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Introduction

Each year, the NCAR Annual Scientific Report documents this center's
continuing efforts to understand the earth's atmosphere, oceans, and the sun,
through dedicated research in the broad atmospheric sciences. Under the
sponsorship of the National Science Foundation, and our parent organization,
the University Corporation for Atmospheric Research, NCAR's scientific programs
have consistently enhanced national and international efforts to aid people in their
delicate relationships with the environment.

This report describes the steady progress of ongoing research activities as well
as new initiatives. Some representative highlights of the scientific programs during
1986 include:

* The development of an improved version of the community climate model
enables us to understand better the physical causes of present and past
climates. By simulating and analyzing the physical processes involved-such
as ocean circulations; energy transfers at the earth's land, water, and ice
surfaces; turbulence; convective and stratiform clouds; and radiation-we
are progressing toward a better scientific basis for the prediction of future
climates on time scales of seasons to centuries or longer.

* NCAR scientists have developed new instruments that measure, with
highly improved sensitivity and accuracy, trace-gas species under varying
atmospheric conditions. These, and related efforts in atmospheric chemistry
research, provide vital basic information for the studies of global and regional
climate change.

* The need for continued observation and interpretation of the sun's variability
has motivated NCAR scientists to collaborate in the construction and use of
new, highly sophisticated instruments such as the Fourier tachometer (used
to measure oscillations of the solar atmosphere and so to deduce information
about the properties of the solar interior) and the Stokes polarimeter (used
to determine the three-dimensional structure of the sun's magnetic fields).
Continued analysis of data from the Stokes II instrument during the past
year has set the stage in fiscal year 1987 for beginning construction of the
next-generation Stokes III, an instrument with improved spectral, spatial,
and temporal resolution.

* NCAR made major upgrades of its computational facilities. In addition to
the replacement of one of its CRAY-1 computers by the considerably more
powerful CRAY X-MP/48 in the fall of 1986, NCAR moved rapidly toward
the installation of a new mass storage system, enhancement of the NCAR
Graphics Package, and implementation of gateways to high-speed national
networks.



Introduction

* The Genesis of Atlantic Lows Experiment (GALE), involving scientists from
NCAR and 20 universities, studied the physical processes leading to the
development of intense winter storms along the eastern U.S. coast. This
experiment used Doppler radars, surface mesonetworks, sounding systems,
and instrumented aircraft, and was the most intensive support effort ever
undertaken by NCAR.

These efforts-and many others too numerous to cite-result from NCAR's
most valuable resource: a scientific and technical staff of national and international
renown and a supporting staff equally committed to excellence. NCAR scientists
benefit from numerous interactions with colleagues from the university community.
This collaboration will continue to expand as the atmospheric sciences move
toward satisfying the future needs of our world's rapidly growing population.
NCAR continues to participate in many programs to study the earth's complex
environment as a unified, interrelated system. These programs are central to the
study of global change, which has recently received national and international
emphasis.

Problems emerging from earth's economic as well as environmental needs,
both international and multidisciplinary in scope, are an ever-increasing challenge
to NCAR scientists and their collaborators throughout the world. In order to
focus more effectively on solving these broad problems, I have defined a general
reorganization of NCAR's research efforts into four scientific and two facility areas.

The major areas of science are climate and the coupling of climate with
other terrestrial environmental systems, atmospheric chemistry, mesoscale and
microscale meteorology, and solar and solar-terrestrial physics. To make progress
in all of these scientific areas requires advanced computational and observational
facilities, and it is NCAR's mission to develop and provide them to the community.

As NCAR intensifies its research efforts and expands its facilities, its programs
will evolve and embrace developments in other formal academic disciplines. We are
thus committed to leadership, initiative, and collaboration with other colleagues
and institutions within the global geosciences community. My enthusiasm for
NCAR's potential for future accomplishments is equalled only by the center's
splendid reputation for past achievements.

Richard A. Anthes
Director

March 1987



Atmospheric Analysis and
Prediction Division

In the Atmospheric Analysis and Prediction (AAP) Division, we have studied
the atmosphere, oceans, and land surface on a wide range of time and space
scales. The focus has been on numerical models complemented by theory and
observations. We have directed investigations toward understanding the physical
causes of present and past climates and the scientific basis for prediction of
future climates for time scales of weeks to centuries or longer. To do this, we
have emphasized development of an improved version of the NCAR community
climate model (CCM) and applied it to climate simulations and forecast studies.
We have analyzed many data sets from satellites or conventional meteorological
sources to examine the important physical processes and their connections to
model simulations and carried out many other basic studies in ocean circulations,
turbulence, and convective and mesoscale storm systems.

In addition to performing individual research and collaborating with visitors
and scientists in universities and other research institutions around the world, we
participate actively in the planning and execution of national and international
scientific projects, such as the Earth Radiation Budget Experiment (ERBE),
the National Stormscale Operational and Research Meteorology (STORM) Pro-
gram, the First ISCCP Regional Experiment (FIRE; ISCCP denotes International
Satellite Cloud Climatology Program), the Tropical Ocean and Global Atmo-
sphere (TOGA) Programme, the Global Tropospheric Chemistry Program, the
Department of Energy's (DOE) Carbon Dioxide Research Program, the World
Ocean Circulation Experiment (WOCE), the World Climate Research Programme
(WCRP), the International Satellite Land-Surface Climatology Project (ISLSCP),
and the First ISLSCP Field Experiment (FIFE). We are also active on national
and international panels and committees and as editors of professional journals.

Significant Accomplishments

* Community Climate Model

Since the freezing of the Oth-generation community climate model (CCMO) in
1982, much research has been directed toward eliminating deficiencies noted in
that version. This effort has culminated in the specification of CCM1, which was
frozen this year, and in the long simulations required to document its behavior
begun in preparation for formal release to the community next year. The major
improvements in CCM1 include modifying vertical finite-difference approximations
to conserve energy and moisture without adversely affecting the simulations,
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making substantial changes in the radiation scheme, converting the vertical
diffusion to a nonlinear form evaluated in grid-point space with an eddy-mixing
coefficient that depends on local shear and stability, replacing the dry convective
adjustment by vertical diffusion in the troposphere, making the drag coefficient
used in the surface exchange a function of stability, using the equation of state
for a moist atmosphere so that virtual temperature is used where appropriate and
the variation with moisture of the specific heat at constant pressure is accounted
for, and adding an optional seasonal cycle capability as well as optional interactive
surface hydrology.

* Linear Version of the Community Climate Model

Grant Branstator has developed a linear version of CCMO and is applying it
to investigations of various problems in low-frequency dynamics. He is performing
experiments with the linear CCM to determine whether certain atmospheric
teleconnection patterns may result from barotropic energy conversion between
perturbations and the time mean flow. He is also studying how disturbances
initiated in midlatitudes can trigger precipitation anomalies in the tropics that, in
turn, act as sources of secondary wave trains.

* Mesoscale Predictability

The meteorological group of NCAR's Acid Deposition Modeling Project
(ADMP) has conducted and analyzed model experiments to better understand
mesoscale predictability. They find that the model forecasts are not very
sensitive to small perturbations in the initial conditions, but that the model is
sensitive to the treatment of the lateral boundaries as well as to its physical
parameterizations. The surface fluxes of heat and moisture can influence the model
forecast significantly within three days. The performance of the model is more
variable in different cases than it is when different physical parameterizations are
used for the same case. It appears that certain types of flow patterns are more
predictable than other flow patterns.

* Radiation Budget: Theory and Observations

Bruce Briegleb and Veerabhadran Ramanathan find that clear-sky planetary
albedos over ocean, inferred from Earth Radiation Budget Satellite (ERBS) broad-
band radiances, are mostly within 0.01 of those used in climate models. Regional
variations of inferred ocean albedo were typically 0.02 in albedo, consistent with
uncertainties in albedo resulting from variations in ocean-surface reflectivity and
in atmospheric concentrations of water vapor and marine aerosol.

* Coupled Atmosphere-Ocean Studies

Warren Washington, Gerald Meehl, Lynda VerPlank, and Thomas Bettge have
studied the possible climatic effects of increased CO 2 using a research version
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of the CCM, including now a dynamical ocean model with wind stress, heating,
cooling, and the salinity changes caused by precipitation and evaporation. The
experiments being studied are a 1-x-C0 2 run, a 2-x-C0 2 run, and a gradually
increasing CO 2 run. In addition, parameter-sensitivity studies on the effects of
changes in wind stress, resolution, and diffusion mechanisms are under way.

* Balanced Models of Intense Ocean Vortices

Peter Gent, James McWilliams, and Nancy Norton have completed three
studies of intense ocean vortices using a new numerical model of the balance
equations in a periodic domain. The phenomena studied are large, surface-
intensified vortices such as Gulf Stream rings; small, isolated vortices in the ocean
interior that have only been observed recently; and groups of small-scale structures
called balanced turbulence. In each case, they have studied finite Rossby-number
effects and compared results to quasi-geostrophic (small Rossby number) and
primitive-equation (more complete physics with gravity waves) model results.
Large finite Rossby-number effects occur in these vortices, i.e., large changes from
quasi-geostrophic results, which are accurately and efficiently obtained by the
balance equations. This very close correspondence to primitive-equation results
is obtained at substantially less computational cost. The accuracy of the balance
equations holds for Rossby numbers up to order one, while their computational
cost was about one-quarter that of the primitive equations. The balance equations
are evidently an accurate and efficient model for the study of finite Rossby-number
geophysical phenomena.

Division Office

Numerical Methods

James Hack, in collaboration with Gerald Browning and Paul Swarztrauber
(both of the Scientific Computing Division, or SCD), has been investigating the
accuracy of solutions to the global shallow-water equations by comparing the
spectral-transform method (e.g., that used in the CCM) to fourth-order finite
differences on a composite mesh and the vector spherical harmonics procedure
of Swarztrauber. At the conclusion of this investigation, they will extend the
composite mesh method to accommodate three-dimensional flow.

CCM Support

The CCM Core Group has continued to maintain the frozen CCMOB and to
develop the CCM1. In preparation for the freezing of the CCM1, the group is
revising substantially the basic code in addition to making the changes in the
algorithms listed elsewhere, as well as revising the external documentation based
on experiences of past users of CCMOB and reflecting the revised code.

3
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The capability to analyze model output provided by the CCMI modular
processor was substantially enhanced this year with the release of version PROC01
in January 1986. An NCAR Technical Note fully documenting the capabilities
of this processor is a complete user's guide and is available in an on-line form
maintained on the IBM 4341 computers at NCAR. A second Technical Note is
designed to teach new users how to access the processor and complete simple tasks
and is also a quick reference guide for more experienced users.

Land-Surface Processes

One of the major deficiences of the CCM is the lack of an interactive soil
hydrology. Hack has incorporated into the CCM1 a simple Budyko "bucket"
hydrologic model that includes predictive equations for soil moisture, snow cover,
and runoff. The results of simulations incorporating these surface processes are
quite good. Hack will compare them in detail to simulations with prescribed
surface conditions.

Robert Dickinson, working with Patrick Kennedy and Ann Henderson-Sellers
(University of Liverpool, England), has continued to improve and document
a much more detailed treatment of land-surface processes: the Biosphere-
Atmosphere Transfer Scheme (BATS). They have used the BATS for simulating
deforestation over tropical South America in the CCMO, including diurnal and
seasonal cycles. Reduced interception and evaporation from the canopy cause
temperatures to decrease by 3-5 K. The stand-alone BATS model, driven with an
imposed seasonal cycle of rainfall, mimics the seasonal cycle of soil moisture and
runoff found in the CCM simulation. The stand-alone simulations suggest a major
role for surface roughness.

Effect of Latitude on the Sea-Breeze Circulation

Richard Anthes, in collaboration with Hong Yan, a visitor from Lanzhou
Institute of Plateau Physics in China, studied the effect of latitude on the behavior
of the sea breeze. Long-term (five-day) integrations of a nonlinear numerical
model of the sea breeze at the equator, 20°N, 30°N, and 45°N indicate the
importance of latitude on the sea-breeze circulation. During the hours of strong
heating, when friction and the horizontal pressure gradient are largest and the
static stability is smallest, a local sea-breeze frontal circulation develops in a
similar way at all four latitudes. During the rest of the period, however, the
pressure gradient and frictional forces weaken, the static stability increases, and
the Coriolis force is dominant (except at the equator). Therefore, quite different
circulations evolve at the different latitudes. At the equator, the absence of the
Coriolis force results in a sea breeze at all times. At the other latitudes, the
Coriolis force is responsible for producing the large-scale land breeze. At 20°N,
the slower rotation of the horizontal wind after sunset produces a large-scale land

4
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breeze that persists until several hours after sunrise. At 300 N, the inertial effects
produce a maximum land breeze at about sunrise, and the land breeze is strongest
at this latitude. At 45°N, the rotational rate of the horizontal wind after sunset is
faster, so that the maximum land breeze occurs several hours before sunrise. These
results indicate that the Coriolis force may be more important than the reversal of
horizontal temperature gradient from day to night in producing large-scale land
breezes away from the equator.

Strategies for Large-Scale Scientific Computing

Supercomputers are indispensable tools in the atmospheric and ocean sciences
and must be placed in a versatile and interactive computing environment to
support effectively the research activities of these disciplines. Recent developments
in large-scale scientific computing suggest the need for UCAR and NCAR to
plan how they can serve these disciplines with the best possible supercomputing
environment. Francis Bretherton and Hack vigorously participated in such
strategic planning activities, resulting in the report, UCAR and NCAR Strategies
in Supercomputing, which provided the directors of UCAR and NCAR with a
comprehensive ten-year computing strategy for the NCAR laboratory.

Mesoscale Research Section

Severe-Storm Research

Mlesoscale Convective Systems. Richard Rotunno, Joseph Klemp, and
Morris Weisman have begun a study of mesoscale convective systems (MCSs),
concentrating their initial attention on squall lines since these often evolve into
the larger-scale MCSs. Through a comprehensive series of numerical experiments
using the Mesoscale Research Section's (MRS) three-dimensional, nonhydrostatic
cloud model, conducted under a wide variety of environmental conditions, they
have ascertained optimal conditions for the development and maintenance of their
simulated squall lines, and they are now isolating the underlying mechanisms.
In collaboration with David Parsons, they are also examining the relevance of
these studies to observed squall lines by examining data collected during the
Oklahoma-Kansas Preliminary Regional Experiment for STORM.

Cold thunderstorm outflows play an important role in regulating the intensity
and duration of convective storm systems. These outflows often bear striking
similarities to gravity currents produced in the laboratory. Klemp and Rotunno
have been investigating the fundamental properties of gravity currents and
thunderstorm outflows in order to clarify the analogies between the two. In
consolidating both theoretical and observational results on gravity currents
generated from laboratory experiments, shallow-water theory, and their cloud
model, they are finding fundamental similarities between squall lines and simple

5
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gravity currents that facilitate greatly the interpretation of squall-line dynamics.

Their studies also show, however, that ambient atmospheric stability and wind

shear, factors not present in simple gravity currents, can dramatically alter the

outflows and their ability to promote convection.

Tropical Cyclones. Rotunno and Kerry Emanuel (Massachusetts Institute

of Technology, or MIT) have completed a theoretical and numerical study of

tropical cyclones in which enhanced sea-surface transfer figures prominently, not

only for the maintenance of the vortex but also for its development. They are now

exploring the possibility that polar lows gain much of their intensity by the same

process (as cold arctic air pours out over the relatively warm ocean). Emanuel, his

student Maurizio Fantini (MIT), and Rotunno are also using a two-dimensional,

primitive-equation model to explore the effect of enhanced sea-surface energy

transfer on a growing baroclinic wave. They hope to clarify the general process

of explosive marine cyclogenesis and, in particular, polar-low formation. Warren

Blier, a graduate student at the University of Washington, will visit MRS to work

with Rotunno and Ying-Hwa Kuo on theoretical and modeling aspects of the polar

low.

Downslope Winds. Klemp continues to collaborate with Dale Durran

(University of Utah) in studying the factors that produce intense downslope wind-

storms. Through two-dimensional mountain-wave simulations, they investigated

the applicability of hydraulic theory to the strong Bora winds along the Adriatic

Coast. They analyzed the structure of the Bora flow from aircraft observations

collected during the Alpine Experiment and compared the results with numeri-

cal simulations. By varying the environmental sounding in the simulations, they

demonstrated that the flow produces lee-slope acceleration and a jumplike recovery

in accordance with hydraulic theory. However, they found that wave overturning,

rather than the depth of the inversion or the location of a critical layer, was the

most important factor in regulating the response. In a follow-up to this study,

Klemp and Durran are evaluating the mechanism by which wave overturning

produces strong lee-slope winds. This work supports a theory proposed by Ronald

Smith (Yale University) and demonstrates that the amplification mechanism is, in

fact, consistent with hydraulic theory.

Downbursts. Parsons and Cathy Kessinger (Atmospheric Technology Divi-

sion, or ATD) have completed a detailed study of the structure of a convective
storm that produced numerous intense downdrafts (often called downbursts).

Downbursts present a severe threat to aviation, and thus their study has practical

importance. The storm system was observed by an array of Doppler radars
during the Joint Airport Weather Studies project. The Parsons-Kessinger analysis

provided a number of findings concerning the structure of downbursts that produce
convective storms, including evidence for a strong acceleration of the downdraft



Atmospheric Analysis and Prediction Division

due to evaporation in the subcloud layer. They also documented the evolution of

the mesocyclones associated with downbursts.

In order to explain the relationship between downbursts and mesocyclones,

Parsons and Weisman are using the MRS cloud model to examine the creation
of vorticity in downdrafts. Model simulations, initialized with soundings taken
just prior to the outbreak of the convective storm that produced the downburst,
have reproduced the downburst and mesocyclone structure. Their results indicate

that the production of vorticity in the mesocyclone is related to the curvature of
the horizontal wind profile in the layer where the downdraft originates (typically

3-5 km in height). The analysis of the model simulations is under way, using
the techniques developed by Rotunno and Klemp in their studies of vorticity
generation associated with convective updrafts.

Mesoscale Research

Frontal Dynamics. Parsons, in collaboration with Tzvi Gal-Chen (University
of Oklahoma) and Carl Mohr (Cloud Systems Division, or CSD), has completed
work on the small-scale structure of cold fronts. The work suggests that cold
fronts on the scale of a few kilometers can be quite similar to density (or gravity)
currents. This type of frontal system is characterized by an intense updraft at
the leading edge of the front, which can be locally in excess of 20 m/s. The
updraft is associated with a nonhydrostatic upward-directed pressure force at the

leading edge of the front and can produce severe weather with negligible potential
instability in the warm sector. Their analysis also indicates that the winds parallel
to the front tend to be far from geostrophic. These nonhydrostatic, ageostrophic
circulations differ considerably from those inferred earlier by researchers using
coarser-mesh observations. Another feature of this type of front is the distinct
presence of along-front disturbances with mesoscale wavelengths (typically 10-
100 km). Parsons is working with John Clark (Pennsylvania State University)
in an effort to understand which dynamical processes are responsible for these
disturbances.

Dryline Circulations. In collaboration with Melvyn Shapiro and Michael
Hardesty of the National Oceanic and Atmospheric Administration (NOAA) Wave
Propagation Laboratory (WPL), Parsons is studying the circulations associated
with the dryline. Occurring in the south central United States, the dryline
is the boundary between warm, moist air that has moved over the Gulf of
Mexico and a hot, dry air mass characteristic of the high inland plateaus of
the southwestern United States. Since previous work has indicated that both
single-cell and mesoscale convective events in this region are often first formed
quite close together (e.g., within 15 km of each other), the dryline is an important
meteorological feature. The factors that initiate convection at its leading edge,
however, are unclear. For example, the vertical-motion field associated with the

7



Atmospheric Analysis and Prediction Division

undisturbed dryline on the scale of the convective forcing has not heretofore been
measured. Parsons, Shapiro, and Hardesty found a local environment that seems
conducive to deep convection, with substantial lifting at the leading edge of the
undisturbed dryline resulting in a locally deeper pool of moist air. Their finding
stands in contrast to previous studies that stressed that the moist air mass should
become shallower at an increasing distance from the source of the moist air.

Profiler Research. The recent development of a ground-based remote
sensing system called profiler for temperature, humidity, and wind measurements
represents a breakthrough in remote-sensing technology. With high measurement
accuracy and high temporal resolution, the wind profiler is considered the next-
generation observing system for the National Weather Service. The temperature
and humidity profiler, however, has a relatively crude vertical resolution at this
stage of development. How these new observing platforms can best be used
to improve daily operational forecasts and to enhance meteorological research
is an important question. Working with Shapiro and collaborators in the
Cooperative Institute for Research in the Environmental Sciences (CIRES), Kuo
has conducted a series of numerical experiments to examine the impact of profiler
observations on operational numerical forecasting and to assess the feasibility
of deriving temperature and geopotential information from the wind profiler
data. Their work shows that the profiler wind measurement has a positive
impact on short-range numerical weather prediction. Also, forecasts based on
the retrieved temperature are significantly better than those based on the direct
profiler radiometric temperature measurement. Simulating a regular array at a
station separation of 360 km, they found the performance of various hypothetical
networks in short-range numerical weather prediction to be, in descending order:
(1) profiler wind with rawinsonde temperature and moisture, (2) mixed profiler
and rawinsonde wind with rawinsonde temperature and moisture, (3) rawinsonde
wind, temperature, and moisture, (4) profiler wind and moisture with retrieved
temperature, and (5) profiler wind, temperature, and moisture.

TAMEX Planning. A multiagency, international program, the Taiwan Area
Mesoscale Experiment (TAMEX), has been planned under the leadership of Kuo.
Scientists from ten universities will also participate in this experiment, scheduled
to be carried out in May and June of 1987. TAMEX has the major scientific
objectives of understanding (1) the mesoscale circulation associated with the
Mei-Yu front, (2) the subtropical mesoscale convective systems, and (3) the effects
of orography on fronts and mesoscale convective systems. This program will
involve the NOAA P-3, three Doppler radars, and an enhanced sounding network
over Taiwan.

Mesoscale Predictability. In an effort to understand the predictability of
mesoscale circulation systems, ADMP's meteorological group has conducted 15
model experiments on 12 selected cases under the leadership of Anthes and Kuo.

8
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Preliminary analysis of these simulations has shown that the model forecasts are
not very sensitive to small perturbations in the initial conditions, but the model
is sensitive to the treatment of the lateral boundaries as well as to its physical
parameterizations. In particular, the surface fluxes of heat and moisture can
influence the model forecast significantly within three days. They also found that
the predictability of mesoscale circulation systems is very case-dependent; that is,
the performance of the model is more variable in different cases than in a given
case having different physical parameterizations. Thus, it appears that certain
types of flow patterns are more predictable than others. More analyses are under
way to refine these conclusions.

Local Circulations. Stanley Benjamin has initiated a three-dimensional
modeling study of local, topographically induced circulations in eastern Colorado,
collaborating with scientists from NOAA's Program for Regional Observing and
Forecasting Services and the Weather Research Program and with Edward Szoke of
CSD. While investigating a frequently observed surface circulation in northeastern
Colorado, Benjamin and his collaborators have shown that similar circulations
probably exist near other topographically similar features along the Front Range
where dense surface observations do not exist. Benjamin will continue to investigate
the interacting effects of surface heating and topography on this circulation.

Boundary-Layer Research

Observations. Donald Lenschow has been analyzing data collected by the
NCAR Electra aircraft during the Dynamics and Chemistry of the Marine
Stratocumulus (DYCOMS) Experiment carried out off the southern California
coast during July and August of 1985. Alan Bandy (Drexel University) and
Lenschow were coprincipal investigators, and scientists from five institutions
participated. Richard Pearson, Jr. (Colorado State University), and Lenschow
have used ozone as a tracer for measuring entrainment at the top of the
stratocumulus-capped boundary layer, a persistent summer feature. Their results
compare well with climatological averages and on most flight days are sufficiently
accurate that they can be applied to the estimation of budgets of trace-reactive
species in the boundary layer. Lenschow has also used the DYCOMS data to
examine the conditions for instability, or breakup, of a stratocumulus-capped
mixed layer. He finds that the commonly used criteria predict that the observed
stratocumulus should break up, and yet it is observed to persist for days or weeks
at a time. He has developed a modified criterion that is in better agreement with
the observations.

Lenschow is also working with Bruce Albrecht (Pennsylvania State University),
Barry Huebert (SRI International), and others in planning another observational
study of the California stratocumulus, FIRE, planned for the summer of 1987.
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The increasing sophistication of instruments for measuring trace-reactive
species in the atmosphere has led to increasing collaboration of atmospheric
chemists with micrometeorologists. Lenschow has participated in a study of
trace-reactive species in the surface layer and in an analysis of the use of a sulfur
hexafluoride tracer for studying surface emission and surface-layer mixing, with
Anthony Delany and Patrick Zimmerman (both of the Atmospheric Chemistry
Division, or ACD), Donald Stedman (Denver Research Institute), David Fitzjarrald
(State University of New York at Albany), and Brian Lamb (Washington State
University), over a wheat field in eastern Colorado during the summers of 1985
and 1986. They have completed a study of nitrogen-oxides emission and ozone
deposition over the wheat field and have developed an analytical model that
describes the interreactions of these species in the surface layer. They plan to
continue using this site to refine the measurement techniques and then move on to
more interesting but more complicated sites.

John Wyngaard used his flow-distortion research results to propose criteria
for the design of constituent flux sensors for use in the surface layer. Although
no presently available sensors seem to meet these criteria, he is working with
ATD scientists Joost Businger and Walter Dabberdt on prototype designs for
use in the Atmosphere-Surface Turbulent-Exchange Research facility now under
development in ATD.

Leif Kristensen (Ris0 National Laboratory, Roskilde, Denmark) and Lenschow
have continued to wvork on measurement questions that are particularly relevant
to instruments for measuring trace-reactive species in the atmosphere. They have
developed a model for estimating the error in mean and variance measurements
resulting from nonlinearity of the sensor output for both first- and second-
order systems. The model seems to be applicable to such instruments as
chemiluminescence trace-species sensors and hot-wire probes for measuring cloud
water. They have also shown, in collaboration with Ronald Schwiesow, Jeffrey
Keeler, and Robert Serafin (all ATD), that accurate measurements of air velocity
and wind shear from an aircraft seem to be feasible with an airborne conically
scanning continuous-wave Doppler laser system. Since the wind measurement
is remote from the aircraft, such a system would eliminate the effects of flow
distortion on the air-velocity measurement.

Large-Eddy Simulations. Stratus, as persistent and extensive cloud cover,
has a great impact on global climate. With the ultimate goal of finding an effective
parameterization for the formation and dissipation of stratus in climate models,
Chin-Hoh Moeng incorporated radiation and condensation processes into her
large-eddy-simulation (LES) model to study the structure of the stratus-topped
planetary boundary layer (PBL) and the implications for stratus-topped mixed-
layer modeling. In particular, she is studying the roles of buoyant production and
cloud-top radiation cooling in turbulence kinetic-energy generation.
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Observations often show structure in the overlying inversion of the convective
boundary layer. These features are poorly understood, however, even though
they may determine the rate of entrainment and the fluxes of momentum and
scalars into the turbulent layer. Moeng, in collaboration with David Carruthers
(University of Oxford, England), used linear theory and LES to examine the
characteristics of those waves that are dominated by a few resonant modes. They
suggested that the ratio of the temperature-pressure covariance to the temperature
variance can be used to estimate the frequency and wavelength of these resonant
modes in the inversion layer.

The principal uncertainty in the application of LES to real problems lies in

its subgrid-scale parameterizations. Increasing numerical resolution, therefore,
provides not only more detailed flow structure but also more reliable statistics.
Until recently, LES of the planetary boundary layer used grids no finer than
40 x 40 x 40. With the larger memory of the CRAY X-MP, in combination
with the Technical Computation Facility software package that allows the pressure
field to be out of core, Moeng was able to carry out 96 x 96 x 96 LES
runs at the Boeing and Pittsburgh supercomputer centers. These data sets
make possible for the first time a rigorous test of second-order closures for the
convective PBL. Moeng has studied the budgets of turbulence kinetic energy,
heat flux, and temperature variance and has examined the closure assumptions
for the transport and dissipation terms needed in second-order closure modeling.
The Mellor--Yamada second-order closure model, she found, underestimates the
turbulent transport in these budgets by a factor of 10-20 and overestimates the
energy dissipation by a factor of four. She is also studying the subgrid-scale
parameterization in the LES model by comparing the 403 and 963 runs and by
investigating the spectrum of the wind, temperature, and pressure fields near the
inertial subrange.

Using these fine-resolution data sets, Wyngaard and Moeng are studying
the transport of nonconservative scalars having a decay time comparable to the
large-eddy turnover time of the boundary-layer turbulence. Preliminary results
show that the decay process decreases the bottom-up eddy diffusivity but does not
affect the top-down eddy diffusivity as much. It does, however, decrease both the
top-down and bottom-up variances.

Turbulence Research

High-resolution numerical simulations of strongly stably stratified turbulence
may prove useful in understanding the possible cascade of energy to large scales,
a putative mechanism for energy input into the large scales of the atmosphere's
mesoscale. During the past year, Jackson Herring and Olivier Metais (Advanced
Study Program, or ASP) completed a series of such calculations designed to answer
these and related questions. The calculations indicate a weak cascade to larger
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scales, with the basic two-dimensional turbulence dominating over wave motion for

strong stratification. The flow, at strong stratification, becomes a layered system of

two-dimensional subflows, with the density of layers set by the condition that the

vertical variability dissipate most of the energy injected into the system at small

scales. It appears that, at extremely small scales, there is sufficient variability

of the horizontal motion to prevent enstrophy conservation, thereby upsetting the
conditions for inverse cascade. Thus, the idea that strong two-dimensionality
alone is sufficient for inverse cascade may prove incorrect. However, theoretical

estimates suggest that higher resolutions (approximately 128 3 ) may be necessary

to resolve this issue and that, in fact, as the resolution approaches infinity, the flow

at scales larger than the injection scale will approach k -5 / 3 (k = wave number) as

the dimension of the system becomes indefinitely larger.

Other dynamical issues investigated by Herring and Metais are the distributions

of vertical shear, vorticity, fluctuations in helicity, and the role of these distributions

in the dynamics. The fluctuations in helicity appear unimportant for strongly
stratified flows, contrary to the case of isotropic turbulence.

Wyngaard discovered a physical mechanism that could be responsible for

the systematic asymmetry in vertical diffusion properties of scalars transported

through turbulence driven by heating from below. The mechanism involves
interactions between the skewness of the transporting vertical velocity field and

the time changes in the scalar field during transport. Recent Langevin equations

have also shown asymmetric diffusion properties in this application, which suggests

that another mechanism, vertical inhomogeneity, could also be responsible. Work

is under way to determine which mechanism is more important in the atmospheric

boundary layer.

Lenschow, Robert Grossman (CIRES), and Douglas Lilly (University of

Oklahoma) are carrying out a study of turbulence phemonena near the tropopause,

using data from the Stratosphere-Troposphere Exchange Project. Their objective

is to identify and describe the small-scale turbulence events important for

stratospheric-tropospheric exchange of moisture, heat, and trace species, and to

study the relationships between this small-scale turbulence and its associated
mesoscale atmospheric structure.

Interactive Computing

To facilitate the analysis of large computer-generated data sets, Klerp is

continuing his efforts to develop powerful but easy-to-use graphics procedures.
Klemp and Robert Wilhelmson (University of Illinois) have a proposal pending with
the NSF Office of Advanced Scientific Computing for support for the development
of a generalized interactive graphics package based on their techniques for
analyzing cloud-model data. They have recently developed software for animation
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and continuously shaded rendering of three-dimensional contour surfaces, which
is being incorporated into the analysis package. With William Boyd and Karl
Sierka, they have been adapting the new Geographical Kernel System version of
the NCAR graphics package to VAX computers.

Climate Section

The Climate Section research includes observational and modeling studies of
the physical mechanisms in the global climate system, The section is divided
into three groups. The Empirical Studies Group (ESG) concentrates on climate
phenomena, the dynamics of the general circulation, and statistics important in
short-term climate variations such as the Southern Oscillation (SO), quasi-biennial
oscillation, and 40- to 50-day oscillation. The Cloud-Climate Interactions Group
(CCIG) investigates the earth's radiation budget and how clouds and trace gases
interact with radiative processes and climate, both from an observational point
of view and from modeling. CCIG is involved in FIRE and ERBE satellite-data
analyses aimed at unraveling the mysteries of cloud-radiation interactions and
interactions of radiation, dynamics, and chemistry in the stratosphere. The Global
Climate Modeling Group (GCMG), in collaboration with scientists in CCIG, the
Large-Scale Dynamics (LSD) Section, and the CCM Core Group, is involved in
the development and use of various CCM versions. Model development includes a
stratospheric CCM, climate-oriented ocean models, and coupled atmosphere-ocean
models.

Cloud-Climate Interactions Group

The CCIG concentrates primarily on studies of the earth's radiation budget-
how clouds and other radiatively active components of the earth's atmosphere
influence the radiation budget and how changes in the radiation budget, in turn,
affect the general circulation and climate. The group actively pursues both
theoretical and observational studies, bringing observations and theory into closer
agreement. Its activities are augmented through participation in international
organizations and experiments such as the United Nations Center for Science and
Technology for Development, International Comparison of Radiation Codes Used in
Climatic Models, ERBE, and FIRE. It maintains collaborative studies with a large
number of investigators in other NCAR groups as well as with university, National
Aeronautics and Space Administration (NASA), and NOAA scientists. Long-
term visitors Anthony Slingo (U.K. Meteorological Office, Bracknell, England)
and Julia Slingo (European Centre for Medium-Range Weather Forecasts, or
ECMWF, Reading England) joined the group in January, and Takahisa Kobayashi
(Meteorological Institute of Japan, Tokyo) arrived in October. Through the
addition in October of Michel Verstraete (NASA-funded), the group expanded its
mission to consider the climatic influence of surface processes.
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In addition to their research activities, CCIG members actively promote stldies
involving radiation and climate. Ranmaiatllan, in collaboration with Benjamin
Herman (University of Arizona) and John DeLuisi (NOAA's Environmental
Research Laboratories), organized the 1986 summer course, Atmospheric Radiation
as It Relates to Climate. James Coakley organized one of the sessions for this
course, "Treatment of Radiation in Climate Models," and Ramanathan, Coakley,
Jeffrey Kiehl, and Anthony Slingo presented lectures. On another front, Coakley,
Richard Carbone (ATD), and Roy Jenne (SCD), working with representatives from
NASA, NOAA, and the university community, prepared a proposal for a future
NCAR satellite-data-analysis research facility. The proposed facility will make
satellite-data analysis a readily accessible option for ongoing NCAR and university
research.

Radiation Budget: Theory and Observations. Briegleb and Ramanathan
compared clear-sky planetary albedos over ocean, inferred from the ERBS short-
wave scanner broad-band radiances, with climate-model albedos. The inferred
albedos were mostly within 0.01 of those used in climate models for a wide
range of solar-zenith angles. Regional variations of inferred ocean albedo, both
between ocean basins at the same latitude and meridional variations within the
same basin, were typically 0.02 in albedo. Such regional variations were consistent
with uncertainties in albedo due to variations in ocean-surface reflectivity and in
atmospheric concentrations of water vapor and marine aerosol.

To assess the accuracy of models used to calculate the flux of thermal radiation
emitted by the earth-atmosphere system, Ramanathan and Patrick Downey
isolated mesoscale-sized regions of the globe for which the vertical temperature
and moisture profiles of the atmosphere and broad-band infrared radiances for
cloud-free conditions were simultaneously available. The atmospheric profiles
were obtained from routine radiosonde observations; the infrared radiances were
obtained from the ERBS. For a wide variety of temperature and moisture profiles,
radiances calculated from the temperature and moisture profiles proved to be
within about 1% of the preliminary observations made by ERBS. While the
close agreement promotes confidence both in the radiation model and in the
observations, the agreement also supports the strategy of using judiciously selected
surface-based observations to monitor the long-term performance of space-based
observing systems.

To extract radiative fluxes from satellite-observed radiances, ERBE operational
analyses first use the radiances to identify a scene type and then, based on the
scene type, apply a bidirectional model to compute the radiative fluxes from the
radiances. Tile scene identification and the bidirectional models are based on
data collected during the Nmbus-7 ERBE. To assess the i7 the extent to which these
bidirectional models are consistent with the directionality of the radiance field
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being observed, Daniel Baldwin and Coakley used data from the ERBS to detect
inconsistencies and to quantify the effect of the inconsistencies on the retrieved
fluxes. Although the bidirectional models proved to be significantly different for
some sun-earth-satellite geometries, the effect of the discrepancies on global-scale
radiant existences proved to be less than a few percent.

Radiation and Climate Studies. Kiehl, in collaboration with Briegleb, has
developed a new infrared C02 parameterization for the CCM. This parameteriza-
tion improves the radiative forcing from increases in CO2 amounts. The agreement
between this parameterization and detailed narrow-band model calculations is
very good.

Kiehl, in collaboration with Dickinson, has studied comprehensively the
role of CO 2 and CH4 in determining the evolution of the thermal structure
of paleoatmospheres. They used a radiative-convective model consisting of a
high-spectral-resolution, 5/cm, narrow-band Malkmus infrared model and a 56-
spectral-interval 6-Eddington model for the visible and near-infrared regions.
They then used this model in conjunction with the concept of direct radiative
forcing to deduce what amounts of CO2 and/or CH4 and possible changes in
cloudiness would be required to keep the earth's climate relatively unchanged as
the solar luminosity evolved over the past 4.5 billion years.

Kiehl, with Philip Rasch, has initiated a study of the response of the CCM
to externally imposed heating functions. A part of this work is in conjunction
with a similar study being carried out by Stephen Fels (NOAA's Geophysical
Fluid Dynamics Laboratory, or GFDL). The purpose of this study is to define the
dominant mechanisms (i.e., dynamical, radiative, and convective) that determine
the response of the CCM to imposed heating profiles. The tropical regions are
being emphasized, and the imposed profiles of heating will include both zonally
symmetric and asymmetric conditions. They will also consider the effect of
different vertical profiles on the model response.

Anthony and Julia Slingo have used a preliminary version of CCM1 to study
the effect of cloud long-wave radiative forcing on the general circulation. They
have compared extended integrations, in which the forcing was removed, with a
control run of the model. The forcing in the tropics is responsible for warming
the upper troposphere by about 4 K and for increasing the subtropical jets by
about 7 m/s in the zonal mean. In the extratropics, changes in the height and
wind fields are similar to those produced by West Pacific sea-surface-temperature
(SST) anomalies. They have also studied the response of the model to a new
cloud-prediction scheme. The scheme is a version of that used operationally at the
ECMWF and includes prediction of the fractional cloud cover. They will repeat
the cloud-forcing integrations with this scheme and with a version of the Kuo
penetrative-convection scheme.
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Land-Surface Processes and Climate. Verstraete and Dickinson continue
to develop a detailed model of the soil-vegetation-atmosphere interface. Verstraete
has developed new schemes of radiation transfer in plant canopies and, working
with David Gates (University of Michigan), is coordinating the collection and
analysis of data from the Biological Station in Northern Michigan that will be
needed to validate the models under development. This cooperative project is
expected to unravel some of the complexities underlying the interactions between
the biosphere and the atmosphere and thereby lead to better parameterizations of
this coupling in global climate models.

Retrieval of Cloud Properties from Satellite-Imagery Data. While on
sabbatical leave, Coakley used an extensive archive of (1-km) 2 advanced very high
resolution radiometer (AVHRR) data at the Scripps Institution of Oceanography
(SIO) to examine the sensitivity of the retrieved cloud properties to the spatial
resolution of the imaging radiometer. He found that cloud properties retrieved
using the spatial-coherence method were rather insensitive to resolutions in the
(2-km) 2 to (16-km) 2 range. He did find significant biases in the radiances
retrieved for regions identified either as cloud-free or as completely cloud-covered.
While these biases were expected, they proved to be less than a few tenths of
a degree in the 11-zm brightness temperature. The results of this study will
form the basis of a model for the pixel-to-pixel variability of cloud structure
typical of broken-cloud systems. Baldwin also investigated the sensitivity of
spatial-coherence-derived cloud properties to the observing radiometer's spatial
resolution, sensitivity, and noise. The results of his study indicated that, while
the spatial resolution, sensitivity, and noise of the imager on the Geostationary
Operational Environmental Satellite were somewhat inferior to those for the
AVHRR, the retrieved cloud properties were in the mean unaffected.

Satellite Retrieval of Ozone. Kiehl, in collaboration with Susan Solomon
and Brian Kerridge (both of NOAA's Aeronomy Laboratory) and Ellis Remsberg
and James Russell (both of the NASA Langley Research Center), has carried out
a study of ozone in the lower mesosphere retrieved using the limb infrared monitor
of the stratosphere (LIMS). They found that nonlocal thermodynamic processes
are important in obtaining mesospheric ozone amounts from the LIMS radiances.
Since the standard retrieval methods neglect this effect, LIMS mesospheric ozone
has been overestimated by 30 to 40%.

Empirical Studies Group

During the past year, scientists in the ESG have continued a variety of
investigations aimed at elucidating observed climate features, the workings of
the atmospheric general circulation, and related physical processes using various
analysis methods. They emphasized interregional associations, such as in the SO
and its temporal variations, large-scale waves, and the persistence of atmospheric
states.
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Southern Oscillation. Harry van Loon and Dennis Shea have used sea-level
pressure and SST anomalies to suggest that the origin of the SO must be in the
Australia-South Pacific sector of the Southern Hemisphere. Van Loon has extended
his studies of the SO through cooperation with Karin Labitzke (Free University
of Berlin, Federal Republic of Germany, or FRG) on stratospheric aspects, with
Hans von Storch (University of Hamburg, FRG) on general circulation modeling
of the atmospheric effects of SSTs on the South Pacific Convergence Zone,
with George Kiladis (CIRES) on descriptive aspects over the South Pacific, and
with Tsing-Chang Chen (Iowa State University) on aspects of the semiannual
oscillation. Kevin Trenberth and Shea have completed a study of the evolution of
the SO using cross-correlation analysis at leads and lags up to ±30 months based
on monthly data back to 1900. Results deemphasize propagation of anomalies that
other researchers have reported but do show significant leads, especially over the
South Pacific.

Large-Scale Waves. Trenberth and Shyh-Chin Chen (Ph.D. student, Univer-
sity of Illinois) have continued to examine the interactions between orographically
and thermally forced planetary waves using an 11-level model with spherical
geometry and with a new formulation of the lower boundary conditions. Results
simulated with the linear model were good and revealed the importance of allowing
the surface flow to adjust and flow around rather than over orography. Chen
completed his Ph.D. in November 1986.

Roland Madden continued his study of long records of tropical rawinsonde data
to establish more about the nature of the 40- to 50-day oscillation. He found
that seasonal variations in the relationship between upper tropospheric zonal and
meridional winds on this time scale are provisionally ascribed to the existence of
Rossby waves forced by convection in the summer hemisphere. He is testing this
and other tentative conclusions through a complex eigenvector analysis of the data,
in cooperation with David Gutzler (Atmospheric and Environmental Research,
Inc.)

Potential Long-Range Predictability. Shea and Madden are using the
1,200-day perpetual January and July simulations from CCMOB to test the
validity of the assumption that "low frequency/white noise," as employed in earlier
studies of predictability, is appropriate.

Blocking. Trenberth carried out a detailed analysis of a blocking episode,
consisting of two major blocking events over the Southern Hemisphere during
the First GARP Global Experiment (FGGE; GARP is an acronym for Global
Atmospheric Research Program) year. Blocking imprinted a characteristic pattern
on the eddy statistics. He further examined the role of transient eddies in blocking
using a local Eliassen-Palm flux theory that he developed. Results indicated that
transient eddies help to maintain the block through barotropic processes.
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General Circulation. Trenberth completed a study that contrasted the mean

flow and general circulation features, including eddy statistics and storm tracks

for 1979 and 1980. He reviewed and evaluated past estimates of the zonal mean

westerlies over the Southern Hemisphere and presented new results. In carrying

out a comprehensive study of the global momentum budget for the southern

winter from both the traditional and transformed Eulerian perspectives, he thus

reassessed the role of the eddies in maintaining the westerlies. The vertically

integrated budget allowed surface wind stresses to be estimated.

Trenberth has begun to process National Meteorological Center (NMC) and

ECMWF global analyses to carry out systematic quality controls, comparisons,

and evaluations as a prelude to further studies into the interannual variability of

the circulation.

Trenberth is continuing work with John Christy (Ph.D. student, Univer-

sity of Illinois) on global-scale mass redistribution and the general circulation

characteristics that accompany major fluctuations in the mass of air over one

hemisphere.

The time it takes the earth to make one complete revolution on its axis

with respect to the fixed stars (length of day) can serve as a proxy measure for

the angular momentum of the atmosphere, since the total angular momentum

of the earth-atmosphere-ocean system remains constant. Madden examined a

13-year record of length-of-day data and was able to show that changing frictional

torques resulting from large-scale wind surges of the 40- to 50-day oscillation in

the equatorial Pacific play an important role in exchanging momentum between

the solid earth (reflected in length-of-day changes) and the atmosphere. This

phenomenon appears to occur over a broad range of periods from 30 days to a

season.

Surface Climate Atlas. Shea published a climatological atlas of surface-air

temperature, precipitation, sea-level pressure, and SST for the period 1950-1979.

Among the quantities mapped are the (a) mean, (b) interannual variability,

(c) annual range, and (d) amplitude and phase of the first and second harmonics

of the mean annual cycle for each variable. The atlas provides useful background

fields against which new measurements may be compared and interpreted as well

as examples of the sampling networks available from historical data sets.

Global Climate Modeling Group

Scientists in the GCMG have continued to develop and use climate-oriented,
large-scale models of the global atmosphere, oceans, and sea ice. They have

used these models in simulation of the effects of ocean-temperature anomalies,
the annual cycle, atmospheric blocking phenomena, stratospheric circulations,
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monsoons, paleoclimate reconstructions, climatic effect of increased CO2, and
global and tropical-ocean studies.

Ocean Temperature Anomalies and Climate Statistics. Maurice Black-
mon and collaborators (Branstator, Gary Bates, and John Geisler-University of
Utah) have examined the response of the CCM to several equatorial Pacific SST
anomaly experiments. They used two versions of the CCM, one with mountains
and the other without, to study the role of the climatological mean flow in deter-
mining the characteristics of the response to SST anomalies. They also compared
the CCM response to that of a simple linear barotropic-vorticity equation model
to determine the important mechanism for producing the midlatitude response.
They found that the amplitude and shape of the midlatitude response depend
crucially on the stationary waves in the mean flow and that barotropic conversion
is important for maintaining the mean climate anomaly.

Blackmon, with Eric Pitcher (University of Miami), began a detailed simulation
of the 1982-1983 El Nifio/Southern Oscillation (ENSO) episode using CCMO.
They have performed several simulations of this warm event beginning in August
1981 and continuing through 1983. One object of the study was to see how
well the CCM simulates this event in the early stages of its development. They
found that early in 1982 and into the summer the tropical circulation is strongly
perturbed, with anomalous circulations in the western Pacific being produced that
look like observations, although SST anomalies were generally less than 1 K at
that time. The model simulation also shows many interesting similarities to the
observed climate anomalies later in the year. Blackmon and Pitcher plan to repeat
these calculations using CCM1 to compare the sensitivity of CCM1 with that of
CCMO and to test the importance of some of the new physical parameterizations
in CCM1.

Blackmon, with David Williamson, has compared the simulations of CCM1
with those of CCMO and with observations. The new model shows considerable
improvement in its ability to simulate the Southern Hemisphere circulation and
the summer circulation of the Northern Hemisphere. The interaction between
tropical heating and the tropical circulation also seems much stronger than in
CCMO. They are continuing to test the model in higher-resolution configurations.

Stratospheric Simulations. Byron Boville continued work on the dynamics
of the stratosphere and on the coupling of the stratosphere and troposphere using
a version of the CCM extending from the surface to the middle mesosphere. He
showed that the winter stratosphere is actually much further from geostrophic
balance than had been thought previously and that the region of apparent
wave forcing of the polar night jet, which occurs at high latitudes in most
observational studies, results from the use of geostrophic winds. In collaboration
with William Randel (ASP), he compared the model's January climatology with
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that of the atmosphere using NMC analyses extending to 1 mb. The variability
of 31-day samples from a perpetual January simulation was substantially larger
than the interannual variability of observed Januaries in the middle and upper
stratosphere. Yen-Huei Lee continued development of an off-line tracer transport
model including very simple parameterizations of photochemistry supplied by
Solomon. Bettge converted the modifications for the stratospheric version of
CCMO to work in a preliminary version of CCM1. Boville has also been involved
in a continuing joint project with James Holton and Mark Iredell (both of the
University of Washington) on wave drag in the middle atmosphere.

Interannual Atmospheric Variability. With an annual-cycle version of the
CCM, Robert Chervin has investigated the question of the sources of atmospheric
variability and the directly related issue of potential climate predictability. He has
compared the simulated variability, from experiments in which different regions of
world oceans are permitted to vary interannually, to the variability produced by
a control experiment, in which the model was repeatedly forced during successive
annual cycles by monthly mean SSTs. He adapted the forcing used in the
experiments from monthly mean global analyses from May 1958 to April 1973 and
included three major ENSO events. Interannually varying forcing in the Northern
Hemisphere midlatitude oceans produced variabilities virtually indistinguishable
from the control case for a wide variety of time-averaged atmospheric states.
However, varying tropical ocean forcing produced a significant enhancement
of atmospheric variances for a broad region in the tropics. He plans future
experiments along similar lines with the new multitasking version of the CCM
and the recently acquired Comprehensive Ocean-Atmosphere Data Set for the
expanded interval 1950-1979, which includes seven ENSO events.

Multitasking Version of the Community Climate Model. A few years
ago, Chervin developed a numerical model of the atmosphere to assess the causes
of the interannual variability of time-averaged states of the atmosphere and the
potential predictability of such states. This model was based on the original
CCMOA with several refinements, most notably an annual cycle in the forcing
prescribed at the upper and lower boundaries of the atmosphere. The first
application of this annual cycle model was a 20-year integration that required
over 200 system hours on a CRAY-1 computer and stretched over eight calendar
months before completion in the multiuser environment of SCD. Subsequently,
more than a dozen NCAR and university scientists have used this model to perform
a wide variety of diagnostic and climate-sensitivity studies.

To take advantage of the arrival at NCAR of a new supercomputer (the
CRAY X-MP/48) with multiple processors available for a single job, Chervin has
converted his model to a multitasking format and so has a model specifically
designed for large-scale scientific computing on the X-MP/48. He can thus help
pursue the dual goals of the WCRP-assessing the predictability of climate and
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the impact of man's influence on climate-with a high level of computational
efficiency.

Interannual Variability of the Tropical Pacific Ocean. Chervin and

Albert Semtner (now at the Naval Postgraduate School) have developed a

primitive-equation ocean model based on Semtner's formulation and designed for

efficient (i.e., vector and multitasking) operation on the CRAY X-MP/48. A
version of this model, configured for the tropical Pacific Ocean basin and featuring

fine resolution near the equator (1° longitude by 0.5° latitude with 14 vertical

levels), provides adequate resolution for the scales of interest and allows physically

realistic values of subgrid-scale mixing to be specified. Preliminary experiments

with idealized forcing have produced quite realistic results, especially with respect

to the equatorial undercurrent. This model will be used to carry out multiyear
simulations of the tropical Pacific Ocean. It will be forced with data from a

15-year integration of an annual cycle version of the CCM that was driven by

ocean-surface temperatures derived from the analyses of Abraham Oort (GFDL).
Such experiments would be a natural prelude to integrations of a fully coupled
model using versions of the CCM and the primitive-equation ocean model, both
optimally suited for the X-MP.

Coupled Atmosphere-Ocean Studies. Washington, Meehl, VerPlank, and

Bettge have developed and are running coupled atmosphere-ocean experiments

on the possible climatic effects of increased CO 2 as part of a cooperative project

with the DOE. They have linked a research version of the CCM to a hierarchy
of ocean models ranging from a simple energy balance ocean to a simple mixed

layer, with the latest being a dynamical ocean model that includes wind stress,

heating/cooling, and the salinity changes caused by precipitation and evaporation.
A series of experiments is in progress on the NCAR CRAY X-MP/48 as well as
on the X-MPs at the National Magnetic Fusion Energy Computer Center-and

at the San Diego Supercomputer Center. The experiments are a 1-x-CO2 run,

a 2-x-CO2 run, and a gradually increasing CO 2 run. In addition, parameter-
sensitivity studies on the effects of changes in wind stress, resolution, and diffusion
mechanisms are under way.

Several projects have been completed, including the publication of the book, An
Introduction to Three-Dimensional Climate Modeling by Washington and Claire
Parkinson (NASA Goddard Space Flight Center), and a Ph.D. thesis by Meehl,
Interactions between the Asian Monsoons, the Tropical Pacific, and the Southern
Hemisphere Extratropics. Research on the tropical response of increased CO 2 in
a version of the CCM with a simple mixed-layer ocean has also been completed.

This study highlights several interesting similarities to an observed Pacific warm
event. It produces SSTs resembling those documented for warm events in spite
of inherent limitations in the 50-m ocean mixed layer. A study of the role of
snow-sea ice albedo parameterizations and globally averaged surface temperature
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also has been completed. A cooler mean climate in the control run generates
a larger climate warming from increased CO 2 as a result of ice-albedo feedback
effects. Another study documents the Southern Hemisphere circulation in the
model and relates changes in sea-ice extent in the 1-x-C0 2 and 2-x-C0 2 runs
to alterations in the semiannual oscillation at middle and high southern latitudes.

Large-Scale Dynamics Section

Research by scientists in the LSD Section involves (1) understanding the
transient behavior of large-scale motions in the atmosphere on a time scale of
up to several weeks, and (2) investigating with atmospheric models the scientific
basis of extended-range numerical predictions for a time period of up to 30
days. Members of the section use a hierarchy of models, the major and most
complex tool of which is the CCM. Ronald Errico has produced a nonlinear
normal-mode initialization package for application to CCMO and the forthcoming
CCM1. The model has various horizontal resolutions depending on the problems
being addressed. It is often used at the relatively coarse R15 resolution adopted
by the Climate Section for their long-term climate simulations. Although this
resolution is coarse compared to the very fine resolution of operational forecast
models, realistic climatologies produced by the CCM are needed for extended-
range forecasting studies. Despite this coarse resolution, the CCM produces
forecasts with characteristic large-scale errors similar in many respects to those
of the operational models and thus is a valuable and economical research tool; of
course, for some problems the CCM must be run at higher resolutions.

Simple models allow a better grasp of the physics involved and help reveal the
essence of the phenomena. Such models include, but are not limited to, a linearized
version of the CCM developed by Branstator and a low-order general circulation
model used by Philip Thompson. We describe these efforts below in more detail.

The high-quality data sets from FGGE have been used to provide initial
conditions for forecast experiments and to analyze diagnostically the behavior of
large-scale motions. Although these are the best data sets currently available,
they are not perfect, and scientists in the LSD Section have developed techniques
to improve their various components.

Using models and available data sets, scientists are moving toward understand-
ing the low-frequency, large-scale motions and, hence, developing a scientific basis
for extended-range numerical prediction. Various atmospheric phenomena related
to large-scale low frequency may be predictable on time scales up to a year. These
phenomena include the SO, atmospheric response to SST anomalies, atmospheric
teleconnections, the 40- to 50-day oscillation, blocking, coherent atmospheric
structures, and long-lived circulation anomalies.
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Studies of Physical Parameterizations and Numerical Algorithms
Related to Development of CCM

Leo Donner has completed a study of the impact of cumulus parameterization
on the thermodynamic balance of the CCM and has found a strong feedback
between cumulus parameterization and clouds and radiation. The Kuo cumulus
parameterization maintained the systematic cold and dry bias associated with
the CCM. The results of this study suggested the need for (1) modification
of boundary-layer processes (including clouds) in the CCM such that adequate
heat and moisture are transported from the surface to the free atmosphere,
thereby altering the behavior of the cumulus parameterization, and (2) an
improved treatment of eddy-flux convergence by cumulus convection to incorporate
adequately the life cycle of the cumulus ensemble. He used a preliminary such
reformulation in the vorticity parameterization described below and in some
calculations of thermodynamic forcing by cumulus convection and found that the
rates of drying and lower tropospheric cooling were reduced, suggesting that the
cold and dry bias in the CCM might also be reduced.

Donner also developed a parameterization for the generation of large-scale
vorticity by cumulus convection and tested it against data from the GARP
Atlantic Tropical Experiment (GATE). It uses the diabatic potential vorticity
equation to deduce the vorticity structure of a representative cumulus element
and uses a formalism including cumulus life cycles to evaluate the contribution
by cumulus convection through eddy-flux convergence of potential vorticity to
the large-scale tendency. Application of the scheme to a large-scale flow similar
to those typically encountered during GATE reproduced the diagnosed cyclonic
vorticity generation above the boundary layer and in the upper troposphere and
the anticyclonic vorticity generation in the middle troposphere.

Rasch and Kiehl began investigation into the dynamical response of the CCM to
imposed heat sources. These sources are intended to simulate some characteristics
of trace gases and/or cirrus clouds that exist in the atmosphere but are missing
in the model and are independent of the model internal dynamics. They are
intended to explore the sensitivity of the model to heat sources with various
spatial distributions and amplitudes, the general radiative-dynamical balance of
the model, and the transition within the model from a linear to nonlinear response
(with respect to the amplitude of the forcing). The model is currently forced with
a wave-number-0 heating profile in longitude and a Gaussian profile in height
and latitude. Preliminary results indicate (not surprisingly) that the model has
a wave-number-0 response. Understanding the response of the model to these
idealized forcings may contribute to our understanding of the model's climate drift.
This effort augments the studies by Williamson and Roger Daley described below
and complements the work of Akira Kasahara and Pedro Silva Dias (University of
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Sao Paulo, Brazil) on the response of the planetary waves to stationary tropical
heating.

Several deficiencies in the CCMO moisture mixing-ratio advection scheme are
particularly serious for forecasting and climate studies, namely, the negative values
of mixing ratio that appear during model integrations and the rapid computational
signal speeds of mixing ratio compared to the slower advecting wind speed due
to the spectral approximations. Williamson reformulated the spectral advection
processes in CCM1 to reduce the impact of these problems, but only as an interim
measure since difficulties remain. Over the last year, Rasch explored the use of a
"flux-corrected transport" formalism for water-vapor transport. He implemented
the scheme in a simple model that uses the same geometry and grid-point
distribution as the CCM. Although a very accurate scheme resulted that overcame
the limitations mentioned above, it was unsuitable for inclusion in the CCM for
two reasons: the time step was severely restricted by the convergence of the grid
points at poles, and the method failed to satisfy a required integral constraint.

Rasch and Williamson are developing a semi-Lagrangian technique for tracer
transport and have tested it in one and two dimensions. The scheme has the
desired characteristic of maintaining monotonicity, and it neither introduces a new
extreme nor has an unrealistically large signal speed. Rasch and Williamson are
extending it to spherical geometry for use in the CCM.

Formulating an appropriate upper boundary condition for atmospheric models
has been a problem for many years. The boundary conditions used in numerical
modeling may be influencing in a detrimental fashion the solution in both climate
and forecast modes. Rasch has developed a family of absorbing upper boundary
conditions for numerical models. The work complements that of Boville who is
examining the sensitivity of the upper boundary condition on simulations with the
CCM.

Williamson completed a study of vertical finite-difference approximations
related to the CCM, and in so doing he formulated a set of approximations for
CCM1 that have more desirable properties than those used in CCMO.

Objective Analysis and Initialization Techniques

In some geographical regions or in the event of a regional communications
failure, one is faced with the problem of reconstructing conditions in a "hole,"
i.e., a sizeable region from which no observations are received but which is
surrounded by a region of fairly dense data coverage. To make more complete
and systematic use of observations outside such a hole, Thompson has studied
the general mathematical connection between weighted-area integrals of vorticity
(or divergence) inside a hole and observed conditions around its periphery. In
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principle, it is possible to apply inversion methods analogous to those of optical
tomography to reconstruct at least the large-scale features of the flow inside the
hole. The first tests of these methods are promising and have suggested improved
methods, now under study.

During the very first hours of a numerical forecast, the amount of condensed
water and, consequently, the amount of released latent heat produced in the
forecast model are usually too small, particularly in the tropics. This spin-up
problem appears in all forecast models, including operational ones, and is one
of the most serious difficulties in numerical weather prediction. The error may
be caused by inaccuracies in the initial specification of divergence, moisture, and
thermal fields, or by shortcomings in the parameterization of physical processes.

As a first step to improve the analysis of divergent wind fields in the tropics,
Kasahara has been working since January 1986 at the NMC under the UCAR
Visiting Scientist Program. Kasahara, Arthur Mizzi, and Uma Mohanty (Indian
Institute of Technology, Bombay) have previously shown that radiation-imagery
data from satellites are useful not only to identify where deep cumulus convection is

located, but also to infer the intensity of upward motion there. Since temperature
in the tropics changes little over time, adiabatic warming is mainly balanced by
radiative cooling in a clear-sky region. Hence, the vertical-motion field in the
tropics can be better estimated from the combination of synoptic analysis and
satellite-imagery data and with relatively few assumptions. Once the vertical-
motion field and, therefore, the divergence field are evaluated, the divergent wind
component is determined.

The inferred divergence field thus obtained is evidently an improvement over
the operationally initialized divergence field, but this improved divergence field by
itself is not sufficient for initialization. Further adjustments are needed in the
temperature and moisture fields in order to initiate deep moist convection and to
produce a realistic cumulus heating at the start of a forecast run.

As a further contribution to this question of diabatic initialization, Donner has
developed a procedure to initialize cumulus convection. The procedure inverts
a simplified version of the Kuo cumulus parameterization to yield adjustments
in the temperature and humidity fields that are consistent with convective
heating diagnosed from satellite imagery or other information. The temperature
adjustments required are usually several degrees or less, while relatively larger
changes in humidity may be required.

Williamson, Errico, and Daley completed an investigation into the cause of
global-average temperature oscillations observed in numerical weather forecasts,
and they showed that these oscillations result from an interaction between
zonal-average gravity modes and zonal-average Rossby modes.
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In order to determine the characteristic periods and damping rates of gravity
waves in the CCM and to search for systematic initial errors introduced by various
analyses, Errico and Williamson have examined the behavior of gravity waves
in noninitialized CCM forecasts. The internal normal modes for a basic state
of rest appear to be inappropriate for investigating regular propagating waves
in the nonlinear CCM, although the external modes consistently show regular
propagation.

Errico and Rasch have concluded their study of prototypes of various diabatic
normal-mode initialization schemes used at forecast centers throughout the world.
They demonstrated that these initialization procedures only marginally improve
the initial field specifications compared with adiabatic initialization, a conclusion
contrary to that expressed at various operational centers. Their conclusion assumes
that the ratio of transient to quasi-stationary activity in the tropics is similar
for both the CCM and the atmosphere. Their work has introduced several new
diagnostic techniques for comparing initializations. This study complements the
work by Kasahara, Donner, and Mizzi on physical initialization by indicating the
sensitivity of the wind fields to diabatic heating and the intrinsic limitations of
diabatic normal-mode initialization in the tropics.

Rasch is also working with Boville on using the LIMS temperature data as
a temperature constraint for initialization to infer the wind structure for the
middle atmosphere. The approach provides a practical application of the ideas
of combined initialization and analysis that have percolated throughout LSD the
last few years. It may extend the use of geostrophic dynamical constraints during
analysis to something more appropriate to the tropics as well, i.e., to Kelvin and
mixed Rossby-gravity-mode dynamics. Because of the ageostrophic component of
the estimated winds, it may result in substantial improvement in estimates of eddy
heat and momentum fluxes in the extratropical middle atmosphere.

Atmospheric Predictability

Joseph Tribbia and David Baumhefner have completed a study of a 20-
case ensemble of 60-day perfect twin-predictability experiments to ascertain the
potential for predicting monthly means. They demonstrated that 30-day means
could not be predicted in general with reliable accuracy. However, 40% of the
ensemble members retained predictability for monthly means, indicating that the
utility of dynamical extended-range forecasts will be strongly dependent on our
ability to ascertain, a priori, the large-scale flow regimes for which predictions are
likely to be accurate.

Along these lines, Tribbia has investigated the relationships between the
error-growth characteristics for each ensemble member and the amplitude of the
leading empirical orthogonal functions (EOFs) of the model climate. Although the
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correlation is not perfect, Tribbia has noted that these EOFs are themselves quite
predictable and thus afford a natural "coarse graining" of the model phase space
by which means a combined dynamical and statistical forecast technique may be
developed.

Baumhefner has studied large-scale predictability error growth using observed
initial states. The results from high-resolution (R30) forecasts reveal a remarkable
regional consistency in error-growth saturation or limit of predictability. When the
tropics are compared to the midlatitude baroclinic regions, they show dramatically
different error-growth rates but reach their respective climatological variance at
nearly the same time-around seven to ten days. These estimates of predictability
error growth, along with other recently published results, define the potential limit
of daily Northern Hemisphere forecast accuracy at about ten days with present
data and analysis errors.

Baumhefner has begun to investigate potential predictability, actual forecast
accuracy, and measures of uncertainty for lower-frequency motions with periods
of one to four weeks. He completed a preliminary eight-case winter ensemble of
30-day forecasts with the R15 CCM. He added small random perturbations to the
initial conditions of several of the cases and then integrated them out to 30 days,
providing a "Monte Carlo" sample of forecast values. The forecast scores for 10-
to 30-day time means compare favorably with previous work by Kiku Miyakoda
(GFDL), who used a much higher resolution model. The ensemble average of
the perturbation forecasts produced a better score, and the scatter of forecasts
measured reasonably well the reliability of the average. A new ensemble of nine
cases, selected in cooperation with Steven Tracton (NMC), is currently being used
to compare NCAR long-range forecasts with those of other operational centers.
Encouraging preliminary results show that the NCAR coarse-mesh climate models
are at least as skillful as some of the high-resolution operational models.

Williamson, Daley, and Thomas Mayer have continued to examine the climate
drift in the CCM, using a 30-member ensemble of 30-day forecasts from the
Januaries of 1976-1984. Their study shows that the model makes a very rapid
dynamical adjustment in the lowest layers over the first few days, resulting in
cooling there. The physical processes seem to respond to this cooling to eventually
halt the drift. In the process, a direct cell is set up transporting heat from the
oceans vertically to the upper model layers, then horizontally to the land areas
and back down to the surface layers. This direct cell in the model climate is the
reverse of that observed initially in the forecast ensemble.

Baumhefner and Steven Mullen (ASP) continued study of the mechanisms of
explosive cyclogenesis. The R31 high-resolution CCM provided a background
11-case ensemble of West Pacific cyclogeneses in which various physical and
dynamical processes were systematically omitted. Baumhefner and Mullen
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subjected the results of these experiments to a statistical reliability test developed
by Tribbia, which uses estimates of predictability error growth from the same
data set. Only 50o of the rapid deepening of the cyclones was due to direct
physical processes, with sensible heating from the warm ocean surface and stable
latent-heat release being the significant contributors. Surprisingly, convective
processes played little or no role in the deepening.

A chronic problem in numerical integration of the hydrodynamical equations

for atmospheric flow is the need to take into account the statistical effects of

small-scale motions (below the limit of resolution) on the large-scale motions and
the converse. These effects are often simulated, for example, by introducing a

local "eddy" viscosity. Under some conditions, however, it is clear that such
a crude parameterization of subgrid-scale motions may transfer momentum and

energy in the wrong direction. By modifying a procedure he designed earlier for

stochastic-dynamic prediction, Thompson has proposed a method for calculating

the statistical effect of an initially random ensemble of small-scale velocity fields
on a large-scale (ensemble-averaged) velocity field. This development leads to a

closed system of stochastic differential equations for the evolution of the ensemble-

averaged velocity field, the local variance of vorticity (taken over the ensemble),
and ensemble-averaged local eddy transport of eddy vorticity. The integration
of this system requires only marginally more computing than integration of the

hydrodynamical equations without subgrid-scale interactions. This approach is
thus feasible but remains to be tested by comparing theoretical results against
the statistics of an ensemble of individual numerical integrations. The latter will
originate in an ensemble of small-scale initial velocity fields that are actually
resolvable but are treated as unresolvable in the theoretical calculation.

Diagnostic Analysis of FGGE Data

Kasahara, Mizzi, and Mohanty have completed an evaluation of the global
distribution of diabatic heating rates. They evaluated the thermodynamic energy
budget using the ECMWF Level IIIb analyses for the two 15-day periods during
FGGE Special Observing Periods I and II in 1979. This study considered the daily

variation of tropospheric diabatic heating, in contrast to previous investigations
that dealt with the climatological aspect. In order to examine the reliability of
diagnosed heating distributions in the tropics, they compared infrared and visible
radiometric imagery data from the TIROS-N satellite with the distributions of
diabatic heating and vertical velocity. A stratification of radiation-imagery data
in terms of cloud types helps to establish useful relationships between infrared
radiance and diabatic heating.

Mizzi and Kasahara are continuing to refine their techniques to evaluate the
daily tropospheric global distribution of diabatic heating rates. They are using
diabatically initialized mass-divergence fields instead of the raw analysis data in
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the evaluation of the thermodynamic energy budget. They are using the diagnosed
heating rates to initialize diabatically the mass-divergence field and the satellite
radiation-imagery data to infer diabatic heating rates for initialization.

By looking into the interannual variability of their result, Tribbia and Madden
have extended previous joint work examining the seasonal cycle of forced quasi-
stationary Rossby modes. They have examined those modes that often have
significant traveling components and whose episodic nature is difficult to forecast
numerically. The goal of this research is to understand the weaknesses in model
prognostication of these modes with regard to the partition into stationary and
traveling components and the inaccurate prediction of the traveling component.

Dynamical Studies of Large-Scale
Circulation Systems

Although they do not account for a large fraction of the total variance of
atmospheric flow, long-lived circulation anomalies are of special interest because
they are unusual and because they may be a component of the flow that is
predictable beyond traditional predictability limits. Branstator has identified and
studied a tropospheric-stratospheric traveling feature that lasted for at least four
months during the winter of 1979-1980. Complex EOF analysis indicates that
this Northern Hemisphere feature consists of a zonal wave-number-2 disturbance
propagating westward through an amplitude envelope centered over North America.
Analysis of a multiyear data set indicates that the 1979-1980 episode is simply
a prominent example of the atmosphere's leading traveling mode. Because its
meridional structure and period (about 23 days) are similar to that of the 16-day
wave, this phenomenon could be mistaken for that theoretical mode. Preliminary
analysis of a CCM control run suggests that this same mode exists in the CCM,
so careful analysis of that model may aid in determining the mechanisms that
produce this feature.

Branstator has developed a linear version of the CCM and is applying it
to investigations of various problems in low-frequency dynamics. Normal-mode
analysis of the barotropic vorticity equation has indicated that certain atmospheric
teleconnection patterns may result from barotropic energy conversion between
perturbations and the time mean flow. He is performing experiments with the
linear CCM to determine if this mechanism is viable in a baroclinic atmosphere, and
he is considering the role of latent heat feedback in promoting tropical/midlatitude
interactions. Analysis of CCM experiments suggests that disturbances initiated
in midlatitudes can trigger precipitation anomalies in the tropics that, in turn,
act as sources of secondary wave trains. Linear calculations that include a simple
parameterization of latent heat release verify the soundness of the analysis.

With Michael Ghil (University of California, Los Angeles), Tribbia has been
investigating a theory for the midlatitude manifestation of the 40- to 50-day
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oscillation and consequent angular momentum/length-of-day variation. The
mechanism they propose involves the finite-amplitude dynamics of a mode that
develops due to the barotropic/form-drag instability of the corrugated flow of
the atmosphere over the earth's orography. Low-resolution results to date have
confirmed the existence of such a mode. Tribbia and Ghil are performing the
necessary nonlinear dynamical systems computations at much higher resolution on
the CRAY X-MP.

Thompson has completed some numerical experiments with a low-order
general circulation model, consisting of a single finite-amplitude baroclinic wave
interacting with a mean zonal shear flow. The latter was maintained against
dissipation by differential heating. The main purpose was to determine the extent
to which such a simple model simulates the atmosphere's large-scale dynamical
response to differential heating. The equations for two-level quasi-geostrophic
flow, as applied to this model, lead to a closed system of five coupled nonlinear
ordinary differential equations that describe the time evolution of mean horizontal
temperature gradient, eddy kinetic energy, and poleward heat transport. The
equilibrium solution of this system yields theoretical estimates of mean temperature
gradient and eddy kinetic energy that agree very well with the observed values.
This system also exhibits a pronounced vacillation cycle, whose period varies as
the square root of the dissipation rate and inversely as the square root of the rate
of differential heating. For realistic values of the heating and dissipation rates,
the period of vacillation is 10-25 days for summer conditions in the Southern
Hemisphere. Similar features are observed in the atmosphere.

Limited-Area Modeling

Collaboration continued among Baumhefner, Errico, Kuo, and Anthes on the
evaluation of mesoscale predictability error growth. They used a 12-case ensemble
of widely varying weather events with three different initial perturbations. These
perturbations include actual analysis differences, systematically derived "white
noise" patterns, and differences between initialized and uninitialized fields. They
investigated the influence of the specifications of the lateral boundary on error
growth by including forecasts bounded by results from a global model integration.
Analysis of the results is just beginning, but preliminary scores show only small
differences among the three perturbations for 72-h forecast skill.

Oceanography Section

Scientists in the Oceanography Section seek to understand large-scale ocean
circulation through studies of the important processes in the global ocean and to
determine the relationship of these processes to the dynamics of climate. This work
necessarily involves ocean modeling, theory and observation, and studies of air-sea
interaction. Research in pursuit of these objectives has focused on numerical
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modeling of regional- and basin-scale ocean circulation, on critical problems in
geophysical fluid dynamics, and on the collection, analysis, and interpretation of
relevant data.

Several new multiyear initiatives began in fiscal year (FY) 86: the development
of a new numerical model of the equatorial ocean, carried out by Gent in
collaboration with Mark Cane (Lamont-Doherty Geological Observatory); the
development of new techniques for initializing and assimilating satellite and other
data into ocean models, a task taken on by William Holland in collaboration with
Paola Rizzoli (MIT); and a new initiative to understand water-mass formation
processes in interhemispheric ocean basins (James Evans and Holland). Through
the Tropic Heat program, William Large and McWilliams, in collaboration
with Pearn Niiler (SIO), have made substantial progress in understanding the
drifting-buoy data in the equatorial Pacific.

Midlatitude Ocean Modeling

Oceanographers apply many ocean circulation models with a number of
different focuses of interest to midlatitude questions. Eddy-resolved ocean
models on the basin scale are a major element in their research strategy.
Idealized (rectangular-basin) quasi-geostrophic models help them to understand
eddy/mean-flow interactions, float dispersal, and the importance of potential
vorticity as a key indicator of dynamical behavior. At NCAR, such work is
being carried on by Holland and Dale Haidvogel in various collaborations with
Peter Rhines (University of Washington), Rizzoli, Stephen Riser (University of
Washington), and William Schmitz (Woods Hole Oceanographic Institution, or
WHOI).

In addition to these idealized basin studies, Holland, Julianna Chow, and
Evans have constructed various realistic basin-scale models to examine transient
wind forcing and gyre equilibration in the North Atlantic and North Pacific
oceans. They have included realistic domain shape and bottom bathymetry,
and they will use the North Pacific model in particular to study the impact of
NASA Scatterometer winds that will become available when the Navy Remote
Ocean-Sensing System (NROSS) satellite flies in mid-1989 (partially funded by
NASA).

Evans and Holland have begun model studies to understand water-mass
formation in primitive-equation models with active thermodynamic forcing. These
calculations should help clarify the long-term oceanic response to climate change
and the present ocean climate. Interhemispheric basin models with various thermal
(temperature) and evaporation and precipitation (salinity) boundary conditions
are the tools for these studies.
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Regional modeling is also important in Oceanography's research program.
Holland and Evans, as part of the Office of Naval Research-funded Synoptic
Ocean Prediction Study (SYNOPS), are using a limited-area model of the Gulf
Stream with very high resolution to study Gulf Stream meandering and ring-
formation processes. Holland is using model studies of the Agulhas Current, the
Brazil/Falklands Current Confluence region, and the Tasman Sea to understand
these important, strongly eddying western boundary regions of the world ocean.

Development of new models has been an active part of the oceanography
program. Balance-equation models (developed by Gent and McWilliams) continue
to look very attractive for many problems. Haidvogel has constructed a new
primitive-equation model using novel numerics and coordinate stretching primarily
for regional studies. Holland and Chow have constructed an isopycnal primitive-
equation model to incorporate various conservation properties concerned with
potential vorticity and enstrophy. Holland, in collaboration with Douglas Boudra
and Rainer Bleck (both of the University of Miami), is comparing results from the
Miami model, which has somewhat different numerics.

Scientists have again worked at inferring the large-scale ocean circulation,
including its mean flow and eddy variability from Lagrangian measurement
techniques such as neutrally buoyant subsurface floats and surface drifters. This
problem is of particular importance for the planning and design of WOCE, in
which Lagrangian techniques are expected to play a substantial role. Using an
eddy-resolving, ocean general circulation model, they have prepared simulated
Lagrangian data sets, and with these data they have sought methodologies for
"inverting" the data to determine such quantities as mean circulation and eddy
diffusivity and to infer the Lagrangian signatures of the underlying ocean dynamics.
Haidvogel and Bretherton have carried out this work individually and collectively,
with Riser and Susan Ogg (University of Washington).

Finally, a major new initiative is data assimilation into ocean models (Holland
with Rizzoli and Jacques Verron, Institute of Mechanics of Grenoble, France).
With the arrival of the Topex satellite in the 1990s, the oceanographic community
will have for the first time a synoptic description of the variability of the ocean

surface. The altimeter should be able to measure sea-surface elevation to an
accuracy that will allow us to "see" not only the Gulf Stream and associated
strong features but also the surface aspects of the background mesoscale eddy
field throughout the world ocean. The initialization-assimilation problem is thus
unusual in that we will have observations of the surface alone; models will be
needed to extend dynamically this information into the ocean interior. Studies
using simulated data are already under way to develop techniques and clarify the
implications of the availability of this new source of synoptic data.
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Geophysical Fluid Dynamics

Studies of significant phenomena and processes under highly idealized circum-
stances are an important element of the section's research program. Such studies
fall into three categories: turbulence, vortices, and flow near topography.

Turbulence-modeling calculations have addressed phenomena influenced by
rotation and stratification. Haidvogel and McWilliams, in collaboration with
Bach-Lien Hua (French Institute of Research and Exploitation of the Ocean,
Brest, France), have independently investigated the vertical structure of quasi-
geostrophic turbulence (i.e., with strong rotation) forced by a mean vertical
shear flow. They demonstrated the inverse cascade of energy to large horizontal
and vertical scales, as well as the approximate three-dimensional isotropy of
the energy spectrum at small scales. McWilliams and Gent have studied initial
value problems at finite Rossby number R (i.e., with rotational influences of only
intermediate importance). The cascade of enstrophy to small scales is intensified
with increasing R, as is the degree of spatial intermittency. The approximate
balance equations accurately represent these processes even up to order one
in R, where the more comprehensive primitive equations exhibit substantial
gravity-wave generation simultaneously. In McWilliams's high-resolution, large-
Reynolds-number calculations of quasi-geostrophic turbulence, there is a robust
tendency for the vorticity to become trapped inside isolated, long-lived flow
structures (vortices), which become organized through the cascade process and
grow to arrest it. Finally, in strongly stratified flow without rotation, solutions
can be partitioned into turbulent and gravity-wave components, with only weak
interactions between the two. McWilliams and Herring are investigating the
nature of the turbulent component in a hierarchy of balanced, shallow-water, and
Boussinesq models.

Vortices can arise in nature from a variety of mechanisms, including spontaneous
emergence in turbulence as described above. Several investigations have been
made of vortex behavior subsequent to their generation and in isolation from
other flows. McWilliams, with Mogens Melander and Norman Zabusky (both
of the University of Pittsburgh), has simulated and developed interpretations for
the processes of axial symmetrization of individual vortices and merger of two
like-sign vortices in two-dimensional flow. Both processes occur frequently in
two-dimensional turbulence after spontaneous vortex emergence and evidently are
essential mechanisms for emergence itself. Gent and McWilliams have studied
three-dimensional vortices in an environment with a mean gradient of potential
vorticity, where propagation and dispersion occur through Rossby waves. However,
when the vortex is strong, the dispersion is weak, and vortex propagation occurs
largely without change of shape. The investigations covered the effects of finite
R, the accuracy of the balance equations, and the boundaries of stability for
various vortex shapes. Finally, McWilliams has begun to study three-dimensional
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quasi-geostrophic vortices and their response to structural deformations due to
exterior strain and shear fields, stability boundaries, and pair interactions to
establish their behavior in turbulent flows.

Numerical simulations of laboratory flows in a rotating stratified fluid continue
to provide clues to boundary-current structure, separation, and variability and
topographic generation of eddies. This research, conducted in conjunction with
university colleagues who are carrying out the laboratory work, provides a test
bed for the numerical techniques being used in more complex ocean modeling
and provides a framework for understanding the complex interaction between
large-scale currents and isolated topography in a rotating stratified fluid. Holland,
with Donald Boyer (University of Wyoming) and Peter Davies (University of
Dundee, Scotland), has continued earlier work using quasi-geostrophic models and
extended it to examine the more complex flows generated in a primitive-equation
model.

Haidvogel, with Kenneth Brink (WHOI), has explored the possibility that
asymmetries in bottom topographic drag can lead to observable mean currents
on continental shelves. Using a nonlinear, barotropic model, they conducted
numerical simulations of wind-driven flow over irregular shelf topography. For
"realistic" parameters, mean maximum along-shore currents of up to 7 cm/s
were realized, with flow in the direction of freely propagating shelf waves. They
found that residual current strengths are strong functions of wind-stress period
and bottom bump wavelength and that cross-shore particle dispersion is well
correlated with the mean currents and may represent a testable observational
signature of topographic drag asymmetries.

Equatorial Circulation

The equatorial ocean almost certainly has a strong influence on the atmosphere
on a few months' time scale. Its dynamics, thermodynamics, and effect on the
atmosphere, therefore, must be understood before short-term climatic prediction
is possible. Gent and Cane have continued work on a numerical model of the upper
equatorial ocean that includes both rather complete thermodynamics and dynamics
in order to establish how ocean thermal forcing affects the thermodynamics and
dynamics of the upper equatorial ocean. The model is now stratified but still has a
fixed-depth mixed layer. They will include a prognostic equation for mixed-layer
depth to complete the model formulation.

Gent has continued work on vertical propagation in the equatorial oceans by
analyzing the linear response to wind forcing in terms of vertically propagating
waves rather than the traditional vertically standing waves. Besides this
formulation, he has described how the vertically propagating waves are affected by
forcing and friction.
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Large, McWilliams, and Niiler have continued to study the annual cycle of
circulation and heat transport in the upper equatorial Pacific Ocean as participants
in the Tropic Heat Program. Their observations from thermistor-chain drifting
buoys have been combined with other people's observations of the heat budget of
the mixed layer, and they have completed work on a new method for estimating
the turbulent heat flux at the bottom of the daily mixed layer.

Ocean-Atmosphere Interaction

The coupling between the ocean and atmosphere is fundamental to the role of
ocean in climate. The most obvious aspect of the coupling is the response of the
ocean to direct atmospheric forcing. Holland and Evans have explored the response
of an ocean-basin model to observed winds and the propagation of observational
errors into the model solutions. Gent is incorporating an idealized form of surface
heat and buoyancy flux forcing into an equatorial ocean model. Large and van
Loon have been investigating the relationship between the atmospheric conditions
in the Southern Hemisphere during the FGGE year of 1979 and the large-scale,
low-frequency motions of the large array of ocean-surface drifters deployed that
year.

Atmospheric response to changing SST is more obscure, but it is beginning to
receive some attention. It was a primary focus of the recently completed Frontal
Air-Sea Interaction Experiment (FASINEX), where a large collaborative group
(including Large) has been looking at the changes in the atmospheric boundary
layer as it crosses an SST front. Also, the Tropic Heat data indicate a connection
between atmospheric surface flow and the energetic 21-day ocean waves of the
equatorial Pacific.

Oceanographic Field Experiments

Scientists in the section continue to be leaders in a number of cooperative
ocean field experiments. In each case, either the observations meet some important
modeling need or ocean-atmosphere interactions are of primary interest. These
experiments were at various stages of activity, as briefly described below.

The largest oceanographic activity of the 1990s will be WOCE, which
internationally is a major component of the WCRP with two overall goals: (1) to
develop models useful for predicting climate change and to collect the data
necessary to test them, and (2) to determine the representativeness of the specific
WOCE data sets for the long-term behavior of the ocean. The primary scientific
objective is to understand the general circulation of the global ocean well enough
to be able to model its present state and to predict its evolution in relation to
long-term changes in the atmosphere. Bretherton, Holland, and McWilliams are
deeply involved with international planning activities, and Bretherton, Large, and
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McWilliams are members of the national Science Steering Group. In addition,
Haidvogel and Large chair the national working groups on numerical modeling and
on atmosphere-ocean exchange, respectively. Numerous WOCE-related activities
involved section members during FY 86.

A ten-year study (the TOGA program) of the interannual coupling of the
tropical ocean with the global atmosphere began in 1985. Scientists in the section
contributed about 1.5 man-years to TOGA-related research in FY 86. Specifically,
Large and McWilliams have begun mapping and analyzing the thermal field of the
western equatorial Pacific Ocean, and they continue to investigate the heat budget
of the cold tongue in the eastern equatorial Pacific as part of the Tropic Heat
Program. Also, the section's work on equatorial circulation, as outlined above, is
highly relevant to TOGA.

Holland, Haidvogel, and Evans are providing modeling support for the
SYNOPS. This program is an intensive observational and modeling study of the
energetic Gulf Stream region from Cape Hatteras, North Carolina, to the Grand
Banks off Newfoundland. The goal is to develop realistic models capable of real-
time synoptic prediction of Gulf Stream transience. Because these experiments
often require new instrumentation and modeling techniques and because global-
and basin-scale data sets depend heavily on satellite data, where appropriate the
section has undertaken related activities such as the following: Bretherton has
chaired NASA's Earth System Science Committee, developing future programs in
the earth sciences with emphasis on NASA's earth-observing satellites. The section
has responded to NASA's announcement of opportunities for the scatterometer
to be flown on the NROSS and for the altimeter to be flown on the Topex
mission. Large has participated in FASINEX, especially in the development of
a remote system for wind-stress measurements and the further development of
ocean-surface buoys, including Lagrangian calibration and an air-sea flux and
an ocean heat-content measurement capability. On the modeling side, Haidvogel
is developing thermodynamically active models for the California coastal region,
Gent for the equatorial Pacific, and Holland a general open ocean model for
application in a number of regions.
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Staff and Visitors

Staff

Division Director's Office

Richard Anthes (director until 1 September)
Gary Bates
Linda Bath
Elizabeth Coolbaugh
Michael Dias
Robert Dickinson (acting director from 1 September)
James Hack
Barbara Hill
Holly Howard
Patrick Kennedy
Ann Modahl
Karl Sierka
Richard Wolski

Mesoscale Research Section

Stanley Benjamin
Mildred Farnsworth
Hope Hamilton
Jackson Herring
Joseph Klemp
Ying-Hwa Kuo
Donald Lenschow
Chin-Hoh Moeng
Evgeny Novikov (long-term visitor)
David Parsons
Richard Rotunno
Joann Van Dyke
Patricia Waukau
Morris Weisman
John Wyngaard (head)

Climate Section

Eileen Boettner
Warren Washington (head)

Cloud-Clilmate Interactions Group
Daniel Baldwin
Bruce Briegleb
James Coakley (leader)
Patrick Downey
Gretchen Escobar (to 31 August)
Jeffrey Kiehl
Veerabhadran Ramanathan (on leave beginning 1 July)
Anthony Slingo (long-term visitor)
Julia Slingo (long-term visitor)
Michel Verstraete

Empirical Studies Group
Dorene Howard
Paul Julian (to 14 May)
Roland Madden (leader)
Caxton Matarira (long-term visitor)
Chester Newton
Dennis Shea
Kevin Trenberth
Harry van Loon

Global Climate Modeling Group
Eric Barron (to 15 August)
Thomas Bettge
Maurice Blackmon
Byron Boville
Robert Chervin
Yen-Huei Lee
Gerald Meehl
Albert Semtner (to 3 May)
Lynda VerPlank
Warren Washington (leader)

Large-Scale Dynamics Section

David Baumhefner
Grant Branstator
Roger Daley (to 15 July)
Leo Donner
Brian Eaton
Ronald Errico
Akira Kasahara (head-on leave from 8 January)
Thomas Mayer
Arthur Mizzi
Mary Niemczewski
Philip Rasch
Philip Thompson
Joseph Tribbia
David Williamson (acting head)

Oceanography Section

Francis Bretherton
Julianna Chow
James Evans
Kathryn Garcia
Peter Gent
Dale Haidvogel
William Holland (head)
Marianne Kooiman
Craig Kunitani
William Large
James McWilliams
Nancy Norton
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Visitors

Xavier Carton, Laboratory of Dynamic Meteorology,
Paris, France, September 1986 to March 1987,
Oceanography

Tsinlg-Chang Chen, Iowa State University, June to July
1986, ESG

Xin-Hau Cheng, Beijing University, People's Republic of
China, June 1985 to June 1986, GCMG

Alain Colin de Verdiere, Oceanographic Center of
Brittany, Brest, France, October 1984 to October 1985
and January 1986, Oceanography

Evelyn Donall, Cooperative Institute for Research in
the Environmental Sciences, Boulder, October 1985 to
September 1986, MRS

Dale Durran, University of Utah, July to August 1986,
MRS

Nimal Gamage, Oregon State University, July to
December 1986, MRS

Terry Gillespie, University of Guelph, Ontario, Canada,
May 1986, Division Office

Barbara Grant, Massachusetts Institute of Technology,
April to May 1986 and June 1986, Oceanography

George Grell, University of Miami, February to
September 1986, MRS

Howard Hanson, Cooperative Institute for Research in
the Environmental Sciences, Boulder, September to
October 1985, CCIG

Ann Henderson-Sellers, University of Liverpool,
England, July to August 1986, Division Office

Joachim Kuettner, World Meteorological Organization,
Geneva, Switzerland, April to December 1986, Division
Office

Xingsheng Li, National Research Center for Marine
Environment Forecasts, Beijing, People's Republic of
China, April to October 1986, MRS

Kendal McGuffie, University of Liverpool, England, July
to August 1986, Division Office

John McIntosh, Fairview High School, Boulder, June to
August 1986, LSD

Matt Mclrvin, Chantilly, Virginia, June to July 1986,
MRS

Benjamin Phelan, Fairview High School, Boulder, June
to October 1986, MRS

Eric Pitcher, University of Miami, June to August 1986,
GCMG

George Platzman, University of Chicago, October to
November 1985, LSD

Venkataramiah Satyan, Physical Research Laboratory,
Ahmedabad, India, July to November 1985, LSD

Jean-Pascal Van Ypersele, Catholic University of
Louvain-la-Neuve, Belgium, September to October 1986,
GCMG

Jacques Verron, Institute of Mechanics of Grenoble,
France, February 1986 to February 1987, Oceanography

Jeffrey Well, Martin-Marietta Corporation, Baltimore,
Maryland, August 1986 to August 1987, MRS

HIong Yan, Lanzhou Institute of Plateau Physics,
Lanzhou, People's Republic of China, October 1985 to
October 1987, Division Office

John Young, University of Wisconsin, June to July 1986,
LSD

Cui-Juan Zhu, National Research Center for Marine
Environment Forecasts, Beijing, People's Republic of
China, October 1985 to October 1986, MRS

38



Atmospheric Chemistry Division

The goals of the Atmospheric Chemistry Division (ACD) research program are:

* To determine and explain the chemical composition of the earth's atmosphere,
with particular concern for constituents that have global and regional
significance because of their effects on the biosphere, air quality, climate, and
the stratospheric ozone layer. This research requires the identification and
quantification of the sources and sinks of atmospheric gases from biospheric
and industrial emissions, and the key species that transform atmospheric
constituents.

* To determine the atmosphere's composition and dynamical features (includ-
ing their interactions with chemistry) from global observations. This is
accomplished through satellite programs; global in-situ sampling measure-
ments from aircraft, balloons, and rockets; and various global and regional
chemical field programs.

* To design and use photochemical-meteorological models to analyze and
interpret atmospheric data and to predict future trends in the earth's
chemical, physical, and biological environment, globally and in selected
regions.

* To determine the important chemical, physical, and biological mechanisms
that maintain and perturb chemical balances within the earth's atmosphere.
Examples are cycling processes of nutrient elements and those processes that
control atmospheric concentrations of methane.

We consider a balanced scientific program consisting of both theoretical and
experimental efforts to be vital. Thus, we emphasize interaction between theorists
and experimentalists. Additionally, because of the nature of our investigations, it
is useful to draw ideas, methods, and scientific personnel from disciplines other
than atmospheric science, for example, physics, chemistry, biology, mathematics,
oceanography, and soil science. Major channels of interaction include collaborations
developing out of our visitor program and cooperative research endeavors with
university, government, and, occasionally, private-sector colleagues.

ACD's organizational structure is designed to meet these goals. It consists
of three scientific sections and one support section. The scientific sections are
Precipitation Chemistry, Reactive Gases, and Aerosols; Global Observations,
Modeling, and Optical Techniques; and Atmospheric Gas Measurements. Most
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research activities are carried out within projects under the section and under the
overall guidance of the section heads. Research efforts frequently involve members
and resources from several projects. Meteorological, engineering, and technical
advice and assistance are available in the division from the Support and Visitor
Section, as is clerical assistance. The ACD Visitor Program is also administered
through the ACD Director's Office. After listing a few significant achievements, in
the following pages we review progress in each section of ACD during Fiscal Year
1986 (FY 86).

Significant Accomplishments

* Using a laboratory flow system, ACD scientists and university col-
leagues studied the reaction of gas-phase HO2 radicals with monodisperse,
submicron-aerosols (NH4HSO4 and LiNO 3). The concentration of HO 2

radicals in the system was strongly dependent on the amount of copper(II)
ions added to the aerosols. The accommodation coefficient for H02 on these
aerosols (estimated here as >0.2) implies that in clouds HO 2 mass transport
will be limited by gas-phase diffusion. Reactions of H02 with Cu(I) and
Cu(II) ions in submicron aerosols may have a significant role in converting
atmospheric odd-hydrogen radicals into hydrogen peroxide (H202).

* We completed laboratory studies of the reactive atmospheric species, N0 3,
important in the nighttime chemistry of the troposphere, and NO2. Rate
constants for the reactions of NO3 with HC1, NOCI, H2S, NH 3, N 2 0, CO,
HOC1, CH3CN, and CH4 were measured. The absorption cross section
of N03 as a function of temperature and the quantum yield of NO2
photoabsorption as a function of wavelength also were measured.

* ACD scientists measured gaseous H 2 02 in three aircraft campaigns (the
Western Atlantic Ocean Experiment [WATOX], the Genesis of Atlantic Lows
Experiment [GALE], and the Arctic Gas and Aerosols Sampling Program
II [AGASP II]). Thus, we obtained the first H202 data from the eastern
United States in wintertime and in Arctic haze, and we extended the scope
of WATOX in measured species. Original data were also gathered on H202
surface deposition velocities. Instruments similar to the H202 equipment
were also developed and tested for formaldehyde (HCHO).

* ACD scientists recently studied the carbon kinetic isotope effect in the
reaction of HO radicals with methane (CH4), which can enrich atmospheric
CH4 in 13 C relative to its sources. With an accurate measure of the ratio
of rate constants for HO radicals with 1 3CH4 and 12 CH4 (k 1 2/k 1 3 ) tests
can be made for balance of known sources and sinks of methane in the
atmosphere. ACD scientists measured the 12 C/13C fractionation in the
HO + CH4 reaction in the laboratory.
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* Because odd-nitrogen species are poorly determined in the background
troposphere, ACD scientists have greatly improved field instrumentation for
measuring NO, NO 2 , peroxyacetylnitrate (PAN), and total odd nitrogen. In
two extended field studies we found PAN to be a major component of NOy
over the Pacific Ocean; NO plus NO2 usually totaled less than 50 parts per
trillion (ppt). We also compared out instrumentation with that being used
by other research institutions.

* We calculated the stratospheric zonal mean radiative heating rates and
the Eulerian residual mean circulation using empirical data such as ozone
concentrations from satellites. Results show that the stratosphere is close
to radiative equilibrium, and that the transient circulation can be as large
as the diabatic circulation in the lower polar stratosphere. This study
confirmed that the diabatic circulation is related to the long-term average
Eliassen-Palm flux convergence and that there is large amount of drag in the
mesosphere that is probably related to gravity wave breaking.

* ACD scientists and colleagues investigated the problem of ozone depletions
in the middle atmosphere during the Antarctic spring. We proposed
a heterogeneous chemical mechanism that involves reactions on polar
stratospheric cloud particles to liberate chlorine from reservoir species and
make it available for ozone catalysis. Also, we concluded their investigation
of the D-region winter anomaly and demonstrated that most of the observed
features of the smooth and sporadic anomalies can be understood in
terms of the transport of NO (produced in the aurora) by the mean
meridional circulation and planetary waves. We also researched planetary-
wave excitation by tropical deep convection and began a study of tracer
transport by large-amplitude planetary waves.

Precipitation Chemistry, Reactive
Gases, and Aerosols Section

Two major atmospheric projects are organized under the PCRGA Section:
the Reactive Gases and Particles Project (RGP), Allan Lazrus, Project Leader;
and the Atmospheric Kinetics and Photochemistry (AKP) Project, Jack Calvert,
Project Leader.

The RGP develops analytical methods and conducts field studies aimed at
observing the atmospheric distribution of chemical species playing a key role
in atmospheric photo-oxidation. During FY 86, the project developed a new
technique for "real-time" measurements of HCHO vapor, and conducted numerous
field tests of both this method and the enzyme-based peroxide vapor technique.
HCHO is an important free-radical chain carrier in atmosphere photochemistry.
Wintertime studies of H202 vapor were conducted in the Arctic, over the eastern
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United States, and over the western Atlantic. H 2 0 2 is a principal free-radical sink
and is also an important oxidant for converting SO 2 to H 2 S0 4 in cloud water. The
first measurements of the dry deposition velocity of H 2 0 2 vapor were completed.
The surface flux densities of H202 and ozone (03) to leaves were measured.

AKP project research during FY 86 has focused on several kinetic and
photochemical projects and cooperative efforts with other NCAR groups, scientists
from UCAR universities, and other atmospheric research institutes. Significant new
results have been obtained on the kinetic and photochemical properties of various
nitrogen-containing species of special interest to atmospheric scientists (NO 2 , NO 3,
N20 5 , ClONO 3 ). Kinetic studies related to the atmospheric methane (C-12,
C-13 methane) and hydrogen (H 2 , HD) removal mechanisms have been completed.
New and important findings have been made in the study of the chemistry of
aerosols and their interactions with the reactive transient HO 2. The first version
of a computer model involving the complex chemistry of the hydrocarbons has
been completed, and some applications to problems in atmospheric chemistry
have been made in cooperation with NCAR's Acid Deposition Modeling Project.
AKP personnel have participated in a field intercomparison of NOx and NOy
instruments with National Oceanic and Atmospheric Administration (NOAA),
University of Maryland, and National Bureau of Standards (NBS) scientists.

The personnel of the RGP and AKP projects share many common interests,
and the mix of field, laboratory, and theoretical studies in which they participate
contributes significantly to the overall goals of the PCRGA Section and the
Atmospheric Chemistry Division at NCAR. Specific research efforts are described
in the following sections.

Reactive Gases and Particles

Instrument Development. During FY 86 progress continued in developing
instrumentation for investigating gases that play key roles in atmospheric photo-
oxidation. Karen Fong, John Lind, and Lazrus completed development and testing
of a new method for analyzing HCHO vapor. Formaldehyde vapor is an important
intermediate in the photo-oxidation of hydrocarbons and plays an important role
in propagating the free-radical chain reactions. Previous methods required long
sampling times and had poor sensitivity. The new technique has a 10-90% rise
time of 2 min and a detection limit of approximately 100 pptv, making it suitable
for measurements in clean, remote air.

The HCHO measurements are made continuously. The analytical technique
utilizes the specificity and sensitivity of enzyme fluorimetry. Formaldehyde
dehydrogenase is used to catalyze the oxidation of HCHO while nicotinamide
adenine dinucleotide is stoichiometrically converted to its reduced form which is
fluorescent. Extensive interference testing has been conducted. The following
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compounds, alone and in combination, have been added to an air stream with
and without HCHO vapor, with no measurable interference: SO2, 03, NOx, and
hydrocarbons. Acetaldehyde responds with about one-thousandth the sensitivity
of HCHO.

A number of field projects were completed to intercompare both the HCHO
technique and the H 2 0 2 peroxide instruments with other recently developed
methods. The enzyme-based H 2 0 2 method was intercompared at NCAR by
Gregory Kok and Sonia Gitlin with a chemiluminescence technique developed
at the Center for Environment Protection (CEP), Johann Wolfgang Goethe
University of Frankfurt, Germany. The intercomparison continued with real cloud-
water samples at the Atmospheric Sciences Research Center (ASRC) laboratory
on the summit of Whiteface Mountain in the Adirondacks, with Scott McLaren of
ASRC and Norbert Beltz of CEP.

For 5 weeks in June and July 1986, the HCHO and H202 systems were
involved in intercomparative and smog-chamber studies in North Carolina. These
studies were sponsored by the Environmental Protection Agency (EPA). The
intercomparison involved our enzyme fluorometric techniques, Unisearch's tunable
diode laser system, Texas Tech University's diffusion denuder techniques, and
EPA's dinitrophenylhydrazine cartridge technique. The intercomparison involved
measuring standard HCHO and H 2 0 2 vapor concentrations to which a variety of
potentially interfering gases had been added. Also, HCHO was measured in a
variety of photochemical mixtures as a prelude to the University of North Carolina
(UNC) chamber experiments. Ambient HCHO and H 2 0 2 measurements were also
made for comparison with the other techniques involved. In all cases our results
were within about 14% of the average value of all measurements. The second
half of the study involved making HCHO and H202 measurements at the outdoor
UNC smog chamber in cooperation with Harvey Jeffries' chamber under a variety
of conditions. Data for these experiments are still being analyzed.

The third intercomparison study focused on ambient air measurements of H 2 0 2

and HCHO in Los Angeles. This study, sponsored by the California Air Resources
Board, was conducted by Kok in August of 1986. A total of seven different
H 2 0 2 analytical techniques and four different HCHO analytical techniques were
compared. The sampling conditions were quite rigorous as the maximum ozone
concentration was in excess of 200 parts per billion by volume (ppbv) every day
and nitric acid concentrations are typically 20 ppbv. The data are still being
processed. Both the H202 and HCHO data appear systematic in terms of the
diurnal variations observed.

Lind began work on a new enzyme-based technique for detecting HNO 3 with
improved sensitivity and time resolution. This technique will advance our efforts
to develop suitable methods for detecting the products of the three main radical
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chain termination reactions in atmospheric photo-oxidation, namely H 2 0 2 , organic
hydroperoxides, and nitric acid vapor.

Research on an enzyme-based method for measuring formic acid vapor has been
conducted by Niels Schonbeck, visitor to the ACD while on sabbatical leave from
Metropolitan State College. Formic acid is a product of hydrocarbon oxidation,
and is a principal contributor to acidity in precipitation in remote regions.

Enzymes provide a unique combination of high substrate specificity and rate
enhancement. Furthermore, enzymes can be used to amplify chemical signals
three to four orders of magnitude by the technique of "enzyme cycling." Michael
Seymour, an ACD visitor on sabbatical from Hope College, perfected an established
enzyme cycling system for NAD+ (commonly produced in analytical methods) by
developing a purification procedure for one of the enzymes. He was then able to
amplify the analytical signal by almost two orders of magnitude for every minute
of reaction time.

Field Studies. James Walega measured H202 and SO 2 during the WATOX
experiment during January 1985 in cooperation with James Galloway of the
University of Virginia. This field program was based in New Jersey. These are the
first measurements of H 2 0 2 vapor in the winter in the eastern United States, as
well as the first measurements made over the Atlantic downwind of the East Coast.

Walega, Kok, and Brian Heikes installed H 2 0 2 and SO 2 instruments on
board the University of Washington Convair for operation during the GALE
experiment and trained University of Washington personnel in the operation of
the instruments. GALE was based in Raleigh, North Carolina, and took place in
January, February, and March 1985. Kok analyzed cloud-water samples for H202
as well, in cooperation with Dean Hegg of the University of Washington. These
observations extended the range of the measurements performed during WATOX.

Walega measured H 2 02 during AGASP II. The experiment, conducted over
Alaska and Greenland in April 1986, was coordinated by Russell Schnell of
NOAA. In addition to our H202 measurements, we acquired samples for Leroy
Heidt of NCAR for the determination of hydrocarbons and Thomas Conway of
NOAA for the determination of CO2. These are the first measurements of H202
associated with Arctic haze. The results of WATOX, GALE, and AGASP II
provide wintertime data to supplement our previous fall, spring, and summer
H202 measurements.

Heikes, in cooperation with Stewart Penkett, University of East Anglia, Great
Britain, measured the surface flux of H202 vapor to a mature wheat field in
Bennett, Colorado, during June and July. This represents the first effort to
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measure the dry deposition velocity of H 2 0 2 vapor, an essential parameter for
theoretical regional modeling of acid rain.

Laboratory Studies. In early 1986, Christine Ennis, a postdoctoral fellow
with the NCAR Advanced Study Program (ASP), constructed an experimental
apparatus for exposing plants to acute concentrations of gaseous peroxides, SO 2 ,
and 03. The experiment is designed to test the concept that 03 and H 2 0 2 vapor
will oxidize SO2 to H 2SO 4 after diffusing through leaf stomata and into the cell
wall water, just as they do in cloud droplets. This chemical reactivity could lead
to significant synergistic effects on the flux densities of these gases into leaves. The
surface resistance of foliage to gas fluxes is a sparsely studied topic of potentially
critical significance to dry deposition modeling. The physiological effects of the
gases are also being monitored. This work is conducted cooperatively with Patrick
Zimmerman of the Biosphere-Atmosphere Interactions Project and Russell Monson
of the Biology Department of the University of Colorado, Boulder.

Atmospheric Kinetics and Photochemistry

The group studying atmospheric kinetics and photochemistry has concluded its
fourth year of activity in ACD. The effort was established to provide spectroscopic,
kinetic, and photochemical data for atmospheric trace gases and transient reactive
species that are undetermined or uncertain in the current literature yet are
required in order to evaluate their role in atmospheric chemistry.

New Temperature-Variable Multipass Cell for the Simulation of At-
mospheric Reactions. A new cell, designed by Richard Shetter and constructed
by the NCAR machine shop, is now in use in kinetic and spectroscopic experiments
of the AKP group. It has a base path of 2 m with a total optical path that
is adjustable from 16 to 96 m through a multiple-pass optical system. It has a
temperature control from -60° to 200°C with gradients of <0.20 along the cell
length, and it can operate with gaseous mixtures at up to 10 atm pressure. The
cell has been in use during FY 86 for spectral measurements with the Fourier
transform spectrometer system in the ultraviolet, visible, and infrared regions.

The Atmospheric Chemistry of Nitrogen-Containing Species. Several
studies related to the chemistry of the reactive atmospheric species, NO3 ,
important in the nighttime chemistry of the troposphere, have been carried out by
James Davidson, Christopher Cantrell, Shetter, and Calvert of AKP and Benjamin
Anderson (visiting summer student from the University of Chicago). The group
determined rate constants of the reactions of NO 3 with HC1, NOC1, H 2 S, NH 3 ,
N 2 0, CO, HOC1, CH3 CN, and CH4. In another study they also determined the
absorption cross section of NOs as a function of temperature (215 to 347 K).
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These results, while in agreement with other recent studies for 298 K, differ at the
lower temperatures, where we found no significant change in cross section. These
findings bear directly on the determination of the equilibrium constant for the
system, N 2 0 5 = NO 3 + NO 2, and the rate constant for NO 3 unimolecular decay,
NO 3 + M --- NO + 02 + M; preliminary studies on both of these systems have
been made during this year.

The published quantum yields (4) of the photodissociation of NO 2

(NO2 + hv -O 0( 3 P) + NO) as a function of wavelength show a very large
scatter (as much as 60% difference between recent estimates). Values of q are
necessary inputs to the theoretical estimation of the J(NO2) values required for
atmospheric chemistry models; the uncertainties in these values lead directly
to uncertainties in estimated 03 levels and other critical components of the
atmosphere. Edward Gardner, Paul Sperry, and Calvert have redetermined ( as a
function of wavelength and temperature, and have established accurate values for
use in modeling.

The AKP group has also been studying the atmospheric chemistry of chlorine
nitrate. The quantitative identification and determination of the abundance
of chlorine nitrate in the stratosphere requires the accurate infrared spectrum
of this compound measured under stratospheric conditions. Members of the
group (Davidson, Cantrell, Shetter, Calvert, and Anthony McDaniels, student
assistant from the University of Colorado), in cooperation with Steven Massie
(ACD) and Donald Wuebbles (Lawrence Livermore National Laboratory) have
initiated such measurements. In the first of these efforts they have determined
the temperature dependence of the IR bands (223 and 298 K) and the ultraviolet
spectrum. Significant differences are observed between published data and the new
spectra. These data can be used in conjunction with satellite data and computer
simulations to test current theories of halocarbon involvement in ozone depletion
in the stratosphere.

Calvert, Bruce Gandrud, Brian Ridley, and Anthony Delany have collaborated
with scientists from the NOAA Aeronomy Laboratory. (Frederick Fehsenfeld,
Gerhard Hubler, Eric Williams, Carol Curran, Charles Eubank, David Fahey,
Andrew Langford, Paul Murphy, Richard Norton), the University of Maryland
(Russell Dickerson, Winston Luke, Linda Nunnermacker, Kenneth Pickering), and
the NBS, Washington D.C. (Alan Fried) to conduct a field intercomparison of
NO, NOx, and NOy measurement techniques involving the two most common
instruments employed in field measurements today. The results pointed to some
significant interferences of PAN in the use of instruments employing ferrous sulfate
converters for NO 2 detection. Other important observations were made that
should help to standardize the use of NO, and NOy detectors in future field
studies.
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The Atmospheric Chemistry of the Hydrocarbons. The carbon kinetic
isotope effect in the reaction of HO-radicals with CH4 can enrich atmospheric
CH 4 in 13 C relative to its sources. With an accurate measure of the ratio of rate
constants for HO-radicals with 13 CH 4 and 12CH 4 (k 1 2/kl3) tests can be made
for balance of known sources and sinks of methane in the atmosphere. Davidson,
Cantrell, Shetter, and Calvert collaborated with Stanley Tyler and Ralph Cicerone
to determine the required rate constant ratio; the value, 1.010, will be valuable in
evaluating data on the source of atmospheric methane.

The atmospheric chemistry of acrolein, the simplest unsaturated aldehyde
that occurs in the troposphere, has been investigated. Gardner, Sperry, and
Calvert have determined the quantum yields of the primary processes in acrolein
photodecomposition for simulated tropospheric conditions. These data have been
used to derive J-values for acrolein and to predict the lifetime of acrolein in the
troposphere.

A theoretical study of the initial products of the atmospheric oxidation of
hydrocarbons has been made by Calvert and Sasha Madronich of the NCAR
Atmospheric Deposition Modeling Project (ADMP). NCAR). They employed their
newly developed NCAR Master Mechanism to determine the expected distribution
of initial products of the atmospheric oxidation of a complex, representative
mixture composed of 35 different hydrocarbons. The expected product distribution
and lifetime data suggest that each class of hydrocarbon has certain unique
products that should serve as useful indicators of the history of an aged air
mass. Their results also show that alkyl nitrates and -y-hydroxy-alkyl nitrates
may contribute to the large and as yet unidentified fraction of the active nitrogen
species noted in the NOy determinations in the troposphere (David Fahey et al.,
NOAA).

The Atmospheric Chemistry of Hydrogen. Davidson, Cantrell, and
Shetter collaborated with Dieter Ehhalt (Kernforshungsanlage, Jiilich, Federal
Republic of Germany), Tyler, Irving Friedman, and James Gleason (U.S. Geological
Survey, Denver) to measure the isotope effect in the reaction of HO radicals with
H 2 and DH. The results provide a useful new tool in the study of the balance of
sources and sinks of molecular hydrogen in the atmosphere.

Role of Aerosols in Atmospheric Chemistry. The reaction of gas-phase
HO2 radicals with monodisperse, submicron-size aerosols (NH4 HSO 4 and LiNO3)
has been studied in a flow system; the research involved a collaboration between
Michael Mozurkewich, Calvert, and Peter McMurry and Anand Gupta (University
of Minnesota). The concentration of HO2 radicals was strongly dependent on the
amount of copper(II) ions added to the aerosols. The accommodation coefficient
for HO 2 on these aerosols, estimated in this work as >0.2, implies that in clouds
HO 2 mass transport will be limited by gas-phase diffusion. Reactions of HO 2
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with Cu(I) and Cu(II) ions in submicron aerosols may have a significant role in
converting atmospheric odd-hydrogen radicals into H 2 0 2 .

Atmospheric Chemistry of Sulfur-Containing Compounds. In a coop-
erative effort with Calvert and Cicerone, John Birks and Alan Hills (University
of Colorado) have studied the reactions of the simplest sulfur molecule, S 2, with
0( 3 P) atoms, 02, 03, N 2 0, NO, and NO 2 . These data have been used to
determine the lifetime of S2 in the atmosphere.

The mechanism of SO 2 oxidation by reaction with the reactive products of
ethylene and ozone has been investigated by Shetter, Cantrell, Davidson, and
Calvert in a cooperative effort with Hajime Akimoto (Japan Environment Agency).
It was shown that the CH2 0 2 species reacts with SO2 in a more complex fashion
than has been proposed in previous work. The CH202S0 2 initial product can
form SO3 , but a second molecule of SO2 is required for this channel of reaction to
occur.

Atmospheric Gas Measurements Section

Three major projects are organized under the AGM Section: the In-Situ
Measurements (ISM) Project, Leroy Heidt, Leader; the Biosphere-Atmosphere
Interactions (BAI) Project, Patrick Zimmerman, Leader; and the Atmospheric
Odd Nitrogen (AON) Project, Brian Ridley, Leader.

The AGM Section houses much of the division's expertise in laboratory
and field measurements of the relatively stable trace gases and of nitrogen-
containing radicals and molecules and the division's expertise in biologically
related topics and the experimental equipment and expertise for stable-isotope
analysis. The section's principal goals are (1) through ground-based aircraft
and balloon-borne measurements to (a) observe and define sources of tropospheric
and stratospheric radicals important in the background tropospheric and the
ozone-destroying catalytic cycles of the stratosphere, (b) provide quality data for
boundary conditions for satellite remote sensors, and (c) provide tropospheric and
stratospheric data useful in assessing possible chemical and climatic impacts of
atmospheric trace-gas trends, and (2) through research focused on the biosphere to
(a) identify and quantify sources and sinks of trace gases important in atmospheric
chemical processes and (b) acquire improved and contemporary knowledge of the
influence of the biosphere on the budget of these gases.
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In-Situ Measurements

The ACD group involved in in-situ measurements continued to increase its
emphasis on the relatively stable trace gases, both naturally emitted and anthro-
pogenically produced, that maintain major geochemical roles in the atmosphere.
ISM measurements are intended to strengthen understanding of tropospheric
chemistry cycles by establishing sources for chemical species in the troposphere,
indicating transport mechanisms and chemical transformations, isolating processes
of removal from the troposphere, and monitoring long-term concentration trends
that have an effect on those cycles. The distribution of these trace gases in the
stratosphere directly influences the earth's radiation balance and the ozone budget
as well as other chemical balances, which in turn influence the dynamics of the
stratosphere. The observational efforts, therefore, have been focused on spatial
and temporal distributions, as well as on long-term concentration trends in both
the troposphere and stratosphere. Additionally, their application has been planned
to contribute to the Global Tropospheric Chemistry Program.

The tropospheric program, part of which makes use of the NOAA Geophysical
Monitoring for Climate Change (GMCC) global sampling network, continues to
monitor long-term trace gas trends. The Trends in Atmospheric Constituents
Study (TRACS) functions with the collaboration and field support of James
Peterson's staff at GMCC, including Bernard Mendonca and the station chiefs at
Point Barrow, Alaska, two sites in Hawaii, American Samoa, and at the South
Pole. A sixth site in New Zealand was established through support of Vincent
Lally of the NCAR Global Atmospheric Measurements Program and is maintained
by Sharyn Latchford of the New Zealand Meteorological Service. With this
collaboration, ISM's Heidt, Bruce Henry, Walter Pollock, and Richard Lueb are
able to perform the analyses of approximately 1,000 TRACS samples per year
while also focusing efforts on other research efforts that make use of shipboard,
aircraft, and balloon platforms. Annual global trends (increases) established
from this program include: CH 4: 1.0%, CO: 0.9%, N20: 0.3%, CH 3CCI3 : 3.9%,
CC14: 4.9%, C 2 F 3C13 (F-113): 4.2%, CF 4 (F-14): 1.5%, Additionally, seasonal cycles
and source regions are being established for the organic bromine gases (CHBr3,
CH 3 Br, CH2Br2, and C2H 4 Br2).

In collaboration with Richard Gammon and David Wisegarver (NOAA Pacific
Marine Environmental Laboratory), the ISM staff collected samples in the
upwelling Pacific Ocean as part of the Equatorial Pacific Ocean Climate Studies
(EPOCS) and were successful in establishing upwelling areas as a major source
of organic bromine in the troposphere. The second phase of EPOCS is presently
under way and the collaboration described continues.

Heidt and Pollock continued collaboration with Russell Schnell and Gary
Herbert (NOAA/GMCC) in AGASP II to measure both naturally emitted and
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anthropogenically produced trace gases as components of the Arctic haze. These
measurements are now being combined with the dynamics data of Herbert to serve
as tracers of the late winter pollution haze.

One stratospheric balloon flight was completed by Lueb, Heidt, and Pollock
as a limited effort to continue mapping seasonal trends and to assess chemical
contributions of several hydrocarbons and organic halogens. The July flight
was launched at the National Scientific Balloon Facility at Palestine, Texas, and
collected samples vertically to 40 km in altitude.

Biosphere-Atmosphere Interactions

Many gases that affect the chemistry of the earth's atmosphere are produced
through the biological cycling of the earth's elements. These gases include
many nitrogen-containing compounds such as NO, NO,, N 2 0, and NH3; carbon-
containing compounds such as CO 2 , CO, CII 4, and nonmethane hydrocarbons; a
variety of reduced sulfur compounds; and many other trace gases.

In the last year, ACD's efforts to understand the interactions between the
biosphere and atmosphere have focused on conducting field experiments that
used micrometeorological enclosures and tracer techniques to measure trace-gas
fluxes, the characterization of trace-gas constituents in remote ambient air, and
development of a better understanding of methane cycling.

In 1986 we continued an experiment designed to measure fluxes of specific
nitrogen compounds from a wheat field. The site chosen for the experiments (near
Bennett, Colorado) was established in 1984 and was also studied in 1985. It has
been a good research site because it has uniform physiography and soil treatment
such as fertilizers, land use and crop rotation, is relatively flat and is secure, i.e.,
on private property. In addition, it is far enough from the Front Range plume so
that it is not overwhelmed by urban pollution, yet it is close enough to NCAR
that logistical support is relatively easy.

We chose a wheat field for study because it represents a simplified grassland
ecosystem comprising a monoculture with a well-defined life history. The plant
canopy height is short, making deployment of micrometeorological instrumentation
much easier than it would be in a forest ecosystem.

In addition to providing new information about nitrogen cycling in wheat, tracer
experiments were conducted to characterize atmospheric dispersion processes above
the plant canopy. These experiments will allow researchers to better interpret
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chemical flux data, and they will also lead to the development of more streamlined
flux measuring procedures.

Collaborators included William Parton, David Schimmel (Colorado State
University, Natural Resource Ecology Laboratory); Donald Stedman (Denver
University) and Brian Lamb (Washington State University). NCAR participants
included Zimmerman, Delany, James Greenberg, and Curtis Westberg (all of the
BAI group), Jon Mak (student visitor from University of California at Irvine), and
Heikes of RGP.

Very few measurements of C 1 - C 12 hydrocarbons in remote areas have been
made. Many hydrocarbons can be biogenically produced, and they can dominate
tropospheric OH chemistry. The BAI group therefore continued its program of
collecting of air samples at selected remote locations. In 1986 it collected samples
during spring, summer, and fall ship cruises in conjunction with a research program
of Meinrat Andreae (Florida State University) off the east coast of the United
States. Changes in the concentrations and distributions of hydrocarbons will
be correlated with biological measurements to help define biogenic hydrocarbon
production. In addition, it is expected that the samples will provide information
about oxidant formation as continental emissions are transported over the oceans.

BAI also collected samples at conifer forest sites in New Mexico in collaboration
with James Gosz (University of New Mexico). Their study has been designed to
examine physiological differences in stands of Douglas fir as related to site quality,
moisture, and nutrient availability. The BAI group obtained preliminary data that
will allow comparisons of actual emissions of monoterpenes with the composition
of terpenoid extracts from needle samples. They thus anticipate more accurate
estimates of the spatial and seasonal variability of vegetative emissions.

Methane is an important, primarily biologically produced trace gas in the
atmosphere. It is relatively abundant and long-lived and can contribute to
"greenhouse" warming of the atmosphere. Global methane concentrations are
increasing annually. Mechanisms for the increase cannot be understood until the
major sources and sinks are better defined. The BAI group has therefore continued
to study selected methane sources.

As part of this continuing effort it conducted a field experiment in Kenya to
collect samples from selected methane sources, including seasonally flooded rivers,
rice paddies, papyrus swamps, lakes and marshes, and various species of termites.
A mobile field laboratory was set up in a van to measure methane, carbon dioxide,
and a man-made tracer (SF 6 ). Using a combination of tracer and enclosure
techniques five flux experiments were conducted in the field. In addition, methane
and biomass samples were returned to Boulder for the determination of 1 2 C/13 C
ratios.
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As carbon moves through various biochemical pathways, carbon isotopes tend
to be fractionated. Therefore, methane produced by a specific biological process
and derived from a specific organic substrate should have a characteristic isotopic
fingerprint. If the specific isotope ratios for individual atmospheric sources are
known and the isotope ratio of atmospheric methane is also known, it should
be possible to place limits on the size of individual sources that contribute to
the atmospheric methane pool. In order to further investigate this possibility,
experiments were set up in the field in Africa and in the laboratory at NCAR to
look at the variations in isotopic composition of distinct species of termites fed
organic material that had widely different isotope ratios.

Samples of methane emissions from various sources and their associated
biomass were returned from the field so that source ratios and fractionation
processes during methane production can be addressed. Samples to be analyzed
were collected in Kenya, Panama, and from greenhouse rice cultures in California.
Collaborators include Zimmerman, Cicerone, Tyler, Colin Cumberbatch, Westberg
(all of NCAR), Johanna Darlington (National Museums of Kenya), Shem Wandiga
(University of Nairobi), and C.C. Delwiche (University of California at Davis).

Atmospheric Odd Nitrogen

The AON group (Ridley, Gandrud, James Shetter, and Frank Grahek) focused
upon investigations of the distribution and photochemistry of reactive odd-
nitrogen species in the remote and rural atmosphere. These species often control
the efficiency of oxidant production. Development of sensitive instrumentation
for ground-based, aircraft, and balloon measurements has been under way, and
several field programs were completed. The field programs have been conducted in
collaboration with other groups both to increase the complement of atmospheric
measurements and therefore restrict the number of variables in comparisons
with atmospheric models and to allow a critical intercomparison of measurement
techniques.

Emphasis has been upon the development of instrumentation for measurements
of peroxyacetyl nitrate (PAN), NO, NO 2, and NOy in the boundary layer and
free troposphere of remote-air environments. Consequently, instruments capable of
reliable measurements down to a few parts per trillion by volume are required. The
PAN instruments were refined extensively to allow fairly routine measurements at
ground-level field sites. Another instrument was modified extensively to enable
measurements from an aircraft platform independent of aircraft altitude and cabin
pressure variations. Both types of instruments were used successfully in field
programs this year. A new and smaller version of the NO chemiluminescence
detector was designed and constructed, requiring only a third of the gas flow of
the earlier instruments for equal or better sensitivity; the reduction in vacuum
pump size for aircraft work is significant. The detector formed the heart of the
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NOy aircraft instrument used in a field program this summer. The design was also
chosen by the NOAA Aeronomy Laboratory for their ER-2 aircraft instrument for
the Stratosphere/Troposphere Exchange Program (STEP).

A stratospheric balloon instrument is presently undergoing laboratory tests
and will be chamber evaluated within the next few months. This instrument is
designed for measurements of NO in conjunction with instrumentation developed
by James Anderson of Harvard University for measurements of free-radical species
that play a major role in the control of ozone in the stratosphere. The NO
balloon instrument will also serve as the basis of an instrument for measurements
of total odd nitrogen from a balloon platform. An accurate measurement of
NOy in the stratosphere will allow a critical assessment of future ozone depletion
by halocarbons. Only preliminary design work on the NOy module has been
completed.

Two extensive field programs were undertaken. In the first, the PAN
instrumentation was used in a collaborative experiment with Frederick Fehsenfeld,
Eric Williams, David Parrish, Richard Norton, Martin Buhr (NOAA Aeronomy
Laboratory) and Harold Westberg and Eugene Allwine (both of Washington State
University) near State College, Pennsylvania. Simultaneous measurements of a
variety of nonmethane hydrocarbons, NO, NO2, HNO 3 , NO-, 03, PAN, NOy, and
meteorological parameters were made in June and July. These studies will allow
a detailed examination of the photochemistry and oxidant generation potential of
air masses containing reasonably high levels of pollutants. A large body of data
is presently being organized and will be compared with previous and similar field
programs conducted over the past several years at more remote sites (Niwot Ridge,
Colorado, and Point Arena, California).

Between the end of July and the middle of September the AON group
participated in an extensive aircraft field program, the NASA Global Tropospheric
Experiment/Chemical Instrumentation Test and Evaluation (GTE/CITE) program
headed by Robert (Joe) McNeal, NASA Headquarters. Thirteen flights were made
on board the NASA Wallops Electra over the Atlantic, continental United States,
and the Pacific. The first objective of these flights was to extend the field
measurements begun on two previous aircraft missions in the fall of 1983 and
the spring of 1984 by adding new instrumentation to the aircraft complement.
Instruments from a number of organizations for the detection of 03, NH 3,
CO, nonmethane hydrocarbons, solar flux, meteorological parameters, NO, NO 2 ,

PAN, and HNO 3 were included to allow a detailed examination of the budget,
distribution, and photochemical interactions of reactive odd-nitrogen species in the
free troposphere. The second objective was to intercompare instruments relying
on different operating principles for measurements of NO 2, HNO 3, and PAN
in the remote atmosphere. The AON group, in collaboration with Mary Anne
Carroll, Gerhard Hubler, David Fahey, and Daniel Albritton (NOAA Aeronomy
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Laboratory), contributed four instruments to the aircraft complement, NO, NO 2 ,
PAN, and NOy. These instruments were intercompared with ones from York
University, Toronto (Donald Hastie and Harold Schiff, NO 2), one from the Georgia
Institute of Technology (Douglas Davis, John Bradshaw, Michael Rodgers, NO 2 ),
NASA Wallops (Arnold Torres, NO2 ), and NASA Ames (Hanwant Singh and Louis
Salas, PAN).

The results from the blind intercomparison experiments are presently being
reviewed by a group at NASA Langley. However, it is clear from our measurements
over the Pacific Ocean that NO and NO 2 were usually low, less than 50 pptv total,
as was found by Carroll and Ridley on previous GTE/CITE field programs. NOy
was often of the order of several hundred parts per trillion by volume. A large
fraction of this was present as PAN. These experiments have shown conclusively
that PAN can be a major component of odd nitrogen even in Pacific Ocean air
masses. The same result was found from the continental surface layer field studies
mentioned previously. PAN will then serve as a source of active nitrogen (NO
and NO 2) and radical species in the remote atmosphere, most likely as a result of
long-range transport from continental areas. Thus, the complexity of nonmethane
hydrocarbon chemistry and long-range transport will be a factor in modeling
studies of even the remote free troposphere.

Global Observations, Modeling,
and Optical Techniques Section

The Global Observations, Modeling, and Optical Techniques (GOMOT) Section
is headed by John Gille. It consists of the Optical Techniques (OT) Project led
by William Mankin, and the Global Observations and Modeling (GOM) Project
under Gille's leadership. GOMOT's goals are to understand chemical processes
and composition in the atmosphere, and the ways in which they interact with
dynamical and radiative processes. Section activities include the development
and use of instruments for atmospheric observation, analysis of the measurements,
and interpretation of the results. In the middle atmosphere (stratosphere
and mesosphere) attention centers on global-scale distributions, processes, and
transports. Tropospheric studies are directed to a large extent to problems of
sources, sinks, eddy transports, and long-term trends.

Global Observations and Modeling

Analysis and Interpretation of Global Data. Many of our studies have
been based on the archived data from the limb infrared monitor of the stratosphere
(LIMS). GOM played a major role in the acquisition and reduction of these data,
which have produced temperature and ozone data from 100 mb (15 km) to 0.1
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mb (64 km), and water vapor, nitric acid, and nitrogen dioxide to lower altitudes.
We completed the initial description of the global distributions of nitrogen dioxide
and nitric acid, which were published in a WMO review of the present status of
knowledge of the stratosphere and stratospheric ozone.

Masato Shiotani (visitor from the University of Kyoto) and Gille analyzed
meteorological data from the National Meteorological Center (NMC) and ozone
data from the solar backscattered ultraviolet (SBUV) instrument to study the
evolution of the ozone distribution from late winter to spring in the lower
stratosphere over Antarctica. This is the regime in which the sharp recent drop
in ozone, known as the "ozone hole," has recently been observed. The object of
their study was to understand the background of this depletion. The data are
consistent with a picture in which the convergence of the Eliassen-Palm flux in
the stratosphere slows the mean winter westerlies, moving the zero wind line and
thus the convergence region downward and poleward with time. The convergence
leads to downward motions, which move poleward from 60°S latitude in September
to 80°S in November. These downward motions bring air with higher mixing
ratios to the lower stratosphere, so a collar of higher ozone encircles the pole and
slowly shrinks in toward it. Most interestingly, there is a several-year downward
ozone trend that is matched by trends in temperature, wind, and wave activity.
This suggests that not only the seasonal evolution but part of the observed
long-term reduction may be the result of natural causes that have their origin in
the troposphere, where the waves originate. It also suggests that the lowest values
may be related to upward motions at high latitudes in the early spring.

Gille and Lawrence Lyjak calculated in detail the rates of the zonal mean
radiative heating. They used codes developed by V. Ramanathan (now at the
University of Chicago), but adjusted the values at the topmost levels to account
for the detailed shape of spectral lines and departures from local thermodynamic
equilibrium. These final calculations used the latest ozone values from SBUV
data to extend the LIMS data in the Southern Hemisphere polar region, and
more accurate information on tropospheric water vapor, cloud amounts, heights,
and albedos. The results show that the stratosphere is very close to radiative
equilibrium. The results were then adjusted slightly to ensure that there was no
net motion through any pressure surface, and used by Gille, Lyjak, and Anne
Smith (University of Colorado, now at the University of Michigan) to calculate
the global transformed Eulerian or residual mean circulation (rmc) from the
transformed thermodynamic circulation. One of the unique aspects of this study
was the splitting of the rmc into two components-a slowly varying component,
the diabatic circulation, calculated from the diabatic heating rates, and a rapidly
varying circulation, termed the transient circulation, that is calculated from the
fluctuations in temperature and eddy components. The diabatic circulation is what
is often used in two-dimensional models to account for the advective transport in
the meridional plane.
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This study showed that the transient circulation can be as large as the diabatic
circulation in the lower polar stratosphere, and can rapidly reverse sign. Since
it cannot be treated explicitly in models, this component must be parameterized;
however, present parameterizations do not appear to represent the spatial and
temporal variations of this component. Use of this circulation in the momentum
equation confirms that the diabatic circulation is related to the long term average
Eliassen-Palm (EP) flux convergence, and that there is a large amount of drag in
the mesosphere that is probably related to gravity wave breaking. The circulation
shows a semi-annual oscillation in the tropics that explains the appearance of the
water vapor distribution in the tropics in April. Both of these studies are now in
press.

Lyjak and Smith carried out a unique study of the generalized Lagrangian
mean (glm) circulation using LIMS data. They initialized tubes of air parcels
by projecting height contours on isentropic surfaces and followed the subsequent
motion of the air parcels. From this they derived the mean drift of the tubes.
During an undisturbed period in November 1979, the vertical and horizontal
velocities agreed reasonably well with the rmc. During disturbed periods in
January and February the tubes became disorganized more quickly because of the
much more rapid dispersion of the parcels. Again, the vertical motions were similar
to those of the rmc, but there were larger differences in the horizontal motion.

Model Development. Guy Brasseur (visitor from the University of Brussels)
carried out a set of one-dimensional model calculations to explore the response of
the atmosphere to perturbations by various scenarios of chlorofluorocarbon, carbon
dioxide, methane, and nitrous oxide increases in the next several decades. He
and Charles Smythe have developed the initial version of a two-dimensional model
that has also been used to investigate the latitudinal variation of the atmospheric
response to various perturbations. In the future this model will be used with
satellite data for detailed studies of the two-dimensional interaction of chemistry
and dynamics leading to transports of trace constituents.

Brasseur and Smythe have also developed a mechanistic three-dimensional
model. This has a longitudinal resolution corresponding to about wavenumber
4, but allows for the interactive calculation of chemistry and radiation and their
feedbacks on the dynamics. An initial run, with the lower boundary forced by
a steady wave 1 in the height field, results in a realistic stratospheric warming,
including the advection of tongues of ozone-rich air and nitric-acid poor air from
low latitudes into the polar regions.

Development of New Observational Techniques. Paul Bailey and Gille
published the details of their approach to the inversion of limb radiances, such
as those obtained by the LIMS instrument. The code embodies a number
of assumptions that allow it to run quickly on a small computer and still
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produce quite good results. The principal drawbacks identified were in the
simple parameterization of the transmittances and the omission of the effects of
temperature change on them. Both of these could be remedied on a slightly larger
computer.

Steven Massie continued to work with Gille and Bailey on an inversion
algorithm for the cryogenic limb array etalon spectrometer (CLAES) experiment
planned for the Upper Atmosphere Research Satellite (UARS), now expected to
be launched in late 1991. Considerable progress has been made in improving
and validating the high resolution forward radiance code. It appears that when
the transmittances are calculated at sufficiently high resolution, the accuracy is
improved, and the inhomogeneous path transmittances can be represented well
by a Curtis-Godson parameterization. A transmittance module is now being
finished for incorporation in a trial inversion code. Massie and Aaron Goldman
(visitor from the University of Denver) have been comparing calculated spectra
with balloon-borne observations obtained by Virgil Kunde (NASA Goddard Space
Flight Center) from the cryogenic infrared interferometer spectrometer (CIRIS).
These have shown that the C1ONO 2 feature near 780 cm - 1 can be seen. A second
flight lasted from late afternoon to after sunrise; these data are being analyzed to
show the diurnal variation of ClONO 2.

Optical Techniques

Development of Spectroscopic Instrumentation. There is a need for
a new generation of instrumentation to address the measurement problems of
tropospheric chemistry. For many of the scientific questions, measurements are
needed that are fast, adaptable to many species, free of interferences, specific,
and that require only small samples. No technique answers all of these needs
completely, but absorption spectroscopy can provide the specificity and speed
needed for many compounds. It usually requires a long optical path to achieve
the necessary sensitivity. Mankin and Michael Coffey are developing a number of
spectroscopic techniques suitable for a variety of chemical measurements in the
troposphere. The potentially most sensitive of these uses absorption of radiation
from a tunable infrared diode laser. By rapidly tuning the laser on and off the
wavelength of a strong absorption line of the species in question and sending
the frequency-modulated radiation through the sample, an alternating signal is
generated at the detector with an amplitude proportional to the concentration of
the absorber.

Mankin and Coffey have developed two such systems, one with a very small
cell to achieve good sensitivity with rapid time response that can be used to
measure fluxes of the minor atmospheric gases by meteorological correlation,
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and a second with ten times greater path length for maximum sensitivity for
trace gases. An instrumental background signal due to spurious interference
effects currently limits the sensitivity; Mankin and Coffey are working to reduce
it by eliminating stray optical interferences and by scanning a narrow spectral
region to distinguish between the pattern of spectral lines and the instrumental
background. The application of computer pattern recognition techniques to the
collected data is being pursued to further enhance the sensitivity. Elizabeth
Mishalanie (ASP postdoctoral fellow) has participated in the testing of these
instruments, particularly in the development of suitable calibration methods at the
low concentrations required.

Other techniques are appropriate for measurements of more abundant species.
Mankin and Coffey are building a gas correlation radiometer based on a design
by Daniel Sebacher (NASA Langley Research Center) for the measurement
of methane concentration. The portable nature and good sensitivity of the
instrument will make it a good candidate for methane measurements in a variety
of field environments. The experimenters are pursuing design studies of a variety
of similar instruments to be used in various circumstances. The instruments will
be calibrated and used in collaboration with personnel from the BAI group, for
whom such measurements are a vital part of their research.

OT staff have an informal collaboration with Thomas McElroy at the University
of Denver; McElroy is developing a heterodyne radiometer for high-resolution
remote sensing of constituents in the atmosphere. Coffey has assisted in the
evaluation of the diode lasers used as local oscillators in this system.

Analysis of High Resolution Spectra. Much of the work of the OT
group in past years has centered on the collection and analysis of high-resolution
spectra of the stratosphere from the NCAR Sabreliner, using a Fourier transform
spectrometer (FTS) to observe the sun near sunset. Although no flights of this
instrument have been conducted this year, work continues on the analysis of the
archive, now numbering over 14,000 individual spectra collected over a period of
almost ten years. This data set is unique in the world, and is particularly suited
for measuring long-term trends in stratospheric species, as well as measuring the
latitudinal and seasonal variation of numerous species. Measurements of NO2 have
been made in two spectral regions, one that is best for remote sensing from high
altitudes and another that is accessible from the ground. No difference was found
between the results of the two regions for the stratosphere, permitting confident
monitoring of total (tropospheric plus stratospheric) NO 2 from the ground by
infrared spectroscopy. Coffey has analyzed the long-term variability of NO2 in
light of recent suggestions that an increase in NO2 is responsible for the Antarctic
"ozone hole." He finds no substantial increase in northern mid-latitudes. Except
for a decline in NO2 in tropical latitudes following the eruptions of El Chichon
in 1982, the concentration of NO2 has remained steady. Mankin and Coffey have
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continued to examine the effects of El Chichon on stratospheric chemistry. They
presented an invited paper on the changes in halogen and nitrogen chemistry
of the stratosphere as a result of this unusual volcanic eruption at the Watkins
Symposium on the Environmental Impact of Volcanism (University of Rhode
Island).

Radiation Measurements for Climate Studies. Climate studies have
focused on the change in radiative transfer properties of the atmosphere due to
changing composition that can lead to climate changes through the "greenhouse
effect." A long-term program to monitor such changes in atmospheric transparency,
particularly in the highly transparent spectral "window" regions has begun.
Occasional observations have been made from the surface for several years, using
the same Fourier transform spectrometer employed on the aircraft. A more
intensive and controlled program is currently under way, with the assistance
of Bo-Cai Gao (ASP graduate research assistant from Ohio State University);
spectra have been collected on almost every clear day for several months. We are
working to determine the statistics of the set in order to specify how frequently
observations must be made to detect trends in the concentration of species. We
are also compressing the data to the extent possible without compromising its
usefulness, to minimize the storage requirements over several years.

Both for analysis of remote sensing data and for calculations of effects of
radiative transfer on climate, it is necessary to have accurate but computationally
tractable methods for calculating the spectrum of a specified distribution of
absorbers. Coffey, Mankin, and Goldman participated in an international program
to intercompare computational methods for atmospheric absorption and emission
spectra. Methods developed at NCAR were compared with results from codes
developed elsewhere using markedly different algorithms. The good agreement
obtained lends confidence to the conclusions based on calculations of this type.

Atmospheric Measurements from Space. In April 1985, the ATMOS
(atmospheric trace molecular spectroscopy) experiment was launched on Spacelab
S on the space shuttle. This Jet Propulsion Laboratory experiment is similar to the
NCAR FTS experiment, except that it flies in space rather than on the Sabreliner.
It consists of a high-resolution Fourier transform spectrometer observing the sun as
it sets behind the atmosphere. From the spectra obtained as the radiation passes
through different heights in the atmosphere, a vertical profile of the concentration
of numerous minor and trace gases is obtained. Mankin is on the science team for
the analysis of these data, using the experience gained in analyzing the aircraft
spectra for many of the same gases. He is primarily responsible for the analysis
of the spectra for ozone profiles, for the validation of the results, and for the
intercomparison of ATMOS results for ozone with those of other experiments
such as LIMS. He is leading the publication effort for the minor gases, and is
contributing to the determination of the profiles of NO2 , HCN, and OCS, as well
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as participating in the definition of instrument changes for future flights of the
instrument. One of the interesting results for the minor gases is the existence of a
bulge in the mixing ratio profile of CH4 and N 2 0 around 40 km. This effect is not
predicted by simple photochemical theory, but it can be explained in terms of the
dynamics of the atmosphere at the season of observation.

Director's Office

Chemical Modeling

Chemical modeling within ACD takes place within the Director's Office.
During FY 86 research was conducted into coupled middle atmosphere dynamics
and photochemistry, into tropospheric photochemistry and transport, and the
effects of trace gas concentration trends on the radiative forcing of global climate.
Rolando Garcia is Acting Leader of the Chemical Modeling Project.

Middle Atmosphere Modeling. Rolando Garcia continued his collaboration
with Susan Solomon (NOAA Aeronomy Laboratory) on studies of the middle
atmosphere. Solomon and Garcia investigated the problem of ozone depletions
in Antarctic spring. Together with Sherwood Rowland (University of California,
Irvine) and Donald Wuebbles (Lawrence Livermore National Laboratory), they
proposed a heterogeneous chemical mechanism that involves reactions on polar
stratospheric cloud particles. The reactions are proposed to liberate chlorine from
reservoir species and make it available for ozone catalysis.

Garcia and Solomon, with Susan Avery (University of Colorado) and George
Reid (NOAA Aeronomy Laboratory), concluded their investigation of the D-region
winter anomaly. Their results demonstrate that most of the observed features of
the smooth and sporadic anomalies can be understood in terms of transport of NO
(produced in the aurora) by the mean meridional circulation and planetary waves.

Studies of the effect of gravity wave breaking on trace species concentrations
at mesopause levels were conducted by Garcia and Solomon in collaboration
with Helene LeTexier and Gudmundur Bjarnason (both doctoral candidates at
the University of Colorado). The work with LeTexier involved a description of
the seasonal variation of the OH Meinel band emissions, while the study with
Bjarnason emphasized the diurnal variability of ozone in response to modulation
of gravity wave breaking by the diurnal and semidiurnal tides.

Research into planetary wave excitation by tropical deep convection was
continued by Garcia and Murry Salby (University of Colorado). Presently, they are
studying the nature of the eastward-propagating 40-day disturbances seen in the
equatorial Pacific. Garcia and Salby have also begun a long-term study of tracer
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transport by large amplitude planetary waves. They have examined the behavior
of Ertel potential vorticity on isentropic surfaces using a linearized planetary wave
model and have shown that many of the features of the behavior of this tracer
during warming events can be reproduced in the linear formulation.

Garcia and Kevin Hamilton (McGill University) studied observational evidence
for the existence of short-period normal modes predicted by the primitive
equations. Analyzing long records of surface pressure from various tropical
stations, they found spectral peaks that could be identified with several of these
modes, including the 33-hour Kelvin Lamb-mode.

Finally, Garcia completed a study of the quasi-geostrophic adjustment of the
middle atmosphere to externally imposed forcing. Among other results Garcia
showed that, for conditions typical of the stratosphere, mechanical forcing (i.e.,
wave EP flux divergence) is a much more efficient drive of the circulation than
shortwave solar heating.

Tropospheric Chemical and Meteorological Modeling. Richard Brost
and various collaborators in ADMP (Julius Chang, Christopher Walcek, William
Stockwell, and Paulette Middleton), in the Atmospheric Analysis and Prediction
(AAP) Division (William Kuo), in the Cooperative Institute for Research in
Environmental Sciences (E.-H. Hsie), and in ACD (Philip Haagenson) have
completed a description of the Regional Acid Deposition Model (RADM) and a
preliminary comparison of a RADM simulation with data collected during the
fourth observational period of the Oxidation and Scavenging Characteristics of
April Rains (OSCAR IV) experiment. Simulated concentrations in the atmosphere
were often only within a factor of two of the observed concentration, although the
simulated and observed wet deposition of sulfate and nitrate agreed better.

Brost also continued to study the sensitivity of RADM's simulation of
atmospheric concentration to meteorological and chemical uncertainties, as well as
boundary and initial conditions. His results helped explain the level of agreement
found in the OSCAR IV study.

Brost, Kuo, and Haagenson have continued to compare numerical model
simulations of tracer transport with observations taken in the Cross-Appalachian
Tracer Experiment (CAPTEX). A combination of observed winds and mesoscale
model-simulated eddy diffusivities produced the best trajectory simulations by
RADM. The best Eulerian simulations have root mean square trajectory errors
comparable to the best Lagrangian simulations.

Robert Chatfield and Brost are developing a two-stream model of transport in
the convective boundary layer that will allow accurate simulation of very reactive
species such as isoprene and dimethyl sulfide. Chatfield will use this model to
analyze the isoprene/ozone chemistry of the Amazon rain forest.



Atmospheric Chemistry Division

Chatfield has also developed an integral-transport description of convective and
cyclonic storms for use with tropospheric chemistry models. Chatfield, with Ivar

Isaksen (University of Oslo), is applying this formulation to a two-dimensional
zonal-channel (i.e., meridionally averaged) model. The initial use of the model

will be to analyze the effects of NOx and hydrocarbon emissions on the ozone and

radical chemistry of the industrialized Northern Hemisphere using a mid-latitude
channel between 30° and 60°N.

Chatfield and Haagenson have begun to develop a climatology of isentropic

parcel trajectories in the North Atlantic. These studies show that a broad

geographical region influences coastal measurements, contrary to what would be
expected from the low wind velocities at low levels. It may be possible to derive
horizontal eddy diffusivities from these statistics. The results of this study should

also be valuable for validating the two-dimensional channel model and for planning

the AEROCE shipboard and airborne measurement campaign.

Robert Dickinson (AAP) and Cicerone collaborated on a study of the present

and future effects of radiatively active trace gases on the radiative forcing of the

earth's climate. They critically reviewed data on changes of concentrations of
CO 2 , CH4, N20, CCI2 F 2, CC13F, and tropospheric ozone from pre-industrial times

to the present, and they performed projections of future gaseous concentrations.
They showed that the non-CO 2 trace gases are becoming increasingly important.

Enough radiative forcing will likely be added by year 2050 A.D. to warm the earth

1° to 5°C, with more warming to materialize later.

Support and Visitor Section

The section exists to provide research support to the scientific sections of

the division and to administer the ACD Visitor Program. The research of
visitors to the division is usually reported in the scientific sections by the visitors'

NCAR collaborators. Research support includes the expected areas of clerical,
engineering, and technical assistance. Beyond this, however, and because of
the close and interactive nature of meteorology and atmospheric chemistry, a

meteorologist, Haagenson, is organizationally located with the Support Section.
From this position, he provides meteorological planning advice and studies, data
analysis, and interpretation and consultant advice on research efforts in which
there is a meteorological component. He also conducts independent research into
aspects of meteorology of consequence to atmospheric chemistry. A summary of
his recent research activities follows. The research of scientific visitor Edward
Martell is also reported.

Atmospheric transport. As was briefly noted earlier Haagenson and Kuo
(AAP) analyzed perfluorocarbon tracer data collected during the CAPTEX to
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determine the accuracy of three trajectory models: an isentropic model, an isobaric

model, and a three-dimensional sigma model. The root mean square separation

between model trajectories (calculated from observed meteorological data) and
trajectories derived from the analyzed surface tracer concentration was used to

evaluate the models and assess the validity of isobaric, isentropic, isosigma, and

mean transport vector assumptions. The root mean square data suggest that wind

flow corresponding approximately to the low to middle boundary layer is the most

appropriate for simulating the transport of boundary-layer pollutants, and that the

isentropic and isosigma transport assumptions are more realistic than the isobaric
assumption. Haagenson, Kuo, and Brost are currently using the tracer data

to validate the advection and diffusion components of an acid deposition model
(RADM), and to assess the accuracy of trajectory calculations when predictive
instead of observed meteorological data are the model input.

Haagenson is using a three-dimensional (isentropic) trajectory mode! to

generate a transport climatology (4 years of observed data, March-May) of the

North Atlantic region. The horizontal range of the study area is 40° -65°N latitude

and 10° -60°W longitude, and the vertical range extends from the lower boundary

layer to ~400 mb. He is employing a statistical approach to derive the correlation
between the observed local wind and the 36- and 72-hr transport. Haagenson is
also using the data to investigate the relationship between transport and synoptic

type. A limited number of trajectories will be constructed at similar latitudes in

other areas to determine if the data base is applicable to most mid-latitude regions
in the Northern Hemisphere.

Radioactive isotopes. Martell is continuing studies of atmospheric and

biological effects of natural and man-made isotopes. Work in progress on
atmospheric effects includes studies of boundary-layer processes, transpiration of

radon isotopes, production of Aitken nuclei embryos in a-particle tracks and by
the a-recoil process, and the contribution of transpired radon isotopes to ion-pair
production in updrafts of thunderstorms.

Recent biological effects studies include further investigation of the properties
and dynamics of indoor radon progeny and their synergistic interactions with
cigarette smoking, with results that can account for the observed large differences
in lung cancer risk for smokers, passive smokers, and true nonsmokers. This work
is described in an invited paper entitled "Critique of Current Lung Dosimetry

Models for Radon Progeny Exposure," which will appear in the American Chemical
Society Symposium Series Volume, Radon and Its Decay Products: Occurrence,
Properties, and Health Effects. Currently, Martell is in the process of assessing the
contributions from inhaled and ingested radioisotopes of the natural uranium and
thorium radioactive decay series to spontaneous mutations in man and other living

organisms. Studies of other somatic and genetic effects of ionizing radiation also
are in progress.
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Staff and Visitors

Staff

Division Director's Office

Ralph Cicerone (Director)
Valerie Banuelos
Teresa LaCrue
Nelder Medrud Jr.
Donna Sanerib

Chemical Modeling Project
Richard Brost
Robert Chatfield
Rolando Garcia (Leader)
Kenton Sieckman
Stacy Walters (to August 26, 1986)

Precipitation Chemistry, Reactive Gases, and
Aerosols Section

Jack Calvert (Head)
Paul Sperry

Reactive Gases and Particles Project
Brian Heikes
Sonia Gitlin
Gregory Kok
Allan Lazrus (Leader)
John Lind
James Walega

Homogeneous Tropospheric Chemistry Project
Jack Calvert (Leader)
Christopher Cantrell
James Davidson
Edward Gardner
Richard Shetter

Global Observations, Modeling, and Optical
Techniques Section

John Gille (Head)

Global Observations and Modeling Project
Paul Bailey
Cheryl Craig
Eric Fetzer
John Gille (Leader)
Lawrence Lyjak
Steven Massie
Daniel Packman
Charles Smythe

Optical Technique Project
Michael Coffey
Douglas Hoyt (to July 31, 1986)
William Mankin (Leader)

Atmospheric Gas Measurements Section

Ralph Cicerone (Acting Head)
Stanley Tyler

In-Situ Measurements Project
Leroy Heidt (Leader)
Bruce Henry
Richard Lueb
Walter Pollock

Biosphere-Atmosphere Interactions Project
Anthony Delany
Gerald Dolan
James Greenberg
Patrick Zimmerman (Leader)

Atmospheric Odd-Nitrogen Project
Bruce Gandrud
Brian Ridley (Leader)
James Shetter

Visitor and Support Section

Frank Grahek
Nelder Medrud Jr. (Head)

Clerical Element
Valerie Banuelos
Teresa LaCrue (Leader)
Mary Nuanes
Donna Sanerib
Marilena Stone
Sharon Vieyra

Meteorological Element
Philip Haagenson (Leader)

Technical Element
William Bradley
Edward Ellert
Bryan Lee (Leader)
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Visitors

Benjamin Anderson, Wittenberg University, June to

August 1986, Homogeneous Tropospheric Chemistry
Project

Guy Brasseur, Institute of Space Aeronomy, Brussels,
Belgium, January 1986 to December 1987, Global
Observations and Modeling Project

Jon Burkepile, University of Colorado, March to April

1986, Optical Techniques Project

Christopher Cantrell, University of Michigan, September
1986 to June 1987, Atmospheric Kinetics and
Photochemistry Project

Mary Anne Carroll, National Oceanic and Atmospheric
Administration, May 1984 to May 1987, Atmospheric
Odd-Nitrogen Project

Thomas Chasteen, University of Colorado, September
to December 1986, Biosphere-Atmosphere Interactions
Project

Colin Cumberbatch, University of Colorado, September
1986 to May 1987, In-Situ Measurements Project

Glenn Davis, University of Colorado, May 1985 to
October 1986, Support Section

Anne de Rudder, Institute of Space Aeronomy, Brussels,
Belgium, March to April 1986, Global Observations and
Modeling Project

Dieter Ehhalt, Institute for Chemistry III, Julich,

Federal Republic of Germany, July to September 1986,
Director's Office

David Fitzjarrald, State University of New York,
Albany, March to April 1985 and May to June 1985,
Biosphere-Atmosphere Interactions Project

Karen Fong, University of Texas, January 1985 to
January 1986, Reactive Gases and Particles Project

Curtis Gilliland, University of Colorado, August 1986 to
May 1987, In-Situ Measurements Project

Aaron Goldman, University of Denver, September 1979
to October 1987, Optical Techniques Project

Michael Grissom, University of Colorado, March 1986 to
June 1987, Support and Visitor Section

Anand Gupta, University of Minnesota, March 1986 to
June 1986, Director's Office

Jack Kay, Drexel University, September 1986 to April
1987, Director's Office

Justin Lancaster, Scripps Institution of Oceanography,
February to October 1986, Director's Office

Shaw Liu, National Oceanic and Atmospheric
Administration, January 1981 to January 1986,
Director's Office

John Mak, University of California, Irvine, June to
September 1986, Biosphere-Atmosphere Interactions
Project

Edward Martell, October 1984 to September 1987,
Director's Office

Peter McMurry, University of Minnesota, March to
January 1986, Atmospheric Kinetics and Photochemistry
Project

Alexandra Mihalas, Haverford College, May to August
1986, Biosphere-Atmosphere Interactions Project

Michael Mozurkewich, University of Southern California,
July 1986 to July 1987, Atmospheric Kinetics and
Photochemistry Project

Clive Rodgers, Clarendon Laboratory, Oxford, England,
August 1986 to January 1987, Global Observations and
Modeling Project

Peter Roth, University of Essen, Essen, Federal Republic
of Germany, July to September 1986, Director's Office

Murry Salby, University of Colorado, August 1984 to
August 1987, Chemical Modeling Project

Niels Schonbeck, Metropolitan State College, June 1985
to July 1987, Reactive Gases and Particles Project

Jenifer Serafin, University of Colorado, January to May
1986, Biosphere-Atmosphere Interactions Project

Michael Seymour, Hope College, August 1985 to July
1986, Reactive Gases and Particles Project

Masato Shiotani, Kyoto University, Japan, September
1985 to October 1986, Global Observations and
Modeling Project

Susan Solomon, National Oceanic and Atmospheric
Administration, November 1983 to November 1987,
Chemical Modeling Project

Frode Stordal, Oslo University, Norway, May 1986 to
August 1986, Chemical Modeling Project

Guido Visconti, Physical Institute, Florence, Italy, June
to September 1986, Global Observations and Modeling
Project and Chemical Modeling Project
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Curtis Westberg, Washington State University, March
1985 to December 1986, Biosphere-Atmosphere
Interactions Project

Mary Wong, University of Colorado, February to August
1986, In-Situ Measurements Project

Yanzeng Zhao, Institute for Atmospheric Physics,
Beijing, People's Republic of China, August 1985 to
August 1986, Atmospheric Odd-Nitrogen Project



High Altitude Observatory

The research goals of the High Altitude Observatory (HAO) cover a broad
spectrum of problems encompassing the causal mechanisms and spectral form of
solar variability together with its terrestrial consequences. Intense magnetic fields
generated in the solar interior through the interaction of convection and rotation
permeate the outer layers of the sun and the heliosphere, extending beyond
the planetary system. In one way or another, these fields determine both the
magnitude and form of solar variability. Interior magnetic fields alter the outward
flow of energy-directly, by transforming fluid energy into magnetic energy and
providing additional modes of energy transport to tlic outer layers, and indirectly,
by altering both the convective and radiative transl)ort efficiencies. In the solar
atmosphere, the magnetic fields control the thermal and dynamic properties that,
in turn, govern the form in which the variable energy flux emerges. In combination,
these effects produce both a time-dependent solar constant and a redistribution
of energy flux into high-energy photons and the solar wind. These latter energy
fluxes play important roles in driving the outer layers of the terrestrial atmosphere.

During this report year, HAO was reorganized into four divisions reflecting
our major research areas: Solar Interior, Solar Activity and Magnetic Fields,
Coronal/Interplanetary, and Terrestrial Interactions. The unusual breadth of the
program strains the available resources but is necessary for a coherent approach
to the understanding of solar variability and its consequences. Fortunately, the
unifying theme of solar variability produces strongly overlapping interests in the
four sections and leads to a healthy level of interaction and cooperation.

Significant Accomplishments

* Studies of dynamo action restricted to a thin layer at the base of the
convection zone have shed new light on the roles of convection and differential
rotation in periodic dynamos.

* Analysis of over four years of data from the solar diameter instrument has
yielded yearly means that are constant to within 0.05 arc seconds. This finding
conflicts with other claims about the rate of change of the diameter.

* For the first time, model solar chromospheres were computed self-
consistently with prescribed heating functions. The results strongly modify
earlier concepts of the heating requirements deduced from empirical models.

* New evidence was found in stellar spectra for a common heating mechanism
throughout the temperature range from less than 104 K to over 106 K.
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* Theory and observation were combined to show that many properties of
coronal mass ejections may be explained as slow-mode, magnetohydrodynamic
(MID) shocks rather than the commonly assumed fast-mode shocks.

* Separate theoretical studies of solar and stellar winds have cast doubt on
the importance of standing shocks for adding momentum to the wind and have
drawn renewed attention to the importance of the 3-dimensional density structure
in the accelerating region.

* The thermospheric general circulation model has been modified to include
time-dependent auroral forcing from magnetospheric convection and particle
precipitation as well as the transport of minor chemical constituents.

* The TGCM has been used to investigate global thermospheric circulation,
temperature, and composition for Venus and Mars.

Coronal/Interplanetary Physics Section

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

Coronal Magnetic Structure

The large-scale solar magnetic field is widely believed to exert a dominant
influence on the structure of the solar corona; this influence stems both from the
presence of magnetic forces and from the inhibition of diffusion and conduction
across magnetic field lines. Indeed, the two basic types of large-scale features
visible in the corona can be classified in terms of magnetic structure: coronal holes
wherein magnetic field lines are open to interplanetary space and thus are a source
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of the steady solar wind, and coronal helmet streamers (and smaller-scale looplike
features) that are permeated by closed magnetic field lines that prevent (or at
least inhibit) the escape of coronal plasma. It is these magnetic structures that
in turn organize the magnetic and flow patterns carried by the solar wind into
interplanetary space. CIP also suspects that the magnetic field plays a crucial role
in numerous small-scale processes that determine the thermodynamic state of the
coronal plasma. Thus, the study of coronal magnetic field structure is central to
CIP's program of coronal research.

The solar corona is close to being in static equilibrium near its base and in
a state of dynamical expansion higher up, with the solar wind dragging some
magnetic lines of force into an open configuration. A simple way of expressing
this is to assume that the large-scale coronal magnetic field is potential everywhere
except in electric current sheets that separate adjacent fields of opposite polarities
where open field lines stream away from the sun. Boon Chye Low has quantified
such a model, which neglects the direct interaction between the magnetic field and
the embedding plasma but includes electric current sheets in order to simulate the
partially open geometry believed to characterize the coronal magnetic field. He
has found a general class of analytical solutions describing these partially open
potential fields under the assumption of axisymmetry; a semi-infinite equatorial
current sheet has an inner edge located outside the solar surface. Such solutions
can be linearly superposed, giving a rich variety of magnetic configurations of
interest to theoretical studies. These solutions are especially useful as initial
states for numerical studies of dynamical evolution and relaxations, based on the
full MHD equations. A simple modification of these solutions leads to models
applicable to magnetospheres with rotating or nonrotating magnetodisks. As an
application, Low estimated the total mass in the Jovian magnetodisk based on
available observations from satellites.

A next approximation to the corona can be constructed by including the
interactions between the magnetic field and a static plasma atmosphere. Low and
Thomas Bogdan have derived a class of analytic, three-dimensional coronae under
this assumption of magnetostatic equilibrium. They use measured photospheric
(line-of-sight) magnetic fields as a boundary condition for models that then predict
a density structure. Comparison of the brightness or polarization brightness from
the model with the values of these quantities actually observed at a solar eclipse or
with a coronagraph will then serve as a test of the model and the validity of the
current system it implies for the low corona.

Gerald Pneuman and collaborators Oskar Steiner and Jan 0. Stenflo (both
visitors from the Institute for Astronomy, Zurich, Switzerland) have obtained
magnetostatic solutions for magnetic flux tubes. Their method consists of solving
for the magnetic field and electric current distributions in separate steps as part of
an iterative numerical process. For untwisted flux tubes, three configurations were
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discussed: 1) a flux tube with uniform axial field strength and pressure at its base
and with a sheet current at the tube surface but no volume currents, 2) a tube in
which the base gas pressure varies parabolically across the tube and that has both
volume and sheet currents, and 3) one where the axial field at the base varies as
a Gaussian with volume currents only. In all cases, the flux tube was constrained
to merge smoothly with its neighbors within an area determined by observations.
For flux tubes with a base radius of 100 km and a "filling factor" (fraction of the
region occupied by the flux tubes) of 0.1, merging took place at about 600 km
above the nominal photosphere. The equilibrium structure of twisted flux tubes
was also investigated. It was found that, for a given corfiguration, there existed a
maximum twist compatible with equilibrium. Also, the merging height was found
to have only a weak dependence on the twist, with this height decreasing slightly
as twisting was increased. If the twist was concentrated more toward the surface
of the tube, the merging height was correspondingly increased. In addition to
evaluating the properties of the model flux tubes considered, the scientists also
discussed the rate of convergence and accuracy of the solution as compared to an
analytic solution.

Bogdan and Mitchell Berger (postdoctoral fellow with the Advanced Study
Program) have developed a simple model to describe the effect of twisted magnetic
fields at the base of the corona, with the twisting parameterized in terms of
magnetic helicity. They suggest that this helicity is a good proxy for magnetic
stress and should therefore be related to the temporal stability of large-scale coronal
structure and the occurrence of stochastic releases of that stress. Thus, they are
searching among observations for a relationship between temporal variations in
helicity and the rate of occurrence of coronal mass ejections (see below).

Coronal Physical Properties

Coronagraph observations of photospheric radiation that is Thomson-scattered
by electrons remain the traditional basis for descriptions of the coronal density
structure. Continued observations with the Mauna Loa Solar Observatory's
K-coronameter and the Solar Maximum Mission (SMM) coronagraph/polarimeter
(C/P) are adding to the existing coronal data base provided by earlier Mauna Loa
measurements (begun in 1964), Skylab coronagraph observations from 1973-1974,
and observations from the original 1980 epoch of SMM coronagraph operations.
The Spartan program (see 1985 Annual Scientific Report), under the supervision of
David Sime, is intended eventually to provide a high-photometric-quality extension
of the HAO data base as well as scattered Lyman-alpha (Lao) and emission-line
measurements intended as diagnostics of coronal temperature and flow speeds.
Coronal images in the hydrogen-alpha (H-a) emission line of neutral hydrogen are
obtained at Mauna Loa and with the SMM coronagraph; these observations have
proven to be a valuable diagnostic tool in the study of eruptive prominences and
coronal mass ejections.
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During the descending phase of the last two sunspot cycles (during which
coronal observations have been made daily) the large-scale brightness (hence
density) structure has assumed a particularly simple spatial pattern interpreted
as due to a tilted dipole magnetic field; the tilt of the nearly planar magnetic
neutral sheet or dipolar equator with respect to the equator defined by the sun's
rotation axis decreased as activity declined toward sunspot minimum. Mauna
Loa and SMM observations from late 1985 and early 1986 show the continued
shrinkage of this tilt, as measured directly by the displacement of coronal helmet
streamers from the solar equator. In early 1986 this tilt (or displacement) was
in the 5- to 10-degree range. It thus appears that near the minimum of activity
the corona has evolved to a "flattened" form, with a belt or band of conspicuous
helmet streamers located close to the solar equator. Since July 1986 this tilt has
increased slightly, suggesting that the minimum in activity has passed. Although
changes in the characteristics of coronal mass ejections (described below) and
the appearance of sunspots (and active regions) at high solar latitudes with the
polarities characteristic of the new cycle support this suggestion, it should be
pointed out that the activity minimum is subtle and often ambiguous. Outbursts
of new cycle activity sometimes occur but then subside, leaving the sun in the
doldrums of low activity similar to those before the outbursts. The actual
minimum activity can thus be defined only well after it has occurred.

Madhulika Guhathakurta (HAO graduate student, University of Denver) has
developed a quantitative empirical model for the spatial distribution of coronal
density. The density, assumed to be a function of heliocentric distance and latitude
only in the tilted coordinate system (i.e., to be axisymmetric about the tilted
dipole axis), is determined by fitting the predicted brightness and polarization with
that actually observed by the Skylab and Mauna Loa coronagraphs in 1973-1974
and the Mauna Loa instrument only in 1975 and 1976. For the 1973-1974 epoch,
the density is nearly constant (at a given heliocentric distance) across the entire
polar hole at all heights. The equatorial density is higher than the polar hole
density by a factor of approximately eight between two and four solar radii (Re).

Sime and Richard Fisher have continued their collaboration with Richard
Altrock (National Solar Observatory or NSO) in analyzing the longtime record of
coronal measurements in the 5303-angstrom emission line of Fe XIV and comparing
these measurements with those from the Mauna Loa coronameters. The integrated
brightness of the corona in this emission line varies systematically over the solar
cycle. Preliminary results indicate that this integrated signal is proportional to
the square of the integrated white-light polarized brightness of the electron corona
(as expected for a stratified corona) only near the minimum of the solar cycle.
An initial interpretation of this finding is that the line-of-sight dumpiness is the
same for both the green- and the white-light data only at such an epoch. At other
times, the amount of cumpiness must differ significantly, as might be expected as
the corona becomes less uniform with advancing activity. A simple technique of
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examining ratios of white-light (K-) to green-light (E-) coronal brightness indicates
that the overall coronal temperature may be higher near solar maximum than at

other times, but that the relationship is not a simple function of sunspot number.

Rotational characteristics of the corona as seen in the green line have also been
established by use of this long series of observations. The results are similar to
those reported earlier for the K-coronal rotation. Although the green-line emission
is thought to be dominated by hot regions of the corona over active regions, the
green corona (like the white-light corona) shows much less differential rotation

with latitude (on average) than do other tracers of solar rotation (e.g., sunspots,
active regions). In fact, the average coronal rotation rate is close to the average
sunspot rate at the equator. However, a significant variation of the rotation rate

curve with latitude does appear over time. This occasional appearance of a strong
differentially rotating component of the green-line emission may be associated with
the solar cycle, but the physical details are not yet clear. The present observations
do not reveal any systematic variations in the average (over latiltl(le) rotation rate

over the solar cycle. Thus, those variations that are apparent in the white-light
data, having an amplitude some four times that of the variations in sunspot
rotation rate recently reported by Peter Gilman and Robert Howard (National

Solar Observatory), may be present at such a small level as to be undetectable in
the available data set.

Coronal Mass Ejections

Much of HAO's attention to temporal changes in the corona remains concen-
trated on the phenomenon of coronal mass ejections (CMEs). Our data base
includes the "historical" data sets obtained by the Skylab coronagraph in 1973-
1974 and the SMM coronagraph in 1980. SMM observations made since the repair
of the spacecraft in 1984 and Mauna Loa observations made since the upgrading of
the coronameter in 1980 provide two contemporary (and expanding) data sets. Our
studies include the continuing analysis of these data, correlations with other solar
and interplanetary observations, theoretical models of the initiation and coronal
propagation of CMEs, and comparison of theoretical predictions with observations.

Studies of individual CMEs continue for those events that demonstrate new
or unusual characteristics. For example, Sime and Arthur Hundhausen have
completed analysis of a mass ejection that occurred on 6 July 1980; several
unusual properties of this event suggest that it should be interpreted as a
magnetohydrodynamic shock wave propagating through the corona. It has been
argued from SMM coronagraph observations that the bright, expanding, looplike
structure that forms the visible front of many CMEs usually cannot be interpreted
as a shock front because of two characteristics: the sides or flanks of the loop
usually become stationary legs, and deflections of preexisting coronal features are
observed well outside the flanks of the loop. In contrast, the loop sides for the
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6 July mass ejection propagate laterally at a high, nearly constant speed, and
a system of bright raylike features, initially to the side of the expanding loop,
remains unaffected until visually "struck" by the loop, and is only then puslied
aside. These characteristics remove the previously stated objections to a shock
interpretation; the very high expansion speed of tie loop, -- 1,000 km/s in the
radial direction and -700 km/s in the lateral direction, also is consistent with
interpretation as a shock wave. Surprisingly, of some 80 CMEs thus far identified
in the 1980 SIMM data, the 6 July event is the only well-observedl mass ejection for
which the shock interpretation seems plausible.

Two theoretical studies also deal with the apparent paucity of shocklike
events among HAO's observed CMEs. Richard Steinolfson (visitor, University of
Texas, Austin) has computed numerical models for the transient opening of a
coronal helmet streamer when a large amount of thermal energy (as in a solar
flare) is released on initially closed magnetic field lines within the helmet. The
introduction of an empirical heating function that yields at reasonable coronal
temperature on the open magnetic field lines that surround the helmet streamer
modifies the characteristic speeds in that region and hence the interaction of the
helmet that has been blown open by the energy release with the surrounding
corona. A shock may form only in the region of low characteristic speeds above
the helmet, whereas fast-mode MIID waves move rapidly to the sides without
shock formation. Steinolfson and Iundhausen are comparing the time-dependent
brightness structure predicted by such computations with actual coronagraph
observations to test the quantitative validity of t lo: model.

An alternate suggestion was made by Hundlausen, Thomas Holzer, and Low.
Although the magnitudes of coronal magnetic fields are poorly known, a reasonable
extrapolation of interplanetary field strengths to coronal heights suggests a coronal
Alfven speed of 500 to 1,000 km/s, several times higher than the 100-200 km/s
sound speed corresponding to the 1- to 2-million-degree coronal temperature.
The measured speeds of many coronal mass ejections are then supersonic but
sub-Alfvenic. This condition is appropriate for the formation of a slow MHD
shock wave-a feature that is known to be a solution to the M-ID equations but
that has not been as extensively studied as the fast MHD shock appropriate to
flows that are both supersonic and super-Alfvenic. Hundhausen, Holzer, and Low
have argued that if a slow shock were to form at the front of a mass ejection, the
shock front would have a concave upward geometry distinctly different from the
conventional fast shock configuration, and that the observed deflections outside
the flanks of mass ejection loops would then naturally occur in the postshock flow.
This suggestion remains speculative and has been made in hopes of stimulating
further study of this strangely neglected phenomenon.

Since the Mauna Loa K-coronameter can detect CMEs nearer the base of the
corona than can the Skylab or SMM coronagraphs, the time of departure from the
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low corona can be far more accurately determined from Mauna Loa data. Sime
and Richard Harrison (visitor, now at Rutherford-Appleton Laboratory, Chilton,
England) have used this advantage of Mauna Loa observations to test Harrison's
earlier finding that when an X-ray flare occurs in association with a mass ejection,
the flare actually begins after the mass ejection is already in motion. A small
X-ray precursor is better timed to match the departure of the ejection. Five cases
examined in the Mauna Loa data, where the CME departure time is accurately
known, verify the earlier result.

Rainer Illing (now at Ball Aerospace Systems) and Grant Athay have expanded
their earlier study of Ha emission in the 18 August 1980 CME to include seven
other events where IHc emission was detected. All of the IHc emission came
from highly structured regions of the ejection that co(ild be reasonably identified
with an eruptive prominence or a flare spray that lh(td moved out into the field
of view of the SMM coronagraph, at heliocentric distances between 1.5 and
6 R 0 . The typical density in these emitting regions was found to be -10 8 /cm 3 ,
the typical temperature near 2 x 10 4 K. The variation in Ha emission as the
prominence material rose through the SMM field of view was basically consistent
with the hypothesis that the product of the density and the local volume remained
constant. The inferred prominence masses (within the SMM coronagraph field of
view) ranged from 1.5 x 1015 gm to 1.5 x 1016 gm.

The study by Illing and Athay indicated that the prominence features observed
at several solar radii were too bright to be explained in terms of a "free" expansion
of the prominence material seen at the limb. To further test this conclusion,
Athay and Bogdan Rompolt (visitor, Wroclaw Astronomical Observatory, Poland)
compared the height gradients for electron density in individual features observed
as a function of time to the inferred height gradients obtained by comparing
an ensemble of features located at different heights but observed simultaneously.
For the four prominences studied they found that the gradients derived by the
two methods differed by the order of 100%, suggesting that the regions of the
prominences still observable at several solar radii had expanded much less rapidly
than the prominence as a whole.

Recent observations of CMEs provide more opportunities for studying their
relationship to solar activity. For the first half of 1986 a preliminary count of
ejections in the SMM data set indicates a very low rate of occurrence, about one
event every ten days. The average speed of the events is low, and they occur
near the equatorial streamer belt mentioned in the section "Coronal Physical
Properties" above. These are undoubtedly the characteristics of CMEs near the
minimum of the solar activity cycle. With the recent appearance of "new-cycle"
active regions at higher solar latitudes, a few mass ejections have been observed
outside the equatorial streamer belt and with higher-than-average speed for this
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epoch. This may be further evidence that the minimum in solar activity has
passed.

Solar and Stellar Wind Studies

The CIP's interest in physical mechanisms important to the generation of
the solar wind and in the evolution of solar wind structure remains high. The
application of insights gained in these studies to the theory of stellar winds has
received increasing emphasis in the past few years in both the CIP and the Solar
Activity and Magnetic Fields sections of the observatory.

Holzer and Egil Leer (visitor, University of Troms, Norway) have examined
the possibility of a standing shock formation in the inner solar wind where the
flow tubes diverge rapidly or where momentum might be added to the wind over
a short spatial scale. Despite the popularity of this possibility in the solar wind
literature, Holzer and Leer have found that these shocks could exist only under
such special conditions that they are unlikely to be real.

Holzer, Keith MacGregor, Claude Catala (visitor, Paris Observatory, France)
and Michael Jura (University of California, Los Angeles) initiated a study of
stellar winds driven from pulsating stars by outwardly propagating shock waves.
Progress depends on developing a numerical code that can evaluate the effects of
momentum and heat addition due to the shock waves in an appropriate stellar
atmosphere. Holzer has written a general review of the theory of mass loss from
such cool, low-gravity stars.

Low and Kanaris Tsinganos (HIarvard-Smithsonian Center for Astrophysics and
University of Crete) continued their theoretical study of the steady hydromagnetic
stellar wind in axisymmetric geometry. In an earlier work, they isolated a special
class of hydromagnetic solutions that describe a heated atmosphere whose pressure
serves the dual function of keeping a fraction of the stellar magnetic flux open and
driving a wind-type steady flow along the open magnetic lines of force. Although
certain simplications were necessary to render the problem tractable by analytic
means, essential qualitative physical properties and two-dimensionality could be
retained. In a new study, Low and Tsinganos constructed a global situation in
which a portion of the magnetic flux at the equator is strong enough to be closed,
trapping a dead zone of static plasma. The wind is limited to open magnetic
field lines streaming around this dead zone, a situation believed to be associated
with coronal helmet streamers. In studying the properties of these solutions, Low
and Tsinganos found that the dead zone tends to be low in density, in contrast
to the observed high density of the helmet structure, and the wind tends to
decelerate to a low speed in the far region. These results arise from the limitation
of a spherically symmetric density distribution in the flow region, despite the
axisymmetric character of the solution taken as a whole. To remedy this defect, a
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fresh treatment of the steady hydromagnetic equations is needed to uncover new
classes of solutions. At the time of writing this report, Low and You-Qiu Hu
(visitor, University of Science and Technology of China, Beijing) have discovered a
new class of solutions allowing for a density that varies with latitude. Preliminary
results show that this property allows for accelerating wind flows. This is because
the pressure tends to decrease toward the pole in order to keep a bipolar magnetic
field open. With a density that also decreases toward the pole sufficiently rapidly,
there is more internal energy per unit mass available for acceleration despite the
decrease in pressure.

In an invited review delivered to the Solar Wind Interactions-Heliospheric
Symposium of the 25th meeting of the Committee on Space Research (COSPAR)
of the International Council of Scientific Unions at Toulouse, France, Victor Pizzo
described how the large-scale, global aspects of the solar wind flow at large
heliocentric distances (>10 AU) relate to near-sun phenomena. On the basis
of current observational and theoretical knowledge of heliospheric physics, he
speculated that solar cycle modulation of the coronal evolution and interplanetary
dynamics may lead to significant systematic variations in the properties of the
distant solar wind. One of Pizzo's suggestions concerns the modulation of galactic
cosmic rays. Voyager observations near the ecliptic plane indicate that turbulent
magnetic shell structures formed by the interactions of successive transient flows
near solar maximum may play a major role. Pizzo points out that the north-south
dimension of the interaction shells may be an important and overlooked factor in
the process, and that only near solar maximum are the global background flow
conditions favorable to the evolution of strong interaction shells of great geometric
extent. In addition, Pizzo suggests that the location and three-dimensional shape
of the heliospheric termination shock may change considerably over the course of
the solar cycle in response to evolving global flow properties.

An interesting generalization of our accumulated knowledge of solar wind
structure is that of possible steady, corotating features in stellar winds. Various
features in stellar spectra have for some time been attributed to corotating
interaction regions analogous to those found in the solar wind. Thus far, however,
all quantitative studies have relied on purely kinematic descriptions of the process,
which are known to be inadequate even in the solar case. Catala, MacGregor, and
Pizzo have begun work on modeling corotating flows in stellar systems, making use
of Pizzo's 2-dimensional and 3-dimensional MHD models of corotating solar wind
structure. Initially, the scientists are conducting a parameter study of interactions
in stellar winds where rotation rates, mass fluxes, and magnetic field strengths are
reasonably close to solar values, using the appropriate Weber-and-Davis solution
for the ambient flow state. Later, they hope to obtain results for winds from
early-type stars, though this may entail developing a model for sub-Alfvenic flow.

Preparations for the Sixth International Solar Wind meeting have begun in
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earnest. This meeting, which is expected to draw between 100 and 200 researchers
from all over the globe, is to be hosted by HAO in nearby Estes Park, Colorado,
in August of 1987. Robert MacQueen, Pizzo, Holzer, and Sime are responsible for
the scientific and logistic arrangements.

Solar Activity and Magnetic Fields Section

The solar atmosphere can be characterized as a turbulent, radiating plasma
permeated by magnetic fields. In the photosphere, where the gases are only
partially ionized, energy is supplied mainly by diffusion of radiation from the
interior, plus convective overshooting from the subsurface convection zone. Motions
are of moderate amplitude with respect to the local sound speed, and the magnetic
field is compressed by the fluid motions into small flux tubes at the borders of
convection cells. In the overlying chromosphere and corona, however, where the
ionization becomes essentially complete, dissipation of mechanical energy, possibly
stored in stressed magnetic fields, provides the main energy supply. Here the
motions are frequently of an amplitude comparable to the local sound speed, while
the magnetic energy is sufficiently larger than the local pressure so as to channel
the fluid motion. The complex interactions between the radiating plasma, its flow
characteristics, and the local magnetic field are evident, over the entire solar surface
but are especially pronounced in active regions. The enhanced magnetic flux in
active regions, for example, is accompanied by enhaiice d radiation output as well
as sporadic violent upward ejections of matter and slliden dramatic releases of
energy (both thermal and nonthermal) in flares. Similar phenomena occur on a
reduced scale in quiet-sun areas.

The long-range goal of the Solar Activity and Magnetic Fields section is
to understand the physical processes present in the lower solar atmosphere.
To do this, the section must develop three-dimensional MIlD models of such
quasi-steady solar features as sunspots, plages, and supergranule cell-network
structures and of the atmospheric expansion into interplanetary space. These
models, when developed, will include the complete energy and momentum balance.
Their development presents a difficult challenge that will require several years of
effort and a step-by-step approach, involving both theoretical and observational
programs. The effort will encompass other scientific sections of HAO as well as
outside collaborators.

One important aspect of this long-range goal involves progress in understanding
energy transport and transformation in the solar atmosphere, including heating of
the chromosphere and corona and transport of heat by thermal conduction and
enthalpy flow. To reach this understanding will require the same collaborative
efforts mentioned above.

The fields of expertise of the current staff of the Solar Activity and Magnetic
Fields section are evenly distributed between radiative transfer and MHD. The
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section attempts to maintain an appropriate balance between data analysis, theory,
and modeling. Members of the section avail themselves of opportunities to conduct
observations from both space- and ground-based facilities. In addition, members
of the section are actively involved in planning major new observing facilities,
including a Stokes III polarimeter and the High Resolution Solar Observatory
(HRSO) proposed to be flown by NASA in the early 1990s. HAO and NSO also
are launching an effort to secure funds to support U.S. participation in the Large
Earth-based Solar Telescope Foundation Project (LEST).

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

Sunspots and Flux Tubes

Pizzo and Steiner have been using a numerical model developed by Steiner to
study the magnetostatic structure of small-scale, cylindrically symmetric, vertically
oriented magnetic flux tubes (including current sheets). Preliminary results suggest
that flux tubes of radius greater than 100 km must be rooted quite deeply in order
to justify the thin flux tube approximation (i.e., the base level of the model, where
uniform field strength across the tube is assumed, must lie well below the quiet
photosphere). Even where base conditions are consistent with the thin flux tube
approximation, calculations with the model indicate that heating in the upper
photosphere (presumably by wave dissipation) can cause considerable spreading
of the magnetic structure and can alter the photometric and magnetic signatures
significantly from the thin flux tube norms. The severity of these effects depends
upon the magnitude and vertical location of the heating, as well as upon the radius
of the tube, all of which are poorly known from observations. Pizzo and Steiner
are currently trying to quantify these effects in a parameter study wherein heating
is added in a purely ad hoc fashion.

The introduction of current sheets into Pizzo's magnetostatic sunspot model
(large-scale flux tube) is nearing completion. The numerical solution of the
magnetostatic force balance equation is more sophisticated than that found in
Pizzo's earlier model and provides a better treatment of strongly spreading, nearly
horizontal field structures than does Steiner's model. In addition, it allows for
variable gridding (to deal with thin structures in just part of the spot) more
readily than either of the other models. It will be used to produce a range of
sunspot and flux tube models that will provide synthetic data for development of
the new Stokes instrument (see below).
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Finally, to allow for Evershed velocities in a fully self-consistent way, Pizzo
has continued work on developing a numerical method for incorporating steady,
subsonic flow into the force balance in long-lived magnetic structures like sunspots.
As an adjunct to this work, he has separated out that part of the model that
effectively solves the Bernoulli equation along a given flux tube. Though the
resultant pressure distribution is no longer exactly self-consistent with the force
balance, it does provide a good approximation of the effects of the flow field upon
the thermodynamic structure in those regions where the equilibrium is nearly
force-free. Owing to its simplicity and computational efficiency, this technique will
provide an easy way to study the effects of a flow field upon the Stokes parameters
in synthetic data.

A collaborative study by Bruce Lites, Andrew Skumanich, David Rees (visitor,
University of Sydney, Australia), Graham Murphy (HAO graduate student,
University of Sydney), and Mats Carlsson (University of Oslo, Norway) has shown
that Stokes I observations of the intercombination line MgI lambda 4571 proved
to be a sensitive diagnostic of the temperature structure of the upper photosphere
in sunspot umbrae. Current sunspot models predict that large reversals in Stokes
Q, U, and V profiles, caused by the onset of chromospheric heating, must be
present in the core of this line. Such reversals are not present in the observed
Stokes profiles, suggesting a much more extended "temperature minimum" region
than previously suspected. Thus, sunspot umbrae may prove to be an excellent
observational test for mechanisms of nonradiative heating in stellar atmospheres.

The study of chromospheric oscillations in sunspot umbrae continues to
produce information about sunspot structure. These oscillations are of special
interest because they provide an example of large-amplitude periodic disturbances
in a magnetically ordered atmosphere. Lites, in collaboration with John
Thomas (University of Rochester), Joseph Gurman (NASA Goddard Space
Flight Center), and Edwin Ladd (HAO summer undergraduate assistant), has
analyzed simultaneous observations of umbral oscillations in absorption lines in
the photosphere and chromosphere, as well as in the transition region line of C IV
(see 1985 Annual Scientific Report). These observations show that the transition
region is effective in reflecting upwardly propagating acoustic waves and that a
node may be present in the upper chromosphere for some frequencies of oscillation.
The derived amplitudes and phases of these oscillations at several heights, along
with simulation of these observations from theoretical models of the transition
region, should provide a measure of the temperature structure of the transition
region independently of the usual methods, which involve excitation and emission
properties of spectral lines.

Magnetostatic Stability and Topology

With Bogdan and Pizzo, Low is extending his three-dimensional magnetostatic
model see 1985 Annual Scientific Report to a semi-infinite atmosphere above a
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plane. In such a geometry, realistic complex sunspot groups can be modeled with
the input of photospheric magnetic data of the kind that will become available
from high-spatial-resolution Stokes polarimetry.

Low continues his study of nonequilibrium associated with force-free magnetic
fields, collaborating with Pizzo, Edward Shoub (visitor, University of Colorado),
and Richard Wolfson (visitor, Middlebury College). The central issue concerns
whether a magnetic field, in the process of continual twist, can remain in a
stable force-free state. Low has found particular examples in which theoretical
considerations suggest that there exist certain given magnetic topologies in which
the associated magnetic field cannot be in an equilibrium state. Electric current
sheets must form in such circumstances, leading to an explosive instability such as
a flare. Numerical methods are being developed to study such situations.

In collaboration with Berger, Robert Rosner (Harvard-Smithsonian Center
for Astrophysics), and Tsinganos, Low investigated the theoretical relationship
between magnetic helicity and the Euler potentials defining local magnetic surfaces.
Their work clarifies the existence of magnetic surfaces based on an application
of the Frobenius theorem on integrability of differential equations. This result
is useful to the understanding of those circumstances in which a magnetic field
admits flux surfaces of constant pressure as a prerequisite for static equilibrium.

Stokes Polarimetry

Performance parameters for the Stokes III instrument have been established
by Lites, Skumanich, Fisher, and David Elmore, based on an earlier study of
science objectives by Lites and Skumanich. The instrument will incorporate
a modulated polarimeter, coupled with a spectrograph, to provide, every few
minutes, two-dimensional (spatial and spectral) observations of fields of view of
several arc minutes. The technology best suited for the polarimeter is not,
however, clearly identified by the science requirements. The precise nature of the
response of specific types of polarimeters to both atmospheric seeing effects and
the anticipated solar Stokes line profiles is under study, and major progress has
been achieved in the past year.

Seeing-induced image motion can cause errors in the measured polarization of
solar spectral lines. This is especially true when observations are made with high
spatial resolution, as required by Stokes III objectives. Lites has made quantitative
estimates of these errors for candidate polarization modulators and detectors.
These computations will be used to select the polarization configuration.

In concert with NSO, testing for the selection of the feed telescope was
initiated by Fisher, Ray Smartt (NSO), and Douglas Rabin (NSO). Using a test
polarimeter designed and fabricated by NSO and calibrated with the HAO Stokes
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II instrument, Elmore and Laurence November (NSO) have measured some aspects
of the Mueller matrix of the NSO tower telescope. Preliminary indications are
(1) that the influence of the tower telescope on the incoming solar polarization
signal is not qualitatively different than that expected from a three-mirror tower
telescope model and (2) that it is possible to estimate and correct the influence of
the telescope to the required precision for Stokes III science. Further analysis and
observations are planned, but it would appear that the NSO tower telescope is a
viable candidate for the feed telescope.

Significant progress has also been realized in the inversion of Stokes profiles
to obtain vector magnetic fields of spots and active regions in collaborative work
carried out by Lites, Skumanich, Rees, Murphy, and Egidio Landi Degl' Innocenti
(visitor, University of Florence, Italy). Extensive testing of the least-squares
analytic inversion technique on synthetic data has helped to define the limitations
of this method. Application of the technique to Stokes II observations has
demonstrated its utility and allowed the process to be refined to the point of
development of an operational code. Analysis of the vector magnetic field structure
of a number of large sunspots observed with the Stokes II instrument is now
in progress, with very encouraging results. The analysis suggests that reliable
quantitative measures of the photospheric vector magnetic field of large sunspots
can be obtained, even with these data of limited spatial resolution. Some progress
has been achieved in interpreting observed asymmetries of Stokes profiles in terms
of line-of-sight velocity gradients and in inverting Stokes profiles of chromospheric
lines to obtain vector magnetic fields.

Flares, Prominences, and Active Regions

Lites, Donald Neidig (Air Force Geophysics Laboratory or AFGL/PHS at
NSO/Sacramento Peak Observatory or SPO, and Javier Trujillo-Bueno (Kiepen-
heuer Institute for Solar Physics, Freiburg, Federal Republic of Germany), carried
out a study of the He I emission lines of the white-light flare of 24 April 1981. This
excellent series of spectra permitted measurement of profiles of many He I and
He II lines in the near-ultraviolet, visible, and near-infrared regions of the solar
spectrum. Analysis of these line profiles, in combination with previous analyses of
Fe I lines from this flare, shows that the white-light continuum emission must arise
from material at chromospheric temperatures (6,000-20,000 K), not from a dense,
high-temperature region, as proposed by some models. The results help to define
the mechanism of broadband continuum emission in flares. These data were also
used to search for signatures of Stark-induced emission from forbidden neighbors
to allowed He I lines. No clear evidence for these forbidden lines was found, setting
limits on plasma densities and large-scale electric fields in the He I emitting region
of the flare.

James Klinlchuk's (University of Colorado) thesis research at HAO is on
large-scale flows in active regions using velocity data in the C IV line at 155 nm
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(formed at 105 K) obtained by the ultraviolet spectrometer/polarimeter (UVSP)
experiment on SMM. This work demonstrated a surprisingly close correspondence
between certain lines of velocity reversal (changes of sign) and lines of magnetic
field reversal observed in the photosphere (-6,000 K). Roughly one-half of the
velocity reversal lines have blue shift on their limbward side, and the remaining
half have red shift on their limbward side. It is the former category that is
identified closely with the magnetic reversal lines in the borders of active regions.
Athay and Klimchuk have now demonstrated that the correlations observed in the
borders of active regions can be explained by a model assuming downflow along
magnetic field lines of approximately elliptical shape, provided that the vertical
axis of the ellipse is at least one-half of the horizontal axis. These relatively
extended field lines are in sharp contrast to the commonly held notion that most
field lines curve sharply into a pattern resembling a highly eccentric ellipse. The
latter geometry is supported by the C IV velocity data observed in the strong field
areas within active regions. Thus, their work indicates that field-line curvature is
greatly reduced in the weaker field regions bordering active regions as compared to
strong field regions within.

The stability of previously discovered current sheet models see 1985 Annual
Scientific Report of quiescent prominences that allow for curvature in the vertical
plane at right angles to their length has been studied by Fei Wu (visitor,
Beijing Astronomical Observatory, People's Republic of China). Using a linear
hydromagnetic analysis, Wu found that straight sheets can be stable but that
curved sheets are likely to be unstable because of a Rayleigh-Taylor type of
instability associated with the magnetic discontinuity found in such curved sheets.

Model Atmospheres and Radiative Diagnostics

Major progress was made by Athay and Laurence Anderson (visitor, University
of Toledo) in producing the first-ever models of the chromosphere with prescribed
amounts of nonradiative heating. The models account as completely as the NCAR
CRAY computers allow for some 10 7 spectral lines formed out of thermodynamic
equilibrium. Results obtained thus far indicate that both the magnitude of
nonradiative energy flux and its characteristic dissipation length are sharply
different from previously published estimates.

Skumanich and Lites have continued their sensitivity analysis of the source
and sink terms in the formation of the hydrogen spectrum in multilevel models of
the solar atmosphere. The La line, which plays a major role in the energy losses
from the foot points of active (flaring) and quiescent magnetic loops in active
regions, was considered further. They found that the formation of this line can
be treated as a two-level transfer problem in which the role of the Lyman-beta
(L-,3) radiation field, the only other important term, occurs only in the quenching
(or sink) probability. In such a case, it was found to be sufficient to represent
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L-:3 effects via a (known) standard escape probability. This state of affairs greatly
simplifies the treatment of energy losses from the base of the transition region.

Further, in a collaborative study, Skumanich, Lites, Marianne Faurobert (ASP
postdoctoral fellow, University of Nice, France), and Helene Frisch (visitor, Nice
Observatory, France) derived an analytic demonstration that a two-level treatment
of La correctly models the penetration of such photons deep into the underlying
chromosphere. This supports the earlier conclusion that La photons generated at
the base of the transition region are responsible for controlling the electron density
in the underlying chromosphere.

Solar Activity Analogues

It has been shown that the decay of stellar activity with increasing age is
related to the secular decay of the rotation rate. In their study of the evolutionary
decay of solar-type activity (in the corona, transition region, and chromosphere)
in other stars, Skumanich and MacGregor found new evidence for the concept of
saturation in activity indicators with increasing rotation rate (increasing youth).
Earlier observations of the fast rotator GLS 890, in comparison with observations
of other rapidly rotating (hence young) stars, allowed them to delineate the
saturated state. The most remarkable finding was the linear interrelation of the
energy losses, including mean flare energy loss, from the various activity regions
(coronal, transition region, chromospheric). This confirms previous indications
of commonality of the underlying energy sources for these disparate activity
regions-specifically, a common magnetic driver. For solar-type main-sequence
(temperature T - 6,000 K ) stars, Skunanich and MacGregor's results predict
the onset of saturation for rotation periods smaller than approximately three days.
MacGregor is studying the consequences of such a saturation on the history of the
sun's angular-momentum loss.

Solar Interior Section

With the reorganization of the scientific sections of HAO, the new Solar Interior
section has concentrated its efforts principally on observations, interpretation, and
theory of the structure and dynamics of the sun below the photosphere. This
effort emphasizes the study of solar dynamo processes, both in the bulk of
the convection zone and at the interface with the radiative interior, which are
responsible for observed solar activity. It also includes theoretical modeling and
observational inferences of deep interior processes, as well as measurements of
certain fundamental global properties of the sun, in particular its diameter. Finally,
it encompasses observations and interpretation of magnetic activity and oscillations
in other stars. All of these studies help the group's scientists understand the
fundamental origins of the variability of the sun's output of radiation, particles,
and fields.
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Fourier Tachometer Observations
of Solar Acoustic Oscillations

During the first half of FY 86, Timothy Brown was occupied primarily with
moving the Fourier tachometer (FT) from Sacramento Peak Observatory to its
new site at the National Optical Astronomy Observatories headquarters in Tucson,
Arizona. In addition to transporting the instrument, this move involved virtually
complete replacement of the feed optics, as well as major modifications to the
electronics and software. The FT resumed operation late in March of 1986; its
performance has significantly improved, and the number of available observing
hours per year has increased dramatically.

Brown, in collaboration with a number of other workers, has continued efforts
to understand the internal rotation of the sun by appropriate analysis of FT data.
Brown and Cherilynn Morrow (IAO graduate student, University of Colorado)
have analyzed a 15-day set of global velocity data to measure rotation-induced
shifts in p-mode oscillation frequencies. These frequency shifts carry information
about the variation of solar rotation with depth and latitude. Preliminary
indications are that the solar rotation within the convection zone varies with
latitude in much the same way as it does at the sun's surface, but that there
is little or no latitudinal differential rotation within the solar radiative interior.
These data suggest that it may be very difficult to distinguish between convection
zone models in which the angular rotation rate is a function of latitude times a
function of radius, and those in which it is constant on cylindrical surfaces aligned
with the rotation axis. A thorough interpretation of these data, using various
inversion techniques, is in progress (in collaboration with Jorgen Christensen-
Dalsgaard, University of Aarhus, Denmark; Phillip Goode, New Jersey Institute
of Technology; Douglas Gough, Cambridge University; and Wojtek Dziembowski,
Center for Astronomy, Warsaw, Poland).

In collaboration with William Jeffrey and Rosner (both of Harvard University),
Brown has obtained a large quantity of FT data with high spatial resolution, with
the aim of measuring rotational variations in the upper part of the solar convection
zone. Routines for analyzing these data are now operating, and a full-scale
interpretational effort is about to begin. This analysis of p-mode frequencies will
be unique in that it will use information concerning waves propagating in all
directions on the sun, rather than just those that propagate parallel to the equator.

Acoustic Waves in Flux Tubes and Sunspots

Besides the work on solar rotation, Brown has worked with Bogdan, Lites,
and Thomas to develop ways to probe the structure of sunspots by observing the
scattering of p-modes by the spot's magnetic field. For this effort to succeed, it
will be necessary to obtain suitable observations of the oscillating velocity field
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in the neighborhood of several sunspots, to develop routines to reduce the data,
and to understand how to relate the observations to the spot's physical structure.
So far, Brown has obtained one ten-hour FT run on an isolated sunspot. This
is only a start but will provide a useful context for testing the various reduction
and analysis methods. Promising conceptual progress has also been made on some
aspects of the analysis; these methods will be implemented and tested in the
coming year.

Bogdan, working separately and in collaboration with Ellen Zweibel (University
of Colorado), has developed a theory of the interaction of acoustic waves with
distributed magnetic flux tubes embedded in a fluid medium. This theory predicts
how acoustic waves impinging on a group of such tubes will be scattered, as well as
how waves induced at the interface of each tube with its surroundings propagate
along the tubes. Bogdan finds that the amount of back-scattering off a distribution
of tubes can be substantially larger than that off a uniform magnetic field covering
a similar area. Conversely, the acoustic mode suffers more attenuation as it
propagates through a collection of tubes than through a uniform field. Using
this property and observations of horizontally propagating acoustic waves in the
neighborhood of an active region or sunspot, it may be possible t o deduce whether
the active region or spot contains smoothly varying magnetic fields or whether
the fields are made up of collections of closely packed but distinct magnetic flux
tubes. The interface acoustic modes that propagate along the flux tubes have no
counterpart in a smoothly varying magnetic field, and so if they were detected
in sunspots or other extended magnetic structures, they would provide further
evidence of the fibril structure of the field.

Modeling the Solar Dynamo

Edward DeLuca (HAO graduate student, University of Colorado) and Gilman
have developed a theory for a hydromagnetic dynamo at the interface between
the convection zone and the radiative interior of a star and applied it to the sun.
The motivation for developing the theory was the failure of MHD dynamo models
applied to the bulk of the solar convection zone to explain important features
of the observed solar cycle-in particular, the migration of the zone of sunspot
formation toward the equator with time. This research is contained in DeLuca's
Ph.D. thesis, which has been accepted by the University of Colorado.

The model is formulated for a very thin layer (-104 km thick, about 1.5% of
the solar radius) at the base of the solar convection zone. The thinness of the
layer allows a number of approximations to be made to the governing equations
that greatly simplify their solution, while rletaining the important physics. The
overlying convection and differential rotation, when included, drive the dynamo,
amplifying the magnetic field. These magnetic fields are then allowed to induce
additional motions that can substantially modify the induction process.
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A wide variety of dynamo behavior has been found with this model. Particularly
important is that the induced velocities largely govern the form of the magnetic
energy spectrum as well as the period of field-reversing dynamos. The periodic
dynamos require a differential rotation to be present across the thin layer (it need
be only 1 m/s or so), but the induced velocities can lengthen this period by as
much as a factor of ten. None of these effects would be accounted for in so-called
kinematic dynamos. DeLuca and Gilman conclude that a plausible solar dynamo
can be constructed for the interface between the convection zone and radiative
interior, but the dynamical effects of magnetic fields induced by the dynamo must
be included.

Trajectories of Flux Tubes Rising
through the Convection Zone

If the solar dynamo operates principally at the base of the solar convection
zone, the magnetic flux generated there has to get to the solar surface to supply
what is seen in active regions. Such magnetic flux could be transported up by
convection, or be driven up by magnetic buoyancy, or both. Regardless of the
solar latitude at which the flux originated, most of it must reach the photosphere
at low latitudes, since that is where active regions are found. If the sun were
not rotating, flux should move outward through the convection zone in a radial
fashion, so a flux tube at low latitudes at the base of the convection zone should
appear at low latitudes at the surface. But under the influence of rotation, the
trajectories of rising flux tubes need not be radial. Arnab Choudhuri (visitor,
University of Chicago) and Gilman have calculated a large number of trajectories
of axisymmetric toroidal rings of flux rising through the convection zone due to
magnetic buoyancy, under the influence of Coriolis forces. They find that unless
initial fields at the base of the convection zone are considerably larger than 105

gauss, the rings of flux rise along a track parallel to the rotation axis, rather than
radially. This means that unless the solar convection zone is extremely shallow,
which contradicts several other observations and theoretical inferences, the tubes
would reach the solar surface at higher latitudes than active regions are found.
Choudhuri and Gilman conclude that the tubes must not have been axisymmetric
through most of their rise through the convection zone, contrary to recent claims
by others. They have embarked on solving the much more difficult trajectory
problem for nonaxisymmetric flux tubes, to see how the conclusions might be
altered.

Spacelab Experiment on Convection
in a Rotating Spherical Shell

A variety of global convection calculations performed at HAO and elsewhere
have shown that the solar differential rotation could be maintained by a
pattern of global convection that takes the form of rolls with north-south axes

86



High Altitude Observatory

arranged around the equator like bullets on a cartridge belt. However, such
structures have never been unambiguously observed on the sun. Recently, a
Spacelab experiment was flown to produce such convection patterns in an orbiting
laboratory. Participants included Gilman, in collaboration with John Hart, Juri
Toomre, Anil Deane, Neil Hurlburt (all of the University of Colorado), Gary
Glatzmaier (Los Alamos National Laboratory), George Fichtl, Frederick Leslie,
and William Fowlis (all of NASA Marshall Space Flight Center). The experiment
involved a rotating hemispherical shell of fluid heated from the inside and cooled
externally, in which a radial electrostatic body force takes the place of gravity.
The results conclusively demonstrated the existence of such convection rolls in
rotating spherical systems. Numerical simulations of the expected convection for
the experimental conditions, performed by Glatzmaier, reproduced many of the
detailed features of the observed patterns. Although the laboratory conditions
are quite different from those of the real sun, tiwe agreement between theory
and experiment in the laboratory case lends credibility to the general theoretical
approach and supports the argument that similar convective structures should be
present in the sun and other rotating stars.

Solar Diameter Measurements

During FY 86, Brown analyzed the data accumulated by the solar diameter
monitor between August 1981 and April 1986. During this period, some 600 useful
observations of the solar diameter were obtained, each with a typical error of 0.4
arc seconds (arcsec), or 2 X 10-4 of the mean diameter. Brown found no detectable
changes in the diameter during this period; yearly averages were constant to within
0.05 arcsec, and a linear fit to the observed diameter yielded a rate of change of
the diameter of 0.5 i 1.4 arcsec per century. However, changes were detected in
the shape of the limb darkening function. These changes appear to be related to
solar activity, but the details of their character and origin are not yet known. The
absence of detectable diameter changes calls into question several previous results.
Philippe Delache and coauthors at the Nice Observatory (France) have reported
diameter changes, measured with a visual astrolabe, amounting to as much as ±
0.6 arcsec during 1978-1985. Since no changes larger than ± 0.05 arcsec can be
seen in the solar diameter monitor record during the four years of overlapping
coverage, it seems clear that the French instrument is measuring something other
than the solar diameter. Similarly (although with less confidence) one can argue
that secular changes in solar oscillation frequencies reported by Martin Woodard
and Robert Noyes (Harvard-Smithsonian Center for Astrophysics) are not the
result of diameter changes, and that any secular change in the solar diameter is
significantly smaller than the -2 arcsec/century reported by John Eddy (UCAR)
and Aaron Boornazian (Harvard-Smithsonian Center for Astrophysics). Finally,
one can combine the solar diameter monitor observations with observations of the
solar irradiance from the active cavity radiometer irradiance monitor (ACRIM)
instrument on SMM to estimate an upper limit for the relation between solar

87



High Altitude Observatory

luminosity, L, and radius, R. The result is dlnR / dlnL < 0.020, a factor of about
four smaller than the value quoted by Claus Frohlich (Physico-Meteorological
Observatory, Davos, Switzerland) and Eddy.

Principal responsibility for making solar diameter measurements has been
passed from Brown to Ronald Gilliland, and the observatory, after reviewing the
program, has decided to continue the measurements for another four years. This
will allow time coverage through most of a solar cycle, and a long overlap with
solar luminosity measurements from ACRIM.

Neutrinos, WIMPs, Hypercharge, and the Solar Interior

An outstanding problem of astrophysics has been the discrepancy between
models of the sun based upon standard input physics and their prediction of the
high energy neutrino flux, which is higher than observations by a factor of three.
Gilliland, in earlier collaborations, had produced solar models that included the
effects of energy transport by recently hypothesized weakly interacting massive
particles (WIMPs). Such models are consistent with a low detected high-energy
neutrino flux because the WIMPs induce suppressed core temperatures by efficient
energy transport. With Werner Dappen (visitor, University of Cambridge,
England) and Christensen-Dalsgaard, Gilliland analyzed the oscillation properties
of solar models containing a small mass fraction (on the order of 10-10) of WIMPs.
The slightly altered sound speed distribution leads to oscillation frequencies for
the low-degree, high-radial-order p-modes that are in better agreement with
observations than are results from standard solar models. The models also yield a
prediction for g-mode frequencies (yet to be observed unambiguously) that is quite
different from predictions with standard input physics, holding out the hope that
future observations can effectively probe the core structure changes that would be
induced by WIMPs.

Gilliland and Dappen analyzed the consequences for solar structure of a
proposed short-range modification of gravity (hypercharge). Evidence for a
modification to gravity on distance scales on the order of 100 m comes from three
sources: (1) geophysical, via the measurement of gravitational acceleration as a
function of depth in mines; (2) experimental, from the Eotvos experiment, which
measured gravitational attractions of different substances; and (3) elementary
particle physics. The consequences of such a modification affect solar structure
only through a compensating rescaling of Newton's universal constant of gravitation
for long-range interactions and the solar mass; the resulting changes are minimal.
For stellar evolution in general the alteration leads to modifications of stellar
lifetimes that are large enough (a few percent) that they should be considered, if
the suggested changes to gravitation prove correct.

In a related stellar interiors study, MacGregor and Gilliland finished work on
the effect of rotation on the size of stellar convective cores. They showed that in
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a self-consistent model of interiors the radiative gradient is decreased due to the
structural changes induced by rotation. Thus rotation leads to a smaller convective
core and reduced luminosity, the coupled effects of which lead to little change of
the main-sequence lifetime. This work corrected a misconception that had recently
arisen in the literature.

Deducing Stellar Cycles from Chromospheric Stellar Activity Data

Gilliland and Sallie Baliunas (Harvard-Smithsonian Center for Astrophysics)
analyzed to what extent the currently existing records of chromospheric activity
data extending over 20 years could be used to quantify properties of stellar cycles.
Noise from undersampled rotational modulation from stochastically distributed
active regions in time can generate spurious signals at the frequencies expected for
stellar cycles. This unexpected effect severely limits the quantitative information
that can be extracted from the current data set. A 20-year data set is only
marginally long enough to begin analysis. Of most importance to obtaining stable,
reliable estimates of stellar cycle properties is an extended base line to cover three
to four times the expected cycle lengths of 7-12 years. The HAO-Lowell Solar-
Stellar Spectrophotometry project has as one of its primary goals the extension of
this time base. Analysis of solar photospheric, chromospheric, and coronal indices
was made for comparison with stellar records.

Solar-Stellar Spectrophotometry Project

Over the past year, considerable progress has been made toward achieving the
scientific goals of the solar-stellar spectrophotometry program, which are to expand
spectroscopic diagnosis of solar-like activity to new spectral bands and to extend
knowledge of solar-like variability to cooler stars. Collaborators in the project
include Dimitri Mihalas (University of Illinois), Richard Radick (AFGL), Lawrence
Ramsey (Pennsylvania State University), Wesley Lockwood (Lowell Observatory),
Fisher, and Gilliland. Scientific questions to be addressed are as follows: How does
the dynamo process depend on the existence of a radiative-convective interface?
What differences in solar-type activity are there between older disk stars and halo
stars? How do differences in chemical abundance influence the dynamo process?
What is the nature and mechanism of the process producing a magnetic activity
cycle in subgiant stars? How do orbital considerations, in those serendipitous
binaries to be found in the study population, interact with convection and magnetic
activity? Finally, what relationships exist in the sample stellar population between
surface activity (flares) and stellar parameters such as age, composition, and
angular momentum?

Development of the instrument system has been driven by the selection of
a 43-inch (about 109-cm) telescope at Lowell Observatory as the feed for the
spectrograph and data analysis system. During the past year the Lowell portion
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of this facility was modified to accommodate the observing, computing, and

instrument-mounting requirements of the spectrophotometer. This remodeling

effort, led by Lockwood, is complete and ready to accept the instrumentation.

Approximately 500 field stars not likely to be farther than 25 parsecs from

the sun have been identified and cataloged to form a sample population extending
from the late subgiants to early M-type stars. This catalog has been incorporated
into the control computer and serves as the source for targets of the observing
program. The data will be subjected to a reduction and storage protocol that

has been specified and partially written. Gilliland has used a similar process on

spectra (Capella) obtained with the Pennsylvania State facility.

Fabrication of the optical parts of the spectrograph system has been completed,

although the parts are not yet completely tested. The solar feed, a system used
to inject the sun's light into the stellar spectrograph, is complete and installed at

the HAO test facility. A calibration light source, containing a variety of line and
continuum sources, was built during the past year and is to be integrated into the
observing system soon. The focal plane assembly was tested on the component
level at the Lowell telescope during November of 1985 and found to be adequate

for the identification and pointing requirements of the system. These parts have

been built into the mechanical fixture that will be used to couple the spectrograph
and telescope together using a single optical fiber. The fibers used to feed the

spectrograph with the solar source, the calibration facility, and the focal plane

assembly are now being manufactured.

It is expected that final mechanical and optical assembly will be finished before
the turn of the year. Attachment of the control cables and integration of the

optical and mechanical systems into the control computer will occupy the next
fabrication effort. Finally, system testing and end-to-end tests will be performed
in Boulder before the equipment is placed in the field at Lowell.

Testing is being performed using sample Tektronix charge-coupled-device
detectors of the same design and manufacture as those selected for the final
instrument configuration. These sample detectors are suitable for testing the
electronic, cooling, and vacuum systems, but they are not of operational quality.
Detectors of the required specifications are on order.

Terrestrial Interactions Section

Studies of the response of the earth's environment to the variable nature of
the sun encompass a wide range of topics, ranging from solar wind/magnetosphere
coupling to the modulation of the middle and upper atmosphere by solar radiation.
Understanding the chain of events involved in the coupling of solar energy into the
terrestrial environment is a major goal of the Terrestrial Interactions Section.
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The section was formed in 1986 with Raymond Roble as the section head.
Arthur Richmond is also in the section full-time and Holzer half-time. These
scientists, along with Robert Dickinson (Atmospheric Analysis and Prediction
Division or AAP), were selected as a team in late FY 86 to participate in the
National Aeronautics and Space Administration (NASA) solar-terrestrial theory
program. The management and scientific utilization of the NCAR incoherent-
scatter radar data base also occurs within the section.

Thermospheric Dynamics

The NCAR thermospheric general circulation model (TGCM), developed as a
collaborative effort between Roble, Cicely Ridley (Scientific Computing Division
or SCD), and Dickinson, has been modified to include auroral forcings from
magnetospheric convection and particle precipitation controlled by solar wind
parameters. The magnetospheric convection model now includes a parameter-
ization that accounts for pattern changes in ion drift driven by the east-west
or By component of the solar interplanetary magnetic field (IMF). This shift in
the ion drift has an important influence on the neutral winds through ion drag
momentum coupling, and effects of this type have been observed in the neutral
wind pattern by the Dynamics Explorer satellite. The strength of magnetospheric
convection is governed by the cross-polar cap potential drop determined through
an empirical formula developed by Pat Reiff (Rice University). The formula uses
measured solar wind parameters such as the vector magnetic field, solar wind
speed, and density. Also, aurora particle precipitation is related to solar wind
properties and particle measurements made by National Oceanic and Atmospheric
Administration (NOAA) spacecraft. The time-dependent auroral forcings in the
TGCM are thus specified from measurements of solar wind parameters. A number
of case studies are being made, using Dynamics Explorer 2 (DE-2) data, to test
the overall procedure.

The TGCM has been used to calculate global thermospheric dynamics for
several time periods in which solar wind measurements and Dynamics Explorer
satellite wind measurements are both available. The first period, on 21-22
November 1982, exhibited relatively steady solar wind properties. The results
showed excellent agreement between TGCM auroral parameterizations and DE-2
measurements of auroral particles and electric fields. There was also excellent
agreement between TGCM and the calculated wind, temperature, and composition
patterns and the DE-2 measurements of these properties along the satellite track.
The winds in the polar cap were driven primarily by ion drag associated with
magnetospheric convection, with an abrupt transition to a solar-driven circulation
occurring at midlatitudes outside the auroral zone. Excellent agreement was
obtained between TGCM predictions and data obtained on 12 DE-2 passes over
the polar cap during the period.
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The TGCM has also been used by Timothy Killeen (visitor, University of
Michigan) and Christopher Tschen (University of Michigan) to study thermospheric
dynamics for the 24-25 November geomagnetic storm. Prior to the storm the
north-south B, component of the IMF was northward. Magnetospheric convection
was weak and appeared to have multiple cells of ion drift. As the storm
commenced the Bz component of the IMF shifted southward and intensified,
driving a strong two-cell pattern of magnetospheric convection with intense aurora
particle precipitation. The predicted winds throughout this storm period compared
favorably with DE-2 observations of the large-scale structures. However, the data
displayed considerable variability that the TGCM did not reproduce.

Other TGCM case studies were made in support of various incoherent scatter
radar and Fabry-Perot interferometer measurement campaigns such as the NSF-
sponsored Global Incoherent Scatter Measurements of Substorms (GISMOS) and
Global Thermospheric Mapping Study (GTMS). TGCM predictions were made for
four time periods of three to five days and are being compared with observations.
The results obtained thus far are encouraging and suggest that the TGCM
empirical auroral parameterizations are reasonably realistic representations of
high-latitude forcings. These campaign studies will continue during the next year.

The TGCM recently has been modified further to include transport of
minor constituent species. The transport scheme has been tested on passive
thermospheric constituents, helium (He), and argon (Ar). These species are
sensitive to thermospheric dynamics and respond oppositely to solar and auroral
forcings. Argon has maximum densities in the summer hemisphere during solstice,
and helium has its largest densities in the winter hemisphere. The upper boundary
condition for argon is diffusive equilibrium. For helium, however, ballistic
exospheric transport must be considered, and in the TGCM it is determined
by solving a Laplacian on a sphere. Wind-induced diffusion and exospheric
transport both have an important role in determining the He distribution. The
TGCM-calculated distribution of He and Ar for solstice conditions are in general
agreement with measurements made in December 1982 by the DE-2 satellite.
Large storm responses are expected in both of these passive species, and these
effects will be investigated during the next year.

The TGCM is also being used by Cassandra Fesen (University of Colorado) to
study the upward propagation of tides during solstice conditions. The 2-2, 2-3,
2-4 and 2-5 tidal components are important during solstice, and the amplitude
and phase of these components are being adjusted at the lower boundary to bring
the TGCM-calculated tidal structure into agreement with observations made by
various incoherent scatter radars.

Jeffrey Forbes (Boston University) has developed a numerical scheme that
allows the ion drag resulting from the empirical electron density model to be
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interactive with the TGCM-calculated wind fields. The winds raise and lower the
F-region peak density depending upon the wind direction and inclination of the
magnetic field. The results of this study show important dynamic interactions
at low latitudes where the wind effects on the ionospheric structure are most
pronounced. This parameterized approach allows Roble to perform simple studies
of interacting physical mechanisms before they are incorporated into the TGCM
in a more realistic manner.

Killeen and Roble have continued their development of a vector spherical
harmonic model that allows time-dependent results to be available in a convenient
form to outside users. Diurnally reproducible TGCM results are easily assessed by
small computers such as the VAX or Macintosh Apple computers. More detailed
results are available for comparison with wind, temperature, and composition
measurements made by university observers. The simplified model will make
TGCM data available during such NSF-sponsored campaigns as Coupled Energetics
and Dynamics of Atmospheric Regions (CEDAR).

Global Mean Thermospheric Structure

A self-consistent, one-dimensional global average column model has been
developed and used to examine the mean structure of the thermosphere and
ionosphere above 97 km. The purpose of the model is not only to examine
the global mean structure of the thermosphere and its response to solar extreme
ultraviolet and ultraviolet output over a solar cycle, but also to develop rapid
parameterizations of physical processes for eventual incorporation into a self-
consistent TGCM. The model includes atomic oxygen (O), molecular oxygen
(02), and molecular nitrogen (N 2 ) coupled through a major constituent diffusion
equation. Minor species included with transport and appropriate photochemistry
are ground state atomic nitrogen N(4 S), nitric oxide (NO), He, and Ar. These are
in photochemical equilibrium with ozone (03); atomic oxygen excited to the 1 D
level, 0(ID); and atomic nitrogen excited to the 2 D level, N(2 D). For concentration
in the E- and F-ionospheric regions, the atomic oxygen ion (O + ) is determined
using ambipolar diffusion and the molecular and atomic positive ions O + , NO + ,
N + , and N + are determined using photochemical equilibrium. The model has
separate thermospheric equations for electron, ion, and neutral temperatures with
appropriate energy exchange processes. Besides collisional exchange from thermal
electrons and ions, the neutral gas also receives energy from Joule dissipation,
auroral electron precipitation, and solar photoelectrons. Electron sources include
02 absorption in the Schumann-Runge continuum and bands and 03 absorption in
the Hartley bands. Heating also includes excess energy from exothermic ion-neutral
and neutral-neutral chemical reactions including atomic oxygen recombination and
O(1 D) quenching. Cooling includes not only C02 nonlocal-thermodynamic-
equilibrium (non-LTE) emissions but also that of NO, some 63-p 0 emission, and
molecular conduction. The model uses solar fluxes measured by the Atmosphere
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Explorer satellite for solar minimum and maximum conditions. Results obtained
from this model are compared with measurements incorporated in the mass
spectrometer incoherent scatter (MSIS-83) empirical model. Model calculations
suggest that a balance can be achieved among molecular thermal conduction, solar
heating, and infrared cooling throughout the thermosphere. Good agreement is
achieved with MSIS-83 for both solar minimum and solar maximum if a small
amount of Joule heating associated with high-latitude auroral processes is included,
in addition to solar extreme ultraviolet and ultraviolet heating. The results also
indicate that a numerically fast self-consistent aeronomic scheme can be developed
for eventual use by the TGCM.

Incoherent-Scatter Radar Data Base

The NCAR Incoherent-Scatter Radar Data Base (ISRDB) operates to make
data from six ionospheric incoherent-scatter radars in North and South America
and Europe readily available for scientific research. In addition to its service
function, the data base is intended to support a strong research program at NCAR

in upper atmospheric and ionospheric physics. The data base is operated jointly
by HAO and SCD, with Richmond the responsible scientist and Roy Barnes (SCD)
the data base programmer.

In FY 86 the data base continued to expand its holdings and to develop
its capabilities. The first general catalogue was distributed in May of 1986 to
about 200 scientists. A library of data management utilities and a user guide
documenting how to use the library have been prepared. Software was acquired
from SRI International and from the National Astronomy and Ionosphere Center
to perform advanced data analysis. During the summer, Martin Snow (HAO

summer undergraduate student, Kalamazoo College) and Joyce Berkey (HAO
summer undergraduate student, Minot State College) worked with this software to
make it more readily usable on the data base holdings.

The ISRDB project also hosted a CEDAR workshop in July. Four foreign and
80 U.S. scientists attended to make plans for coordinated studies in a wide range
of topics concerning aeronomy. The success of the meeting led to plans to make it
an annual affair.

Ionospheric Electrodynamics

A study was completed on electrodynamic effects of thermospheric winds from
the NCAR TGCM. A theoretical model of ionospheric electric-field and current
generation by the dynamo effect of thermospheric winds was developed and used
in conjunction with the winds predicted by the TGCM. It was found that the
winds tend to underestimate the strength of observed electric fields and currents
when only in situ solar heating is considered. However, the agreement between
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calculations and observations improves when upward-propagating atmospheric
tides from below 97 km are included. Remaining discrepancies appear to be
related to poorly determined nighttime ionospheric electron densities as well as
to uncertain tidal structures. Large electric currents are found to flow along
magnetic field lines between the northern and southern hemispheres. We plan to
continue using the dynamo model in conjunction with the TGCM to better define
ionospheric electrodynamics under different conditions and to continue providing a
test of the accuracy of predicted winds in the lower thermosphere.

Venus and Mars Thermospheric Dynamics

Stephen Bougher (visitor, University of Michigan), Dickinson, Ridley, and
Roble have modified the NCAR TGCM to investigate the global thermospheric
circulation, temperature, and compositional structure of Venus and Mars. The
zonally averaged Venus TGCM results were compared with a previously developed
zonally symmetric 2-dimensional model calculation to verify previous predictions.
The inclusion of superrotation in the Venus TGCM altered the global thermo-
spheric structure and provided better agreement with Pioneer Venus satellite
observations.

The Mars TGCM was used for preliminary investigations of the global structure
and for sensitivity studies. Bougher and collaborators will compare the Mars
predictions with Mariner-9 satellite measurements, in collaboration with Ian
Stewart (University of Colorado) and Fesen, when the data become available.
Plans are also being made with Richard Zurek (NASA Jet Propulsion Laboratory)
to incorporate tides into the model.

Lower Thermosphere-Mesosphere Interactions

Roble and Jean-Claude Gerard (University of Liege, Belgium) have used
a zonally averaged chemical-dynamical model of the earth's thermosphere to
investigate the importance of NO 5.3-,c cooling in controlling the structure of the
thermosphere for solstice conditions during solar maximum. The 5.3-g/ cooling
has a much greater influence on the thermospheric structure at solar maximum
than at solar minimum. The enhanced emission at solar maximum is caused by
greater NO densities and neutral temperatures. The results also indicate that NO
radiational cooling is important during geomagnetic storms and has an influence
on the storm recovery time.

The globally averaged one-dimensional column model of the thermosphere,
described in the previous section, has been extended 65 km into the mesosphere.
The number of minor species have been extended to include water vapor
(H20), hydrogen (H and H 2 ), methane (CH4), CO, and CO2 with appropriate
photochemistry and transport and 03, NO2 , OH, H 2 0, and hydroperoxyl (HO2 )
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in photochemical equilibrium with the above. The model also includes heating by
ozone absorption and both LTE and non-LTE CO2 radiational cooling. Preliminary
results for solar minimum conditions suggest that a global mean radiative balance
may be achieved throughout the mesosphere.

Global Atmospheric Electricity

Studies by Israel Tzur (visitor, unaffiliated), Gerald Browning (SCD), and
Roble have shown that time-dependent electric fields and currents generated by
thunderstorms are important in maintaining the overall electrical structure of the
fair-weather global electric circuit. These fields and currents are generated by
charge separation and charge adjustment processes within the storm and consist of
conduction, convection, displacement, and lightning generated components. The
calculated Maxwell currents for a model storm were shown to have a characteristic
time behavior in reasonable agreement with observations of a small Florida
thunderstorm. The sensitivity of thunderstorm current output to solar-terrestrial
variations in cosmic ray ion production was also investigated.
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Oscar Steiner; University of Zurich, Switzerland; October
1985 to November 1986; use of solar flux tube models to
calculate synthetic Stokes spectra

Richard Steinolfson; University of Dallas; July to August

1986; Solar Maximum Mission data analysis

Robert Stening; University of New South Wales,
Australia; January to July 1986; incoherent-scatter radar
data analysis

John Streete, Sr.; Rhodes College; June to July 1986;
solar coronal magnetic fields

David Webb; American Science and Engineering, Inc.;
September to October 1985; solar coronal mass ejections
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Garry Webb; University of Arizona; April to June 1986;
magnetostatic atmospheres and magnetic fields

Oran White; unaffiliated; February 1984 to indefinite
end date; calcium K-lines

Fei Wu; Beijing Astronomical Observatory of China,
People's Republic of China; March 1985 to March 1987;
theoretical magnetohydrodynamics

Gongliang Zhang; Institute of Space Physics, Beijing,
People's Republic of China; July 1985 to November
1986; Solar Maximum Mission data analysis and coronal
disturbances
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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 young
scientists to work for a time at NCAR, both to gain familiarity with work on
major atmospheric science problems and to learn how to make best use of NCAR's
capabilities; and ASP provides for the examination of research areas that are
particularly timely or that, despite having long-term importance, are relatively
underemphasized at NCAR or in the community. The first of these activities
is organized within the Visitor Program, and the latter consists of two groups:
the Environmental and Societal Impacts Group (ESIG) and the Natural Systems
Group (NSG).

Significant Accomplishment

Although a scientific consensus has emerged that the growing amounts of
infrared-absorbing gases in the atmosphere will produce a climate warming in the
next century, many uncertainties remain in the atmospheric calculations. These
uncertainties affect the size of the projected warming, the timing, and the nature
of the climate change in individual regions.

One of the most important inferences of climate models, one that touches on
all three of these factors, is that there will be an amplification of the increase
in surface temperature at high latitudes. In the models, this amplification arises
because as the atmosphere warms it forces a retreat toward the poles of both the
snow cover on land and ice on the sea, uncovering darker surfaces that absorb more
sunlight. The sea-ice portion of this feedback is the primary source of the polar
amplification. Therefore, studies focused on the behavior of sea ice in coupled
atmosphere-ocean models are of high current interest.

Jean-Pascal van Ypersele, an ASP graduate research assistant from the Catholic
University, Louvain-la-Neuve, Belgium, developed a comprehensive coupled model
of ocean circulation and sea ice to study a selected area of the Southern Ocean
that includes the Weddell Sea and the Drake Passage.

An existing general circulation model of the ocean (developed at NCAR earlier
by Albert Semtner) was configured for the geometry of the Southern Ocean domain
and then improved by including robust-diagnostic forcing and allowing for coupling
to a sea-ice model. When the model was initially tested without coupling, the
ocean circulation corresponded well with the observed circulation.
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In addition, a dynamic-thermodynamic model of sea ice was developed and
tested with a constant upward oceanic heat flux. The results of two simulations
made with the sea-ice model, with and without transport and dynamics, show
that thermodynamics is insufficient to explain the large amplitude of the seasonal
cycle of ice extent and that the inclusion of transport and parameterized dynamics
is essential for the reproduction of the observed cycle. This result is important
to anyone attempting to estimate the nature of the climate system's transient
response to the time-evolving infrared gas amounts in the atmosphere.

The two models were coupled by momentum, heat, and salt exchanges, and a
control simulation was made for the present climate. The results were compared
to the observations and other simulations. The coupled experiment shows an

amplitude of the seasonal cycle of sea ice very close to the observed one. The most
interesting feature revealed by this simulation is the appearance of a large polynya,
located approximately where the Weddell polynya has been observed in nature.

The coupled model was then subjected to a temperature perturbation corre-
sponding to a doubling of atmospheric C0 2 , and the results were compared to
those of the control experiment. The main conclusion is that the ice does not
disappear completely, and it can reform quickly to reach a maximum in close
approximation to the present one. This model is now ready for the thorough
sensitivity testing and parameterization reformulation required to demonstrate the
robustness of these significant but preliminary results.

Visitor Program

Graduate Research Assistantships

ASP awards a limited number of graduate assistantships to students pursuing
doctoral degrees in the atmospheric sciences. While in residence at NCAR,
each graduate assistant carries out research based on his or her thesis proposal,
which must be endorsed jointly by the university thesis adviser and an NCAR
scientist. In fiscal year (FY)1986, five graduate research assistants received new
appointments, eight continued work toward their Ph.D. degrees, and five received
their degrees. While at NCAR, the students work directly within ongoing research
programs; therefore some of their activities are listed in the sections of this report
prepared by the research division of NCAR.

Aerosols in the Atmosphere. Filippo Giorgi applied his aerosol microphysics
model to describe the effects of several microphysical processes-coagulation,
sedimentation, dry deposition, and wet removal-on the distribution and properties
of atmospheric aerosols within the community climate model (CCM). The following
studies were carried out:
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1. Global climatic effects of massive atmospheric injections of particulate
material following a full-scale nuclear conflict. Global effects were found
to be sensitive in particular to the efficiency of particle wet removal. This
study was carried out in cooperation with Starley Thompson and Stephen
Schneider (ASP), V. Ramaswamy (National Oceanic and Atmospheric
Administration Geophysical Fluid Dynamics Laboratory or GFDL), and
Curt Covey (University of Miami).

2. Global atmospheric lifetimes of highly soluble atmospheric tracers. This
study, conducted in cooperation with William Chameides (Georgia Insti-
tute of Technology), investigated the dependence of the species' rainout-
determined atmospheric lifetimes on the characteristics of the precipitation
regime (duration and frequency of the precipitation events) and the
direction of the tracers' main flow (upward or downward).

3. Global-scale dry-deposition velocities of ambient aerosols. A number of
general-circulation-model simulations were used to examine the dependence
of aerosol dry deposition velocities on surface meteorological conditions,
particle properties, and characteristics of the surface elements. This study
also used the surface physics package developed by Robert Dickinson
(Atmospheric Analysis and Prediction Division or AAP) and collaborators.

Clouds in Models. The development and testing of cumulus parameteriza-
tions has been of considerable interest in recent years. One way of testing a scheme
is the semiprognostic approach, which is independent of complex three-dimensional
numerical models and therefore a good tool to find systematic errors, determine
their nature, and learn about the behavior of the parameterizations under different
conditions. The GARP (Global Atmospheric Research Program) Atlantic Tropical
Experiment, or GATE, provided data to test cumulus schemes in the tropics;
SESAME (Severe Environmental Storms and Mesoscale Experiment) gave the
opportunity to test parameterizations in complex midlatitude environments at
synoptic and mesoscales. As his thesis topic at the University of Miami, Georg
Grell undertook a semiprognostic intercomparison of several parameterizations
using SESAME data.

In cooperation with Ying-Hwa Kuo (AAP) and Richard Pasch (University
of Miami), Grell analyzed data from SESAME I, IV, and V using the NCAR
mesoscale model analysis package with three different parameterizations (Arakawa-
Schubert, Kreitzberg-Perkey, and Kuo). Although it seems early for conclusions,
all of the schemes will require specific changes. Still, even for the high-resolution
experiments (the stormscale network of SESAME IV and V), when predicted
and observed apparent heating and drying profiles are compared, the results
are encouraging. The nature of errors does seem to be identifiable and may
be correctable in some cases. It is hoped that a rigorous study of the closure
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assumptions, which will be done next, may prove another early conclusion: some
assumptions that were previously believed to break down in midlatitudes and/or
at smaller scales may work rather well.

Bromine Chemistry. Alan Hills is currently investigating the important
stratospheric chemical reaction between BrO and C10,

BrO + C10 - B + Cl+02

Br + OC10

BrC + 02.

In the future this reaction, in concert with others, will probably be a key
process in the control of atmospheric ozone levels. It has also been postulated
that the reaction of BrO with C10 may be partially responsible for the 50% ozone
depletion currently seen in the stratosphere over Antarctica.

The research has involved measurement of the rate constant for the overall

reaction and has shown for the first time that, via the second reaction channel,

chlorine dioxide (OCIO) is produced. This is very significant since OCO1 is thought

to be important in ozone destruction over the South Pole. In fact, OC10 has
recently been observed in the Antarctic stratosphere; this was the first observation
of OC10 in the earth's atmosphere.

Current research is directed toward measuring an accurate product distribution

for the BrO+C10 reaction, with respect to the three possible reaction channels.
Results of these investigations will be used by computer modelers to gain a more
accurate knowledge of atmospheric chemistry and of the effects of chlorine and
bromine emissions to the atmosphere.

Forecast Improvements. To determine an appropriate balanced initial state,
it is important to know which gravity waves play the primary role in a forecast
model. Without this knowledge, additional errors could be introduced during
the initialization process, and these errors could cause the forecast to drift away
from reality. As his thesis topic at the University of Michigan, Shun Der Ko
investigated this problem within the CCM using an energetics approach. He
studied energy modes both in the vertical and horizontal, and divided the modes
into balanced energy, transient energy, available potential energy, and divergent
and nondivergent kinetic energy. The balanced energy was further divided into
rotational and balanced gravitational energy and the divergent kinetic energy was
decoupled into zonal and meridional components, which measure the east-west and
north-south circulations, respectively.
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Ko found that the lower vertical modes make the balanced gravitational energy
larger than the transient energy, but that higher baroclinic modes keep both
energies at the same rate of oscillation. To examine whether the energy is balanced
during the initialization, it is more appropriate to express the energy in terms of
vertical modes than as zonal wave numbers. Ko suggests a new and easy criterion
to adjust the gravity waves in the initialization based on the vertical modes,
meridional indices, and zonal wave numbers. To retain the strength of tropical
circulations in the forecast, he recommends that the gravity waves corresponding
to the internal modes 2-6, meridional indices 1-6, and zonal wave numbers 1-11
not be adjusted during the initialization. However, all the gravity waves associated
with the external, the first internal, and the highest internal modes can be freely
adjusted during the initialization.

Downbursts. The hazard of a microburst to airplanes at take-off and
landing has been known since 1977. Field experiments, such as the Northern
Illinois Meteorological Research on Downbursts project, the Joint Airport Weather
Studies or JAWS, and the Microburst in Severe Thunderstorms have been held to
study this hazard. Microbursts have been classified into dry and wet categories.
Dry microbursts have been thoroughly studied in recent years. However, there has
been little progress in understanding wet microbursts, especially in finding their
precursors.

Damaging winds on the ground have been associated with a radar pattern
called a "bow echo" by Theodore Fujita (University of Chicago). Fujita proposed
a model in which a bow echo is formed due to the strong outflow of a downburst
pushing the central part of the echo outward. Wen-Chau Lee, in cooperation
with Roger Wakimoto (University of California, Los Angeles or UCLA), began an
analysis of a single-cell bow echo and microburst case from the JAWS project to
test this hypothesis. The objectives of this study are to understand (1) the life
cycle of a bow echo, (2) the kinematic structure of the microburst, and (3) the
relation between the bow echo and the microburst. Findings in regard to each
objective are discussed below.

The bow echo evolved from an elongated echo at the height of 6 km above
ground. The storm-relative wind from the upstream side pushed the center of the
echo forward. The environmental wind reversed below 5 km. As the precipitation
fell below 4 km, the storm-relative wind was from the leading edge of the storm.
The echo core acted as an obstacle that caused the environmental flow to deviate
to the north and south of the storm and produced a pair of anticyclonic and
cyclonic vortices. This flow field enhanced the bow shape.

The microburst began at 4 km in the vicinity of a convergence line that was
produced by the environmental flow field mentioned above. The air that fed into
the downdraft was mainly from the upwind side of the storm. The inflow from
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behind was not significant. However, this inflow coming from the low reflectivity
region may have provided the necessary negative buoyancy for the downdraft
through evaporative cooling.

The nearly dry adiabatic lapse rate observed below the cloud base played an
important role. A small amount of cooling below the cloud base would then be
enough to drive the downdraft to the surface and produce a microburst. However,
if the environmental sounding had not been close to dry adiabatic, then a much
stronger cooling, or cooling plus some other factors (for example, precipitation
loading), would have been necessary to produce a microburst.

Pressure and buoyancy retrieval will be performed based on the Doppler wind
analysis to examine the dynamical or thermodynamical forcing mechanism of the
microburst.

Crop Yields. Concern over the effect of climatic variability on crop production
has been well represented in the food and climate literature for more than a
decade. It has also long been recognized that the relative contributions of climatic
variability, technological change, and their interactions must be thoroughly
modeled and quantified before any conclusions on the effect of climate variability
alone can be drawn. Establishing accurate trends in technological factors in
crop yield models (both empirical and simulation types) is essential to predict
accurately potential yields under conditions of climate variability. Linda Mearns
is attempting to apply several statistical and other techniques to improve the
accuracy of the technology trends or models. The yield deviations (representing
the climatic variability effect) obtained by using the new trends will be compared
with those from the same models with the original trends. It is hoped that this
process will lead to a refined analysis of the contribution of climatic fluctuations
to fluctuations of the winter wheat yield in the U.S. Great Plainls, as well as to an
understanding of how different assumptions regarding technological change affect
conclusions drawn about the effect of climatic variability on wheat yields.

The study area runs along a decreasing precipitation gradient from central
Kansas to eastern Colorado, for the time period 1950-1980. The spatial unit of
observation is the county, which allows for a detailed examination of changes in the
relative contributions of different climate and technological factors to crop yield
over space.

Preliminary results from three counties indicate significantly different contribu-
tions of technology and climate variability in different regions. Sample results of
coupled climate-technology models indicate significant differences, based on how
technology is modeled, in the variance in yield explained by climate.
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Crystal Growth. Bruce Nerad at the University of Colorado, Boulder,
attempted to develop a new morphological instability model to describe heretofore-
unexplained structural features resulting from phase transitions. This theory
will attempt to describe the transition from a planar solidification front to
the growth of nodules, macrovoids, or dendrites under conditions for which
current morphological models predict stability of the planar front. The resultant
morphology of a solidified material greatly affects its physical properties and its
interactions with its surroundings. The phase transitions directly important in
atmospheric science involve ice, water, and vapor: the growth and evaporation of
snow crystals, the freezing of water drops, the growth of hail, and the evaporation
of water from the land and sea surfaces. The rates of these processes are very
important, and they depend in turn upon interface morphology.

The modeling approach that Nerad adopted involves the use of nonlinear
transport theory. Initial work on a model system without phase change is near
completion and has led to some interesting results. Nonlinear transport theory has
been shown to offer an alternate explanation of the excess (disjoining) pressure in
a thin film and to provide a mechanism to generate spontaneous convection in a
system undergoing rapid heat or mass transfer. It is this spontaneous convection
that is believed to impart morphology to a material undergoing a phase transition
by convecting fluid with differing degrees of supersaturation to the interphase.

Sudden Storms at Sea. Explosive marine cyclogenesis, where deepening
rates exceed 1 mb/h for 24 h or more, results in significant damage and loss of life
in coastal areas. Considerable controversy surrounds the factors that are necessary
for the rapid development of some midlatitude oceanic cyclones. In his thesis work
for the University of Washington, Wendell Nuss has examined the influence of
surface heat and moisture fluxes on cyclogenesis using a mesoscale model. Initial
conditions were derived from baroclinic instability theory, case studies, and a
composite analysis of explosive cyclones. Experiments with and without the effects
of surface heat and moisture fluxes and latent heating were performed. Tests of
the sensitivity of development to the initial static stability and baroclinity were
also done.

Results can be summarized as follows:

1. Postfrontal boundary-layer convection reduces the horizontal temperature
gradient and consequently reduces the baroclinic instability. Reduced
boundary-layer stratification due to surface heating increases the surface
wind stress, impeding the production of low-level vorticity.

2. Latent heat release in the prefrontal cloud region increases the growth rate.
However, in Nuss' model, a downward surface moisture flux and significant
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initial moisture resulted in less latent heating and an insignificant increase
in the development of the model cyclone compared to other studies.

3. The initial static stability and baroclinity are significant in determining
the amount of development that will occur in a particular storm.

These results suggest that low-level processes are significant in fostering
explosive cyclogenesis in a highly baroclinic atmosphere.

Climate and Development. The impact of climatic variability on agricul-
tural productivity is particularly acute in the developing countries of Africa. Over
the last quarter-century it has become evident that climate plays a much more
significant role in the process of socio-economic change than has been attributed
to it in the development literature. As his thesis topic at UCLA, Rhys Payne
analyzed the relationship between climate and development in the specific context
of Morocco over the last century. The conceptual framework for the thesis was
developed during field research in Morocco and in collaborative research on the
sub-Saharan African food crisis with Michael Lofchie at UCLA and Michael Glantz
(ASP).

Payne's interdisciplinary study of Morocco was based on a historical approach
beginning in 1880. Because detailed and reliable climatic data were not available
until the 1930s, Payne used sociological observations and fragmentary historical
data to construct a theoretical model of the way Moroccan agrarian society dealt
with climatic variability at the same time it had to cope with the profound
socio-economic transformation that was taking place. This model was tested and
refined with the more complete climatic records available for the last 50 years.
The principal results of the analysis indicate that changing patterns of political
power over water resources in Morocco provided a key intervening variable in
determining the social impact of climatic variability. This observation allowed
Payne to uncover a feedback relationship where climatic variability provided a
stress on the political system that was instrumental in shaping the direction of
both political and economic development.

Carbon Storage. Fire is an important, but poorly parameterized, force in
global trace gas and carbon dioxide balances. On geologic time scales, it may have
been important, through creation of charcoal, as a carbon sink. In her dissertation
research, Jennifer Robinson is putting together a framework for resolution of
uncertainties regarding the role of fire in global biogeochemical balances.

Progress to date includes:
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* Initiation of a field research program in conjunction with Philip Fearnside
(Department of Ecology, Instituto Nacional de Pesquisas da Amazonia,
Manaus, Brazil) and David Simonett (Department of Geography, University
of California, Santa Barbara) for studying mass transformations in the
burning of tropical moist forests

* Literature review and synthesis toward development of a strategy for
evaluation of areas burned in tropical regions using multistage satellite
remote sensing

* Preliminary development of an integrated hypothesis concerning the role of
fire in the evolution of the earth's carbon-oxygen balance and evaluation of
evidence available for testing this hypothesis.

Winds over Mountains. Although many of the effects of the earth's
orography on atmospheric flow have been extensively studied, one phenomenon has
received a relatively small amount of attention. This phenomenon is the low-level
ridging that sometimes occurs on the lee side of major orographic features. The
ridging takes the form of lower tropospheric perturbations in the temperature
and pressure fields; these perturbations tend to progress equatorward along the
orography and do not generally affect higher levels in the atmosphere. Some
examples of the ridging events include East Asian cold surges and Appalachian
cold-air damming episodes.

Observational studies have implied that the ridging events may be a manifesta-
tion of mesoscale orographically trapped waves. Jeffrey Tilley, in cooperation with
Peter Webster (Pennsylvania State University or PSU), David Williamson (AAP),
and Kuo, is attempting to deduce a general theory (involving orographically
trapped waves) to explain the generation and maintenance of the ridging events.
Experiments with a modified shallow-water model and with the NCAR/PSU
mesoscale model are presently underway in an attempt to examine the basic
dynamics and also the detailed structure of the ridging events. The results will be
used as a check on the findings of the observational studies and to help develop
the theory. Conclusive results are available.

Radar Measurements in Storms. Radar observations have long been used
to monitor the overall structure and development of convective storms. But to
obtain quantitative measures of the characteristics of precipitation particles in the
storms, techniques for relating details of the radar echoes to the microphysical
parameters must be developed. Since microphysical properties affecting the
microwave radar measurements are composed of many independent details such as
size, shape, orientation, and composition, multiparameter radar observations are
needed to unfold the complex nature of the problem. The term multiparameter
generally refers to dual-polarization or dual-wavelength measurements made in
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addition to the normally measured radar reflectivity, but excluding Doppler

spectrum parameters. The inversion problem is further complicated by the

presence of precipitation particles in the medium between the radar and the
resolution volume of interest.

Jothiram Vivekanandan developed a generalized electromagnetic backscatter-
cum-propagation model for quantitative investigation of multiparameter radar
observables in convective storms. The propagation medium between the radar

and the resolution volume is modeled using the first-order multiple scattering
approximation. Detailed calculations of multi-parameter observables for rain,

graupel, and hail media were performed, and the results were compared with

radar measurements. Also, the effect of propagation on the radar backscatter
measurements was investigated in the presence of model rain propagation paths.

It was shown that S-band ZDR was a robust measurement, while X-band LDR,

S-band CDR, and ORTT were seriously affected by moderate-to-intense convective
rainfall.

Stratus Clouds. Since Douglas Lilly (now at the University of Oklahoma)

developed the cloud-topped well-mixed model almost two decades ago, quite

a few people have endeavored to improve it. But the emphasis in these

improvements has been on the changes in the cloud layer, and therefore few

results were obtained relating to the change in ambient atmosphere due to the

existence and development of clouds. In addition, most of these models treated
atmospheric parameters as constant. Weizuo Ye combined Lilly's cloud model
and Veerabhadran Ramanathan's (AAP) ocean-atmosphere interaction model to

produce a one-dimensional model applicable to a description of the stratus layer
over the ocean.

This model is being used to investigate under what initial conditions clouds
may occur and, once formed, how they develop.

Postdoctoral Fellowships

During FY86, 12 new postdoctoral appointments were made, 15 fellows
completed their terms, and six continued from the previous year. As with the
graduate assistants, much of the work of the fellows is presented in the reports of
the research divisions.

Twisted Solar Magnetic Fields. Solar flares, mass ejections, and possibly
coronal heating may all be driven by the release of magnetic energy from highly
stressed field configurations. The amount of stored energy may be approximately
calculated given the field topology, i.e., the connectivity and braiding pattern of
the field lines. The field topology in the solar atmosphere is to a great extent
determined by fluid motions at the surface (photosphere). For example, consider
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a cylindrical tube of magnetic flux forming an arch in the atmosphere. If the
photospheric ends are rotated, then the field lines inside the tube will become
twisted.

In very specific magnetic configurations (as in the above example), the
connections among boundary motions, change in field topology, and energy storage
can be readily calculated. However, given the chaotic motions at the photosphere,
a statistical approach might be more realistic. Mitchell Berger developed a
statistical theory of how topological structure is generated by fluid motions at
or below the photosphere. He calculated the root mean square buildup of twist,
braiding, and total magnetic helicity due to homogeneous incompressible random
motions at the photosphere. For the requirements of coronal heating, the buildup
of topological structure was found to be extremely large within the topological
dissipation time scale. These results will require some modification of earlier
theories of coronal heating.

Planetary Atmospheres. A major problem in constructing global thermo-
spheric circulation models for Venus and Mars is to understand the heating and
cooling mechanisms that drive the global winds. Radiation from CO 2 15-/um is a
key cooling mechanism that needs to be addressed for both these planets since each
upper atmosphere is dominated by CO 2. Stephen Bougher used a one-dimensional
radiative-transfer code for each planet to examine the heating and cooling processes
necessary to derive the observed global mean temperatures. Sensitivity tests were
conducted to learn the relative roles that thermal conduction, eddy conduction,
15-pm cooling, and infrared radiation and extreme ultraviolet heating play in
deriving the observed global mean temperatures above 100 km. Global winds were
assumed to have little impact on the global mean heat budgets. Subsequently, the
radiative sources and sinks from these one-dimensional models were used within
the three-dimensional thermospheric general circulation model (TGCM) adapted
for Venus (VTGCM) and Mars (MTGCM). The terrestrial TGCM was stripped of
processes unique to the earth, and new inputs and parameterizations specific to
each planet were added. The computational framework of the TGCM was retained
for these new planetary models, enabling future comparative studies to be done.

Thus far, the study has shown that the observed Venus exospheric temperatures
over a solar cycle (and over the 27-day solar rotation period) can be matched
by calculations for similar geophysical conditions. This suggests that the global
mean heat budget and parameter values chosen are reasonable. The subsequent
VTGCM is able to reproduce the day-night contrasts in temperature and density
structure observed by the Pioneer Venus spacecraft above 140 km. Wave drag is
a key mechanism that enables cold nightside Venus thermospheric temperatures to
be reproduced along with dayside bulges of CO 2, CO, and 0. The calculated Mars
global mean heat budget, using identical Venus 15-Lm cooling parameters, is also
able to give observed Mars exospheric temperatures over a solar cycle. Differences
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in atmospheric atomic 0 between Venus and Mars appear to explain the stronger
role of 15 ,um cooling in the Venus upper atmosphere.

The next step is to incorporate the Mars one-dimensional model radiative
sources and sinks into the MTGCM model to examine global circulation and
planetary rotation effects on calculated densities and temperatures. The group
hopes to make a prediction of what might be observed in the Mars thermosphere
on a future Mars aeronomy mission. Bougher collaborated with R.G. Roble (High
Altitude Observatory), E.C. Ridley (Scientific Computing Division), and Dickinson
on this work.

Deep Ocean Circulation. The thermohaline circulation is the part of the
total ocean circulation that is driven by buoyancy fluxes through the sea surface;
it is often pictured as an overturning in the meridional-vertical plane. It has long
been recognized that the thermohaline circulation is asymmetrical with respect to
areas of upwelling and downwelling. Deep water is formed in only a few regions
of very limited area, primarily in the high-latitude North Atlantic and around
the Antarctic continent. There is a conspicuous lack of deep-water formation in
the high-latitude North Pacific. This can be attributed to the low salinity of the
surface layer in the Pacific relative to that in the Atlantic, which in turn has
generally been attributed to the differences in evaporation and precipitation over
the two regions. In a series of experiments with an ocean general circulation model
with idealized basin geometry and surface forcing distributions, Frank Bryan
demonstrated that interhemispheric and interbasin asymmetries in surface salinity
and deep-water formation can be maintained even under symmetric surface forcing.
A number of feedback processes between the circulation, the salinity field, and
the atmospheric hydrologic cycle were explored, as were the possible roles of these
feedbacks in climate change. A significant result of this study was the suggestion
that the ocean-atmosphere system may have multiple equilibrium states, differing
in the hemisphere or basin in which deep-water formation occurs.

In his current research Bryan is investigating the nature of dynamical controls
on the interhemispheric exchange of deep-water masses in the ocean. While
such exchanges are required by the present configuration of deep water sources,
there is little theoretical guidance as to the structure of cross-equatorial flows.
This investigation is being pursued in the context of simple models in which the
thermodynamic processes explored in the previous study are imposed as forcing
functions.

Mesoscale Models. In most large mesoscale models, the top boundary is
assumed to be a free surface that either reflects vertically propagating internal
gravity waves or is insulated from such waves by a computationally expensive
sponge layer. David Dempsey (with the advice of Stephen Garner) has successfully
adapted and is now testing a computationally efficient numerical radiation
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condition for the top boundary of a research version of the NCAR/PSU mesoscale
model (MM4). (The scheme was originally proposed for a different model by
Joseph Klemp of AAP and Dale Durran, formerly of ASP, and was extended by
Garner to account for the effects of weak rotation and, in two dimensions, weak
baroclinicity.) Dempsey has undertaken this work with the longer-range objective
of exploring the possible connection between nonlinear, hydrostatic internal gravity
waves forced by three-dimensional meso-beta-scale topography and lines of surface
convergence (and accompanying rainfall) observed to form downwind of such
topography in Washington state.

On the slightly larger meso-alpha scale, a stationary, low-level vortex is often
observed over the Sichuan Basin downwind of the Tibetan Plateau. This vortex is
sometimes a precursor to the development of severe, damaging rainstorms over the
basin. The work of Kuo and others has suggested that the vortex is topographically
forced, but its dynamics are still poorly understood. Dempsey has been working
with Kuo to design experiments with MM4 to test two hypotheses: (1) that
low-level blocking by an arm of the Tibetan Plateau causes net vertical stretching
of air passing over this topographic feature, creating the vortex downstream, and
(2) that frictional torque exerted in the boundary layer on air passing this feature
generates the vortex.

The Solar Atmosphere. Linear polarization of spectral lines in the absence
of magnetic fields is observed in the solar spectrum for lines that are formed by the
coherent scattering of an anisotropic radiation field. The scattering mechanism is
the quantum counterpart of the Rayleigh scattering. The "scattering polarization"
is sensitive to the physical conditions in the atmosphere and is modified when
weak magnetic fields (<100 G) are present (Hanle effect). The interpretation of
the observed polarization profiles would provide a powerful tool to investigate the
physical conditions in the atmosphere of the sun and also would be the basis for
determining weak magnetic fields in the solar chromosphere.

The strongest polarizations (a few percent) are observed for strong resonance
lines. Such lines are formed by multiple scattering in the solar atmosphere, and
complex mechanisms of frequency redistribution of the radiation field occur at
each scattering. Earlier computations of polarization profiles used approximations
that have not been tested, mainly because of the computational effort required.

Marianne Faurobert examined these approximations to provide at least a
qualitative interpretation for the polarization profiles that are observed for some
solar resonance lines. She showed that a rigorous treatment of the frequency
redistribution is necessary to interpret properly the characteristic features of the
observed profiles and the effect on these features of various physical parameters of
the atmosphere (density, temperature, ionization state). This study was done for
very simple models.
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The next step, to be carried out in collaboration with Andrew Skumanich and
Bruce Lites from HAO, will use realistic solar models to provide a quantitative
basis for the determination of weak magnetic fields in the chromosphere of the sun.

The radiation field in the Lyman-alpha (La) line of hydrogen plays a very
important role in the thermal equilibrium and in the ionization state of the
solar chromosphere. The line is formed under nonlocal-thermodynamic-equivalent
conditions. The radiation field is derived from sophisticated numerical calculations.

Faurobert has shown, in collaboration with Helene Frisch (Nice Observatory)
and Skumanich, that in the low chromosphere a very simple model allows
analytical expressions to be found for the radiation field in La that are in very
good agreement with numerical results.

Frontal Collapse. Modelers and observers have long taken for granted that
the strength of atmospheric fronts is ultimately limited by turbulent diffusion
and surface drag. However, the failure of analytical models to describe the final
stages of frontal collapse, and the inability of conventional numerical models to
operate without computational "diffusion," have allowed speculation on limiting
mechanisms that are purely conservative. An unambiguous analytical resolution
of this issue is unlikely because the minimal relevant mathematical system is
intractable. Nevertheless, for better insight, Garner considered a one-dimensional
nonlinear model for the boundary flow that can be solved exactly when the
time-dependent pressure distribution is specified. Because the "mass" field is thus
uncoupled, the only safe conclusion is that inertial oscillations cannot in themselves
prevent frontal collapse after the surface convergence or ageostrophic vorticity has
exceeded the Coriolis parameter. The existing two-dimensional models formally
break down well beyond this threshold, so it is unlikely that coupled baroclinic
gravity wave activity can prevent the formation of discontinuities either.

Garner also worked out a two-dimensional analytic model that is explicitly
unbalanced, although still inherently free of neutral wave activity. The value of this
analysis is partly to verify an independent numerical model that makes no wave-
filtering assumptions whatsoever. Because the numerical model is Lagrangian, it
is not constrained by horizontal grid-point resolution limits in frontal zones, and
indeed generates infinite gradients from smooth initial conditions. Not only are
the numerically simulated nongeostrophic effects satisfactorily explained by the
analysis, but also no significant limitations of frontal gradients are observed for
any realistic choices of atmospheric parameters.

Chemical Measurements. An approach to detecting atmospheric sulfur
compounds is to use a chemiluminescent reagent that upon reaction with an air
sample would yield emission of light from excited reaction products. This emission
can in principle be analyzed spectrophotometrically to obtain concentrations. But
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in order for the analysis to be done with certainty, the reactions and emission
spectra must be characterized by laboratory experiments.

Robert Glinski, in collaboration with John Birks of the University of Colorado,
Boulder, has investigated the use of molecular fluorine as a chemiluminescent
reagent. Analysis of the chemiluminescence spectra has yielded basic information
on several relatively novel transient small molecules containing sulfur. Most
notably, the FCS radical has been observed for the first time in these experiments.
Some of the spectroscopy experiments were carried out at the Herzberg Institute
for Astrophysics, Ottawa, Ontario, Canada in cooperation with Donald Ramsay.

Glinski is continuing research along these lines at the Tennessee Technological
University.

Ice Sheet Models. The past two million years of earth's climatic history
are primarily characterized by major fluctuations in size of the Antarctic and
Greenland ice sheets and the repeated creation and destruction of other major
ice sheets in North America and northern Eurasia. A significant barrier to
understanding these changes is that ice sheets vary so slowly that the entire period
of modern scientific inquiry provides only a snapshot of conditions in the major ice
sheets. The problem must therefore be attacked with models. Brian Hanson has
developed numerical models of ice sheet motions and thermodynamics that have
a level of physical completeness similar to that of an atmospheric GCM. Used so
far mostly in simplified cases, these models have demonstrated several feedbacks
among the temperature and velocity fields of an ice sheet. A feedback of particular
importance arises when an ice sheet undergoes warming. The decreased viscosity
of the ice leads to increased velocity, which can cause further warming via the
effects of strain heating. This feedback, and its converse for cooling ice, may
exaggerate the response of an ice sheet to climatic forcing. In all cases, however,
the responses are characterized by enormous lags, on the order of 1,000 years for
small Arctic ice caps and 10,000 to 100,000 years for continental ice sheets.

Ice Crystal Aggregates. Recent observational evidence from cloud seeding
experiments shows that many of the ice crystals in the cloud had aggregated,
forming snowflakes, rather than having grown as individual crystals. Modeling
studies and direct observation show that these snowflakes can collect significant
quantities of rime as they fall through the cloud, thus increasing the precipitation
mass. In the models, however, it was assumed that snowflakes rime with the same
efficiency as nonporous spheres. In collaboration with David Johnson and Roy
Rasmussen of the U.S. Bureau of Reclamation, Jeffrey Lew used a precipitation
trajectory model with riming efficiency data he collected in the UCLA cloud tunnel
to show that snowflake trajectories were significantly changed from the earlier
calculations and that the net mass gained by a snowflake was up to two times
the mass gained by a crystal growing individually. An ensemble of individually
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growing crystals, however, may have a greater total mass gain than an aggregate
of these crystals, at the expense of a longer growth time and the risk of being
advected into high-altitude dry air outside of the cloud. Lew noted that in terms
of mass flux, the larger and the slower-falling particles had a higher mass flux
through any particular level in a cloud. Compared to other forms of precipitation
in an orographic cloud, snowflakes tend to register the highest mass flux due to
their large sizes and relatively low fall speeds.

It is also noteworthy that ice crystal aggregates have been observed in
thunderstorms. With the cooperation of Andrew Heymsfield (Cloud Systems
Division), Lew is currently determining their role, if any, in the production
of graupel and hailstones within Montana thunderstorms observed during the
Cooperative Convective Precipitation Experiment. This work is being carried
out through the use of both trajectory analysis and cloud dynamics/microphysics
modeling. Also in progress is a sensitivity study involving new parameterizations
of the terminal fall speeds of both lump and conical graupel.

Stratospheric Ozone. During the past decade several models have been
developed to reconstruct the species distributions in the stratosphere. Despite
general successes, an important problem is still left unsolved; the discrepancy
between modeled and measured ozone in the upper stratosphere. The 30-50%
lower value calculated for ozone than the representative observed one could
lead to underestimation of the upper stratospheric temperature field. Xiude
Ling employed a very detailed diurnal treament in a two-dimensional stratospheric
model in calculating the diurnally averaged chemical production and loss rates, and
thus significantly reduced the inconsistency between the real and the theoretically
calculated ozone. This strongly suggests that our current knowledge of ozone
photochemistry and rate constants can be used to simulate the real stratosphere if
an appropriate numerical approach is employed.

Energy Cascade. Recent observational studies have shown that an extensive
k - 5/ 3 range exists in the atmospheric mesoscales (k = wave number). The
origin of this behavior is widely debated. On the one hand, Kenneth Gage and
Lilly interpret it as Kraichnan's inverse cascade of two-dimensional turbulence.
Small-scale instabilities (convective storms, breaking waves) collapse under the
influence of a stably stratified inversion profile and then feed an inverse horizontal
energy cascade. On the other hand, Thomas Van Zandt interprets the mesoscale
spectrum as a purely gravity-wave spectrum. Some recent radar data suggest that
the two-dimensional mechanism is appropriate for the horizontal velocity, while
the wave mechanism explains the variance of the vertical velocity spectra.

A direct numerical simulation of the decay of initially isotropic turbulence
in a Boussinesq fluid with constant Brunt-Vaissala frequency has been realized
by Riley et al. Though they observed a wavelike behavior in the flow, they
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have found that the dissipation and the nonlinearity remain fairly strong during
the decay. However, these low-Froude-number calculations did not allow for a
long period of decay or comparisons with experiments. Olivier Metais carried out
numerical simulations paralleling the preceding calculations but at higher Reynolds
and Peclet numbers. The numerical experiments exhibited some signs of collapse:
the dissipation of the horizontal kinetic energy underwent a slowdown, and the
horizontal kinetic energy prevailed at large scale after a few large eddy turnover
times.

Jackson Herring (AAP) and Metais also carried out numerical simulations
of stably stratified, randomly forced turbulence. The selection of the forcing
and the damping were designed to give insight into the question of whether
cascade of energy to large scales is possible for strongly stratified three-dimensional
turbulence, in a manner similar to two-dimensional turbulence. One of the results
is that, if the stratification is strong enough to stabilize the flow, a further increase
produces flows that become progressively more two-dimensional, but in horizontal
layers whose thickness is set by the condition that the dissipation of kinetic energy
input to the flow be attributable to the vertical variability of the horizontal flow.

Large-Scale Dynamics. The vertical propagation of planetary waves from
the troposphere into the stratosphere has been well documented in the Northern
Hemisphere (NH) winter; William Randel focused on studying this phenomena in
the Southern Hemisphere (SH), based on satellite-derived data archived here at
NCAR. Because forced stationary planetary waves are much smaller than in the
NH, the SH affords a "cleaner" environment to study the dynamics of transient
phenomena. Randel developed a cross-spectral correlation analysis that allows
the finite vertical propagation transit time to be taken into account, and he has
unambiguously traced the SH stratospheric fluctuations into the troposphere, with
time lags on the order of 2-4 days. This analysis also delineates the wave structure
in the meridional plane, revealing remarkable in- and out-of-phase geopotential
height fluctuations.

The dynamics of the vertically propagating waves are studied via wave-mean
flow interaction diagnostics, illustrating a clear life cycle of growth via vertical
propagation followed by decay of wave energy from barotropic interaction with
the polar night jet. Close study of the observed dynamical balances, along with
Byron Boville's (AAP) CCM stratospheric modeling results at NCAR, led to the
conclusion that geostrophically evaluated winds cause severe errors in calculations
of higher-order quantities (such as poleward momentum flux) in the stratosphere.
Randel studied methods of obtaining more accurate stratospheric winds from
geopotential height data and found significant improvements in observational
results by using various balance assumptions. These results are important for
studies of dynamical balances and trace constituent transport in the middle
atmosphere.
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Mesoscale Studies. Forecasting on subsynoptic scales poses difficulties
distinct from those of larger-scale weather prediction. These difficulties include
inadequate data coverage for resolving small-scale features and lack of theoretical
guidelines (e.g., quasi-geostrophic or balanced dynamics) to aid in understanding
observed motions. High-resolution primitive equation models, together with
methods of diagnosing their output, can provide an important means of studying
subsynoptic and mesoscale flows. Andrew Van Tuyl has thus far conducted
some preliminary experiments with a two-layer, channel primitive equation model
originally used in his M.S. work at the University of Wisconsin-Madison. The
experiments involve diagnosis of ageostrophic and unbalanced components of the
flow about a simulated jet streak, which has been allowed to propagate and evolve
for 12 hours after initialization. Later experiments may involve study of more
intense jets (or other flows), using a higher-resolution version of the model, and
predictability runs whereby the initial fields are disturbed in a localized region
and the forecast is then compared with an undisturbed control experiment. Some

work of the latter type has been carried out by current AAP members using the
NCAR/PSU mesoscale model; it is possible that Van Tuyl may eventually employ
this model in his work, either alone or in collaboration with NCAR staff.

Shrimp and Teleconnections. The atmosphere is intimately linked to the
oceans, both influencing and being influenced by oceanic structure. Widely
recognized examples of this type of connection are El Nifio/Southern Oscillation
events (ENSO). Numerous atmospheric studies also indicate that long-range
teleconnections exist, such as the Pacific/North American pattern, which is
composed of four centers, including one located over the Gulf Coast region of
the United States. Warming events such as ENSO appear to affect, possibly
significantly, the Pacific/North American teleconnection.

Marie White began an examination of whether changes in the Southern
Oscillation ultimately influence the physical and biological structure of the Gulf of
Mexico. To determine if a connection exists, she will exmaine 30-year time series
data, correlating changes in the Southern Oscillation index with atmospheric and
oceanic variables in the Gulf of Mexico. Variables include rainfall, river runoff, sea-
surface temperature and salinity, sea-level pressure, and wind structure. Biological
impacts also will be assessed by examining a 30-year time series of shrimp catch
data, including species composition, size, distribution, and abundance. Brown
shrimp, for instance, enter the estuaries as juveniles in the winter months. During
this period, they are especially vulnerable to unusual changes in temperature
and/or salinity. If the Southern Oscillation does affect the physical structure of the
Gulf of Mexico, the effect probably occurs during this period when brown shrimp
are most vulnerable. Supercomputing facilities at NCAR provide the capability
to manipulate the extensive data sets being used. If this research provides an
observable physical or biological connection, a model may later be developed.
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White is also working on an Atlantic symposium with Glantz during the next
year. Topics will be climatic, oceanographic, and societal impacts. In addition, she
is communicating with researchers, some at Texas A&M, on the possible effect of
circulation in the Gulf of Mexico on fisheries and if/how these rings are influenced
by atmospheric changes.

Summer Colloquium

The 1986 summer colloquium was on the chemistry of the lower and middle
atmosphere. The course, sponsored by ASP and the Atmospheric Chemistry
Division (ACD), was taught by John Birks of the University of Colorado (CU)
and Susan Solomon (NOAA). An additional 21 lecturers from NCAR, NOAA,
CU, the University of Denver, the University of Washington, and the University
of California, Irvine, also participated. The 35 students, from the United States,
Brazil, the Federal Republic of Germany, and England, were selected from more
than 80 applicants and ranged in experience from first-year graduate students to
second-year postdoctoral students. Morning lectures were tutorial and presented
a unified and comprehensive discussion of the present state of knowledge of
atmospheric chemistry. The afternoon sessions were lectures providing examples of
current research in atmospheric chemistry.

Environmental and Societal Impacts Group

The research activities of ESIG are geared toward providing insights into how
societies might better understand and cope with the interactions between human
activities and atmospheric processes. In FY-86 ESIG continued to categorize its
activities into three areas: research, linkage, and outreach. Research is undertaken
by group members individually, with others in the group, or with collaborators
in other divisions within NCAR; linkage refers to collaborative research with
others at universities and in government organizations; outreach pertains to
lectures, workshops, symposia, and fellowships that are under the auspices of ESIG
members. ESIG's research activities fall into three areas: the impact of climate
on society, the impact of society on the atmosphere, and the value and use of
meteorological information.

The Impacts of Climate on Society

Drought and Economic Development. The food crisis in Africa is one of
our generation's most perplexing problems. While other regions of the globe have
in the recent past been identified as the lands of drought and famine (e.g., China
and India), today that dubious distinction goes to sub-Saharan Africa. Much of
the blame for human and livestock deaths and environmental destruction in that
region has been attributed solely to drought. Yet such a view is of questionable
validity. One of ESIG's main interests has been to separate the contributions
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of drought to famine and desertification (and, more broadly, to environmental
degradation) from the contributions of political, social, and economic factors.

One particular element of this research activity during FY-86 has been Glantz's
study of the involvement of the natural progression of the seasons in the devastation
that accompanied the recent prolonged droughts in sub-Saharan Africa.

Existing research in a variety of disciplines indicates that the normal progression
of the seasons affects the way that economic resources are distributed in rural
agricultural societies in the Third World. It is necessary to incorporate this result
into climate impacts assessments, in which there has been a tendency to focus on
the societal impacts of outlying or extreme meteorological events such as drought.
Even in periods of normal weather, the changes from dry to wet seasons and wet
to dry seasons carry with them economic burdens on the poorer elements of rural
society; for example, they must borrow agricultural inputs during planting season
and grain in the preharvest season from the wealthier peasants, only to have to pay
them back in produce or labor. The rural population is at its poorest nutritional
state during the growing season, reaching its lowest level just prior to the harvest.
When drought occurs, it severely distorts the already existing economic and
nutritional disparities, making it increasingly difficult for the poorer segments
of society to achieve even their normally poor levels of nutrition. Severe and
widespread hunger and famine often ensue. Our preliminary research underscores
the need to further assess the ways in which the interaction of drought, famine,
and the progression of the seasons affects societies in the developing areas.

As part of his research on drought as a constraint to development, Glantz
coordinated the preparation for publication of several papers by physical and
social scientists on the causes and consequences of the recent food crisis in Africa.
The contributions, each in its own way, highlight the complexities and pitfalls
of separating the impacts of climate from the impacts of societal problems on
decision-making processes at all levels of social organization, from local to national.

Climate Impacts on the Citrus Industry. Florida and Brazil are, by far,
the world's largest producers of frozen concentrated orange juice. The recent
occurrence in Florida of four serious freezes in five years (1980-1985) has raised
questions not only about the short-term impact on society of climate anomalies
but also about the long-term viability of the Florida citrus industry. These freezes
have taken place during a period of rapidly expanding orange juice production in
Brazil, an expansion in part further fueled by price increases and market openings
resulting from freeze-related reductions in Florida's output. Kathleen Miller,
Thomas Knapp (postdoctoral fellow, University of Colorado), and Glantz began
an investigation of the competitive dynamics of the citrus industries in Florida and
Brazil.
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In FY 86 Miller and Knapp identified and modeled some of the strategies used
by Florida growers to adapt to freeze risks. They found that the choice of adaptive
strategy is a multidimensional problem and that growers can make a variety of
adjustments to anticipated freeze risks. Building on the results of that analysis,
they modeled the impacts of increase in (1) Brazilian competition (resulting in
lower prices and a more elastic demand function for the Florida industry), (2)
the cost of freeze protection, and (3) the perceived risk of freezes on the spatial
distribution and volume of orange production in Florida.

Another facet of the project has been an investigation into the nature and
frequency of freezes in various Florida locations. It appears that the extensiveness
of freeze damage is as much a function of the pattern of temperatures in the
weeks preceding a freeze as it is a function of cold temperatures during the freeze
episode itself. This is due to the fact that warm spells prevent the accumulation of
"cold-hardiness" in citrus.

Mary Downton analyzed the historical temperature records at 20 Florida
stations and found that the recent series of freezes is not necessarily indicative
of any sustained cooling trend. She found that any apparent trends might
be explained at least in part by recorded station moves or by changes in
instrumentation and data-collection practices initiated since 1948.

Anticipated future work on this project includes continued development and
testing of the freeze-risk adaptation model, further research into the nature and
probability of damaging freeze events, and an exploration of the role of freezes in
Florida on the development of the Brazilian citrus industry.

Water Institutions. The rapid growth of demand for western U.S. water
relative to the scarce and variable surface supplies has increased pressures for
institutional reforms to facilitate both short-term and permanent water transfers.
This pressure has been building in a relative analytical vacuum. Until now, there
has been only limited understanding and analysis of the appropriate balancing
of the efficiency gains possible through market water transfers and the efficiency
losses resulting from the inevitable third-party effects (e.g., return flow, changes
in groundwater recharge) of such transfers and of the effectiveness of alternative
institutional arrangements in achieving such a balance.

Miller continued her research on the role of climate in the development of water
institutions as well as the role of these institutions in determining the efficiency of
water resource allocation during periods of drought. She refined and tested her
model of the strategies available at the irrigation organizational level to achieve
efficient water use and to engage in efficient water transactions where flows are
variable and where there are significant interdependencies between neighboring
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irrigators. This modeling approach explains many of the rules and activities of

irrigation organizations that have not been successfully modeled elsewhere.

Anticipated extensions of this work include modeling appropriate strategies for

conjunctive ground- and surface-water management in an environment where the

climate regime leads to variability in surface water flows, including both regular

seasonal fluctuations and irregular fluctuations in the total annual volume of

runoff. Further empirical documentation of the practices currently employed by

western irrigation organizations is also anticipated.

Teleconnections. In the past year considerable attention was focused once

again on the equatorial Pacific Ocean as projections appeared about the possible

occurrence of another ENSO event that would provide an opportunity for scientists

to improve their understanding of the ENSO phenomenon by further monitoring

its life cycle. The public was also concerned by these projections because of the

numerous worldwide climate anomalies that had been linked with the 1982-1983

El Ninfo event, considered the largest in a century. These linkages have been

referred to as teleconnections, and they hold promise for forecasting future climate

anomalies some months in advance of their onset, once reliable ways to forecast El

Nifio events and the validity of the teleconnections can be established.

Glantz, Richard Katz, and Barbara Brown (visiting scientist, Oregon State

University) continued to work in FY-86 on the teleconnections project. This

project is concerned with an assessment of the strength of alleged linkages between

ENSO events and worldwide climate anomalies, with emphasis on their potential
for forecasting, as well as with an assessment of the societal impact of any such

forecasting capability. In particular, Brown continued to compile an annotated

bibliography of alleged teleconnections. A Workshop on Economic and Societal
Impacts Associated with 1982-83 Worldwide Climate Anomalies, arranged and
developed by Glantz, Katz, and Maria Krenz and sponsored by the United Nations
Environment Programme (Nairobi, Kenya), was held in Lugano, Switzerland, on

11-13 November 1985. A report based on the case studies presented at this
workshop has been produced, with the goal of serving as a companion volume
to a World Meteorological Organization report on climate anomalies occurring
during the same time period, and is available from NCAR. Katz also collaborated
with Pao-Shin Chu (University of Hawaii) on a study of the predictability of the
Southern Oscillation (SO). Such a study provides information that aids in properly
assessing the forecasting potential of any teleconnections that involve the SO.

The Impacts of Society on Climate

It is generally accepted in the scientific community that the addition to the
atmosphere of infrared-absorbing gases (the "greenhouse gases," of which carbon
dioxide is one) is warming the earth's atmosphere, and that this trend will continue
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in the decades ahead if humankind continues on its present course of fossil fuel
consumption and trace gas production. William Kellogg continued his attempts to
define the regional changes that may occur, with special emphasis on precipitation
and soil moisture, since these are the factors that affect agriculture and most
natural ecosystems. His approach to this problem has been to combine the
evidence gained from studies of past climates with the results of experiments with
climate models.

In FY 86, Kellogg and Zong-Ci Zhao (University of Beijing), made a detailed
comparison of the results of the NCAR climate model experiment with the results
of similar experiments by four other research groups (GFDL, Goddard Institute for
Space Studies, Oregon State University, and the United Kingdom Meteorological
Office, Bracknell, England), concentrating initially on regional soil moisture
changes in North America. (An extension of this analysis to cover the monsoon
region of Asia is already under way.) The results of these five climate model
experiments show considerable agreement in wintertime, tentatively indicating an
increase in soil moisture at higher latitudes but an onset of drier conditions in
the southern states and Mexico. Though the indications for summertime of the
different models are somewhat conflicting, there is a strong suggestion that there
may be drier conditions in the middle of the continent but wetter conditions
along the Gulf Coast and along the West Coast of the United States and Canada.
Evidence from past climate changes and anomalously warm years in this century
(reported previously) is generally consistent with these patterns of change. This is
the kind of information that is needed for any assessment of the societal impacts
of future climate change. Until our climate models are greatly improved, however,
it should be accepted only with caution.

The Use and Value of Climate- and Weather-Related Forecasts

Weather Forecasting Processes. Research on weather forecasting has
focused on improving numerical guidance and information display capabilities.
Despite the resources devoted to this effort, there is evidence that forecasting skills
have improved little since the early 1970s. One important aspect of forecasting
that has been neglected is the ability of forecasters to assimilate large amounts
of information into a coherent forecast. Thomas Stewart, in collaboration with
William Moninger (NOAA), initiated a study of the judgment processes of weather
forecasters. This study will be the first detailed examination of the subjective
decision processes and strategies used by expert forecasters.

The study makes use of the advanced weather forecasting work station
developed by the Program for Regional Observing and Forecasting Systems
(PROFS) in NOAA, allowing the researchers to observe forecasters during highly
realistic simulations of forecasting situations. The research is designed to
provide insights into the effects of computer guidance and sophisticated animated
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graphic displays on subjective forecasts, the effects on weather forecasts of
nonmeteorological factors, such as likelihood of verification or potential societal
impacts of the predicted weather (preliminary results suggest that forecasters do

use information about societal impacts in formulating their forecasts), and the
subjective use of new observation technology, such as Doppler radar. Possible
benefits of the study include improvement of the subjective skill of forecasters,
better work station operations and displays, and better ways of using the subjective
judgment of forecasters about the weather in combination with their judgments
about societal impacts of weather to formulate forecasts that communicate risks to
the public.

Perceptions and Judgments of Drought. Farmers' drought recollections
may be as important a factor in determining what steps they take to prepare
for or react to drought in the region. Stewart and Downton, in collaboration
with Jonathan Taylor (postdoctoral fellow, University of Arizona), conducted an
analysis of farmers' recollections of drought in the U.S. Great Plains. Data
were obtained from 99 farmers whom Taylor interviewed in 1985. Comparison of

farmers' recollections of droughts and meteorological records shows that after a

few years farmers tend to forget all but the most extreme droughts. In regard
to recent droughts, however, a moderately strong relation between memories and
meteorological records was found. Farmers' memories showed a consistent concept

of drought that differs somewhat from the concept implicit in the widely used
Palmer Drought Severity Index (PDSI). Physically based measures of drought
severity, such as the PDSI, do not directly assess the biological and socio-economic
impacts of drought. Since the impact of drought is jointly determined by physical
conditions and human actions, an understanding of the relation between physical
measures and human perceptions is needed for a complete understanding of the
phenomenon of drought.

Historically Population- Weighted Degree Days. Stewart, Downton, and
Miller developed a data set containing U.S. average annual per capita heating and
cooling degree-days for the years 1895-1983. Annual degree-day data for the 48
contiguous states were weighted according to historical state populations, using
the 1890-1980 censuses and 1983 Census Bureau estimates. The data set can be
used as an indicator of the combined effects of climate fluctuations and population
shifts on historical energy demand for heating and cooling at the national level.
It is intended for use by researchers interested in the interactions among climate,
energy, and the national economy.

Decision-Analytic Estimates of the Value of Climate and Weather
Information. Katz continued a project with Brown, Allan Murphy (Oregon
State University), and Robert Winkler (Duke University) on using a decision-
theoretic approach to quantifying the economic value of imperfect information
about climate and weather. For an infinite-horizon, discounted version of the
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dynamic cost-loss ratio decision-making model, Katz was able to derive several
analytical results that have significant implications for the economic value of
imperfect weather and climate forecasts. In particular, thresholds in forecast
quality exist below which the economic value of the forecast is zero. Moreover, the
sensitivity of economic value to improvements in forecast quality becomes greater
as the forecast approaches perfection. These results may help to explain why
decision-makers commonly ignore forecasts that have relatively low quality (e.g.,
those on a monthly and seasonal time scale). They also suggest that the greatest
payoffs for research that leads to improvements in forecast quality have yet to be
achieved.

Networking

ESIG initiated a newsletter, called Network Newsletter, on climate-related
impacts (edited by Katz and Krenz) in the fall of 1985. This publication appears
quarterly and serves to foster communication among more than 300 researchers and
others interested in the interactions between climate-related factors and society
both within the United States and in the international community.

Natural Systems Group

The past few years have seen a growing awareness of global problems
that transcend traditional scientific disciplines; these include, for example, the
biogeochemical cycling of carbon, nitrogen, phosphorus, and sulfur; the roles of
CO 2 , methane (CH 4 ) and other trace gases in climate and their interactions
with the biosphere; and problems of soils and of the interfaces among ocean,
atmosphere, ice, and land surface. The large changes in climate, composition, and
biota over geologic history provide the backdrop against which future changes need
to be compared. Therefore, paleoclimate and paleoecology are of growing relevance
to future atmospheric research. Several national and international programs,
such as the Global Geoscience Program with NSF, are beginning to explore these
connections, and others have been proposed, including the NASA Earth Systems
Science initiative, the International Geosphere-Biosphere (or "Global Change")
Program that is now under study by the International Council of Scientific Unions
for implementation in about 1990, and the Coupled Climate Systems initiative at
NCAR, which originated from ASP.

Atmospheric and climatic research are a central focus of all of these programs,
for the atmosphere is the vehicle of connection between the northern and southern,
solid and liquid, and living and nonliving parts of the earth. This fact was behind
the founding of an NSG within NCAR. Its goal, like that of the programs cited
above, is to explore the fundamental connections that couple the natural physical,
chemical, and biological systems that determine conditions for life on the planet.
In NSG, as in the broader NCAR, NSF, and international programs now being
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planned, a primary motivation is to define and understand the complex of natural
processes that affect biogeophysical resources, including such activities as food
production and the preservation of biological resources. In particular, focus is on
those processes that are now perturbed, or are threatened to be perturbed, by
human intervention.

Paleoclimates

It has been suggested by a number of paleoclimatologists that formation of
a low-salinity meltwater layer in the North Atlantic ocean during the period(s)
of most rapid volumetric glacial retreat following the Wisconsin glacial maximum
could have led to an extension of North Atlantic sea ice sufficient to cause a
temporary, regional (at least) reversal of the longer-term deglacial warming trend.
There have been suggestions that such an extension of North Atlantic sea. ice
may have been responsible for the Younger Dryas (10,800-10,000 years before the
present) cold interval, predominantly evident in European proxy climatic records.

Stephen Schneider's research on the Younger Dryas was in two parts. In
the first part, in collaboration with L.D. Danny Harvey of the University of
Toronto, he quantitatively investigated the above-mentioned hypotheses using an
energy balance climate model (EBM) that is zonally averaged except for retention
of land-sea resolution, and in which sea-ice and land snow-cover fractions and
thicknesses are computed in terms of explicit model physics. The second part,
with Starley Thompson, consists of general circulation model (GCM) experiments
in which all oceanic grid points in the North Atlantic Ocean north of 45° latitude
will be considered ice-covered.

In the EBM results, reduction of the mixed-layer depths by half leads to a few
degrees C reduction in atmospheric surface temperatures over land in winter and
spring, and a slightly smaller temperature increase in summer and fall. An increase
in sea ice in the 45-65°N zone (70% cover) leads to a very different climatic signal
than that from the reduced mixed layer case. The increased midlatitude sea ice
leads to very substantial cooling over land in winter and a much lower cooling
in summer. (There is, of course, a very substantial cooling over the ice-covered
oceans in both seasons.) These results are zonally averaged, and larger regional
responses, especially in coastal western Europe, are anticipated to occur in the
three-dimensional GCM.

If sea ice were suddenly imposed throughout the north half-or at least the
northeast half-of the North Atlantic, then substantial drops in temperature over
the ice and immediately downwind would be expected. To test this hypothesis in a
dynamical model, just such an assumption was imposed on the NCAR CCM. The
sea ice was imposed down to 45°N latitude over the whole North Atlantic-not
because the researchers believe that is what occurred during the Younger Dryas,
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but simply as a climate sensitivity experiment to show how a regional change in

the character of the North Atlantic could cause a climatic response that is different
from place to place and from winter to summer. During the summer, the climatic
effects of this incredibly altered North Atlantic are primarily felt right along the

coastline, hardly spreading inland. Even though the oceans are extremely cold, the
primary mechanism controlling the midcontinental summertime temperatures is

solar radiation, and thus the oceans' influence is concentrated in coastal areas. On

the other hand, in the wintertime, when the solar input is very small, the normally

moderate surface temperatures of the oceans maintain a relatively equable climate,
particularly in the western parts of continents. Thus, if the Younger Dryas really

were characterized by a substantial increase of sea ice, then one would expect the
downstream winter temperatures to be very severely depressed, as indeed they are
in the CCM.

Although differing in detail, the energy-balance model results show similar
sensitivity to the GCM for winter and summer. Moreover, both sets of results
show that there are substantial seasonal and regional differences in the climatic

response for these particular forcings. Because the climatic signals are so different

from season to season and from place to place these model results help to suggest

a priority list for where paleoclimatologists might dig through the geologic record
in order to uncover remains that might help to tell us the seasonal and regional
distribution of past climates. Intercomparisons of these results with other models

is ongoing.

Nuclear Winter

Thompson continued his studies on the atmospheric effects of massive smoke
and dust injections, such as those hypothesized to follow a large nuclear war. The
reseach used a modified version of the CCM version OB.

Aerosol Scavenging. The model was modified to incorporate a comprehensive
aerosol scavenging package developed initially by Giorgi. The package adapted
for the CCM added wet removal, coagulation, sedimentation, and dry deposition

to the potential developed the previous year for global aerosol transport. The
microphysics parameterization predicts the complete size distribution of the smoke
particles, using a new, economical technique that acts on the parameters of a size

distribution rather than using a single fixed size or many particle size "bins" to

define a distribution. The package allows the prediction of aerosol mode radius as
a function of time and space as opposed to the fixed particle size assumption that
is normally made in climate-model calculations of smoke and dust impacts.

It was found that a massive injection of smoke from a nuclear war would be
removed primarily by wet removal at a rate determined by the initial height of
the smoke injection (lower injection prompting more rapid removal), the efficiency
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with which smoke particles were incorporated into cloud water, and the feedback
of smoke-induced solar heating on atmospheric stability and condensation. In
general, tropospheric smoke mass e-folding removal times varied from six to 100
days depending on the factors noted.

Interactive Aerosol Optical Properties. With the ability to predict aerosol
size as well as mass loading, it has been possible to predict within the CCM
the optical properties of the smoke particles as a function of the time and
space-evolving particle size. This work has been done in cooperation with V.
Ramaswamy (GFDL). These interactive optical properties are then used in a
completely remodeled solar radiative transfer code developed earlier. Allowing
for variable optical properties is important since smoke particle sizes can increase
through coagulation by a factor of two or more over the course of simulation, thus
significantly affecting solar radiation absorption and scattering.

Multiple Tracer Transport. The CCM was further modified to carry both smoke
and dust aerosols simultaneously. This feature was used to examine the impact of
high-altitude dust on the dynamical behavior and lifetime of lower-altitude smoke.
It was found that dust produced by nuclear blasts could partially obscure nuclear
smoke, resulting in a reduced rate of smoke self-lofting from solar heating and
consequent faster smoke removal rates.

Solar Activity

John Eddy has continued his work on recovering the history of solar behavior in
the last 10,000 years through studies of tree-ring radiocarbon and various historical
records, including direct records from China, Korea, and Japan. His collaborative
studies with F.R. Stephenson of the University of Durham, England, have led to
the organization of a NATO Advanced Research Symposium, which will be held
at Durham on 5-10 April 1987. About 40 scientists from Western and Eastern
Europe, Asia, and the Americas will participate.

The tree-ring record of radiocarbon indicates that the period from about 1100
to 1250 AD was one of uncommon solar activity, in the sense that the sun was a
great deal more active than at any time since. Evidence for a prolonged period of
high activity, with sustained, equivalent sunspot numbers of perhaps 300 to 400,
is also found in naked-eye sunspot records from the Orient. The coincidence of
this "medieval maximum" of solar activity with a concurrent period of climatic
warming (the so-called late medieval warm epoch) has been noted before. The
association is consistent with the implied connection between the Maunder and
Sporer periods of low solar activity and periods of global cold in the Little Ice
Age-an hypothesis that would suggest a direct relationship between the envelope
of solar activity and the bulk radiative output of the sun. Recent measurements
of a secular, downward trend in the solar constant (about 0.01%/year since
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measurements began on the Nimbus-7 spacecraft in late 1978) are also consistent
with this hypothesis, in that the overall level of solar activity has been falling since
about 1960.
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Staff and Visitors

Staff

Division Staff

Zong-Ci Zhao, Beijing University, People's Republic of
China, 1 September 1986 to 1 November 1986, ESIG
scientific visitor; climatology and climate change

John Firor (director)
Bernhard Haurwitz (to 22 February 1986)
Pamela Lair (to 15 July 1986)
Barbara McDonald
Elizabeth O'Lear (from 24 June 1986)
Mary Rickel
Ursula Rosner
Walter Orr Roberts
Stephen Schneider (Visitors Program head)
Betty Wilson

Environmental and Societal Impacts Group
(ESIG)

Barbara Brown (long-term visitor)
Beverley Chavez
Mary Downton
Michael Glantz (head)
Dale Jamieson, adjunct professor
Richard Katz
William Kellogg
Andrew Kirby, adjunct professor
Maria Krenz
Paulette Middleton (to 31 December 1985)
Jan Stewart
Thomas Stewart

Natural Systems Group (NSG)

Charles D'Ambra
John Eddy (to 30 April 1986)
John Firor
Emily Grimes (from 2 July 1986)
Lola Pike (to 1 June 1986)
Mary Rickel
Stephen Schneider (head)
Starley Thompson

Visitors

H. Niizhet Dalfes, Laboratory of Dynamic Meteorology,
Palaiseau, France, to 22 October 1985; and 28 March to
16 April 1986, climate modeling

L. D. Danny Harvey, University of Toronto, Ontario,
Canada, to 23 October 1985; 6 April to 2 May 1986;
and 7 to 31 July 1986, energy balance climate models

Lynette Rummel, University of California, Los Angeles,
1 September 1985 to 1 September 1986, ESIG scientific
visitor; African development

Graduate Research Assistants

Venkatramani Balaji, Ohio State University; merging
three-dimensional polarimetric radar data on rainfall
rates, drop sizes, and phase discrimination with the
Clark storm model; Terry Clark, CSD

Bo-Cai Gao, Ohio State University; extraction of
geophysical information from atmospheric absorption
spectra; William Mankin, ACD

Filippo Giorgi, Georgia Institute of Technology; wet and
dry deposition of aerosols; Robert Dickinson, AAP

Georg Grell, University of Miami; midlatitude
comparison of cumulus parameterization on the synoptic
and mesoscale; Ying-Hwa Kuo, AAP

Alan Hills, University of Colorado; kinetics investigations
of atmospheric chemical reactions; Jack Calvert and
Ralph Cicerone, ACD

Shun Der Ko, University of Michigan; nonlinear
normal-mode initialization as it relates to numerical
weather forecasting; Joseph Tribbia, AAP

Wen-Chau Lee, University of California, Los Angeles;
multiple Doppler analysis of JAWS Doppler radar data;
Richard Carbone, ATD

Linda Mearns, University of California, Los Angeles;
technological change, climatic variability, and winter
wheat yields in the U.S. central Great Plains, 1950-1980;
Stephen Schneider, ASP

Bruce Nerad, University of Colorado; novel morphological
models for crystal growth; Charles Knight, CSD

Wendell Nuss, University of Washington; effect of surface
heat fluxes on cyclogenesis; Richard Anthes, AAP

Rhys Payne, University of California, Los Angeles; the
politics of water management in Morocco; Michael
Glantz, ASP

Jennifer Robinson, University of California, Santa
Barbara; mass transformations in tropical forest burning,
Amazonian case studies and development of procedures
for biome-scale estimates; Anthony Delany, ACD
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Jenifer Tavernier, University of Colorado; biogenic
emissions to the atmosphere of reduced sulfur
compounds; Patrick Zimmerman, ACD

Jeffrey Tilley, Pennsylvania State University; diagnostic
and modeling studies of cold air damming and cold surge
events; Ying-Hwa Kuo and David Williamson, AAP

Jean-Pascal van Ypersele, Catholic University of
Louvain-la-Neuve, Belgium; physics and dynamics of sea
ice; Albert Semtner, AAP

Jothiram Vivekanandan, Colorado State University;
radar meteorology, electromagnetic scattering,
propagation; Richard Carbone, ATD

Weizuo Ye, Academia Sinica, Beijing, People's Republic
of China; cloud-radiative interactions and their effects
on atmospheric thermal and moisture structure; Donald
Lenschow and Veerabhadran Ramanathan, AAP

Postdoctoral Fellows

Mitchell Berger, Harvard University; magnetic field
topology

Stephen Bougher, University of Michigan; modeling
to contrast the circulation and structure of the
thermospheres of Venus, Earth and Mars

Frank Bryan, Princeton University; ocean general
circulation modeling, the thermohaline driven circulation,
climate dynamics

Robert Deissler, University of California, Santa Cruz;
nonlinear dynamics, dynamical systems, chaos and fluid
turbulence

David Dempsey, University of Washington; modeling
low-level flow past mesoscale topography

Christine Ennis, University of Colorado; physiological
effects of H2 0 2, S02, and 03 on plants

James Evans, Florida State University; Rossby waves
and more complex phenomena

Marianne Faurobert, Nice Observatory, France; transfer
of polarized light and linear resonance polarization of
spectral lines

Stephen Garner, Massachusetts Institute of Technology;
mesoscale modeling of symmetric baroclinic disturbances

Filippo Giorgi, Georgia Institute of Technology;
global-scale tracer transport modeling

Robert Glinski, University of Minnesota; physical
chemical techniques related to the detection and
chemistry of atmospheric sulfur compounds

Brian Hanson, University of Minnesota; interactions of
climate and ice sheets

L. D. Danny Harvey, University of Toronto, Ontario,
Canada; energy-balance climate modeling and
radiative-transfer parameterization

Thomas Knapp, University of Colorado; economic
valuations of climate variability, climate and human
migration decisions

Jeffrey Lew, University of California, Los Angeles;
modeling of cold cloud microphysics and ice particle
growth

Xiude Ling, University of Colorado; stratospheric
interactions

Olivier Metais, University of Grenoble,
St.-Martin-d'HIres, France; numerical modeling of
turbulence

Elizabeth Mishalanie, University of Colorado;
development of laser measurement systems

Jean-Jacques Morcrette, University of Lille, France;
cloud-radiation interactions in large-scale numerical
models of the atmosphere

Michael Mozurkewich, University of Chicago;
measurements of sticking coefficients for reactive gases
on aerosol particles

Steven Mullen, University of Washington; wave-mean
flow interaction, midlatitude cyclogenesis blocking and
other low-frequency phenomena

William Randel, Iowa State University; observational
studies of large-scale dynamics in the Southern
Hemisphere

Jonathan Taylor, University of Arizona; drought
perception and forest burning practices

Susan Terebey, University of California, Berkeley;
the intersteller medium, protosteller winds and star
formation

Andrew Van Tuyl, University of Wisconsin-Madison;
dynamics meteorology and numerical modeling

Michel Verstraete, Massachusetts Institute of Technology;
biogeophysical processes in the lower atmosphere

Marie White, Texas A&M University; biological
interactions and environmental impacts
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Da-Lin Zhang, Pennsylvania State University; diagnostic
studies and numerical simulations of mesoscale
convective systems

Student Participants in Summer Colloquium

John Austin, U.K. Meteorological Office, Bracknell,
England

Sheryl Beaton, University of Colorado

Julie Calhoun, University of Washington

Pamela Camara, State University of New York at
Albany

Thomas Chasteen, University of Colorado

Brian Connor, State University of New York at Stony
Brook

Scott Elliot, University of California, Irvine

Barbara Evilsizor, University of Denver

Colin Felton, Washington State University

William Foreman, University of South Carolina

Linda George, University of California, San Diego

Lesley Gray, Rutherford Appleton Lab, England

Patrick Heck, Planning Research Corporation Kentron,
Inc., Hampton, Virginia

Daniel Jaffe, University of Washington

Mauricio Jaramillo, State University of New York at
Stony Brook

Rod Jones, U.K. Meteorological Office, Bracknell,
England

Michael Keller, Princeton University

Brian Kerridge, NOAA, Envrionmental Research Lab

Douglas Kinnison, University of California, Berkeley

Wolfgang Kouker, Max Planck Institute for Chemistry,
Mainz, Federal Republic of Germany

Justin Lancaster, University of California, San Diego

Kenneth Merz, Cornell University

Christopher Mutlow, Rutherford Appleton Lab, England

Poonam Narain, University of Montana

Antonio Nobre, Instituto Nacional de Pesquisas de
Amazonia, Brazil

Andrew Ongstad, University of Denver

Tilsley Pritchard, Oxford University, England

Patricia Quinn, University of Washington

John Remedies, Oxford University, England

Erik Richard, University of California, Irvine

Ryan Sanders, NOAA, Environmental Research Lab

Sherry Stephens, CIRES, University of Colorado

David Stocker, University of Denver

Judy Xiong, University of Minnesota

Xun Zhu, University of Washington
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Cloud Systems Division

The research goal of the Cloud Systems Division (CSD) is to improve
fundamental understanding of clouds and cloud systems in the atmosphere. Our
strategy is based on the recognition that significant and enduring advances in the
science require the active interplay of theory, modeling, and field observational
studies, with an appropriate balance between large, cooperative efforts and smaller
programs.

Clouds, often organized into mesoscale cloud systems, produce the precipitation
for our planet; transport heat, moisture, momentum, and chemical species
throughout the troposphere; and strongly influence radiative transfer. Improved
basic knowledge is important to improvements of short-range forecasting, especially
of quantitative precipitation, and for improving regional and global models of
weather, circulation, climate, and chemistry. Scale interactions influencing the
evolution of convective storm systems are important targets of CSD research. These
include boundary-layer influences, the relationship of environmental flow patterns
and thermodynamic properties to storm structure, microphysical processes, the
role of storm-scale flow patterns in the evolution of precipitation, the nature
and effects of entrainment of dry environmental air, the mechanisms of storm
regeneration and propagation, the formation and evolution of mesoscale convective
systems, and the effects of storm systems on their environment through physical
transports and alteration of the radiation budget.

During the past year, the division reorganized into sections more descriptive
of our major problem areas. We continued to increase the size and importance of
our visitor program. In accordance with our long-term strategy, activities related
to the study of mesoscale convective systems and cumulus cloud systems increased
somewhat, and interpretation of field data from the Cooperative Convective
Precipitation Experiment (CCOPE) yielded new information on the growth of
precipitation, including hail, in thunderstorms, and new insights into the growth
of electric fields. A large portion of CSD's activities are large, cooperative efforts
that cut across administrative boundaries, and therefore this report is organized
by scientific topic rather than by section.

Significant Accomplishments

* Dynamics of the 10-11 June 1985 PRE-STORM Squall Line. The
10-11 June PRE-STORM (Preliminary Regional Experiment for Stormscale
Operational and Research Meteorology) squall line is a good example of a
mid-latitude, propagating system having a trailing stratiform region and a
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cellular convective region. The strength and depth of the rear inflow to the
downdraft is an important aspect of this particular squall line. We have
developed theoretical and two-dimensional numerical models of this squall
line and are comparing them with observational models. The significant
dynamical features referred to above are represented in these models, and
this gives a basis for developing a coherent interaction between observation
and theory. These models resemble certain West African squall lines, as has
been demonstrated in a parallel study. In special cases there may thus be
strong similarities between mid-latitude and tropical squall lines.

* Anvil and Stratiform Region Structure in Mesoscale Convective
Complexes. Anvils of convective storms and stratiform cloud regions
play a significant role in the water and radiation budgets, of mesoscale
convective complexes (MCCs), and seem to influence the future life of the
systems. Feedback between dynamical and microphysical processes is char-
acteristic of anvils and stratiform regions. Therefore, we are coordinating
Doppler radar studies (including air motion, pressure, and temperature
deduction) and analysis of in situ ice and water hydrometeor data to iden-
tify the physical chains occurring in these features, to infer the causes of
intensification or decay of the systems, and to estimate the degree to which
microphysical processes are responsible for the observed circulations. We
have found that the strong convergence at middle levels in the stratiform
region of an MCC is the result of the acceleration of air into a pronounced
pressure minimum there. This is partially the result of latent heating at high
levels caused by detrainment of buoyant air and the cooling at low levels
caused by the melting and evaporation of snow.

* Hail Production in Three CCOPE Storms. Studies of three 1981
CCOPE storms, the 1 and 2 August and 11 July cases, representing a fairly
broad spectrum from ordinary to supercells, have revealed how these storms
produced hailfalls of large magnitude. Using Doppler radar-derived air-
motion fields and a microphysical particle growth model, investigators have
identified the trajectories and regions that were responsible for the primary
hail production. In all three storms some important trajectories were simple
up-and-down ones, with only one passage through the supercooled liquid
water zone. Watershedding from melting hailstones was an important source
of new hailstone embryos. The largest hailstones were produced by following
simple trajectories in near proximity to a flow stagnation zone in mid-levels
or by passing through the supercooled zone twice.

* The Co-Evolution of Precipitation and Electrification in Thunder-
storms. Studies of nearly 20 storms in New Mexico have revealed that
these thunderstorms did not become electrified until the development of
precipitation was well advanced. The initial electrification did not occur
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until radar reflectivities of >40 dBZ existed at or above 6 km (-100C), and
it was associated with regions of higher reflectivity. Limited microphysical
measurements in these regions suggest that ice-particle concentrations are
equal to or greater than 10 te1 with quasi-exponential size distribution out

to graupel sizes of several millimeters. The observations are consistent with
the noninductive ice-ice collision process of charge generation.

* Convection Initiation in Numerical Simulations. Our studies of
thermal waves have been expanded to include simulations relating to the
formation of deep cumulus convection. Deep cumulus clouds have been
successfully initiated through unstable boundary-layer forcing, and, in the
cases studied, the organizing effects of the thermally forced gravity waves
appear crucial. This work identifies a physical mechanism in addition to
entrainment that can suppress deep convection for extended periods of time,
namely, the interactions of the waves with the clouds. Short periods of
wave/eddy mutual support appear to result in the final establishment of deep
convection.

* Explanation of Hawaiian Cloud Bands. We achieved significant progress
in understanding the physical mechanisms controlling the cloud bands found
off the island of Hawaii. Comparison between the observations and numerical
simulations indicates that the bands are caused by a low-Froude-number flow
dynamical forcing. The island of Hawaii blocks the flow, causing flow reversal
that forces the creation of a cloud band on the upwind side of the island.
Precipitation and diurnal heating appear to be responsible for producing the
observed movement of the bands.

* Entrainment and Fine-Scale Mixing. Fine-scale measurements of cloud
droplet concentration and size in continental clouds reveal that mixing is a
highly nonuniform process. Patches of clear air exist over distances of meters
and tens of meters in mixed cloud regions. Mixing is apparently taking place
in two steps: the engulfment of large blobs of dry air into the cloud, followed
by fine-scale, molecular mixing. Except for cloud regions where the dilution
is relatively minor, the mixing process does not produce nearly uniformly
mixed cloud volumes as is often postulated in microphysical parcel models.
The patchy nature of the mixing process combined with activation of many
new droplets in very diluted cloud volumes provide an explanation of why, in
continental clouds, mixing does not tend to promote droplet growth.

Mesoscale Convective Systems

Mesoscale convective systems (MCSs) represent an important and challenging
problem in scale interaction because they contain intense convective activity on a
variety of space scales: individual cumulonimbus cells, cells aggregated into storms
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and squall lines, and the organization of these on the system scale. Several time
scales are also present in the phenomenon, making the interaction of both small-

and large-scale dynamical aspects implicit. Since diabatic effects are evidently
important, the understanding of the role of the other physical processes (radiation,
boundary-layer, and precipitation physics) will be required. The length scale of the
MCS is of the order of the Rossby radius, so there is likely to be a direct effect on
the large-scale flow and a consequent impact on the global circulation and regional
climate.

Since the influence of MCSs is basic and far-reaching, the approach adopted

by CSD is to use a judicious combination of theory, numerical simulation,

and observational analyses to address the problem. Moreover, since MCSs are
ubiquitous, CSD has participated in several field experiments in different parts of
the world and the subsequent data analyses.

Theoretical and Numerical Modeling of Squall Lines

Mitchell Moncrieff has been further developing his nonlinear steady-state
models, with particular emphasis on the so-called jump regime, since this has

particular application to squall-line dynamics in the Convection Profonde Tropicale
(COPT) experiment performed in West Africa and also for the PRE-STORM case

described below. Recent emphasis has been to develop models with deep
downdrafts and to include the thermodynamical effect of horizontal baroclinity.
The observed strong rear-to-front relative inflow can be induced by the horizontal
pressure gradients produced by the convection, and so the system need not require
frontal-type forcing. (This latter aspect is under further study.)

In cooperation with Imperial College (London) graduate student (Damon So),
Moncrieff has developed a theory of density currents in a stratified fluid, in
which an extension of classical density current theory in liquids is shown to be
an archetype for the more complex two-dimensional squall-line models previously
developed. The extended theory can provide an explicit evaluation of the pressure
field within the system, of relevance to the observational models addressed later in
this report.

Moncrieff has documented a simulation of three-dimensional, quasi-stationary
convection, in shear-parallel lines in the Global Atlantic Tropical Experiment
(GATE), the culmination of work mostly undertaken by a graduate student at
Imperial College (Jimy Dudhia). He also completed a paper on African squall lines
that is highly relevant to a PRE-STORM case study reported below.

Jean-Philippe Lafore (visitor from the National Center for Meteorological
Research in Toulouse, France) has used Terry Clark's interactive multigrid model
to study the dynamics of the scale interaction between the convective and
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stratiform regions of a squall line, with particular emphasis on two-dimensional
simulations and on the interpretation of the COPT squall lines of 22 and 23 June
1981. The effect of jetlike wind profiles of various intensities on the propagation
speed and relative flow structure is considered. He has also studied the transport
properties by computing the redistribution of passive tracers by the squall line
circulations. This work will be of considerable use in relating the theoretical
models of Moncrieff to the numerical simulations.

Moncrieff is also developing a nonlinear theoretical model of steady vortices
on the scale of the Rossby radius, which is an archetype mechanism for the
maintenance of quasi-stationary disturbances in equatorial regions. This may be
a relevant forcing mechanism for the large-scale horizontal convergence that can
maintain areas of persistent convective activity in equatorial regions.

The modeling effort is designed to draw continually upon the latest analyses of
data obtained in the field experiments. enabling more efficient and collaborative
research efforts.

Analysis of the 10-11 June 1985 Squall Line from PRE-STORIM

Thomas Matejka is analyzing Doppler radar and other data from the 11 June
PRE-STORM squall line. Three-dimensional air velocity, pressure perturbation,
and density perturbation fields obtained from the radar data indicate that the
strong mid-level convergence in the stratiform region, specifically, the acceleration
of environmental air at middle levels into the system from the rear, is caused by
the systematic lowering of pressure at middle levels inside the stratiform region.
Latent heat release aloft and absorption below contribute to this pressure change.
Interestingly, in this case the division between mesoscale ascent aloft and descent
below in the stratiform region occurs at -6°C, not 0°C as in previously reported
cases. Studies of this case are being conducted in coordination with Andrew
Heymsfield and with Robert Houze (University of Washington).

Matejka has developed an automated method of unfolding multiple-Doppler
radar data that allows data from each radar to influence the unfolding decisions
for other radars and, in this way, effect a simultaneous unfolding of the data for all
radars.

Matejka has improved the extended velocity-azimuth display (EVAD) technique
for obtaining mesoscale vertical profiles of horizontal divergence, vertical air
velocity, and particle fall speed from a Doppler radar by reformulating the least-
squares regressions to allow for heteroscedasticity (that is, variance not constant
over the range) and other properties of the original formulation. Final stages of
this work will be coordinated with Ramesh Srivastava (University of Chicago).
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The hydrometeor measurements obtained by the National Oceanic and At-
mospheric Administration (NOAA) P-3 aircraft during the PRE-STORM case
of 10-11 June are being used to examine the growth of particles and to infer
dynamical processes operative within the anvil region. The aircraft made constant-
altitude penetrations at several levels and spiral descents in which it attempted

to follow the particle population from mid-anvil levels to below the melting
layer. Heymsfield is conducting this work in collaboration with Houze, Steven
Rutledge (University of Oregon), and Paul Willis (NOAA, Hurricane Research
Division, Atlantic Oceanographic and Meteorological Laboratory, [HRD/AOML]).
Heymsfield has found that the ice-water content decreases with decreasing height
from mid-anvil to melting levels, suggesting that evaporation is occurring and
downdrafts may be present at levels previously thought to have ascending motion.
Using particle growth calculations, he found that the decrease in ice-water content
could be explained on the basis of a relative humidity slightly (-4 to 7%) below
ice-saturated conditions.

From the size spectra, Heymsfield found that aggregation is the main process
altering the form of the size distributions. The smaller particles are collected by
the larger ones, leading to far fewer particles at the small end of the size spectrum
and more at the large end. The heat budget of the particle population was
examined from particle growth and melting calculations. Aggregation increases
the depth of the melting layer beyond that previously thought. In the melting
layer, heating of air due to condensation on ice particles strongly opposes but not
quite balances cooling due to their melting.

Moncrieff has used the Imperial College mesoscale convection model to simulate
the 10-11 June squall line. Although preliminary, this numerical study appears to
reproduce the essential structure of the observed line, including the development
of the strong rear-to-front, and front-to-rear relative flows in the appropriate
locations. Since this simulation had horizontally uniform thermodynamic structure,
this indicates that large-scale baroclinity is not necessary for the development
of the mesoscale feature of the squall line. The updraft consists of a series of
propagating cells, which is similar in form to the simulation of the COPT squall
line of 22 June 1981 reported above. A theoretical model of the 10-11 June squall
line is also being developed to assist the analysis of the simulation results, with
particular emphasis on the features effecting deep downdraft inflow.

Convective-Mesoscale Interactions in MCSs

Matejka is studying a mesoscale convective system observed on 1 June 1981.
A long portion of the system's life (75 min) is being reconstructed in order to
examine its evolution and to identify the associated physical processes. Three-
dimensional air velocity, pressure perturbation, and density perturbation fields are
being retrieved. The system selected was rather weak and disorganized so that
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the emergence of the mesoscale circulation could specifically be detected and the
conditions relevant to its first appearance identified. It has been found that the
lowering of mid-level pressure in the stratiform region behind the active convective
zone is caused by thickness decreases due to hydrometeor evaporation at low levels
and that this pressure pattern accelerates a channel of air from convective to
stratiform zones at mid- and upper levels. The spin-up of a mid-level mesoscale
cyclonic vortex in the stratiform region is also observed.

Matejka is also examining a squall line observed on 17 July 1981. The focus of
this research is on two discrete thunderstorms that were part of the line for 90 min.
The purpose is to investigate the interaction between the convective elements in
the line and the mesoscale dynamics of the squall line system. It has been found
that the thunderstorms were initiated 35-40 km ahead of the gust front on what
is apparently a gravity wave propagating away from the system. This mode of
initiation leads to a vigorous, well-organized mesoscale system. The upward flux
of horizontal momentum in the line has been found to be from front to back.
It was accomplished largely in the thunderstorm updrafts, and was the result of
the updrafts becoming ever more tilted rearward as the thunderstorms aged and
moved from the front of the system rearward toward the stratiform region. The
tilt resulted from the acceleration of the updrafts by the mesoscale low pressure
located in the middle levels at the rear of the convective zone.

Hurricane Studies

Mesoscale Thermodynamics, Kinematic and Reflectivity Structure of
Rainbands. Gary Barnes, Margaret LeMone, and Gregory Stossmeister are
working on the data collected in and around a rainband sampled in Hurricane
Raymond (1983). Barnes and LeMone participated in the flights. The experiment
provided the first airborne Doppler radar data for a rainband study. The analyses
from the airborne Doppler radar enable one to identify the role of the tangential
wind component in the creation, maintenance, and decay of the rainband. The
detailed wind field will also allow an estimate of the momentum transfer associated
with a convectively active rainband. The effects of the rainband upon the
momentum field should help researchers understand how a hurricane intensifies
and how the rainband may either enhance or suppress the intensification process.

A small and short-lived convectively active rainband approximately 180 km
east of the circulation center was studied for 1.5 h. Relative flow fields show that
the rainband was receiving inflow along the inner, and not outer, edges. This is
due, in part, to the high velocity (267°, 9.5 m s - 1) of the hurricane's circulation
center. This inflow, unlike the typical inflow associated with the eyewall, does not
pass through heavy precipitation before it ascends. Preliminary winds estimated
from the Doppler radar produced with John Gamache (HRD/AOML) show that
the flow is highly three dimensional. The wind fields derived from the airborne



Cloud Systems Division

Doppler radar demand the assumption of stationarity for 15 to 20 min. Previous

work was forced to assume stationarity for 1 to 3 h in order to build a composite
flow field. The Raymond analyses should reveal if and how these longer composites
are misleading and if and how the three-dimensional aspect of the flow is crucial t

rainband dynamics.

Eyewall. In October 1986, Barnes and Stossmeister flew missions into Pacific

Hurricane Paine. Barnes acted as lead airborne mission scientist and directed

the deployment of both NOAA P-3s. The experiment was supposed to focus on

a convectively active rainband, but the observed rainbands lasted for only 20 to
30 min. The experiment was therefore shifted to the eyewall, and 20 legs were

completed into the eye region. Six L-shaped patterns were completed by the

Doppler-equipped aircraft to make wind estimates.

Paine's structure is extremely unusual and raises questions of whether the

mechanisms for its maintenance might be counter to most hurricane theories. A

central surface pressure of 980 hPa and maximum winds of 50 m s-1 were observed

repeatedly, but there were no reflectivity patterns indicative of convection, despite

sea-surface temperatures of nearly 30°C. This suggests that the "hot tower"
hypothesis needs refinement. The reflectivity patterns of the eyewall usually show
the heaviest rain on the leading edge. However, in Paine the leading edge was

largely rain free. The hurricane was very close to the Baja Peninsula, which may
have affected the storm's organization.

Genesis of Atlantic Lows Experiment

The main objectives of the Genesis of Atlantic Lows Experiment (GALE),
which took place in early 1986, were to study the physical mechanisms controlling
the formation and rapid intensification of East Coast winter storms, with special
emphasis on mesoscale processes and air-sea interactions. As head of the

GALE radar group, Matejka planned for the radar component of the project and
participated as a radar scientist during the field experiment. William Roberts
participated in the final planning stages for the radar portion. During the two-
month field program, he was responsible for coordinating radar operations and

interpreting real-time weather information as input for planning and operational
decisions. The experiment successfully collected data for a wide variety of East
Coast winter weather patterns during 13 operational periods. Roberts is currently
archiving and cataloging the digitized radar data collected from the National
Weather Service WSR-57 radars during GALE. He will be collaborating with L.
Jay Miller, Richard Dirks (National Science Foundation), Peter Hobbs (University
of Washington), and Carl Kreitzberg (Drexel University) to study mesoscale
precipitation patterns associated with East Coast cyclogenesis using iterpolated
and mosaicked radar data along with rain gauge information.
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Taiwan Area Mesoscale Experiment Planning

LeMone has continued in her role on the experiment design committee of the
Taiwan Area Mesoscale Experiment (TAMEX) scheduled to take place in May and
June of 1987. Edward Zipser and L. J. Miller are also involved. The primary
objective of the experiment is to understand the flash floods that occur during
the May-June Mei-Yu ("Plum Rain") season. The U.S. participants have divided
their related goals into three areas. They seek to understand the dynamics of the
Mei-Yu front and its attendant low-level jet; the structure of mesoscale convective
systems that form in association with the front; and the effects of Taiwan's
mountainous topography on undisturbed flow, the Mei-Yu front, and mesoscale
convective systems.

The experimental setup will consist of a dense network of radiosondes and
surface stations, two or three Doppler radars (one belonging to Taiwan, one from
the Tropical Oceans and Global Atmosphere [TOGA] office which was used in
the Equatorial Mesoscale Experiment [EMEX], and one from NCAR). The NOAA
P-3 aircraft has at least 100 flight hours to conduct missions roughly divided
among the three goals, with emphasis placed on flights within the range of the
Doppler radars. Dropsonde releases will be incorporated into the mission and
ferry flights to and from Okinawa for model initialization and verification and to
provide larger-scale environmental information for the largely mesoscale flights.
Since the P-3 is the only aircraft involved, the earlier-planned flights to study
convective-scale microphysics will not take place.

LeMone is overseeing the aircraft component of the experiment. With David
Jorgensen (NOAA), she has written the aircraft operations plan to fit into the
larger operations plan now under preparation. She, Jorgensen, and Zipser, who
attended the final TAMEX planning meetings, will be preparing the final aircraft
plan in early December.

L. J. Miller has served on the TAMEX Doppler radar network design committee.
David Parsons (the committee co-chair, AAP), Richard Carbone (ATD), Tai-Chi
Chen Wang and Ching-Sen Chen (National Central University, Taiwan), and
Frank Lee (Chinese Civil Aeronautical Administration [CCAA], Taiwan) are also
members of this committee.

In October the committee members surveyed possible radar sites in Taiwan and
selected ones that would best satisfy measurement requirements of the scientific
objectives. Parsons and Wang presented recommendations that resulted from this
site survey at a workshop convened to develop the TAMEX operations plan. These
recommendations included placement of the NCAR and TOGA 5-cm Doppler
radars, respectively, about 65 and 110 km south of the CCAA operational Doppler
radar that is to be located at the international airport near the northern end of the
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island. These ground-based radars will operate alone as two dual-Doppler systems
or with the NOAA P-3 airborne Doppler radar to perform wind measurements
within a region nearly 200 km long, 100 km wide, and 15 km deep centered along

the west coast of Taiwan. It is anticipated that airflow in precipitating systems

will be resolved about every 5 min at spatial scales larger than -5 km (dimension

of an updraft or similar phenomenon). For the first time, airflows within mesoscale
convective systems will be studied in detail while they are over the ocean as well

as during landfall when heavy rains are produced.

Equatorial Mesoscale Experiment, Australian
Monsoon Experiment, and Stratospheric-
Tropospheric Exchange Program Planning

Barnes has been active on the experiment design committee for EMEX, planned

to take place in northern Australia and adjacent waters in January and February of

1987. The primary objective of EMEX is to determine the diabatic heating profile

associated with mesoscale convective systems. Improved understanding of the

diabatic heating profile should lead to better parameterization schemes in global-

scale models. In addition to the standard meteorological variables there will be

measurements of a number of chemical constituents such as 03, NO2 , NO3 , CO,

and radon. Beyond the primary objective, the effect of the initial environmental

conditions on the intensity, alignment, and speed of the convective cells that

compose the leading edge of a mesoscale system will be of interest.

This experiment coincides with two other experiments: the Stratospheric-
Tropospheric Exchange Program (STEP) and the Australian Monsoon Experiment

(AMEX). EMEX plans include the NOAA WP-3D, the NCAR Electra, the
Commonwealth Scientific and Industrial Research Organization (CSIRO) F-27,

and a People's Republic of China vessel equipped with a U.S.-supplied Doppler
radar. AMEX includes a rawinsonde array covering northern Australia and several
radars placed at coastal sites. STEP, which is chiefly a National Aeronautics
and Space Administration (NASA) operation, includes the ER-2 aircraft, which is

capable of high-altitude measurements.

The four aircraft will investigate the mesoscale cloud systems over the Gulf of
Carpentaria, off the coast of northern Australia. These systems should be similar
in intensity to the cloud systems sampled in GATE, thereby allowing the aircraft
to penetrate into the convectively active portion of the system.

The principal investigators for EMEX include Houze, Peter Webster, and
William Frank (Pennsylvania State University). Barnes and Zipser are co-
principal investigators for the NCAR Electra and will serve as lead airborne
mission scientists on several of the aircraft. AMEX investigators include Greg
Holland, Thomas Keenan, and John McBride (Australian Bureau of Meteorology
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Research Centre), and Roger Smith (Monash University). Edwin Danielsen is the
principal investigator for the NASA ER-2.

Ice-Cloud Properties and Radiative Interactions

Ice and Snow Crystal Investigations

Nancy Knight and Heymsfield are continuing the fourth year of a projected
five-year project of measuring the mass and fall velocity of naturally falling snow
crystals as well as comparing the images of the collected crystals with those
obtained from Particle Measuring Systems (PMS) two-dimensional imaging probes
through which the crystals are falling. This project has been funded, in part, by
NASA.

NASA funding has also been extended to the field project for the First
International Satellite Cloud Climatology Project's Regional Experiment (FIRE)
recently completed in Madison, Wisconsin (13 October through 3 November 1986).
In the FIRE project cirrus crystals were collected in situ on oil slides aboard the
NCAR King Air. The slides were all photographed during the field experiment,
and analysis of the data has begun. The results are expected to be important in
the characterization of cirrus clouds when added to the data obtained at the same
time from other aircraft, satellites, and ground-based lidar.

Thunderstorm Water Budgets

Quantifying Rainfall Estimates

A number of important meteorological problems, including quantitative precip-
itation forecasting, parameterization of convective processes in numerical models,
and planning and evaluating of weather modification experiments, require careful
evaluation of convective cloud moisture budgets. In turn, a proper treatment
of moisture budgets, and in particular the systematic analysis of thunderstorm
precipitation efficiency, rests on an adequate measure of water mass deposition
at the ground. Mesonetwork and aircraft data were sufficient to provide time-
resolved water vapor inflow into a selected number of thunderstorms observed in
CCOPE, but surface rainfall measurements dense enough for a direct assessment
of stormwide rain rate at the ground were not available in each case. It was
necessary, therefore, to resort to a relation between radar reflectivity and rain rate
to obtain estimates of rainout at the ground.

Known limitations in rainfall estimates derived from single-parameter radar
measurement include unknown hydrometeor phase and drop-size distribution,
rain water flux due to vertical air motion at the radar scanning level, raindrop
evaporation during descent, and other effects on radar signal such as incomplete
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beam-filling, gradients across the beam, attenuation, and beam blockage. In
an attempt to minimize some of these uncertainties, particularly those that may
be partly dependent on geographically varying conditions, James Fankhauser, in
collaboration with Yumao Xu (visitor from Nanjing University, People's Republic
of China), conducted a study to obtain a direct correlation between rain rate (R)
measured at the ground and volume-integrated radar reflectivity (Z) overlying
recording rain gauges.

Three convective events of varying type and intensity were chosen from the
CCOPE data in which rainfall was deposited in significant amounts (>2.5 mm) in
a large number of gauges. Regression analysis produced Z vs. R correlations that
differed statistically from case to case in such a way as to suggest a dependence
upon the character of convection prevalent on each day. Correlations for a
day characterized by intense squall-line convection with relatively high cloud
bases produced a Z vs. R relation comparable to those derived independently
for other High Plains data sets. The combined data from CCOPE, including a
mix of the squall-line measurements with other more moderate convection and
more stratiform rainfall, produced results similar to the familiar Marshall-Palmer
relation, which is considered to apply to most general rainfall situations.

Since direct correlations between measured rainfall at the ground and reflec-
tivity aloft were found to be storm dependent, no a priori justification exists for
choosing one Z vs. R relation over another. The approach chosen for calculating
water output in the precipitation efficiency studies was to employ an average of
several well-known relations combined with the CCOPE results and to illustrate
the uncertainty in water mass output involved with using upper and lower ex-
tremes. For most cases the uncertainty in rainfall estimation due to the choice of
a Z vs. R relation alone translates into a 10 to 20% uncertainty in precipitation
efficiency.

Mass and Water Flux from Thunderstorms into Anvils

The proportion of a thunderstorm's condensate transported into the anvil may
represent the majority of its total condensate, particularly in some mid-latitude
storms where anvils are observed to extend for hundreds of kilometers. Heymsfield
and Karen Miller are calculating the transport of ice and vapor masses into
the anvils of six thunderstorms studied during the CCOPE experiment and are
comparing them with the upward flow of water vapor (influx) into the convective
cells calculated by Fankhauser. The analysis procedure involves the use of radar
reflectivity data, anvil hydrometeor measurements (using the NCAR Sabreliner),
and windfields from multiple-Doppler-radar syntheses.

Heymsfield and Miller have found that the ratio of anvil flux averaged over the
ZP study of each storm (-1 h) ranges from about 20 to 80% of the flux at cloud
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base. A nearly direct correspondence exists between the ratio of anvil total mass
flux and influx at cloud base and the mean shear between cloud top and base.
This dependence is consistent with previous studies, which have shown an inverse
relationship between the ratio of surface rainfall to influx and mean shear.

The scientists have also derived the total mass flux from upwind to downwind
positions in the anvil to deduce whether the anvil mass decreases as would be
expected purely from crystal fallout, or whether it maintains a constant value
or increases as might be expected if mesoscale updrafts produce condensation in
the anvil. This analysis has shown that anvil condensate decreases downstream,
implying the absence of mesoscale updrafts. Some additional condensate is found
in association with embedded convective cells.

They have also found that the sums of the anvil total mass flux and the flux
of precipitation to the ground at the cloud base level (derived by Fankhauser)
averaged over the study periods for each storm approximately balances the influx
at cloud base, indicating that the other terms in the water budget equation, i.e.,
storage of vapor and condensate in the updraft and flux of vapor to the ground are
generally smaller than anvil and precipitation fluxes.

Thunderstorm Dynamics, Hydrometeor Evolution,
Hail Growth, and Trajectory Studies

Dynamics of Updrafts in Large Convective Clouds

LeMone, Barnes, Fankhauser, and Lesley Tarleton have completed analyses
of the pressure fields associated with several cumulus congestus (CCOPE "early
storms") and cumulonimbus ("mature storms"). The pressure field is found to be
one-quarter wavelength out of phase with the vertical velocity, with low pressure
in the direction of storm propagation. The pressure field at cloud base is consistent
with an upward acceleration of air and a propagation of the updraft toward lower
pressure. The pressure field is primarily due to the interaction of the updraft
with the vertical shear of the mean horizontal wind, its amplitude increasing with
shear, updraft magnitude, and updraft scale. Magnitudes vary from -0.1-0.2 hPa
(0.1-0.2 mb) beneath the base of cumulus congestus, to more than 7 hPa near the
updrafts of the largest cumulonimbus.

Closer examination of one case shows that the rotation of the updraft also
contributed to the pressure field, but by about half as much as the updraft-shear
interaction. Perhaps because the updrafts tilt with height, the buoyancy effects
near the updraft are not significant. Buoyancy is, however, relatively more
important away from the updraft.

Barnes and LeMone are using CCOPE aircraft, surface mesonet and rawinsonde
data to examine the life history of a cumulus congestus cloud that formed over
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a gust front and evolved like the splitting supercell described by Joseph Klemp

and Richard Rotunno (AAP). As in a supercell the cloud forms in environmental

shear characterized by a clockwise-turning hodograph. Early in its lifetime, the

cloud rains into its main updraft, which splits into two parts. The northern,
clockwise-rotating cell intensifies, with updrafts reaching 10 m s - 1. The southern

cell moves to the right of the wind, in response to an upward pressure gradient
force at the southern edge of the updraft. Each of the "cells" is characterized by a

reflectivity maximum as well as an updraft.

Because of the aircraft, surface mesonet and rawinsonde data available in
CCOPE, the cloud life history can be put into further perspective. It formed over

a gust front. During the cloud's mature stage, a low pressure area, produced by

the interaction of the updraft with the vertical shear, supports a conduit for the
moist, converging air rising from the surface. However, the cloud moves away from
the convergence region and never manages to induce its own outflow, leaving only

the pressure perturbation to support the updraft, which subsequently draws in less

buoyant air from the top of the subcloud layer. The vertical velocity, rotation rate,
and pressure perturbation all weaken as the cloud dissipates.

Hydrometeor Evolution, Hail Growth, and Trajectory Studies

L. J. Miller and John Tuttle have completed research on the kinematic
structures and how they affected the growth of precipitation, especially hail, in the

1 and 2 August 1981 CCOPE storms. These studies used a detailed microphysical
hail growth model developed by Heysmfield and Roy Rasmussen (former CSD
visitor, now with the Bureau of Reclamation) along with Doppler-derived internal
wind fields and representative tropospheric soundings for each of the days. Roberts
is also applying these same techniques to another storm that occurred on 11 July.
The soundings were used to establish realistic distributions of cloud liquid water
and air temperature within each of the storms.

Jeffrey Lew (ASP visitor from University of California [UCLAI), in collabo-

ration with David Johnson (Bureau of Reclamation) and Rasmussen, has used
a precipitation trajectory model with riming efficiency data he collected in the
UCLA cloud tunnel to study snowflake trajectories in orographic clouds. Lew
and Heymsfield are also studying, using trajectory analysis and cloud dynam-
ics/microphysics modeling, the role of ice crystal aggregates in the production of
graupel and hailstones within CCOPE thunderstorms.

Hail Production in Three CCOPE Storms. The 2 August storm exhibited
dynamical and reflectivity features of the archetypal supercell, while the 1 August
storm was more like an ordinary cell. Characteristics of the 11 July storm appear
to fall between these two, and together the three cases represent a fairly broad
spectrum of severity in hail-producing storms. All available evidence indicates
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that significant hailfalls consisting of stones ranging in diameter mostly from -0.5
to 4 cm, with some giant sizes of 5 to 10 cm, were produced over substantial areas
by these storms. The main thrust of the research has been to determine what
processes led to hailfalls of these magnitudes. Once these processes have been
individually identified, future work will involve development of comprehensive hail
growth model(s) that explain similarities as well as differences in hailfall according
to storm type.

Using mostly large cloud droplets with diameters of ~100 /xm as starting
particles, L. J. Miller has been able to deduce the most important processes
involved in the production of hail in this storm. As droplets ascended within
the faster-moving updraft cores, they had only enough time for growth to -1- to
3-mm-diameter graupel, which was mostly exhausted into the anvil outflow. Some
graupel also descended into the tops of cloud turrets above the gust front and were
carried back into the main body of the storm. Other particles that stayed within
the fringes of the main updraft or within the weaker gust front updraft grew large
enough to descend from the lower part of the southern perimeter of the anvil
into southerly flow in the middle levels. As these graupel particles were carried
northward, they interacted with the main updraft, growing to hailstones as large
as 2 to 3 cm in diameter.

Many of these particles descended along cyclonically turning paths within the
fringes of the main updraft and ahead of its core, forming the forward overhanging
echo. Several of these hailstones were also found to undergo melting and shedding
in the 3-km-thick warm layer above cloud base. The shedded droplets were carried
northwestward along the low-level inflow into the main updraft, where they also
grew into hail. This process of cycling meltwater through the main updraft appears
to account for the bulk of the -2- to 3-cm hailstones that contributed the most to
crop damage. These hailstones followed simple up-and-down trajectories starting
from the southeast side of the updraft core. It appears that once a hailstorm
such as this with a relatively warm cloud base produces a supply of hailstones and
graupel, the meltwater shed in the warm layer dominates the further production of
hail and graupel.

Another important source of hail was found behind the main updraft core.
Here near the center of the mesocyclonic circulation commonly associated with
such supercells, small particles were carried upward in a tight clockwise spiral that
passed northward along the axis of the updraft. Some of the largest hail grown in
the model resulted from these kinds of trajectories. Hailstones reached diameters
as large as 4 to 5 cm before falling out very near where the original drops were
started. These trajectories were confined to the hook-echo appendage. In fact,
the hook echo resulted from trajectories such as these and represented the gradual
migration of hail into the back of the updraft as the low-level outflow boundary
occluded.
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Roberts has identified two important types of hail-producing trajectories for
the 11 July storm. Some particles followed simple up-and-down paths and
were displaced very little horizontally since they remained near the middle-level
stagnation zone where low horizontal wind speeds were a dominant feature of the
flow. Hailstones with diameters as large as 2 cm were grown in -20 to 30 min
along these paths.

A second type of trajectory passed through the supercooled zone twice, thereby
producing some of the largest hailstones. In their first pass, particles reached
diameters of more than a centimeter. However, unlike the stones caught in the
weak horizontal winds near the stagnation zone, these were carried by much
stronger winds along cyclonic paths across the forward edge of the updraft. Here
they descended below the melting level and then were advected back into the
updraft core, where they continued growing. Hailstones that had reached diameters
as large as 2 cm in their first pass grew to final diameters of 3 to 4 cm. These
growth trajectories took 40 to 50 min.

Recycling trajectories were well developed in contrast to those found by
L. J. Miller in the 2 August case. Roberts also found that many trajectories
had nearly the same beginning and ending locations, suggesting that shedded
meltwater was an important source of new hailstone embryos. Starting locations
leading to hail at the ground for the one- and two-pass types tended to cluster
near the reflectivity and updraft cores, respectively.

Tuttle found that small water drops initialized in the low levels on the southern
flank of the updraft grew to large hailstones with diameters of -5 cm as they
passed northwestward along simple up-and-down, but relatively flat, paths. These
particles grew fast enough to remain nearly balanced within the layer of maximum
cloud water, even though they encountered increasing updraft speeds. Because
of weak horizontal airflow in the updraft, several particles grew to large sizes
with little horizontal displacement and once large enough descended against the
updraft. This type of trajectory probably explains why the storm was not vaulted
and why a research aircraft encountered hail in the cloud base updraft.

Water drops initialized nearer, but still south of, the updraft core were carried
to higher altitudes, where they emerged moving westward in the upper-level
divergent anvil outflow. They were then advected either around the southern
or northern perimeters of the updraft before falling out well to the east of the
updraft. These particles generally grew to diameters less than 2.5 cm. Because the
updraft had more of an east-west elongation along the cyclonic (southern) branch
of the horizontal flow than along the anticyclonic (northern) one, particles taking
the former path generally reached the larger diameters.

The origin of the water drops was likely drop shedding from large, wet hail.
Rasmussen and Heymsfield have shown that shedding was a probable source of hail
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embryos in the storm. Available measurements indicated that large precipitation
particles were indeed descending all along the storm's southern flank.

Cloud droplets larger than '100 Am initialized at cloud base became graupel
in a relatively broad spectrum of sizes on the leeward (eastern) side of the updraft
core. After their growth to graupel aloft in the eastern fringes of the updraft,
weak westerly flow permitted these particles to sediment into the easterly flow
and be carried back toward the updraft for final growth to hail with diameters
of 1.5 to 2.5 cm. Particle vertical motions determined from a near-vertically-
pointing Doppler radar indicated that there was an important vertical circulation
present east of the updraft, substantiating that particles were recycling. Smaller
cloud droplets started near cloud base became graupel particles that were swept
downwind (eastward) into the anvil.

Multiparameter Radar Measurements. Tuttle, along with Viswanathan
Bringi and Jothiram Vivekanandan (both of Colorado State University), has
completed a study of multiparameter radar hail detection techniques using NCAR
CP-2 data collected during the May Polarization Experiment (MAYPOLE) 1983
and 1984 field programs. A major part of the work involved computations
of multiparameter observables (ZDR, dual-wavelength ratio, LDR, and circular
polarization parameters) from model hail distributions. The computations
included the propagation effects due to intervening moderate-to-intense rainfall.
Multiparameter measurements made in the field programs were found to be
consistent with model computations. Hail signature locations using ZDR, dual-
wavelength ratio, and LDR were shown to be in excellent agreement.

Particle Growth in the 9 June 1981 CCOPE Storm. Daniel Breed
studied the 9 June 1981 CCOPE storm, which was isolated, small, and relatively
weak, yet long-lived. The maximum radar reflectivities of this storm reached 40
dBZ, and the overall storm never grew larger than 10 km by 15 km during the
storm's hour-long lifetime. The updraft core varied slowly and remained unusually
erect in the strongly sheared environment (0.67 x 10- 2 s-l). Multiple aircraft
passes below cloud base, slightly above cloud base, and near the first-echo level
(-2.5 km above cloud base at -15°C) allowed a reasonable estimate of liquid
water distribution and development, and evolution of particle spectra. Twelve
multiple-Doppler radar scans over nearly 30 min were synthesized during the
mature and dissipating stages.

Breed made simple parameterizations using the in situ measurements, and
then combined them with the Doppler wind fields as input into a particle-growth
model. The results of the model were consistent with location and size of the
reflectivity core at cloud base and with maximum precipitation sizes. The toroidal
circulation on the downshear side of the cloud suggested the possibility of recycling
although little evidence of such recycling was found. Questions regarding the
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initial formation of precipitation (first-echo), adequacy of parameterizing liquid
water and other variables, and the importance of smaller-scale (<2 km) processes
will be partially addressed in a two-dimensional cloud model.

Precipitation Formation in the 12 June 1981 CCOPE Storm. In 1985,

Charles Knight and Kevin Knupp (then of Colorado State University, now with
NASA Marshall Space Flight Center) completed a study of hail growth trajectories
in the 12 June storm, using a technique of systematic backwards-trajectory
calculations. This study underscored the great sensitivity of such calculations to
the assumed cloud water field, which has been, in such calculations, crude and
probably fallible. It also underscored the need to include particle concentrations at

all sizes in order even to start to understand the basics of precipitation production.
C. Knight has completed a further analysis of the 12 June storm with attempted
improvements in these two areas. The cloud water content is calculated from
estimating condensation and depletion along air-parcel trajectories starting at

cloud base, and this produces a much more realistic-looking cloud water field.
Then complete fields of hydrometeor size distributions are generated, assuming

"classical" ice nucleation and steady-state conditions, using a method of adding
together individual growth trajectories. By making physical approximations,
this method avoids any parameterization of the microphysical processes, and the
technique is simple enough to allow extensive testing of the approximations.

The result is that the ice process can be eliminated as the mechanism for
all but cannot be directly responsible for more than a very small fraction of the
precipitation produced. The method has some promise as a means of interpreting
field data sets of the kind obtained in CCOPE, particularly if it can be adapted to
the time-varying situations without becoming too unwieldy.

Tracer Experiment. The hailstone embryo tracer experiment, using pow-
dered iron, was conducted in Alberta in the summer of 1985. The experiment was
intended to give better knowledge of hail growth trajectories by dispersing iron
particles in the inflow below cloud base and then observing the fallout pattern

in collected hailstones. However, analysis conducted this past year shows that
powdered iron is unsatisfactory as a tracer if the hailstones reach the ground
before they are collected. N. Knight and Andrew Weinheimer (visitor from Rice
University) have continued investigations into the feasibility of the experiment. A
simple, inexpensive hailstone collector has been designed that could be used by
volunteer observers to collect hailstones before they reach the gound, thus allowing
the use of this tracer and providing clean samples for the cloud water chemical
studies. The use of other tracers with different magnetic properties has also been
suggested and is being investigated.
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Thunderstorm Electrification

Onset of Electrification in New Mexico Thunderstorms

During the summer of 1984, an experiment was conducted in New Mexico
to study the microphysical, dynamical, and electrical structure and evolution of
small thunderstorms over mountains. As part of these investigations James Dye
has been investigating the relationship between the onset of electrification and
the development of precipitation. This study utilizes measurements of cloud
particles and electric fields from the NCAR/NOAA sailplane, the Office of Naval
Research aircraft, the SPTVAR operated by the New Mexico Institute of Mining
and Technology (NMIMT); reflectivity data from the NCAR CP-3 and CP-4
radars; surface electric field measurements from the NMIMT network of field
meters situated on top of the Magdalena Mountains near Langmuir Laboratory;
and aircraft positions from the Multiple Aircraft Position System (MAPS) of CSD.

Of the nearly 20 clouds that Dye has examined to date, the development of
precipitation led the electrification of the cloud by 10 to 20 min. Electrification
did not begin until radar reflectivities of 40 dBZ or greater had been reached at 6
km or above. The more intense, vigorous storms produced 40 dBZ more rapidly
and also became electrified more rapidly. In storms that grew more slowly, with
lower cloud tops, the onset of electrification occurred later relative to the 40 dBZ
reflectivity at 6 km, and some became only slightly electrified. In the case of the
weakest storm, with radar cloud tops to only 8 km, no enhancement of the electric
field was detected.

On a few occasions the aircraft were at the 6- to 7-km (-10 to -20°C) level
in the active part of the storm as the cloud began to become electrified. The
measurements from these occasions show ice particle concentrations ranging from
10 t-1 to 100 e- 1 with a broad, rather exponential, size distribution. Graupel
particles of several millimeters size and a mixture of irregularly shaped rimed,
unrimed, and aggregated ice particles were present. Some limited amounts of
supercooled liquid water coexisted with the ice particles in parts of this region.

The observations in New Mexico are consistent with the noninductive ice
collisional mechanism of charge generation. Laboratory experiments have shown
the need for supercooled water to coexist with the ice particles in order to have
significant charge transfer. The requirement appears to be met in some parts of
the New Mexico clouds but not in large regions. The observations also suggest
that the convective mechanism did not significantly enhance the electric field. In
several cases, individual clouds were convectively active for longer than an hour
without detectable enhancement in the electric field. Although the measurements
suggest the importance of the ice-ice collisional process, the evidence is quite
circumstantial. More definitive evidence must await the simultaneous measurement
of particle charge size and shape.
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Development of Two-Dimensional Charge Probe

As mentioned above, collisions among ice particles have been thought for
decades to be an important mechanism for the generation of charge inside
thunderstorms. Ten years ago the inductive process was favored. Currently a
noninductive ice collisional mechanism is being favored based on recent laboratory
experiments. However, there is an extremely limited number of measurements
of particle charge inside thunderstorms with which to evaluate the importance
of these and other charging mechanisms. As part of the CSD research effort
in atmospheric electricity, Dye and Weinheimer are collaborating with Hugh
Christian (NASA/Marshall Space Flight Center) and Thomas Marshall (University
of Mississippi) to develop a charge sensor coupled to a PMS two-dimensional gray-
scale probe in order to obtain simultaneous measurements of particle charge along
with particle images. The system is being designed and constructed to be flown on
the NCAR/NOAA sailplane.

An initial design of the charge sensor and data acquisition system intended
for use on a NASA jet aircraft was tested on the NCAR King Air in Colorado
and Louisiana by Dye and Marshall in October 1985. These tests revealed a
current leakage problem which made the charge sensor unusable when flown in
liquid water. Also, the data system was unsuitable for use on the sailplane. As a
result, Michael Spowart and Jack Fink, in conjunction with Dye and Weinheimer,
have designed a new data acquisition system that is compatible with the minimal
weight, power, and space requirements of the sailplane and also optimizes the data
collection for both the particle image and charge measurements. The requirement
to integrate the two types of data, image and charge, has proven to be an
interesting challenge with requirements of high data rates (200 kilobytes s-') and
a large storage capacity (>100 megabytes).

Two new prototypes of the charge sensor were also designed, constructed, and
tested in the laboratory by Dye, Weinheimer, Fink, and Spowart. The final
prototype is relatively small, with an outer "splash" ring as the first charge sensor
and an inner ring for the main charge measurement. The use of the two rings
was incorporated from Marshall's balloon-borne sensor and should greatly improve
the ability for detecting charged artifacts caused by particles impacting on the
leading edge of the sensor. Laboratory tests were conducted to determine the time
response of the sensor and electronics and to verify that the response is sufficiently
fast for aircraft speeds. Laboratory tests as well as airborne tests on the King
Air in September show that this sensor performs well in liquid water conditions,
seems relatively insensitive to stray fields, and should have the capability of
measuring particle charges from 1 to >100 pC. Additionally, the design is robust
and relatively small, thereby minimizing airflow distortions.
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Calculations of Charge Induced on a Cylinder

As an aid in the design of the charge sensor just described, and also for use
in calibration of the instrument and others like it, Weinheimer has performed
calculations of the charge induced on a conducting cylinder. These calculations are
an improvement over previous attempts, which failed to account for the curvature
of the electric field lines and which led to an underestimate of the induced charge.
For charged particles traveling parallel to the axis of the cylinder, calculations have
been made of both pulse shapes and peak signals to be expected for cylindrical
sensors of various aspect ratios. or length-to-diameter ratios of 1.0 and 0.5,
Weinheimer found that -80% and -50O%, respectively, of a particle's charge would
be induced on the cylinder. Such information has been quite useful in choosing
an aspect ratio long enough to provide a sufficiently accurate charge measurement,
but also short enough to help minimize both heating requirements and the time
required to sample a particle. For the sailplane probe, a length-to-diameter ratio
of 0.6 has been chosen. So that the calculations may be readily used by others
who might have different constraints, the results are formulated in a dimensionless
fashion.

Lightning Locations in CCOPE

During CCOPE a four-station network of magnetic direction finders was
deployed for locating lightning flashes to ground over a region several hundred
kilometers on a side. Such data provide a measure of the electrical activity of
storms and enable certain aspects of lightning phenomenology to be addressed:
Do storms of comparable intensities and radar reflectivities display comparable
lightning activity? Is there a characteristic sequence of lightning activity for
thunderstorms? In particular, what can be said about the timing of positive cloud-
to-ground flashes? Also, how does the activity in one geographical region at one
time of the year compare with activity elsewhere? The answers to such questions
provide observational results with which a satisfactory theory of thunderstorm
charging must be consistent. Also, there is some chance that such lightning
data may provide qualitative corroboration for specific charging mechanisms. For
example, on the basis of the laboratory-observed reversal temperature for an
ice-ice charging mechanism, one might expect the polarity of lightning emanating
from regions of precipitation to be related to the temperature there.

With such questions in mind, Weinheimer has begun an analysis of the CCOPE
lightning data. The statistics for the season show some interesting features. A
surprisingly large fraction, perhaps as great as 201%, of the flashes lowered positive
charge to ground. Additional analysis is required to relate more fully these positive
flashes to the structure and evolution of the storms, but a preliminary indication
is that, at times, they are strongly clustered both spatially and temporally. There
are certain regions (cells, perhaps) where positive flashes tend to occur, and at
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least one system (11 July) shows a period during which well over half of the
flashes are positive. On the other hand, two squall lines that have been analyzed
(13 and 17 July) had relatively few positive discharges throughout their lifetimes.
Thus there is substantial variability in the data, and more cases will have to be
examined before conclusions are drawn.

Some Problems with Fair-Weather Electrical Measurements

The electric current supplied by thunderstorms to the global electric circuit
is one product of thunderstorm charging processes, regardless of the actual
mechanisms. Each thunderstorm is coupled to the global circuit: at cloud top by
conduction currents and from the cloud to ground by lightning, corona currents,
and precipitation currents. (The cloud-to-ground lightning component of this
current is monitored by the lightning mapping system described previously.) In
the fair-weather regions of the globe, the net output of all active thunderstorms
is manifest as the density of current (in amperes per square meter) flowing from
the atmosphere to the ground. Weinheimer is examining with Arthur Few (Rice
University) some problems associated with the measurement of such currents.
Thus far the results have demonstrated the need to multiply, by a factor of 2,
the most previous balloon-borne measurements of conduction current. Current
research is focused on the distorting effects of space charge on fair-weather
electrical measurements.

The Electrostatic Energy of Thunderstorms

One dilemma in the interpretation of measurements of particle charge has
centered on whether the motion of an observed charge is adding to or subtracting
from the electrostatic energy of a storm. One standard interpretation of particle
charge measurements is if the electrical force has an upward component then the
particle's falling motion generates electrical energy. The particle is doing work
against the electric field and at a rate that is proportional to its terminal velocity.
Conversely, if a particle moves in the direction of the electrical force upon it,
energy is being dissipated. However, the specification of a particle's velocity is an
arbitrary choice of reference frame. Thus the rate at which a particle does electrical
work - and even whether the particle's motion is generative or dissipative - is
arbitrary.

By recourse to fundamental electrostatic principles, Weinheimer has proposed
a resolution to this dilemma. The contribution of a single particle to the
total rate of change of electrostatic energy of a thunderstorm may be expressed
in terms of the velocities of the particle relative to all the other charges
present; thus it is independent of reference frame. Differential advection and
differential sedimentation then are the main forces driving the electrification.
The interpretation of particle-charge measurements, at least in the general
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case, becomes tremendously more complicated. However, the problem simplifies
substantially for thunderstorms with electrical structures dominated by only a few
charged volumes whose motion is known. At times this may be an adequate
approximation.

Evaluation and Development of Electric Field Meters

As part of the effort to expand our measurement capability in atmospheric
electricity, Dye has been collaborating with William Winn (NMIMT) to install
electric field meters on the NCAR King Air. Winn designed and constructed
field meters with partial funding from CSD and the Research Aviation Favility
(RAF), mounted and flew the meters on the aircraft in September as initial
tests to evaluate and calibrate the three-dimensional field mill system. The
mills performed well in tests in heavy precipitation, outflow from the anvils of
thunderstorms, and supercooled water.

Breed and Dye flight-tested a new field meter designed by James Jones
(NMIMT) and Winn for the sailplane during June. The new meter is a cylindrical
rotating field mill containing four instruments in one housing. With this design,
both the horizontal and vertical components of the ambient electric field as well
as the field due to the charge on the aircraft can be measured. The instrument
performed well during tests but needs additional testing in electrically intense
regions.

Cumulus Cloud Systems: Cumulus-
Topped Boundary Layers, Gravity
Waves, and Convection Initiation

Dynamics of Unstable Boundary Layers-
Gravity-Wave Interactions and Convection Initiation

Work on the interaction between boundary-layer eddies and overlaying free
atmospheric gravity waves and clouds has progressed over the last year. The
two-dimensional simulations of a 12 June 1984 thermal wave case by Terry Clark,
Thomas Hauf (Institute for Atmospheric Physics, German Aerospace Research
Establishment, Oberpfaffenhofen, Federal Republic of Germany [DFVLR]), and
Joachim Kuettner (AAP) are complete, as is the work by Clark, Kuettner, and
Peter Hildebrand (ATD) describing a series of observations of free atmospheric
thermal wave activity. Recent work on the layer interaction during fiscal year
1986 includes simulations in three spatial dimensions and the development of a
linear model capable of investigating the dominant forced normal mode response
of various model atmospheres. This model has also proven useful in the radiation
fog studies. The linear model runs show a clear relationship between the linear
dominant normal modes and the observed gravity-wave activity. The simulations
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indicate that these wave/eddy structures are the near-field thermally forced normal
modes that typically have negative phase velocities. There also appear to be some
interesting effects of nonlinearity which can decouple the mode's phase velocities
between the boundary-layer eddies and gravity waves.

The numerical simulations in three spatial dimensions indicate that a strong
gravity wave response can be obtained for the fair weather convection problem
particularly when strong shear spanning the interface between boundary layer and
free atmosphere can be maintained. Horizontal thermal gradients in the boundary
layer have been investigated as one possible source for the wind shear. The
ageostrophic component of the wind in the plane of the waves responding to these
thermal gradients can provide shears significant enough to couple the two layers.

Venkatramani Balaji (a Ph.D. student from Ohio State University) has
been working with Clark on studying the initiation of deep convection through
boundary-layer forcing. A 1 August 1981 CCOPE and a case from the May
Polarization Experiment (MAYPOLE) have been under consideration. Simulations
in two and three spatial dimensions using the full nonlinear modes were considered,
along with linear model simulations to determine the dominant forced normal mode
of the respective environments. The work has showed that deep cumulonimbus
clouds developed through interactions between the heated moist boundary layer
and overlaying free atmosphere. Starting from a boundary layer that was well
mixed with respect to the thermodynamic variables and contained no vertical
motions, cumulonimbus took four to five hours of real time to develop. The
analysis to date supports the concept that during the fair-weather cumulus stage
the horizontal spacing of the gravity waves corresponds to the dominant forced
normal mode from the linear model.

One rather important finding in this work is that the phase velocity relationship
between the boundary-layer eddies, which act as cumulus roots, and the gravity
waves of the free atmosphere may play a fundamental role in initiating deep
convective clouds. The relative speed of the waves above clouds is typically
about 4 m s - 1. With typical spacing of clouds about 12 km horizontally,
optimal dynamic convective growth would occur every 50 min, when gravity-wave
updrafts coincide in the horizontal with the cumulus clouds. This beat-frequency
effect has been observed in the numerical simulations. These results support
the concept that an understanding of deep convective cloud initiation may
require a good understanding of the dominant normal mode response of the
environment. It is particularly important to understand the ground relative phase
velocity distribution with height in order to predict the frequency of enhanced
development. This finding may also play a role in the observed effect that
cumulus frequently do not penetrate anywhere near their depth as predicted by
the thermodynamic chart. In the past this observation has been attributed mainly
to the effects of entrainment. The interaction between gravity-wave suppression
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of cumulus development and cumulus entrainment itself will most likely play an
important role in future modeling within this division.

Fine-Scale Structure of Fronts - Gravity-Wave Interactions

The collaborative work between Clark, Robert Gall (University of Arizona),
and Terry Williams (Naval Postgraduate School) has resulted in the submission of
two papers. The first paper describes the fine-scale features of a deformationally
forced front; it shows that the vertical resolution is the main factor determining the
horizontal-scale limitation of the front for the idealized case studied. Resolutions
as high as 0.28 km in the horizontal and 38 m in the vertical were achieved using
Clark's nesting code. The second paper describes how bands of updrafts (which
would appear as cloud bands in the moist case) can be attributed to upstream
propagating gravity waves resonating at their zero intrinsic phase velocity position.
These calculations result in bands separated by about 50 km horzontally, which
is a common observation and supplies a new interpretation as to their cause as
compared with, say, symmetric instability.

Mobile Sounding System Development and Use
in Convection Initiation Field Work

During the summer of 1985, CSD, in cooperation with ATD, NOAA, and
Colorado State University, participated in a real-time forecasting exercise near
Denver. As a part of this experiment, Charles Wade designed a mobile sounding
system which was used to collect meteorological data in the vicinity of convergence
zones and along outflow boundaries. Approximately 100 soundings were released
during a 6-week period, and a portion of FY86 was spent in reducing and
analyzing these data. Two conference papers describing the sounding system were
prepared in collaboration with David Street (Ambient Analysis, Inc., Boulder,
Colorado). The first described the features of the mobile sounding system and its
use in convection initiation studies. The second presents data from the 22 July
1985 case study and illustrates how mesoscale soundings can be used to assist in
the nowcasting of convective events. The 22 July sounding data were collected
immediately ahead of and behind a westward-moving storm outflow boundary.
The soundings show warm air aloft which inhibited the development of deep
convection along the advancing outflow boundary.

Planning for the Convection Initiation and Downburst Experiment

There is an increasing body of evidence linking the formation of convective
clouds to concentrated zones of boundary-layer convergence; however, the factors
governing the precise timing and location of cloud development are not well known.
A major limitation in past investigations has been the lack of thermodynamic data
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at scales comparable to the highly resolved wind fields derived from dual-Doppler
radial velocity measurements.

A field research effort called the Convection Initiation and Downburst
Experiment (CINDE) is planned for a 7-week period from late June through
July 1987 to investigate factors leading to cloud development along convergence
boundaries and to continue studies of microburst downdrafts begun in the Denver
area in recent years. It will be the primary objective of the convection initiation
studies to observe the structure and evolution of thermodynamic and kinematic
properties of the air masses in the vicinity of the radar-detected convergence
lines through the combined use of the remote sensors, aircraft, and a dense
surface mesonetwork. Soundings from three mobile units of the type described
in the preceding section will also be important components of the field program.
The mobile soundings will supplement soundings from four NCAR Cross-Chain
LORAN Atmospheric Sounding Systems (CLASS) positioned at fixed sites.

Several CSD personnel have played an active role in establishing the goals
of the CINDE research and in planning important aspects of the field phase.
Fankhauser is a member of the experiment's scientific steering committee and
will also serve as principal investigator in directing the activities of the NCAR
King Air research aircraft. Wade is a principal investigator responsible for the
design and operation of the NCAR portable automated mesonet (PAM) as well
as the sounding program. C. Knight has outlined and will implement a cloud
photography program, and Clark has advanced the interests of numerical modeling
in the experimental design and conduct.

Convection Initiation Studies with CCOPE Data

Following the recognized precept that deep convective clouds and storms often
develop along pre-existing convergence zones in the low-level wind field, a study
involving the participation of Fankhauser, Wade, and Xu was initiated with
CCOPE surface mesonetwork and radar measurements to investigate correlations
between the evolution of moisture flux convergence in the boundary layer and the
development of rain-producing convection as determined from radar reflectivity.

One of the primary objectives of these studies is to determine how the resolvable
scales of boundary-layer convergence relate to the convective phenomena that may
or may not develop on a given day. Objective analysis of surface wind observed at
a spatial resolution of 20 km or less limits results to convergence features of similar
or greater dimension. Cases chosen for initial analysis are therefore ones where
convective activity in the form of a radar echo above some reasonable threshold
affects a significant portion of the 170 km x 140 km area covered by the raw surface
measurements. Results from five events analyzed to date corroborate earlier work,
exhibiting a lagged-phase relationship between the evolution of areally integrated
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water vapor flux convergence and precipitation production as defined by spatial
integration of radar reflectivity patterns near or below cloud base height. In all
cases peaks in rainfall production are preceded by periods of enhanced water vapor
flux convergence, with the period of the phase lag being on the order of 30 to 45
min.

Since significant boundary-layer convergence may persist without subsequent
convective cloud development, it will be necessary to contrast convergence
magnitudes observed on days with and without deep convection before the
predictive values of these results can be fully evaluated.

Explanation of Hawaii Cloud Bands

During the summer of 1985, the Joint Hawaii Warm Rain Project (JHWRP)
collected an extensive set of aircraft, rawinsonde, and photogrammetric data of
the clouds, airflow, and precipitation features near Hilo on the island of Hawaii.
The JHWRP focused on early-morning cloud bands that were present nearly
every day 10 - 50 km east of Hilo (windward side of the island). These clouds
form due to the interaction of the trade winds with a large island barrier, and
they contribute substantially to the large amounts of rainfall experienced on
Hawaii (up to 800 cm/year). In order to understand the physical mechanisms
governing the evolution of the event, Piotr Smolarkiewicz and Rasmussen have
conducted a series of numerical experiments. Their experiments demonstrate that
the formation and evolution of the band clouds may be described and explained
in terms of a low-Froude-number regime of flow around the three-dimensional
obstacles. The experiments indicate that Hilo's band cloud forms in a dynamically
created quasi-stationary low-level convergence zone due to the interaction of the
air flow with the island of Hawaii. The position, strength, and evolution of
this convergence zone and the associated band cloud are modulated by the local
thermodynamical surface-layer forcing and details of the topography and the
environmental sounding. These modulations are superimposed on the primary
effect caused by the dynamics of a strongly stratified fluid flow around the isolated
mountainous island. The evolution of the band cloud depends critically on the
environmental conditions. The trade-wind soundings resulting in a low-Froude-
number regime of flow produce a well-defined band cloud developing offshore of
Hilo. An increasing Froude number will tend to induce a stronger band cloud
forming closer to the shoreline. Further increase of the Froude number leads
to disappearance of the well-defined band structures and the formation of an
orographic cloud covering the entire eastern slopes of the volcanoes. The results
obtained compare extremely well with observations and related laboratory tank
experiments. Smolarkiewicz and Rasmussen's results will play an important role
in the planning of the next Hawaiian expedition (1988).
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Dynamics of Radiation Fog

In the cooperative project with Garland Lala and David Fitzjarrald (State

University of New York at Albany [SUNYA]), Smolarkiewicz is addressing the

problem of formation and evolution of radiation fog. A numerical modeling
approach is undertaken in parallel with analysis of data from ongoing series

of field experiments at SUNYA. Previous theoretical studies of radiation fog

have focused on the complex nature of the infrared radiative transfer and on

the details of the microphysical processes while underemphasizing the role of
dynamics by incorporating one-dimensional K-type parameterizations. To date,

such parameterization approaches have little predictive ability. In contrast, Lala,
Fitzjarrald, and Smolarkiewicz addressed the problem assuming that the major

effort should be focused on the dynamics of the fog and that only the basic energetic

aspects of the radiative cooling and microphysics need to be represented in the

system. They established a series of fine-resolution numerical experiments with

parameterized microphysics and radiative cooling. These experiments are similar
to the Bainard-type convection model, but radiative cooling drives the convection.

The preliminary results are quite encouraging. The model reproduces the observed

(30 September 1982 case) thickness and liquid water content reasonably well as

well as the tendency for the fog to grow explosively just after sunrise. The
results also indicate that the fog exhibits an organized convective structure that

depends on the environmental stability and shear profile. Linear model calculations

suggest that several hours prior to fog formation the fastest growing mode in
the given environment coincides with the ultimate thickness of both the observed
and simulated fog. This suggests that bulk properties of radiation fogs may be

understood by considering the normal mode response of the early-evening stable
boundary layer structure and that the evolution may be represented in a relatively

simple physical framework. These findings have important implications for fog
forecasting. Plans are currently under way for the next field phase at SUNYA.
Results from the numerical simulations will play an important role in the design of

the observational network.

Cumulus Cloud Systems: Entrainment and Mixing,
Droplet Spectra, and Downdraft Initiation

Buoyancy and Detrainment in Cumulus Clouds

In this cooperative project Christopher Bretherton (University of Washington)
and Smolarkiewicz address the issue of redistribution of heat and moisture by
deep buoyant convection, which is central to the parameterization problem. The
origin of air entrained into the cloud and the preferred levels of detrainment were
diagnosed using numerical experiments. The experiments focused on dynamical
realizations of an isolated slab-symmetric, deep, arbitrarily nonprecipitating cloud
for several different soundings with a considerable degree of conditional instability.
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They found that the long-term evolution of the isolated cloud was dramatically
influenced by fairly small (2 K) changes in the sounding even when there was
a great deal of conditional instability. For certain soundings the cloud could
persist for many hours. Persistent mid-level outflow at certain heights, depending
on the sounding, was balanced by inflow at other heights. These motions
sustained compensating vertical motions in the environment, which brought an
ever-widening region around the cloud into buoyant equilibrium with the cloud.
These results were consistent with the analytically evaluated linear response
of a stratified fluid to an imposed localized buoyancy perturbation. Using
passive tracer techniques Bretherton and Smolarkiewicz demonstrated that for the
persistent cloud the entrainment (flux of unsaturated air into the cloud) was much
more uniformly distributed with height than detrainment (flux of air out of the
cloud due to evaporation or mixing), which was strongly concentrated at the levels
of outflow around the cloud and dropped almost to zero at levels of inflow into
the cloud. Future work on this topic will consider the effects of precipitation and
three-dimensional dynamics.

Initiation and Evolution of Microbursts

Tuttle participated in the Microburst and Severe Thunderstorm (MIST) field
program held near Huntsville, Alabama, during the summer of 1986 to study the
initiation and evolution of microbursts in a moist environment. Working with
Bringi and Vivekanandan, Tuttle has started data reduction and the analysis of
multiple-Doppler radar data for several of the storms known to have produced
microbursts. Preliminary looks at the data have indicated that storms in the MIST
experiment area develop precipitation initially by collision-coalescence processes
(evident by high ZDR values) followed later by glaciation as the storms reach higher
altitudes. Work will continue toward investigating the initiation of microbursts
using multiple-Doppler radar data in conjunction with aircraft and multiparameter
radar microphysical information.

Entrainment and Fine-Scale Mixing

Much of the recent data on the evolution of cloud droplet spectra have been
recorded using 1-s averages from the Forward Scattering Spectrometer Probe
(FSSP) on aircraft. Averages are obtained over about 50 to 100 m, depending
upon the speed of the aircraft. Ilga Paluch, working with Darrel Baumgardner
(ATD), has been analyzing high-resolution measurements of droplet concentrations
made in two storms in Colorado. Droplet concentrations were measured over
2-m distances (50-Hz sampling rate), and the time intervals between droplet
arrivals were used to deduce the dominant local concentrations over 10-m sampling
distances.

The fine-scale measurements of cloud droplet concentration and size reveal
that there is a high degree of nonuniformity in droplet concentration and patches
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of clear air over distances of meters and tens of meters in mixed-cloud regions.
They also show a nearly constant modal diameter at the large-droplet peak in
the condensation spectrum regardless of major variations in the dominant local
concentration, except in downdrafts where occasionally some decrease in the modal
diameter is observed. No increase in the maximum droplet size with increasing
dilution of droplet concentration was found. The absence of large droplets in
diluted cloud volumes and the nearly constant modal diameter at the large droplet

peak indicate that mixing does not promote droplet growth, which would be

predicted if one assumes there are uniformly mixed air parcels on the scale of
hundreds of meters that maintain their identity while traveling up or down in the
cloud.

The observed small-scale variations in droplet concentration and the presence
of droplet-free regions in mixed cloud volumes are qualitatively consistent with

the mixing process described by J. E. Broadwell and Robert Breidenthal (1982)
in work at the California Institute of Technology and by Marcia Baker and her
colleagues at the University of Washington (1984). The present data indicate that

the bulk entrainment of clear air into the cloud takes place more efficiently than
does fine-scale mixing that produces complete homogenization on a molecular
scale. Thus, the entrainment process may be viewed as a two-step process: bulk
entrainment followed by fine-scale mixing, with a time lag between the two. It
is important to determine what this time lag is, because it could have significant
consequences. It could affect cloud dynamics, because it should govern the rate of
evaporation during mixing and the associated changes in buoyancy which may lead
to the development of penetrative downdrafts. The time lag should also govern the
rates of scavenging and chemical reactions involving cloud and entrained air, and
it should determine how uniformly seeding material is dispersed within a cloud.

The reason mixing was not observed to promote droplet growth may be related
to the patchy nature of the mixing process. The observations indicate that the
diluted cloud volumes are too small and will be destroyed by mixing before they
can ascend enough to produce a significant increase in droplet size. In cases of a
very high degree of dilution, the combined effects of low droplet concentration and
turbulent velocity fluctuations should lead to high supersaturations, causing many
new droplets to be activated. Thus, the growth of small concentrations of large
droplets will be suppressed. This may explain why enhanced droplet growth was
not commonly observed in the CCOPE clouds studied by Paluch and C. Knight.
Both the clouds studied here, and the CCOPE clouds were highly continental.
Thus, mixing does not appear to play an important role in the initiation of droplet
growth by coalsescence in continental clouds; however, this conclusion may not
apply to maritime clouds.

The present observations indicate that the entrainment parameterizations in
numerical cloud models need reexamination. They also question the usefulness of
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one-dimensional mixed parcel models (at least insofar as they attempt to simulate
microphysics in continental clouds), since neither the "parcels" nor the predicted
enhanced droplet growth are commonly observed.

A Millimeter-Wavelength, Airborne Doppler Radar

Several recent research developments have pointed toward a need for more
information on cloud structure at a scale of tens of meters. There is strong
evidence that downward entrainment of dry environmental air into the tops of
High Plains cumulus clouds is fairly common. The form of this entrainment
and subsequent mixing of dry and cloud air will clearly have an impact on the
dynamical and microphysical evolution of the cloud. The history of cloud droplet
size distributions obtained from aircraft measurements is being used by several
investigators to deduce properties of the entrainment and mixing processes. The
thermodynamic analysis of Paluch and a number of subsequent applications of
that analysis method indicate that mixing may extend several kilometers into the
body of the cloud. Gary Klaassen (a former CSD visitor now with the University
of Toronto) and Clark have recently demonstrated that cloud entrainment and
mixing processes are accessible to detailed numerical modeling, results of which
obviously must be compared with proper cloud observations.

Ground-based multiple-Doppler radar analysis usually cannot resolve features
smaller than a few hundred meters. Measurements from vertically pointing,
ground-based radars capable of resolving the expected small-scale motions suffer
from the fact that clouds must advect past them to yield any meaningful
spatial information. During this time temporal changes occur and become
indistinguishable from spatial changes. To overcome these measurement problems,
L. J. Miller and C. Knight have proposed that a relatively simple, vertically
pointing, millimeter-wavelength Doppler radar suitable for use on an airborne
platform be developed. Aircraft can traverse clouds in -0.5 to 0.8 min compared
with cloud advection times of -5 to 8 min past a stationary radar. Such
short-wavelength radars, while affording the opportunity for excellent resolution,
suffer from significant attenuation by both atmospheric gases and liquid water
since there are several prominent molecular absorption lines in this part of the
frequency spectrum.

In order to determine the necessary radar characteristics and to evaluate the
expected system performance, L. J. Miller developed a cloud and radar system
model that incorporated attenuation by oxygen, water vapor, and cloud liquid
water and backscattering by the cloud droplets and ice crystals. This model
was used to perform pertinent calculations at several possible wavelengths. A
workshop was convened by C. Knight in July to discuss the proposed radar system
with other scientists interested in cloud entrainment and mixing studies. The
main purposes of the workshop were to exchange ideas and to determine the
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most desirable radar characteristics, given the constraints imposed by hardware,

attenuation, and cloud backscattering properties. A downward-looking, 8.6-mm

wavelength Doppler radar in an aircraft overflying clouds at -500 m above their

tops appears to be the appropriate system. L. J. Miller and Fink, with occasional

consultation with ATD engineers Charles Frush, R. Jeffrey Keeler, and Grant

Gray, are now pursuing hardware specifications to build such a radar with an

antenna having a beamwidth of approximately 0.3 to 0.6° and sufficient sensitivity

to detect clouds with reflectivities of about -40 dBZ (dB relative to a mm6 m - 3)

at a range of 1 km, corresponding to 0.1 g m-3 of 8 am water drops. Such a

radar should penetrate modest cumulus congestus clouds and provide pulse volume

dimensions of approximately 10 to 20 m on a side near cloud tops increasing to

about 50 to 60 m at their bases.

The radar system will then be able to obtain measurements of the average

values of cloud reflectivity and vertical air motion at scales larger than those of

the radar pulse volume in unprecedented detail within two-dimensional vertical

planes along the aircraft flight path. Variability in motions (turbulence) at smaller

scales will also be obtained through the width of the Doppler velocity spectrum,

after correction for effects associated with the motion of the aircraft. These

new measurements will be invaluable in the formulation of empirical models of

entrainment and mixing and comparison with numerical modeling results.

Radiometric Studies of Clouds

Tomographic Cloud Liquid Water Measurements. The dual-beam,

31.65-GHz radiometer, which had been installed in the Electra aircraft, was

used off the coast of Louisiana in October and November in a field program

directed by Jack Warner. The purpose of the program was to measure cloud

liquid simultaneously by the tomographic technique and in situ from the King Air

aircraft. The King Air carried the CSIRO liquid water probe, a forward-scattering

spectrometer probe, and a one-dimensional optical array probe, all manufactured

by Particle Measuring Systems. Both aircraft were stationed in New Iberia,

Louisiana. After several days of preliminary testing Hurricane Juan developed in

the Gulf of Mexico, preventing operations until 1 November. Its dissipation was

followed by clear skies or thin cloud until a cold front passed on 6 November.

During the next three days there were good cloud conditions about 150 km

offshore, and the King Air made 116 cloud penetrations in 20 clouds, while the
Electra completed 66 runs below their bases.

After the calibration and reduction of the King Air data (by RAF) and
the Electra data, tomographic retrievals were supervised by James Drake (CSD
visitor). The variability of liquid water throughout the clouds was higher than
anticipated. This limited the useful resolution in tomographic retrievals to 500-m
scales and, in conjunction with uncertainties in the relative positions of the two
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aircraft, ruled out a direct comparison between the tomographic estimates and in
situ measurements. However, statistical intercomparisons made by Warner found
excellent agreement between the two types of measurement.

Development of Retrieval Methods. Drake developed a quasi-Newton
nonlinear least squares inversion algorithm to replace the previous method, which
was based on a relatively crude procedure of successive substitution. He applied it
in simulation studies of ground-based and airborne cloud tomography to determine
the accuracy attainable in various conditions. Some simulations of low-resolution
retrievals of liquid from one-dimensional (i.e., slab symmetric) clouds were also
performed. The analytic properties of the inverse of the appropriate radiative
transfer equation were also studied numerically.

Evaluation of the OPHIR IR Temperature Sensor

Extensive flight trials of the OPHIR infrared temperature sensor were conducted
as a part of Warner's field program in Louisiana during October and November.
Loren Nelson (OPHIR Corp.) and William Cooper (ATD), along with Warner
and Dye, were involved in the tests. Analysis of the cloud penetration data by

Nelson and Todd Cerni (OPHIR Corp.), Cooper, and R. Paul Lawson (University
of Wyoming) shows a differential in temperature between in-cloud measurements
of the infrared sensor and the reverse flow and Rosemont immersion sensors of
up to 1°C for liquid water contents of about 1 g m-3; the immersion sensors
read colder. These and flight and laboratory tests conducted by Lawson suggest
that the two immersion sensors had been wetted. The infrared temperature
excess compared with the immersion sensors was self-consistent, and the infrared
instrument appeared to be giving a a valid measurement of the true in-cloud
temperature. The RAF is now offering the instrument to users in order to obtain
additional experience with it.

Model Development and Parameterization

Development of Numerical Methods for Oceanic Modeling

A collaborative project between Smolarkiewicz and Rainer Bleck (University
of Miami) addresses the problems of development of an accurate numerical
algorithm for salinity transport in hydrostatic oceanic models. When they
apply the advanced, monotonicity or sign-preserving, nonlinear numerical methods
to the salinity transport equation, some new problems appear. One problem
is determining the appropriate coupling between the hydrostatic continuity
equation and the transport equation for the dynamically active scalar variables.
Smolarkiewicz and Bleck formulated a sufficient-condition theorem for preservation
of the constant salinity in the conservative formulation of the hydrostatic ocean
model. The key is to utilize the same advection scheme for all variables coupled by
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the depth of the ocean. The choice of advection scheme is limited to those which
have fluxes linear with respect to a multiplicative constant. The latter point is
nontrivial for the nonlinear algorithms. These theoretical predictions are going to
be verified by means of numerical experiments performed on the full ocean model.

Parameterization of Ice Microphysics

Over the past year William Hall has extended the precipitation parameter-
ization in Clark's nested-grid cloud model to include ice microphysics. This
work provides more realistic precipitation growth and microphysical evolution
characteristics into the cloud model in order to further our understanding of
the interaction between dynamical processes and precipitation development within
modeled storm systems. The basis of the current ice parameterization is from
the work of Koenig and Murray. This approach has many significant advantages
over other approaches in that it allows explicit treatments of ice nucleation, ice
particle riming and diffusional growth rates, and ice melting. This is accomplished
by allowing each ice particle class (i.e., snow, graupel, etc.) to be represented
by its number concentration and mixing ratio while assuming a Marshall-Palmer
exponential size distribution. This permits the determination of characteristic
ice particle sizes and fall velocities needed to explicitly treat the microphysical
processes. This parameterization can be used to study the influence of ice
nucleation on precipitation development and the role of cloud dynamics on ice
evolution due to the various particle growth mechanisms and trajectory recycling;
it will also help to further understand how the ice-phase melting may contribute
to downdrafts, gust front formation, and maintenance of boundary-layer density
currents.

Parameterization of Cirrus Cloud Ice
Mass in Community Climate Model Studies

In 1983 Veerabhadran Ramanathan (AAP) and his colleagues emphasized
the importance of representing cirrus radiative effects realistically in community
climate model (CCM) simulations. Other studies have also shown that cirrus
clouds have a major effect on the earth's radiative budget. The radiative
effects on these clouds are dependent upon the cloud microphysics, and until
now microphysical measurements in these clouds have not been incorporated into
radiative schemes. Heymsfield and Leo Donner and Jeffrey Kiehl (both of AAP)
have been working on a scheme to specify cirrus cloud ice-water content and
radiative effects in the NCAR CCM. This is based on microphysical measurements
obtained in the 1970s in deep stratiform ice clouds. Testing of the schemes in
the CCM is now under way. These researchers hope to perform sensitivity studies
to evaluate the effects of cirrus on CCM predictions and to assess the accuracies
needed for future specification schemes. They also plan to incorporate data from
the FIRE experiment, relating cloud albedo to ice-water content in the scheme.
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Cirrus Cloud Radiative Feedback

One of the objectives of FIRE is to characterize relationships between cirrus
cloud properties inferred from satellite observations at various scales, and those
observed directly from aircraft, surface-based lidar, and passive radiometric
instrumentation. Heymsfield and Thomas Ackerman (NASA Ames) are developing
equations to use microphysical data from FIRE to estimate the vertical distribution
of cirrus cloud radiative heating/cooling rates. They are using classical radiative

transfer theory in their analysis, taking into account multiple particle scattering.
Using cirrus cloud microphysical data obtained in the past, they have found that
heating rates of 20°C/day can occur at cirrus cloud base and -20°C/day at top.
This distribution of heating/cooling can lead to convection and maintenance or
growth of cirrus clouds. The FIRE data will add greatly to an understanding
of the possible dynamical effects produced by radiative heating/cooling, since
heating/cooling rates have been measured and microphysical and thermal data
have been concurrently obtained.

Selected Topics in Microphysics

Hailstones as Cloud Water Composition Probes

In a cooperative program with Lorne MacGregor and Hal Marshall (Washington
State University), N. Knight has conducted a preliminary investigation of the
possibility of using hailstones as natural probes of cloud droplet chemistry.
The first chromatographic analyses of chloride, nitrate, nitrite, sulphate, and
oxalate in hailstones previously collected and stored showed statistically significant
correlations between chemical content and growth temperature as well as suggesting
that the freezing process may retard chemical reactions in some species. Further
work, using hailstones that have been freshly collected, is projected.

Giant Nuclei in Hawaii

As part of the JHWRP, which was conducted in Hawaii during July and August
of 1985, Dye made measurements of giant sea-salt nuclei in the air surrounding
clouds being investigated by the Wyoming King Air. The technique of impacting
the nuclei on oil-coated glass slides and then exposing the slides to a known
controlled humidity of 97% was very similar to that used by Woodcock in the early
1950s. Likewise, the results were similar to those found by Woodcock, namely,
that giant sea-salt nuclei concentrations decrease with altitude and increase with
wind speed. Concentrations sharply dropped off above the trade-wind inversion
except for a few days after a hurricane had passed through the area. In this case
the concentrations at both low and high altitudes were enhanced.

As part of this experiment slides were exposed upwind of wave clouds in which
Cooper, Baumgardner, and Dye were studying the evolution of the droplet spectra.
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In these cases the concentrations of giant nuclei were quite low. The presence of

giant nuclei was not responsible for the rapid growth of the droplet distribution
tail, which was sometimes observed.

Nucleation on Cylindrical Nuclei

C. Knight and Weinheimer have performed calculations of nucleation rates
on cylindrical nuclei for the purpose of assessing the effectiveness of biological,
molecular ice nuclei. The calculations are analogous to those by Fletcher for

spherical nuclei (although new and interesting conceptual problems arise with the
cylindrical geometry). Protein molecules are often linear and have been implicated

as natural, biogenic ice nuclei, some active at very small values of supercooling.
The calculations show, however, that the minimum radius of a cylinder that causes
nucleation is only about half that for a spherical nucleus, other things being equal.
Thus it turns out that the sizes of the required cylindrical nuclei are too large to

be provided by individual molecules. Something else must be occurring; perhaps
aggregates of the protein molecules do the actual nucleating.

Protein Antifreeze Studies

C. Knight has continued his research interest in protein antifreezes found
in polar fish and some insects. During the past year, the work has been in
collaboration with scientists outside NCAR, and has involved recrystallization
studies, freeze-etch electron microscopy studies, and studies of the orientation
sensitivity of the adsorption using tritium-labeled antifreeze. The most significant
result, yet to be published, is that the high-molecular-weight antifreeze fraction
adsorbs very strongly onto ice surfaces parallel or nearly parallel to the prism
plane, but weakly elsewhere. This is an important clue to just how the antifreeze
effect is produced, which is yet to be fully explained.

Aerosol Scavenging

The collaborative work between Andrea Flossmann (Gutenberg University,
Mainz, Federal Republic of Germany) and Hall on aerosol scavenging calculations
within Hall's detailed microphysical two-dimensional cloud model has progressed
over the last year. This year's work has improved our understanding of the relative
rates at which atmospheric aerosols are scavenged by cloud and precipitation
particles in and below precipitating clouds. Hall and Flossmann also made
progress in treating the scavenging of gases by cloud and rain drops and tested the
new methods within a simple parcel framework.
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Staff and Visitors

Staff

Division Director's Office

Toni Biter
Kirsten Ferris
Christian Host
Rachel Jones
John Warner
Edward Zipser (Director)

Cumulus Systems Section

Terry Clark (Acting Head)
G. Brant Foote (Temporarily Assigned to ATD)
Sudie Kelly

Small Scale Dynamics and Modeling Group
Terry Clark (Leader)
William Hall
Jean-Philippe Lafore (Long-Term Visitor)
Piotr Smolarkiewicz

Convection Initiation and Evolution Group
Cleon Biter (Temporarily Assigned to ATD)
James Fankhauser (Leader)
Harold Frank (To 27 December 1985)
Carl Mohr
Edward Szoke
John Tuttle
Charles Wade

Entrainment, Electrification, and Precipitation
Physics Section

Frances Huth
Charles Knight (Head)

Entrainment, Mixing, and Precipitation Physics Group

J0rgen Jensen (Long-Term Visitor)
Charles Knight (Leader)
Nancy Knight
Ilga Paluch
Joanne Parrish

Doppler Project Group
Charles Knight (Leader)
L. Jay Miller
William Roberts

Electrification Group
Daniel Breed
James Dye (Leader)
Brendan Ruiz
Andrew Weinheimer (Long-Term Visitor)

Engineering Support Group
Jeffrey Bogen
Thomas Brokaw
Jack Fink (Leader)
Michael Spowart

Mesoscale Interactions Section

Sudie Kelly
Mitchell Moncrieff (Head) (Long-Term Visitor)

Mesoscale Convective Systems Group
Theo Antoniou
Gary Barnes
Margaret LeMone (Leader)
Thomas Matejka
Gregory Stossmeister
Lesley Tarleton
Robin Vaughan

Radiative Interactions Group
Andrew Heymsfield (Leader)
Karen Miller
Robert Sabin

Visitors

Thomas Ackerman, NASA-Ames, May to August 1986,
Entrainment, Electrification, and Precipitation Physics

Edwin Crow, Unaffiliated, October 1984 to indefinite,
Division Office

James Drake, Unaffiliated, June 1985 to July 1986,
Division Office

Andrea Flossmann, Johannes Gutenberg Universitat,
Federal Republic of Germany, June to September 1986,
Cumulus Systems

Ismail Gultepe, St. Louis University, St. Louis, Missouri,
May to June 1986, Entrainment, Electrification, and
Precipitation Physics

John Latham, University of Manchester Institute of
Science and Technology, Manchester, England, June
to July 1986 and September to November 1986,
Entrainment, Electrification, and Precipitation Physics

Chih-Shiang Liaw, Forecasting Center, Central Weather
Bureau, Taipei, Taiwan, Republic of China, May 1985 to
May 1986, Cumulus Systems
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Bruce Morton, Monash University, Clayton, Victoria,
Australia, November 1985 to January 1986 and March
to July 1986, Mesoscale Interactions

Jan Rosinski, Unaffiliated, March 1982 to March 1987,
Division Office

Kunio Shimizu, Science University of Tokyo, Noda City,
Chiba, Japan, April 1985 to March 1986, Division Office

Matthew Smith, Florida State University, Tallahassee,
Florida, June to August 1986, Cumulus Systems

Yumao Xu, Nanjing University, Nanjing, People's
Republic of China, March 1986 to February 1987,
Cumulus Systems
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The Scientific Computing Division (SCD) provides NCAR's computer users

with top-of-the-line computing resources and services that support broad and

innovative research in the atmospheric, physical oceanographic, and related
sciences. Such support depends upon making large-scale computing available (and
accessible) to NCAR's research community, primarily in the areas of simulation
modeling and analysis of very large data sets. Hence, SCD's principal mission

is to provide sufficient computing power for extensive modeling and data analysis
as well as to furnish storage and archive capabilities for major data collections.
The emphasis is on providing all users with the best-available high-performance
equipment and support services.

Computing support is supplied for independent studies by scientists at NCAR
and at universities engaged in atmospheric research; for joint projects between

NCAR and university scientists; and for national or international programs that

involve university and NCAR scientists. This support mandates that SCD have
available the hardware and software required to carry out these computations,
and that user interfaces exist to ensure that SCDL's equipment and services are
maximally used by the scientists.

To furnish these computing resources and related services for a growing and
sophisticated user community, the division manages 22 computing systems, each

designated for specific activities (e.g., mass storage, front-end systems, data

communications, and input/output device control computers). Figure 1 illustrates
the major computing systems available to atmospheric science at NCAR and
highlights those under divisional management and control as of fiscal year 1986
(FY 86).

Significant Accomplishments

FY 86 was a time of major transition for the division as many computing
systems and services were being enhanced, replaced, and initiated. New facilities
for computing, mass storage, communications, and graphics were introduced while
older systems were being quickly phased out, and the staff was reduced by 17%.
The year was a time of challenge, and the success of this transition was due to
many contributions in planning and design by SCD staff members. The computing
facilities have been greatly enhanced for the community, and services, such as
the new file system, have been designed for growth and enhancement in the next
decade.
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Some of the accomplishments of the division will be highlighted here with more
detailed descriptions of the activity in the section summaries that follow. These
highlights must be viewed in the context of a very tightly planned, coordinated,
and phased transition that sought to minimize the disruption of service to the
community.

* Major Modification of the Computer Room

With the introduction of the CRAY X-MP/48, the computing and equipment
rooms needed substantial enhancement and expansion. A 4,000-square-foot room
was added to the center, and all-new electrical power supplies were installed and
the computer center rewired. New plumbing systems were installed, and equipment
was rearranged and moved into the new space. The timing and coordination of
this activity were carefully planned so that downtime and disruption of service to
users were kept to a minimum.

* Installation of the CRAY X-MP/48

When the CRAY X-MP/48 replaced one of NCAR's two CRAY-ls (Serial
14), a series of software and hardware changes had to be accomplished. A new
operating system, control system, mass storage connection, and network interface
were implemented, and the CRAY X-MP was successfully integrated into the
facility. Users quickly took advantage of this new power, and saturated the
machine on the first weekend of its availability.

* Introduction of the New Mass Store

A new mass store (MSS) was designed and quickly implemented this year to
replace the Ampex Terabit Memory (TBM) System. The design of this system is
very innovative, providing a state-of-the-art file management system to the users.
This system is designed for expansion and connectivity in the next decade, and has
caught the interest of two computer vendors because of its general applicability.
A crucial step was to successfully and quickly copy 1013 bits of data from the
old TBM to the new MSS. This allowed the decommissioning of the TBM with a
substantial cost savings to the division. While the new system is not yet entirely
complete, it is already supporting the storage needs for the users of the center.

* Introduction of High-Speed Networks

Recognizing the importance of communications to our university users, the
division has begun to implement gateways to high-speed national networks. SCD
now manages a pilot University Satellite Network (USAN) which has so far been
connected to five of the seven universities specified in the proposal. We have also
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installed a node at NCAR on the NSFnet backbone network. We will expand
communication service to other networks as the needs of the community demand.

* Enhancement of the Graphics System

Both the hardware and the software of the graphics system have been enhanced
to meet the growing demands of its use. The graphics software has been
redesigned to run with a new graphics kernal system (GKS). This will allow the
NCAR graphics package to run on many different computers and enable future
development of a wide variety of enhancements. This new package has been
distributed to over 150 sites across the country.

The additional computing resources of the CRAY X-MP will substantially
increase the production of user graphical output, so plans are under way to
enhance the output production of microfilm, microfiche, and laser printer graphics.
An IBM 4381 will manage the cameras and printers, and the software conversion
to this more powerful computer is planned for 1987.

Organization

The division has five sections, each with specific functions that address the
broad service requirements demanded by NCAR's research community. Figure
2 shows the current organization structure of the division. The USAN project
continues to be attached to the Division Director's Office because of the division-
wide scope of the project.

FIGURE 2
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FY 86 Computing Support Provided

Projects that receive computing support from the division are divided into
three categories:

1. University projects

2. Joint NCAR/university projects

3. NCAR projects

Table 1 gives the number of projects, by category, that received support during
FY 86. Table 2 illustrates the use of the CRAY computers in General Accounting
Units (GAUs). (The GAU is a weighted sum whose value is a measurement
of the amount of computing resources used in the execution of a job on the
CRAY computers, based upon such factors as CPU [central processing unit] hours
consumed, amount of time in memory, and the number of times the mass store
was accessed.) Figure 3 shows the percentage distribution of computing resources
as a function of broadly defined scientific disciplines pursuing research at NCAR.

Systems Section

The Systems Section, managed by Paul Rotar, is responsible for maintaining
the operating systems' software for all SCD computing systems, the MSS, and
the language compilers supplied by vendors. The section also maintains the high-
speed NCAR Local Network (NLN), which is a computer-to-computer network,
connecting computers to each other, and a local data network that connects storage
media, e.g., a disk farm and cartridge tapes, to several computers. The section
provides technical support for proposals to promote the timely acquisition of the
best-available computing technology and for SCD documentation and conferences.

The section is divided into two departments: Large-Scale Systems and
Small-Scale Systems.

The Large-Scale Systems Department, composed of the CRAY Group and
the Mass Store Group, manages the systems that provide users with advanced,
high-speed computing and mass storage capabilities. The department furnishes the
operating system software support for NCAR's CRAY computers and managed
the recently retired TBM mass storage device. It has undertaken the development
of the CRAY X-MP/48 disk farm and IBM 3480 cartridge mass storage system.
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TABLE 1
FY 86 Computer Support Statistics

Category
Number of
Receiving

Projects
Support

New Projects
Advanced

University
Projects

Joint NCAR/
University Projects

NCAR Projects

Total

495 100

112

363

970 159

TABLE 2
CRAY Machine Use in General Accounting Units (GAUs)

Fiscal Year

Category 1985 1,986 1987 (est)

University/Visitors 4,260 4,326 7,800

Joint NCAR/ 2,247 1,923 2,340
University

NCAR 4,693 4,094 9,360

TOTALS 11,200 10,343* 19,500**
. . , ....... ,~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

*CRAY-1A machines were idle for
for the X-MP.

**Total GAUs of the CRAY-1A and

one month due to site preparation

the CRAY X-MP/48.

3

56

--
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Figure 3

Percent Use of SCD Computing Resources
by Area of Scientific Interest
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The Small-Scale Systems Department, which comprises the IBM Front-End
Group, the Graphical Output Group, and the Network Group, oversees the
computing systems that permit users to access the CRAY computers and the mass
store. The three groups provide software development and maintenance support, as
well as enhanced network and graphics software for all of these systems. Members
of the Network Group participated in the development of the experimental USAN

network system software in the first half of the year.

Highlights in Meeting 1986 Objectives

* The preliminary phases of the USAN project were completed resulting in the
following: the overall USAN design; NSF, Vitalink, and university contract
negotiations; NCAR and early university earth station installations; and
initial test connections.

· NCAR's new IBM 3480-based mass storage system was implemented. Both
CRAYs are now capable of writing and reading real user data to and from
3480 tape cartridges. The Master File Directory (MFD) has been fully
implemented and the Journal software (to provide backup and integrity of
the MFD) is in the final check-out phase. A software package to allow users
to obtain and/or modify information about their data sets on the MSS via
the NLN was completed.

* Software to control the offloading of over 100,000 data sets from the TBM to
the new MSS was designed and implemented. The software and offloading
process were continuously monitored during this event. Interface software for
24 IBM 3380 disk drives for the MSS was developed. Additional software
is being developed to incorporate these disks as the primary storage level in
the MSS hierarchy. Software development was begun to allow the transfer of
user data sets over the NLN to and from the 3380 disk farm.

* System software modifications were made to the TBM system to allow the
non-NCAR formatted terabit memory tapes to be read and then transferred
to the new MSS.

* Extensive system software preparations were made for the installation of
the CRAY X-MP/48. Upgrading the new 1.15 CRAY operating system
software release and integrating NCAR-specific code were prerequisites for
the installation. The operating system was developed and checked out first
on the NCAR CRAY-lAs, although the increased memory requirements for
the X-MP prevented its use in production on these machines. This system
version was taken to Chippewa Falls, Wisconsin, and with appropriate
modification, was used for the factory trials of the CRAY X-MP prior to its
shipment to NCAR.
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* The IBM front-end computer was upgraded from two IBM 4341s to one
IBM 4381-14 (a dual-processor). The front-end disks were migrated from
IBM 3370s to IBM 3380s to improve reliability and cost-effectiveness. IX370
(an IBM version of UNIX System V) has been made available for friendly
users as an alternative to using the VM/CMS operating system for program
development.

* NLN system software was generated for the Pyramid and Sun 2 computers
to integrate these systems into the network.

* The VAX/VMS gateway NLN software that allows offsite VAX/VMS nodes
access to the NLN was stabilized and improved.

* A test-bed facility on the IBM 4381 VM system was developed to allow
future NLN improvements to be tested independently of production software.

* Gateway software was designed to connect the NLN and USAN networks.

* Work on moving the graphics systems software to the IBM 4381/MVS
system was continued. This system will process film, fiche, and hard-copy
graphics in addition to the normal print load. The Dicomed cameras have
been attached to the IBM system via a device attachment control unit for
initial testing. Driving the computer output microfilm units from this more
powerful IBM CPU should greatly increase film production.

* System software was integrated for two Xerox 4050 laser printers that were
installed to replace five impact line printers. The new laser printers should
augment SCD's ability to meet increased hard-copy output requirements.

* Floating-point processors were integrated with the Digital Equipment Cor-
poration (DEC) PDP 11/34 processor. This improvement, along with the
FORTRAN 77 compiler, allows the GKS7.2 translator to be brought up on
the DEC system.

Computer Operations and Maintenance Section

The Computer Operations and Maintenance Section, managed by Gary Jensen,
is responsible for the SCD computing hardware on an around-the-clock basis. This
section is divided into three groups: Computer Operations, SCD Maintenance, and
Resource Accounting.

The Computer Operations Group operates the computer hardware and oversees
all maintenance work contracted for with outside vendors. The group includes
the computer operators, mass storage librarian, graphics support staff, and media
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distribution personnel. The computer operators manage the day-to-day operation
of the computer center, including monitoring and resolving user operations-related
problems that may occur, consulting with users, handling over 1,000 IBM 3480 tape
cartridges per day, and maintaining equipment efficiency for smooth operation.
The mass storage librarian manages and controls over 140,000 data files. The
graphics support staff process and distribute approximately 1.2 million film frames
per month. Media distribution staff supply users with printed output, software
packages, and documentation on the operation and use of the center.

The SCD Maintenance Group supports all SCD equipment that is not
contracted to outside vendors, including the DEC PDP 11/70s, satellite and other
communications equipment, disk drives, all network connections, SCD terminals
and personal computers (PCs), Dicomed film output cameras and preprocessors,
and all inter-connections for this equipment.

The Resource Accounting Group designs and operates an extensive database to
monitor the allocations of and accounting for SCD resources.

Highlights in Meeting 1986 Objectives

The major accomplishment of this section, requiring the efforts of the entire
staff, was completion of the site preparation work for the installation of the
CRAY X-MP/48. A new 4,000-square-foot underground equipment room was
constructed on the north side of the computer center, and all electrical support
equipment was moved to this new area, including new motor generators for the
X-MP. The computer center was completely rewired and a new grounding system
installed. New plumbing for air-conditioning was installed for the X-MP, and a
back-up chilled-water system was connected. All building transformers containing
PCBs were replaced. A second, three-phase primary power source was run from
the bottom of the NCAR hill to the new equipment room. The uninterruptible
power supply that provides emergency power for the communications equipment,
front-end computers, and the telephone system, was moved to this new room. A
new switch gear was installed that enables operators to switch from one power
source to the other in 1/100th of a cycle. Numerous sensing and monitoring
devices were installed to control all new equipment.

A far-reaching effect of this effort is that the Colorado Public Service Company,
while reluctant at first to energize the new power switching system, is now studying
the NCAR site dual-feed arrangements with an eye toward reducing power outages.

* Collaborated with the Systems staff in the offload of all data files stored on
the TBM onto the IBM 3480 tape cartridge device.

* Successfully integrated the IBM 3480 tape cartridge device into the normal
operation of the center. This effort included purchasing tape cartridges and
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racks, providing staff training and documentation, and moving the actual
TBM data to the tape cartridges.

* Increased physical security of the center by redesigning the input/output
area. Plans for redesigning other entrances to the computing center for
security purposes were also made. A new policy has been implemented that:
(1) restricts visitors to the computer center from carrying any packages or
cases; and (2) requires all contract personnel be escorted into the center,
be introduced to the operators, and have their equipment inspected by
the Physical Plant Services staff. The number of tours given inside the
computing center has been reduced, and the goal is to limit access to the
computer room.

* Further enhanced the Gandalf PACX system by purchasing additional termi-
nal and port boards to complete the remaining connections in anticipation of
the full PACX capability requirement in FY 87.

* Successfully completed the experimental phase of establishing high-speed
satellite interconnections to five university sites. The SCD Maintenance
Group installed ethernet cable throughout the Mesa Laboratory, installed the
Vitalink and three translan nodes, and helped with the installation, wiring,
and cabling of the satellite dish. Staff tested the entire hardware system and
coordinated testing and qualification of remote sites as they came on-line.

* Developed the computer accounting database system utilizing IBM's Struc-
tured Query Language (SQL) software. (SQL is a relational database that
can be easily modified and updated.) Development included designing the
structure of the database, establishing procedures for its maintenance, im-
plementing the tools for updating the accounting transactions, and providing
back-up, recovery, and security procedures. Routines were written to transfer
data from the old system to the SQL system. Both database systems were
run in parallel for integrity checking.

* Made extensive changes to the computer accounting programs to reflect the
new GAU charging algorithm that became effective on 1 December 1986.
The algorithm includes charges for CRAY X-MP use and data storage, hours
in central memory, DD49 activity, storage of data on the X-MP Solid State
Storage Device (SSD), IBM 3380 and 3480 activity, and incorporates a new
job class structure containing 12 job classes. The User Masterfile (UMF)
and shell programs were modified to include additional weights for X-MP
accounting and class code multipliers for adjusting GAUs based on job class.

* Completed development on the Sun Microsystems, Inc., computer of the
Troll database system, which contains user mailing list data. Information was
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updated extensively using various data files from the SCD Administrative
Office, the UMF, and other current user mailing lists.

User Services Section

The User Services Section, managed by Dee Copelan, is committed to the
goal of increasing the researchers' ability to produce high-quality scientific work
through more effective use of advanced computational facilities and techniques.
Section staff are responsible for liaison between the research community and SCD
by providing tools and services that make the computing environment both easier
to use and more specific to the needs of the atmospheric and related sciences.
To meet these challenges, User Services has been organized into four groups:
Consulting, Training and Documentation, Software User Libraries and Product
Development, and Networking and Data Communications.

The Consulting Group provides a single point of contact for solving time-critical
computing problems and for responding to both general and specialized requests
for advice on optimal usage of computing techniques and facilities.

The Training and Documentation Group provides users with current infor-
mation on computing features and capabilities through multi-media training and
documentation efforts to increase user independence and efficiency.

The Software User Libraries Group acquires, manages, and maintains 1,500
special-purpose software library packages and utilities. The Software Product
Development Group develops and manages major software products, most notably
the NCAR Graphics Package, to meet user needs unique to the atmospheric and
related sciences.

The Networking and Data Communications Group plans, installs, and supports
all local and remote communications access to the NCAR supercomputers via
national, regional, and local-area networks. Networking technology solutions
provided by the group are fundamental to establishing a successful distributed
supercomputing environment.

Highlights in Meeting 1986 Objectives

In spite of a staff reduction in 1986, User Services has made progress and
significant achievements in many areas.

* Prepared for the installation of the new CRAY X-MP/48 on several levels.
The staff contributed to the testing effort of the new CRAY operating
system and the new CRAY FORTRAN compiler by helping to debug the
new software with trouble reports sent back to Cray Research, Inc., and
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by developing skills in using the new software for more effective support
upon release to the user community. During this test period, the staff
converted users' programs to run on the new machine, chaired an X-MP
integration task force to help isolate and resolve problems, attended Cray
User Group meetings to learn how to increase effective user support, and
began developing their skills in multi- and microtasking skills needed to
properly use the four-processor capability of the new machine. The staff
converted all library software which ran on the TBM to run on the new IBM
3480 cartridge system.

* Provided testing, benchmarking, software, and documentation support for
the upgrade of the front-end computers from the IBM 4341 to the IBM 4381.
The Remote Spooling Communication Subsystem was modified. A manual
detailing access to NCAR through the front-end computers was revised and
distributed.

* Connected five universities to NCAR as part of the USAN project, including
the Universities of Maryland, Michigan, Wisconsin, Illinois, and Miami. User

Services installed the NSFnet backbone node at NCAR with connections to
the San Diego Supercomputer Center, the National Center for Supercomputer
Applications, and Cornell University. In response to a merger between
UNINET and Telenet, a major conversion from UNINET's X.25 packet-
switching service to Telenet service was also accomplished.

* Completed the conversion of the NCAR Graphics Package to the new GKS
standard and distributed Release 1.0. The GKS version of NCAR graphics
represents a major step toward standardization of the software for increased
portability to user machines. New codes include a computer graphics metafile
translator package, the System Plot Package Simulator, and the level OA
GKS package. The full set of high-level utilities and test drivers has been
recoded to be FORTRAN 77 and GKS compatible.

* Implemented a new document production system using computerized type-
setting software and laser printer hardware to generate technical manuals
and The Record monthly newsletter. The new system provides increased
capabilities for handling difficult equations using Greek symbols, subscripts,
multiple font sizes, italics, and true boldface type. Introductory SCD docu-
mentation was completely revised to reflect current changes in the computing
environment. Fifteen new technical documents were developed to aid users
on more specific topics such as data communications.

* Developed a set of user-level utilities offering new file management capabilities
on both the IBM front-end computer and the CRAY computers. These
utilities provide a starting point for the development of uniform interfaces on
all machines at NCAR to facilitate computing for the user community.
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Advanced Methods Section

The Advanced Methods Section, managed by Paul Swarztrauber, provides
expertise in mathematical analysis, numerical methods, and algorithm design to
help NCAR's users obtain solutions to their physical problems in the atmospheric
sciences using the most robust, accurate, and efficient methods.

In support of this mission, the section monitors and performs research in

areas of interest to the atmospheric community and provides consultation to

users on both the theoretical and practical questions that arise in solving their
problems. The staff maintains knowledge and experience in the efficient use of

current supercomputer resources and investigates new developments in computer
architectures to assess their relevance to NCAR's needs. Section staff provide the

expertise necessary to review and assess researchers' requests for computing time

at NCAR. Software packages are developed for computations that are frequently
encountered in the atmospheric sciences.

Highlights in Meeting 1986 Objectives

* Organized the NCAR 1986 Summer Supercomputing Institute (SSI) which

was funded by NSF's Office of Advanced Scientific Computing. Karen
Friedman, of SCD's Systems Section, served as the SSI Local Arrangements
Chair. Participants included 25 graduate students, postdoctoral fellows,

and junior faculty from universities throughout the country. Ten faculty

members from the university and private sectors presented a total of 45 hours
of instruction on topics that included supercomputer architectures, parallel

and pipeline algorithms, graphics, vectorization and multitasking, languages

and software tools, communications and networking, and software for super-

computer applications. A special presentation on advanced supercomputing
graphics was given by Digital Productions.

* Processed requests for computing time that were received from university

users nationwide. The requests account for 40% of the computer resource.
All requests were subject to peer review, and large requests were also
reviewed by the SCD Advisory Panel, which meets twice a year. The staff
selected appropriate reviewers and prepared materials for the panel meetings.

* Announced development of a package, consisting of seventeen FORTRAN
programs capable of vectorizing on the CRAY X-MP/48, for computing
spherical harmonic analyses and syntheses. (Harmonic analysis is used
for problem-solving in spherical coordinates in the same way that Fourier
analysis is used in Cartesian coordinates.) In particular, the package provides
a method to eliminate a number of computational difficulties unique to the
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sphere that are created by the spherical coordinate system when solving
partial differential equations on the globe.

* Conducted research on parallel algorithms for multiprocessors. In particular,
fast Fourier transform algorithms were developed for the hypercube and
shared-memory architectures.

* Developed a global time-dependent atmospheric electricity model in con-
junction with Raymond Roble and Israel Tzur (NCAR High Altitude
Observatory [HAO]). The model will be used to study the time-dependent
effects of developing thunderstorms and solar events on the global electrical
field.

* Completed a comparison of three methods to handle fluid dynamical problems
on a sphere in collaboration with James Hack (NCAR Atmospheric Analysis
and Prediction Division [AAP]). One of these methods will be used to solve
the new system of equations for large-scale weather forecasting developed in
collaboration with Heinz Kreiss (California Institute of Technology).

* Presented a series of lectures for users on the capabilities and features of
the CRAY X-MP, including multitasking, microtasking, and performance
monitoring for code optimization. After delivery and installation of the
CRAY X-MP, a second series was presented to instruct the users on accessing
and using the new system.

* Added new physical processes to the thermnospheric general circulation model
in conjunction with Raymond Roble (HAO).

* Presented a series of introductory lectures on the statistical software package
(SAS), and revised introductory user documentation. Publicized and wrote
introductory user documentation for exploratory analysis software available
on the CRAYs.

* Collaborated with Patrick Zimmerman and James Greenberg (Atmospheric
Chemistry Division) on the statistical analysis of the Atmospheric Boundary
Layer Experiment-2A. Using emission-rate measurements of biologically
produced hydrocarbons, statistical techniques were used to characterize the
concentrations over the extended Amazon tropical forests and to characterize
the different sources of atmospheric hydrocarbons that influence the air
samples collected.

* Produced the NCAR Software Catalog, which describes 3,300 user-level
routines in 20 supported libraries for SCD's mainframe computers.
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Data Support Section

The Data Support Section (DSS), managed by Roy Jenne, maintains a large
archive of computer-compatible research data. It also provides assistance to users
in locating data appropriate to their research needs, interfacing their programs
with DSS data sets, and accessing utility routines for data manipulation. DSS staff
maintain a catalog of data sets and summaries of the data in each set both on-line
and in hard-copy form. Data sets are used on the NCAR systems by local and
remote users, and can be sent to other installations on magnetic tape. Additional
section activities include updating, maintaining, and documenting data collections,
participating in large data preparation and archive projects, planning national and

international data projects, answering data requests, and consulting with users on
data sets and general data problems.

Highlights in Meeting 1986 Objectives

* Data set activity consisted of routinely updating data collections in the DSS
archive as follows:

- National Meteorological Center (NMC) global grids, 47x51, and 65x65
tropospheric and stratospheric grid sets though June 1986

- NMC stratospheric grid set through June 1986

- NMC upper-air and surface observational data through July 1986

- Monthly mean raob reports through 1985

- World monthly surface climatology through 1985

- Limited fine-mesh analyses through July 1985

- NMC global surface subset through December 1985

- Most time-series grid sets through 1985

- U.S. co-op station data through 1985

- U.S. time-series raobs through 1985

- Navy surface and upper-air observations through September 1985

t* Moved 3,000 archival volumes from the TBM to the new IBM tape cartridge
system. Organization of the volumes during the move should provide for
more efficient future archive access. Routine archive maintenance included
such activities as recopying older volumes, compacting sets to higher-density
tapes, and improving documention.
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* Added the following collections to the archive: highly reflective cloud data,
monthly nephanalysis data for the north Pacific, Pacific ocean wind stress,
Air Force aircraft reports, a five-minute global elevation set, and Navy
tropical and Southern Hemisphere analyses.

* Added several satellite data sets to the DSS archive. The Vertical
Temperature Profiler Radiometer collection was received from the National
Environmental Satellite Service (NESS) on over 1,000 low-density tapes,
compressed at approximately 25 to 1 by improving the tape blocking and
increasing density. Copies of the reduced-volume archive will be returned to
NESS. DSS continues archiving polar orbiter global area coverage data being
obtained by AAP. The current archive of data from the Indian geostationary
satellite includes data for April 1985 through May 1986.

* A large portion of the NESS polar orbiter data was not offloaded from
their mass storage system before it was turned off. NCAR, with financial
assistance from NASA, copied much of these data onto IBM 3480 tape
cartridges before the TBM was deactivated. Highest priority is being given
to that portion of the TIROS Operational Vertical Sounder data that had
not been saved. Other data will be saved as resources permit, and the total
volume saved should be several terabits.

* Made several significant advances in the joint NSF-NCAR project to archive
ionospheric incoherent scatter radar data. Interactive access to the inventory
and data was provided through a collection of programs and utilities available
to the general user by logging onto the IBM front-end system. A users' guide
for this system and a general data catalog were developed and distributed.
Several programs for accessing and displaying (including color) archival data
were developed.

* Answered 220 formal data requests. Staff distributed approximately 700
magnetic tapes derived from over 1,400 archival volumes to university and
other research groups. DSS staff produced maps and listings that were
used by the World Meteorological Organization to prepare a report for the
U.N. General Assembly. In addition to outside requests, the staff provided
frequent consulting support on usage of data sets and general data problems
to data users on the NCAR system.

* Roy Jenne received the American Meteorological Society (AMS) Cleveland
Abbe Award for "outstanding service to the national and international
atmospheric science community ... in data management" at the AMS
meeting in Miami, Florida, in January.
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Staff and Visitors

Staff

Administrative Section

Margaret Drake (Deputy Director)
Frieda Garcia
Belinda Housewright
JoAn Knudson
Louise Lawrence
Percy Peterson (Administrator)
Betty Thompson (Asst. Administrator)

Data Support Section

Roy Barnes
William Emery
Roy Jenne (Manager)
Dennis Joseph
Paul Mulder
Wilbur Spangler
Gregg Walters

User Services Section

Daniel Anderson
Britt Bassett
Joseph Choy
Frederick Clare
Donna Converse
Dee Copelan (Manager)
Ann Cowley
Nancy Dawson
Kenneth Hansen
Barbara Horner-Miller
David Kennison
Robert Lackman
Alan McClellan
Donald Morris
Robert Nicol
Michael Pernice
Herbert Poppe
William Ragin
Maria Sparn
John Szajgin
Richard Valent
Brett Wayne
James Weber
Gloria Williamson

Advanced Methods Section

Jeanne Adams
John Adams

Gerald Browning
Ginger Caldwell
Richard Jones
Cicely Ridley
Richard Sato
Paul Swarztrauber (Manager)

Systems Section

Edward Arnold
Barbara Bateman
Phylecia Brandley
William Faulkner
Karen Friedman
Gilbert Green
Errol Harano
Darrell Holley
B. Lynn Irwin
Louis Jones
David Kitts
John Merrill
Marc Nelson
Bernard O'Lear
Deidra O'Neil
Paul Rotar (Manager)
Eugene Schumacher
Eric Thanhardt
Sandra Walker

Operations Section

Donna Barday
Julia Bartram
Melissa Breedlove
Glenn Brown
Mary Buck
Douglas Chaney
Steven Chapel
Gaynez Connell
Sylvia Darmour
Albert DeSarro
Randy Eastin
David Ellerin
George Fuentes
Marlene Furmanek
Delbert Harris
Ed Heitschel
Rita Hemsher
Gary Jensen (Manager)
Richard Lindenmoyer
Sue Long
Cynthia Martin
Stan McLaughlin
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Susan McLaughlin
Rosemary Mitchell
Long Moua
Robert Niffenegger
Scott Quinn
Andrew Robertson
David Rowland
Susan Schemel
Larry Scott
Valerie Shanahan
David Strayer
Nancy Waldron
Wesley Wildcat

Visitors

Thomas Brophy, University of Colorado, 17 September
1985 to 31 October 1985.

Stephen Colucci, University of Virginia, 16 June 1986 to
15 August 1986.

Mary Ann Carroll, Massachusetts Institute of
Technology, 15 June 1986 to 15 July 1986

Barbara Grant, Massachusetts Institute of Technology, 7
April 1986 to 2 May 1986.

Thomas Keffer, Woods Hole Oceanographic Institution,
1 March 1986 to 1 December 1986.

Larry McDaniel, University of Colorado, 29 August 1986
to 1 August 1987.

Michiko Masutani, University of Wisconsin, 27 May 1986
to 8 July 1986.

Darwin Rolens, University of Denver, October 1, 1985 to
30 September 1986.

Marla Sparn, University of Colorado, 1 January 1985 to
3 February 1986.

James Sloan, University of Colorado, 1 May 1986 to 1
December 1986.

Ren-Yow Tzengh, Iowa State University, 15 June 1986
to 15 July 1986.

John Van Allen, University of Denver, 1 Octobir 1985
to 30 September 1986.

Tonie Van Dam, University of Colorado, 20 June 1986
to 20 July 1986.

John Wahr, University of Colorado, 20 June 1986 to 30
July 1986.

Ming-Cheng Yen, Iowa State University, 15 June 1986 to
15 July 1986.
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Joint Use Projects

Lead Institution Lead User Lead Institution

Anthes, Richard

Bailey, Paul
Barron, Eric
Baumhefner, David
Blackmon, Maurice
Blackmon, Maurice
Boville, Byron
Branstator, Grant
Branstator, Grant
Bretherton, Francis

Brock, Fred
Browning, Gerald

Chang, Julius
Chatfield, Robert
Chervin, Robert
Chervin, Robert
Chervin, Robert
Clark, Terry

Clark, Terry

Clark, Terry
Friesen, Richard
Friesen, Richard
Garcia, Rolando
Gille, John
Gille, John
Gille, John
Gilliland, Ronald
Haidvogel, Dale
Herring, Jackson

Hjelmfelt, Mark
Holland, Bill

Isradar, Barnes
Jenne, Roy
Jenne, Roy
Jenne, Roy
Jenne, Roy
Johnson, Peter
Joseph, Dennis

Pennsylvania State
University

University of Colorado
Various universities
University of Utah
University of Miami-Miami
University of Washington
University of Washington
Iowa State University
University of Washington
Woods Hole Oceano-

graphic Institute
Various universities
California Institute of

Technology
Various universities
University of Oslo
Various universities
University of Wisconsin
Various universities
Johannes Gutenberg

University
University of Wisconsin

at Milwaukee
University of Arizona
Various universities
Various universities
University of Colorado
Drexel University
University of Colorado
University of Washington
University of Arizona
University of Washington
Massachusetts Institute of

Technology
Various universities
Scripps Institute of

Oceanography
Various universities
Colorado State University
University of Utah
University of Washington
Various universities
Various universities
Various universities

Klemp, Joseph
Kreiss, Barbara

Madden, Roland
Madden, Roland
Mankin, William
Mankin, William
McWilliams, James
McWilliams, James
Miller, Jay
Miller, Jay
Oye, Richard
Pizzo, Victor
Raese, Reiko
Raese, Reiko
Ramanathan, V.

Ramanathan, V.
Ramanathan, V.
Richmond, Arthur
Richmond, Arthur
Roble, Raymond
Roble, Raymond
Roble, Raymond
Roble, Raymond
Rotunno, Richard

Rotunno, Richard
Schneider, Steven

Schneider, Steven
Schneider, Steven
Stordal, Frode
Swarztrauber, Paul
Trenberth, Kevin
Van Loon, Harry
Van Loon, Harry
Wade, Charles
Warner, Jack
Washington, Warren
Washington, Warren
Williamson, David
Williamson, David

Zipser, Edward

University of Illinois
California Institute of

Technology
Colorado State University
University of Stockholm
Denver University
Various universities
University of Pittsburgh
University of Washington
NOAA
Various universities
Various universities
No university affiliation
Various universities
Various universities
Pennsylvania State

University
University of Chicago
University of Washington
UCLA
University of Colorado
University of Alaska
University of Arizona
University of Colorado
Various universities
Massachusetts Institute of

Technology
Purdue University
Massachusetts Institute of

Technology
University of Miami-Miami
University of Toronto
University of Oslo
Stanford University
University of Illinois
Iowa State University
Ohio State University
Various universities
Desert Research Institute
University of Miami-Miami
University of Wisconsin
Various universities
Physical Research Lab-

India
Colorado State University

Lead User
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University Users

Principal Investigator and Number of Users by University

Brown University
Aref, Dr. Hassan
Maxey, Dr. Martin R.

California Institute of Technology
McKoy, Dr. Vincent
Seinfeld, Dr. John H.

Clark University
Nicholson, Dr. Sharon

Colorado State University
Ayad, Samir S.
Cotton, Dr. William
Cox, Dr. Stephen K.
Grant, Dr. Lewis O.
Gray, Dr. William M.
Johnson, Dr. Richard H.
McKee, Dr. Thomas B.
Pearson, Dr. Richard, Jr.
Pielke, Dr. Roger A.
Reiter, Dr. Elmar R.
Schubert, Dr. Wayne H.
Sinclair, Dr. Peter C.
Stephens, Dr. Graeme L.
Stevens, Dr. Duane E.
Vonderhaar, Dr. Thomas H.

Cornell University
Shapiro, Dr. Stuart L.
Siggia, Dr. Eric

Center for Environment and Man
Brown, Dr. Philip
Gamache, Mr. John F.
Sutera, Dr. Alfonso

Denver University
Coakley, Dr. Stella M.
Goldman, Dr. Aaron
Murcray, Dr. David G.
Patel, Dr. Vithalbhai L.

Drexel University
Perkey, Dr. Donald J.

Florida State University
Krishnamurti, Dr. T. N.
Pfeffer, Dr. Richard
Smith, Dr. Eric
Sturges, Dr. Wilton, III

Harvard University
Guberman, Dr. Steven L.
Marcus, Dr. Philip
Rosner, Dr. Robert
Smyth, Dr. William

Illinois Water Survey
Ackerman, Dr. Bernice(1)

(2)

(1)
(1)

(1)

Iowa State University
Chen, Dr. Tsing-Chang
Stanford, Dr. John L.
Takle, Dr. Eugene S.

(1)

(6)
(1)

(10)

Massachusetts Institute of Technology
Melville, Dr. W. Kendall (1)
Newell, Dr. Reginald E. (2)
Orszag, Dr. Stephen (3)
Pedlosky, Dr. Joseph L. (1)
Robinson, Dr. Allan R. (1)
Tung, Dr. Ka-Kit (1)
Wunsch, Dr. Carl (3)

(1)
(16)

(4)
(2)
(3)
(4)
(2)
(5)

(18)
(1)
(5)
(1)
(3)
(5)
(4)

(2)

(1)

(2)

(1)
(3)

Michigan State University
Stein, Dr. Robert F.

Michigan Technological University
Ierley, Dr. G. R.

Naval Postgraduate School
Chang, Dr. Chih-Pei
Rennick, Dr. Mary A.

New Mexico Institute Mining
Raymond, Dr. David J.
Winn, Dr. William P.

No Affiliation
Kraichnan, Dr. Robert H.

North Carolina State University
Watson, Dr. Gerald F.

(1)
(5)

(12)

(1)

(6)

Northern Arizona University
Odell, Dr. Andrew P.

Nova University
Kundu, Dr. Pijush K.
McCreary, Dr. Julian P.
Snyder, Dr. Russell

(7)
(2)
(2)
(2)

(1)
(2)
(2)

(1)

Ohio State University
Seliga, Dr. Thomas A.

Oregon State University
Allen, Dr. John S.
Barnes, Dr. Jeffrey R.
De Szoeke, Dr. Roland
Dillon, Dr. Thomas M.
Esbensen, Dr. Steven

(2)

(1)

(1)
(1)

(2)
(3)

(1)

(2)

(2)

(2)
(2)

(1)

(1)

(2)
(2)
(1)
(2)
(2)
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University Users (continued)

Oregon State University (Continued)
Gates, Dr. W. Lawrence
Han, Dr. Young-June
Mahrt, Dr. Larry J.
Pan, Dr. Hua-Lu
Rutledge, Dr. Steven
Schlesinger, Dr. Michael E.

Pennsylvania State University
Albrecht, Dr. Bruce
Carlson, Dr. Toby
Forbes, Dr. Gregory S.
Frank, Dr. William
Fritsch, Dr. Michael J.
Lewellen, Dr. Stephen W.
Ludwig, Dr. Francis L.
Seaman, Dr. Nelson L.
Warner, Dr. Thomas T.
Webster, Dr. Peter J.

Physical Dynamics, Inc.
Dunkerton, Dr. Timothy J.

Portland State University
O'Brian, Robert J.

Princeton University
Cheng, Dr. S. I.
Okuda, Dr. Hideo

Purdue University
Agee, Dr. Ernest M.
Snow, Dr. John T.
Sun, Dr. Wen-Yih

Rice University
Lane, Dr. N. F.

Scripps Institute of Oceanography
Barnett, Dr. Tim
Luther, Dr. Douglas S.
Niiler, Dr. Pearn P.

South Dakota School of Mines
Farley, Dr. Richard
Helsdon, Dr. John
Musil, Dr. Dennis J.
Orville, Dr. Harold D.
Welch, Dr. Ronald M.

Stanford University
Sturrock, Dr. Peter A.

State University of New York
Bosart, Dr. Lance F.
Colucci, Dr. Stephen J.
Lala, Dr. G. Garland
Molinari, Dr. John
Starr, Dr. David 0.

(5)
(1)
(4)
(1)
(4)
(5)

(2)

(1)
(5)
(4)

(16)
(11)
(4)
(8)
(8)
(1)

(1)

Super Computer Summer Institute
Swartztrauber, Dr. Paul (34)

Texas Institute of Technology
Jurica, Dr. Gerald M. (1)

United States Air Force Academy
Turner, Dr. Almon G. (1)

University of Alaska
Akasofu, Dr. Syun-Ichi

University of Arizona
Baker, Dr. Gregory R.
Gall, Dr. Robert

University of California-Davis
Grotjahn, Dr. Richard
Weare, Dr. Bryan C.

(1)

(1)
(1)

(1)
(2)

University of California-Los Angeles
Arakawa, Dr. Akio (3)
Coroniti, Dr. Ferdinand V. (1)
Dawson, Dr. John M. (1)
Luhmann, Dr. Janet G. (3)
Mechoso, Dr. Carlos R. (2)
Pruppacher, Dr. Hans (1)
Yanal, Dr. Michio (2)

University of California-San Diego
Canfield, Dr. Richard C. (2)
Lingenfelter, Dr. Richard E. (1)
Miles, Dr. John W. (1)
Somerville, Dr. Richard (1)

(1)

(1)
(1)

(1)
(2)
(3)

(1)

(1)
(1)
(1)

(7)
(3)
(1)

(8)
(1)

University of Chicago
Bannon, Dr. Peter R.
Braham, Dr. Roscoe
Kuo, Dr. H. L.
Macayeal, Dr. Douglas
Srivastava, Dr. Ramesh C.

University of Colorado
Abbott, Dr. David C.
Avery, Dr. Susan K.
Ayres, Dr. Thomas R.
Barry, Dr. Roger G.
Benton, Dr. Edward R.
Blumen, Dr. William
Curry, Dr. James H.
Garmany, Dr. Catherine D.
Goldman, Dr. Martin
Grossman, Dr. Robert L.
Gustafson, Dr. Karl
Hay, Dr. William W.
Hord, Dr. Charles W.
Hynes, Dr. James T.
Keen, Dr. Richard
Kraus, Dr. Eric
London, Dr. Julius
McCray, Dr. Richard A.
Norcross, Dr. David W.

(1)

(1)
(1)
(1)
(1)
(1)

(1)
(2)
(2)

(1)
(2)

(3)
(1)
(1)
(1)
(1)
(1)
(2)
(2)
(5)
(2)

(1)
(3)
(1)

(1)
(1)
(3)
(1)
(2)

(1)
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University Users (continued)

University of Colorado (Continued)
Smith, Dr. Anne K.
Smith, Dr. Dean F.
Speiser, Dr. Theodore W.
Stewart, Dr. A. Ian F.
Thomas, Dr. Gary E.
Wahr, Dr. John
Warren, Dr. Stephen G.
Yuen, Dr. David A.

University of Hawaii-Hilo
Takahashi, Dr. Tsutomu

University of Illinois
Chaninugam, Dr. Ganesh
Mak, Dr. Mankin
Ogura, Prof. Yoshimitsu
Trenberth, Dr. Kevin E.

University of Iowa
Frank, Dr. Louis A.
Goertz, Dr. Christopher N.
Nicholson, Dr. Dwight R.
Nishikawa, Dr. Ken-Ichi
Spangler, Dr. Steven

University of Kentucky
Peters, Dr. L. K.

University of Maryland
Baer, Dr. Ferdinand
Chao, Dr. Shenn-Yu
Dickerson, Dr. Russell R.
Faller, Dr. Alan J.
Rowland, Dr. H. L.

University of Miami-Miami
Bleck, Dr. Rainer
Boudra, Dr. Douglas
Branscome, Dr. Lee
Brown, Dr. Otis B.
Covey, Dr. Curt
Duce, Dr. Robert A.
Pasch, Dr. Richard J.
Pitcher, Dr. Eric

University of Michigan
Boyd, Dr. John P.
Cravens, Dr. Thomas E.
Hsu, Dr. Hsiao-Ming
Killeen, Dr. Timothy L.
Nagy, Dr. Andrew

University of Minnesota
Truhlar, Dr. Donald G.

University of Mississippi
Marshall, Dr. Thomas C.

University of Missouri-Rolla
Hale, Dr. Barbara N.
Plummer, Dr. Patricia

(1)
(1)
(1)
(1)
(6)

(1)
(7)
(2)

(1)

(1)
(1)

(12)

(1)

(1)
(5)
(5)
(1)
(2)

University of Nebraska
Verma, Dr. Shashi B.

University of Oklahoma
Carr, Dr. Frederick H.
Lilly, Dr. Douglas K.

University of Pittsburgh
Zabusky, Dr. Norman J.

University of Rhode Island
Arthur, Dr. Michael A.
Merrill, Dr. John T.

University of Texas-Austin
Frommhold, Dr. Lothar
Tajima, Dr. Toshi

University of Utah
Durran, Dr. Dale R.
Geisler, Dr. John E.
Paegle, Dr. Jan
Paegle, Dr. Julia
Sassen, Dr. Kenneth

University of Washington
Baker, Dr. Marcia B.
Hartmann, Dr. Dennis L.
Hobbs, Dr. Peter V.
Holton, Dr. Jim
Houze, Dr. Robert A.
Mass, Dr. Clifford F.
McPhaden, Dr. Michael
Reed, Dr. Richard J.
Riser, Dr. Stephen C.
Teem, Dr. John M.
Wallace, Dr. John M.
Wallerstein, Dr. George

University of Wisconsin
Anderson, Dr. Charles E.
Herman, Dr. Gerald F.
Houghton, Dr. David D.
Johnson, Dr. Donald R.
Kutzbach, Dr. John E.
Raymond, Dr. William H.
Schlesinger, Dr. Robert
Stull, Dr. Roland B.
Suomi, Dr. Verner E.
Walsh, Dr. John E.
Wang, Dr. Pao K.
Weickmann, Dr. Klaus M.

University of Wisconsin at I
Sikdar, Dr. D. N.

Utah State University
Schunk, Dr. Robert W.

(1)

(4)
(1)
(1)
(1)
(3)

(4)
(4)
(1)
(1)
(2)
(3)
(1)
(1)

(2)
(2)
(1)
(1)
(3)

(1)

(1)

(2)

(1)

(1)

(4)
(6)

(1)

(1)
(1)

(1)
(1)

(2)
(4)
(5)
(9)
(4)

(1)
(5)
(5)
(3)
(3)
(5)
(1)
(2)
(2)
(1)
(2)
(2)

(1)
(5)
(5)
(4)
(4)
(1)
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Statement of Goals

The goals of the Atmospheric Technology Division (ATD) are twofold:

* To provide unique, centrally administered observing facilities for use in
research programs of the atmospheric sciences community

* To improve these facilities and to develop next-generation facilities, by means
of strong internal development programs, as community requirements dictate.

ATD's operational capabilities include research aviation, ballooning, field ob-
serving, and interactive computing facilities, with skilled scientific and operational
staff available for their deployment. ATD's development capability resides primar-
ily in its staff of scientists, engineers, and programmers. Development programs
are often undertaken in collaboration with other NCAR divisions and university
scientists.

The division provides support to a wide variety of scientific disciplines,
including mesoscale meteorology, cloud physics, atmospheric chemistry, boundary-
layer meteorology, and air-sea interactions. In recent years use of the facilities
by the atmospheric chemistry and oceanography communities has grown. There
has been a trend toward deploying facilities over larger networks that enable the
simultaneous study of a multiplicity of atmospheric, spatial, and temporal scales.
These changes have had a direct influence on ATD's plans for the development
of new systems, which are designed to meet the needs for longer-range aircraft,
improved communications systems, and a wide variety of remote-sensing systems
for more rapid and complete acquisition of four-dimensional observational data
sets.

In order to accomplish its objectives, the division works closely with other
NCAR divisions, universities, the National Science Foundation (NSF), and other
federal agencies to ensure that the facilities it operates and its longer-range plans
provide the instruments and services most needed by the community.
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Significant Accomplishments

* The division supported more than 20 projects throughout the United States
and abroad during the past fiscal year. Prominent among these was
the Genesis of Atlantic Lows Experiment (GALE), which was the largest
field project (in terms of numbers of instruments, facilities, and people)
ever supported by the division. Three aircraft, two Doppler radars, the
portable automated mesonet (PAM) system, and the new cross-chain Loran
atmospheric sounding system (CLASS), as well as scientific direction for
the experiment and management support, were provided to the program.
Also supported was the Cooperative Huntsville Mesoscale Experiment
(COHMEX), conducted near Huntsville, Alabama. All three of NCAR's
radars and the PAM system were provided in support of this project.
The Hydrological Atmospheric Pilot Experiment (HAPEX) in France was
supported by the NCAR King Air, and the Frontal Air-Sea Interaction
Experiment (FASINEX) was supported by sharing the Electra aircraft
between GALE and FASINEX. This combination of major programs, along
with the usual number of smaller, single-investigator programs, made 1986 a
year of the most intensive observational program support ever provided by
the division to the community. Many of these programs are characteristic
of the trends that are seen in mesoscale studies of the atmosphere-in
particular, the trend toward larger, collaborative, multi-investigator studies
with support from NSF and a variety of agencies.

* The design of the Electra Doppler radar (ELDORA) system is largely
completed. In fiscal year (FY) 1986 studies of modifications to the aircraft
were begun. A joint development team was established, using staff from
the Field Observing Facility and the Research Aviation Facility, for the
development of a general-purpose signal processor, which will be used in
ELDORA and also in NCAR's ground-based radar systems. Studies of
transmitter and receiver configurations have also been initiated.

* In 1986, during the COHMEX project, the CP-2 radar was operated for the
first time away from Boulder in its full multiparameter configuration. The
radar in this configuration uses two wavelengths (10 cm and 3 cm), with
full Doppler measurement capability at the 10-cm wavelength. Polarization
diversity is available at both wavelengths. The multiparameter measurements
provide information on the internal microphysical structure of precipitating
and nonprecipitating clouds and are useful for the quantitative estimation of
precipitation rate.

* Design of the NCAR airborne infrared lidar system (NAILS) was completed.
Components for the system were procured, and the lidar was assembled.
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Bench and airborne testing has begun. The first research use of the system
is expected to take place in FY 87.

* CLASS was successfully tested and used for the first time in the GALE
project. The system has demonstrated higher resolution and better accuracy
than existing radiosonde systems and, moreover, is not negatively affected
by the presence of very strong winds aloft. Its ease of use was clearly
demonstrated in GALE. The system has been much in demand in this first
year of its availability as a national facility.

* Under U.S. Air Force sponsorship, major modifications to NCAR's drop-
windsondes-a system used by researchers throughout the world-have been
made. The pressure sensor has been improved, as has the efficiency of the
transmitter. Further improvements were made to the antenna and parachute,
and the telemetry system now provides digital data. More efficient electronic
construction will result in a cost reduction to about $300 per unit from
the current $600. Further testing of this first phase of dropwindsonde
modifications will take place in FY 87.

* An airborne infrared thermometer has been successfully tested for in-cloud
temperature measurements. These tests have demonstrated that traditional
techniques for measuring temperature in cloud are often biased, due to
wetting of the sensing element. The infrared sensor is not biased by wetting.

* Advanced radar control, radar data processing techniques, and displays were
implemented for the CP-2 and CP-4 radars.

* Several field mills have been constructed and tested for use on the NCAR
King Air. This work was conducted in collaboration with the New Mexico
Institute of Mining and Technology (NMIMT) and NCAR's Cloud Systems
Division (CSD).

* Theoretical feasibility of a laser air-motion sensing system (LAMSS) has
been clearly established.

* The statistical correlation between convective storm initiation and clear-air
boundary-layer discontinuities has been clearly documented in two published
papers.

* The physical structure and causes of microbursts are better understood. In
particular, many researchers now think that most microbursts in the Denver
area are thermodynamically forced.
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Organization

The division consists of five management units: the Research Aviation Facility
(RAF), the Field Observing Facility (FOF), the Global Atmospheric Measurements
Program (GAMP), the Research Applications Program (RAP), and the Design
and Fabrication Services (DFS) group, all administered by the ATD Director's
Office. RAF, FOF, and GAMP provide the community with measurement
capabilities extending from the earth's surface through the troposphere and into
the stratosphere. A wide variety of instrument systems is available, including
instrumented aircraft, Doppler radars, surface networks, and sounding systems.
Operations staff and the expertise needed for deploying these capabilities are
routinely provided in support of the community's field research programs. Within
these facilities, ATD provides outstanding research and development capabilities,
emphasizing remote and immersion sensing devices, tracking systems, data
processing, interactive computing, and displays.

RAP focuses its efforts on the transfer of technology and knowledge from the
research community to the mission-oriented agencies and to the private sector.
Specific emphasis in recent years has been on aviation weather forecasting and, in
particular, on solutions to the threat of low-level wind shear to aircraft operations.

The Design and Fabrication Services group provides mechanical design and
machine shop services to all of NCAR.

Research Aviation Facility

Mission and Goals

The RAF mission is to develop and operate instrumented research aircraft for
the atmospheric science community. RAF goals are:

* To operate the research aircraft and data acquisition systems in a safe and
reliable manner. This objective is of paramount importance in the RAF
strategy.

* To provide users of the research aircraft with comprehensive support, so that
RAF participates as an integral part of the scientific and technical research
team. RAF assists in the planning and execution of field experiments,
provides data processing and quality control, documents the characteristics
and limitations of the instrumentation, and, when appropriate, provides
assistance during the analysis phase of experiments.

* To anticipate future scientific needs of the atmospheric science community
and to develop research systems (aircraft, instruments, and data acquisition)
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suited to those needs. The RAF scientific and engineering staffs actively
monitor research needs and technological developments that can be applied
to those needs.

Aircraft Fleet and Instrumentation

During FY 86, the fleet of research aircraft consisted of:

* A Beechcraft Super King Air Model B200T, a twin-engine turboprop aircraft.
This aircraft is a very flexible platform that can be equipped for studies in a
variety of research areas, including cloud physics, boundary-layer processes,
mesoscale dynamics, atmospheric chemistry, and air-sea interaction.

* A North American Rockwell Sabreliner, a twin-engine jet pressurized
for high-altitude flight to a maximum flight altitude of about 44,000 ft
(13,400 m). The Sabreliner is often used for studies of air chemistry in the
upper troposphere and lower stratosphere and for studies of air motions and
ice particles at high altitude.

* A Lockheed Electra Model L-188C, a four-engine turboprop aircraft used for
missions requiring long-range, large-payload, or extended flight over water.
This aircraft has been in high demand since being brought back into service
in 1985.

* A Beechcraft Queen Air Model B80, a twin-engine unpressurized aircraft,
which was removed from the fleet early in FY 86 and is no longer maintained.

All aircraft have inertial navigation systems and gust probes for the measure-
ment of wind components and turbulent air motions, as well as basic systems for
the measurement of parameters such as temperature, pressure, and dew point. All
can be equipped with probes that detect cloud hydrometeors and with sensors that
record infrared and visible radiation, liquid water content, surface temperature,
photographic images, and high-frequency fluctuations in temperature and water
vapor. In addition, the platforms are flexible so that user-supplied or other
specialized equipment can be installed in the aircraft and incorporated into the
data systems to meet particular needs, such as those that arise in atmospheric
chemistry or remote-sensing studies.

Research and Test Projects

During FY 86, RAF supported 18 university, NCAR, or other agency research
projects by flying 267 separate flights for a total of 862 research hours. Field
programs supported during FY 86 included studies of air-sea interaction, the
planetary boundary layer, storm dynamics, atmospheric chemistry, cloud physics,
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and instrumentation performance. The research use of RAF aircraft is summarized
in Tables 1 and 2; several of the field programs are described below.

Table 1. Summary of RAF Aircraft Use During Fiscal Year 1986

No. of Projects No. of Hours No. of
Requested/Flown Requested/Allocated/Flown Missions

Sabreliner N307D 8 6 247 177 168.0 82
Electra N308D 6 5 358 328 272.4 59
King Air N312D 7 6 483 403 406.1 118
Queen Air N306D 2 1 147 127 15.2 8

TOTAL 23 18 1,235 1,035 861.7 267

GALE. GALE was the largest RAF effort of 1986 and, with the overlapping
FASINEX, was the most intensive support effort that RAF has ever undertaken.
This experiment was designed to increase understanding of the winter storms that
develop and intensify along the eastern U.S. seashore. From 15 January to 15
March 1986, extensive observational facilities, including Doppler radars, surface
mesonetworks, sounding systems, and instrumented aircraft, were used to study
cyclogenesis and the structure of the winter storms that resulted.

All three NCAR aircraft participated in this experiment. The King Air
flew 28 missions in studies emphasizing the boundary layer and land-air-sea
interactions, including cloud physics. The Electra flew 23 research missions that
emphasized storm structure, cyclogenesis, air-sea interactions, and boundary-layer
fluxes, including studies of rain bands, cloud physics, radiation, and atmospheric
chemistry. The 25 Sabreliner flights were used to investigate the structure of the
upper troposphere and particularly to study the jet stream and the relationship of
the upper-level flow to surface cyclogenesis.

RAF devoted 23 people to support this program in the field. In addition,
preparation for the program required an extended effort and considerable training
of new personnel. The field project was completed with few problems and little
down time, and the resultant large data set was processed and delivered with
detailed documentation to the GALE Data Center shortly after completion of the
project.

FASINEX. The goal of FASINEX was to study the dynamical processes
and interactions that occur near a front in sea-surface temperature. The NCAR
Electra made seven flights from Bermuda during two periods of quiescent weather
occurring during the GALE project.
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Table 2. Summary of Aircraft Use

User Project A/C 1 Science 2
Research

Period
Hours
Flown

Dabberdt/
SRI

NCAR/RAF

Bndry.-layer dynam.
and ozone struc.

Sensor tests and
evaluations

QA BL/AC 9/6-10/7/85

KA
SL
EL

E 10/85
10/15/85
10/15/85

Warner/NCAR

SethuRaman/
NCSU

Smith/
Yale U.

Remote sensing H 20

GALE

GALE

KA CP
EL CP/E

KA MS/BL/
CP

10/10-11/10/85

1/15-3/15/86

SL MS/AC 1/15-3/15/86

Hobbs/
U. of Wash.

Friehe/U. of Cal.,
Irvine

Stull/U. of Wisc.,
Mahrt/Oregon St.,
Hildebrand/NCAR

Dickerson/U. of MD

Kuettner/NCAR

Colamosca/
FAA

NCAR/RAF

Dye & Schwiesow/
NCAR,
Winn/NMIMT

GALE

FASINEX

HAPEX

EL MS/BL/
CP/AC

EL BL

KA

Trace Gas Profiles III

Convective waves

Aircraft vertical
separation standards

Trailing cone test

Test and evaluation
of electric field
meters

SL

SL

SL

SL
KA

KA

1/15-3/15/86

2/10-3/10/86

BL 5/7-7/15/86

AC 5/12-6/30/86

MS 5/12-6/30/86

7/15-25/86 and

9/2-12/86

E 8/86

E 8/29-9/25/86

Queen Air
King Air
Sabreliner
Electra

2 AC
BL
MS
CP
E

Atmospheric chemistry
- Boundary layer
-= Mesoscale
- Cloud physics
- Evaluation of instruments

15.2

4.2
1.8
2.3

40.9

39.3

174.3

74.1

180.7

50.1

172.9

29.1

11.8

49.1

2.1
6.1

7.7

1QA
KA
SL
EL

____
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Boundary-Layer Dynamics and Ozone Structure. The NCAR Queen Air
N306D was one of five aircraft platforms investigating the evolution of excessive
concentrations of photochemical oxidant in southern California. Walter Dabberdt
(then with SRI International and now with NCAR) coordinated the overall effort,
known as the South Central Coast Coordinated Aerometric Monitoring Program
(SCCCAMP), which concentrated on the production and transport of Progr within
Ventura and Santa Barbara counties. A high-rate ozone instrument installed on
the Queen Air by Richard Pearson of Colorado State University measured the
ozone flux, and the Queen Air documented meteorological characteristics in the
study region.

Remote Sensing of Cloud Water. Jack Warner (CSD) collected measure-
ments with which to test a proposed method for reconstruction of cloud water fields
from dual-beam radiometric records. The NCAR Electra carried the radiometer
below clouds and recorded signals from two beams viewing above the flight track
at angles of ±45° from the vertical. The liquid water fields could be reconstructed
from the signals, which measured the integrated liquid water fields above the
aircraft track. The NCAR King Air aircraft made repeated passes through the
clouds above the Electra for verification of the reconstructed fields.

Convective Waves. Joachim Kuettner, heading a group of NCAR scientists,
used the NCAR Sabreliner to establish the characteristics of convective waves over
the western plains states. Data on wave structure and depth were collected in both
the presence and the absence of the low-level cloud streets normally associated
with the phenomenon.

Trace Gas Profiles III. Russell Dickerson (University of Maryland) com-
pleted the third phase of his investigations of profiles of carbon monoxide, ozone,
and oxides of nitrogen. During the first three days of the research period, the
NCAR Sabreliner was reconfigured to gather aerosol samples and gamma-ray
spectrometer measurements to detect the radioactive debris from the Chernobyl
(USSR) nuclear power plant accident. This effort complemented the research
objectives because the radioactive particles acted as additional tracers of vertical
transport. The data are being used to study the transport of the trace gases from
the boundary layer to the upper troposphere by large cumulonimbus clouds.

Aircraft Vertical Separation Standards. This program was an extension
of the Federal Aviation Administration (FAA) Vertical Separation Program that
began in 1983. The FAA and RAF studied precision radar biases and acquired
a data set to help resolve the calibration disagreements between measurements
obtained by the RAF Sabreliner and the T-33 of the National Research Council of
Canada, which also participated in the program.
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TRACI and Instrument Tests. A series of tests of RAF instrumentation
were flown during the past year. The tests included the Triple Research Aircraft
Intercomparison (TRACI) and studies of measurements of temperature, humidity,
liquid water content, and airflow. The objective of TRACI was to compare the
measurements obtained using radome gust probes to measurements using fixed-
vane gust probes. Initial results indicate that the measurements from the radome
gust probe are not significantly different from those obtained with the fixed vanes.
The studies of temperature emphasized the Ophir radiometric thermometer, which
performed well and is now offered by RAF for routine use. The humidity studies
have led to new efforts to improve the Lyman-alpha sensors and the dew-point
devices. Also included in this program were tests of particle-charge sensors and
techniques for recording data.

Field Mill Tests. New field mills were installed and tested on the NCAR
King Air in August 1986. The mills were designed and built by William Winn
(NMIMT). A high-voltage supply was installed and used to charge the aircraft so
that the effects of accumulated charge on the measured field could be determined.
In addition, an induction-ring sensor for particle charge, constructed by James Dye
(CSD), was installed and tested.

Research Highlights of FY 86

HAPEX. The Hydrological Atmospheric Pilot Experiment (HAPEX) was
an international hydrological experiment conducted during May-July 1986 in
southwestern France. In this experiment, the NCAR King Air was used by
investigators from the United States (Roland Stull of the University of Wisconsin,
Larry Mahrt of Oregon State University, and Peter Hildebrand of RAF), who
collaborated with French scientists. One major objective was to provide data to
improve parameterization of moisture transport in global circulation models; the
research area was approximately the size of one model grid unit. Twenty-six flights
were conducted in the boundary layer over this area, which was also monitored
by an extensive network of surface-based instruments. The principal investigators
stated that the measurements appeared to be of high quality and that very good
heat- and moisture-flux measurements were obtained.

Analyses of Other Experiments. William Cooper and Darrel Baumgardner
participated in the 1985 Joint Hawaii Warm Rain Project and began analysis of
the data from that experiment in 1986. The studies concentrated on understanding
the evolution of the droplet spectra in the Hawaiian clouds and included the
instrumentation tests discussed in the next section. The evolution of the droplet
spectrum from cloud-droplet to drizzle sizes was found to proceed more rapidly
than expected, and an explanation was proposed that relied on stochastic effects
associated with condensational growth in a turbulent entraining cloud. These
results were reported at the American Meteorological Society's 23rd Conference on
Cloud Physics, held in Snowmass, Colorado, in September 1986.
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Particle Measurements. Some major advances were made toward under-
standing the Particle Measurement Systems (PMS) forward scattering probe and

optical array probes. Theoretical studies were combined with experimental evalu-
ations of the effects of transit time and coincidence on the various probes. These
studies led to algorithms for improving the quality of the measurements. Results
of this research were also presented at the 23rd Conference on Cloud Physics.

Ophir Radiometric Thermometer Tests. A test program was flown during
FY 86 to study the new radiometric thermometer recently developed by Ophir
Corporation. This thermometer provides the potential for substantially improved
measurements of temperature in cloud and also responds rapidly to temperature
changes. In this evaluation, the new sensor proved to be as accurate as any of the
other sensors in clear air and appeared to be immune to the effects of wetting in
cloud. Although more studies are planned, it appears that this sensor provides a
new and important capability for the measurement of temperature in clouds. As
part of these studies, evidence was obtained to indicate that all RAF temperature
sensors are affected by wetting in some warm clouds.

Other Research Activities. RAF research included several other smaller-
scale efforts. Darrel Baumgardner used a holocamera in conjunction with a PMS
two-dimensional probe in an effort to calibrate that probe. This study yielded
valuable information on the holocamera system, which is able to study some
specialized but particularly interesting problems in cloud physics. Other research
activities leading to publications included a series of instrumentation studies
involving humidity sensors (Paul Spyers-Duran and Allen Schanot), radiation
instruments (Keith Griffith), gust measurements (Erik Miller, Richard Friesen,
and Donald Lenschow), feasibility studies of a lidar gust probe (Ronald Schwiesow
and Lenschow), and development of a particle-spacing monitor for detection of
fine structure in cloud (Baumgardner). Other publications involved studies of
secondary ice production and raindrop distortion and oscillation (William Cooper).

Development Activities

ELDORA. The ELDORA project has been undertaken to develop a research-
quality airborne Doppler radar for deployment on the Electra. The need for
such a radar was highlighted in recent workshops and in the successful use of an
earlier-generation Doppler radar on the NOAA WP-3D for mesoscale studies and
studies of storm structure. This effort is the highest-priority component in an
intensive effort within RAF and ATD to exploit remote sensing technology from
airborne platforms.

The major tasks of FY 86 included initiation of the aircraft modification design
study, initiation of the design work for the receiver/transmitter, development of a
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radar performance model, and preliminary design of the data system. The project
also began to acquire needed development and test equipment.

Under a contract recently finalized, Lockheed Aircraft Services will conduct the
engineering design for the aircraft modifications. This design work is under way,
and will be completed in FY 87.

Initial efforts in the design of the receiver/transmitter unit focused on locating
vendors qualified to build the high-power amplifier for the unit. The capabilities
of differing radar designs were evaluated through the use of a computer model
that simulates radar performance. This model, developed by the ELDORA
group, calculates radar sensitivity as a function of range for various radar design
parameters and different atmospheric conditions.

A preliminary design has been proposed for the radar processor. This
development will be a joint project with FOF, and the resulting processor will be
designed to handle next-generation, ground-based radars within FOF as well as
being an important part of the airborne ELDORA system. The development team
for this processor includes RAF and FOF staff members.

For FY 87, major tasks center on the development of this processor and on
the engineering design of the receiver/transmitter unit. The design study for the
aircraft modifications will be completed, and the design of the digitizer to process
the received analog radar signals will begin. The schedule calls for development
and testing of the full system to be completed in FY 90.

The NCAR Airborne Infrared Lidar System (NAILS). After developing
detailed plans for an airborne lidar in FY 85, RAF constructed the first stage of
NAILS during FY 86. The first-stage lidar system is intended to measure profiles
of aerosol backscatter coefficient, which can be used to determine mixed-layer
depth among other applications, as well as profiles of backscatter depolarization
ratio, which allow differentiation of ice and water hydrometeors. NAILS is a
multiyear effort leading to a Doppler lidar system for measuring wind components.

In FY 86 Schwiesow and Paul Lightsey (University of Northern Colorado)
selected and procured components for NAILS and designed the optical system for
the King Air. DFS produced hardware for assembly of the optical components into
a downlooking lidar system that uses the King Air camera port to accommodate
the 35-cm lidar telescope aperture. Systems for signal processing and real-time
color display of lidar data were also designed and assembled.

In September, RAF performed an airborne test of the system to check NAILS'
structural integrity and compatibility with the aircraft avionics and other systems.
The test indicated that a fence for boundary-layer control is needed around the
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open telescope aperture to reduce turbulence. Plans for the immediate future
include ground tests to refine the optical alignment and reconfiguration of the
system to operate from the Electra with the capability to look both up and down.

Studies of Airflow Distortion around Aircraft. RAF has acquired the
distributed panel numerical model developed by Hillyer Norment of Atmospheric
Science Associates, and is using that model with Norment's assistance to evaluate
the effects of airflow on various measurements involving fuselage-mounted probes.
The computer model is now running on the CRAY X-MP and is being used to
consider current as well as other potential locations for the PMS probes on the
Electra. Initial results indicate good agreement between velocity fields generated
by the model and those measured with a five-hole differential pressure probe at
four points near the body of the aircraft.

Studies of Measurements of Static Pressure. RAF has conducted a set
of flight tests to study the accuracy of static pressure measurements. This study
has an important bearing on the ability of aircraft to measure wind because an
error in static pressure is reflected in an error in airspeed. The flight tests involved
use of a trailing-cone sensor to accurately determine static pressure and included
comparisons with measurements obtained from a tower and from another aircraft
flown at constant speed and altitude.

Gust-Probe Intercomparison. The data from TRACI, as mentioned above,
have been used to study the quality of aircraft measurements of turbulent air
motions. Coherence between wind components was used to characterize and
compare the measurements from the different gust-probe configurations. The
coherences during the intercomparison flight show good agreement with those
predicted theoretically for isotropic turbulence. In addition, the power spectra are
similar at the higher frequencies in the inertial subrange. Statistical evaluation of
interaircraft variance and covariance values is encouraging, but more sophisticated
analysis addressing the higher frequencies is required and is under way.

Studies of a Laser Air-Motion Sensing System (LAMSS). A laser
velocimeter, which is focused approximately 10 m ahead of an aircraft, holds
promise of measuring relative air motion without need for empirical calibration
of transducers. Another advantage is that such measurements would be ahead
of the region where air flow is distorted by the aircraft. Two papers, accepted
for publication, discuss the feasibility of a conical-scan approach. One is on a
preliminary one-component experiment, and the other is on an analysis of the
effects of turbulence. This work has been conducted by Schwiesow, Lenschow,
Jeffrey Keeler, Robert Serafin, and Leif Kristensen (Ris0 National Laboratory,
Roskilde, Denmark). RAF has also begun to study an intersecting-beam technique
that is mechanically simpler than a conical-scan approach and has the additional
advantage of increased resolution in time and space.
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Electric Field Mills. In cooperation with Dye and Winn, RAF acquired and
tested six field mills. These mills, designed by Winn, have been installed and flown
on the King Air. They provide the capability to measure the vertical and lateral
components of the electric field. It is hoped that, in addition to their research

usage, these field mills may furnish data to help in planning flight paths that will
reduce lightning hazards to the King Air.

Telemetry System. The design of the NCAR airborne telemetry system

(NATS) was initiated in the summer of 1986. This development will eventually
lead to a system capable of two-way communication of both measurements data
and flight-control messages between the NCAR aircraft and ground stations over
distances of up to 600 km. The conceptual design was developed by Dennis
Knowlton, and a detailed design plan was prepared by Craig Walther, Kim

Weaver, and Michael Daniels. Current plans call for development of an operational
system by the summer of 1987.

Other Activities

University Interactions. During FY 86, RAF supported one graduate
research assistant and seven student assistants from three universities. In addition,
three seminars were given at three universities, and two senior staff members
served on a total of five doctoral committees from three universities.

Field Observing Facility

Mission and Goals

The mission of FOF is to provide surface-based measurements and specialized
interactive computing capabilities in support of atmospheric research. In meeting
its mission requirements, FOF engages in the following major activities:

* Operation of advanced remote- and immersion-sensing systems to support
the research of atmospheric scientists

* Development of new measurement systems in cooperation with other ATD
facilities, NCAR divisions, and various university collaborators

* Development and maintenance of a data delivery system, including data
archival, applications software development, and operation of an interactive
computing facility

* Development of operational and analytical techniques for optimum use
of FOF facilities, and transfer of these techniques to the atmospheric
sciences community. These techniques include sensor calibration, instrument
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deployment, data collection, scientist-machine interaction, and data analysis
methods

* Research that demonstrates and advances the aforementioned techniques.

FOF's emphasis in recent years has been on supporting mesoscale and
boundary-layer experiments in accordance with increasing national scientific
interest in convective mesoscale systems, winter cyclonic storms, and boundary-
layer processes. FOF continues to focus some of its resources on the improvement

of existing observing systems based on proven technologies together with a few
essential developments of more advanced technologies for new observing systems.

Facilities and Services

In support of its mission, FOF operates a variety of ground-based remote
and in situ sensors. These include two C-band, pulsed-Doppler radars used to

probe the air motion in precipitating storms and, more recently, the motions in
the clear boundary layer. In addition, FOF operates the CP-2 radar, which has
what is termed a multiparameter capability: along with the Doppler spectral
moments, it measures reflectivity at two wavelengths (S- and X-band), differential
reflectivity (the ratio of the S-band reflectivity measured at horizontal and vertical
polarization), and the linear depolarization ratio at X-band. The differential
reflectivity and polarization quantities can be used to make inferences about the
phase of hydrometeors.

The portable automated mesonet II (PAM II), which comprises up to 60 remote
stations, each communicating data back to a base station through a satellite link,
is operated by FOF. The stations routinely measure wind, pressure, temperature,
wet bulb, and rainfall. Other user-supplied instruments can also be incorporated
into the PAM telemetry system. Three base stations exist, including the Boulder
base, making it possible to support several programs simultaneously with real-time
display of measurements.

The data collected are quality controlled and archived by FOF staff and can
be obtained by researchers in the form of universal format tapes. The data can
be perused and analyzed on the FOF Research Data Support System (RDSS),
a minicomputer-based system with extensive analysis software and color display
capabilities; on the NCAR CRAY X-MP; or at the investigator's home institution.
RDSS staff are actively engaged in helping outside investigators bring the RDSS
software on-line at their home institutions.

Field Program Support

Two major field programs, along with several more limited experiments, were
supported by FOF during FY 86.
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GALE. Gerald Watson (North Carolina State University) and Peter V. Hobbs
(University of Washington) used two C-band Doppler radars and PAM with two
field base stations as part of the GALE program. The primary goal of the radar
experiment was to document the three-dimensional structure of convective and
stratiform precipitation systems on the East Coast. A combination of single-
and dual-Doppler observations was taken in conjunction with microphysical and
dynamical airborne observations and airborne Doppler radar scans. These studies
will result in improved understanding of the basic mechanisms underlying the fast
growth of storms in this region. Watson's PAM research was aimed primarily
at studying the finer-scale surface forcing mechanisms associated with developing
storms.

Cooperative Huntsville Meterological Experiment (COHMEX). FOF
provided support to Gregory Forbes (Pennsylvania State University), V.N. Bringi
(Colorado State University), Theodore Fujita (University of Chicago), Roger
Wakimoto (University of California, Los Angeles), and James Arnold (National
Aeronautics and Space Administration, or NASA) for participation in COHMEX.
NASA, the FAA, the Tennessee Valley Authority, the National Oceanic and
Atmospheric Administration (NOAA), and NSF all combined forces in COHMEX
to use satellite, radar, and aircraft soundings and surface stations to study summer
clouds and precipitation in Alabama, with emphasis on severe weather and wind
shear. Researchers used the CP-2 multiparameter Doppler radar (Forbes, Bringi),
two C-band Doppler radars (Fujita, Wakimoto), and 41 PAM stations (Fujita,
Wakimoto) to conduct the Microburst and Severe Thunderstorm (MIST) portion
of COHMEX. The primary MIST objective was to investigate and document
the three-dimensional structure of microbursts and associated thunderstorms and
their environment as they occur in the humid region of the United States. Of
particular interest was the time- dependent airflow in the microburst, as well as
the development and structure of the associated vortex rolls.

Arnold used six PAM stations as part of the NASA-sponsored Satellite
Precipitation and Cloud Experiment (SPACE). PAM data will be combined with
data from a mesoscale sounding network and high-altitude aircraft and satellite
information to aid in a better basic understanding of mesoscale convective processes
and in the evaluation of various newly developed remote sensors.

Rybicka Wheat Field Experiment. Anthony Delany and Patrick Zim-
merman (ACD), Donald Stedman (Denver University), Barry Huebert (Colorado
College), and William Parton (Colorado State University) continued to use a single
PAM station with the standard array of meteorological sensors and additional
measurements of ozone, carbon monoxide, and condensation nuclei to provide
documentation of local wind patterns and concentrations of pollutants and partic-
ulates. The objective of this research was to provide documentation of emission
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fluxes and to gain a better understanding of the processes associated with the dry
deposition of nitrogen gases.

New Denver Airport. The city and county of Denver used two PAM stations
to establish a climatology at the proposed new Denver airport site.

Data Processing Support

Use of RDSS was up slightly over the previous year. RDSS was used to display
and analyze measurements from some 18 field programs. Table 3 summarizes
principal users during FY 86. FOF staff were actively involved in providing RDSS
software to outside users. Table 4 summarizes the software packages transferred.

Table 3. List of Users of the Research Data Support System

V.N. Bringi, V. Chandrasekhar,
Jotherim Vivekanandan,
Richard Johnson, Robert Craig

Robert Houze, Michael Biggerstat,
Owen Hertzman, Bart Gertz,
Dean Churchill, Jon Martin

Frederick Reymer
Thomas Marshall
Roger Wakimoto, Wen-Chau Lee
Colleen Leary
Mark Merritt
Nancy Westcott
William Winn, Daniel Jones
Patricia Walsh
Eric Peterson, Brian Smith
Gerald Watson, Robert Marshall
Steve Nelson
Mark Hegley
Dennis Camp
Staff of ATD, CSD, AAP, SCD

Colorado State University

University of Washington

University of Wyoming
University of Mississippi
University of California
Texas Tech
Lincoln Labs, MIT
Illinois State Water Survey
NMIMT
Desert Research Institute
University of Chicago
North Carolina State University
National Science Foundation
U.S. Bureau of Reclamation
University of Tennessee
NCAR

In Situ Sensor Developments

Specific sensor improvements and evaluations have addressed four issues related
to the PAM II system: improvements in pressure, humidity, and precipitation
measurement, and a general purpose interface. Other developments are related
to the new atmosphere/surface turbulent exchange research (ASTER) facility, a
portable compact base station for the PAM system, and preliminary planning for
a boundary-layer profiler system (BLPS).
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Table 4. RDSS Software Distribution List

Software User Institution

Radar Editor Thomas Seliga Pennsylvania State
and Perusal Kevin Knupp University of Alabama

Dean Churchill University of Washington
Steven Rutledge Oregon State University
Colleen Leary Texas Tech
Glenn Gamma Sun Microsystems
Thomas Vargon Silicon Graphics
Daniel Farrell Sutron Corp.

MESONET Scott Shipley NASA Langley Research
Center

Michael Goodman NASA Johnson Research
Center

Richard Johnson Colorado State University

Velocity Azimuth Display Timo Puhakka University of Helsinki,
Analysis (VAD) Finland

Peter Ray Florida State University
Gerald Heymsfield NASA Goddard Space

Flight Center

PAM II Developments. Julian Pike, Cathy Irwin, and Ken Norris have de-
veloped an improved barometer that offers the potential of providing substantially
more accurate and more stable of pressure measurements during field programs.
The current PAM barometers can experience unpredictable and sudden drifts or
jumps of up to several millibars that can occur once or more during the course
of a typical field program. An improved op-amp oscillator has been developed
that appears to eliminate the problems of the present barometer and to provide
the required stability. Several prototypes have been tested over wide temperature
and pressure ranges in the calibration laboratory, with excellent results. Five pro-
totypes will be field tested for several months at the Marshall facility and should
be available for the convective initiation and downburst experiment (CINDE)
field program in June of 1987, provided their long-term stability is successfully
demonstrated.

A capacitance-type humidity sensor (Rotronic Model MP-100) has been field
tested by Steve Semmer to determine whether it can provide an alternative to the
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PAM psychrometer, which requires periodic field maintenance and is not functional

in subfreezing environments. Some capacitance sensors suffer significant hysteresis
problems at high relative humidities (i.e., greater than 90%). Three Rotronic

sensors were deployed with psychrometers in the GALE (January-March) and

MIST (June-July) projects. The three GALE comparison sites included coastal,

mountainous, and plains regions in the Carolinas, while the three MIST sites

were near Huntsville, Alabama. At relative humidities below 90%, the mean
difference in humidities measured by the two methods is about 2%, and the

standard deviation of the difference is about 2.8%. Above 90% relative humidity,
hysteresis effects are observed, although the response characteristics are different
for the various sensors. Unlike some other capacitance sensors, the Rotronic sensor

provides reproducible measurements after saturation (and after a "drying-out"
period of 1-2 hours). Future plans call for the capacitance sensor to supplement
the psychrometer on PAM remote stations.

Precipitation measurements are currently made with unshielded tipping-bucket

(TB) rain gauges. The present gauge configuration has the orifice mounted at a
height of 1 m, with no shielding to minimize wind effects on collection efficiency.
While the literature contains many references to studies of the effectiveness of

shielding, the results are somewhat ambiguous, and the temporal solution and
supporting meteorological measurements are typically poor. To evaluate sensor
performance and the effectiveness of shielding for PAM applications, multistation
"intracomparisons" were conducted by Dabberdt and James Moore during GALE

and MIST. Five stations were each equipped with three or four gauges, with
various combinations of shielding and gauge models. A "universal" pit gauge was
also deployed as an independent reference. The objectives of the intercomparison
were to quantify the effectiveness of shielding as a function of wind speed,

gustiness, and precipitation rate; to determine the variance between precipitation
observed by PAM TB gauges and the pit gauge reference; to evaluate precipitation
measurement uncertainty at a given site; and to evaluate differences in precision
and accuracy of the two gauge models. Preliminary results indicate that the

shielded gauges are less effective at higher precipitation rates (but not at lower
rates). Analysis of the data is continuing.

Semmer has evaluated the addition of a general purpose interface to the PAM
remote station that will allow eight additional sensors to be added at a remote
station; such sensors would typically be provided by PAM users and would require
little or no additional engineering. The interface board has eight differential input
channels, three software-selectable gains, a 14-bit resolution, and a 0-5-V input
range. The mean error in all cases is less than 0.01%. Ten remote stations will be
augmented with the interface for the First ISLSCP (International Satellite Land
Surface Climatology Program) Field Experiment (FIFE); others will be added as
future projects require. The interface substantially increases the versatility and
utility of the PAM remote stations.
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Boundary Layer Profiling System (BLPS). Dabberdt and Joost Businger
collaborated with John Wyngaard (AAP) and Steven Clifford and Michael
Hardesty of NOAA's Wave Propagation Laboratory (WPL) in defining the
requirements for BLPS that would use a combination of several active and passive
remote sensors. An informal workshop was held at NCAR in May to receive inputs
and comments from about 25 representatives of various facets of the research and
operational meteorological community. Needs for several types of observational
data were given first priority; these included winds, temperature, and specific
humidity. Other data needed included turbulence, boundary-layer depth, vertical
velocity, cloud base height, liquid water, aerosols, and trace gases. Specifications
were developed for each of the first-priority measurements; these included range,
range resolution, sample interval, averaging period, threshold, accuracy, and
precision. This effort is the first step in a collaborative effort between NOAA and
NCAR to develop an operational BLPS for research applications.

Atmosphere/Surface Turbulent Exchange Research Facility (ASTER).
Businger and Dabberdt completed the conceptual planning for ASTER. A work-
shop was conducted on 6-8 August, with 45 scientists attending from North
America and Europe. A proposal for partial external support was submitted to
the Electric Power Research Institute (EPRI); the proposal was accepted, and
EPRI support will begin in January 1987. The development of the facility should
be completed early in 1989. Measurement capabilities will include instrumentation
for flux estimates of momentum, heat, water vapor, and certain trace species
by several methods: eddy correlation, profile or gradient transfer, and Bowen
ratio. Sensors could be mounted on up to three short (15-m) ASTER towers or a
taller, user-supplied tower. Additionally, six enhanced PAM stations will support
ASTER to provide measurements of spatial homogeneity. Data from all ASTER
and enhanced PAM stations will be telemetered line-of-sight to a field base station
located 5-10 km away. The field base will be housed in a mobile trailer and
will contain the host computer, user terminals and displays, and a work area.
The entire system will be transportable. The Marshall facility will serve as an
engineering test site, while a local field site (e.g., Carpenter, Wyoming) would be
available for local experiments over uniform flat terrain. The ASTER facility will
be developed and operated by a core team that includes a senior scientist, research
engineer, and associate scientist, with some support from other FOF technical and
scientific staff.

Portable Compact Base Station. Development of the compact base station
was completed in early FY 86. This base station, which was designed to meet
the needs of small-scale users of the PAM II system, was subsequently deployed
in support of the GALE field experiment in the coastal operations center at Cape
Hatteras, North Carolina. Configured to collect PAM data on two channels of a
single satellite, it provided real-time color displays of the PAM network data, which
covered North and South Carolina, as well as parts of Virginia. After users were
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trained, they could operate the compact base without the need for on-site PAM

personnel. Scientific users were able to analyze data independently from the main

field base station located in Raleigh, North Carolina. They also took advantage

of the system to write reports, which were then networked to Boulder, Colorado,

over a telephone path. Deployment in GALE provided an opportunity to test how

well the new system worked. The data collection portion of the compact base was

later combined with the full field base during the MIST field experiment to permit

monitoring of two Geostationary Operational Environmental Satellites.

Radar Developments

Polarization Diversity Radar. During early FY 86, CP--2 was totally

dismantled, and the pedestal was refurbished mechanically and electrically to

prepare it for operation in the summer of 1986 for COHMEX. Grant Gray

modified the processor to reduce uncertainty in differential reflectivity estimates

and to allow the collection of time series data to test advanced signal processing

schemes (e.g., the reduction of velocity folding ambiguities and ground clutter

rejection).

Advanced Data System. Jon Lutz and Robert Barron improved the new

radar data system by designing touch-screen radar controls and high-resolution

color displays and installing them in CP-4 and CP-2. The time-lapsed and

dual-zoomed images provided the investigators of GALE and COHMEX with a

greatly improved ability to deduce storm motion and evolution and to vector

project aircraft in appropriate ways. The touch-screen radar controller allowed the

principal investigators and radar operators to respond rapidly and effortlessly to

project demands.

Christopher Burghart and Barron installed a radar scan optimizer program in

CP-4 for COHMEX, which allowed rapid coordination of up to five radars for

multiple Doppler radar data collections.

Advanced Radar Processor. In cooperation with the ELDORA project,

Gray, Walther, Keeler, and Charles Frush completed preliminary work on the

design of a new radar processor for future airborne applications and to work on

the replacement of the aging processors in CP-3, -4, and -2. These advanced

radar processors will have a distributed architecture using very recently developed
high-speed digital signal-processing microprocessors. Thus, the processor will

be programmable and will allow enhancements or modifications as development
allows.

Advanced Doppler Radar. In addition to the improved temporal and spatial
resolution to be gained from a faster-scanning radar, high-priority improvements to

Doppler radar performance include clutter rejection, removal of second trip echoes,
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and velocity unfolding. Rapid-scan radars using high-performance antennas (i.e,
step-scanning or multibeam systems with low sidelobes) and wide-band signal
processing will cost several million dollars. Because of this cost and uncertainties
regarding how to best integrate many of the desired features with faster scanning,
FOF's strategy has been to gradually improve the performance of its three existing
radars. Keeler, Brian Lewis, and Gray have been defining the best way to
integrate a recently defined, staggered pulse repetition frequency scheme with
processing capabilities to extend both the unambiguous velocity and unambiguous
range by a factor of two to three. Ground clutter processing can be implemented
simultaneously with dual polarization pulsing.

Faster mechanical scanning can also be achieved to the point where scan-
induced spectral broadening is the limiting factor to velocity accuracy. The further
addition of a low-sidelobe antenna will form NCAR's "advanced Doppler radar."

Research Data Support System Developments

RDSS functions as a user-oriented system with three interactive color raster
graphics work stations, three 6,250-density tape drives, 2.27 gigabytes of disk
storage, 8 megabytes of memory, a Dunn Instruments 35-mm hard-copy device,
a new Matrix 16-mm/35-mm hard-copy device, and a small Digital Equipment
Corporation (DEC) laser printer. The operating system was upgraded to VMS
version 4.2.

Development included several pieces of PAM-related software: the data router,
which implements the ingestion and distribution of real-time data; new software
to produce common mesonet format tapes; a new PAM configuration editor; and
a routine called ROBOT that, when combined with the new mesonet data access
software and new user interface software, will become the next generation of
mesonet display and analysis software. Work also continued on the improvement
of existing software, such as the radar data editor and radar perusal software.

Research and Technique Development Highlights

FASINEX. This experiment took place in the first half of 1986 in an area
southeast of Bermuda centered around 70°W and 28°N. An intensive study period
took place from about 10 February to 10 March, during which six aircraft and two
ships participated. NCAR provided the Electra aircraft, coordinated by Businger,
and a wind stress measuring device that was developed by AAP's William Large,
with cooperation from FOF.

A major meteorological objective of the experiment was to study the effects of
a temperature front in the ocean on the structure of the atmospheric boundary
layer. The actual front observed displayed a step-function change in temperature
of about 2°C. The effects on the boundary-layer structure were easily observed on
both sides of the front. The change in surface stress was especially dramatic.
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It was fortunate that, at the time most of the aircraft were available, the front
was sharp and well-developed. Most of the flights were made under these favorable
conditions. Later in the intensive period, the front became less distinct. An
excellent data set was collected.

CARP. Businger, in collaboration with the Department of Atmospheric
Sciences at the University of Washington and the Department of Mechanical
Energy at the University of California, Irvine, carried out a field experiment over
a uniform winter wheat field near Carpenter, Wyoming (project CARP) from 15
September to 15 October 1986. The objectives of the experiment were to measure
the flux profile relations over uniform errain, with emphasis on measuring the von
Karman constant. A special feature of this experiment was that four PAM stations
were located at the corners of the section on which the flux and profile masts
were located. The PAM information allows the investigators to select periods with
more or less uniform winds over the entire section and also to look at transient
phenomena passing over the site. Another important element to the experiment
was the Bowen-ratio energy-balance systems provided by Leo Fritschen (University
of Washington). These systems made independent measurements of the sensible
and latent heat fluxes and provided a verification of the fluxes obtained with the
eddy correlation technique. Preliminary results obtained during the field phase
were encouraging. Many hours of observations were made, with favorable winds
from directions between west and north. One snowstorm provided a substantial
range of roughness lengths. There were fast and slow transitions from unstable to
stable and vice versa.

The experiment also provided important information for the development of
the ASTER facility. Many of the instruments used would adapt well to the facility.
Fritschen's energy-balance instrumentation seems especially suitable.

SCCCAMP. The South Central Coast Cooperative Aerometric Measurement
Program (SCCCAMP) was a comprehensive experimental study of boundary-
layer dynamics and photochemistry on the meso-beta scale in the coastal and
interior portions of south central California, encompassing the Santa Barbara
Channel. Intensive surface and boundary-layer measurements were made over
an area of approximately 2 x 104 km2 from 3 September to 7 October 1985.
The objectives were to investigate the physical mechanisms that infrequently
create excessive concentrations of photochemical oxidant at ground level and to
provide a comprehensive data base for development and evaluation of a mesoscale
photochemical simulation model. Measurements were made continually by surface
and upper-air networks, while supplemental aircraft, radar, rawinsonde, chemistry,
and controlled perfluorocarbon gas tracer measurements were made during four
intensive operational periods. The multi-institutional field program was directed
by Dabberdt, who was subsequently involved in coordinating the reporting and
preliminary data archival. Research studies using the SCCCAMP data will focus
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on kinematics of the eddy circulation over the Santa Barbara Channel and the
advection and vertical fluxes of coastal ozone during pollution episodes. The
research is expected to be completed in 1987.

Meteorological and tracer measurements off the coast of central California were
used to evaluate parameterization of several methods of classifying stability and
simulating dispersion over water.

Plume Dispersion Study Using Tracers. A series of ten atmospheric
tracer experiments provided 61 h of data on over-water atmospheric dispersion.
Sulfur hexafluoride (SFe) was released as the tracer gas at a height of 13 m from
a ship positioned about 7 km off the central California coast near Pismo Beach.
Surface and upper-air meteorological measurements were made at the release
point and near the shoreline. Horizontal crosswind tracer concentration profiles
were obtained at the shoreline, both at the surface and at multiple levels aloft
through the mixed layer. Dabberdt analyzed tracer data to determine the lateral
diffusion parameter for hourly periods as the best fit to a Gaussian distribution.
The vertical diffusion parameter was determined from the vertical profile of the
hourly crosswind-integrated tracer concentration. Four classification schemes of
atmospheric stability were intercompared; their estimates showed wide variation.
The lateral diffusion measurements were reasonably well stratified by three of
the four stability classification methods, while the vertical diffusion measurements
were not. Four diffusion-parameterization methods were evaluated at the shoreline.
Two of the four methods provided consistently good estimates of lateral diffusion.
The vertical diffusion estimates were poor with all methods.

Convection Initiation. Statistical correlation between convective storm
formation and the position of radar-detectable convergence boundaries in eastern
Colorado was established and documented in two Monthly Weather Review papers
the first by Wendy Schreiber, and the second by James Wilson and Schreiber.
Approximately 80% of the convective storms in the study area initiated in close
proximity to boundary-layer convergence lines. The origins of these convergence
lines include synoptic-scale fronts, convective outflows, orographic influences, and
surface differential heating. Recent high-resolution dual-Doppler analyses by
Cynthia Mueller and Richard Carbone have graphically shown that it is possible
to obtain details of updraft forcing and evolution associated with convergence
lines that lead to storm growth. Analysis of data from a preliminary convection
initiation experiment carried out during the summer of 1985, which included mobile
sounding systems, indicated that boundaries may cause significant thermodynamic
modification of the local environment.

The physical principles that determine the timing and precise location of cloud
development are not yet adequately understood. A limitation of the previous
experiments was the lack of high spatial and temporal thermodynamic data
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coupled with high-resolution dual-Doppler derived wind fields. Observational
facilities and initial research are now sufficiently advanced that major contributions
can be made to scientific understanding of storm initiation; thus, plans and
proposals were prepared for a major field project during the summer of 1987.
This project, called CINDE, is a cooperative program among NCAR, NOAA, the
University of Wyoming, and Colorado State University. Mueller, Moore, and
Wilson (chairman, Steering Committee) have played a major role in planning this
experiment. CINDE will use two WPL X-band Doppler radars, an NCAR Doppler
radar, 45 PAM stations, three mobile sounding vehicles, four CLASS stations,
two King Air aircraft, and special photography facilities. In addition, a mobile
operations center will be built that will become a permanent NCAR facility.

Radar Flare Echo. Wilson and Darelyn Reum began preparation of a paper
describing an artifact called a radar flare echo that is occasionally observed with
very intense radar echoes. The flare is an elongated echo that extends radially
down-range from behind the intense precipitation echo. It results when large
hydrometeors (often hail) scatter exceptionally large amounts of energy to the
ground, which is then backscattered to the large hydrometeors and back to the
radar.

Dual-Polarization Radar Studies. Work in this area has involved the
microphysical interpretation of differential reflectivity (ZDR) measurements from
CP-2 and other dual-polarization radars. Paul Herzegh has continued his
analysis of the influence of antenna illumination function characteristics on CP-2
measurements of ZDR. Simulation studies using actual measurements of the CP-2
beam pattern have shown that mismatch in the CP-2 sidelobe levels at horizontal
and vertical polarization can produce prominent ZDR signatures of 1-6 dB in
strong reflectivity gradients. Straightforward interpretation of these signatures in
terms of meteorological factors would result in misleading implications concerning
the type, phase, and orientation of the hydrometeors present.

Herzegh and John Conway examined the morphology of CP-2 ZDR measure-
ments in a variety of convective and stratiform cloud environments. They found
that the strong signatures observed in ice-phase precipitation were consistently
associated with conditions susceptible to beam-pattern mismatch effects. In
conditions minimally affected by mismatch, the observed values of ZDR were
<1 dB. A study of the distributions of ice particle shapes associated with CP-2
ZDR signatures of 1-3 dB was carried out by Herzegh and Jin-Li Liu, a visiting
scientist from Academia Sinica, Beijing, People's Republic of China. Using in situ
aircraft observations obtained during the May Polarization Experiment in 1983
and 1984, they found little correlation between ZDR values and particle shape in
the signature regions.

These studies indicate that CP-2 ZDR measurements in strong reflectivity
gradients may frequently be overwhelmed by the documented sidelobe mismatch



Atmospheric Technology Division

effects. Thus, the possible influence of beam-pattern effects must be carefully
considered in the analysis of CP-2 ZDR observations. This work also suggests a
need for similar evaluations of ZDR observations from other meteorological radars.

Lidar Gust Probe. Keeler (with Serafin, Schwiesow, Don Lenschow, and
Kristensen) analyzed the airborne Doppler lidar and gust probe data collected in
1984 from the British RAE HS-125 aircraft. These observations demonstrated that
the continuous-wave C0 2 Doppler lidar technique can measure turbulent air flows
on scales of approximately 40 m without the inherent problem of mechanical gust
probes. Two papers on this work will be published in the Journal of Atmospheric
and Oceanic Technology in spring of 1987.

Other Activities

University Interactions. During FY 86, FOF supported four graduate
research assistants from two universities and 11 student assistants from two
universities. In addition, 17 seminars and lectures were given at 12 schools and
universities, and three senior staff members served on a total of six doctoral
committees from three universities.

Workshops. On 6-8 August, Businger and Dabberdt hosted a workshop on
the surface transfer and exchange measurements (STEM) facility (later renamed
ASTER) at NCAR with 42 participants. Carbone attended the NASA Tropical
Rainfall Measuring Mission workshop in November 1985. He is a member of
the Science Steering Group. Carbone also participated in the Satellite Facility
Workshop held in Williamsburg, Virginia, in May 1986, serving as cochairman
with James Coakley (AAP). The purpose of this workshop was to devise and
provide a mechanism by which university and NCAR investigators can readily gain
access to research data sets from all relevant space platforms.

Global Atmospheric Measurements Program

Missions and Goals

The Global Atmospheric Measurements Program (GAMP) has, for two
decades, been a leader in the development of innovative stratospheric and upper
tropospheric constant-level balloon systems. During the 1970s, these activities
were essential elements of the Global Atmospheric Research Program (GARP).
The emphasis on mesoscale research in the next decade will require vastly improved
sounding systems for the troposphere and lower stratosphere. GAMP has therefore
refocused its activities on the development of new sounding systems to provide the
atmospheric data required for mesoscale studies.

The effort to develop atmospheric sounding systems will continue for the next
several years, and GAMP will assume responsibility for the operation of these
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new and improved tools in support of the scientific research programs planned for
the next decade. GAMP will continue to maintain a capability for developing
and operating global-orbiting balloon platforms required for middle-atmosphere
research programs.

To achieve this goal, a number of related developments are now under way,

including improved dropsonde systems for the Air Force, NOAA, and the research
community, and specialized radiosonde systems for global shipboard use and for
mesoscale research.

Accomplishments of the Past Year

Cross-Chain Loran Atmospheric Sounding System (CLASS)

After completion of prototype tests in February 1985, Dean Lauritsen directed

the production and testing of nine CLASS systems for use in the GALE program
from January to March 1986. Over 1,200 soundings were made from seven land
stations and two ships. Soundings were made at all sites by a single unskilled
operator. Data were automatically dumped to the GALE computer on completion
of each flight. For the first time, a research program had access to research-quality
atmospheric sounding data from a network of stations in real time.

Two CLASS systems were used by the Illinois State Water Survey during June
and July for a thunderstorm research program. One system was provided for

the First ISCCP (International Satellite Cloud Climatology Program) Regional
Experiment (FIRE) in Wisconsin from September through October. Two systems
are in use from November 1986 through January 1987 for the Sierra Cooperative
Pilot Project. Robert McBeth and Marcel Verstraete installed systems and trained
operators for these programs.

During the year, GAMP made a number of mechanical improvements to the
nine CLASS systems. Zohreh Malekmadani revised the software for improved
performance. Special software packages were developed for each of the four
research programs to tailor the products to their individual needs.

A CLASS system is being fabricated for delivery to Taiwan in March 1987 for
use in the Taiwan Area Mesoscale Experiment (TAMEX) on a Taiwanese research
vessel.

Digital Omega Dropwindsonde (DOD)

The U.S. Air Force procured 10,000 dropwindsondes for use in its own missions
and in support of NOAA programs. These dropwindsondes were developed by
NCAR originally for the GARP Atlantic Tropical Experiment (GATE). Although
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the sonde design is nearly obsolete, there is currently no alternative. GAMP
continues to provide assistance to the Air Force when manufacturing problems
arise. With Air Force funds, GAMP completed a program in 1986 to provide
system improvements. In collaboration with Julian Pike (FOF), GAMP has
developed a much improved pressure sensor that will be used in a number of
additional applications, including the PAM system.

The system has been converted from analog to digital telemetry with substantial
improvements in performance. A new, more efficient transmitter was developed
by Terrence Hock. The complex parachute mechanism, which included a drogue
chute and time-delay mechanism for main parachute release, has been replaced by
a single NCAR-designed cone chute. Production costs are estimated to be reduced
by $300 from the present $600.

Fifty prototype units of the new design have been fabricated in-house and will
be flown early in 1987. GAMP will use this improved design as a starting point for
its lightweight research dropwindsonde.

Lightweight Dropwindsonde

The currently-used dropwindsonde weighs 1,400 grams, and the DOD sonde
will weigh 850 grams. Neither can be dropped over the ocean without prior
clearance or over land at any time. GAMP is now developing a lightweight sonde
for research applications that will weigh 300 grams and can be released without
clearance over land or sea. It ultimately will use the Global Positioning System for
windfinding, but in its initial version for deployment in the North Atlantic in 1989,
it will use the cross-chain Loran technique. It will provide fine-scale wind structure
for the Office of Naval Research-sponsored Experiment on Rapidly Intensifying
Cyclones in the Atlantic. GAMP has successfully demonstrated the mechanical
concepts for deploying the lightweight sonde in aircraft drops at the Fort Carson
range in Colorado. Complete system tests are planned for January 1988.

Kanton Sounding System. The TOGA Project Office has provided funds
for GAMP to build an automatic surface observation system to be installed on
Kanton Island in the equatorial Pacific. This site, which (with Ascension Island)
had the longest continuous upper-air sounding records, was abandoned by the
United States in 1979. A few Kirabati now live on the island in the most primitive
circumstances-no ground water, negligible rain water, no power. Kanton is a key
site to study tropical Pacific circulation patterns. GAMP's assignment is to install
an upper-air system that can be operated by an unskilled person and that will
require minimum maintenance for a ten-year period.

The group has completed initial designs for provision of power and water, as
well as the basic sounding system design. The system will use the technologies
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developed for the automated shipboard aerological program (ASAP) and CLASS

but will employ, for the first time, a combination of Omega and Navy VLF
transmitters to provide windfinding.

ASAP. GAMP's role in ASAP was limited in 1986 to consulting with the

World Meteorological Organization, NOAA, and the Atmospheric Environment

Service of Canada on the expansion of this program as a major international
cooperative venture. Harold Cole participated in planning meetings in Canada,

England, and Switzerland.

There will soon be a dozen ASAP-equipped ships in the Atlantic and four or

five in the Pacific-an encouraging growth from the first prototype of 1982.

Research Applications Program

Missions and Goals

The primary focus of this group is applied research in observational meteorology

with emphasis on expediting the transfer of new technological developments to the

community of operational users.

Initiatives suitable for technology transfer by RAP can be undertaken if they

(1) meet urgent national scientific needs, (2) require a capability unique to NCAR,

(3) are of substantial interest to scientists and/or engineers at NCAR, and (4)

provide a benefit to NCAR in terms of improved capability in conducting its

mission.

Research Conducted during FY 86

FY 86 has been a transition year between the project orientation of the past

and a broader-based central core program for FY 87.

New initiatives for FY 86 have included identification of products developed
within ATD that are candidates for commercialization under the proposed UCAR

Foundation; submission of a draft proposal to enhance the FAA's current Low-Level
Wind Shear Alert System (LLWAS), entitled "LLWAS Six-Station Algorithm and
Operational Demonstration"; and submission of a final proposal, "FAA Terminal

Doppler Weather Radar (TDWR) program," to conduct an operational test at
Stapleton International Airport (Denver, Colorado) in FY 87.

Major progress was made toward completing the Joint Airport Weather Studies
(JAWS) Project. Both basic scientific understanding and numerous research
applications have resulted from the effort, including a better understanding of the
structure and formation of microbursts, improvements in pilot training on wind
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shear encounters, improved LLWAS, and real-time applications of Doppler radar
at airports.

By year-end, six papers were being prepared in the following areas of research:
microburst forcing and short-term forecasting using precursors, by Mark Hjelmfelt;
low-reflectivity microburst storms (dry cases), by Cathy Kessinger, Rita Roberts,
and Kim Elmore; 30 June 1982 severe thunderstorm and microburst case,
by Kessinger; morphology and life cycle of microburst outflows, by Hjelmfelt;
statistics and structure of gust fronts, by William Mahoney; and microburst
characterizations for engineering applications, by Elmore.

Low-Level Wind Shear Alert System

RAP continued redesigning the FAA's LLWAS. The system consists of a
network of anemometers and wind vanes and a computer system that performs
real-time data analysis and issues alarms when a dangerous wind shear is detected.
Some of the problems with the current system are that the maintenance is
irregular, some of the wind sensors are sheltered, the detection software favors gust
fronts and deemphasizes microbursts, and the station spacing makes microburst
detection less likely and does not cover runway approach/departure zones.

The theoretical evaluation of LLWAS had three goals: to increase the
probability of detection of a dangerous wind shear, to reduce the probability
of false alarms, and to enhance the system's ability to detect microbursts. At
year-end, the LLWAS team, headed by F. Wesley Wilson, concentrated on finishing
the verification of the recorded LLWAS data from Stapleton International Airport
for use in the statistical testing of various LLWAS algorithms, the design of
algorithms that compensate for irregular geometries, and the design of algorithms
for the estimation of the headwind loss that can be expected along a runway
corridor. Work on the LLWAS project final Report has begun, and mathematical
briefs have been prepared. Thr latest version of the proposed LLWAS display was
completed, and a demonstration was given by Wilson at the TDWR/LLWAS User
Working Group meeting in Huntsville, Alabama. This will lead to a new display
system test at Denver in FY 87.

Terminal Doppler Weather Radar

Work on TDWR was intensified after the crash of Delta flight 191 in Dallas,
Texas, on 2 August 1985. The FAA had asked RAP to participate in a program
that is being conducted jointly with the Massachusetts Institute of Technology's
(MIT) Lincoln Laboratory, the National Severe Storms Laboratory, and others to
develop microburst and wind-shift/gust-front detection algorithms. In addition,
the TDWR effort includes a convective initiation concept to provide thunderstorm
point forecasts for the airport terminal environment and information on heavy rain
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and hail. These algorithms will be used in an operational test and evaluation of
real-time graphics display products provided to air traffic controllers at Stapleton
International Airport in the summer of 1987. Data from Classify, Locate, and

Avoid Wind Shear (CLAWS) 1984 experiment, NOAA's Program for Regional
Observing and Forecasting Services (PROFS) summer 1985 real-time exercise, the
MIT Lincoln Laboratory Memphis Test, and the MIST project will be used to
refine microburst detection concepts in preparation for the development of the
algorithms.

Findings show that most of the microbursts in the Denver area, whether heavy

rain thunderstorm cases or drier, virga-type cases, are thermodynamically forced.
This is caused essentially by production of negative buoyancy as precipitation falls
below cloud base through a low-humidity, dry adiabatic environment, where it

undergoes evaporative cooling. In addition, the presence of small mesocyclone
circulations was relatively common in the Denver cases, although RAP scientists
have been unable to completely understand the source of this rotation. The
circulations appear to be unconnected with the formation of the microburst.

In addition to these case studies, RAP has funded a scientist (Fernando
Caracena) from NOAA's Environmental Research Laboratories (ERL) to fully
examine the potential for microburst forecasting 2 to 12 hours in advance. When
convection initiates, high moisture contents aloft (near 500 mb) and dry conditions
below (near 700 mb) are likely to produce microbursts.

These findings are totally consistent with the forcing case studies mentioned
earlier. In addition, the advection of midlevel moisture from the southwestern
United States in the onset of the midsummer monsoon circulation heralds
microburst outbreaks in Denver. This work will be reported on during FY 87.

Aviation Weather Forecasting Task Force

Chaired by John McCarthy, the AWF Task Force grew out of a response to
an invitation from the FAA for RAP to assess and make recommendations for the
improvement of the aviation weather forecasting and warning system operated by
the National Weather Service for the FAA.

The task force, consisting of ten experts in the fields of aviation meteorology,
data basing, meteorological sensing, and numerical guidance, addressed one- to
three-year improvements in the U.S. aviation forecast system. The final report,
completed in August, contains 20 recommendations on improvements in the
resolution of the space/time scales relevant to most of aviation needs.
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Other Activities

RAP will continue to develop terminal weather information system strategies,
using data from the JAWS and CLAWS projects. The long-term course of RAP
will be determined by the individual and collective interests and capabilities of
its technical staff. During the early stages, aviation meteorological interests
predominated. It would be surprising if that perspective did not continue for a
number of years. For example, the development of a new airport at Denver, to
replace the aging Stapleton International Airport, could be an interesting target.
In any event, RAP's future will flow with the creative potential of its staff, and
with RAP's ability to gain funding from diverse sources in a trying time for
government-funded research.

RAP staff conducted over 50 seminars and briefings on its activities throughout
the year. RAP staff have hosted numerous visits by scientists, engineers, and pilots
during the course of FY 86.

University Interactions. During FY 86, RAP supported five student research
assistants from two universities, two short-term visitors from two universities, and
two long-term visitors from one university.

Design and Fabrication Services

Missions and Goals

The primary goal of Design and Fabrication Services is to provide engineering
service through the Mechanical Design Group and fabrication service through the
Machine Shop to all of NCAR. The Mechanical Design Group often participates
in project efforts by contributing development team members. The Machine Shop
performs machining, welding, sheet metal cleaning and anodizing, electropolish,
and assembly and repair service. The shop typically handles around 200 projects
annually.

Activities of the Past Year

Major development efforts that involved the Mechanical Design Group and/or
the Machine Shop included the following:
CP-2 radar, new radome system (FOF, Keeler)
CP-2 radar, deployment at Huntsville (MIST) (FOF, William Bragg)
CLASS trailers (GAMP, Jack Tefft)
PAMII, deployment at field sites (FOF, Gerald Albright)
Computer-aided design system (DFS, Paul Johnson)
CP-2 radar, backup blower system (FOF, Bragg)
CP-2 radar, pedestal overhaul (FOF, Lewis)
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TOGA radar, containerization of a C-band radar system (NOAA, Warren Keenan)
Stellar cycles, fabrication (HAO, Lee Lacey)

Machine Shop support was distributed among the various NCAR divisions and
other groups as follows:

Hours

Atmospheric Technology Division
Atmospheric Chemistry Division
High Altitude Observatory
Administration Division
Scientific Computing Division
National Oceanic and Atmospheric Administration
Director's Office
University of California, San Diego
Florida State University
National Scientific Balloon Facility
Atmospheric Analysis and Prediction
Other

5,872
5,122
2,208

705

348
297
262
182
154
147

68
33

Percent

38.1
33.3
14.3
4.6
2.3

1.9
1.7

1.2
1.0
1.0
0.4
0.2

TOTAL HOURS CHARGED 15,398

A computer-aided design system was purchased during the year and has added
significantly to the Design Group's capability. The group is currently looking at
software to tie directly to the computer-controlled milling machine, which will add
efficiency to both the design and machining functions.
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Staff and Visitors

Staff

Division Director's Office

Richard Carbone (deputy director)
Victoria Holzhauer
Carol Nicolaidis
Robert Serafin (director)
Robert Snow
Shelley Zucker

Research Aviation Facility

Harold Barber
Darrel Baumgardner
Diane Blagusz
Henry Boynton
Edward Brown
Robert Carl
Celia Chen
William A. Cooper
Michael Daniels
Donald Darnell
William Dawson
Richard Friesen
Charles Frush
Vincent Glover
Keith Griffith
Mary Griffith
Connie Hamilton
Diana Hargett
Peter Hildebrand
Warren Johnson (manager)
Dennis Knowlton
Paul LeHardy
Donald Lenschow
James Lundahl
David McFarland
Mark Medrud
Erik Miller
Jerry Pelk
Charles Purdy
Reiko Raese
James Ragni
Edward Ringleman
Ronald Ruth
Estevan Salazar
Allen Schanot
Ronald Schwiesow
Stephen Skinner
Paul Spyers-Duran
Janet Stone
Gilbert Summers

George Tate
Margaret Taylor
Richard Taylor
Jerry Tejcek
Craig Walther
Kim Weaver
M. Norman Zrubek

Field Observing Facility

Gerald Albright
Patsy Alonzo
Jose Alvistur
Jeff Bobka
Richard Bobka
Robert Bowie
William Bragg
Christopher Burghart
Joost Businger
Forrest Cook
John Conway
Jonathan Corbet
Dan Cronin
Walter Dabberdt
Don Ferraro
Brant Foote (manager)
Charles Frush
Grant Gray (scientific visitor)
Paul Herzegh
Jean Hurst
Catherine Irwin
William Irwin
Claudia Kale
R. Jeffrey Keeler
Errol Korn
Brian Lewis
Jin-Li Liu (long-term visitor)
Jonathan Lutz
Mark Medrud
John Militzer
Margaret Miller
James Moore
Cynthia Mueller
Richard Oye
Carmen Paneitz
Julian Pike
Mary Ann Pykkonen
Darelyn Reum
Steven Semmer
Michael Strong
Hung Viet Ta
Joseph Vinson
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Glenn Wardell
James Wilson
Peter Wyngaard

Global Atmospheric Measurements Program

Edgar Aden
Neil Carlson
Edward Chamberlain
Harold Cole
Celia Darnell
Terrence Hock
Vincent Lally (manager)
Dean Lauritsen
Zohreh Malekmadani
Robert McBeth
Dale McKay
Claude Morel
Ken Norris
Ranjit Passi
Aubrey Schumann
Justin Smalley
Sigvard Stenlund
Jack Tefft
Marcel Verstraete
James Ziese

Research Applications Program

E. David Albo
Cleon Biter
Kristi Brislawn
Michael Carpenter
Larry Cornman
Kimberly Elmore
John Hinkelman
Mark Hjelmfelt
Cathy Kessinger
Patrice Kucera
Barbara Loitsch
DeAnna Loudon
Jon Lutz (70%)
William Mahoney
John McCarthy (manager)
Phyllis O'Rourke
Ranjit Passi
Angie Pignotti
Bradford Ratcliffe
Rita Roberts
C. Michael Siedelberg
Wendy Spratte

Jeanette Walters
James Wilson (25%)

Design and Fabrication Services

Page Baptist
John Beeby
Jack Fox
Paul Geisert
Gilbert Granger
Michl Howard
Paul Johnson (manager)
Ivan Lee
Hayden Mathews
James Nielsen
John Nolan
Henry Quabeck
Alvin Sapp
Dennis Stacy
Bart Woodiel
William Zelt

Visitors

Joost Businger, University of Washington, January 1983

to August 1986, FOF

R. Kent Goodrich, University of Colorado, October 1985
through December 1986, RAP

Grant Gray, private consultant, September 1985 to
September 1986, FOF

Wen-Chau Lee, University of California at Los Angeles,
June 1985 to January 1987, FOF

Paul Lightsey, University of Northern Colorado, January
to August 1986, RAF

Jin-Li Liu, Academia Sinica, Beijing, People's Republic
of China, October 1985 to October 1986, FOF

Fred Navarro, University of Arizona, Summer 1986,
GAMP

Rosa Orduno, University of Texas-El Paso, Summer
1986, GAMP

Jotherim Vivekanandan, Colorado State University, April
1985 to April 1986, FOF

F. Wesley Wilson, University of Colorado, June 1985
through December 1986, RAP
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The Acid Deposition Modeling Project (ADMP) is supported by the U.S.
Environmental Protection Agency (EPA) as part of the National Acid Precipitation
Assessment Program (NAPAP) under an interagency agreement with NSF. Its goal
is to develop an Eulerian regional acid deposition model that can accurately assess
and quantify relationships between sources and receptors of acid deposition. This
model will provide a sound scientific foundation for rational and effective national
policy decisions. The project has been located at NCAR since its inception in
1983.

By mid-1986, ADMP was moving from the research and development stage
into an operational phase. The Atmospheric Sciences Research Center (ASRC) at
the State University of New York (SUNY) at Albany invited ADMP to move to
ASRC as the nucleus of a permanent theoretical research group. Representatives
of EPA, ADMP, SUNY, and NCAR agreed to transfer the project office and overall
management responsibility to SUNY in 1987. Technical cooperation among SUNY,
NCAR, and other participants will continue, and a new cooperative research plan
will be developed to expand this productive collaboration to other UCAR member
institutions.

ADMP Regional Acid Deposition Model

The ADMP Regional Acid Deposition Model (RADM) is a constantly evolving
system of computational models that describe the major physical and chemical
processes involved in acid deposition on a regional scale. The RADM development
effort has three objectives. First, RADM must be a state-of-the-art modeling
system suitable for carrying out source-receptor assessment studies. Second,
it must be sufficiently flexible to allow integration of current and developing
representations of relevant physical and chemical processes. Third, RADM must
describe the spatial and temporal distribution of pollutants from known sources. In
response to these requirements, the RADM system comprises a hierarchical set of
models. Basic research, funded by NAPAP and other organizations, is conducted
on individual physical and chemical processes such as atmospheric transport, dry
deposition, wet scavenging, and gas-phase chemistry to provide a solid foundation
for the system. ADMP's interdisciplinary research team synthesizes the results of
these studies into a set of submodels and then integrates these submodels into a
fully coupled, comprehensive modeling system.

The core RADM system consists of two comprehensive models-the mesoscale
meteorological model (MM4) and the chemical transformation, deposition, and
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transport model (RADM). Starting with any given set of meteorological data, MM4
develops for RADM a self-consistent description of meteorological variables such
as wind velocity, precipitation, boundary-layer mixing rate, and local temperature
structure of the atmosphere. In addition to the emission and transport of
pollutants, RADM considers gas-phase chemistry, aqueous-phase chemistry, cloud
processes, and wet and dry deposition.

Significant Accomplishments

* ADMP completed our first simulation of experimental results from the
Statewide Air Pollution Research Center (SAPRC) smog chamber at the
University of California, Riverside, with the NCAR Master Mechanism
of Gas-Phase Chemistry, using the exact input parameters determined by
the experimenters. Insights gained through this study have been used in
developing the second-generation RADM gas-phase chemistry mechanism.

* We completed a second-generation gas-phase chemistry mechanism for
RADM. It has been used to simulate 21 SAPRC and 12 University of North
Carolina (UNC) smog-chamber experiments. These experiments represent
atmospheric conditions ranging from relatively clean air to highly complex
and polluted urban atmospheres. The close agreement between experimental
and model simulation results affirms the applicability of this mechanism in
regional acid deposition modeling.

* The Mesoscale Meteorological Model (MM4), including pre- and post-
processors, was frozen. All the planned parametric studies with MM4 are
complete, comprising a total of 168 simulations with variations in physical
submodels and model parameters such as resolution and initial and boundary
conditions.

* We made detailed intercomparisons of RADM simulations with observational
data from events studied during the Oxidant Scavenging Characteristics of
April Rains (OSCAR) experiment in 1981. These intercomparisons clarified
some of the difficulties in comparing grid-averaged model variables with
point measurements from surface stations. We are working with EPA to
incorporate these results into the planning of a new observational network.

* We have developed a first-generation Engineering Model (EMI) from RADM.
EM1 can simulate the effect of variations in sulfur emissions on sulfur
deposition while other variables are held constant. Comparisons with
corresponding RADM simulations showed that, for some situations, EM1 can
provide useful results at a much lower computational cost. For example,
when we used the HO distributions determined by RADM to calculate SO 2

transformation, EM1 gave dry and wet depositions almost identical with
those produced by RADM.
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Chemistry

William Stockwell and Xiaoyan Tang (visiting scientist from Beijing University)
used smog-chamber data to test and improve the RADM chemistry mechanism.
Uncertainties about chamber-wall effects and photolysis rates can cause severe
problems. Wall effects can contribute 50% or more of the radicals produced in a
typical smog-chamber run. This effect may be due to the production of nitrous acid
on the chamber walls through a heterogeneous reaction of nitrogen dioxide and its
subsequent photolysis. Aldehydes can be desorbed or absorbed by the chamber
walls. Photolysis rates (J-values) may be uncertain, particularly for outdoor
chambers. Sasha Madronich studied the procedure for estimating the photolysis
rate coefficient, JNO2, for the smog chamber at TJNC, and he estimates that JNO 2

for that smog chamber is uncertain by about 140%, with even greater levels of
uncertainty for all other J-values. Thus the quality of any given measurement
in a smog-chamber experiment may vary greatly. Taking these difficulties into
account, the RADM gas-phase chemistry mechanism performed well in most of the
simulation studies.

However, our early version of the gas-phase chemistry mechanism did not ac-
curately simulate smog-chamber experiments with high concentrations of complex
hydrocarbon mixtures. For example, SAPRC experiment EC-245 consisted of the
photolysis of a mixture of NO, NO 2 , ethylene, propylene, trans-2-butene, n-butane,
2,3-dimethylbutane, toluene, m-xylene, CO, formaldehyde, propionaldehyde, and
acetone. The simulated NO-to-NO2 conversion rate in this experiment was much
too rapid, although the experimental and simulated concentrations of toluene and
xylene were in good agreement. This problem was not unexpected, since the
aromatic oxidation scheme is highly parameterized. Aromatic hydrocarbons react
to form a mixture of several compounds, including dicarbonyl compounds that can
photolyze to make radical species. The early RADM chemistry mechanism omitted
the formation of the intermediate species. On the scale of regional models, this
approximation leads to little error in predicted HO concentrations. However, the
higher relative concentrations of aromatics used in some smog experiments result
in an "explosion" of radicals. This has little effect on the total fraction of the
aromatic species oxidized, but it does lead to high conversion rates of NO to NO2.

Stockwell and Tang have derived more realistic parameterizations of the
aromatic hydrocarbon oxidation scheme for incorporation in the RADM, including
a more reactive treatment of ethene chemistry. The new aromatic oxidation
scheme includes glyoxal, methyl glyoxal, dicarbonyl, and cresol. The new ethene
reaction scheme includes the formation of glycolaldehyde. With this scheme,
the simulated conversion rate of NO to NO2 was correct even at high aromatic
concentrations, even for experiments that contained NO. and only toluene or
xylene as well as for experiments that consisted of the photolysis of complex
mixtures of NO. and reactive organics. For example, for the aforementioned
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EC-245 experiment, the simulated rate of conversion of NO to NO 2 agreed well
with the observation, and the peak 03 levels agreed to within 6%. The RADM
gas-phase chemistry mechanism will be further improved through additional tests

to model smog-chamber data that are under way.

Chris Walcek continued working with Carl Berkowitz of Pacific Northwest
Laboratories (PNL) to incorporate the RADM Scavenging Module (RSM) into
RADM. Walcek developed a vertical velocity generation subroutine for RSM and
a scheme for estimating the fractional area of cloudiness. He also incorporated the
complete set of RADM-transported trace gases into the RSM, which will allow for
the proper treatment of the subgrid transport of these species by cumulus clouds.
Test runs of this model were performed on the VAX 11/785, and execution times
were approximately 30% faster than the times reported by PNL for the RSM
without these modifications. This model is currently being modified to run on
the CRAY X-MP. Our preliminary estimate of the CPU time required to run the
RADM with the RSM for a 72-hour simulation is over 90 hours on the CRAY
X-MP. For the existing RADM, 1 hour of CRAY X-MP time would be adequate.
It is clear that considerable effort must be devoted to understanding the science of
the RSM in order to build a more efficient version while retaining the advanced
microphysical and chemical description of cloud processes in acid deposition.

Walcek has continued to update an aqueous chemical reaction mechanism.
Several researchers have suggested recently that the NO3 radical may initiate SO 2

oxidation. These researchers assume that NO3 would act like nitric acid vapor and
be extremely soluble. NO 3 may actually be more like NO2, and therefore may be
virtually insoluble. Walcek has shown that, if this is the case, NOs chemistry in
polluted cloudy environments would contribute little to the production of either
sulfuric or nitric acid.

Our effort to assess the relative importance of gas- and aqueous-phase
production of sulfuric acid on regional scales is continuing. Using the relatively
cloudy OSCAR IV data (22-24 April 1981), RADM predicts that 75% of the
sulfuric acid is produced in clouds. Of course, even for these conditions the
gas-phase chemistry is important, as it continues to form 100% of the needed
reactants (H 2 0 2 and O0) for the in-cloud reactions. During less cloudy periods,
gas-phase chemistry is expected to increase in importance. To simplify the cloud
processing algorithm in RADM, Walcek is studying the critical range of cloud
cover when the relative importance of these production mechanisms shifts.

Madronich and Jack Calvert (ACD) continued development of the NCAR
Master Mechanism of Gas-Phase Chemistry. Their work included:

* a review of proposed toluene photo-oxidation pathways
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* estimation of the rate coefficients and product channels for addition of
OH, NOs, and 03 to CR2=CR2 species (R = H, CnH 2 n+,L OH, NO2,
ON0 2) based on the available data for simple alkenes, chloroalkenes, and
a,b-unsaturated carbonyls

* completion of reaction pathways for new aldehydes and secondary products
generated by the revised alkoxy radical reactions and reactions of subsequent
RO 2H and RO2 species

* additional work on photolytic reactions.

Madronich used the NCAR Master Mechanism to simulate a toluene smog-
chamber experiment from SAPRC. One advantage of this particular SAPRC
experiment is that wall effects and the actinic light are well characterized and
do not require any tuning. The Master Mechanism predictions of NO, NO2,
03, and toluene were in excellent agreement with the experimental data for the
entire 7-hour run. A simplified mechanism was developed systematically from
the Master Mechanism by ensuring that deletion of selected reactions did not
produce significant changes in the simulation result.

Calvert and Madronich studied the initial products of tropospheric oxidation
(NO;-rich and NO.-free conditions) for a representative tropospheric mixture
of hydrocarbons (26 alkanes, two alkenes, five aromatic hydrocarbons, and two
terpenes). These results suggest: (1) each class of hydrocarbon has certain unique
products that may serve as useful indicators of the history of an aged air mass;
(2) n-hydroxy-alkyl nitrates are identified as a probably significant part of the
large and as yet unidentified fraction of active nitrogen species noted in the total
nitrogen concentration in the troposphere.

Like other mechanisms, the NCAR Master Mechanism and RADM chemistry
mechanism contain many photolytic reactions. Madronich and Calvert re-evaluated
and updated the available cross-section and quantum-yield data base, including
very recent measurements of the quantum yields of NO 2 and of acrolein. Arnold
Bass of the National Bureau of Standards provided a tape of high-resolution 03
absorption cross-section data, including temperature dependence. These data are
used directly in the calculation of JO3 as well as in calculation of the tropospheric
actinic flux, which affects J-values for all species. For a large fraction of the
photoactive organic molecules that appear in the NCAR Master Mechanism, we
have no direct measurements of absorption cross section or quantum yields for
mixtures in air. We estimated photolysis parameters for these molecules on the
basis of structural similarity, using those few molecules for which measurements are
available. A group additivity technique was developed to estimate the absorption
cross sections for all carbonyl-containing species, based on the measured spectra of
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a set of reference compounds. The products of dissociation were assigned by using
cleavage of the weakest bond to determine the pathway.

We also reviewed the primary processes involving n-hydrogen intramolecular
abstraction followed by dissociation to enols (Norrish type II process) and designed
methods for estimating the quantum yields of these processes in compounds that

have not been studied experimentally. The relative importance of the different
dissociation channels was estimated by postulating that at zero pressure the total
yield is unity; the Norrish type II process quantum yields can be calculated
from the correlations known for a series of ketones. Quenching effects in air
were estimated by analogy with quenching of those reference compounds that
dissociate by a similar bond-cleavage process. For all hydroperoxides and the
peroxy-acids, the available cross section and quantum yield data for CH 3 0 2 H
and CH3COO2H were used directly. These procedures allow photolysis rate
estimates for the following broad organic classes: (1) aldehydes, (2) ketones, (3)
a,b-unsaturated carbonyls, (4) dicarbonyls including keto-acids, a,b-dicarbonyls,
and unsaturated n-dicarbonyls, (5) polycarbonyls, conjugated and nonconjugated,
(6) hydroperoxides, and (7) peroxy acids.

Madronich used a delta-Eddington radiative transfer calculation toi re-examine
the effect of clouds on actinic flux. The new code includes Rayleigh scattering by
air molecules, absorption by 02 and 03, absorption and asymmetric scattering by
aerosol and cloud particles, and surface albedo. In principle, this calculation is more
accurate than the two-stream method currently used for RADM photodissociation
rate calculations. The results show that J-values in the presence of clouds may
take on values between zero and five times the clear-sky J-value, depending on the
cloud optical depth, absorption loss, solar zenith angle, and altitude. A simple
qualitative cloud-scattering model was developed to show the physical origin of
the large J-value variations predicted by the more sophisticated calculation. The
application of these findings to RADM is being evaluated.

Madronich and Glenn Weller, a student assistant from the University of
Colorado, carried out a brief study of the error introduced in the calculation of
J-values by the numerical integration of the product (actinic flux) x (absorption
cross section) x (quantum yield). Tropospheric J-values were calculated for NO 2,
03, HONO, CH 2O, and CH3 CHO as a function of the size of the spectral increment
over which each quantity is averaged. The results show that increments of about
1 nm in the critical UV region (290-340 nm) are optimal (fast computation,
negligible error), while increments greater than about 5 nm can induce large errors
in some J-values. Our results validate the accuracy of the spectral grid used for
calculating J-values for RADM. J-values calculated with a coarse spectral grid
(e.g., with the commonly used 10-nm increments) are inaccurate; e.g., JO 3 could
be in error by 30%.
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Madronich used the RADM radiative transfer program to estimate the effect
of the overhead ozone column (Dobson) on J values. The predicted effects were
then parameterized with a semi-empirical formula that can be used for rapid
calculation. Madronich and Weller used Dobson values from the Nimbus 7 satellite
to compute the actual ozone column over each RADM grid cell as a function
of time during the OSCAR IV event. The parameterization equations and the
real-time ozone data were used to re-calculate the J values used in RADM during
the OSCAR IV simulation. The results are currently being compared with earlier
RADM runs that do not include this effect.

Meteorology

Mesoscale modeling research funded through ADMP and performed in the
Atmospheric Analysis and Prediction (AAP) Division is discussed in the AAP
section of this report.

The Mesoscale Meteorological Model (MM4), including preprocessors and
postprocessors, was frozen. All the planned parametric studies with MM4 are
complete; they comprise a total of 168 simulations with variations in physical
submodels and model parameters such as resolution and initial and boundary
conditions.

Richard Brost conducted tracer simulations using RADM with both observed
and MM4-predicted wind fields and found that neither field gave the optimal
trajectory calculation. The forecast fields are subject to forecast error, while the
observations lack an adequate temperature field to allow proper pollutant vertical
mixing (temporal and spatial resolutions also are inadequate). Brost found that
using the observed wind field with forecast temperature gives the best results
for trajectory calculation. This suggests that, for assessment purposes, a four-
dimensional data assimilation technique that blends the forecast and observations
together in a dynamically consistent manner might provide the most desirable
meteorological fields for RADM.

David Baumhefner (AAP) and Ronald Errico (AAP) completed the community
forecast model (CFM) simulation for 12 selected cases. They also interpolated
the CFM forecast to the MM4 grid, which allows MM4 to be run with the
CFM boundary condition. This allows MM4 to be used in an environment that
mimics the operational model. Linda Sirney worked with Steven Wyngandt of
Pennsylvania State University to complete the production runs for all 12 cases
and all of the experiments (except those related to nested-grid options). These
simulations were conducted on the CRAY X-MP at Carnegie-Mellon University in
Pittsburgh.

Richard Anthes (Director's Office) and Simon Low-Nam have been analyzing
the results of the production runs and conducting preliminary model evaluation.
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The preliminary assessment shows that MM4 performance depends on model
options used and on synoptic situations. Low-Nam has also been working on the
model intercomparison project, which includes more than 10 modeling groups. We
use OSCAR Case IV as the standard case for this project. The French group
has provided Low-Nam with six simulations on this case with model resolutions
ranging from 160 to 40 km. This project will reveal the effects of model physics
and numerics on the prediction of mesoscale circulations.

Low-Nam has completed the preliminary verification of the production runs
for the seven synoptic cases conducted by NCAR. He is about to finish the
postprocessing of these cases. Wyngandt and Nelson Seaman of Pennsylvania
State University have begun the postprocessing and verification of the five cases
conducted by Penn State.

Seaman completed four-dimensional data assimilation on OSCAR cases II and
IV. The preliminary evaluations have shown encouraging results; e.g., better
precipitation forecasts and fewer root mean square (rms) errors. Julius Chang will
use these results to see if a better RADM simulation can be obtained from the
four-dimensional assimilated meteorological fields.

System Integration and Evaluation

James Rosinski has been working to streamline portions of the RADM code
in terms of both computer efficiency and ease of implementation. He has unified
several data base preprocessors so that only five programs must be executed in
order to complete a RADM simulation for a 3-day episode, instead of the 13
programs that formerly were required. Other improvements have been made
to reduce the total cost of each model run and make the system more "user-
friendly." In the process of streamlining RADM operation, Rosinski also found
that interpolation of wind and data fields to a fine grid (60x60 vs 30x30) yielded
superior results by eliminating numerical diffusion and preserving the shape of a
tracer of radius r=3Ax or smaller in the advection calculation. This interpolation
scheme will be implemented in the next version of both the EM and the RADM.

Paulette Middleton continued comparison studies of RADM and OSCAR
data. She used high-density network data to estimate variations of precipitation
chemistry over an area roughly the size of a RADM grid. Variations over the entire
OSCAR I, II, and IV events were examined on a total-event basis, a daily basis,
and an hourly basis. Rainfall volume and deposition consistently showed a higher
variability than the chemical concentrations of sulfate, nitrate, hydrogen, and
ammonium ions in rainfall. The ranges found in this study will be used to provide
a measure of the variations in the OSCAR data over the OSCAR intermediate
network. RADM and OSCAR data will then be examined to determine the effect
of the variations on the comparisons.
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Middleton collaborated with Chang and Heiner Geiss, an ADMP visitor from
the Federal Republic of Germany, to explore the possibility of using new measures
for comparing RADM predictions with observations. While standard statistical
measures such as correlation coefficients and biases have been used in some
previous model evaluation studies, these measures are not directly applicable
to ADMP studies of model and data comparisons on an episodic basis. The
RADM predictions of precipitation chemistry (i.e., concentrations and deposition
of chemicals in rain and rainfall volume), as well as the OSCAR observations for
episodes, are not normally or log-normally distributed. Correlation coefficients and
biases are quite sensitive to outliers. Consequently, application of these measures
to the data gives results that are dominated by extremes. A scheme where all data
pairs have equal weight and the degree of coincidence between pairs is taken into
account has shown good promise.

With the help of Samuel Mitchell, a student assistant from the University
of Colorado, Middleton has continued developing new software for converting
the NAPAP Emissions Inventory, Version 5.2, into a RADM-compatible format.
Because the framework of this inventory is substantially different from the format
for the earlier inventory (Version 4.2), considerable modification of tie data-
processing programs is required. The procedures for translating and checking
NAPAP 5.2 will be basically the same as those developed for NAPAP 4.2.

Perry Samson, a visitor from the University of Michigan, and Chang produced
a first study for aggregating a relatively small set of 3-day RADM model results
to estimate longer-term deposition over the eastern United States. Because of the
complexity of RADM, the cost of directly simulating and interpreting seasonal or
annual deposition patterns with RADM is prohibitive. Therefore we plan to run
the model for "representative" 3-day case studies, then aggregate and extrapolate
the results to longer-term concentration averages and deposition totals. This
concept is being developed and tested with past rainwater precipitation data bases.
Several clustering techniques and aggregation schemes have been evaluated. The
proposed RADM meteorological cases appear to work reasonably well for regionally
clustered data bases. Additional analysis is needed to establish an optimal scheme,
and more meteorological cases may be needed. Where possible, we will test the
selected scheme with observed acid deposition data, however limited the data may
be. The planned NAPAP field program in 1987-90 will provide the best test in the
foreseeable future.

Engineering Models

Because of our emphasis on modularity in computer coding to preserve
flexibility in incorporating new findings and advanced submodels, the present
version of RADM was not designed for speed in execution. In response to
concerns about excessive computational cost in eventual applications of RADM by
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the NAPAP assessment group, the concept of engineering models was developed.
The ADMP Engineering Models are a compromise between the need for scientific
completeness and the desire for an efficient tool that can be employed on relatively
small computer systems. The first Engineering Model (EM1) uses the same grid
as the present RADM; i.e., six vertical levels with an 80x80 km 2 horizontal grid.
This sulfur-only model considers only the variations in sulfur emission while using
RADM generated time-dependent and spatially varying variables for all other
chemical species. In this manner, EM1 can efficiently compute the impact on
sulfur deposition due to variations in sulfur emissions while holding other variables
constant. The execution speed on a VAX 11/785 is 3 hours of CPU time per
72 hours of real time, approximately a factor of 50 or more savings with respect
to RADM. Coupled with the aggregation technique, this increase in speed allows
us to consider many emission scenarios. Other versions of the engineering model
focused on nitrogen and hydrocarbons, as well as coupled models, will be explored.
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