery over
the network, or by placing the imagery on the MSS. It is, for all practical purposes, a video printer
optimized for scientific animation production. Support has been provided for enough video formats
to satisfy practically any requirement: VHS, Super-VHS, Umatic-SP, and broadcast-quality Betacam-
SP.

Multimedia. FY 93 brought with it the NCSA Mosaic multimedia authoring and delivery
environment. Mosaic provides us with the ability to easily author multimedia documents on UNIX
platforms, incorporating text, digital imagery, animations, audio, and create hypertext links to other
documents. Furthermore, presentations using Mosaic can be delivered on UNIX, Macintosh, and PC
platforms. NCSA Mosaic is being administered by SCD as a new mechanism for reaching our
constituents across the nation and around the world.

Support of a Visualization Infrastructure

SCD actively participates in the process of building a wide community visualization
infrastructure. We are collaborators in NCAR's VUG, as well as SLATEC, a national group that
contains many of the larger NSF, NASA, and Department of Energy (DOE)-sponsored laboratories.
We submit proposals for, and have sponsored as credited student projects, visualization development
projects with University of Colorado (CU) teams of computer scientists. We work with the UCAR
Intellectual Properties Group to provide the transfer of technology.
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SCD has collaborated with other vendors to build visualization tools and services, including
Digital Equipment Corporation (DEC), IBM, and Silicon Graphics Inc. We participate in visualization
workshops and conferences such as Supercomputing, Visualization, the Special Interest Group on
Graphics of the Association for Computing Machinery annual meeting (SIGGRAPH), the DOE
Graphics Forum, the X Window System Consortium, the Cray User Group (CUG) Graphics Special
Interest Group, SCD User Conference, and Site Liaison Workshop.

CU Student Project. SVG sponsored its fourth consecutive software development project as part
of a one-year computer science class at the University of Colorado. The project was called InVisable
(Interpolate and Visualize Randomly Scattered Scientific Data). In this project, random data are read
in netCDF format. Variables to be interpolated, as well as the interpolation technique and parameters
associated with it, are selected. A separate process is spawned to do the interpolation. The gridded
results (currently equally spaced) can then be written to a netCDF file and/or visualized. A difference
field, based on interpolating the random points from the gridded points and subtracting the original
random points, can also be displayed.

Unidata. SVG promoted the use of Unidata's netCDF as an interface for scientific datasets, and is
incorporating netCDF data input into new visualization tools. SCD encouraged the NCSA project to
add the netCDF interface to the Hierarchical Data Format (HDF). We also encourage the netCDF
logical extensions being developed at LLNL and Texas A&M. Data access via netCDF will be an
important aspect of the interactive NCAR Graphics package.

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 observed data and analyses and is used for major national and international
atmospheric and oceanic research projects.

There are now over 400 distinct datasets in the archive, ranging in size from less than 1 MB to
over 1 TB. As of August 1993, DSS had a total of 103,314 files on the NCAR Mass Storage System
(compared with 80,538 in August 1992). The DSS data volume is 4.072 TB (3.085 in August 1992).
These DSS numbers compare with total MSS data of 1,351,271 files and 36.28 TB; therefore, DSS
has 7.65% of the total files and 11.22% of the total volume. In August 1992, these two percentages
were similar: 7.61% and 11.31%, respectively.

The DSS staff provide assistance and expertise in using the archive and help researchers locate
data appropriate to their needs. Users may obtain copies of data by networking access, on various
tape media, or they may use data directly on the NCAR MSS. DSS staff also assist scientists by
providing data access programs (to read and unpack data) and other software for data manipulation,
as well as a variety of written materials.

From August 1992 through July 1993, DSS staff handled many requests for information about
data, data processing tools, and online access programs. Staff handled 417 requests for data to be sent
offsite. These requests required data from 497 datasets. Data were selected from 5,099 archive
volumes (holding 242 GB), and 154 GB were shipped to users. Users received the data on 333 round
tapes, 112 cartridges, 117 Exabyte tapes, and 102 PC floppies. In addition, at least 80 users received
data by electronic transfer. We delivered 29 copies of the National Meteorological Center (NMC)
gridpoint CD-ROM.

Major accomplishments completed by DSS in FY 93 were the following.

Reanalysis Project. More sets of aircraft data were processed, and four sets of rawinsonde data
were prepared.
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* CD-ROM. We met with the UCAR Advisory Panel on CD-ROMs in January 1992. The first CD-
ROM with NMC global analyses was ready about October 1992.

* Global Assessment. Many scientists performing global assessment studies are using our archive
of climate model data; we are acting as the world model data center for these studies. The users
often use the data for projects that involve agriculture, forests, rivers, or lakes. In 1993, we
received data from three 100-year runs from the German climate model.

* NMC Data. We created several large, advanced archives of data from NMC. A basic archive of
analyses on sigma coordinates was begun in September 1990. (Sigma is a coordinate system that
follows the topography of the earth.) Higher-resolution models were begun in March 1991, and a
new model began production in June 1991. These are current up to recent months, and software
is still being created.

* ECMWF Data. The new, major-advanced archives for 1985 to 1989 collected by the European
Centre for Medium-range Weather Forecasts (ECMWF) were available in June 1990. These
included extensive analyses and diagnostic products. This year, we updated the archives from
1989 to the end of 1992.
Kevin Trenberth, CGD, has prepared monthly means and statistics using the data for 1985-1989.
Bill Large, also CGD, will soon use the data for the World Ocean Circulation Experiment (WOCE),

* Satellite Data. We received 4,538 tapes of NOAA 4-km GAC data during June and December
1992. The period covered is 1989, half of 1990, and all of 1991. The data are all on the MSS.
We received about 2,100 cartridges of TOVS data, to bring our holdings up to March 1992. We
recently started an archive of data from Meteosat satellites. The archive begins 1 July 1993 and is
being developed in cooperation with associates at Colorado State University.

* Ocean Data. We completed the COADS Release la. This global marine surface dataset covers the
1980--1992 time period, extending the Release 1 data (1854--1979) and replacing the interim
data products for 1980--1991. Release la was under development for many years and is now
being used by numerous researchers. Efforts to improve COADS are not complete. Projects are
under way that will lead to a Release lb in 1994. This release will refocus on the 1947--1979
period with the purposes of including data not available earlier, recovering data not used earlier,
and using better processing methods not employed during Release 1. The combined Release la-
lb datasets are important for the associated global atmospheric reanalysis computations.
We provided data support for many other ocean research efforts. They include the Improved
METeorological (IMET) measurements from ships and buoys data as part of WOCE, special sea-
surface temperature and subsurface temperature and velocity analyzed grids for the Tropical
Ocean Global Atmosphere (TOGA) program, European Research Satellite 1 (ERS1) scatterometer
data for estimating ocean surface winds, and ocean model output data.

* Older Surface Data. We completed inventories of world surface data and are preparing these for
reanalysis. These data are mostly for 1935--1965.

* Data Exchange. DSS staff participated in several international data exchanges. During 1992--93,
formal U.S.-USSR data exchanges were less frequent than in 1991, but we did exchange several
datasets.

* Inventories. We prepared several more detailed dataset inventories for online access. More than
60 datasets in the FTP information area now include inventory information. About half of these
include high-level summary information that allows users to quickly identify which stations,
variables, and/or dates are available and how complete the record is.

Computational Support
The SCD Computational Support Section (CSS) provides state-of-the-art expertise in aspects of

computing beneficial to the atmospheric and oceanic sciences communities. We communicate this
expertise via consulting, publications, software development, and training.
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CSS conducts research in areas such as computational fluid dynamics, parallel communications
algorithms for massively parallel architectures, and numerical solutions to elliptic partial differential
equations (PDEs) using multigrid techniques. The section develops software packages and
computational techniques to make use of this research in atmospheric and ocean models.

CSS is involved in performance monitoring and benchmarking studies to ensure the efficient use
of current computing resources and to aid in selecting the most appropriate computers for the future.
We also process all university requests for computing resources and play an active role in the Fortran
standards effort.

The section engages in joint projects with groups within NCAR and from other institutions and
agencies. These projects generally benefit the broad NCAR community. Currently, CSS is involved in
projects, in conjunction with CGD, and with support from DOE's CHAMMP initiative, to develop a
state-of-the-art climate model that will run effectively on massively parallel computers. Another
project is NASA Earth Observing System Data Information System (EOSDIS) project for acquisition
and distribution of data.

Allocation of Resources

The CSS is responsible for administering the allocation of computing resources to scientists
outside of NCAR. This includes the overall definition, updating, and renewal of procedures.
Frequent interactions are required with reviewers and applicants who have problems or questions
concerning allocations. A reviewer database is maintained and continually updated. Requests
received are categorized by area of interest, and appropriate reviewers are selected. Guided by the
reviewers, a recommendation is made to the SCD director as to what action will be taken concerning
small requests (those in the 0- to 100-GAU range). On a semiannual basis, the SCD Advisory Panel
reviews large requests for over 100 GAUs. Requests, support material, and reviews about each project
are provided to the panel. Careful selection of materials to be included in e-mailing to panel
members is crucial for the presentation of a fair case for each applicant. Two to six specialists are
asked to review each major computing request. In case of negative reviews, applicants are given an
opportunity to respond, and additional reviews may be deemed necessary. Statistics that summarize
usage of the facility by NCAR and universities, including analysis of availability and trends in
resource usage, are presented at SCD Advisory Panel meetings.

In the past year, we received 166 requests for 34,535 GAUs and sent them out for review. We
approved 167 requests for a total of 27,419 GAUs. Processing of requests for the year required
categorizing and soliciting reviews in all areas of atmospheric and ocean science.

CHAMMP Interagency Organization for
Numerical Simulations

The CHAMMP Interagency Organization for Numerical Simulations (CHAMMPions) project,
which is funded in part through the DOE CHAMMP initiative, is intended to provide the
technological advances required to support the development of an atmospheric circulation-simulation
system on parallel supercomputers. This project, which was initiated in the spring of 1990, is one
component of the CHAMMP effort to develop an advanced climate model with throughput capability
significantly greater than that of current models. The interdisciplinary teams at each of the three
national research institutions, Oak Ridge National Laboratory (ORNL), Argonne National Laboratory
(ANL), and NCAR jointly perform research in three related areas: advanced numerical methods,
model development, and parallel software tools. We report results of the project to the research
community via research papers, parallel algorithm libraries, software tools, and parallel
implementations of atmospheric circulation models.

At regular CHAMMPions meetings, team members from the three institutions report the status of
work at each site and plan future research and development activities with regard to the
implementation of a parallel production climate model. Specifically, ANL and ORNL staff report on
the implementation of a message-passing version of the NCAR's CCM2 for the Intel Paragon system,
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and NCAR staff report on the implementation of the CCM2 on the CM-5. NCAR scientists involved
in the project discuss the latest developments in the basic NCAR CCM2 model. Also, the meetings
provide the opportunity to hear from vendors of massively parallel computer systems, from
researchers at each institution who are involved in developing applications for MPP architectures, and
from others who may be involved in the CHAMMP initiative.

Data Parallel Implementation of the NCAR CCM2. We continued the implementation of the
NCAR CCM2 climate model on the highly parallel CM-5. The implementation effort began in April
1991 on the CM-2 and has continued on the CM-5. This parallel implementation is in the "data
parallel" programming paradigm supported on the CM-2 and CM-5. The model is currently
executing on the CM-5 and is being checked for correctness. The physics and dynamics sections of
the model have been run for over a day of model time and results compared with results from the
CRAY Y-MP version. The semi-Lagrangian transport (SLT) section of the model has also been
implemented, and the results are being carefully compared with the Cray version to ensure
correctness of the implementation. The model initialization section has been implemented and allows
the CM-5 version to start from initial datasets used by the Cray version of the model. The history tape
output and restart capabilities of the model are being implemented so that longer validation runs can
be made.

We developed ParCon, a parallel contouring utility using the X Window System from the CM-5.
This utility is written in CMFortran and provides a "quick-look" graphics output capability for
graphical display of model fields that have been written to model history tape files from the CM-5. It
will aid in debugging the NCAR Community Climate Model CCM2 code as it is completed and
compared with the Cray version. Also, it will provide atmospheric scientists a run-time capability to
analyze a climate simulation without requiring a full postprocessing run. Finally, with a little
preprocessing, multiple contours can be displayed in a "movie-loop" at about 2 frames/sec to show
the evolution of some desired field.

Performance and Benchmarking

The CSS staff are responsible for benchmarking computer systems that may be of interest to the
NCAR community. This includes systems from workstations to supercomputers. The benchmark set
that is routinely run on new systems includes a simple two-dimensional shallow-water equations
model using a finite-difference approximation that is about 400 lines of Fortran. It is run in a coarse-
resolution mode (64 x 64 grid) and a fine-resolution mode (256 x 256 grid), and a complex three-
dimensional climate model. The total number of operations on the course grid 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. 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 benchmark
results for a selection of systems that have been tested are given in Table 2. The climate model is a
portable version of an early version of the NCAR Community Climate Model (CCMOB), which
provides a test of the overall (vector, scalar, and I/O) capabilities of a computer system. Table 3 gives
benchmark results for the Community Climate Model (CCM). Systems benchmarked in FY 93
included the CCC CRAY-3, the DEC 3000/500s/AXP, and the Sun SPARCsystem 10/41 workstation.
The performance of a single-processor CRAY-3 was 358 megaflops Mflops for a coarser-resolution
shallow-water benchmark with an average vector length of 64.

RISC Architectures

Testing began on RISC-based multiple-processor systems with the installation of a "loaner"
Meiko CS1 in late September 1991. The Meiko grew from a transputer-based system with eight
processors to an Intel i860 system with 16 processors in January 1992. At the end of 1991, we
obtained an IBM RS/6000 cluster with five processors. Then, in March 1992, we gained access to a
32-processor Kendall Square KSR-1 system via the Internet. By early 1993, the KSR-1 used for
testing had been upgraded to 64 processors and two Thinking Machines CM-5s had become
available. Somewhat later, we were able to use a Convex Meta system by operating out of the vendor's
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Table 2. Performance Comparisions, Shallow Water Model-64 x 64 grid

Computer
Systemst Compiler MFLOPS Ratiott

Fujitsu VPX 240 (3.2ns) Fort77/VP 875.00 4.2
NEC SX-X/12 Fort77 SX 606.00 2.9
CRAY C90 CFT77 5.0 495.00 2.4
Cray Computer CRAY-3 (2/93) 358.0 1.7
NEC SX-2 FORT77SX 289.00 1.4
Fujitsu VP-200 FORTRAN77NP 246.00 1.2
CRAY Y-MP CFT77 V5.0 210.00 1.0
CRAY X-MP CFT77 V3 140.00 0.67
CRAY 2 CFT77 V3 125.90 0.60
Convex C240 (4 proc) 74.60 0.36
CRAY 1A CFT 1.14BF4 57.60 0.27
CRAY EL (33 MHz) CFT77 (10/93) 45.0 0.21
DEC Alpha (150 MHz) f77-o-r8 28.0 0.13
SGI Challenge (150 MHz) f77-o (dp) 26.7 0.13
IBM RS6000/550 XLF-O (dp) 25.60 0.12
DEC Vax 9000-210VP VMS 5.4 25.20 0.12
Convex C210 24.60 0.12
Silicon Graphics R4000 f77 -O 17.00 0.081
IBM 3090E/600VF VS V2.2 16.40 0.078
Dec Vax 6000-410VP VMS 15.20 0.072
IBM RS6000/530 XLF-O (dp) 12.50 0.060
IBM RS6000/320 XLF-O (dp) 9.70 0.046
Sun SPARC10/41 (5/93) 8.2 0.039
Star Technology Star Vect. -05 (dp) 8.00 0.038
DEC 5000 f77 -03 5.94 0.028
Sun 4/490 f77 -O 4.50 0.021
Sun SPARC1 f77 -O 2.34 0.011
VAX 11/780(w fpa) FORT V4.7 0.43 0.0020

t Only one processor was used, unless otherwise indicated.
tt This is the ratio of the MFLOPS for the given system, divided by the MFLOPS for the CRAY

Y-MP.

local office. We have also obtained access to an SGI Challenge system and done some testing on a
DEC Alpha workstation. Late in FY 93, NCAR obtained an IBM SP-1, and IBM briefly made an IBM
590 available.

Parallel Model Development. We adapted two programs for parallel execution on these systems.
The first was written by Gerald Browning (SCD) and Heinz-Kreiss (Courant Institute) (BK algorithm)
and is entitled "An Approximate System for Meteorology." It describes a slow-moving atmosphere,
contains only dynamics, is well posed for the initial boundary problem, and has been shown to
accurately describe large-scale atmospheric motion to two digits. We chose this model because it
could readily be split in the vertical direction for handling by independent processors if message
passing was employed. Further, the domain could be split in all three dimensions if desired, making it
possible to employ quite a large number of processors.
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Table 3. Performance Comparisons, Community Climate Model
(Version OB), Five-day Simulation

The second was an atmospheric chemistry model. This is a hemispheric model based on the
"primitive" equations, to which a chemical scheme to compute the transformations of trace gases in
the middle atmosphere has been added. It operates on a 32- x 18- x 24-km (longitude, latitude,
height) grid. The chemistry calculations divide nicely along the 18 latitude lines, and it can be run
with arbitrary numbers of latitude lines per processor, so up to 18 processors can be used. However,
because the computation also must proceed along longitude lines for a section of this code, which
moved a lot of data to enable short computation sequences, increasing the number of processors
reduced the overall performance. During the year, we further modified the chemistry program to
reduce the amount of data movement and parallelize some of the routines.

The chemistry code was ported to the CM-5 using the Connection Machine message-passing
library CMMD. At this time the port suffers from a few code sequences that do not work properly
and needs to be converted to Fortran 90 to make use of the vector hardware of the CM-5. We also
ported the code to the Convex Meta and the DEC Alpha, the latter as a single-processor system.

CPU Time Wall-clock Time

Computer Ratio with Ratio with

Systemt /O Device (secs) Y-MP (secs) Y-MP

CRAY C90 SSD 130 0.7 130 0.7
Fujitsu VPX 240 Disk 133 0.7 157 0.8
Cray Computer CRAY-3 Disk 887.1 4.7 n/a n/a
CRAY Y-MP SSD 187 1.0 193 1.0
CRAY X-MP SSD 205 1.1 219 1.1

(cft77 v3)
CRAY X-MP Disk 205 1.1 260 1.3

(cft 77 v3)
NEC SX-2 XMU 241 1.3 318 1.6
CRAY 2 Disk 414 2.2 419 2.2
CRAY 1A Disk 468 2.5 1386 7.2
DEC Vax 9000-210VP Disk 526 2.8 2760 14.3
DEC Vax 9000-21OVP SSD 535 2.9 550 2.8
Silicon Graphics R4000 Disk 717 3.8 781 4.0
IBM 3090/600E Disk 855 4.6 n/a n/a
CRAY EL (33 MHz) Disk 139 0.7 n/a n/a
Convex C220 Disk 917 4.9 968 5.0
IBM RS6000/550 Disk 1750 9.4 2074 10.7
IBM RS6000/530 Disk 2730 14.6 6569 34.0
IBM RS6000/320 Disk 3280 17.5 7478 38.7
Sun SPARC2 Disk 3880 20.7 4416 22.9
Sun 4/280 Disk 10300 55.1 10920tt 56.6
IBM 4381/P14 Disk 11000 58.8 14420 tt 74.7
VAX 8550 Disk 12900 69.0 16734 tt 86.7

t All tests are on one processor.
tt Wall-clock time from run on a quiet, but not dedicated, system.
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EOSDIS Landsurface Testbed

The EOSDIS Landsurface Testbed is a joint University of Colorado /University of California at
Santa Barbara /NCAR project. As part of this project, we developed an online data distribution and
interactive display system for the collection, archiving, distribution, and analysis of advanced very
high resolution radiometer (AVHRR) high-resolution picture transmission (HRPT) data. Data are
collected from the morning and afternoon passes of the NOAA polar orbiters by equipment at the
Colorado Center for Astrodynamics Research (CCAR) and sent by network to NCAR. CCAR
navigated and map registered scenes that included some of the southwestern United States centered
around Colorado, and NCAR archived the data. By mid-1992, we extended the area covered to
somewhat more than the western half of the United States.

The project began in early FY 92 with the installation of a data-node workstation at NCAR.
Software for the product generation, ordering, and archiving is distributed among systems at CCAR,
the NCAR MSS, the IBM cluster, and the data-node workstation. The software effort tied the existing
systems/processes together to provide a menu-driven facility for ordering images.

By December 1991, a few users were able to order data from the inventory, which dated from
1989. They could also obtain the imaging software. The system evolved in response to user input and
now allows ordering, image viewing, and online browsing. Through July 1992, there were 700 orders
for 2,000 images and many logins for browsing.

Research

Research in Interconnection Network Comparisons. During FY 93, we studied interconnection
networks to determine the best network architecture to handle communications for 3-dimensional (3-
D) unstructured grids. Suppose that someone offered to build a teraflop MPP out of 16K 100-Mflop
processors and a reasonable but fixed number of interconnection wires. What interconnection scheme
would be best if your primary application of this machine was solving partial differential equations
PDEs on 3-D unstructured grids? We propose to answer this question using software tools for
partitioning, mapping, and scheduling communications to wires.

Research in the Cartesian Method. Paul Swarztrauber (SCD), David Williamson (CGD), and John
Drake (ORNL) tested the Cartesian method for solving partial differential equations in spherical
geometry and wrote a manuscript describing the method. Their codes demonstrate the viability of the
method and will comprise a section of the manuscript.

Research in the Vector Multiprocessor. Swarztrauber completed a manuscript entitled "The
Vector Multiprocessor." The computer described in the manuscript has been submitted for possible
patent and will likely be acted upon in the last calendar quarter of 1993.

Operations and Facilities

The SCD Operations and Facilities Section is responsible for the consistent and continuous
operation of the NCAR computer center, tape library and archives, and film and video output.

Operations staff are present 24 hours a day, 365 days a year. We see ourselves as the centralized
hub for exchange of information, coordination of tasks, and completion of projects. We manage the
traffic flowing through the electronic networks that represent incoming calculations to be processed,
various forms of output files that contain text, and graphics data (including creation of black-and-
white or color film and slides, video, and laser printer output), to be transferred back to the user, and
data to be archived on the NCAR MSS. We also monitor the operating systems on the mainframe
computers to make sure they are operating as designed. We monitor all systems, from mainframes to
workstations, Mesa to Foothills Labs, Mexico to Florida, using the operations monitoring utility.
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The Operations and Facilities staff are responsible for monitoring the many electrical and
mechanical subsystems required to support the needs of a supercomputer center. We determine the
procedures to follow when failures occur; notify the proper authorities, agencies, and contractors
needed to remedy these situations; and supervise repairs. We monitor the installation and soundness
of SCD's supercomputers, mainframe computers, terminal servers, and output systems. Preventive
maintenance and repairs to computing equipment and associated peripherals are performed by
contracted vendor staff or inhouse engineers. Operations is also responsible for the security of tens of
millions of dollars' worth of equipment in this national supercomputing facility. The NCAR physical
plant is serviced and administered by the Facilities and Support Services (FSS) Section at NCAR, a
part of the NCAR Director's office. Improvements to the SCD physical plant are usually
accomplished with SCD funds and performed or contracted and scheduled by FSS.

Knowledge of all the computer systems, network connections, operating systems, schedules,
mechanical facility support equipment (air conditioning, chillers, and motor generators), and SCD
policies is essential. We have written manuals for each system. Operations training is an ongoing
process, with inhouse classes, offsite workshops, and seminars. Mastery of our skills is an important
Operations goal. With this knowledge, the Operations staff is able to maintain excellent service to our
users and other divisions.

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 users in improving their
computational productivity and in increasing the cost-effective use of computing resources. This is
achieved through six functional areas within User Services: Technical Consulting, Training,
Documentation, Math Libraries Support, Graphics Support, and User Information.

Technical Consulting

The Technical Consulting Group is the first line of contact for users with scientific computing
questions or concerns. We provide a centralized point of reference for receiving and resolving
technical user problems, advising users on optimal programming techniques, recommending
documentation for SCD's computing facilities, and channeling needs expressed by users into SCD's
planning process. The Technical Consulting Group frequently collaborates with staff in other sections
of SCD; there are times when specialists, developer expertise, or system administration are required to
resolve certain complex problems. The group additionally maintains contacts with consulting groups
at other supercomputer centers external to NCAR. The general, long-term goals for the Technical
Consulting Group are to:

* sustain a high level of technical expertise in a broad array of fields in order to ensure that user
inquiries are responded to and met in an accurate, timely, and amicable manner

* develop in each consultant significant, expert technical depth within specific areas of the SCD
computing environment, including the software development of staff or user utilities

* explore and develop various methods of leading our scientific programmer community into
progressive, efficient technologies and procedures

* strive to enhance communications and collaborations among the consulting staff, users, other
technical support staff, and SCD management

* develop and maintain external contacts with our vendors as well as other high-performance
computer centers.

FY 93 continued to expand and broaden the base of knowledge needed within the Technical
Consulting Group. An average of 470 user contacts per month were processed by the entire
Consulting Office (including the User Information staff). Please note that a "contact" is defined as a
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user consultation with a Consulting Office staff member, whether by phone, e-mail, or in person
(walk-in). One contact may involve more than one question and may often require additional
research and follow-up.

The Technical Consulting Group provided consulting on a variety of platforms including: the
RS/6000 Cluster, the CM-5, and the CRAY Y-MP/864 and CRAY Y-MP/216, as well as, the CCC
CRAY-2 supercomputer. The group continued to focus on user codes and scripts that require
improvements in order to reach maximum efficiency. The group continued to maintain expertise on
the following: UNIX, UNICOS, NQS, Fortran, the MSS, MASnet, TAGS, MIGS, IRJE, tape
import/export, general software, networking, data communications, terminal emulator software, X
Window System software and usage, NCAR Graphics software, movie production, C language, Cray
vectorization and other forms of optimization (I/O, autotasking, etc.), performance analysis,
debugging, and conversion to and from the IEEE binary floating-point format.

The consultants represented university users at times when they could not be present, and, in
particular, on the MSS Advisory Committee, and at the SCDUG meetings. The Consulting Office
provided strong support and leadership to the SCD Server Coordination Team. Much of the
documentation produced by SCD was written and/or reviewed by the Technical Consulting Group;
technical examples for new documentation were provided by the consultants. In addition, each month
consultants wrote "Hints from the Consultants" in the SCD Computing News, as well as other feature
articles. The consultants recommended documentation or classes to users based on their problems or
questions.

The consultants developed test suites for the testing of new UNICOS operating systems; a Cray
Fortran compiler test suite composed of the CCM2 model was also established for compiler upgrades.
Consulting staff have developed, tested, and updated a variety of very helpful software utilities. These
included system utilities for the consultants to more easily find a variety of information necessary to
assist users and an improved utility to automatically deal with bounced mail from MSS purge notices.
There is a continued emphasis on script and code optimization; along with various tools developed to
identify codes that require improvement, there has also been a series of newsletter articles written to
reach the whole user community. The group played key roles in the plans and implementation of
new, badly needed NCAR Graphics documentation; Consulting staff wrote and revised several
sections of the resulting documents. The Consulting Office staff have been represented at the Cray
Users' Group and at the DOE Consulting Conference by members writing and presenting papers,
chairing a committee, and serving on an Advisory Council. We have also hosted many tour groups
and worked to help make the User Conference a success.

Critical to the effectiveness of the Technical Consulting Group in its service to users is the
important requirement to stay current with both new and old subjects, especially tools and compiler
internals, with which users need assistance. This past year consultants attended classes on CM-5
architecture and software, and Cray Fortran Advanced Optimization and Multitasking.

Training

Training is provided to increase users' skills and knowledge about SCD's computing resources.
This reduces their need for troubleshooting assistance and increases their ability to extract additional
computing power from the NCAR computing environment. Consulting Office staff provided courses
and presentations in specific, as-needed areas.

The Fortran Optimization Class broke new ground this year, being the first SCD class to offer
access to users via multicast over the Internet. This three-day class was broadcast to the Naval
Postgraduate School in Monterey, California, via the experimental mbone. Special arrangements for
equipment had to be made, including video hardware/software, camera, microphone, and so forth.
The High Performance Systems and Network (HPSN) section staff provided the expert assistance
needed to establish, troubleshoot, and maintain the connection to the remote site. The class was taught
once this year to 23 local participants and 5 remote participants.
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Going into its third year, the UNICOS Orientation Class was presented less often this year, since
the majority of users have become familiar with UNICOS.

The UNIX Basics Class, scheduled two weeks before each UNICOS Orientation Class, continued
to see a high percentage of NCAR/UCAR support staff-70--80%-with the remainder being
programmers and scientists. Final classes of the year used the updated version of the workbook,
which incorporated ideas and suggestions from previous years' participants and is now out in non-
draft form.

Documentation

As the supercomputing environment evolves at NCAR, new documentation is required and old
documents must be retired. The SCD Documentation Group strives to provide users with up-to-date
information on the current state of SCD's facilities. Major efforts are aimed at improving graphics
documentation and increasing the amount of on-line documentation, as well as helping users make
the transition to new, state-of-the-art systems. Documentation highlights for FY 93 are listed below:

* 8th Forum on Computer Systems for Documentation, 4-8 October 1992, in Asilomar, California.
SCD Documentation staff organized the program for this meeting, which was attended by
managers, documentation and production staff, and programmers from 10 large government-
sponsored laboratories. SCD Documentation Group staff gave the following presentations:
"TQM Approach to Developing Realistic Project Schedules," "Using Instructional Design in
Training Documents," "What Would Make Documentation Easier," and "Using Advanced
Features of Stylesheets."

* New documentation set for NCAR Graphics, Version 3.2.

* User survey: We surveyed 100 new SCD users last year to determine their level of experience with
the UNIX operating system. The overwhelming majority (87%) of respondents said they knew
UNIX prior to becoming an SCD user. Thus, we recommended changing the focus of our
introductory guides (for example, the NCAR UNICOS Primer) to more advanced topics such as
optimization and efficient use of supercomputing resources.

* SCD documentation received peer recognition in the 1992 Technical Publications and Art
Competition of the Rocky Mountain Chapter of the Society for Technical Communication (STC).
STC sponsors the competition to identify, recognize, and encourage excellence in communication
through printed media. It honors technical communicators who set the standards for published
technical communication. We received two Distinguished Awards (first place), an Excellence
Award (second place), two Merit Awards (third place), and two Achievement Awards (honorable
mention). Three entries went on to win awards at the International level, our best showing ever.

Electronic Document Production. We made considerable progress last year in the area of all-
electronic document production. We produced two NCAR Graphics manuals, the Development Plan,
and an issue of SCD Computing News almost entirely with electronic text, illustrations, NCAR CGM
graphics, and scanned photographs. The advantages of using electronic files span the production of
published documents as well as use in on-line documentation and information systems. It has also
become possible to take digital photographs.

Rather than using traditional pasteup methods to produce our graphics manuals, we used
FrameMaker software to import graphics files "by reference only," thus ensuring our document
always had the latest version of the graphics files. This all-electronic method helped avoid the
introduction of errors (such as misplaced photos) by outside print contractors.

MetaCenter Gopher. During the past year, NCAR/SCD joined four other NSF supercomputing
centers (San Diego Supercomputing Center, National Center for Supercomputing Applications,
Cornell Theory Center, and Pittsburgh Supercomputing Center) in a joint supercomputing center
project called the "MetaCenter." Based on the concept of distributed heterogeneous computing, or
metacomputing, the MetaCenter will give scientists and engineers the capability to move portions of
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their problems directly to appropriate computer architectures without regard for where the computers
are located. As part of the NSF MetaCenter, we join in the goal to be able to share electronic files and
documentation.

The centers have been working together to implement a MetaCenter on-line information system
using Gopher protocols. Gopher is a client-server system on the Internet that is becoming a popular
resource for gathering information. SCD's Gopher server, gopher.ucar.edu, includes a pointer to the
NSF MetaCenter information on its main menu. In FY 93, we made our newsletter and almost all of
our computer user documentation available online in ASCII text form via our Gopher server.

Math Libraries Support

The Math Libraries Support Group has two equally important goals: (1) to provide the best math
libraries on SCD's compute-servers, where "best" is judged by technical advantage, user interest and
cost; and (2) to assist NCAR's computer users with the use of math software.

Planning. We planned math library acquisitions for the CRAY Y-MPs, the CRAY-3, Sun-4s and
the IBM cluster, resulting in new versions of several libraries being installed on several platforms.
International Mathematical and Statistical Library (IMSL) and Numeral Algorithms Group (NAG)
Fortran libraries were obtained and placed on shavano, and a new version of LAPACK was also
installed on shavano, the Sun-4s, and the IBM cluster. We recommended and obtained IBM's
Engineering Scientific Software Library (ESSL) on the IBM cluster.

We examined the CM-5 math Connection Machine's Scientific Software Library (CMSSL), to
make sure that user needs are covered. For math software on the CM-5, we rely on the vendor,
Thinking Machines, more than we rely on vendors of shared-memory systems, because this
architecture is new to the computing community, and community software offerings for it are rare at
this time.

Math Software Development. Our group worked with Swarztrauber of the Computational
Support Section in writing, documenting, testing, and timing version 5.0 of FFTPACK. The new
version contains real and complex multiple and multiple-dimensioned (two- and three-D) Fast
Fourier Transforms (FFTs).

Consulting. The group received an average of four questions per week, and devoted about one-
eighth of its time to answering questions and helping with software requests. About 25% of the
questions required literature and software searches. The group defines its tempo almost entirely from
this interaction with users. The development work on FFTPACK 5.0 resulted directly from user
requests.

Graphics Support

User Services' support for the NCAR Graphics package encompasses many areas: consulting
support for usage questions, user training, marketing, and distribution.

NCAR Graphics Consulting and Training. User Services provides usage consulting on NCAR
Graphics to site representatives and NCAR staff. Staff consult on the current version (now Version
3.2) and on the previous version (now Version 3.01 and 3.1) for a period of one year. Support ended
this year for Version 3.00, which included all DEC Virtual Memory System (VMS) sites.

Due to the effort that it took to design, write, and publish documentation for NCAR Graphics 3.2,
NCAR Graphics classes were postponed until Fall '93. Staff spent several months updating and
incorporating features from the new documentation into the class.

NCAR Graphics Information and Distribution. User Information staff continued to be the
central contact for providing NCAR Graphics information, answering availability questions, writing
and updating marketing information, and processing, distributing, and invoicing all orders.
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For most of the year, the group continued to receive between 100 to 150 information contacts per
month. We processed, distributed, and invoiced 89 UNIX Version 3.1 orders, and 20 VMS Version
3.0 orders. We also distributed and invoiced more than 150 copies each of the NCAR Graphics Guide
to New Utilities, Version 3.00 and NCAR Graphics User's Guide, Version 2.00 manuals as additional
documentation sets.

The NCAR Graphics exhibit was displayed at the American Meteorological Society's annual
meeting, 17--22 January in Anaheim, California; American Geophysical Union's annual meeting,
24--28 May in Baltimore, Maryland; SCD's User Conference, 11--2 June in Boulder, Colorado; and
Eurographics '93 conference 7--10 September in Barcelona, Spain. The exhibit was accompanied by
a hands-on demonstration of the latest Version 3.2 software developments.

User Information

Daily User Information. The Daily Bulletin, an online source of information about the
computing environment was published Monday through Friday. It continued to be our major vehicle
for "getting the word out quickly" when information could not wait for normal channels, such as the
newsletter.

Change control procedures notified SCD system administrators and other SCD staff, in advance,
of changes in software and hardware that might affect them, others in their group, and the user
community at large. We continued to use change control notices as a source for items that should be
published in the bulletin, often translating technical inhouse jargon to something more palatable for
users. We also gave input for coordinating work announced in the notices, and suggested items for
change control, when appropriate.

User Contact. With no increase in staff in FY 93, the User Information Group added full-time
support of the FL consulting office to its list of services, while continuing full-time staffing of the ML
consulting office. Keeping the outer office open gives users at FL access to reference and SCD-
produced documentation; assistance with file transfer and data communications; answers to UNIX, X,
and other user-information-related questions; and access to a fiche reader/printer and various
workstations and personal computers. The area has also supported numerous conference attendees at
FL who needed access and help with remote connections to home institutions.

User Information staff sent over 200 new-user packets to university and local users new to
computing in SCD, usually within a day of their receiving their login ID.

This year, the User Information Group took over the MSS purge notification for (1) users who no
longer have valid SCD computing accounts but have expiring MSS files and (2) users who have
invalid e-mail addresses in the User Master File (UMF). This very time-consuming task benefits not
only past users, but the division as a whole, as much information is now disseminated via e-mail.

Distribution of Information. Distribution of SCD-written documentation (UserDocs and
manuals) set another record this year, probably because of the addition of a documentation library at
Foothills Lab. Users took over 2,360 documents from the walk-in supplies stocked at both the Mesa
and Foothills Labs. Staff distributed an additional 2,600+ documents through telephone and online
requests. The group also continued to forward computer and film/fiche output to users at remote sites,
shipping close to 1,028 packages for the year. (Output is collected and shipped mid-day, Monday
through Friday.)

Visitor Assistance. Visitors and NCAR staff continued to use the SCD User Area, accessing SCD's
supercomputing facilities and other remote computers, producing papers, transferring files to and
from mainframes and PCs, and taking advantage of available software on the IBM PCs and
Macintoshes. Terminal hardware and software in the User Area were maintained throughout the year,
and staff supported use of the licensed software.

Another color SPARCstation IPC and Macintosh IIci were acquired for the area, bringing the total
to two, each; both have seen heavy use. Staff worked to get multicast capability added to the diskfull
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workstation in the area. Staff also replaced one of the IBM ATs with an IBM-compatible 486 that has
CD-ROM capabilities.

User Information staff supported an unusually large number of visitors this summer because of
the many NCAR conferences that were held at the Mesa (SCD User Conference, CCM2 Workshop,
CEDAR Workshop, and others), the Summer Employment Program students, and ASP visitors.

Conferences. During the Ninth SCD User Conference, the User Information Group organized and
coordinated staffing for conference information booths, and they assisted attendees with
communications questions/problems in the User Area. Staff provided much-needed guidance and
software/networking expertise for organizers of the CCM2 Workshop computing lab; staff also made
a presentation to CCM2 Workshop participants on the computer connections and equipment usage.

Model Evaluation Consortium on
Climate Assessment Project
The overall goal of the Model Evaluation Consortium for Climate Assessment (MECCA) Project

is to help quantify the reliability of climate change forecasts that are based on increasing atmospheric
concentrations of greenhouse gases. To achieve this goal, MECCA's research plan includes two key
elements: a set of carefully selected model experiments designed to supplement ongoing work by
other modeling groups, and an analysis strategy that focuses on the impact-oriented needs of policy
makers and the private sector.

Consortium Management

In 1990, UCAR and the Electric Power Research Institute (EPRI) identified the need for climate
research at a dedicated computing facility, which led to the founding of MECCA. EPRI and UCAR
were joined by other organizations in the U.S., as well as organizations from France, Italy, Japan, and
the Netherlands in a consortium to sponsor tests of the limits of climate models and to develop
appropriate inputs to climate risk assessments. Table 4 lists the MECCA members.

Table 4. MECCA Members

France Electricit6 de France

Italy Italian Agency for New
Technologies, Energy and
Environment

Japan Central Research Institute of
Electric Power Industry

Netherlands N.V.KEMA

United States Electric Power Research Institute

Environmental Protection Agency

National Supercomputing Center
for Energy and the Environment

Southern California Edison
Company

University Corporation for
Atmospheric Research

~~~~~~~~~~~~~~II i,
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This consortium provides individual companies, industry groups, and public organizations with
particular interest in climate change, an opportunity to leverage their funds by cooperating in the
assessment of existing climate modeling capabilities. The outcome will be more detailed analyses of
climate than would otherwise be available to the sponsors.

One key to achieving MECCA's ambitious research plan within the proposed three-year period is
uninterrupted availability of a supercomputing laboratory. To accomplish this, MECCA contracted
with SCD to operate a supercomputer dedicated to MECCA. UCAR leased a CRAY Y-MP2/216
supercomputer from Cray Research for the MECCA Project. The lease and maintenance costs have
been totally financed by MECCA.

As part of this contract, SCD augmented and made available existing hardware and personnel.
SCD's contribution to MECCA has substantially increased the global climate modeling capabilities in
the U.S. and international scientific community.

MECCA supports research by offering the use of the dedicated computing facility free of charge
to qualifying model experimenters, chosen from the worldwide community of climate scientists.
Proposals for experiments and analysis of experimental results undergo peer review by the Technical
Committee and ad hoc advisors to ensure that selected experiments are relevant to MECCA goals. All
research results will be made available to the public. Table 5 lists MECCA Phase 2 projects, as of
October 1993.

Table 5. MECCA Phase 2 Projects

Project

Interactive Land Model for Greenhouse Projections

Regional Climate Change Scenarios for the United States and Europe

MECCA Analysis Team

Tropical Deforestation: Local, Regional, and Global Consequences

Validation Processes in GCM Simulations

Simulating Crop Response to Climate Change with Regional Climate Model Scenarios

International Variability of Arctic Sea Ice

Direct and Indirect Climate Effects of Sulfate Aerosols

North Atlantic-Mediterranean Ocean Conveyor Belt Climate Experiments

Global Ocean Model Sensitivity to Wind Stress

Comparative Energetics Analysis of Climate Models with High and Low Resolutions

High-Resolution Climate Model Simulation Reliability

Modelled Effect of Other Greenhouse Gases on Climate

Coupled Atmosphere/Ocean/Sea Ice Model Experiments for Greenhouse Effect

Overall guidance for MECCA activities is provided by the Consortium Policy Committee,
composed of representatives from each member organization. A Technical Committee provides
scientific oversight within guidelines established by the Policy Committee. The current chair of the
Technical Committee is the MECCA project manager. EPRI provides financial and administrative
management services for the project, with the concurrence of the cosponsors.
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The Numerical Laboratory

SCD provides MECCA users all the services that are provided to our other users, including
documentation, consulting, networking, e-mail, data storage, and graphics.

Gary Jensen, Manager of Operations and Facilities for SCD, functions as the point-of-contact for
the Numerical Laboratory. He provides oversight of the supercomputer and assures that operations
run smoothly. He provides monthly reports to the MECCA project manager that summarize the usage
and performance statistics, and provides an initial point of contact between new MECCA
experimenters and SCD services.

The project officially began operating at full capacity on July 15, 1991, with four projects,
although checkout of models began during acceptance testing.
The CRAY Y-MP2/216 system features:

* two central processing units,
· two low-speed channels (6 megabytes per second [MBps]),
· two high-speed channels (100 MBps),
* very high-speed channel (1,000 MBps),
· 16,777,216 64-bit words of central memory,
· eight memory modules,
· 64 memory banks,

I/O Subsystem Model D with two IOP-Ds,
* An integrated Solid-state Storage Device (SSD) with 134,217,728 words of fast- access memory.

It operates under UNICOS, the Cray Research version of UNIX for supercomputers.

The combined operating system and idle time was 10.98%. During the first few months, the
MECCA Cray computer set records of performance. The long-haul performance indicates that a
system dedicated to climate modeling can achieve very high levels of performance.
The MECCA agreement suggests that the performance goal of the Numerical Laboratory correspond
to the "Standard of Performance" clause in the Hardware Lease Agreement for the CRAY Y-
MP2/216, which is 95%.

Table 6 shows that of the 37,392 wall-clock hours available during the project life, the CRAY
2/216 has been up and available for use 98.60% of the time. Preventive maintenance and downtime
came in at only 1.222%, which is outstanding, and system checkout was 0.0018%.
During the period July 1991 through September 1993, this project has utilized 90.2% of the cycles
available on the CRAY Y-MP2. This is a high level of efficiency. A unique mix of large, efficient
models run at the beginning of this project broke Cray Research speed records by clocking 99%
utilization for periods of an hour at a time. This project may set long- term records for efficient use
of a supercomputer. The high level of efficiency built into the design of these large atmospheric
models and the design of the system parameters to encourage long model runs provide an excellent
match between the needs of climate modeling and the strength of supercomputing applications.

Table 6. Summary of Computer Time Use for Cray Castle

Project to Date
(799 Days)

Total hours available on 2 processors 37,392.00

Maintenance and downtime 457.12

Systems checkout 67.11

Processor hours available to users 36,867.77

98.60%
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Joint Use Projects

NCAR Lead User

Alexander, Michael
Baumhefner, David

Bogdan, Thomas
Boville, Byron
Branstator, Grant

Brasseur, Guy

Breed, Daniel

Brinkman, Waltraud
Brown, Timothy
Bush, Andrew
Chervin, Robert
Clark, Terry

Coakley, James
Daniels, Michael
Erickson, David
Fox, Peter
Gall, Robert

Gilliland, Ronald
Granier, Claire
Hack, James

Haskins, Robert
Herring, Jackson R.

Heymsfield, Andrew
Isradar, Barnes R.
Jenne, Roy

Joseph, Dennis

Kasahara, Akira

Kiehl, Jeffrey T.

Kuo, William

Lites, Bruce
Maclean, Gordon

Collaborating Institution

University of Colorado
University of Colorado
University of Utah
University of Chicago
University of Washington
University of Colorado
University of Utah
Massachusetts Institute of

Technology
New Mexico Institute of Mining

and Technology
University of Wisconsin (Madison)
University of Colorado
University of Toronto
Various universities
University of Arizona
Bureau of Reclamation
Johannes Gutenberg University
University of Wisconsin

(Milwaukee)
Sea Space
Various universities
Purdue University
Yale University
National Severe Storms

Laboratory
University of Arizona
University of Michigan
Naval Postgraduate School
Various universities
California Institute of Technology
Massachusetts Institute of

Technology
University of Chicago
Various universities
University of Utah
Various universities
Various universities
University of Washington
University of Alaska
University of Utah
University of Chicago
State University of New York

(Albany)
Pennsylvania State University
University of Washington
University of Colorado
University of Colorado
Oregon State University
Washington State University

NCAR Lead User

Madden, Roland A.

Madronich, Sasha
Miller, Jay

Nordlund, Aake
Oye, Richard
Parsons, David
Passi, Harsh
Rasch, Philip
Rasmussen, Roy
Richmond, Arthur

Rilling, Bob
Roble, Raymond

Rotunno, Richard

Ruth, Ron
Semtner, Albert J.
Shea, Dennis
Smolarkiewicz, Piot
Swarztrauber, Paul
Thompson, Starley
Trenberth, Kevin

Tribbia, Joseph

Van Loon, Harry

Vaughan, Robin
Wade, Charles G.
Warner, Jack
Washington, Warren

Weil, Jeffrey C.
Worley, Steven
Wyngaard, John
Zipser, Edward

Collaborating Institution

University of Cologne
Colorado State University
University of Stockholm
Colorado State University
NOAA
Various universities
Various universities
Various universities
Colorado State University
Institute for Naval Oceanography
University of Chicago
Various universities
University of California (UCLA)
University of Colorado
Various universities
University of Alaska
University of Arizona
University of Colorado
Various universities
Massachusetts Institute of

Technology
Purdue University
Various universities
Naval Postgraduate School
Institute of Meteorology
University of Miami
Stanford University
Various universities
University of Alabama
University of Illinois
University of California (UCLA)
Princeton University
Yale University
University of Colorado
Iowa State University
Various universities
Various universities
Desert Research Institute
Colorado State University
University of Michigan
University of Wisconsin (Madison)
University of Colorado
Various universities
Battelle Laboratories
Colorado State University
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Outside Users Of NCAR's Computing Resources

Principal Investigator and Number of Users
by Organization

Aerospace Corporation
Walterscheid, Richard L.

Alabama, University of
Knupp, Kevin R.
Torr, Douglas

Alaska, University of
Rees, Manfred H.
Tanaka, Hiroshi
Walsh, John E.

Applied Research Corporation
Technologies
Crowley, Thomas J.

Arizona, University of
Broadfoot, A. Lyle
Dickinson, Robert
Hood, Lon L.
Hunten, Donald M.
Mullen, Steven L.
Zehnder, Joseph A.

Atmospheric and Environmental
Research Inc.
Gutzler, David S.
Rosen, Richard D.
Wang, Wei-Chyung

Boston University
Medillo, Michael

British Columbia, University of
Pielke, Roger A.

Brookhaven National Laboratory
Ma, Hong

Brown University
Park, Jeffrey J.
Prell, Warren L.
Webb, Thompson

California Institute of Technology
Liu, W. T.
Seinfeld, John H.

California, University of (Berkeley)
Chorin, Alexandre
Marcus, Philip

California, University of (Davis)
Botsford, Louis W.
Shaw, Roger
Soong, Su-Tzai
Weare, Bryan C.

3

4
5

2
1
7

California, University
Beardsley, Robert C.

of (Irvine)

California, University of (Los
Angeles)
Arakawa, Akio
Ghil, Michael
Houze, Robert A.
Kreiss, Heinz 0.
Mechoso, Carlos R.
Neelin, J. David
Turco, Richard P.
Wakimoto, Roger W.
Yanai, Michio

5

1
7
3
1
4
3

3
5

12

1

4

1

4
6
1

3
2

Carnegie Mellon University
Keith, David W.

Chicago, University of
Bannon, Peter R.
Donner, Leo J.
Macayeal, Douglas
Ramanathan, V.
Rosner, Robert
Srivastava, Ramesh C.

Cincinnati, University of
Bishop, Paul L.

Clarkson College
Kraichnan, Robert H.

Colorado State University
Bringi, V. N.
Cotton, William
Cox, Stephen K.
Grant, Lewis 0.
Gray, William M.
Johnson, Richard H.
McKee, Thomas B.
Pielke, Roger A.
Randall, David A.
Rutledge, Steven
Schubert, Wayne H.
Stephens, Graeme L.
Vonderhaar, Thomas H.

3
5

4
4
1
2

1

131
4
2

10
8
3
3
6

1

7
2
3
8
2
3

2

2

8
18
5
2
3
6
3

37
24

6
11
9
1



SCD-36

Colorado, University of
Balsely, Ben B.
Bannon, Peter R.
Biringen, Sedat
Blackmon, Maurice L.
Blumen, William
Brandt, John C.
Cathey, W. Thomas
Curry, Judith A.
Fesen, Cassandra G.
Fritts, David C.
Goldman, Martin
Grossman, Robert L.
Hanson, Howard P.
Hart, J. E.
Haupt, Sue Ellen
Hynes, James T.
Illangasekare, Tissa H.
Jordan, Harry
Kiladis, George N.
London, Julius
Maslanik, James A.
McCormick, Stephen
Salby, Murry L.
Smith, Dean F.
Solomon, Stanley C.
Thomas, Gary E.
Unknown
Wahr, John
Webster, Peter J.
Wieman, Carl E.

Columbia University
Archer, David
Broecker, Wallace
Cane, Mark
Polvani, Lorenzo M.

Cornell University
Colucci, Stephen J.
Cook, Kerry H.
Wilks, Daniel S.

Dartmouth College
Cushman-Roisin, Benoit
Lynch, Daniel R.

Delaware, University of
McCalpin, John D.

2
1
2
8
3
1
2
1
4
3
4
4
2
3
1
3
1
1
4
2
3
2
3
2
3
2
1
2
7
2

2
1
7
1

3
3
1

1
4

2

18
24

1

Denver University
Goldman, Aaron
Murcray, Frank

Desert Research Institute
Long, Alexis B.

Drexel University
Bandy, Alan R.

Environmental Dynamics Research,
Inc.
Branscome, Lee

Florida State University
Fuelberg, Henry E.
Hsueh, Ya
Krishnamurti, T. N.
Pfeffer, Richard

Florida, University of
Allen, Eric R.

Harvard University
Farrell, Brian F.
McElroy, Michael B.
Smyth, William

Hawaii, University of
Chen, Yi-Leng
Firing, Eric
Lukas, Roger
McClymont, Alexander N.
Wang, Bin

Illinois Water Survey
Kristovich, David A. R.

Illinois, University of
Beard, Kenneth
Mak, Mankin
Rauber, Robert
Robinson, Walter A.
Schlesinger, Michael E.
Walsh, John E.

Institute for Scientific Research
Guberman, Steven L.

Institute of Global Environment and
Society
Shukla, J.

Iowa State University
Chen, Tsing-Chang

Iowa, University of
Nishikawa, Ken-Ichi
Payne, Gerald L.
Smith, Theodore F.

Johns Hopkins University
Haidvogel, Dale

1

1

12
11
7

1

4
3
2

6
1
3
4

2

8
2
9
1
5
5

1

7

9

6
6
1

7
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Kansas, University of
Cravens, Thomas E.
Segal, Moti

Kyushu University
Takahashi, Tsutomu

Lowell, University of
Crowley, Geoffrey

Maryland, University of
Baer, Ferdinand
Carton, James A.
Chao, Shenn-Yu
Giese, Benjamin S.
Hamilton, Douglas
Rasmusson, Eugene M.
Schneider, Edwin K.
Shukla, J.
Vandendool, Huug M.
Vemekar, Anadu D.

Massachusetts Institute
Technology
Aubrey, David G.
Bras, Rafael L.
Dole, Randall M.
Emanuel, Kerry
Marshall, John
McWilliams, Jim
Prinn, Ronald G.
Robinson, Allan R.
Stone, Peter
Williams, Earle R.
Wunsch, Carl
Young, William R.

2
5

1

1

10
10
1
1
1
2
1

27
2
5

of

2
3
8
7
5
1
3

10
1
1
8
4

McGill University
Fritsch, Michael J. 2

Miami, University of
Bleck, Rainer
Chassignet, Eric
Leaman, Kevin D.
Lee, Thomas N.
Podesta, Guillermo
Prospero, Joseph M.
Rooth, Claes G.
Surgi, Naomi

Michigan, University of
Cravens, Thomas E.
Drayson, Roland
Gombosi, Tamas I.
Hays, Paul B.
Killeen, Timothy L.
Marshall, Hal
Mullen, Steven L.

9
4
2
3
3
3
1
5

1
2
7
1
4
4
5

Nagy, Andrew
Rea, David K.
Smith, Anne K.
Torr, Douglas

Missouri, University of
Hagan, Donald

National Science Foundation
Signorini, Sergio R.

Naval Postgraduate School
Garwood, Roland Jr.
Knight, David J.
Nuss, Wendell A.
Semtner, Albert J. Jr.

New Mexico Institute of Mining
and Technology
Raymond, David J.
Winn, William P.

New Mexico, University of
Gosz, James R.

New York, State University of
Bosart, Lance F.
Bowman, Malcolm J.
Cess, Robert D.
Chang, Julius
Middleton, Paulette
Molinari, John
Walcek, Chris J.

No Affiliation
Kraichnan, Robert H.

NOAA
Gage, Kenneth S.

North Carolina State University
Raman, Sethu
Semazzi, Fredrick H.M.

Northwest Research Associates, Inc.
Dunkerton, Timothy J.
O'Sullivan, Donal

Nova University
Proehl, Jeffrey A.
Snyder, Russell

Oklahoma, University of
Bluestein, Howard B.
Carr, Frederick H.
Fiedler, Brian H.
Gal-Chen, Tzvi

2
3
3
1

3

2

7
2
1

31

6
3

3

4
1
2
1
7
3
4

1

4

1
3

4
1

2
5

3
7
2
1
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Lilly, Douglas K.
Xu, Qin

Old Dominion University
Klinck, John M.
Ross, Robin M.
Unknown

Oregon State University
Allen, John S.
Barth, John A.
Coakley, James A.
Dillon, Thomas M.
Esbensen, Steven
Mahrt, Larry J.
Miller, Robert N.
Richter, Frank
Rutledge, Steven
Schlesinger, Michael E.

Pennsylvania State University
Ackerman, Thomas P.
Albrecht, Bruce
Aydin, Kultegin
Bannon, Peter R.
Barron, Eric J.
Frank, William
Fritsch, Michael J.
Persson, Ola
Seaman, Nelson L.
Unknown
Warner, Thomas T.
Webster, Peter J.

9
4

3
1
1

5
1
7
3
1
6
2
3
4

11

16
4
3
6

15
8

16
2
9
1

24
7

Rice University
Kimura, Mineo
Ledley, Tamara S.

Rutgers University
Avissar, Roni
Haidvogel, Dale

Scripps Institution of Oceanography
Barnett, Tim
Ramanathan, V.
Richter, Frank
Roemmich, Dean

Sea Space
Van Woert, Michael L.

South Dakota School of Mines
and Technology
Farley, Richard
Hjelmfelt, Mark R.
Orville, Harold D.
Sengupta, Sailes
Smith, Paul L. Jr.

St. Louis University
Rao, Gandikota V.

Stanford University
Street, Robert L.

Tel Aviv University
Starr, David O.

Princeton University
Orszag, Stephen
Sarmiento, Jorge L.

4
3

Texas, University of
Crowley, Thomas J.
Otto-Bliesner, Bette

Purdue University
Agee, Erest M.
Harshvardhan
Petty, Grant
Snow, John T.
Sun, Wen-Yih

4
3
2
4
2

Quebec, University of (Montreal)
Lamb, Brian

Rhode Island, University of
Arimoto, Richard
Arthur, Michael A.
Huebert, Barry J.
Lindstrom, Scott S.
Maring, Hal
Merrill, John T.

2

3
2
4
2
1
4

Toronto, University of
Peltier, William R.

Trinity College
Brown, Philip

Trinity University
Dickey, John S.

Utah State University
Bingham, Gail
Schunk, Robert W.

Utah, University of
Horel, John D.
Krueger, Steven K.
Liou, Kuo-Nan
Nogues-Paegle, Julia

2
4

5
3

3
6
5
2

1

4
2
7
4
7

1

2

3

(Arlington)
1
1

1

3

3

3
4

6
3

11
17



Virginia, University of
Galloway, James N.

Washington, University of
Baker, Marcia B.
Bretherton, Christopher
Brown, Robert A.
Colony, Roger C.
Durran, Dale R.
Hobbs, Peter V.
Holton, James R.
Houze, Robert A.
Mass, Clifford F.
Owens, W. Brechner
Reed, Richard J.
Rhines, Peter
Riser, Stephen C.
Rothstein, Lewis M.
Tung, Ka-Kit
Warren, Stephen G.

3

3
5
3
4
7

11
7
3
5
2
4
4
3
3
2

14

Wisconsin, University of (Madison)
Battisti, David S.
Hitchman, Matthew H.
Houghton, David D.
Johnson, Donald R.
Kutzbach, John E.
Schlesinger, Robert
Tripoli, Gregory J.
Wang, Pao K.
Young, John A.

Wisconsin, University of
(Milwaukee)
Unknown

Woods Hole Oceanographic
Institution
Beardsley, Robert C.
Caswell, Hal
Chapman, David C.
Davis, Cabell S.
Druffel, Ellen R. M.
Gawarkiewicz, Glen
Geyer, W. Rockwell
Helfrich, Karl R.
Hogg, Nelson G.
Huang, Rui Xin
Kelly, Kathryn A.
Musgrave, David
Owens, W. Brechner
Pedlosky, Joseph L.
Richardson, Philip
Samelson, Roger M.

Wyoming, University
Marwitz, John D.

of

Yale University
Park, Jeffrey J.
Saltzman, Barry
Smith, Ronald B.
Turekian, Karl K.

5
11
9
9

10
1
6
1
1

1

2
3
4
3
2
2
1
1
4
3
2
1
1
2
2
1

1
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2
7
4
1
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Staff, Visitors, and Collaborators

Staff

Administration

Bill Buzbee (director)
Pete Peterson (deputy director)
Julia Chapin
Sylvia Darmour
Karen Friedman
Jana Jones
Janice Kline
JoAn Knudson
Rosemary Mitchell

Computational Support

Richard Sato (manager)
Jeanne Adams
John Adams
Olivia Bortfeld (1/2)
Joe Choy
John Dennis
Steve Hammond
Paul Rotar
Paul Swarztrauber

Computer Operations and Facilities

Gary Jensen (manager)
Robert Niffenegger (manager)
Donna Barday-Rowland
Gregory Berman
Melissa Breedlove
Glenn Brown
Nancy Brown
Gaynez (Bo) Connell
Linda Fraser (1/2)
Marlene Furmanek
Julie Harris
Roxanne Hays
Ed Heitschel
Sue Jensen
Dick Lindenmoyer
Stan McLaughlin
Sue McLaughlin
Laura Morreale (1/2 on leave)
Andy Robertson
Jim Robinson
David Rowland
Susan Schemel
Larry Scott
Val Shanahan
Wes Wildcat

Data Support

Roy Jenne (manager)
Dennis Joseph (assistant manager)
Roy Barnes
Olivia Bortfeld (1/2)

Joey Comeaux
Bob Dattore
Chi-Fan Shih
Wilbur Spangler
Ilana Stern
Gregg Walters
Steve Worley

Distributed Services and Scientific
Visualization

Phylecia Brandley (manager)
Ethan Alpert
Dan Anderson
Ed Arnold
Jeff Boote
Dave Brown
Fred Clare
John Clyne
Linda Fraser (1/2)
George Fuentes
Mary Haley
Darrell Holley
Dave Kennison
Bob Lackman
Greg McArthur
Don Middleton-Link
Laura Morreale (1/2 on leave)
Herb Poppe
Craig Ruff
Tim Scheitlin
Mark Uris
Greg Woods

High Performance Systems and Networks

Bernie O'Lear (manager)
John Sloan (assistant manager)
Barb Bateman
Steve Chapel
Mary Ann Ciuffini
Dennis Colarelli
Rachelle Daily
Kathy Fryberger
Gene Harano
Del Harris
Belinda Housewright
Paul Hyder
Basil Irwin
Marla Meehl
John Merrill
Don Morrs
Long Moua
Gene Schumacher
Erich Thanhardt
Jim Weber

User Services

Ginger Caldwell (manager)
Aaron Andersen
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Brian Bevirt
Mary Buck
Lee Carter
Susan Cross
Nancy Dawson
Christine Guzy
Sally Haerer
Ken Hansen
Valeri Hart
Jeff Kuehn
Lynda Lester
Jacque Marshall
Adrianne Middleton-Link
Peter Morreale
Tom Parker
Jim Petruzzelli
Juli Rew
Susan Smith
Dick Valent
Janie Young

Visitors and Collaborators

Dates refer to the visitor's stay at NCAR during FY 93.
No dates are given for collaborators who did not visit
NCAR.

Jean-Claude Adam; Centre de Calcul Vectoriel pour la
Recherche; November 1992; High Performance
Systems and Networking Section

Michael Boettinger; DKRZ, Hamburg, Germany; July
28, 1993; Scientific Visualization Group

Tim Durbidge; Macquarie University, North Ryde,
Australia; January and September 1993; MECCA/
Scientific Visualization Group

Clay Ericson; Colorado State University; January
1993; Scientific Visualization Group

Jim Frew; University of California, Berkeley; May
1993; Scientific Visualization Group

John Hart; University of Colorado; March 1993;
Scientific Visualization Group

Ann Henderson-Sellers; Macquarie University, North
Ryde, Australia; January and September 1993;
MECCA/Scientific Visualization Group

Al Hoagland; Institute of Information Technology,
University of Santa Clara; July 1993; High
Performance Systems and Networking Section

Delores Knipp; U.S. Air Force Academy; November
1992; Scientific Visualization Group Group

Jay Larson; Macquarie University, North Ryde,
Australia; January and September 1993; MECCA/
Scientific Visualization Group

Donald Lindberg; National Coordination Office for
High Performance Computing and Communication:
July 9, 1993; SCD Administration

Andrea Malagoli; University of Chicago; October
1992 and March 1993; Scientific Visualization Group

Dave Matthews; Bureau of Reclamation; July and
September 1993; Scientific Visualization Group

Kendal McGuffie; Macquarie University, North Ryde,
Australia; January and September 1993; MECCA/
Scientific Visualization Group

Vivek Sarkar; IBM Palo Alto Research Center; April
1993; High Performance Systems and Networking
Section

Edith Schoenburg; IBM T.J. Watson; October 1992;
High Performance Systems and Networking Section

Professor Schwartz; Colorado University; October
1992; High Performance Systems and Networking
Section

Masato Shiotani; Geophysical Institute; January 1993;
Scientific Visualization Group

Ed Wright; University of Arizona; March 1993;
Scientific Visualization Group

Roberta Young; Massachusetts Institute of
Technology; June 12, 1993; Scientific Visualization
Group
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Publications

ADAMS, J.C., 1993: MUDPACK-2: Multigrid Software
for Approximating Elliptic Partial Differential
Equations on Uniform Grids with Any Resolution,
Applied Mathematics and Computation 53, 235-249.

BUZBEE, B., 1993: Workstation Clusters Rise and
Shine, Science 261, 852-853.

*LOFT, R.L., and R.K. SATO, 1993: Implementation of
the NCAR CCM2 on the Connection Machine,
Proceedings of the Fifth ECMWF Workshop on the
Use of Parallel Processors in Meteorology, Reading,
England European Center for Medium Range Weather
Forecasting, 371-388.

SWARZTRAUBER, P.N., 1993: A Parallel Algorithm for
Computing the Eigenvalues of a Symmetric
Tridiagonal Matrix, Mathematics of Computation 20
(202), 651-668.

*WILLIAMSON, D.L., *J.B. DRAKE, J.J. HACK, *R.
JACOB, and P.N. SWARZTRAUBER, 1992: A
Standard Tests Set for Numerical Approximation to the
Shallow Water Equations in Sperical Geometry,
Journal of Computational Physics 102, 211-224.

* An asterisk denotes a non-NCAR author.



Educational Activities

NCAR's educational activities bring information to groups from kindergarten through
postdoctoral levels, as well as the general public. This chapter documents the formally organized
programs. In addition, individual staff throughout NCAR make presentations to classes and public
groups, write textbooks or textbook chapters, judge science fairs, or tutor elementary through
secondary school students in math and science.

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 near 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. The program also 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.

Significant Accomplishments

* In fiscal year 1993, ASP hosted 19 NCAR Graduate Fellows (NGF) and 36 Postdoctoral Fellows.
In response to the growing length of time required for the preparation of a doctoral thesis in
geophysical sciences, the NGF appointment was lengthened to two and one-half years. During
the year, 7 NGFs continued their appointments and 12 completed their terms. Fourteen new
postdoctoral fellows were appointed and joined the program; 15 continued from the previous
year and 7 completed their terms.

* The 1993 UCAR Summer Employment Program (SEP) for minority and women undergraduates
enrolled 18 students-the highest number in the program's history. Fifteen of the students
worked in NCAR divisions, including for the first time the High Altitude Observatory. The other
three were placed in UCAR programs. (See page EA-4.)

* In April NCAR collaborated with the Live Educational Resource Network (LERN), Inc., in the
production of a live satellite field trip titled, "Caretakers of the Earth: Restoring the Balance." The
interactive broadcast program aired from NCAR, the National Science Teachers Association
national convention in Kansas City, and a Native American school in southern New Mexico.
Approximately 5.2 million middle- and high-school students and teachers in the United States
and Canada saw it. From the Scientific Computing Division's (SCD) visualization laboratory
Warren Washington (Climate and Global Dynamics Division) and Don Middleton-Link (SCD)
discussed NCAR's research in global climate change and demonstrated modeling as a research
tool. As a part of the broadcast, via satellite and a toll-free number, students were able to speak
directly with Washington and other scientists participating in the program.

* Forty middle-school teachers from four states attended the second summer institute of Project
LEARN (Laboratory Experience in Atmospheric Research at NCAR), which is funded by the NSF
Directorate for Education and Human Resources. The teachers and NCAR scientists began work
on curriculum modules in five theme areas. (See page EA-6.)
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* We completed the design of the "Thunderstorm Detectives" traveling exhibit on severe weather
and the TDWR systems that highlights NCAR microburst research and technology transfer. We
made arrangements for the exhibit's two-year tour of science museums and airports in 16 U.S.
cities. This represents NCAR/UCAR's first major science exhibition, which we expect six million
people to see.

* We completed construction of NCAR's education center, which consists of NCAR's first
classroom, a teacher resource room, and office space for education staff.

* Rene Munoz, NCAR's Education and Tour Program coordinator, was one of 23 participants
chosen to attend the University of California, Berkeley, Lawrence Hall of Science's first summer
institute in Global Systems Science. During the three-week institute the participants, mostly
classroom teachers, critiqued drafts of a five-volume curriculum, especially the first volume, A
Planet under Siege, which all had tested in their classes.

* NCAR was selected to participate in the Science Exhibits Starter Sets Program sponsored by the
Exploratorium in San Francisco and NSF. Under this program a set of interactive, hands-on
exhibits will be added to the existing exhibits at the Mesa Laboratory. The new exhibits will
greatly enhance NCAR's capability as a regional educational resource and its infrastructure for
developing national programs in informal science education.

* Media Relations contributed information on NCAR minority scientists and programmers for a
national minority data bank being developed by CSY, Inc., for use by students who need a
minority role model or mentor to talk to about careers in science.

* Two new technological developments enhanced our information dissemination activities. The
Outreach Program provided on-line access to some NCAR documents through two information
retrieval systems on the Intemet, Gopher and Mosaic. We began digitizing images from our
photo collection and produced three CDs: TOGA COARE, the Kuwait fires, and the Midwestern
floods.

* The NCAR Outreach Program and the UCAR Office of Interdisciplinary Earth Studies submitted
a proposal to the NSF Directorate for Education and Human Resources to do Phase 2 of the
Global Change Instruction Program (GCIP). GCIP Phase 2 will produce additional teaching
materials for undergraduate classes to add to the eight modules produced under Phase 1. We
received word after the end of FY 93 that the proposal will be funded.
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Selected Educational Activities in Fiscal Year 1993

Number of Institutions
Activity Number Involved

Postdoctoral fellows 67 48
NCAR graduate fellows 19 14
Graduate research assistants 35 32
Undergraduate research assistants 98 10
Cooperative theses completed 6 5
Summer Program for minority undergraduates 15 14
NCAR teaching appointments at universities 35 21
NCAR advisors on graduate research 91 32
Workshops sponsored by NCAR 28
Seminars and lectures sponsored by NCAR

Scientific 487
Nontechnical 124

TOTAL 611

K-12 teacher visitors for inservice training 332
Members of the public touring NCAR* 2676
Students (all ages) touring NCAR* 3597

* These are numbers of people who took guided tours. Visitors who took self-guided tours were not
counted.

Advanced Study Program

ASP has several roles in the educational process for individuals in the atmospheric sciences
broadly defined. The core programs are the postdoctoral appointments for young scientists within
four years after the completion of a Ph.D. or equivalent; NCAR Graduate Fellowships which allow
young scientists to complete a doctoral thesis while in residence at NCAR; and the summer
colloquium, designed to focus attention on a current topic research of special interest. Opportunities
to serve as fellows are advertised broadly and appointments are made competitively. While at NCAR,
fellows generally choose to work directly with colleagues in one of the science or facility divisions.
The detailed reports of the fellows' work will be found in the individual divisional reports.

ASP also serves as host for a few visitors who make short but regular trips to NCAR, for example
each summer. In addition, it occasionally hosts university professors on sabbatical who wish to
include climate change, weather phenomena, or more generally "global change" in the courses they
teach, or who wish to study NCAR as an example of a creative institution or a social structure.

Summer Colloquium

ASP and the Climate and Global Dynamics Division (CGD), together with support from Scripps
Institution of Oceanography, hosted a summer colloquium entitled "Clouds and Climate" in July
1993. Jeffrey Kiehl (CGD) coordinated the sessions, which featured 30 lecturers from 17 institutions.
The 38 participants represented 22 institutions in England, the Federal Republic of Germany,
Morocco, Spain, and the United States.
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The colloquium addressed three fundamental scales for cloud processes: the microscale,
including aerosol and chemistry issues; the mesoscale, including the transport of chemical species;
and the global scale, including the use of global general circulation models for cloud-climate studies.
Each of the symposium's three weeks focused on one of the cloud scales and its related physical
processes. Lecturers also presented data from relevant field studies of clouds.

Global Change Instruction Program

Through the Global Change Instruction Program (GCIP) of ASP, NCAR staff are collaborating
with a number of universities to produce a series of curriculum modules for undergraduate students.
Titled Understanding Global Change: Earth Science and Human Impacts, the series includes both
introductions to scientific principles and substantive discussions of specific global change issues.
During FY 93, three modules were completed and published, making six altogether. About 2,640
copies of the six modules have been distributed to UCAR universities and other educators. Two more
modules from the original series will be completed in FY 94: Biological Consequences of Global
Climate Change, and Climatic Variation in Earth's History.

Summer Employment Program
SEP's primary goal is to attract minorities into atmospheric and related sciences by employing

them for summer work in UCAR's scientific environment ultimately resulting in greater work-force
diversity at UCAR.

SEP and the similar HAO program for undergraduate student visitors cross-fertilized each other
in new ways this year. Having spent the past 13 years developing its program for talented new
scientists, HAO shared the benefit of its experience by hosting two SEP students. Of the other 13
students who worked in NCAR divisions, two each were in CGD and RAP; one each was in ATD, DIR,
and MMM; and six were in ACD. They are listed as visitors at the end of this chapter.

Information Support Services

ISS provides a wide range of services to staff and visiting scientists in the areas of library,
graphics, photography, publishing, and printing. ISS also is responsible for NCAR's programs in K-
12 education and public outreach.

Information and Education Outreach Program

Education and Tour Program. Annually, about 4,000 students and their teachers come to NCAR
to attend presentations on the Center and its research activities. Some of the presentations are
inservices specifically for teachers to give them background about NCAR. Typically most of the
teachers are middle and senior high school teachers from the Denver metro area, but several are
groups that represent national summer teacher workshops held in the metro area. Sponsorship has
included NSF, the Department of Energy, and the American Indian Science and Engineering Society.

The new classroom constructed this year, which will become fully operational during 1994, will
allow students and teachers to do hands-on activities and experiments. The teacher resource room
will provide educators visiting NCAR with such materials as the NCAR Audiovisuals Catalog, sample
curricula, teacher guides, and reference materials.

The Education Program has made a close alliance with the University of California, Berkeley,
Lawrence Hall of Science's Global Systems Science Project. Rene Munoz, coordinator of the
Education Program, participated in this NSF-sponsored curriculum-writing workshop to acquire
information and activities useful to pass on to students and teachers visiting NCAR. This contact will
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be maintained over the next two years of the project and beyond, to make NCAR and its resources
available to Lawrence Hall of Science education activities.

Exhibits Program. In addition to completing the design of 'Thunderstorm Detectives," the
NCAR Exhibits Program increased its collaborations with science museums and other educational
institutions to provide informal learning opportunities and enhanced science literacy related to the
atmospheric sciences. We began fundraising efforts with private foundations to obtain matching
funds for the Exploratorium's Science Exhibits Starter Sets Program.

LASERS. The Learning about Science Easily and Readily Series (LASERS), begun in 1990, is a
program to inform nonscientists within UCAR and the local community on topics in atmospheric
science. Several one-hour talks are presented each year, typically by NCAR scientists. Background
materials are written and designed by the Outreach Program in close collaboration with the presenting
scientist and serve as stand-alone updates on each topic. Because of their continued popularity, all 13
LASERS handouts produced to date were reprinted in FY 1993. They are given free of charge to
members of the public who request information on a topic covered by LASERS.

Three speakers participated in FY 93. Daniel Breed (MMM) spoke on "Lightning: The Basics,"
explaining where and how lightning develops. Marcia Politovich (RAP) presented "Let It Snow,"
covering the dynamics of Colorado Front Range snowstorms and related NCAR research. Both of
these talks were presented twice, once at each of the major NCAR laboratories (Mesa and Foothills).
UCAR president Rick Anthes spoke on "The Global Trajectory," at the Boulder Public Library
preceding the intergenerational symposium on the environment sponsored by the Walter Orr Roberts
Institute in July.

Audiovisuals Program. One principal objective of the Audiovisualsr Program during 1993 was
to digitize images from slides and videotapes to expand their usefulness both in electronic publishing
and for scientific and educational presentations. Besides providing easier viewing, digitizing the
slides onto photo CDs allows them to be put into Gopher and easily placed in NCAR publications.
The audiovisual collection is available to educators, researchers, librarians, science teachers,
publishers, film and video producers, and the print media both in this country and abroad at normal
cost.

Media Relations

The overall goal of Media Relations at NCAR is to educate and inform a variety of audiences
including members of Congress, NSF, and the lay public, about NCAR research. The principal
conduits for this message are newspaper and magazine articles and radio and television programs, all
based on interviews with scientific specialists arranged by the Media Relations Office. Weekly press
releases alert the media to upcoming events, such as field programs, the publication of important
papers, and seminars and colloquia. Our one-page research updates inform NSF personnel about
NCAR's activities so that they, in turn, can educate members of Congress on current NCAR research.
During the past year, Media Relations has become more directly involved in educational activities by
arranging interviews for a variety of media whose goal is to motivate junior- and senior-high-school
students who may choose science as a career.

To contribute to the CSY data bank of minority scientists and programmers (see Significant
Accomplishments), Media Relations identified a group of 12 NCAR scientists and two programmers.
We provided information on their educational and personal history, how they first became interested
in science, and what they do as a scientist or scientific programmer at NCAR, as well as formal
photographic portraits and action shots of each scientist at work. The group consisted of Julianna
Chow, CGD; Al Criswell, MMM; Bruce Henry, ACD; Sandra Henry, RAP; Gregory Jenkins, CGD;
Chin-Hoh Moeng, MMM; Boon Chye Low, HAO; Rolando Garcia, ACD; Bill Kuo, MMM; Gloria
Williamson and Warren Washington, CGD; and Wesley Wildcat, Gene Harano, and Darrell Holley,
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SCD. Warren Washington and Bruce Henry were also featured in a video module on atmospheric
science, one of eight which CSY has been commissioned to produce under a grant from NSF.

Project LEARN

Project LEARN (Laboratory Experience in Atmospheric Research at NCAR) is an experiential
program for middle-and junior-high school science teachers. Led by Carol MacLaren and Joyce
Gelhorn, the program brings teams of teachers from eight school districts in California, Colorado,
North Carolina, and Texas to the Project LEARN Summer Institute at NCAR for three consecutive
years beginning in FY 92.

During the academic year 1992-1993, NCAR scientists conducted five one-day workshops for 18
middle-level and junior-high-school teachers from Boulder Valley School District. The goals of
these workshops were to gauge the appropriate level of scientific material to be presented in the
summer institute, determine appropriate presentation techniques for an audience of teachers, and
enhance the science background of teachers in the Boulder Valley School District. Feedback from
scientists and teachers involved in the workshops guided planning for the summer institute.

At the second summer institute, 17 NCAR scientists worked with groups of eight teachers to
develop curriculum modules that can be incorporated into existing earth, life, physical, and general
science curriculum at the middle-school level. Each module focuses on one area of NCAR research:
greenhouse gases, ozone, biosphere-atmosphere interactions, atmospheric dynamics, and the water
cycle. Teachers will test the modules in their classrooms and revise them before the next summer
institute.

Teachers participated in pedagogic and leadership-training sessions led by educational experts
and received hands-on training in the use of Intemet as a communication and resource tool for the
classroom. They also shared strategies for adapting curriculum to incorporate atmospheric sciences.
Four units of graduate credit from the University of Colorado were granted for participation in the
institute.

Teachers from the four states conducted inservice training in their districts, with attendance
ranging from 6 to more than 40 teachers. With the average middle-level teacher reaching more than
120 students each day, the program can significantly impact science curriculum in those districts.
Some teachers also made a presentation at the National Association of Biology Teachers convention
in Denver, taught a course for preservice teachers at the University of Houston, Clear Lake; or worked
with representatives of the National Weather Service and local television weathercasters. According to
project evaluator Ron Anderson (University of Colorado), "The first stages of the project have been a
clear success. . . . The participating teachers are being prepared to (be leaders) in their school
districts."
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Staff, Visitors, and Collaborators

Staff

Advanced Study Program Staff

John Firor (director)
Barbara McDonald
Judith Miller (80%)

Information Support Services Staff

Karon Kelly (manager)

Information and Education Outreach
Program

Anatta (75%)
Marie Boyko (manager)
Millicent Butterworth
Louise Carroll
Steven Davis (25%)
Amido Goodnight (until 27 August)
Robert Henson (75%)
Irene Munoz
Juanita Razo
Lucy Warner (87.5%)

Media Relations

Anatta (25%)
Joan Frisch (manager)

Project LEARN

Joyce Gelhorn (principal investigator, 65%)
Patrick Kennedy (principal investigator, 20%)
Carol McLaren (principal investigator, 65%)
Caroline Hanson

Summer Employment Program Staff

Edna Comedy (associate vice-president, Human
Resources)

Anna Reyna-Arcos

Visitors

ASP Graduate Fellows

Stephen Augustine; University of Michigan; examine
block predictability and sensitivity of block
development to initial condition uncertainty; Joseph
Tribbia and David Baumhefner, CGD

Lynne Bennett; University of Colorado; potential for
interstate water transfers under climatic uncertainty;
Kathleen Miller, ESIG

Antonietta Capotondi; Massachusetts Institute of
Technology; assimilation of altimeter data into ocean
circulation models; William Holland, CGD

Yung-ping Chou; Columbia University;
magnetohydrodynamic equilibrium of the solar
atmosphere; Boon Chye Low, HAO

Greg Crawford; University of British Columbia, Canada;
modeling study of episodic autumnal cooling; William
Large, CGD

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

Anne DeRudder; Belgian Institute for Space Aeronomy;
natural and anthropogenic perturbations of the ozone
layer; Guy Brasseur, ACD

Ruediger Jakob; University of Colorado; numerical
algorithms in spherical geometry for the modeling of
atmospheric flow; James Hack, CGD

Jean-Francois Lamarque; Catholic University of
Louvain, Belgium; two-dimensional general circulation
model, radiative-dynamical response of a tropospheric-
stratospheric zonally averaged model to trace gas
perturbations; Guy Brasseur, ACD

Changhai Liu; Texas A&M University; numerical studies
of cumulus momentum transport; Mitchell Moncrieff,
MMM

Stuart Marlatt; University of Colorado; numerical
simulation of atmospheric turbulence; James
McWilliams, CGD

David McDonald; Iowa State University; extended-range
prediction and statistical dynamical forecasting
methods; Joseph Tribbia, CGD

Cindy Nevison; Stanford University; modeling of trace
gas fluxes-N20; William Holland, ACD

Irina Petropavlovskykh; Central Aerological
Observatory, Russia; atmospheric photochemical effects
of solar radiation; Sasha Madronich, ACD

Jon Reisner; Iowa State University; stratified flow
around three-dimensional obstacles; Piotr
Smolarkiewicz, MMM
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Anji Seth; University of Michigan; land-surface
heterogeneities in atmosphere-biosphere interactions;
Filippo Giorgi, CGD

Mark Stoelinga; University of Washington; rapid
cyclogenesis in the context of IPV thinking; Ying-Hwa
Kuo, MMM

Lin Tian; University of Chicago; measurement of
attenuation and rainfall by dual radar methods; Peter
Hildebrand, ATD

Tammy Weckwerth; University of California, Los
Angeles; convection initiation associated with
horizontal convective rolls; James Wilson, RAP

ASP Postdoctoral Fellows

Steve Arendt; University of Chicago; study of vorticity
and stratified fluids

Brad Baker; University of Washington; cloud
microphysics and turbulence

Jian-Wen Bao; Pennsylvania State University; four-
dimensional data assimilation using the adjoint method

Stephan Borrmann; Institute for Atmospheric Physics,
Mainz, Federal Republic of Germany; aerosols, cloud
physics, measurements, and optical instrumentation

Axel Brandenburg; Nordic Institute for Theoretical
Physics, Copenhagen, Denmark; explaining the solar
dynamo and differential rotation

Antonietta Capotondi; Massachusetts Institute of
Technology; assimilation of altimeter data into ocean
circulation models

Manfred Cuntz; University of Heidelberg, Federal
Republic of Germany; stellar atmospheres

Marie Dahleh; University of Chicago; midlatitude
cyclone development

Kenneth Davis; University of Colorado at Boulder; trace
gas fluxes and transport in the boundary layer

Scott Doney; Massachusetts Institute of Technology;
chemistry and physics of the upper ocean

Carl Hagelberg: Oregon State University: modeling and
analysis of microfronts with the intention of data
assimilation

Christopher Holloway; University of Colorado; wave
propagation, scattering from rough surfaces, and antenna
analysis and design

Theresa Huang; University of Michigan; numerical
modeling of the middle atmosphere; dynamic, radiative,
and chemical interactions and feedback

Gregory Jenkins; University of Michigan; investigation
of the Archean climate

Brian Johnson; University of Michigan; remote
sensing, radiative transfer and Fourier transform
spectroscopic studies of stratospheric trace gases and
aerosols in ozone chemistry

Yoshifumi Kimura; University of Tokyo, Japan;
turbulence and theoretical dynamical systems

David Kingsmill; University of California, Los Angeles;
the convection initiation problem

Rodney Kinney; University of Texas at Austin;
magnetohydrodynamical turbulence and solar
atmosphere

Joanie Kleypas; James Cook University of North
Queensland, Townsville, Australia; response of coral reef
ecosystems to global climate change

Jean-Francois Lamarque; Catholic University of
Louvain, Belgium; coupling the MM4 model with a
chemistry package describing ozone chemistry

Sukyoung Lee; Princeton University; the baroclinic
instability

Patricia Martinerie; Laboratory of Environmental
Glaciology and Geophysics, St. Martin d'Hbres, France;
response of the physics and chemistry of the earth's
atmosphere to natural perturbations that have occurred
over the last 30,000 years, focusing on large volcanic
eruptions and the last great climatic changes

Kenneth Minschwaner; Harvard University; radiative
processes: influence on climate and stratospheric
photochemistry

Raymond Najjar; Princeton University; the ocean's role
in the climate system: relative roles of ocean circulation,
biology, and chemistry in controlling atmospheric C02

Suzanne Paulson; California Institute of Technology;
field measurements, laboratory atmospheric chemistry,
and atmospheric modeling

Sergei Rodionov; State Oceanographic Institution,
Moscow, Russia; changes in levels of large lakes

Fabrizio Sassi; University of Bologna, Italy; transport
and chemistry in the middle atmosphere

Steven Siems; University of Washington; numerical
simulations of entrainment into the marine
stratocumulus
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David Smith; University of Chicago; climatic
consequences of river basin development

Mark Smith; University of Arizona; optical techniques
applied to atmospheric chemistry and global change

Steven Smith; University of California, Los Angeles;
plasma physics

Robert Tomas; University of Colorado at Boulder; large-
scale atmospheric disturbances with time scales from a
week to a month

Cynthia Twohy-Ragni; University of Washington;
stratospheric aerosols and polar stratospheric clouds;
tropospheric aerosols and condensation nuclei

Gabriel Vazquez; Universidad Nacional Autonoma de
Mexico; spectroscopy on photochemistry of molecules
of atmospheric interest

Qing Wang; Pennsylvania State University; evolution of
cloud-capped boundary layer using Electra measurements

Joe Werne; University of Chicago; direct numerical
simulation of turbulent high-Raleigh-number convection

Summer Employment Program

Merra Asres; Chicago State University; CGD

Angela Benedict; Long Island University; ACD

Lorraine Calame; City College of New York; ACD

Sheila Dorsey; Montana State University; DIR

Noelle Fukushima; University of California, Santa Cruz;
MMM

Doroteo Garcia; California State Polytechnic University;
ACD

Olafemi Gibson; Clark Atlanta University; HAO

Shing Kong; Massachusetts Institute of Technology;
UCAR Unidata

Ernest Lee; Princeton University; ACD

Minfei Leng; Grove City College; UCAR OIES

Joseph Massaquoi; Morehouse College; CGD

Shantee McQueen; Clark Atlanta University; ACD

Phil Medina; University of Colorado at Boulder; ATD

Vanitha Sankaran; University of Arizona; HAO

O. Eugene Saunders; North Carolina State University;
RAP

Chris Sharp; University of New Mexico; ACD

Mark Watson; St. Louis University; RAP

Tracey Williams; Colorado State University; UCAR
CSMP

Other Visitors and Collaborators

Dates refer to visitor's stay at NCAR during FY 93. No
dates are given for collaborators who did not visit
NCAR.

Kamran Abdollahi; Southern University; global warming
and pollution; 5 August; Media Relations

George Acquaah; Langston University, global warming
and pollution; 5 August; Media Relations

Eric Barron; Pennsylvania State University; global
change instruction; ASP

Tommy Belchevski; Chernomorski Far newspaper;
Bourgas District, Bulgaria; environmental research at
NCAR; 5 May; Media Relations

Jeff Bernstein; Jeff Bernstein Exhibition Design; design
of Thunderstorm Detectives; 9-11 May, 23-24 August;
Exhibits Program

Anita Biaiic; Czas Kravkowski, newspaper, Krakow,
Poland; environmental research at NCAR; 5 May; Media
Relations

Catalino Blance; Southern University; global warming
and pollution; 5 August; Media Relations

Minda Borun; Franklin Institute; evaluation activities;
3-5 February; Exhibits Program

Christian Brauner; Risk Management Company,
Freiburg, Germany; climate change research; 23 March:
Media Relations

Steven Businger; North Carolina State University;
Project LEARN

Philip Campbell; Physics World, London, England;
physics-related research at NCAR; 6-7 July; Media
Relatons

Rusty Carter; Ezra Productions, Lakewood, Colorado;
global climate change; 26 March; Media Relations

Kit Chin; Urban Forestry Program, Southern University,
Louisiana; global warming and pollution; 5 August;
Media Relations
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Harlan Cleveland; University of Minnesota; science
policy; 15-17 July; ASP

Richard Cumpston; Institution of Actuaries in Australia;
climate change; 17 September; Media Relations

Zola Drain; Langston University; global warming and
pollution; 5 August; Media Relations

Arthur Few; Rice University; global change instruction;
ASP

Richard Griffin; Cooperative Agricultural Research
Center; global warming and pollution; 5 August; Media
Relations

Jim Helliwell; Helliwell, Inc.; video production for
Thunderstorm Detectives; Exhibits Program

Paul Iacono; Weather Channel, Atlanta, Georgia; RAP's
Aviation Weather Development Laboratory; 31 August-
3 September; Media Relations

Judith Jacobsen; University of Wyoming; global change
instruction; ASP

Aora Kalka Pauliniova; The Environmentalist magazine,
Bratislava, Slovakia; environmental research at NCAR;
5 May; Media Relations

Sylvia Katal; Uj Neplap newspaper, Budapest, Hungary;
environmental research at NCAR; 5 May; Media
Relations

Ralph Keeling; Harvard University; precision
measurements of 02; to 31 December 1992; ASP

Richard Kerr; Science magazine, Washington, D.C.;
NCAR research; 8-10 February; Media Relations

Richmond Kinnard; Langston University; global
warming and pollution; 5 August; Media Relations

Edward Laws; University of Hawaii; global change
instruction; ASP

Ross Loomis; Colorado State University; exhibit
evaluation; Exhibits Program

Edward Lorenz; Massachusetts Institute of Technology;
dynamic meteorology; 1-31 July; ASP

Laney Mills; College of Charleston; atmospheric
science education; 15 September 1993 to 14 June 1994;
ASP

Oliver Morton; Economist magazine, London, England;
climate change research; 24 May; Media Relations

Larry Mosher; Central European Environmental
Fellowship Program, Denver, Colorado; 5 May; Media
Relations

Sharon Nicholson; Florida State University; global
change instruction; ASP

Clifton Orr; Arkansas University at Pine Bluff; global
warming and pollution; 5 August; Media Relations

Kenneth Osmond; Florida State University; global
change instruction; ASP

James Perkins; CSY, Inc., Jackson, Mississippi;
minority scientists at NCAR for national data bank; 27-
28 January; Media Relations

Tekla Perry; IEEE Spectrum magazine, San Francisco,
California; use of NCAR computers for modeling and
forecasting; 15-19 April; Media Relations

Barbel Peterson; Wochenpost Berlin magazine and
Berliner Zeitung newspaper, Berlin, Germany;
environmental research at NCAR; 5 May; Media
Relations

Lowell Pierce; independent TV producer, Denver,
Colorado; global change research; 17 March; Media
Relations

V. Ramanathan; Scripps Institution of Oceanography;
14 July; Project LEARN

M. Sakitsu; NHK Japanese Broadcasting Company,
Tokyo, Japan; El Niio; 26-27 August; Media Relations

Marek Salek; Mlady Svet magazine; Prague, Czech
republic; environmental research at NCAR; 5 May;
Media Relations

Jeffrey Severinghaus; Columbia University;
oceanography; 24 June to 6 September; ASP

Steven Shertz; Juniata College; precision measurements
of 02; to 21 February; ASP

Seab Smith; Prairie View A&M; global warming and
pollution; 5 August; Media Relations

John Snow; Purdue University; 13 July; Project LEARN

Richard Somerville; Scripps Institution of
Oceanography; Project LEARN

Einar Tandberg-Hanssen; NASA; scientific interactions;
ASP; 15 March to 14 April 1993

Patricia Taylor; University of Wyoming; social
organization of research organizations; ASP; from 7
September 1993



EA-11

Yosuto Todo; Nikkei Materials and Technology, Tokyo,
Japan; ozone hole depletion modeling; 25 June; Media
Relations

Alan Unger; Canadian Consulate, San Francisco,
California; policymaking contacts; 2 February; Media
Relations

James Wallace; Arkansas University at Pine Bluff;
global warming and pollution; 5 August; Media
Relations

Thomas Warner; Pennsylvania State University; Project
LEARN

Marian Wigand; freelance writer, Cologne, Germany;
atmospheric research at NCAR; 23 September; Media
Relations

Ed Wright; University of Arizona; global change
instruction; 15-19 March; ASP

Edward Zipser; Texas A&M University; Project LEARN
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Publications

Refereed Publications

FIROR, J., and S.L. RHODES, 1993: Political and
legislative control of global pollution. Chapter in
Global Atmospheric Chemical Change, (C.N. Hewitt and
W.T. Sturgis, Eds.), Elsevier, London and New York, 470
PP.

Other Publications

FIROR, J., and *J.E. JACOBSEN, 1993: Global climate
change and sustainable development: a critical review.
Journal of the Air and Waste Management Association
43, 707-722.

*FOX, D., *G.R. EVANS, *G.M. HIDY, *W.E.
RIEBSAME, *J. KINSMAN, J. FIROR, and *J.E.
JACOBSEN, 1993: Critical review discussion papers.
Journal of the Air and Waste Management Association
43, 1202-1212.
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