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INTRODUCTION

This concise but comprehensive report has a double purpose. First,
it is intended to give our Federal sponsor, the National Science
Foundation, an accounting of the programmatic results of the support NSF
and other agencies provided during the year. Second, it is intended to be
a reference document for our colleagues in the universities and elsewhere
about the recent work of groups and individuals at NCAR.

As most readers know, NCAR has three major types of activity:

* We carry out pioneering research work, often in collaboration with
colleagues in the atmospheric sciences community, on problems of national
and international importance and scope.

* In consultation with the community, we develop and provide to the
community those computational and field facilities that are most needed to
make progress on critical problems and that are of such size and complexity
that they are not likely to be within the resources of a single university.

* By virtue of the nature of the institution and the breadth and
quality of the staff, we offer a place where national and international
planning groups may naturally come together to discuss promising research
paths and to plan collaborative programs to make progress toward important
atmospheric research objectives.

This report gives new evidence that not only NCAR, but the entire
community, is involved in a wide spectrum of research activities that are
important to the science and to the nation. We are involved in questions
such as the impact of human activity on the climate; the detailed processes
by which acid rain is formed; the possibility of season-ahead climate pre-
diction; the interaction of social, economic, and political forces in the
African droughts; the detailed behavior of the sun and the reasons why its
output varies; the role of electricity in thunderstorms; and the way groups
of thunderstorms mass together to produce some of our most severe and
damaging weather.

In terms of basic and applied research, our work covers an equally
broad spectrum. Though the bulk of our work is nearer the basic end of
this spectrum, our work this past year ranged from fundamental studies of
turbulence to the meteorological aspects of aircraft safety, and from
studies of the ancient atmosphere to the development of models of acid
deposition designed to be helpful to regulatory agencies.

Like many endeavors supported by public funds, atmospheric research
will be constrained by budget pressures for several years to come. NCAR
will continue to be a resource for community progress, regardless of budget
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level. We are shaping our programs so that, in concert with the community,
NCAR can continue to produce valuable research results and to provide
essential facilities to the community. Our continuing aim is to contribute
to the store of fundamental knowledge most needed by decision- and policy-
makers in their efforts to foster the economic and environmental well-being
of the nation and the world.

As it does every year, this report demonstrates that NCAR's greatest
asset is its staff, who consistently adhere to high standards of perform-
ance and dedication. Again my heartfelt thanks go to them. My thanks also
go to the many colleagues in the atmospheric sciences community who have
worked with us and have contributed much time and effort to advising us,
helping us shape our objectives, and reviewing our programs.

Wilmot N. Hess
Director
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Scientists in the Atmospheric Analysis and Prediction (AAP) Division
study the behavior of the atmosphere and oceans on scales of motion ranging
from small-scale turbulent eddies with lifetimes of seconds to global-scale
circulations with time scales of years or longer. Investigations of turbu-
lence, planetary boundary layers, convective storm systems, regional-scale
meteorology, ocean circulations, extended-range weather prediction, and cli-
mate are pursued through a balance of theoretical, numerical modeling, and
observational studies. Advances in the fundamental understanding of atmo-
spheric and oceanic processes make it possible to answer many important ap-
plied problems, such as those related to seasonal forecasts, climate change
due to increasing trace gases and modification of land surfaces, acid deposi-
tion, and prediction of severe weather phenomena.

In addition to performing individual research and collaborating with
visitors and scientists in universities and other research institutions from
around the world, AAP scientists participate actively in the planning and exe-
cution of national and international scientific projects, such as the Earth
Radiation Budget Experiment (ERBE), the National Stormscale Operational and
Research Meteorology (STORM) Program, the First ISCCP Regional Experiment
(FIRE; ISCCP denotes International Satellite Cloud Climatology Program), the
Tropical Ocean Global Atmospheric (TOGA) Programme, the Global Tropospheric
Chemistry Program, the Department of Energy's (DOE) Carbon Dioxide Research
Program, and the World Ocean Circulation Experiment (WOCE). AAP scientists
are also active in serving on national and international panels and committees
and as editors of professional journals.

SIGNIFICANT ACCOMPLISHMENTS

The following scientific activities involving AAP scientists may be high-
lighted for the past year.

* Community Climate/Forecast Model

Perhaps the most extensive research project in AAP is the development of
the community climate model (CCM) and the closely related community forecast
model (CFM). With the freezing of version B of the Oth generation (designated
CCMOB) in 1982 and the extensive documentation of the model and the processor
that appeared in 1983, AAP has made major progress toward the goal of having
one well-documented global dynamic model that can be used both by NCAR and by
university scientists to conduct a variety of climate and forecasting studies
on scales of motion ranging from the synoptic to the global. Other than dif-
ferences in output processors and addition of an initialization package for
the CFM, the CCM and CFM are identical in code structure as well as in numeri-
cal algorithms. In addition to the increased efficiency obtained by support-
ing only one basic model, there is the scientific advantage that short-range
(monthly) climate problems (such as blocking) and long-range (two to four
weeks) weather forecasting are closely related. For example, an appreciable
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portion of the forecast error in operational models beyond a week is the drift
of the forecast model to a model climate different from the real. We are al-
ready observing productive interactions between scientists who use the CCM for
climate studies and those who use the CFM for medium- to long-range forecast-
ing. As of November 1985, more than 40 university scientists were using the
CCM, while 15 scientists were using the CFM.

Significant research results achieved with the CCM/CFM are described
under the Climate and Large-Scale Dynamics (LSD) sections' activities below.
Additional research is described in "Summary of Workshop on the NCAR Conimunity
Climate Forecast Models," which appeared in the Bulletin of the American Mete-
orological Society in February 1986. This highly successful workshop, conduc-
ted over a two-week period in July 1985, was sponsored by AAP and the Scien-
tific Computing Division (SCD) and involved tutorials, including hands-on ex-
perience for more than 20 students, and 37 scientific lectures by university
and NCAR scientists.

* Potential for Extended-Range Prediction

Joseph Tribbia has examined the potential for skillful numerical predic-
tion at extended range (periods up to 30 days). Beyond the limit of detailed
deterministic predictability, the extended-range prediction must deal with
filtered flows by averaging either in time, in space, or over an ensemble of
forecasts. Tribbia analyzed the results of 20 60-day forecasts produced from
the CFM and isolated the predictable components of the atmospheric flow by
averaging both the forecasts and verifications in various time ranges. By
comparing the 20-case ensemble average variance of the time mean forecast er-
rors with the climatological variance of the time means as ascertained from
the model climatology, he obtained the average skill of the forecasts relative
to a climatological prediction. Tribbia found that if, in the ensemble mean,
the day-to-day detailed forecasts show some skill at day 10, then 20-day aver-
ages in the Northern Hemisphere 500-mb geopotential have some predictability.
He is investigating the potential predictability of monthly means by criti-
cally evaluating the results of the experiments.

* Radiative-Dynamic Balance in the Stratosphere

Knowledge of the motions of air parcels in the earth's atmosphere is of
great importance to understanding the amount and distribution of chemical spe-
cies. In particular, trying to understand the distribution and amount of
ozone in the stratosphere requires a detailed knowledge of atmospheric air
motions. Ozone is of particular importance due to the potential changes in
this species caused by the presence of chlorofluorocarbons. To diagnose these
motions, Jeffrey Kiehl has carried out a number of detailed calculations of
the radiative balance of the stratosphere. Radiative balance is the net heat-
ing or cooling of the atmosphere caused by the absorption of solar radiation
and the absorption and emission of long-wave radiation originating from the
atmosphere and the earth's surface. In regions where the heating of the atmo-
sphere due to solar radiation is greater than the cooling of the atmosphere by
long-wave radiation, the net effect of radiation is to heat the atmosphere.
Air parcels in heated regions of the atmosphere tend to rise. In contrast, in
regions where the long-wave cooling is greater than the heating due to solar

2
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radiation, a net cooling results, and this region tends to sink. Thus, the
radiative balance of the stratosphere determines areas of rising and falling
air parcels.

Kiehl used satellite-observed temperatures and chemical concentrations to
calculate the net radiative balance for the stratosphere. The January heat
balance showed a large region (30°N to 90°N) of cooling (maximum of 8 K/day),
while the region from about 30°N to 50°S showed warming (maximum of 3 K/day).
This heating pattern implies a circulation of air parcels rising in the equa-
torial regions, moving toward the poles, and then sinking. This circulation
pattern was first recognized by scientists over 30 years ago through observa-
tions of water vapor and ozone concentrations. The value of the present cal-
culations is that they can be used to generate air motions in models that can
calculate the distribution and amount of various chemical constituents, in-
cluding ozone. These calculations can then be compared with observations to
see if we are capturing the most important chemical, dynamical, and radiative
features of the stratosphere.

* Simulation of Stably Stratified Turbulence

Mesoscale variability in the 1- to 500-km range is presumably a combina-
tion of inverse cascading two-dimensional turbulence and internal gravity
waves. Which of these modes dominates--and at what scales--is hotly con-
tested. To clarify the dynamical issues in this problem, Jackson Herring and
Olivier Metais (Advanced Study Program, or ASP) have recently begun large-
scale numerical simulations (64 X 64 X 64--spectral) of stably stratified,
homogeneous turbulence. The preliminary results show that, as the stratifica-
tion increases, the two-dimensional turbulent component progressively domi-
nates the wave component.

These simulations have sufficient resolution to describe accurately the
small-scale turbulent structures embedded in the flow field, at moderate Rey-
nolds numbers (Rx 50). Results for the strongly stratified cases, inter-
preted in three dimensions with Mesoscale Research Section (MRS) graphics
software, show that the density fluctuation field consists of a random wave
pattern that occasionally breaks (indicated by development of near-cusp
shapes). In addition, small-scale, lens-shaped features also develop.

A key problem under current study is the vertical variability of such
flows--the quantity most directly accessible through radar observations--as a
function of stratification. In the limit of strong stratification, the flow
may be regarded as a set of vertically layered two-dimensional flows, which
are only weakly coupled in the vertical. The existing vertical variability is
then a result of two competing processes: the tendency for adjacent layers to
slide relative to each other, and fluid instabilities that such vertical shear
produces. These instabilities will, in turn, lead to dissipative events that
reduce the vertical shearing and produce a certain degree of vertical
coherence.

3
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* Observations and Simulations of Downbursts

An understanding of downbursts is an important topic, given their dra-
matic impact on aviation safety. In particular, accumulation of knowledge
concerning the forcing of these intense downdrafts is critical to predicting
their onset and intensity. David Parsons has studied the dynamics of down-
bursts through direct observations as well as simulations (in collaboration
with Morris Weisman) with the Klemp-Wilhelmson cloud model. The observational
study produced extremely high-resolution measurements of pressure and buoyancy
perturbations retrieved from Doppler radar observations. The combination of
these high-resolution wind and thermodynamic measurements yielded a number of
insights concerning the circulation associated with the downbursts, including
the finding that the downward accelerations seem to be primarily forced by
negative buoyancy associated with precipitation. Cooling due to evaporation
and melting in the presence of a deep, dry adiabatic layer are important in
allowing the formation of these intense downdrafts. The numerical simulations
reinforce these ideas and provide for further insight into the intense rota-
tion (about a vertical axis) associated with these downdrafts. In particular,
the downdrafts force the rotation rather than the rotation causing the down-
drafts, as previously suggested.

AAP DIVISION OFFICE

Regional-Scale Numerical Modeling and Observational Studies

Richard Anthes, AAP director, continued research on a variety of meso-
scale atmospheric phenomena. The key tool in these studies is a comprehen-
sive, three-dimensional model developed over the years in collaboration with
Thomas Warner and Nelson Seaman (both of Pennsylvania State University, or
PSU); David Baumhefner, Ronald Errico, and Thomas Bettge; and Philip Haagenson
of the Atmospheric Chemistry Division (ACD). Significant improvements during
the past year have been made to the modeling system, including the analysis
and initialization routines, the high-resolution planetary-boundary-layer
parameterizations, and the cumulus parameterization scheme. This model is now
being used by more than ten investigators outside NCAR, as well as for several
projects within NCAR.

A major use of the PSU/NCAR model is to provide input into the transport,
diffusion, and chemistry model in the Acid Deposition Modeling Project (ADMP).
Several versions of the model have been used during the past year to simulate
atmospheric behavior over three-day periods for cases of interest to ADMP.
The major case of interest has been the OSCAR (Oxidizing and Scavenging Char-
acteristics of April Rains) IV case (00 GMT 22 April to 00 GMT 25 April 1981),
in which a relatively good data base for precipitation chemistry is available.
An objective verification of this simulation, using a comprehensive verifica-
tion program developed by Bettge, showed that the model performed well on this
case.

The model has also been used for a variety of regional-scale problems.
Anthes and Ying-Hwa Kuo used the model to generate a realistic four-
dimensional data set to estimate the accuracy of temperatures diagnosed from

4
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the divergence equation when an array of nearly continuous (in time) wind ob-
servations was available. In a simulation of a possible operational system in
which wind observations with random errors of 1 m/s are available on a 350-km
grid, the derived temperatures and heights in the interior of the grid showed
root-mean-square errors of 1.55°C and 18.8 m, respectively.

In collaboration with Richard Reed (University of Washington), Anthes and
Kuo are studying the development of an explosively deepening cyclone over the
North Pacific. As in an earlier study of an Atlantic storm (the Queen Eliza-
beth II storm), these simulations have again demonstrated the importance of
latent heating in the development of at least some of these intense oceanic
storms. Considerable diagnostic studies are planned to quantify further the
importance of various physical processes.

Land-Surface Processes

Previous general circulation models (GCMs) and other meteorological
models have used extremely simple paraineterizations of surface thermal and
hydrological processes. Robert Dickinson has been working with Patrick
Kennedy and other collaborators to develop and test a relatively realistic
global treatment of land-surface processes. Soils and vegetation are sepa-
rately distinguished and parameterized. The vegetation canopy includes simple
physiological properties such as stomatal and root resistances that determine
the evaporation rates in response to solar heating and energy-balance
processes.

A series of parameter sensitivity studies has been carried out and ana-
lyzed over the last year with the one-dimensional version of the model in
collaboration with Maureen Wilson (former ASP postdoctorate, now with the
British Meteorological Office) and Ann Henderson-Sellers (AAP visitor from the
University of Liverpool, England).

The surface package has been coupled to the CCM and integrated over sev-
eral annual cycles. Quite a few other aspects of the CCM were modified, in-
cluding cloud-rainfall criteria and a stability-dependent vertical diffusion
parameterization. Many of these features are being adapted into the first
generation of the CCM (CCM1), which is now being developed. Global data sets
for soils and vegetation have been used to prescribe the nature of the soil
and canopy at each model grid square.

Dickinson, with Wilson, Henderson-Sellers, and Kennedy, has also simu-
lated Amazon deforestation through appropriate modification of surface proper-
ties and simulation of this perturbation over a seasonal cycle. The control
model does a good job of simulating the observed seasonal cycle of rainfall
over this region, but elsewhere rainfall over land is excessive, as in the
standard CCMO. A general tendency toward a warmer, drier surface climate in
the perturbation run has been noted, although changes in rainfall are not
obvious.

Dickinson has developed analytic models for zenith- and spectral-
dependent canopy albedos. He is currently collaborating with Piers Sellers of
the NASA Goddard Space Flight Center (GSFC) to develop two- and
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three-dimensional numerical models of canopy albedos to help provide GCM
parameterizations.

In collaboration with Hong Yan (AAP visitor from the Lanzhou Institute of
Plateau Physics, People's Republic of China), Anthes is using a two-
dimensional version of the PSU/NCAR mesoscale model to investigate the possi-
bility that surface inhomogeneities in semiarid regions could result in in-
creased convective rainfall. At present, a simple treatment of surface mois-
ture availability is used; additional research is planned with three-
dimensional models incorporating models of vegetation of the type developed by
Dickinson and Kennedy.

Modeling of Large-Scale Tropical Dynamics

An important problem in the modeling of large-scale atmospheric motions
is to include the convective-scale vertical transport and source/sink terms in
the large-scale heat moisture and momentum equations. Over the past ten
years, diagnostic and prognostic studies have contributed to a better under-
standing of cumulus convection, although the modeling community still lacks a
consensus on a general approach to the problem of cumulus parameterization.
In 1974, Akio Arakawa and Wayne Schubert proposed one of the most elaborate
cumulus parameterization schemes. James Hack has tested their scheme in semi-
prognostic and fully prognostic models of the atmosphere. Results of this
work have been very encouraging and suggest additional modeling work to verify
the adequacy of the parameterization technique in a more general sense.

Another important problem in the modeling of tropical phenomena is to
establish a more complete understanding of how the atmosphere responds to dia-
batic heating. Hack is examining this problem with a reduced system of equa-
tions such as those governing balanced axisymmetric flow. Analytic investiga-
tion of the role of inertial stability has demonstrated that the larger the
inertial stability of a vortex, the larger the efficiency with respect to the
generation of balance flow for a given diabatic heat source. This argument
has been generalized so that, by using transformed balanced vortex theory, a
researcher can analytically calculate the two-dimensional efficiency of poten-
tial to kinetic energy conversion from knowledge of the instantaneous vortex
structure. These diagnostics should be useful in future investigations of the
rapidly intensifying stage of tropical cyclone development that is often pro-
duced by primitive-equation simulations. This work has also suggested a
strong dependence of the dynamic response to the vertical structure of the
diabatic heat source, confirming similar results of earlier studies. This
dependence may lend itself to analytic investigation to determine the dynam-
ical processes responsible for this dependence, and to determine more precise-
ly the degree of sensitivity to small differences in the vertical structure of
the diabatic heat source.

Exploitation of Parallelism in Modeling of Geophysical Flows

Numerical modeling of geophysical phenomena is facing a radical departure
in the way in which future applications will be implemented on high-
performance scientific computer systems. This change will become necessary
because semiconductor circuit and packaging technology is rapidly approaching
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fundamental physical limits. Consequently, technological improvements alone
will no longer lead to continued performance improvements in general-purpose
scientific processors. The design of future high-performance processors will
require the computer architect to understand the computational characteristics
of a wide class of scientific disciplines in order to more completely address
the needs of the scientific community with new computer architectures and im-
proved machine organizations. Since parallelism at some level will need to be
exploited in future machine designs, a better understanding of the limitations
of parallelism, including new algorithmic approaches, for many scientific
problems will be necessary if continued improvements in computational perfor-
mance are to be expected. Hack is examining these performance issues with
respect to the NCAR CCM.

Interactive Computing on the Mesa

Encouraged by the success of the VAX minicomputer facility developed over
the years by MRS, the AAP sections on the mesa began to acquire a similar sys-
tem in 1983. The AAP VAX computer cluster on the mesa currently consists of
three machines, two 11/780s and one 11/785. This system has proven to be of
great value in furthering research by the three mesa AAP sections. The AAP
VAX system provides direct access to the NCAR local network (NLN) for file
transfer and job submittal to and from other network nodes, such as the CRAYs
and the IBM 4341s. This link is now also used by the VAXes in RL-3 and RL-6
for access to the network. An investigation of projects on the system shows a
number of AAP scientists doing sizeable data processing entirely on the VAX,
and others developing programs that are expected to run later on the CRAY.
Examples of these projects are the following:

"First pass" data from the ERBE satellite are processed and analyzed coin-
pletely on the VAX. Analyzed data sets can be displayed graphically using
either a false-color imaging package developed for the Tektronix Color Graph-
ics Workstation or a new interactive data processor (IDAP) developed by Cloud-
Climate Interactions Group (CCIG) scientists and programmers and using any
available graphics output device. The IDAP program employs a sophisticated
menu-driven interface to do graphical analysis of both model and satellite
data, independent of grid size. For model data analysis, the CCM modular pro-
cessor is used on the CRAY to create data sets for transfer over the NLN to
the VAX. Then fields may be chosen and contoured or imaged as desired using
IDAP. A software "zoom" capability allows the user to interactively take a
closer look at areas of interest, and has proven useful in troubleshooting new
CCM parameterizations.

Empirical Studies Group (ESG) scientists use the VAX system to analyze
buoy data from the First GARP Global Experiment (FGGE; GARP is an acronym for
Global Atmospheric Research Program). Their analysis programs look at drift
velocities of the buoys in an attempt to fix signatures of below-surface
events from the surface measurements.

An ongoing effort exists with the ESG to calculate statistics for sur-
face-based variables from the ESG Climate Data Base, work that is also being
performed on the VAX.

7
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Scientists in the Oceanography Section have used the VAX to develop a
primitive-equation model, which runs on the VAX and on the CRAY. Production
runs of additional oceanography programs in batch mode on the VAX perform
analyses of the Gulf Stream as an energy source for energy patterns found in
the oceans away from the Gulf Stream itself. Other VAX processing in ocean-
ography over the past year has included development of an interactive analysis
and archiving package for oceanographic data, as well as a program for analy-
sis of dispersal of passive tracers.

These are only some of the scientific projects being done on the mesa VAX
system. There are now approximately 130 users of the VAX, spanning all the
mesa sections of AAP and ADMP.

MESOSCALE RESEARCH SECTION

Severe-Storm Research

Convective Storms, Squall Lines. Building from their experience in
studying isolated convection through three-dimensional numerical simulation,
Richard Rotunno, Weisman, and Joseph Klemp have turned to the severe squall-
line systems of convective storms. In spite of the three-dimensionality
within squall lines, they find that under certain conditions averaging along
the line yields properties that are, to outward appearances, often quite simi-
lar to those obtained directly from two-dimensional simulations.

Rotunno and Klemp are attempting to determine whether the basic mecha-
nisms that sustain squall lines are fundamentally two-dimensional or three-
dimensional in nature. Early indications from these two-dimensional simula-
tions are that long-lived lines are maintained by periodically redeveloping
cells rather than by steady convective lines. This periodic mode seems dy-
namically different from those previously described and can be explained in
terms of the vorticity dynamics of the line. This study also revealed some
new propagation characteristics of gravity currents.

Tornado Dynamics. Rotunno has continued to pursue his research into the
vortexa mis thTof nadoes. By comparing high-resolution numerical simula-
tions with laboratory data of intense end-wall vortices, Timothy Wilson (Los
Alamos National Laboratory) and Rotunno have produced a new understanding of
how the end-wall boundary layer produces a very intense vortex jet. Motivated
by these simulations, Brian Fiedler (ASP) and Rotunno developed an analytical
model that offers a new estimate of the maximum wind speed obtainable in a
tornado-like vortex. The model recognizes that nonhydrostatic effects are
large in the core of an end-wall vortex and that methods based on the "thermo-
dynamic" (hydrostatic) method must fail in this application.

Numerical simulations of tornadoes have developed historically along two
paths. On the one hand, simulations have been done using what are essentially
axisymmetric cloud models that take account of the atmosphere's compressi-
bility and moist thermodynamics. On the other hand, there are numerical simu-
lations of flows generated in a laboratory which are incompressible and dry.
Differing physical parameters and numerical techniques have made it difficult

8
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to know if the models are producing essentially similar or dissimilar results.
Recently, Rotunno, in collaboration with Peter Howells (Commonwealth Scien-
tific and Industrial Research Organization, or CSIRO, Mordialloc, Australia)
and Roger Smith (Monash University, Clayton, Australia), completed a study
comparing the two types of simulations.

Tropical Cyclones. Rotunno began a collaboration with Kerry Emanuel
(Massachusetts Institute of Technology, or MIT) and Douglas Lilly (University
of Oklahoma) on the axisymmetric dynamics of tropical cyclones. Simulated
tropical cyclones are strongly dependent on heat transfer through the sea sur-
face. However, the prevailing conceptual picture of tropical cyclone develop-
ment is one in which the idea of conditional instability of the second kind
(CISK) figures prominently. Emanuel and Lilly have proposed, as an alterna-
tive to CISK, that the development and maintenance of tropical cyclones depend
exclusively on a self-induced transfer of latent and sensible heat from the
ocean rather than on the existing convective available potential energy im-
plicit in the CISK hypothesis. They have developed a simple, nonlinear ana-
lytic model of the mature tropical cyclone, based on this air-sea interaction
postulate, which produces accurate predictions of the structure and intensity
of observed storms. In this same spirit of seeking a maximally simplified
model of an admittedly complex process, Rotunno has developed an axisymmetric,
primitive-equation model. This model explicitly accounts for convection and
is of the same general type used by Stanley Rosenthal in his well-known inves-
tigation. Rotunno's hope is that the numerical model can help resolve the
issues that the analytical theory suggests are of critical importance.

Downbursts. David Parsons, with Weisman and Klemp, is using the MRS
cloud model to analyze the intense downdrafts (often called downbursts) asso-
ciated with some convective storms. Understanding and predicting downbursts
are of extreme practical importance because of the threat they present to avi-
ation. Model simulations, initialized with soundings taken in the vicinity of
downburst-producing storms, have reproduced the important features of these
storms. For example, the simulations produce intense downdrafts (speeds over
12 m/s) and the mesocyclones that are often found in convective storms con-
taining downbursts. The findings indicate that the downbursts are driven by
negative buoyancy through water loading and evaporation below cloud base,
their rotation being due to vertical advection of vorticity and vortex
stretching associated with the downdraft. This contradicts a previous hypothe-
sis that the vertical pressure gradients generated by rotation were partly
responsible for the intense downdrafts.

As a further effort toward understanding downbursts, Parsons and Cathy
Kessinger (Atmospheric Technology Division, or ATD) are analyzing multiple
Doppler radar data taken during the JAWS (Joint Airport Weather Studies) Proj-
ect. These data also indicate that the downdrafts seem to be driven by nega-
tive buoyancy. While the analysis will continue, it is already evident that
this work represents one of the most demanding comparisons to date between
cloud observations and numerical simulation.

9
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Mesoscale Meteorology

Frontal Dynamics

(1) Small-Scale Frontal Dynamics. Since joining the AAP staff in July
1984, Parsons has continued his work on frontal circulations, particularly
frontal dynamics on scales smaller than approximately 20 km. Little is known
about fronts on these scales, which are below the resolution of most mesoscale
models and observational networks. To fill this gap in our understanding,
Parsons has collaborated with Tzvi Gal-Chen (University of Oklahoma) in re-
trieving pressure and buoyancy data from wind fields. Their findings present
quite a different view of fronts from that obtained on larger analysis grids.
For example, the cross-frontal mean momentum balance is between the total ac-
celeration and the horizontal pressure gradient. The convergence in the
cross-frontal direction produces a nonhydrostatic high pressure and a vertical
pressure gradient, which drives an updraft locally in excess of 20 m/s. This
updraft occurs with negligible potential instability in the warm sector. The
high pressure at the leading edge of the front results in a highly ageo-
strophic along-front component of the wind.

While many of these findings concerning the small-scale nature of fronts
are important, they also reveal the need for a larger data base and further
numerical modeling. Parsons has collaborated with scientists from the Wave
Propagation Laboratory (WPL) of the National Oceanic and Atmospheric Adminis-
tration (NOAA) Environmental Research Laboratory (ERL) in the design and exe-
cution of the Texas Frontal Experiment (TEXEX). This experiment used instru-
mented aircraft, rawinsondes, and Doppler lidar to study the dynamics of
fronts and dry lines on scales down to a few kilometers, with particular em-
phasis on the processes and scales that allow frontal circulations to initiate
convective systems. Parsons pursued similar objectives in the PRE-STORM (Pre-
liminary Regional Experiment for STORM) Project.

(2) Mesoscale Frontal Waves. Parsons is also collaborating with John
Clark (PSU) in a study of two scales of disturbances, with wavelengths of 13
and 80 km, along frontal zones. The smaller features have been well discussed
in the literature, while Parsons has shown that the 80-km waves occur commonly
along cold fronts. This work is progressing observationally, numerically
(using a version of the MRS cloud model), and analytically.

Mesoscale Structure, Dynamics, Modeling. In collaboration with MRS visi-
tor Linsheng Cheng (Academia Sinica, Beijing, People's Republic of China), Kuo
carried out a comprehensive study of a flash flood over southwestern China.
Their observational analyses indicate that the flood was directly related to
the development of a mesoscale vortex (called the southwest vortex by Chinese
meteorologists) over the Sichuan basin, on the lee side of the Tibetan pla-
teau. Heat and moisture budgets showed that the mesoscale environment was
significantly modified by cumulus convection. Isentropic trajectory and mois-
ture flux analysis indicates that the major source of water vapor for the
rainfall was the Bay of Bengal, not the South China Sea--contrary to most pre-
vious hypotheses. Energy analysis using a linearized moist quasi-geostrophic
model shows that the latent heat release associated with the flood had a
strong feedback to the development and intensification of the SW vortex. The
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formation of the SW vortex is a consequence of the dynamic interaction between
the southwest monsoon and the steep topography of the Tibetan plateau. A
mesoscale model with realistic topography simulated adequately the formation
of the vortex, but it failed to simulate the SW vortex when the height of the
plateau was reduced below 3,000 m.

Turbulence Research

Statistical Theory and Numerical Simulation. Herring's research has
focused for the past year on three projects: ()a renewed study of quasi-
geostrophic (and two-dimensional) turbulence and its possible application to
the alpha range of the mesoscale, (2) a continuation of thermal convection
studies with an extension to turbulence with a first-order reacting scalar,
and (3) stably stratified turbulence. Part of the quasi-geostrophic research
was in collaboration with McWilliams, while certain aspects of the convection
study were collaborative with Wyngaard. The stratified turbulence research
has been done with Metais.

Herring's current quasi-geostrophic research consists of an application
of closure to the inverse cascade range of quasi-geostrophic flow. The clo-
sure calculations yield an inverse cascade range in which kinetic and poten-
tial energies are equipartitioned. In addition, the quasi-geostrophic equa-
tions appear to have more predictability than those for strictly two-
dimensional flow.

In the convection studies, Herring and Wyngaard extended the numerical
simulation codes to treat a first-order chemical scalar.

The stratified turbulence effort is relatively new, and to date Herring
and Metais have obtained only preliminary results. Of major importance here
are the interaction of waves and turbulence and their relative strengths as
the stratification increases. Indications are that the wave component becomes
irrelevant with increasing stable stratification. The work must utilize
large-scale simulations (64 X 64 X 64), and Metais and Herring have expended
considerable effort in the past two years toward developing new out-of-core,
efficient codes for both this and the convection problem (in collaboration
with Richard Pelz and Steven Orszag, both of Princeton University).

Geophysical Turbulence Program. The Geophysical Turbulence Program (GTP)
was established at NCAR in the fall of 1984 as a part of ASP. Its purposes
are to coordinate and support fundamental research on turbulence as it occurs
in the earth's atmosphere and oceans, as well as in engineering and astro-
physics. This is to be accomplished both by fostering the turbulence research
of NCAR scientists and by serving as a resource for the broader geophysical
turbulence community through seminars, workshops, summer schools, collabora-
tive research, and visiting scientist positions at NCAR.

Founding members of GTP include Herring, Wyngaard, McWilliams, Philip
Thompson, and Peter Gilman (High Altitude Observatory, or HAO).

GTP received a large award (900 hours) of time on the Boeing CRAY X-MP
machine in mid-1985, which it intends to use for extremely high-resolution
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simulations of both two- and three-dimensional geophysical turbulence. GTP is
also currently negotiating the details of its first visitor programs, one
funded by the Office of Naval Research (ONR) and one by the Army Research
Office. Members are also currently preparing a proposal for a summer school
on geophysical turbulence to be held at NCAR in 1987.

Boundary-Layer Research

Large-Eddy Simulation (LES) Studies. Using data from their large-eddy
simulations (LES), Chin-Hoh Moeng and Wyngaard have made the first studies of
the pressure covariance in the scalar flux equation. The parameterization of
such terms is a central issue in second-order-closure modeling. The most com-
monly used closure for this term is Julius Rotta's return-to-isotropy parame-
terization, which represents only the turbulent-turbulent interaction effect.
In the convective planetary boundary layer (PBL), where buoyancy effects are
dominant, this parameterization alone is not adequate. From their LES re-
sults, Moeng and Wyngaard found that the buoyancy contribution to this pres-
sure term can be approximated by one-half of the direct buoyant production in
the flux equation, and that the Rotta parameterization does represent the tur-
bulence-turbulence effects.

Realizing the important impact of the stratus cloud regime on global cli-
mate, Moeng has incorporated radiation and condensation processes into her LES
model and is now studying the stratus-topped PBL. Such a simulation reveals
the turbulent structure within this type of PBL and the interaction between
turbulence and radiation processes. She is using the LES data to study the
PBL parameterizations, such as mixed-layer models or higher-order-closure
schemes, used in climate models. The goal is to produce a parameterization
for the formation and dissipation of stratus clouds in climate models. For
this purpose, she also joined the DYCOMS (Dynamics and Chemistry of the Marine
Stratocumulus) field program in 1985 to observe the structure of stratus
clouds off the California coast, and she will analyze the observed data.

Observations. The DYCOMS field program was conducted during August 1985
off the southern California coast in the persistent marine stratocumulus-
capped boundary layer using the NCAR Electra aircraft. Alan Bandy (Drexel
University) and Donald Lenschow were coprincipal investigators, and scientists
from five institutions participated in the program. The objective of DYCOMS
was to study trace atmospheric constituents, boundary-layer structure, and
cloud physics in a relatively pristine and meteorologically simple environ-
ment. This marine stratocumulus region is nearly steady state and horizontal-
ly homogeneous, with a well-defined vertical structure, and provides oppor-
tunities for measurements in both cloud-capped and clear boundary layers.
Processed data from DYCOMS are now available to DYCOMS participants. Initial
work included the estimation of the entrainment velocity at the top of the
boundary layer using ozone, temperature, and humidity flux profiles. The en-
trainment velocity is essential in estimating budgets of trace constituents in
the boundary layer.

Lenschow has continued to use aircraft data from the Air Mass Transforma-
tion Experiment (AMTEX), the Clear Air Boundary Layer Experiment (CABLE), and
the Severe Environmental Storm and Mesoscale Experiment (SESAME) to investi-
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gate boundary-layer structure. He completed a study of length scales in the
convective boundary layer and is continuing analyses of mesoscale variations
in the convective boundary layer and mean and turbulent structure of the sta-
ble boundary layer. Zhou Ming-Yu (Academia Sinica, Beijing, People's Republic
of China) and Lenschow completed a study of the structure of the convective
boundary layer and its overlying inversion using data from the Boulder Atmo-
spheric Observatory, and they are working on an observational study of the
scalar flux-gradient relationship near the top of the convective boundary
layer.

The continued improvements in instrumentation for measuring trace atmo-
spheric species have led Lenschow to an increasing involvement in atmospheric
chemistry research. He has worked with Anthony Delany (ACD) and other inves-
tigators (e.g., Donald Stedman, Denver Research Institute; Brian Lamb, Wash-
ington State University; David Fitzjarrald, State University of New York at
Albany; and Richard Pearson, Colorado State University) to make tower measure-
ments of trace gas species and micrometeorological variables over grassland
(1984) and a wheat field (1985) in eastern Colorado. They have written a
paper on mean and flux measurements of ozone and nitrogen oxides from the 1984
field experiment and are analyzing data from the 1985 experiment.

Lenschow also has continued to work with Pearson on analyzing aircraft
measurements of ozone flux and with the NOAA Aeronomy Laboratory on ozone and
nitric oxide measurements in the surface layer.

Instrumentation and Measurement Physics. Wyngaard and research engineer
Lawrence Rockwel, wo was hired under a cooperative agreement with AAP, the
Convective Storms Division (CSD), and ATD, completed a series of calculations
of the effect of probe-induced flow distortion on atmospheric turbulence mea-
surements. Working with visitor Carl Friehe (University of California,
Irvine), they extended Wyngaard's computational approach to flow about bodies
of revolution, the simplest approximation of an aircraft fuselage. Their re-
sults indicate that Reynolds-stress measurements are particularly sensitive to
flow-distortion errors. Rockwell departed for private industry shortly after
the completion of this study, but Wyngaard, with Lenschow and Research Avia-
tion Facility (RAF) personnel, is attempting to extend the results to measure-
ments made from research aircraft, possibly under the partial sponsorship of
other agencies.

Wyngaard, with Shi Feng Zhang (University of Washington) and Joost
Businger (ATD visitor), completed a study of the influence of transducer shad-
ows on the performance of the new sonic anemometer array designed by Businger
and colleagues. This work, an extension of the Wyngaard-Zhang analysis of the
conventional array, confirmed that the new design does produce substantially
more accurate turbulence measurements.

In response to queries from atmospheric chemists developing instruments
for measuring turbulent fluctuations of trace species, Leif Kristensen (Ris0
National Laboratory, Roskilde, Denmark) and Lenschow have also studied the
effect of uncorrelated noise on turbulence measurements and have developed
very general expressions that can be applied to specific noise problems. They
have applied the results to aircraft data from CABLE to test the formulations.
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In collaboration with Ronald Schwiesow, Jeffrey Keeler, and Robert
Serafin (all ATD), Kristensen and Lenschow have investigated the feasibility
of measuring air velocity fluctuations from an aircraft with an airborne, con-
ically scanning, continuous-wave Doppler laser system. Their analysis demon-
strates that the system can resolve wavelengths that are important for esti-
mating turbulent vertical fluxes, as well as measure the mean vertical wind
shear.

Boundary-Layer Parameterization. Wyngaard is currently working on a more
general parameterization for the PBL. An extension of the "bulk" or "mixed-
layer" approach, it uses an orthogonal function expansion of the mean profiles
to obtain more realistic shapes, but without the multiplicity of vertical grid
points required in the usual high-resolution models. Retaining only the first
term in the expansion yields the mixed-layer model.

Interactive Computing

The VAX computer system remains an important tool in carrying forward the
research efforts of MRS. The system was installed in June 1979 and has under-
gone a number of upgrades since that time, including converting the CPU from
an 11/780 to an 11/785. The current configuration includes the CPU (rated at
about 1/40 of a CRAY 1), 8 megabytes of memory (equivalent to the 1 megaword
on NCAR's CRAY 1), five disk drives totalling 1.5 gigabytes of online storage,
and two 6,250-bpi tape drives.

MRS has incorporated the VAX into an ever-increasing number of facets of
its work over the past three years. These can be roughly categorized as re-
note job entry, interactive graphics, and office automation.

Due to its off-mesa location, MRS uses the VAX to handle remote job sub-
mission and interaction with the large NCAR computers. This service is cur-
rently being upgraded to make use of a 56-kbaud direct line that will link MRS
to the NLN on the mesa. NCAR is also considering the feasibility of install-
ing a microwave system to handle these data communications needs as well as
voice traffic between the mesa, the downtown buildings, and RAF at the Jeffer-
son County Airport.

The VAX system has been instrumental in interactive graphics efforts at
MRS. MRS has continued to improve the NCAR graphics package for the VAX and
currently distributes over 100 copies of this software per year. With the
assistance of Patricia Waukau and student assistants David Hendrix and Robert
Williamson, MRS has greatly strengthened an interactive version of the analy-
sis package. They have adapted to the VAX the Movie-Brigham Young University
software, which generates continuously shaded images in a three-dimensional
perspective, and improved it by automatically generating the polygons required
for the images. The package will soon be available for general use. In addi-
tion, they have generalized a number of NCAR graphics facilities to produce
three-dimensional perspectives of stacked two-dimensional cross sections.
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CLIMATE SECTION

The Climate Section research program includes both observational and mod-
eling studies of the physical mechanisms in the global climate system. The
ESG concentrates on climate phenomena and statistics important in short-term
climate variations such as the Southern Oscillation (SO), quasi-biennial os-
cillation, and the 40- to 50-day oscillation. The CCIG investigates the
earth's radiation budget and how clouds and trace gases interact with radia-
tive processes and the climate both from an observational point of view and by
modeling. CCIG is involved in the FIRE and ERBE satellite data analyses, in-
creased areas of emphasis aimed toward unraveling the mysteries of cloud-radi-
ation interactions and interactions of radiation, dynamics, and chemistry in
the stratosphere. The Global Climate Modeling Group (GCMG), in collaboration
with scientists in the CCIG and LSD Section, and the CCM/CFM Core Group are
primarily involved with the development and use of various CCM versions.
Model development includes a stratospheric CCM, ocean models, and coupled
models.

Empirical Studies Group

The ESG has, during the last year, continued a variety of investigations
aimed toward elucidating observed climate features, the related physical pro-
cesses, and analysis methods. Emphasis was on interregional associations such
as in the SO, and its temporal variations, large-scale waves, and the persis-
tency of atmospheric states.

Southern Oscillation. Harry van Loon has documented the development of
global anomaliesin sea-level pressure during extremes of the SO. Recently,
he and Dennis Shea have speculated that the South Pacific Convergence Zone is
a key area in the maintenance of the SO. These studies have relied to a large
degree on analysis of the global monthly surface station data base that Shea
has compiled. These data are now available to the research community through
the Scientific Computing Division's Data Support Section.

FGGE. Kevin Trenberth and van Loon analyzed data from the FGGE year and
demonstrated that very anomalous conditions were present in the Southern Hemi-
sphere. Part of the evidence for this conclusion was a careful analysis of
global fluctuations in atmospheric mass that was begun at Illinois by
Trenberth and a Ph.D. student, John Christy. In fiscal year (FY) 1985, the
latter two continued studies of the interannual fluctuations in the global-
scale distribution of mass.

Paul Julian formulated and extensively tested an objective-analysis tech-
nique for the tropical wind field, combining conventional and satellite obser-
vations to deduce and incorporate the divergence associated with tropical
cloud systems.

Large-Scale Waves. Trenberth and Shyn-Chin Chen (Ph.D. student, Univer-
sity of Illinois) studied the interaction between orographically and thermally
forced planetary waves. This work revealed that interaction between the two
forced waves results in poleward heat fluxes that act to change the zonal mean
flow. Consequently, in order to find a stationary solution, it is necessary
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to solve for the zonal mean and planetary waves together. Extensions have
been made to include vertical shear in a two-layer model.

Over the last year, van Loon and Kingtze Mo (National Aeronautics
and Space Administration, or NASA) have concluded a study of the variability
of the Southern Hemisphere documenting, for instance, decadal changes in the
amplitude of the quasi-stationary waves and regional differences in trends of
pressure and temperature in the troposphere.

Roland Madden, with William Randel (ASP), extended work on the interfer-
ence of stationary and traveling large-scale waves to learn what, if any,
wave-mean flow interactions might be triggered by simple interference.

Madden has examined long records of rawinsonde data from tropical
stations and shown that aspects of the 40- to 50-day oscillation have marked
seasonal variations. The vertical, out-of-phase variation in the zonal wind
is weakest and sometimes nonexistent in the winter hemisphere. Also, upper
tropospheric meridional winds are coherent and in (out of) phase with 40- to
50-day zonal wind variations at tropical stations south (north) of regions of
major convection. Both of these seasonal variations indicate the important
role that convection plays in the oscillation.

Potential Long-Range Predictability. Trenberth analyzed the methodolo-
gies used to estimate the potential for long-range prediction. He also studied
persistence and potential predictability in the Southern Hemisphere. In broad
terms, he found that potential predictability of geopotential heights is
greatest in tropical and polar latitudes and least in mid-latitudes. This
result is similar to one found earlier for the Northern Hemisphere.

Blocking. Trenberth began analyzing a blocking episode that occurred in
the Southern Hemisphere during FGGE. The FGGE data sets will allow a thorough
diagnosis of the event and provide important information for comparison with
like events occurring in the Northern Hemisphere. In a statistical study of
blocking, Madden and Harald Lejenas (University of Stockholm, Sweden) examined
30 years of 500-mb geopotential height data. They showed that persistent
height fields as measured by differences between consecutive days are related
to flows that resemble blocking patterns. This is not unexpected, but it dem-
onstrates that a kinematic identification alone of blocking will, on average,
also signal persistence.

Interannual Variability of the Global General Circulation. Trenberth,
with Michael Dias, has started to examine aspects of interannual variability
of the atmospheric general circulation on a global scale. The focus is on
circulation statistics that do not involve vertical motions, and initial
studies will concentrate on vertically integrated budgets of mass, energy,
water vapor, and momentum. Various climate-forcing functions, such as dia-
batic heating, will be computed as a residual. At present the data used are
from the European Centre for Medium Range Weather Forecasts (ECMWF) for Decem-
ber 1978-December 1982, but Trenberth and Dias hope to continually update this
set. Later, other global data sets, such as one from the National Meteoro-
logical Center (NMC), may be added. A novel feature is the analysis of the
data on an R15 Gaussian grid so as to exploit software developed for the CCM
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modular processor. However, some modifications to the processor are needed,
and procedures are being developed for dealing with missing fields and surface
orography and for computing surface pressures. The analysis procedures should
be applicable to CCM history tapes, which should facilitate comparisons among
the models and analyses from different centers.

Van Loon and Tsing-Chang Chen (Iowa State University) are investigating
the interannual variation of the tropical easterly jet stream associated with
the summer monsoon on the Northern Hemisphere. They are also trying to deter-
mine the respective roles of the local Hadley circulation and a Walker type of
circulation in maintaining the jet. With Uma Mohanty (Indian Institute of
Technology, Bombay), van Loon studied the interactions between the Indian
summer monsoon and the Southern Hemisphere.

Cloud-Climate Interactions Group

In FY 85, the CCIG was heavily involved in the use of satellite measure-
ments for inferring cloud properties and for improving the understanding of
radiative processes, including cloud-radiative interactions. In order to ac-
complish these objectives, the group actively participates in two major inter-
national satellite experiments: ERBE and FIRE.

The main expertise at NCAR in the areas of cloud-radiative interactions,
climatic effects of aerosols and trace gases, and the use of satellite data to
attack the above problems resides within CCIG. In the past three years, the
group has made substantial progress in satellite retrieval of cloud properties
and in improving our understanding of the role of cloud-radiative interactions
in the general circulation. The group also completed in-depth studies in the
following key climate problems: the radiative and climatic effects of soot,
radiative energy balance of the stratosphere, the effects of tropospheric aer-
osol in the general circulation, and the climatic effects of trace gases.

The group's work on clouds, aerosols, and trace gases benefited signifi-
cantly from participation in ERBE and FIRE and from collaboration with the
following scientists from other NCAR divisions or sections, universities, and
other laboratories: Bruce Albrecht (PSU), Francis Bretherton (AAP), Christoph
Bruhl (Max Planck Institute, Mainz, F.R.G,) Robert Cess (State University of
New York at Stony Brook), Ralph Cicerone (ACD), Roger Davies (Purdue
University), Rolando Garcia (ACD), William Grose, Edward Harrison, and Patrick
Minnis (all of NASA Langley Research Center), Gyula Molnar (Atmospheric and
Environmental Research), V. Ramaswamy (ASP), Hanwant Singh (SRI Inter-
national), Susan Solomon (NOAA), and Takashi Yamanouchi (National Institute
for Polar Research, Tokyo, Japan). As detailed later, these collaborations
have enabled CCIG to pursue vigorously both the modeling and observational
aspects of the problems.

Group members also played an active role in shaping national and inter-
national research programs. James Coakley and Bretherton have been involved
in several planning sessions of the final research program for FIRE. Coakley,
along with David Randall (Goddard Laboratory for Atmospheric Sciences), also
developed a comprehensive proposal for research on cloud-capped boundary
layers. Veerabhadran Ramanathan chaired a World Meteorological Organization
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(WMO)/NASA panel on trace gases and prepared a report that will be submitted
by NASA to Congress in 1986. Kiehl represented NCAR in the WMO/DOE program
entitled "Intercomparison of Radiation Codes in Climate Models."

Coakley also began work toward the development of a national satellite
data-analysis research facility that will have as its major objective facili-
tating research that extensively utilizes satellite observations. Planning
for such a facility is in the initial phase of discussing the various roles
that NCAR, NASA, NOAA, NSF, and the universities with current expertise in
this area will play in developing and maintaining such a facility.

Satellite Retrieval of Clouds. Coakley and Daniel Baldwin extended the
spatial coherence method to the treatment of overlapping, broken, layered
clouds by incorporating into the analysis observations of emitted radiation at
3.7 tm. As the emitted radiances at 3.7 and 11 Pm provide independent infor-
mation on cloud systems, the use of both radiances led to the first consis-
tency checks of satellite-derived cloud cover. These checks confirmed the
validity of the principles on which the spatial coherence method was founded.

Coakley and Baldwin developed an objective-analysis scheme that uses as
its foundation the spatial coherence method and makes possible the automated
processing of large volumes of satellite data, a necessity in the effective
utilization of satellite observations. Application of the analysis scheme
revealed that, while layered systems amenable to spatial coherence retrievals
occurred sufficiently often to warrant further study, the majority of clouds
resides in complex, multilayered systems that defy accurate description by
currently known analysis methods. That is, even though ISCCP marches on with
its five-year climatology, many problems surrounding the extraction of cloud
properties from satellite observations remain unsolved.

The ability to process large volumes of data has led to a number of
studies aimed at deducing the properties of clouds from satellite observa-
tions. Foremost among these is a continuing study of the radiative properties
of layered cloud systems. One aspect of these studies is the influence of the
edges of clouds on the radiative energy budgets through both their geometrical
influence on radiative transfer and the systematic variation in droplet con-
centration and size from the center of clouds to their edges.

Two alternatives to the spatial coherence method have been developed: one
is statistical and is designed for multilayered systems; the second is a dy-
namical threshold method. These methods utilize information extracted from
emitted radiances that differ from that used in the spatial coherence
method. The agreement between the methods provides further consistency checks
on the principles underlying the spatial coherence method.

Radiation Model Studies. Studying the response of the earth's climate to
changes in the amounts of radiatively active constituents necessitates analyz-
ing the accuracy of radiation parameterizations employed in climate models.
Laboratory data and detailed line-by-line calculations have been employed in a
number of studies to validate parameterizations of various constituents' radi-
ative effects. Kiehl and Ramanathan have investigated the importance of the
water vapor continuum to C02; the continuum was shown to reduce CO2 forcing at
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the surface in the tropics and mid-latitudes by an order of magnitude. They
also pointed out the importance of considering the C02 problem in terms of the
surface-troposphere system as a whole. Kiehl and Ramanathan also developed a
very accurate C02-band parameterization for climate models that is in
excellent agreement with laboratory data. Kiehl, in collaboration with
Yamanouchi and Bruhl, developed accurate parameterizations for the absorption
of solar radiation by CO and 0. Kiehl, in collaboration with Solomon, has
completed a detailed ana ysis o the radiative balance of the stratosphere
using limb infrared monitor of the stratosphere (LIMS) observed temperatures
and gas concentrations. Furthermore, Kiehl, in collaboration with Solomon,
Garcia, and Grose, has used these radiative balance calculations to study the
transport of chemical constituents in the stratosphere.

Use of Satellite Data for Model Studies. Satellite measurements of rad-
ianc ave not oun use in quant ve verification of climate models. In
a series of comprehensive studies, CCIG is exploiting the available satellite
data to verify CCM treatment of radiation processes. Bruce Briegleb and Rama-
nathan (in collaboration with Minnis and Harrison) used the clear-sky
albedos inferred from Geostationary Operational Environmental Satellite (GOES)
and Nimbus-7 measurements to validate a comprehensive surface-albedo model
developed for the CCM. This study, the first of its kind, covered North and
South America and the Pacific and Atlantic oceans. In this next year, the
ERBE data will be used to extend this study to other parts of the globe. Ram-
anathan and Patrick Downey developed a new radiation model for the CCM that
explicitly accounts for the HO continuum in all relevant portions of the in-
frared spectrum. The clear-s y long-wave radiances yielded by the ERBE
scanner instrument are used to validate the new scheme. Radiosonde values of
temperature and humidity that are colocated with satellite footprints are used
as input to the model to compute top-of-the-atmosphere radiances. This study,
which is in the final stages, has revealed the magnitude of systematic errors
in current theories of infrared radiation transfer.

CCM Studies of Cloud Radiative Interactions. Albrecht, Ramanathan, and
Byron Boville completed a CCM study that has revealed a hitherto-unsuspected
role of cumulus clouds in the tropical climate. In this study, they intro-
duced Albrecht's cumulus model (for both shallow and deep clouds) into the
CCM. The vertical transport of moisture by the cumulus increased substantial-
ly the infrared opacity of cirrus clouds with the result that the greenhouse
effect of cirrus clouds warmed the column while the cirrus cloudtop cooling
helped balance the latent heat released by cumulus in the upper troposphere.
These radiative-thermodynamic interactions essentially maintain the vertical
thermal structure of the tropics. Motivated by these results, Kiehl has begun
work on a more systematic study of the sensitivity of tropical thermal struc-
ture to the vertical distribution of diabatic heating.

Aerosols, Trace Gases, and Climate. After developing a parameterization
for the effect of tropospheric aerosols on solar radiation, Cess and Coakley
studied the response of the NCAR CCM to a representative model of the
naturally occurring tropospheric aerosol. The results indicated that the
background aerosol has little influence on the model's simulation of the circ-
ulation and climate aside from a few localized regions, and for these regions
the results might well be flawed because of the deficiencies in the CCM. The
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implication is that studies of the impact of aerosols on climate should start
with regional studies, as opposed to global studies, and they should rely on
models designed for the particular region, as opposed to global circulation
model s.

In one of the most comprehensive studies of its kind, Kiehl and Ramaswamy
developed a smoke and dust radiation model and examined the sensitivity of
climate to aerosols that might be lofted into the atmosphere following huge
nuclear explosions. Their study revealed the relative effects of the green-
house and albedo effects of aerosols and pointed out the significant sensitiv-
ity of climate to the vertical distribution of aerosols. Ramanathan and
Kiehl, in collaboration with Cicerone and Singh, completed a detailed study of
the role of trace gases in determining the climate trends of the past (since
1880) and the future decades.

Global Climate Modeling Group

During FY 85, the GCMG has continued its role in developing and using
large-scale models of the global atmosphere, oceans, and sea ice. These
models have been used in simulations of the effects of ocean temperature anom-
alies, the annual cycle, atmospheric blocking phenomena, stratospheric circul-
ations, paleoclimate reconstructions, climatic effect of increased C02, and
ocean and sea-ice circulation in the polar regions.

Ocean Temperature Anomalies, Climate Statistics, Atmospheric Blocking.
Maurice Blackmon, with John Geisler (University of Utah), examined the model
response to a variety of equatorial Pacific sea-surface temperature (SST)
anomalies. They showed that in the CCM there is only one preferred climate
anomaly response to forcing over a wide range of longitudes along the
equator. The amplitude of the model response is quite sensitive to the posi-
tion of the SST anomaly. These authors investigated mechanisms for producing
this type of response and concluded that barotropic energy conversion from the
mean Pacific jet to the mid-latitude quasi-stationary eddies was important for
producing the observed climate response pattern. These authors also investi-
gated the effect of varying the mean state in producing responses to SST anom-
alies by using a CCM with no orography.

Blackmon and Gary Bates have completed CCM research on the model response
to tropical Atlantic SST anomalies. The responses in the tropics and mid-lat-
itudes appear to be less dramatic than those found with tropical Pacific SST
anomalies.

Blackmon, Bates, and Steven Mullen (ASP) documented the climatology of
blocking that appears in the CCM simulations and found good agreement among
various observational studies. Mullen continued this study by looking at the
vorticity and heat balances that occur in the model blocks. He found that the
dominant terms in the vorticity budget are a near cancellation between mean
vorticity advection and mean divergence. However, eddy vorticity convergence
is necessary to keep the blocks from drifting downstream. This eddy vorticity
forcing is crucial in extending the mean lifetime up to ten days.
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Stratospheric Simulations. Boville made major progress in the develop-
ment ofa i version extending from the earth's surface to the middle meso-
sphere, which is being used for several studies of the stratospheric circula-
tion and of the coupling of the stratosphere and the troposphere. The model
produces excellent simulations of the stratospheric circulation, in addition
to somewhat improved tropospheric simulations compared to CCMO (resulting from
greater vertical resolution in the upper troposphere). Yen-Huei Lee modified
an off-line tracer transport model supplied by Grose to run on the NCAR com-
puters and to input CCM fields. The model is currently being used to study
passive tracer transport in the stratosphere. In cooperation with Solomon,
Boville is including simple photochemistry in the model. Boville has also
been involved in a joint project with James Holton (University of Washington)
and Mark Iredell (University of Washington) on wave drag in the upper
atmosphere.

Annual Cycle Model, Interannual Variability, and Climate Predict-
ability More than a dozen NCAR and university scientists have used the
annual cycle version of the CCM, developed by Robert Chervin, to perform a
wide variety of diagnostic and climate sensitivity studies, many over the last
year. In particular, Chervin has used this model in collaborations to inves-
tigate the "nuclear winter" phenomenon (with Curt Covey, Stephen Schneider,
and Starley Thompson, ASP), the atmospheric response to evolving distributions
of ocean surface temperature anomalies (with Oribe Aragao, University of
Miami), the structures of intraseasonal fluctuations (with Klaus Weickmann,
University of Wisconsin), and the causes of month-to-month persistence of mean
atmospheric anomalies (with Huug van den Dool, University of Maryland).
Chervin has concentrated on distinguishing different sources (e.g., internal
dynamics vs anomalous boundary conditions) of the interannual variability of
time-averaged atmospheric states and relating such variability to potential
climate predictability by means of different objective statistical
techniques. This model has recently been revised extensively to make use of
the multiple processors to be available on the CRAY X-MP/48. Chervin has been
helping coordinate the many climate-related university/NCAR joint projects by
providing information about the CCM/CFM and acting as a contact.

Ocean-Climate Modeling. Albert Semtner continues to work toward the bet-
ter representation of the ocean in climate studies. Although some of his re-
search is related to ocean-climate variability on interannual time scales,
most of his work is concerned with long-term climatic change, which is thought
to be largest in the polar regions. He has constructed a coupled model of the
Arctic Ocean and its sea ice and has carried out simulations with observed
monthly forcing. The results are very realistic for both ice and ocean, and
they show a strong sensitivity of the ice to the ocean circulation. Seasonal
simulations of the climatic changes associated with increased atmospheric CO2
and reduced river inflow are in progress. Further improvements in the physics
and numerics of the model, such as parameterized vertical diffusion and mixing
in isopycnal coordinates, have been incorporated, and potential improvements
in the simulation of thermohaline processes and water-mass transformations
will be evaluated. A study of the CO?-induced change in the Antarctic Ocean
and ice is nearing completion, in colTaboration with Jean-Pascal van Ypersele
(ASP graduate research assistant).
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Paleoclimate Studies. The Paleoclimate Studies Project has studied a
variety of research aspects related to the long-term evolution of the earth's
climate. Eric Barron, with Michael Arthur and Thomas Glancy (both of the Uni-
versity of Rhode Island), is investigating how the atmospheric circulation
responds to changes in orbital elements using the CCM with specified realistic
paleogeographies. Barron, Memorie Yasuda, and Robert Douglas (both of the
University of Southern California) are examining ocean model sensitivities to
ancient ocean basin configurations. Barron is comparing the results of full
seasonal and mean annual versions of the CCM in specified Cretaceous Period
(100 million years ago' paleogeography and is examining the causes of climatic
cooling over the last 60 million years with the CCM coupled to a simple
ocean. Research on high-latitude paleoclimates with Starley Thompson and
Schneider and on CCM experiments with highly idealized geography with Thompson
and William Hay (University of Colorado) is continuing. In an international
research effort to produce an atlas of paleoclimatic data for the Cretaceous
Period, Barron (chair), assisted by James Sloan (University of Miami), is com-
piling relevant data.

Coupled Atmosphere-Ocean CCM Studies. During the last year, Warren Wash-
ington, erald Meeh, and Lynda erPlancompleted a series of papers
dealing with climate simulations with the CCM coupled to a swamp (energy bal-
ance) and a simple mixed-layer ocean. Also, they have conducted doubled C02
experiments that show the globally averaged surface air temperature increase
is 1-3.9°C, depending upon the type of model. Most of the change in the sim-
ulated climate system occurs in the polar regions in the vicinity of the sea
ice. Recent progress has been made on simulations with a completely dynamical
ocean component. An extensive diagnosis of the coupled CCM-ocean models has
resulted in publications on possible blocking changes with increased C02
(Bates and Meehl), ramifications of using a simple mixed-layer model, and mon-
soonal features with a coupled model simulation of a warm event.

LARGE-SCALE DYNAMICS SECTION

The LSD section's research objectives, consistent with one of NCAR's mis-
sions, are (1) to understand the transient behavior of large-scale motions in
the atmosphere on a time scale of up to several weeks, and (2) to investigate,
using atmospheric models, the scientific basis of extended-range numerical
predictions in the time period of up to 30 days.

The section's major forecast tool is the CCM developed by scientists in
the Climate and LSD sections with the help of the CCM Core Group. The unique
modeling concept is to use the same atmospheric model for both climate simula-
tions and forecast studies. Even though the horizontal resolution of the CCM
is very coarse compared to that of operational forecast models, the fact that
the CCM produces realistic climatologies is an important consideration for
extended-range forecasting studies. In addition, the CCM produces forecasts
with characteristic errors similar in many respects to those of the higher-
resolution operational models and thus is a valuable and economical research
tool. With the addition of an initialization package, developed by Ronald
Errico, the CCM becomes the CFM. A higher-resolution version (R31) of the CFM
is being tested and used in predictability studies.
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While the CFM serves as the section's forecasting tool, the high-quality
meteorological data from FGGE have been used to provide initial conditions for
forecasting experiments and to analyze diagnostically the behavior of large-
scale motions. Using these tools and data already available, scientists in
the section are making progress toward understanding low-frequency, large-
scale motions. This effort is clearly necessary to achieve the goal of exam-
ining the scientific basis for extended-range numerical predictions.

Atmospheric variability on time scales of up to a year is one of the rap-
idly developing research areas. It may be possible to predict various atmo-
spheric phenomena related to large-scale, low-frequency variations in these
time scales. These phenomena include the SO, atmospheric responses to warm
SST anomalies in the equatorial Pacific (El Nino), atmospheric tele-
connections, the 40- to 50-day oscillation, blocking, coherent atmospheric
structures (such as modons), regularly propagating Rossby waves (such as 16-
day planetary waves), and index-cycle variations. These are currently among
the most actively studied areas in large-scale dynamics, from both observa-
tional and theoretical standpoints. Even the skills of operational numerical
prediction models were recently found to be highly correlated with the low-
frequency variations of large-scale flows. All of the section's scientists
have participated, in one form or another, in the investigation of these low-
frequency atmospheric phenomena. We describe below this year's specific ac-
complishments, emphasizing our current research activities.

Atmospheric Predictability and Diagnostic
Analyses of Medium-Range Forecast Errors

As the performance of operational forecasting models improves, a renewed
interest arises in determining the limit of atmospheric predictability with
refined techniques. Baumhefner is working on this question using both R15 and
R30 versions of the CFM. His analysis reveals an error doubling time of two
days and a useful deterministic predictability limit of approximately ten days
on the average with current estimates of analysis errors. However, the pre-
dictability limit varies significantly from case to case and in different flow
regimes, geographical locations, and seasons. Work is in progress to under-
stand why some flows are more predictable than others.

One puzzling aspect of forecast problems in operational models is the
difficulty in predicting correctly the zonal flow (wave number zero). Review-
ing a ten-case ensemble of ten-day forecasts based on FGGE analyses with the
R15 CFM, Bettge found that the forecast error in the zonal flow was very large
compared with the relative errors in other scales of motion. This particular
error is associated with the model's tendency to "drift" toward the model's
climatology. Studies of medium-range forecast errors indicate that similar
problems occur in operational forecast models such as those of NMC and
ECMWF.

Williamson and Roger Daley are examining the climate drift in the
CCM/CFM. They have run a large ensemble of 30-day forecasts from the
Januaries of 1976-84. The ensemble drift of the temperature field from the
initial analyses to the model climate values is investigated based on the

23



ATMOSPHERIC ANALYSIS AND PREDICTION DIVISION

thermodynamic energy balance in order to assess the effects of thermal advec-
tion and physical parameterizations on the climate drift.

Grant Branstator is investigating the error characteristics of opera-
tional forecast models. Examination of NMC's 72-hour forecasts over the past
11 winters shows that the temporal spectrum of day-to-day variability in fore-
cast skill is very similar to the spectrum of flow variability. This tendency
of skill to be flow-dependent is further supported by Branstator's other
study, which shows that the skills of models at several operational centers
(including ECMWF and others in the United Kingdom, United States, Germany, and
France) are highly correlated in time.

Beyond the limit of detailed deterministic predictability, the extended-
range prediction must deal with filtered flows by averaging either in time, in
space, or over an ensemble of forecasts. Tribbia is investigating the pre-
dictability of time-averaged variables using the CFM. An ensemble of 20 60-
day forecasts is diagnosed for forecast skill of various time averages.
Twenty-day averages in the Northern Hemisphere 500-mb geopotential were shown
to have some predictability. Tribbia is now studying the potential predict-
ability of monthly means by critically evaluating the procedures of the
present experiments.

For extended-range forecasts to be most useful, it is essential to pro-
vide estimates of their accuracy. The probable error in the forecasts becomes
more important as the magnitude of predictable signal is reduced. The method
of stochastic-dynamic prediction has been used to determine the probable error
of deterministic predictions. The usual difficulty in this approach is a huge
computational requirement. Thompson is investigating the improvement of com-
putational efficiency of the stochastic-dynamic method by examining the inter-
actions between "true" fields and "error" fields, which are more highly
localized in physical space than in wave number space. Under the reasonable
assumption that the initial error fields are statistically isotropic, Thompson
found that the change of the local error variance depends on the error vari-
ance itself and the gradient of true vorticity. With the further hypothesis
that the scale of the error fields does not change rapidly, these results pro-
vide the basis for an economical method of stochastic-dynamic prediction.

Diagnostic Analyses of FGGE Data

Daley, Williamson, and Thomas Mayer are analyzing the characteristics of
planetary-scale waves during the entire FGGE year by expanding the ECMWF
Level IIIb analyses into normal modes. The normal modes of a global baro-
clinic model linearized about the observed zonal mean wind field are
calculated for each season. The FGGE analysis data of each season are
expanded into these modes, and the observed regularly propagating free Rossby
modes are being identified. This work will provide observational evidence of
low-frequency, planetary motions during the FGGE year.

David Karoly (Monash University) visited from December 1984 to June 1985
and engaged in research on the statistics of Southern Hemisphere (SH) atmo-
spheric circulations. An extensive comparison has been made between two sets
of SH circulation statistics. These two sets have been derived independently
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using very different methods from station data by Abraham Oort (Geophysical
Fluid Dynamics Laboratory, or GFDL) and by Karoly from Australian SH numerical
analyses. Karoly also studied SH circulation features associated with El
Nino-SO events.

Akira Kasahara and Arthur Mizzi have been refining their techniques to
determine the daily tropospheric global distribution of diabatic heating using
the FGGE Level IIIb analyses. Their objective is to provide verification data
for the diabatic heating rate calculated in the CFM by physical parameteriza-
tions and to investigate the impact of diabatic heating on data initialization
in the tropics. One past difficulty in using the thermodynamic energy balance
in pressure coordinates was related to the determination of vertical velocity
over high mountains. This problem is now solved by making the calculations on
terrain following sigma coordinates. The revised calculations show an
improved daily continuity in the global diabatic heating distribution and
better agreement with convective cloud distributions seen from geostationary
satellites. The digitized polar-orbiting NOAA satellite radiation data are
being analyzed for further comparison.

Improvement in Objective Analysis and Initialization Techniques in the Tropics

Although the principle of data initialization for global forecasting mod-
els is well established by the advent of nonlinear normal-mode initialization
(NNMI), many questions still remain in the implementation of NNMI,
particularly in the tropics where the effect of diabatic heating is
important. Mohanty, Kasahara, and Errico used the FGGE Level IIIb analysis
data and the CFM to assess the impact of diabatic heating on the initializa-
tion of a global forecast model and the prediction of the tropical circula-
tions. They found that not only is a realistic heating distribution necessary
to produce proper initial conditions, but also the prediction model should be
able to generate a proper heating distribution to predict correctly the quasi-
stationary, large-scale divergent and Hadley circulations in the tropics.

Errico also examined output from a climate simulation run with the CCM to
determine the balance of forces involved in high-frequency gravity waves (fast
modes) as well as in low-frequency Rossby waves (slow modes). Errico found
that all modes whose oscillation periods are less than 20 hours tend to be
well balanced. However, in the tropics, where the time scales of motions are
relatively long and the effect of diabatic heating dominates, the Machenhauer
balance condition is not appropriate for internal modes. Errico and Philip
Rasch recently followed up on this work to compare the performances of various
NNMI schemes and to examine the various ways of including diabatic processes
in the initialization of global models practiced at operational centers.

Williamson and Errico are examining CFM forecasts run from uninitialized
FGGE Level IIIb analyses to determine which normal modes are responsible for
forecast noise. They have discovered some systematic analysis characteristics
that consistently result in spurious gravity waves of the same initial phase
and amplitude. They will examine an ensemble of forecasts for consistency in
phase and amplitude of these spurious gravity waves to address the question of
the source of these oscillations.
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Development of CCM/CFM and Related Studies on Physical Parameterizations and
Numnerical Algorithms.

Williamson has made significant improvements for the next version of
the CCM. He has incorporated energy-conserving vertical finite differences
and frictional heating to reduce the energy imbalance of 15 W/m2 in the CCMOB
to less than 0.5 W/m2 in the future version. This was done without degrading
other aspects of the model simulation. Rasch and Williamson continue to
search for better schemes to calculate the transport of water vapor to elimi-
nate pockets of negative moisture that form due to the spectral truncation.
Williamson implemented a temporary solution that eliminated some serious defi-
ciencies in the surface energy balance in polar regions and allowed the incor-
poration of nonlinear vertical diffusion with a coefficient depending on ther-
mal stability. Rasch is testing a more refined transport scheme involving the
combination of a pseudo-spectral advection scheme with asemi-Lagrangian
method.

Leo Donner is working on the implementation of a Kuo cumulus parameteri-
zation in the CCM. When the Kuo cumulus parameterization was included in the
CCMOA, Donner found that the new scheme produced less heating than the con-
vective adjustment, thereby significantly affecting the thermal balance. Rad-
iative forcing associated with cloud changes, due to the cumulus parameteriza-
tion, caused the chief negative feedback to direct changes in cumulus
forcing. Donner and Baumhefner tested the sensitivity of the CCMOB to the Kuo
cumulus parameterization in a forecast mode. Although the incorporation of
the cumulus parameterization had a beneficial effect in improving slightly the
forecast skill of the CCMOB, it introduced a systematic bias in the CCMOB sim-
ilar to that in several other operational global models--temperature and hu-
midity reductions through much of the troposphere, especially in the
tropics. To correct these systematic biases, Donner is investigating a param-
eterization of shallow cumulus convection and a reformulation of the
moistening profile for deep cumulus convection, along with an improvement in
the vertical transport of water vapor.

Branstator and Chen have been studying the spinup of the CCM from a state
of isothermal rest. Their energetics analysis of a 150-day experiment, start-
ing from cold conditions, indicates that the model overshoots its equilibrium
level during the first 30 days, that equilibrium is reached after about 100
days, and that the barotropic flow lags behind the baroclinic flow in attain-
ing equilibrium.

Rasch has been formulating a technique of absorbing upper boundary condi-
tions in numerical models, and he has demonstrated its utility for mid-
latitude Rossby and gravity waves on a beta-plane.

Dynamical Studies of Large-Scale Circulation Systems

Kasahara and Pedro Silva Dias (University of Sio Paulo, Brazil) completed
work on the response of planetary waves to stationary tropical heating in a
global atmosphere with meridional and vertical shear. With the presence of a
zonal flow, the vertical zonal wind shear permits the coupling of the external
mode with the internal vertical modes. As a result of the coupling, a sig-
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nificant response occurs in the external mode due to the excitation of the
baroclinic internal modes by tropical heating. The meridional propagation of
external mode (barotropic) planetary waves occurs from the tropics to the mid-
latitudes when the direction of the basic zonal flow and its meridional shear
are favorable.***zed about a state that varies in longitude and latitude.
This model has the same horizontal discretization as the CCM, and Blackmon and
others used it to interpret SST anomaly experiments with the CCM. Many fea-
tures of the CCM experiments can be reproduced by the linear model, provided
it is linearized about the CCM climatological mid-tropospheric flow.

Because a Green's function analysis of this barotropic model suggests
that circulations in the longitude-height plane may be important in producing
large mid-latitude responses to anomalous tropical forcing like El Nino, Bran-
stator developed a multilevel linear model in which a basic state can vary in
all three space dimensions and all discretizations match those in the CCM.
Since this model and the CCM differ only in nonlinearity and some physical
parameterizations, this new baroclinic linear model will be used to clarify
further the nature of tropical/mid-latitude teleconnections.

Ferdinand Baer (University of Maryland) and Tribbia completed an investi-
gation of the statistical similarity of motions obtained through the integra-
tion of the primitive equations and motions obtained through constrained inte-
gration along various approximate slow manifolds. This study demonstrated
that constrained integration using second-order balancing was needed to repro-
duce adequately the statistics of primitive-equation divergence fields.

Since recent results and speculations by Edward Lorenz (MIT) and others
have shown that such high-order constraints converge only asymptotically,
Tribbia formulated a more formal definition of the slow manifold devoid of
asymptotic ordering. Working with Jon Nese (PSU, a summer research student),
Tribbia has obtained and numerically tested a variational definition. Because
of the variational nature of this definition, it will be adopted within the
context of data assimilation, an area of future research.

Tribbia also examined the properties of propagating modons in spherical
geometry and their related stationary counterparts, testing their nonlinear
stability and the susceptibility of shear flow to their resonantly forced gen-
eration. In collaboration with Michael Ghil (University of California, Los
Angeles), Tribbia began testing the applicability of baroclinic multiple equi-
librium theory.

Thompson has designed and, with Mizzi's assistance, experimented with the
simplest coupled nonlinear system that simulates the atmosphere's dynamical
response to differential heating. The four dependent variables are the
zonally averaged north-south temperature gradient, northward heat transport,
eddy kinetic energy, and east-west tilt of the pressure field. For realistic
heating rates, the equilibrium values of average temperature gradient, heat
transport, and kinetic energy agree fairly well with the statistics given by
Oort (GFDL). This system displays a pronounced amplitude vacillation, with a
period of about two weeks for average differential heating rates. There is
some indication of a vacillation cycle in Madden's observed frequency spectra
of zonally averaged heat transport, with about the expected period.
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To avoid closure approximations in calculating the ensemble statistics of
randomly forced flows, Thompson has examined the problem from the standpoint
of finding the probability distribution of modal amplitudes in nonlinearly
interacting triads of modes. Formally, the probability distribution is given
by the solution of a Fokker-Planck equation, which is not separable linearly
and has variable coefficients. Comparisons with Monte Carlo calculations show
that the kinetic energy spectra derived from the theoretical probability dis-
tribution are accurate to within about 3% when the rate of nonlinear energy
transfer is comparable with the rate of random energy input, and to within 1%
over the range of weaker interactions.

Limited-Area Modeling

In addition to research on a global scale, LSD scientists are also coop-
erating with the AAP Division Office in regional-scale modeling in support of
ADMP. Bettge developed a comprehensive objective verification program to
evaluate the skill of the PSU/NCAR limited-area model in a series of sensi-
tivity experiments. Also, Errico has worked to develop new spectral
diagnostic codes and initialization methods for the model.

Errico and Baumhefner have examined the question of mesoscale predicta-
bility using the PSU/NCAR model. They investigated, in particular, reasons
for the differences between predictability results with the limited-area model
and the CFM. In contrast to earlier experiments, an error growth was detected
locally; however, it is substantially modified by geostrophic adjustment and
diffusion early in the forecasts and by the effect of perfect lateral
boundaries late in the forecasts. The local error growths were closely asso-
ciated with baroclinically active regions and tended to follow the synoptic
systems.

Lastly, Peter Stamus and Frederick Carr (both of the University of Okla-
homa) and Baumhefner developed new verification methods applicable to regional
models. This work is part of Stamus's master's thesis.

OCEANOGRAPHY SECTION

The general objectives of the Oceanography Section are to seek an under-
standing of the important processes in the global ocean circulation and to
determine the relationship of these processes to the dynamics of climate. The
section's research activities in FY 1985 in pursuit of these objectives have
involved numerical modeling of ocean circulation, examining idealized problems
in geophysical fluid dynamics, and participating in the collection, analysis,
and interpretation of relevant data.

Several multiyear initiatives begun in previous years are well under
way. Highlights of these include the Tropic Heat Program (William Large and
McWilliams, in collaboration with Pearn Niiler, Scripps Institution of Ocean-
ography), in which a number of drogued drifters with thermistor chains have
been deployed in the equatorial Pacific. The drifts of these buoys are prov-
ing very useful in studying equatorial waves within 2° of the equator, while
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poleward squirts of cold water have been discovered that carry equatorial
water both northward and southward while sinking. In another program coming
to fruition--the South Atlantic/South Indian Ocean Modeling Initiative
(William Holland and Dale Haidvogel)--water mass formation processes are being
studied in this important crossroads of the world ocean. The role of rapid
mixing processes in the regions of the Agulhas Current and the
Brazil/Falklands currents is a major focus of this modeling work.

Mid-Latitude Ocean Models and Observations

Numerical studies of ocean circulation on the basin scale and larger have
been a primary focus of the work carried out by the section for a number of
years. In FY 85, as in earlier years, this work included simple eddy-resolved
ocean circulation models in rectangular basins of constant depth. The primary
new focus has been upon high vertical as well as horizontal resolution.
William Schmitz (Woods Hole Oceanographic Institution, or WHOI) and Holland
have shown that such models give much more realistic signatures of the eddy
processes when compared to earlier low-vertical-resolution numerical experi-
ments. Basin-scale models with realistic geometry, topography, and wind
forcing are also being exploited, and a new class of local (limited-area)
models with open boundaries is under development (Holland, Chris Evans, and
Haidvogel). These models allow very high resolution to be used to examine
energetic regions, including the Gulf Stream, Brazil Current, Agulhas Current,
and Tasman Sea.

Several aspects of eddy dynamics have been explored in the past. This
work has continued, including studies of eddy mixing and homogenization of
potential vorticity, the instability mechanisms responsible for eddy energy
production, the role played by thermal forcing and the nature of eddy heat
fluxes on the basin scale, vertical energy propagation, and the role of bottom
topography and basin shape in the general circulation. Holland and Schmitz
completed a study of the penetration scale of the Gulf Stream and of the role
played by frictional processes in boundary current separation. Numerous other
collaborations with university colleagues have been important to this work.

In addition to the above models with quasi-geostrophic dynamics, several
other kinds of models with primitive-equation and balance-equation physics
continue to be developed and utilized in ongoing work by Gent, McWilliams,
Haidvogel, and Holland. One is a model allowing for the outcropping of
density surfaces at the sea surface so as to determine how direct atmospheric
forcing via Ekman pumping can influence the main thermocline. Another is an
intermediate model based upon the balance equations that provides an efficient
calculation with rather complete physics. A third is a model having full
primitive-equation physics and active thermodynamics to study wind and thermo-
haline driven effects. These models provide a hierarchy with increasingly
sophisticated physics that allow the section's scientists to tailor the model
to the problem at hand.

Geophysical Fluid Dynamics

McWilliams has investigated various idealized studies of turbulence
during the last several years. The phenomenological regimes considered in-
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clude two-dimensional turbulence and its generalizations with a finite radius
of deformation; spatially variable Coriolis frequency and bottom topography;
rotating, stratified turbulence (in both quasi-geostrophic and balanced dynam-
ical regimes); and nonrotating, stratified turbulence. A particular focus has
been the emergence of organized flow features (i.e., coherent structures) in
the midst of the turbulence. In FY 85, the range of turbulent cases was ex-
panded. The dynamics of isolated, coherent vortices was also investigated.
Specific topics under study in FY 85 included evolution under the influence of
variable Coriolis frequency, modons, vortex collisions, and vorticity
axi symmetrization.

Gent and McWilliams have analyzed the properties of known intermediate
models (i.e., intermediate in physical complexity between the primitive and
the quasi-geostrophic equations) and have formulated several new ones. This
class of models is of interest because many observed oceanic phenomena appear
not to require all of the possible processes represented in the primitive
equations. In earlier years, they carried out a comparison of their solutions
for the low-order Lorenz equations. The balance equations were clearly
superior in reproducing the low-frequency behavior of the primitive equations,
and subsequent work has therefore focused on this model. Gent and McWilliams
formulated consistent initial-boundary-value problems, made a scale analysis
of expected regimes of validity, found linear wave solutions on the eqiatorial
beta plane, made an alternative formulation in isentropic coordinates, and
developed a three-dimensional model to study vortices and turbulence. In
FY 85, they also used the balance equations to study baroclinic turbulence at
finite Rossby number.

Numerical simulations of laboratory flows in a rotating stratified fluid
continue to provide clues to boundary current structure, separation, and vari-
ability and topographic generation of eddies. This work, done 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. In FY 85, Holland, with Donald Boyer (University of Wyoming),
Peter Davies (University of Dundee), and Francis Biolley (University of
Wyoming), used a quasi-geostrophic numerical model to reproduce the laboratory
flow patterns over topographic features in a rotating stratified fluid.

Equatorial Circulation

The equatorial ocean almost certainly has the strongest influence on the
atmosphere on a few months' time scale. Its dynamics, thermodynamics, and
effect on the atmosphere have to be understood before short-term climatic pre-
dictions can be made. Therefore, Gent and Mark Cane (Lamont Doherty
Geological Observatory) have pursued a number of studies, both theoretical and
numerical, in FY 85. These include a quantitative theory of the reflection of
equatorial waves at an arbitrarily shaped western boundary in the low-
frequency limit when all incoming mass is returned by the equatorial Kelvin
wave. Also, calculations of the transmission coefficient between the ocean
floor and surface using realistic equatorial buoyancy profiles suggest that
minimal energy input at the surface propagates vertically in the equatorial
oceans. Gent, with James Luyten (WHOI), completed work on this problem to
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analyze the response to given forcing in terms of vertically propagating waves
rather than the traditional method using vertically standing modes.

Gent and Cane began work this year on a numerical model of the upper
equatorial ocean. The model includes rather complete thermodynamics as well
as dynamics in order to answer the question of how ocean thermal forcing
affects the thermodynamics and dynamics of the upper equatorial ocean.

Large, McWilliams, and Niiler continued studies on the annual cycle of
circulation and heat transport in the upper equatorial Pacific Ocean in the
Tropic Heat program. Two deployments of thermistor chain drifting buoys dis-
played unexpected behavior in that they left the equator in cold water jets
that flow meridionally to about 10°S or 5°N. A vorticity balance and the ob-
served temperature changes suggest that the jets sink as they move off the
equator. Other Tropic Heat data are now being assimilated to assess drifting-
buoy performance and the role of these jets in the physics of the equatorial
cold tongue.

Mesoscale Eddy Dynamics

The properties of mesoscale eddies in mid-latitude oceans have continued
to be a central interest of members of the section. For example, recent
modeling work by Haidvogel with Kenneth Brink (WHOIO has shown that an exter-
nally driven eddy field, forced by an imposed time-varying wind stress field,
can generate significant time-mean currents. The existence and strength of
the resulting circulation are dependent on the ambient mean potential
vorticity gradient, which can be provided by finite-amplitude bottom
topography.

Haidvogel and Thomas Keffer (University of Washington) have examined the
dispersal of a passive tracer field or marked particles (floats) by homo-
geneous, anisotropic mesoscale eddies. These results are currently being ex-
tended to passive tracer dispersion in a wind-driven, eddy-resolving general
circulation model to study the added effects of western boundary current
mixing.

McWilliams, with many collaborators, has carried out analyses for a var-
iety of features detected in the POLYMODE Local Dynamics Experiment in the
Recirculation Zone of the western North Atlantic. These include mass and den-
sity field evolution, potential vorticity balances for the eddies, eddy
forcing of the general circulation, and submesoscale, coherent vortices. This
has been a focus in FY 85; these eddies appear to persist for years and cross
entire ocean basins without being destroyed en route.

Oceanographic Field Experiments

Cooperative ocean experiments are a major activity of the section, with
involvement from program inception to the final publication of results. In
each case, either the observations meet AAP scientists' modeling needs or
ocean-atmosphere interactions are among the primary phenomena of interest.
Past experiments in which Oceanography Section scientists participated are the
Mid-Ocean Dynamics Experiment (MODE), POLYMODE, Joint Air-Sea Interactions
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(JASIN), and Storm Transfer and Response Experiment (STREX). In FY 85, there
were several programs at various stages of activity, and the section's partic-
ipation is briefly described below.

WOCE is being planned for 1990-95. Internationally, it is a major compo-
nent of the World Climate Research Program (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. Nationally,
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 predict
its evolution in relation to long-term changes in the atmosphere. The impor-
tance attached to WOCE by the Oceanography Section is reflected in the fact
that Bretherton is a cochairman of the International Science Steering
Committee, Holland is involved with the international (WOCE) working group on
numerical modeling, and McWilliams, Large, and Bretherton are on the national
science steering group. In addition, Haidvogel is the chairman of the
national working group on numerical modeling, and Large is the chairman of the
working group on atmospheric-ocean exchange. A number of meetings and other
activities have occurred in FY 85.

The interannual coupling of the tropical ocean with the global atmo-
spheric circulation is being studied under the TOGA program. Members of the
section have participated in planning the measurement program in the equa-
torial Pacific, and McWilliams and Large are involved in the sampling of the
thermal field. The Tropic Heat program is proceeding in conjunction with TOGA
with the specific objective of understanding the heat budget of the cold
tongue in the eastern equatorial Pacific. Large and McWilliams are currently
involved in examining the observations, and Gent is planning to use the data
to force and verify equatorial ocean models.

Holland and Haidvogel are providing modeling support for the Synoptic
Ocean Prediction Study program. This program is an intensive observational
and modeling study of the energetic Gulf Stream region from Cape Hatteras to
the Grand Banks. The goal is to develop realistic models capable of real-time
synoptic prediction of Gulf Stream transience. Holland is a member of the
executive committee currently planning this work.

These experiments require new instrument and modeling techniques to be
developed, and they will depend heavily on satellite data for global- and
basin-scale data sets. Therefore, the section has undertaken the following
activities. Bretherton has assumed chairmanship of NASA's Earth System
Science Committee as his major concern. This committee will report on the
future of all NASA's earth-observing satellites. Large and Bretherton have
provided the Jet Propulsion Laboratory with input for their design of the Navy
Remote Ocean-Sensing System scatterometer, and the entire Oceanography Section
has responded to NASA's announcement of opportunity with regard to this in-

rument Large is having ATD develop a wind stress measurement system suit-
able for use on moored ocean surface buoys. The further development of ocean
surface buoys to include Lagrangian calibration and an air-sea flux measure-
ment capability is being orchestrated. On the modeling side, Haidvogel is
developing a thermodynamically active model for application to the California

32



ATMOSPHERIC ANALYSIS AND PREDICTION DIVISION

coastal region, while Holland is developing a general open ocean model for
application in a number of regions.

Ocean-Atmosphere Interaction

Large completed an analysis of Climate Air-Sea Interaction Drifting
(CASID) buoy data from STREX. The study showed that autumn SST changes are
largely due to an enhanced vertical mixing of heat down from the ocean mixed
layer to the thermocline. The process has a relatively small (50-200 km) hor-
izontal scale and a one- to two-day time scale. These data also indicate that
the long-recognized imbalance between annual surface heat flux and the heat
storage in the northeast Pacific Ocean is due to horizontal advection in the
thermocline of this heat mixed down from the mixed layer. This mixing occurs
in response to only some storms and ocean dynamics; pre-existing conditions
and forced inertial motions appear to be important governing factors. CASID
buoy data are also being analyzed to determine the role of the daily cycle in
forming the seasonal thermocline in the Sargasso Sea.

The nature of SST changes is sometimes indicative of the processes that
cause them. In collaboration with van Loon, Large began an effort to quantify
this relationship from well-measured Northern Hemisphere observational
studies, so that SST changes in the Southern Hemisphere from FGGE drifting
buoys can be used as an indicator of the processes going on there. Large also
is investigating the relationship between the large-scale, low-frequency mo-
tions of the FGGE buoys and atmospheric conditions during FGGE.
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The goals of the Atmospheric Chemistry Division (ACD) research program
are:

To derive 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, cli-
mate, and the stratospheric ozone layer. This research requires the
identification and quantification of the sources and sinks of atmospheric
gases and of biospheric and industrial emissions.

* To determine the atmosphere's composition (including the products of
chemical conversions) and dynamical features (including their interac-
tions with chemistry) from global observations. This is accomplished
through satellite programs; global in situ sampling measurements from
aircraft, balloons, and rockets; and various global and regional chemical
field programs.

* To design 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 atmo-
sphere. 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, chemis-
try, 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 con-
sists 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 Measure-
ments. Most 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. Meteorologi-
cal, 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.
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SIGNIFICANT ACCOMPLISHMENTS

* ACD scientists and their colleagues generalized the capabilities of our
two-dimensional dynamical and chemical model of the stratosphere and ap-
plied the model to studies of the chemical and dynamical perturbations of
the stratosphere that are possible from continued usage of chlorofluoro-
carbon gases. The model shows that strong latitude dependences are in-
volved; larger ozone losses are likely to occur at high latitudes than in
the tropics.

W e began to use the stable carbon isotope C as an indicator of the var-
ious contemporary sources of atmospheric methane (CH4). After repairing,
reconfiguring and testing an old mass spectrometer, we began to gather
data on the C content of methane in clean air and from several known
methane sources. Preliminary indications are that contemporary methane
source budgets imply less C than is observed.

Largely from LIMS satellite data, we have calculated the transformed
Eulerian, or residual mean circulation of the global stratosphere, and we
have used this residual mean circulation to calculate the transport of
ozone in both hemispheres.

* ACD has developed a tunable solid-state diode laser system for the mea-
surement of sulfur dioxide in the troposphere at levels below one part
per billion. Work is continuing on improving the stability of the in-
strument.

* A major new laboratory experimental facility was installed: a BOMEM
Fourier transform spectrometer for the experimental evaluation of chemi-
cal reaction mechanisms and rate constants for many species of interest
to atmospheric scientists. Modifications and improvements made to the
instrument by NCAR personnel have made it possible to determine absorp-
tion spectra for any desired compound over the complete range of wave-
lengths from the far infrared to the ultraviolet and to follow the de-
tailed balance of products and reactants on a time scale which allows
accurate kinetic measurements of the reactions under study.

* Using instrumentation developed in ACD, we measured gaseous and aqueous
hydrogen peroxide (H202) from aircraft and ground stations in the eastern
United States, Sweden, and Italy. Such measurements are to test whether
the conversion of sulfur dioxide (SO2) to sulfuric acid (H2SO4) in the
atmosphere is likely to be either oxidant-limited or proportional to the
concentration of SO . Results from the first field studies, in the late
fall of 1984, showed a general deficiency of H202 with respect to SO
within the boundary layer, but a surprising increase of H20 vapor above
the planetary boundary layer. Data from subsequent seasonaT flight
series are now being processed.

Last year ACD scientists and their colleagues discovered in a field study
that peroxyacetyl nitrate (PAN) is a significant reservoir of odd-
nitrogen in the remote continental boundary layer. A similar field pro-
gram was conducted in the late spring of 1985 at a West Coast site to
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examine differences in the make-up of odd-nitrogen in the boundary layer
of maritime air masses vs continental air masses. The PAN instrumenta-
tion was also flown on the NCAR Electra aircraft during the Dynamics and
Chemistry of Marine Stratocumulus (DYCOMS) project to obtain further in-
formation on the distribution of PAN.

PRECIPITATION CHEMISTRY, REACTIVE GASES, AND AEROSOLS SECTION

The PCRGA Section is now composed of two atmospheric chemistry projects:
the Reactive Gases and Particles Project (RGP), Allan Lazrus, Project Leader;
and the Homogeneous Tropospheric Chemistry (HTC) Project, Jack Calvert,
Project Leader.

The RGP Project has been very active this past year in both field and
laboratory studies designed to expand our knowledge of, and test current theo-
ries related to, the cloud chemistry of the important trace species involved
in the formation of acid precipitation in the troposphere. This research
group has developed the first reliable instrument to monitor H202 in the tro-
posphere, and has employed it on NCAR aircraft during flights in clear air
over the eastern United States. Research has been carried out related to the
development of other instrumentation designed to determine aldehydes, sulfur
dioxide, and other important trace species.

The HTC Project research has focused on the installation and modification
of the new BOMEM Fourier transform spectrometer and its use in the delineation
of several important problems related to the chemistry of the transient spe-
cies, NO3, and its related compound NO , which are important in the nighttime
chemistry of the atmosphere. Other photochemical studies have been carried
out on several molecular trace gases of interest in tropospheric chemistry
(NO2 , acrolein, acetone, etc.).

The personnel of the two 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. The specific research projects and the sig-
nificance of the research are described in the following sections.

Reactive Gases and Particles

The main theme of the Reactive Gases and Particles Group (RGPG) has con-
tinued to be the availability of oxidant for conversion of SO to H SO4 in
clouds. During the year two articles on the analytical metho s we Ueveloped
to determine atmospheric H O2 both in air and water were completed and ac-
cepted for publication. The H202 vapor method was used during aircraft
flights to obtain vertical concentration profiles of SO2, HO0 , and 03 in
clear air in the eastern United States to an average of 10,60 6 ft above mean
sea level.

These profiles indicate whether the conversion of SO2 to H2SO4 in cloud
water is likely to be either oxidant-limited or proportional to the concentra-
tion of SO2. H202 vapor is a photochemical product and its concentration is
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expected to be seasonally dependent. For this reason, aircraft missions were
flown during the periods 16 October-4 November 1984; 22 March-18 April 1985;
and 8-21 July 1985. Winter measurements are planned during January 1986.

During the fall flight series aboard the NCAR Queen Air, 24 vertical con-
centration profiles of H202 vapor were obtained predominantly in air within
the warm sectors of cyclonic systems. These profiles were distributed between
the coast of the Gulf of Mexico and Watertown, New York. The air masses in-
vestigated were characterized by southerly to southwesterly flow, and are
largely responsible for carrying polluted air from the Midwest into the North-
east. The large areas of stratus cloud and precipitation associated with cy-
clonic systems form in the warm-sector air as it ascends over the cold front
and consequently cools. This series of profiles, the first ever obtained of
H209 vapor in the atmosphere, demonstrated a general deficiency of H902 vapor
wit respect to SO2 within the boundary layer. They also, however, displayed
a surprising increase of H202 vapor above the planetary boundary layer. The
H2O concentrations often increased several hundred percent over their values
within the planetary boundary layer.

The spring flight series was flown on NCAR's King Air, and provided mea-
surements of NO/NOy in addition to SO2, 03, and H202. Nitrogen oxides play a
significant role in determining the levels of H202 generated photochemically
in air. Reduction of these data has just commenced.

The summertime series, flown on the Queen Air, was primarily flown in
southwesterly air between Ohio and Whiteface Mountain in the Adirondacks.
These slowly moving air masses on the western side of stalled anticyclones
tend to be highly polluted. The data have not yet been reduced.

During February 1985, the first measurements of H202 vapor in Europe were
made in Sweden and Italy. The Swedish measurements were conducted coopera-
tively with Henning Rodhe of the University of Stockholm. H202 was measured
both in Stockholm (59°N) and at the Abisko Scientific Research Station (69°N).
Traces of H202 vapor were found even in the polar night.

Measurements at the Po River Valley were conducted cooperatively with
Sandro Fuzzi (University of Bologna), Hans Puxbaum (Technical Institute of
Vienna), and Volker Mohnen (State University of New York at Albany). These
measurements were made during periods of clear air between episodes of fog
which has been found to be very acidic.

Initial efforts to determine the dry deposition velocity of H202 were
conducted last summer over a wheat field at Bennett, Colorado. This work was
accomplished cooperatively with Stuart Penkett (University of East Anglia,
England), who was visiting scientist with RGPG.

Research and development of new analytical methods continued throughout
the year. During June a field trip at Unisearch Corporation in Toronto, Can-
ada, was undertaken to compare our method of H20 vapor determination with a
technique based on a tunable diode laser system tTDLS) developed under Harold
Schiff (York University). Though the sensitivity and precision of the TDLS
was not adequate to compare using ambient air, simultaneous determination of
H202 vapor in spiked ambient air showed good agreement.

40



ATMOSPHERIC CHEMISTRY DIVISION

Comparison of our aqueous method with a chemiluminescent technique devel-
oped under Wolfgang Jaeschke (University of Frankfurt) was conducted both at
our laboratory and at Whiteface Mountain. The two methods agreed well.

Niels Schonbeck (Metropolitan State College, Denver, Colorado) was a vis-
iting scientist with the RGPG during this last summer. He has explored the
potential of using various enzyme-catalyzed reactions for determining atmos-
pheric trace species. We have neared completion of a real-time method for
formaldehyde vapor which is appropriate for aircraft-borne experiments.

The experimental conditions which permit stripping of methylhydroperoxide
vapor from air with high collection efficiency were determined.

Homogeneous Tropospheric Chemistry

The Homogeneous Tropospheric Chemistry (HTC) Project, under the leader-
ship of Jack Calvert, has now concluded its third year of effort. The project
was established to determine the missing spectroscopic, kinetic, and photo-
chemical data for those atmospheric transient species that are believed to be
important in the transformation of common atnospheric trace components such as
SO , NO2, the hydrocarbons, and their important oxidation products (aldehydes,
ketones, etc.).

Equipment Development. Much of the HTC research is linked to the use of
spectroscopic methods for the in situ study of products and reactants while
they are undergoing chemical changes in a given reaction under study. A major
accomplishment during fiscal year 1985 (FY 85) was the installation of a BOMEM
DA3.01 Fourier transform spectrometer. This instrument is suited well to the
needs of the HTC group in evaluating reaction mechanisms and determining rate
constants for many species of interest to atmospheric scientists. It was in-
terfaced to the 450-liter, long-path White optical cell and chemical reactor,
using transfer optics designed by the HTC group and machined in the NCAR shop.
Several additional modifications and improvements have been made to the BOMEM
commercial instrument to optimize its performance for the present needs of
HTC. Most significant was the replacement of the silicon photodiode detector
and quartz-halogen source, which were found to he unsatisfactory for our pur-
poses; a xenon arc is now used as a visible/ultraviolet source and a photo-
multiplier tube and associated electronics are used as the detector in these
regions. It is now possible to determine absorption spectra for any desired
compound over the complete range of wavelengths from the far infrared to the
ultraviolet region and to follow the detailed balance of products and reac-
tants on a time scale which allows accurate kinetic measurements of the reac-
tions under study.

During FY 85 an improved reaction cell was designed to allow kinetic mea-
surements at controlled temperatures of interest to atmospheric chemists (-80
to 200°C) and at pressures of a few Torr to 10 atm. This cell (designed by
Richard Shetter) is in the final stages of construction in the NCAR shop, and
will be placed in service in January 1986. It involves three concentric tubes
about 2.5 m in length. The inner tube, which is the chemical reactor region,
contains the multiple-reflection White optical system capable of path lengths
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up to 96 m. Every effort has been made to ninimize the effects of temperature
on the performance of the internal optical system. The Inirror assemblies are
movable to desired positions within the tube, but the distance between the
mirrors is fixed by use of three 1-in.-diameter quartz rods. Temperature con-
trol is maintained by a suitable fluid which flows between the reactor tube
and its stainless steel jacket. The inner two tubes are placed entirely
within an evacuable stainless steel dewar to minimize temperature gradients
and heat losses. The entry of light, the temperature-controlling fluid, the
reactant gases, and thermocouple leads is accomplished using bellows
connections.

A significant improvement in the data-handling system for the Fourier
transform spectrometer (FTS) has been developed by James Davidson and
Christopher Cantrell (Advanced Study Program postdoctoral fellow). The con-
ventional spectral stripping or integration techniques such as commonly em-
ployed with an FTS are very slow and often inaccurate because only a few of
the very large number of the absorption data points are employed to estimate
concentrations of products. Also these techniques are susceptible to inter-
ference by unknown products. A data-processing scheme was designed which
makes use of standard compound spectra collected over a large range of concen-
trations. The measured absorbance at each wavelength is least-squares fitted
to a quadratic equation and checked for goodness of fit. For a given c.oeri-
ment, this collection of quadratic parameters and absorption wavelengths for
each different molecule is compared to other species expected to be present
for which standard spectra exist. Data for wavelengths at which more than one
molecule absorbs are eliminated from this first comparison, so only spectral
data unique to the particular species are used to process spectra collected
for that particular system. The result of this processing is a vector of con-
centrations (usually a few hundred to a few thousand) for each reactant and
product molecule. Of course in every experiment the possibility exists for
interference by the formation of unknown products. With the processing system
developed, this is checked by examining the concentration vector for a pattern
of deviation from the mean. Thus if a run of concentration estimates is con-
sistently above the mean by some preselected amount (usually 0.5% is chosen)
for a particular number of concentration estimates (typically 1% of the total
number), then those data are eliminated and the process is repeated. Using
synthetic mixtures with known interferences we find that the processing proce-
dures lead to accurate concentration estimates. The program, written in
FORTRAN 77 programming language to run on a VAX 11/780 computer, is being ex-
panded to include graphics output capability.

Atmospheric Chemistry. The atmospheric chemistry studies of the HTC
group relate to several aspects of tropospheric chemistry which have been ill-
defined by existing studies, yet they appear to be of potentially great sig-
nificance to our understanding of the rates and mechanisms of chemical trans-
formations in atmospheric chemistry. These relate to a variety of systems:
the nighttime chemistry of the NO3 and N 0 5 species; the photochemistry of
NO?, acrolein, and other trace species; {he potential role of aerosols and
cloud water in atmospheric chemistry; and the evaluation of the mechanisms of
chemical transformation in the troposphere, including those of acid
generation.
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(1) Nighttime Chemistry and the Properties of the Transient NO Free Rad-
ical. Through work of the HTC group and others throughout the world, the im-
portance of the N03 radical to nighttime chemistry has been recognized in re-
cent years. It is generated largely through the reaction of ozone with ni-
trogen dioxide: 03 + NO2 -> NO3 + 0. In previous work the HTC group has de-
fined the role of this radical in the generation of free radicals during the
nighttime hours. During the past year kinetic studies of the NO3 radical re-
action with acetaldehyde (CH CHO) in synthetic air mixtures have been made
using the FTS long-path reactor. The time dependence of the reactants and
products (nitric acid and peroxyacetylnitrate [PAN]) were determined using the
characteristic absorption bands of each species. All evidence suggests that
the first step in the reaction sequence, NO3 + CH HO m> HONO2 + CH CO, pro-
ceeds with a rate constant, k = (2.1 + 0.4) X 10- cm /(molec s) at 298 K.
These results were coupled with an appropriate, yet highly abbreviated, atmo-
spheric chemistry reaction mechanism to show that the NO -CH3CHO reaction can
in theory lead to significant nitric acid and PAN genera ion in somewhat pol-
luted air masses during the nighttime hours. These unexpected results are
important in that they suggest that the rate of PAN formation can be more rap-
id at night than in the daytime for certain highly polluted air masses. A
report on this work (authored by Cantrell, Davidson, Kerry Busarow [HTC visi-
tor], and Calvert) has been accepted for publication in the upcoming John
Noxon memorial issue of the Journal of Geophysical Research.

Other studies of the NO3 radical with HCl, H S, and NH3 have been made.
The NO HC1 and NO -H S reactions are very slow. it was observed that N205
reacts with HCl (to form ClNO2 and HONO 2) under some conditions, but the reac-
tion appears to be heterogeneous in nature. A report is being assembled to
include upper limits for the reaction of NO3 with a variety of substances in-
cluding CO, CH4, and N20, as well as the above substances.

Detailed reviews of the existing data related to the equilibrium N20 ->
NO3 + NO2 and the reaction NO3 + M -> NO + 02 + M have been made by the HTC
group, and funding for studies of these seemingly important atmospheric reac-
tions has been sought from NASA and the Coordinating Research Council. The
newly designed and constructed cell will be used to study these systems during
FY 1986. Harold Johnston (University of California, Berkeley) will collabo-
rate with us on this effort.

(2) Photodissociation of NO?. The photodissociation of NO is a major
source of ozone generation in the troposphere (NO + hv -> O( P + NO; 0( P) +
0 + M -> 03 + M). A critical review of the existing extensive literature on
the quantum yields and absorption cross sections for NO2 made by Calvert, Ed-
ward Gardner, and Paul Sperry shows that current choices for these quantities
have a very large uncertainty (+30%). This is unsatisfactory for the accurate
modeling of NO chemistry in the atmosphere. NASA has provided support for
our effort to redetermine the quantum yields and absorption cross sections for
NO9 as a function of the wavelengths and temperatures of interest to atmo-
sp eric chemists. The photolysis system developed earlier at NCAR by Gardner
has been extensively redesigned and rebuilt (Gardner and Sperry) to handle the
special problems associated with the use of the reactive molecule NO . The
first measurements of the quantum yields are expected by January 1986. The
determination of optoacoustic spectra for N02 is being made in collaboration
with Alan Fried of the National Bureau of Standards Laboratories in Maryland.
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(3) Photochemistry of Carbonyl Compounds under Tropospheric Conditions.
The major products of oxidation of the great variety of both natural and an-
thropogenic hydrocarbons in the atmosphere are the carbonyl compounds, the
aldehydes, and ketones. These absorb sunlight present within the troposphere
and undergo photochemical dissociation to form free radical and other molecu-
lar products which can influence the rate of ozone generation and other impor-
tant chemical changes which occur there. However, very little is known about
the quantum efficiencies of the primary processes for the conditions of high
oxygen pressures present in the troposphere. During the past two years
Gardner and Sperry have begun studies designed to establish the nature and the
quantum yields of the primary processes in several of the seemingly important
carbonyl species in the atmosphere. In collaboration with Robert Chatfield,
Gardner and Calvert have recently utilized our data on acetone photochemistry
to evaluate the importance of the various decay pathways for acetone in the
troposphere. In other studies carried out during FY 85 with Environmental
Protection Agency (EPA) support, Gardner, Sperry, and Calvert have derived the
nature and quantum efficiencies of the primary processes in the acrolein mole-
cule (CH2 = CHCHO). This is an important and interesting compound formed in
the atmospheric oxidation of certain hydrocarbons. Chemical analogues of this
species [methylacrolein (CH2 = C(CH 3) CHO), and methylvinylketone (CH COCH
CH2)] are important products of the atmospheric reactions of the abundant nat-
ural hydrocarbon, isoprene. The results show a complex pattern of molecular
fragmentation occurs on absorption of light in the 3130 to 3340 A region: CH2= CHCHO + hv -> CH2 = CH + HCO(I); -> H + CH2 = CHCO(II); -> CH3 CH + CO(III);
-> C2 H4 + CO(IV).

(4) Chemical Mechanisms of Acid Generation in the Troposphere. In a com-
bined effort of the HTC and RGP personnel (Calvert, azrus, Gregory Kok, Brian
Heikes, James Walega, John Lind, and Cantrell) we have evaluated the latest
experimental evidence related to the chemical mechanisms which convert the
oxides of sulfur and nitrogen to sulfuric and nitric acids, respectively, and
hydrocarbons to organic acids. Although the amount of precipitation in the
northeastern United States shows little seasonal dependence, there is a strong
seasonal dependence of the sulfate deposition (analogue for H S04 ) and rela-
tively small dependence on season for the nitrate deposition analogue for
HON02) in that region. These results were rationalized using a computer simu-
lation of the various chemical processes which are believed to occur in this
complex system. It was concluded that the relatively low production of H202
and other oxidizing agents for SO2 during the winter months in the north-
eastern United States results in an oxidant limitation in winter and an incom-
plete conversion of SO9 to acid in cloud droplets and in the gas phase. The
HO-radical oxidation of N02 occurs rapidly during the summer months to form
nitric acid (HO -- N02 + M -> HONO + M). This rate decreases significantly
during the winter months as the HO-radical concentration decreases. However,
the simulations show that the potential for N 05 buildup during the winter
months, coupled with the N20 5 reaction with cfoud water (N 205 H20(liquid/
solid) -> 2HON02 ), lead to an additional HON0 2 source during the winter
months. We believe this results in the relatively season-independent nitrate
deposition rates. This work was published in Nature in Septemnber 1985.
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(5) Potential Role of Aerosols in Atmospheric Chemistry. The recognition
of the importance of condensed-phase reactions in atmospheric chemistry has
occurred only in recent years. However, it is now clear that the homogeneous
gas-phase reactions alone cannot account for all of the chemical changes ob-
served in the troposphere. For example, the explanation of the rates of SO2
oxidation which are observed to occur in the atmosphere requires the involve-
ment of solution-phase chemistry. Rates of reaction of SO2 in dilute solution
with various oxidants common to the troposphere (H209 , 03, etc.) have been
studied extensively and the results have been applies to rationalize the cloud
chemistry resulting in acid generation. Other atmospheric reactions involving
multiphase systems have also attracted attention. Many of these depend criti-
cally upon the rate of transfer of gaseous reactants to the aerosol or cloud
droplet. Provided that the accommodation coefficient* for HO2 radicals and
N20 5 on cloud water is greater than about 10- , then theory suggests that the
generation of H20 2 and HONO can be very important through gas-to-cloud water
transport of the reactive H 2 and N205 on moist aerosols. This work involves
the accurate size characterization of selected aerosols (NH HSO , etc.) in
laboratory flow-tube experiments in which the concentration of H0O radicals is
followed using the Cantrell "chemical amplifier" while [N?0 5] is determined
using the FTS infrared spectrometer. Additional support for this work has
been sought from the Atmospheric Chemistry and Physics Research Grants Commit-
tee of the EPA.

(6) Chemical Mechanism for Acid Generation in the Troposphere. Calvert,
together with J. Alistair Kerr (University of Birmingham, England) and Michael
Hoffmann (California Institute of Technology), carried out an extensive review
of the chemical reactions and rate constants involved in the complex mechanism
of acid generation in the troposphere which has recently been published as a
report by the EPA. This work, carried out in cooperation with the Acid Depo-
sition Modeling Project (ADMP) at NCAR, is continuing within HTC and ACD with
the collaboration of William Stockwell, Sasha Madronich, Darlene Steward, and
Dennis McNally of ADMP. The known and postulated atmospheric reactions of the
common inorganic and organic constituents of the troposphere have been consid-
ered in formulating the mechanism. Rate constant estimates have been made
using thermochemical-kinetic methods in those cases where direct measurements
are not available. Methods of simplification of this rather extensive reac-
tion scheme are under study so that a reasonably simple yet chemically realis-
tic mechanism can be developed from the complete scheme which contains liter-
ally thousands of reactions. This may be used ultimately in the regional acid
deposition model under development in ADMP and in other chemical modeling ef-
forts in ACD and other divisions of NCAR in the future.

*The accommodation coefficient is that fraction of the collisions of a given
species with a liquid or solid surface which result in capture.
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ATMOSPHERIC GAS MEASUREMENTS SECTION

Atmospheric Odd-Nitrogen

During the past year, laboratory and field studies have concentrated upon
investigating the role of peroxyacetyl nitrate (PAN) in the budget of odd-
nitrogen (NOy) in the remote troposphere. Earlier studies, conducted at a
remote mountain site by James Shetter, Bruce Gandrud, and Brian Ridley in con-
junction with scientists from NOAA (Fred Fehsenfeld, David Fahey, Gerd Hubler,
Eric Williams, David Parrish, Richard Norton) and SRI International (Hanwant
Singh), showed that PAN was a significant reservoir of odd-nitrogen in the
remote continental boundary layer. PAN was comparable to the sum of NO and
NO , a feature not usually included in atmospheric models of the remote tropo-
sp ere. These studies also revealed that another unidentified odd nitrogen
component is present in the summer troposphere but not in the winter tropo-
sphere. Another, similar field program was conducted in the late spring of
1985 at Point Arena, California, in order to examine differences in the make-
up of odd-nitrogen in the boundary layer of maritime air masses versus conti-
nental air masses. The program also provided a link to the remote Pacific
aircraft experiments described below. Although the synoptic-scale meteorology
was not fully cooperative during the two-week Point Arena study, some periods
of nearly pure maritime air were encountered. An examination of tne relation-
ship between the measured components is ongoing. In general, PAN had a much
smaller mixing ratio in the maritime air masses, but remained a significant
component of odd-nitrogen. A longer-term field program will likely be con-
ducted in 1986.

The PAN instrumentation was also flown by Gandrud and Shetter on the NCAR
Electra during the Dynamics and Chemistry of Marine Stratocumulus (DYCOMS)
project organized by Alan Bandy (Drexel University) and Donald Lenschow (Atmo-
spheric Technology Division). This participation afforded an opportunity to
test the performance of the PAN instrument for future aircraft sampling pro-
jects designed to investigate in greater detail the budget and photochemistry
of odd-nitrogen in the remote troposphere. Although the DYCOMS flights con-
centrated on near-boundary-layer altitudes, some survey information on the
distribution of PAN was obtained. The PAN mixing ratio in both the boundary
layer and free troposphere was quite variable, and much analysis remains to be
done concerning the origin and trajectory of the sampled air masses. Mixing
ratios within the boundary layer were most frequently less than 10 pptv. In
the free troposphere, higher mixing ratios were most frequently encountered, a
result consistent with the longer lifetime of PAN in colder air masses.

A larger aircraft experiment, the NASA Global Tropospheric Experiment,
was scheduled for the fall of 1985. NCAR (Ridley, Shetter, and Gandrud) and
NOAA (Mary Anne Carroll, Hubler, and Fahey) were to obtain and intercompare
measurements of NO, NO2, NOy, and PAN. However, the aircraft to be used in
this project was lost and the experiment will not be carried out until the
summer of 1986. A third, highly sensitive instrument was designed and con-
structed during the year for the measurements of NOy.

Construction and testing of a balloon-borne instrument for stratospheric
measurements of nitric oxide has continued. This instrument will be flown in
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conjunction with instrumentation developed at Harvard (James Anderson) for
measurements of free-radical species that play a major role in the control of
ozone in the stratosphere. A balloon flight of all the instruments is sched-
uled for the spring of 1986. Preliminary design work for converting the
nitric oxide instrument to enable measurements of total odd-nitrogen in the
stratosphere has also begun.

Biosphere-Atmosphere Interactions

Many gases that affect the chemistry of the earth's atmosphere are pro-
duced through the biological cycling of the earth's elements. These gases
include many nitrogen-containing compounds such as NO, NO, N20, and NH3 ; car-
bon-containing compounds such as CO2, CO, CH, 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 (a) field experiments which used mi-
crometeorological enclosure and tracer techniques to measure trace gas fluxes,
(b) the characterization of trace gas constituents in remote ambient air, and
(c) development of a better understanding of methane cycling.

A comprehensive field study was continued in 1985 to characterize nitro-
gen cycling in a simplified grassland ecosystem. The site chosen was a wheat
field in eastern Colorado. The site had several advantageous features which
included a uniform soil treatment, a plant species monoculture, a short canopy
height, and a well-known soil history. In addition, cropland occupies a sig-
nificant fraction of the United States. The study was a collaborative effort
involving researchers from many universities. William Parton and David
Schimuel (Colorado State University Natural Resource Ecology Laboratory) mea-
sured ammonia fluxes from enclosures in the field and from soil cores removed
from the field and taken back to the laboratory fo sdetailed study. In addi-
tion, they collaborated with Patrick Zimmerman on N studies so that nitrogen
partitioning in the soil and plants could be traced. Barry Huebert (Colorado
College) measured fluxes of HNO3 using a gradient technique. Donald Stedman
(University of Denver) measured gradients of N02 and ozone. Lenschow, Curtis
Westberg, and Brian Lamb (Washington State University) designed and conducted
tracer experiments to help elucidate the micrometeorology of the site, and
Iris Anderson (NASA fellow from the University of Virginia) monitored N20
fluxes. The experiment showed a much lower flux into the atmosphere than mea-
sured in 1983 and 1984 experiments and in laboratory simulations. It is hypo-
thesized that since 1985 was atypically wet, more of the nitrogen was tied up
in plants. To test this hypothesis, we will spike test plots with excess N
fertilizer and examine changes in fluxes.

The experiment provided data to allow construction of an N budget. It
also provided information which will enable us to predict the impact of an-
thropogenically fixed nitrogen compounds on plant productivity and nitrogen
cycling. In addition, the tracer experiments provided data which will be used
to check dispersion estimates made through the measurement of meteorological
variables. Final results are being tabulated by individual researchers. The
data will be collated and published in 1986.
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ACD research conducted in the Amazon in 1979 and 1980 indicated that bio-
genic hydrocarbon fluxes play an important role in the ozone balance of ambi-
ent air in the tropics. Aircraft and ground-based measurements showed much
higher than expected levels of 03 and CO. Since roughly 40% of the earth's
land area and 60% of its biomass occurs in tropical regions, it is important
to understand the atmospheric chemistry of these regions. Research was there-
fore conducted in Brazil in cooperation with the NASA Amazon Boundary Layer
Experiment (ABLE).

Zimmerman and Westberg collected ambient air samples for trace gas analy-
sis using a specially designed tethered balloon-borne grab sampler. Grab sam-
ples were collected at ground level and at 100, 200, 500, and 1,000 feet above
the ground. In addition, integrated samples were collected at various heights
within the forest canopy. Samplers were raised and lowered on lines connected
to the uppermost branches of the tallest trees in the forest. The tethered
balloon system was operated by Michael Garstang (University of Virginia) and
colleagues from Simpson Weather Associates. Analysis of the samples is com-
plete. The data will be archived and a summary will be presented at a NASA
meeting in Brazil in early 1986.

Very few measurements of C1-C12 hydrocarbon concentrations in remote
areas have been made. Since many of these are biogenically produced and are
highly photochemically reactive, it is important to determine their composi-
tion and identify major potential sources. The first step is to obtain air
samples for analysis. To accomplish this, Biosphere-Atmosphere Interactions
(BAI) staff acquired samples during selected aircraft flights using an auto-
mated sampling system designed by Zimmerman, Bryan Lee, and Gerald Dolan.
During 1985, samples were also collected aboard the NCAR Sabreliner in cooper-
ation with Russell Dickerson (University of Maryland). This research was spe-
cifically designed to investigate the vertical transport of NO and NO near
thunderstorms. Preliminary analysis indicates that it is possible that this
mechanism can inject reactive hydrocarbons into the upper troposphere.

In addition Zimmerman was a coinvestigator on a planned research flight
aboard the NCAR Sabreliner with William Mankin, Leroy Heidt, and Michael
Coffey. The plane traveled over the Pacific from southern California to
Alaska. The BAI responsibility was to measure C1-C12 hydrocarbons in the mar-
ine troposphere and their variation with latitude, attitude, and oceanographic
conditions. Previous measurements indicated that many of the hydrocarbons and
aldehydes measured in marine atmospheres could originate from the ocean
surface and that upper levels would be relatively clean. The present results
seem to confirm this pattern.

Methane is an important trace gas in the atmosphere. It is relatively
abundant and long-lived and can contribute to "greenhouse" warming of the
atmosphere. Current research indicates that it is increasing at 1 to 2% per
year. Mechanisms for the increase cannot be understood until the major
sources and sinks are better defined. Therefore, time was spent in 1985
investigating major methane sources. These include rice paddy fields, swamps
and marshes, and §rmi'es. Stanley Tyler (Advanced Study Program postdoctoral
fellow) measured C/ C ratios in ambient air Fed from specific methane
sources. If a major source has a distinctive C/ C fingerprint, better
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estimates of emission rates can be made. In addition, Ralph Cicerone, Tyler,
Zimmnerman, James Greenberg, Heidt, Mark Johnson (research assistant from
Carleton College), and Constant Delwiche (University of California, Davis)
collaborated on research to characterize CH4 emissions from rice paddies and
to elucidate the mechanisms for CH production. The field study was conducted
near Davis, California. Plots with various levels of organic matter and N
fertilizer were established. Simple enclosures were used to measure methane
flux throughout the growing season. Samples were analyzed in the field using
a portable, battery-powered gas chromatography integrator system.

Tyler collected CH4 samples from t i Dais site, as well as from various
termite species and local marshes, for C/ C analysis. This work (funded
partially by NASA) will be expanded in 1986. In 1985 arrangements were made
with Johanna Darlington (National Museums of Kenya) and Shem Wandiga (Univer-
sity of Nairobi) for a major field expedition. Samples will be collected from
termites fed various types of organic matter and from various types of
swamps. This work should show how various biochemical pathways could affect
the isotope ratio of atmospheric methane. This information in turn should
help explain mechanisms for the increase in atmospheric methane and help
define the magnitudes of the major sources.

In-Situ Measurements

The In-Situ Measurements (ISM) Project continued in FY 85 to increase its
emphasis on the relatively stable trace gases which are the raw materials for
tropospheric and stratospheric chemistry and have shown the potential for tem-
poral increases which affect those chemistry cycles. The distribution of
these gases in the stratosphere directly influences the earth's radiation bal-
ance and the ozone budget as well as other chemical balances which in turn
influence the dynamics of the stratosphere and mesosphere. Naturally emitted
and anthropogenically produced trace gases have major geochemical roles in
tropospheric chemistry as well. The sustained observational efforts of this
project, therefore, were designed to provide direct data to help determine and
understand the composition trends and controlling processes, both natural and
anthropogenic, so that changes can be predicted. Additionally, their applica-
tion has been planned to contribute to the anticipated Global Tropospheric
Chemistry Program.

A substantial effort of ISM has, since 1982, focused on the background
troposphere. In a collaborative program with the Global Monitoring for
Climate Change (GMCC) Project of NOAA (James Peterson, Dale Gillette, and
Bernard Mendonca), Bruce Henry and Walter Pollock have used samples collected
weekly at four GMCC sites (Pt. Barrow, Alaska; two sites in Hawaii; and Ameri-
can Samoa) to measure selected trace gases for monitoring seasonal and long-
term concentration trends. In addition, Vincent Lally and Marcel Verstraete
of the NCAR Global Atmospheric Measurements Program collaborated with Heidt in
establishing a fifth site in New Zealand. Since Verstraete's departure in
midyear, Sharyn Latchford (New Zealand Meteorological Service) has continued
the weekly sample collections. Limited resources forced postponement of plans
to expand to two additional sites (Cape Grim, Tasmania, and Alert, Canada) in
FY 85, but expansion appears likely in FY 86.
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While the initial effort of this program, Trends in Atmospheric Constitu-
ents Study (TRACS), focused on the global trend of atmospheric CH4 (slightly
less than 1% increase per year) additional trace gas measurements were added
during FY 84 and FY 85. These now include measurements of CO, H N20, CFC1 3,
CF C12, CHC13, CH CC1 3, CC14 CF 3C13, CHB CH2Br2, C2H4Br2, CBr, CF4
CHCl, CH3I, and 2-C4 hydrocarbons. The end of the current local winter sea-
son will mark the completion of a two-year cycle for most of these gases,
which will allow calculation of both seasonal cycles and trends.

In collaboration with Mankin and Coffey, Pollock and Heidt collected sam-
ples with the NCAR Sabreliner in several vertical profiles along the western
edge of North America from 20° N to 75° N. Data from these flights are being
used in an attempt to determine tropospheric source strengths and
stratospheric injections of the organic halogens. Measurements of these sam-
ples by gas chromatography and GC/mass spectrometry indicate possible major
source areas of brominated and chlorinated hydrocarbons over the Arctic sea-
board tundra and the warm, open Arctic seas. Collaboration was established
with William Reeburgh and Vera Alexander (University of Alaska) to continue
these efforts in FY 86.

As participants in an experiment (DYCOMS) to measure the dynamics, chem-
istry, and microphysics of the stratocumulus capped mixed layer off the Cali-
fornia coast, Henry and Heidt produced measurements of CH4, CO, CH3I, CH3CC1 3,
CC1 4, and nonmethane hydrocarbons in and above the boundary layer in an
attempt to better establish source strengths of these gases. Data from this
experiment (coordinated by Bandy and Lenschow) will be presented with those of
other participants at the American Geophysical Union meeting in spring 1986.

A limited continuation of stratospheric vertical profile measurements to
map seasonal and latitudinal trends was accomplished by Lueb, Pollock, and
Heidt with one balloon flight from 32° N. This September flight was also the
first of a series to assess the chemical contributions of several hydrocarbons
and organic halogens.

In support of other research efforts within ACD, Lueb has continued to
work with Ridley to modify his stratospheric NO instrument to provide measure-
ments to an altitude of 40 km. This instrument will be incorporated into the
stratospheric payload of James Anderson (Harvard University) as a collabora-
tive experiment to measure the radicals important to stratospheric photochem-
istry.

Chemical Modeling

Research in the Chemical Modeling (CM) Project during FY 85 was conducted
both in topics of (a) the stratosphere and middle atmosphere and (b) the trop-
osphere, as follows.

Dynamical and Chemical Modeling of the Middle Atmosphere. Rolando Garcia
and Susan Solomon (NOAA Aeronomy Laboratory) have used their two-dimensional
(2D) model to study the chemical and dynamical response of the stratosphere to
anthropogenic perturbations, including the release of chlorofluorocarbons
(CFCs) and increases in CO2. They find that the effect of CFCs on ozone is
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highly dependent on latitude, with considerably greater depletions predicted
at middle and high latitudes than in the tropics. To study the effects of
larger releases of CFCs and of increases in CO , a detailed infrared (IR)
transfer model developed by Jeffrey Kiehl of the Atmospheric Analysis and Pre-
diction Division (AAP) is being added to the 2D model.

The IR model of Kiehl has been used to diagnose the diabatic circulation
of the stratosphere from Nimbus-7 LIMS data. The effect of mean meridional
advection on the distribution of long-lived tracers was then investigated by
using the circulation obtained from LIMS data to advect CH4 and N20 in the
Garcia-Solomon model. The results compared favorably with independent obser-
vations of these tracers made by the Stratospheric and Mesospheric Sounder
(SAMS) instrument on Nimbus-7. In particular, the double-peak structure in
nitrous oxide observed by SAMS during spring is reproduced in the calcula-
tions.

Solomon, Garcia, and colleagues from Pennsylvania State University, the
Naval Research Laboratory, and the Jet Propulsion Laboratory used the 2D model
to interpret measurements of middle atmospheric carbon monoxide made from
ground-based millimeter-wave remote sensing.

The sporadic winter anomaly in radio wave absorption observed at D-region
altitudes (70-90 km) has been studied with a version of the Garcia-Solomon
model that incorporates a planetary wave model developed by Susan Avery (Uni-
versity of Colorado). The results indicate that the observations can be ex-
plained in terms of wave transport of NO from the polar night reservoir, pro-
vided that auroral activity is present to produce large concentrations of NO
in the polar night region.

In collaboration with Murray Salby (University of Colorado), Garcia has
concluded a study of the excitation of large-scale waves by tropical convec-
tion, and their propagation into the upper atmosphere. Using a linearized,
primitive-equation model, Salby and Garcia find that tropical convection can
excite a spectrum of Kelvin waves that propagate into the upper atmosphere and
can reach mesospheric altitudes. Slowly propagating Walker cells are also
excited in the tropical troposphere. At extratropical latitudes, the five-day
wave is prominent in the stratosphere, while in the troposphere a wavetrain
resembling observed teleconnection patterns is obtained.

In other stratospheric research, Cicerone (iith J. E. Frederick, Univer-
sity of Chicago) efamined the spectroscopy of 02 A and proposed that photo-
dissociationof a signi an source of ozone in the upper
stratosphere. Also, V. Ramanathan (AAP), Cicerone, Singh, and Kiehl modeled
potential future stratospheric cooling due to increased radiative cooling by
radiatively active trace gases because of stratospheric ozone changes.

Tropospheric Chemical Modeling. With a view toward developing models of
the intercontinental transport f S, N, and C species, especially those with
pollutant origins, Robert Chatfield and Ivar Isaksen (University of Oslo) have
constructed a 2D model (height and longitude) to simulate effects of NO and
hydrocarbon emissions upon the ozone and radical chemistry of the industrial-
ized midlatitude channel (between 30° and 60°N). This model is most
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applicable to atmospheric species with lifetimes of longer than a day or so,
and shorter than two months.

Chatfield also simulated the remote tropospheric sulfur cycle. Good cor-
relations were obtained (a) between observations of dimethyl sulfide and SO2
in the marine boundary layer and model results based upon observational esti-
mates of oceanic dimethyl sulfide emissions and (b) between dimethyl sulfide
concentrations in the free troposphere and convective activity.

In an investigation of nonmethane organics and their effects upon tropo-
spheric radical chemistry, the large effect of nonmethane hydrocarbons upon OH
radical levels in clean savannah air was suggested by Chatfield in a paper
written with Zimmerman and Greenberg. A modeling study of the slowly reacting
compound acetone has been completed with Jack Calvert and Edward Gardner.
Acetone, like CO, is a tracer of recent hydrocarbon oxidation. Work is con-
tinuing on PAN and boundary-layer interactions of reactive organics.

With Anne Thompson (NASA Goddard Space Flight Center), Cicerone has per-
fornmed model studies of CH4/CO/OH coupling that include the effects of C H
and peroxyacetyl nitrate explicitly and the effects of other nonmethane gydro-
carbons implicitly. By adopting a present-day CO source, apportioning from
the literature and scaling each CO source back in time, and by use of ice-core
methane data for past CH4 concentrations, they tried to reconstruct past CO,
CH4 , and OH concentrations from the year 1860 until present. A similar pro-
jection was also made into the future, i.e., from 1985 until 2035 A.D. At
relatively low levels of tropospheric nitrogen oxides, the concentrations of
gaseous OH radicals are modeled to decrease from 1860 until 2035. In polluted
regions (with higher NOx concentrations), OH can actually increase in the
planetary boundary layer with time but the tropospheric column of OH generally
decreases temporally in all the model cases.

Also, Cicerone has worked with Ramanathan, Robert Dickinson (AAP), Kiehl,
and others to project growth rates of radiatively active trace gases into the
future and to estimate the future climatic impacts of these gases. By criti-
cally examining recent temporal trends in key radiatively active trace gases
(CFCs, N20, CH4 , and tropospheric ozone) and attempting to analyze the reasons
for these increases, they projected future growths in the trace gases. In
several probable scenarios the future climatic warmings to be expected from
these trace gases become comparable to or larger than the corresponding cli-
matic warming to be expected from future atmospheric concentrations of carbon
dioxide.

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 Global Observations and Modeling
Project (GOM), led by Gille, and the Optical Techniques Project (OT), under
the direction of William Mankin.

The goals of GOMOT are to understand the chemical composition, dynamics,
and radiation in the atmosphere, and the ways in which they interact. These
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are accomplished by developing instrumentation, making observations, and
interpreting the results. In the middle atmosphere (stratosphere and mesos-
phere) the focus is on global-scale processes and interactions. Tropospheric
attention is centered on sources, sinks, transports, and perturbations.

Global Observations and Modeling

Analysis and Interpretation of Global Data

(1) Studies of Atmospheric Chemistry and Composition. After a multiyear
effort, archiving of the data from the Limb Infrared Monitor of the Strato-
sphere (LIMS) experiment was completed last year. LIMS produced temperature
and ozone data from 100 mb (15 km) to 0.1 mb (64 km), and to lower altitudes
for water vapor, nitric acid, and nitrogen dioxide.

The global distributions of nitric acid and nitrogen dioxide, both
present in amounts of only parts per billion had not been observed before
LIMS. Descriptions of the mean distributions and their variations with space
and tine were begun during the past year. Much of this will appear in the
WMO-NASA assessment of the present knowledge of stratospheric chemistry. Fur-
ther publication is also planned.

Work on the water vapor distribution--begun last year by Paul Bailey and
Gille, in collaboration with Ellis Remsberg and James Russell III (both of
NASA Langley Research Center)--was published. It has now been extended with
Roderick Jones (formerly of Oxford University), using methane data from
another satellite instrument, to discuss the hydrogen budget in the middle
atmosphere.

Gille and Charles Smythe continued their studies of the effect of solar
UV variations on the atmosphere. They have made use of the fact that from
January to May 1979 the solar UV had a 2% peak-to-peak variation with a 13.5-
day period (due to the sun's rotation and the existence of two active regions
on the sun, separated by about 180 degrees of solar longitude). They improved
the statistics of their cross-spectral analysis to get more reliable estimates
of the ozone response, especially in the mesosphere, and a better determina-
tion of the phase. Their results show that the ozone variation leads the UV
near the stratopause, as some others have found. This appears to be due to
the interaction of temperature-sensitive kinetics with the temperature varia-
tion. They also found a small variation in nitric acid, in antiphase with the
solar signal, and weak evidence for a very small temperature response.

(2) Dynamical Studies. The LIMS temperatures have been used to calculate
the height fields, from which geostrophic (or higher approximation) winds can
be derived. Anne Smith (visitor, now at the University of Colorado) and
Bailey published their comparison between winds measured by rockets and those
derived from the LIMS data, showing good agreement in the stratosphere, even
in low latitudes. Smith used this type of data to show that traveling planet-
ary waves can interfere constructively or destructively with stationary waves,
and thus modulate the poleward transports of heat and momentum. The resulting
changes in the Eliassen-Palm fluxes cause an alternation in the zonal wind
deceleration. When the waves reinforce, strong fluxes can lead to easterlies,
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or very weak westerlies, preconditioning the stratosphere tor a major warm-
ing. Eric Fetzer (graduate student visitor from the University of Colorado)
has begun to study some related dynamical problems.

Lawrence Lyjak and Gille had calculated the transformed Eulerian, or re-
sidual, mean circulation for the Northern Hemisphere. In order to extend the
results into the Southern Hemisphere, and retain high confidence in them, they
used other data sources to aid in extrapolating the LIMS data from their 64°S
limit to the South Pole. They calculated the mean heating rates using codes
developed by Ramanathan and Dickinson, which allow for departures from local
thermodynamic equilibrium in the mesosphere. The results were adjusted based
on known problems with the retrieved results, and the constraint that the net
motion through a pressure surface, averaged over the globe, must be zero.
This does not result in exact radiative equilibrium. A manuscript is now
being revised.

They have gone on to calculate the residual mean circulation. This shows
interesting seasonal variations, as well as regions of downward motions in the
tropics, associated with the semiannual oscillation.

(3) Transports. Gille and Lyjak have used the residual mean circulation
to calculate the transport of ozone in both hemispheres. The calculations
show that the diabatic component of the circulation is mainly responsible for
the transport in the upper stratosphere, while the transient or wave-driven
part of the circulation plays a major role in bringing ozone down into the
middle and lower stratosphere during disturbances. Calculated ozone changes
due to the transports agree with the observed variations in the lower strato-
sphere. In the middle and upper stratosphere the transformed eddy contribu-
tions are large during the winter. A number of models have been developed
recently which are based on the transformed Eulerian formulation. These stud-
ies will help to establish how well these models can be expected to simulate
the behavior of the real atmosphere.

Development of New Observational Techniques

In the area of space observations, Steven Massie has continued to work
with Gille, Bailey, Aaron Goldman (visitor from the University of Denver),
Mankin, and Coffey on the development of the Cryogenic Limb Array Etalon Spec-
trometer (CLAES) experiment, being prepared for flight on the Upper Atmosphere
Research Satellite (UARS) in 1989. Scientists from the University of Denver
and Utah State University are on the experiment team, which is led by Aidan
Roche (Lockheed Palo Alto Research Laboratories).

Massie used codes developed and validated last year to provide input to
the final selection of the eight spectral channels. Six spectral intervals
were selected as superior for the measurement of a number of trace species at
a science team meeting in November. Extensive studies were subsequently
carried out to select an interval for the determination of temperature and
pressure. This is a critical problem for a limb scanner such as CLAES, since
the direction of view is not known well enough from the spacecraft attitude
and ephemeris. It is therefore necessary to use the radiance data themselves
to determine the pressure altitudes of the measurements. The final two chan-
nels were chosen later, with the CO2 Q branch region at 792 cm- chosen for
the temperature-pressure retrieval.
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The lack of spectral parameters for many heavier trace atmospheric mole-
cules hindered the calculations of atmospheric spectra needed for the channel
selection. Massie and Gille worked with Goldman and Murcray (University of
Denver) to analyze high-resolution laboratory spectra taken at the
university. They derived and published approximate cross-section data for F12
(CF Cl ), F11 (CFCl ), ClONO2 , N9 05, HNO, CC1 4 , CF4, F21 (CHC IF), F113
(C28l3{F), F114 (C C12F4), and HO 4, with full details in an NCAR Technical
Noite. uch absorp ion coefficients are useful in a variety of high-resolution
remote sensing studies. The data will be included on the 1985 Air Force Geo-
physics Laboratory (AFGL) tape of spectral lines.

Massie and Gille have continued to explore methods for the most efficient
recovery of the temperature and pressure information. Present thinking is to
use a very fast first step to obtain an approximate solution, and then iterate
to improve it to the final answer. This requires the ability to calculate
accurate transmittances very rapidly. Methods to implement such calculations
are now being investigated.

Optical Techniques

The Optical Techniques (OT) Project uses optical methods, particularly
infrared spectroscopy, to study the composition of, and chemical and physical
processes in, the atmosphere. The problems addressed with these techniques
range from small-scale variations in composition near tropospheric sources to
global variations in stratospheric composition and long-term trends in the
atmosphere. There have been three main efforts in 1985: field tests of a
sensitive instrument for specific measurement of sulfur dioxide, spectroscopic
measurements of the latitudinal variation of a large number of stratospheric
compounds, and analysis of high-resolution atmospheric spectra obtained from
space.

It is apparent that there is a need for a new generation of chemical in-
strumentation to address the difficult measurement problems of tropospheric
chemistry. For many of the questions of tropospheric chemistry, measurements
are needed which are fast, adaptable to many species, and free of inter-
ferences, and which require only small samples. For many compounds, spectros-
copy can provide the specificity and speed needed, but requires long path
length to obtain the required sensitivity. The use of tunable infrared lasers
is a promising method for increasing the sensitivity. By rapidly tuning the
laser on and off the wavelength of the absorption line of the species in ques-
tion and sending the frequency-modulated radiation through the sample, an al-
ternating signal is generated at the detector; the amplitude of the signal is
proportional to the concentration of the absorber. Employing the technique of
phase-sensitive demodulation allows one to measure much smaller absorptions
than can be derived by direct absorption.

Mankin and Coffey have developed such a system for the measurement of
sulfur dioxide in the troposphere. It uses a tunable solid-state diode laser
as a source of radiation at 1,365 cm , in the strongest infrared absorption
band of SO2. The radiation is passed 64 times through an absorption cell of
2.5 m in length containing the sample, resulting in an absorption of approxi-
mately 0.02%/ppb. This should allow measurements at levels of below one part

55



56 ATMOSPHERIC CHEMISTRY DIVISION

per billion of SO . The instrument was flown on the NCAR Sabreliner during
December 1984 in The vicinity of coal-fired power plants in Colorado and New
Mexico; it clearly located the plumes as much as 20 miles downwind of the
plants, but the instrumental background was not sufficiently stable to allow
accurate measurements of the background SO in clean air. Work continues on
improving the stability of the instrument to permit measurements of SO at
sub-ppb levels; the effort is concentrated on eliminating stray opticaT inter-
ferences from the coherent laser radiation and on computer processing of the
spectral region around the absorption line to pick out the characteristic pat-
tern of absorption from the background.

Mankin and Coffey have continued the collection of high-resolution spec-
tra over a wide wavelength region for the measurement of trace species in the
stratosphere. Using a Fourier transform spectrometer on the Sabreliner, they
recorded the spectrum of solar radiation modified by transmission through the
stratosphere above the aircraft. In April 1985, they flew from 26°N to 72°N,
recording over 1,300 spectra, as well as collecting a large number of air sam-
ples for analysis by other groups at NCAR. Along with Goldman, they are ana-
lyzing these spectra for stratospheric trace gases. These new spectra supple-
ment the existing data base in three ways: the time base for the series of
measurements is extended to nine years to allow measurement of long-term
trends in stratospheric chemistry; data are provided at a different season
than the previous observations, which had been made primarily in winter or
summer; observation is made of the recovery of the stratosphere after the sig-
nificant perturbation by the volcano El Chichon. Many of these data have been
analyzed; in particular, the secular trend of HF and HC1 has been redetermined
using the longer time base. They support the previously reported rates of
increase of 5% per year for HC1 and 12% per year for HF. The NOx distribution
in the stratosphere seems to have recovered to its pre-El Chich6n value; it is
not possible to say what has happened to the HC1 as the recovery is masked by
the secular trend.

In addition to spectra taken at an altitude of 12 km for stratospheric
analysis, they recorded several hundred spectra in the upper troposphere at
altitudes of 8-10 km. Combined with the 12-km spectra, these give vertical
profiles of a number of species in the upper troposphere and lower strato-
sphere; some of these species such as ethane are indirect indicators of the
presence of OH and C1 radicals which cannot be observed directly. They have
published correlations of the vertical column of C2Hf with tropopause height
from which the vertical profile of ethane is inferred; the new data give the
profiles more directly and expand the range.

In April 1985, the ATMOS (Atmospheric Trace Molecular Spectroscopy)
experiment was launched on Spacelab 3 on the space shuttle. This Jet Propul-
sion Laboratory experiment is similar to the NCAR Fourier transform spectrom-
eter 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
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gases. The quality of the ATMOS data is excellent, and several species have
been observed unambiguously for the first time. Mankin is applying methods of
nonlinear least-squares fitting to several spectra simultaneously to obtain a
vertical profile of ozone. This has required a major revision of the computer
code for the calculation of atmospheric transmission using Fourier transform
techniques. He is also analyzing the data for several trace gases, as well as
searching for new species.

SUPPORT SECTION

The section exists to provide research support to the scientific sections
of the division. These include 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,
Philip 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 re-
search into aspects of meteorology of consequence to atmospheric chemistry. A
summary of his recent research activities follows.

Mesoscale Modeling

Haagenson completed work on development and documentation of the pre-pro-
cessing components of a mesoscale predictive model. The model provides three-
dimensional meteorological data to drive an acid deposition model and is also
used to estimate the forecast skill and uncertainty associated with mesoscale
predictions of precipitation, temperature, water vapor, and wind components on
time scales of 0-72 h. The pre-processing procedure is to interpolate coarse
grid input data (-250 km) to a high-resolution grid and then use the
rawinsonde observations in an objective manner to enhance the interpolated
values. The enhanced fields are obtained from a linear combination of correc-
tions, determined for edch grid point from the observations and weighting
coefficients assigned to each observation. A Cressman technique is employed
to explicitly assign the weighting coefficients. Successive scans with de-
creasing radii of influence allow for analysis of smaller-scale dis-
turbances. The final analyses are used to specify the initial and lateral
boundary conditions for the predictive model.

Tracer Studies

Haagenson and Ying-Hwa Kuo (Atmospheric Analysis and Prediction Division)
are using perfluorocarbon tracer data, available from the Cross Appalachian
Tracer Experiment (CAPTEX '83), to evaluate three trajectory models designed
for simulating long-range transport. They are the NCAR isentropic (u, v, e)
model, a more conventional isobaric (u, v, p) model, and a three-dimensional
sigma (u, v, a) model developed jointly by NCAR and Pennsylvania State Univer-
sity. The tracer samples are objectively analyzed to a grid and then tracer
trajectories are objectively constructed from the horizontal and temporal dis-
tribution of the analyzed concentrations. Root-mean-square differences be-
tween the model trajectories and the tracer-derived trajectories provide use-

57



ATMOSPHERIC CHEMISTRY DIVISION

ful information concerning the accuracy of the models and validity of the iso-
baric and isentropic transport assumptions.

DIRECTOR'S OFFICE

In addition to the management and administrative functions that are per-
formed in the Director's Office, two types of scientific research and planning
were conducted in FY 85: research involving radioactivity and research plan-
ning toward a Global Tropospheric Chemistry Program.

Studies of the atmospheric and biological effects of radioactive aerosols
have been carried out by Edward Martell of the ACD Director's Office staff.
Martell is continuing his work in several related areas including the proper-
ties and dynamics of radon progeny aerosols, the role of alpha radiation in
gas-to-particle conversion processes, the contribution of transpired radon
isotopes and their decay products to ion pair production in convective storms,
the synergistic interactions of indoor radon progeny and indoor aerosols, and
the agents and mechanisms for the induction of respiratory cancer in smokers
and in passive smokers.

Martell's new hypothesis on transpired radon and thoron and their radio-
active decay products as the primary sources of ions for thunderstorm electri-
fication is discussed in a recent article in the Journal of Geophysical
Research (Vol. 90, pp. 5909-5916, 30 June 1985). This hypothesis has elicited
wide interest and should serve to reinstate selective ion capture processes as
primary mechanisms of cloud and thunderstorm electrification.

David Lowy, a graduate student in the Yale University School of Medicine,
Department of Epidemiology and Public Health, spent the summer at NCAR working
with Martell on the health effects of passive smoking. Their study included a
comprehensive review of published work on the cancer risks of passive smokers
and an assessment of the agents and mechanisms which may explain the striking
differences in the patterns of cancer incidence for smokers and passive smok-
ers.

Martell's current work includes preparation of an invited paper for a
special symposium on indoor radon at the American Cancer Society Meeting in
New York City in April 1986, entitled "Critique of Current Lung Dosimetry Mod-
els for Indoor Radon Progeny Exposure." He also is in the process of
reassessing the contribution of natural background radiation to spontaneous
mutations in humans and other organisms.

Ralph Cicerone continued his work to more fully define the proposed
Global Tropospheric Chemistry Program (GTCP). Following the official release
of the U.S. NAS/NRC Report Global Tropospheric Chemistry: A Plan for Action
in October 1984, a new community planning effort was begun. Its goals were to
estimate the feasibility, costs, and schedules for the various research pro-
jects of GTCP, to identify projects of highest priority, and to identify ob-
stacles to progress. Cicerone and Ronald Prinn (Massachusetts Institute of
Technology) drafted a proposal to NSF to support a broad-based research plan-
ning effort. NSF funded this proposal through UCAR. Five research topics
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were identified, in keeping with the five proposed GTCP thrusts of the NAS/NRC
report. For each of these research topics, a working group of representative
active research scientists was selected along with a chairman and a vice-
chairman. The five working groups began their work in the first two months of
1985 with the goal of bringing a first draft of their results to a GTCP Plan-
ning Workshop in Boulder on 1-4 April 1985. A steering committee was also
assembled with the chairs of the five working groups, five foreign scientists,
representatives of NSF, NOAA, and NASA (all three agencies contributed funds
to the GTCP planning effort), and about ten other scientists. Over 100 scien-
tists attended the workshop, which was co-hosted by NCAR, UCAR, and NOAA. A
separate task group undertook a manpower survey of atmospheric chemists avail-
able for and interested in GTCP research. In the months following the work-
shop, the working groups and the steering committee continued their efforts to
complete the report.
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Anthony Delany
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Jenifer Serafin
Patrick Zimmerman (Leader)
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Visitors

Hajime Akimoto, National Institute for Environ-
mental Studies, Japan, August to October 1985,
Homogeneous Tropospheric Chemistry Project

Benjamin Anderson, Wittenberg University, June to
September 1985, Homogeneous Tropospheric Chemistry
Project

Iris Anderson, NASA Langley Research Center, May to
July 1985, Biosphere-Atmosphere Interactions Project

Meinrat Andreae, Florida State University, February
to June 1985, Director's Office

Mary Anne Carroll, National Oceanic and Atmospheric
Administration, May 1984 to May 1986, Atmospheric
Odd Nitrogen Project

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

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

Timothy Fuller-Rowell, National Oceanic and Atmo-
spheric Administration, March to August 1985,
Chemical Modeling Project

Aaron Goldman, University of Denver, September
1979 to October 1986, Optical Techniques Project

Edward Gardner, California Institute of Technology,
July 1983 to July 1985, Homogeneous Tropospheric
Chemistry Project

Mark Johnson, Carleton College, June to September
1985, Biosphere-Atmosphere Interactions Project

Shaw Liu, National Oceanic and Atmospheric Admin-
istration, January 1981 to January 1986, Director's
Office

David Lowy, Yale University, June to September 1985,
Director's Office

Menachem Luria, Hebrew University, Israel, August
1984 to August 1985, Homogeneous Tropospheric
Chemistry Project

Alexandria Mihalas, Haverford College, May to
September 1985, Biosphere-Atmosphere Interactions
Project

Stuart Penkett, AERE Harwell, England, June to
September 1985, Director's Office

Victoria Putsche, University of Colorado, September
1984 to December 1984, Biosphere-Atmosphere
Interactions Project

Peter Roth, Institute for Chemistry, Germany,
July to October 1985, Director's Office

Murry Salby, University of Colorado, August 1984
to August 1986, Chemical Modeling Project

Niels Schonbeck, Metropolitan State College, June
1985 to September 1986, Reactive Gases and Parti-
cles Project

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

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

Mark Smith, University of Colorado, May 1984 to
August 1985, Optical Techniques Project

Susan Solomon, National Oceanic and Atmospheric
Administration, November 1983 to November 1986,
Chemical Modeling Project

Frode Stordal, Oslo University, Norway, February
1984 to July 1985, Director's Office

Jenifer Tavernier, University of Colorado, November
1984 to June 1986, Biosphere-Atmosphere Interactions
Project

Stanley Tyler, University of California, Irvine,
September 1985 to October 1985, In-Situ Measurements
Project

Curtis Westberg, Washington State University, March
1985 to February 1986, Biosphere-Atmosphere Inter-
actions Project

Yanzenq Zhao, Institute for Atmospheric Physics,
China, August 1985 to August 1986, Atmospheric Odd
Nitrogen Project
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Scientific research within the High Altitude Observatory (HAO) encom-
passes a wide variety of activities in solar, solar-terrestrial, and solar-
related astrophysics. The broad goals of these efforts include: an understand-
ing of the balance of energy and momentum transport throughout the solar atmo-
sphere and its relationship to the physical structures that comprise the sun
and the interplanetary medium; an understanding of the nature of the solar
cycle, including the relation of solar internal processes and the various
forms of the solar output; and an understanding of the coupling of the solar
output into the global terrestrial system. Research is carried out within
three sections of HAO--Solar Variability and Terrestrial Interactions,
Coronal/Interplanetary Physics, and Solar Atmosphere and Magnetic Fields--but
the activities often, and appropriately, cut across sectional lines, as will
be seen in the following description of the scientific research accomplish-
ments.

SIGNIFICANT ACCOMPLISHMENTS

* An analysis of Fourier tachometer data has led to the realization that
there appears to be no latitudinal differential rotation in the solar
interior below the convection zone, suggesting that the observable lati-
tudinal differential rotation may penetrate to only one-third the convec-
tion zone depth;

A common mechanism that governs both quiet and flare coronal activity in
late-type magnetically active main-sequence stars has been discovered;

* Small--and hence reasonable--numbers of weakly interacting, massive par-
ticles within the core of the sun, it now appears, can influence energy
transport to such a degree as to resolve the long-standing solar neutrino
"deficit";

* A previously employed formulation of the viscosity of the solar wind in
the presence of the interplanetary magnetic field has been revised, and
the correct formulation implies a significant role for viscous effects
within 0.3 AU;

* The division began work on the detailed scientific requirements and the
requisite experiment design for the new-generation Stokes polarimeter;

* Studies of the correlations between coronal mass ejections and X-ray
flares have strengthened further the notion that the energy input to the
ejections cannot be that related to large X-ray flare events; and

* An analysis of Solar Maximum Mission results since the repair of the HAO
coronagraph indicates that certain properties of coronal mass ejections
exhibit variations with solar cyclic activity.
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These few milestones signify a diversity of accomplishments within HAO
during the fiscal year 1985 (FY 85). The full range of scientific research ef-
forts is described in the following pages.

CORONAL/INTERPLANETARY PHYSICS SECTION

The long-range goal of the Coronal/Interplanetary Physics Section remains
that of understanding the physical properties and processes determining the
state of the solar corona and its interplanetary extension, the solar wind.
Pursuit of this goal continues to involve studies of the solar magnetic field,
relationships to phenomena in the lower solar atmosphere, long-term variations
in the corona and solar wind, and effects upon the terrestrial environment.
This leads to a substantial (and desirable) overlap of research and personnel
with the other two sections in the division. This section's research program
encompasses observations made with ground-based and spacecraft-borne instru-
ments, interpretation of these and other observations, and a theoretical ef-
fort aimed at understanding basic coronal and interplanetary physical pro-
cesses as well as the specific physical phenomena revealed by observations.
Some studies extend beyond the context of the solar system to involve other
space and astrophysical systems where similar phenomena may occur or similar
physical processes may be important. Since the successful repair of the Solar
Maximum Mission (SMM) coronagraph/polarimeter in mid-1984, the efforts of the
SMM group have shifted to routine operation of the instrument and intensive
analysis of the data set. Thus, this group has been brought into the section.
The description of activities for this document will combine those of the pre-
viously separate SMM Group and the Coronal/Interplanetary Physics Section.

Coronal Magnetic Structure

The coronal magnetic field is thought to play a dominant role in estab-
lishing the large-scale structure of the corona through the influence of mag-
netic forces and inhibition of conduction or diffusion across magnetic field
lines. The basic visible structures of the corona reflect its magnetic geome-
try and impose a related geometry upon the solar wind. It is suspected 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 fields is central to our program of coronal research.

Gordon Newkirk and Jean Arnaud (HAO visitor, Observatoire du Pic-du-Midi,
France) analyzed observations made with HAO's coronal emission line polar-
imeter to infer some average properties of the coronal magnetic field. The
direction of polarization in the Fe+ line detected by this instrument is
consistent with a radial (on the average) field with large-scale deviations
indicative of closed magnetic structures, such as helmet streamers. The de-
gree of polarization is smaller by a factor of about three than expected from
simple models. This is probably an effect of many small-scale inhomogeneities
falling along the line of sight through the corona.

In the absence of detailed observational information on the structure of
coronal magnetic fields, theoretical models continue to play an important role
in describing these structures. Boon-Chye Low has followed up on his discov-
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ery of a family of fully three-dimensional solutions for a magnetostatic atno-
sphere by computing density distributions suitable for comparison with corona-
graph observations. Low and Thomas Bogdan (HAO visitor, University of Chi-
cago) have investigated models in which the currents are restricted to a shell
of prescribed thickness. Comparisons of the predictions of both models with
coronagraph data were started in collaboration with Newkirk. Low and Fei Wu
(HAO visitor, Beijing Astronomical Observatory, People's Republic of China)
have extended models of sheet currents in prominences to a three-dimensional
geometry. They also found that the magnetic tension, which supports promi-
nence material in earlier two-dimensional models, in more complex situations
cannot prevent material from "sliding" down the magnetic field lines to de-
velop a discontinuity in magnetic pressure.

Low has written an invited review for the 100th volume of Solar Physics
on the application of hydromagnetic theory to solar phenomena, covering recent
developments in the study of static hydromagnetic structures, problems in lin-
ear stability, and the phenomenon of nonequilibrium. Whereas previous theoret-
ical solutions for static structures have been limited to those with special
geometric symmetries, solutions are now available in realistic geometry to
model real solar structures in a direct manner. With the availability of ex-
plicit equilibrium solutions, perturbation theory has identified examples of
stable equilibrium where none was known five years ago. In these equilibrium
states, gravity has an important role in providing stability. The idea of
hydromagnetic non-equilibrium, first studied by Eugene Parker (University of
Chicago) in the astrophysical context, has interesting implications for the
slow heating of solar and stellar coronae and the triggering of such eruptive
phenomena as flares, prominence eruptions, and coronal mass ejections.

Gerald Pneuman has been involved in several collaborative studies of
small-scale magnetic structures or inhomogeneities. He and Peter Cargill
(University of Maryland) continued to examine the behavior of intrusions of
diamagnetic plasma (i.e., plasma in a magnetic configuration not connected to
the main or background coronal magnetic field). They have found that the
shape of a diamagnetic "body" moving outward through the corona depends upon
the rate at which the gas pressure in the body declines. If the decline is
sufficiently rapid (because of radiative cooling, for example), the body will
elongate into a thin "jet." If the decline is sufficiently slow (because of
heating), the body will maintain its original shape. They are applying this
result to thin jets (such as spicules) that might be injected into the corona
from the chromosphere. Pneuman has also worked with Sami Solanki and Jan Olaf
Stenflo (Eidgenossische Technische Hochschule, Switzerland), on analytic
models of thin magnetic flux tubes. He and Oskar Steiner (graduate student,
Eidgenossische Technische Hochschule, Switzerland) have extended this work to
more general numerical solutions for flux tubes in magnetostatic equilibrium.

Bogdan and Ian Lerche (University of South Carolina) have extended Par-
ker's 1982 statistical description of intense, small-scale or fibril magnetic
fields to account for the coalescence of individual twisted fibrils. Their
goal is to extend this description down to the much smaller spatial scale that
will be resolved by the solar optical telescope (SOT) in the future and to
gain information on the origin of solar magnetic fields below the visible sur-
face of the sun. Bogdan and Ellen Zweibel (University of Colorado) are
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examining the propagation of waves in fibril magnetic fields and,
particularly, the effects of magnetic inhomogeneities on solar oscillation
frequencies. They have found that the scattering of sound waves off magnetic
fibrils can change the frequencies of some modes of solar oscillations by a
few tenths of a percent and might lead to observable changes over a sunspot
cyc 1 e.

Coronal Physical Properties

Coronagraph observations of scattered photospheric radiation can be used
to infer the density of the coronal plasma and are the traditional bases for
descriptions of its structure. Observations and analyses of coronal emission
(e.g., thermal X-rays, UV, or forbidden emission lines) are required to extend
this description to inc.lude coronal temperatures, expansion speeds, or chemi-
cal composition.

HAO's involvement in the SPARTAN program is designed to permit the use of
both scattered broadband and scattered line emissions to investigate the
acceleration region of the solar wind. The HAO experiment is being directed
by David Sime. The payload consists of an HAO-designed high photometric and
polarimetric precision white-light coronagraph and an ultraviolet coronal
spectrometer designed by the Harvard-Smithsonian Center for Astropnysics. The
spectrometer will record the reduction of resonantly scattered Lyman-alpha
radiation, which arises as the solar wind motion shifts the medium's effective
resonant scattering wavelength away from the other (chromospheric emission)
wavelengths. This so-called Doppler-dimming technique allows the inference of
solar wind velocity as a function of position in the corona transverse to the
line of sight. In combination with the 0 VI lines at 1062 A, the measurement
can allow inference of solar wind velocities in the range of zero to about
200 km/s. Interpretation of these data requires high-precision estimates of
the coronal electron density at the scattering site, which will be provided by
the HAO instrument. The joint data set can then be interpreted to provide a
profile of density, temperature, and velocity from about 1.5 to 5 R . It is
intended that the two instruments also can provide separate flow and tempera-
ture estimates. With the anticipated precision, the white-light coronagraph
can provide estimates of coronal density, which will allow a less ambiguous
interpretation of a thermally (pressure gradient force) driven wind than has
been achieved before. Also, by careful measurement of the 0 VI line near
1060 A, the Harvard-Smithsonian instrument can provide limits on a coronal
temperature profile.

The work of Thomas Holzer in collaboration with Ruth Esser and Egil Leer
(both HAO visitors, University of TromsO Norway) on the motion of minor ions
in the expanding solar corona (see the description of solar wind studies be-
low) is highly relevant to the SPARTAN program. Igterpretation of measurements
of an emission line from a constituent such as 0+ in terms of an electron
temperature, a bulk expansion speed, and wave amplitudes requires both an
improved understanding of the physical processes influencing minor ions and a
detailed model of their behavior in the solar wind acceleration region.

Richard Fisher and Gary Bower (HAO undergraduate student visitor, Univer-
sity of Oklahoma) have interpreted Fe+ observations made during the 1983
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total eclipse in terms of flows along magnetic field lines. They have found
flows near the bases of coronal helmet streamers with line-of-sight components
of about 5 to 15 km/s. If these flows are nearly radial, speeds are greater
than 20 km/s at coronal heights as great as 0.3 Ro above the photosphere.

Fisher and Sime, in collaboration with Richard Altrock (National Solar
Observatory) have examined the long record of iron emission-line measurements.
They have found that regions bright in Fe+1 emission, basically hot regions
near centers of activity, show a pattern of differential rotation similar to
that of the "white-light" corona; the rotation rate decreases only slightly
with latitude in comparison with the well-known differential rotation for
tracers of photospheric material. Maps of different iron lines show the dis-
tribution of material at different coronal temperatures and suggest a decrease
in coronal temperature away from the solar equator.

Temporal Changes in the Corona

The observed structure of the corona changes on many different time
scales. The body of data from HAO coronagraphs at the Mauna Loa Solar Obser-
vatory (MLSO) and on the Skylab and SMM spacecrafts makes it possible to study
the "evolution" of the corona on time scales from days to the 11-year sunspot
cycle. The rapid cadence of observations attained on the two spacecraft mis-
sions and with the most recent MLSO coronagraph makes it possible to study the
phenomenon of coronal mass ejections that occur on the time scales of minutes
to days.

The repair of the SMM spacecraft and renewed operation of the HAO corona-
graph/polarimeter make possible an interesting comparison of the character of
the sunspot maximum corona (from the 1980 epoch of operation) and the present,
preminimum corona. Synoptic maps from both Mauna Loa and SMM show the differ-
ences expected from earlier studies. At sunspot maximum, the coronal struc-
ture was complex, with bright rays and streamers at virtually all solar
latitudes, and it often changed markedly from one rotation to the next. At
present, the coronal structure is much simpler, with prominent coronal holes
over each pole of the sun and bright rays and streamers in a well-defined belt
circling the sun. This structure evolves slightly from rotation to rotation.
In late 1984 each of the polar holes had a single conspicuous extension toward
the equator. The intervening belt of bright corona assumed a sinusoidal shape
on the synoptic maps. That is, the large-scale coronal structure was similar
to the "tilted dipole" observed on the declining phase of the previous sunspot
cycle (just after the Skylab mission). Arthur Hundhausen and Rainer Illing
have followed changes in the angle of this tilt (the maximum displacement of
the associated magnetic neutral sheet away from the solar equator) from more
than 30° in late 1984 to about 15° at present. Its decline reflects the
expected flattening of coronal structure as sunspot minimum approaches.

The examination of iron emission-line data by Fisher, Sime, and Altrock
also reveals a sunspot cycle variation. The spatially integrated intensity of
the Fe+ green line varied in proportion to the "white-light" intensity, and
became about three times larger at sunspot maximum as compared to sunspot min-
imum. Curiously, the average coronal rotation rate inferred from the green
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line does not show the sunspot cycle variation found by Fisher and Sime in an
earlier analysis of white-light observations.

Much of HAO's attention to coronal changes on short time scales has been
focused on the phenomena of coronal mass ejections. Studies have involved
data from the Mauna Loa, Skylab, and SMM coronagraphs; correlations with other
solar and interplanetary observations; theoretical modeling of the magneto-
hydrodynamic effects on the corona of possible initiations of mass ejections;
and comparisons of theoretical predictions with observations. Only a brief
summary of some of this work can be given here.

A detailed analysis of a few special events observed with the SMM corona-
graph in 1980 has continued. Low and Hundhausen have followed the motions of
features in a coronal mass ejection, which occurred on 2 September 1980, that
displayed a very complex internal structure that moved coherently through the
corona. They found that features near the front of the mass ejection are
being compressed in the radial direction (i.e., the radial thickness of such a
feature decreases as it moves outward), while features near the center of the
ejection (probably in a prominence that erupted as part of the event) are
expanding in the radial direction. Such a complex motion is inconsistent with
the simple similarity assumptions made in some models of coronal mass ejec-
tions. It suggests that the interaction between the ejected structure and the
background corona is continuing to "build up" (perhaps evolving toward shock
development) in the coronagraph field of view, but that the interior of the
ejection is in a dynamically "mature" stage where a self-similar expansion
could be a reasonable approximation.

One of the most spectacular and interesting coronal mass ejections ob-
served by the SMM coronagraph occurred on 18 August 1980. Eruption of a prom-
inence (well observed from the ground) beneath a very bright, outwardly dis-
tended coronal helmet streamer produced a mass ejection with the three-part
structure common to the major events seen in 1980 and described in last year's
Annual Scientific Report. The helmet streamer is seen to be pushed aside and
outwardby the ascending dark cavity surrounding the eruptive prominence,
forming the bright frontal loop or shell. Illing and Hundhausen have studied
thei event; they found that both the helmet and shell have masses of 1 X
10 g, identical to within about 30% uncertainty in the measurement. This is
consistent with the suggestion that most of the material within the bright
frontal loop is displaced coronal plasma from the pre-event helmet streamer.
The erupting prominence is seen by the coronagraph in both a broadband filter
and a narrow-band hydrogen-alpha filter as a system of twisted loops centered
within the dark cavity. The mass of the material in these loops (above the 2
Ro lower limit to the field of view) can be estimated from the "white-light"
intensity as 1.5 X 101 g, or measurably larger than that in the frontal loop.
R. Grant Athay and Illing have used the measurements of hydrogen-alpha inten-
sity to estimate physical conditions in the emitting material. Under reason-
able assumptions regarding the thickness of the loops along the line of sight,
they found that only a few percent of the hydrogen need remain neutral to pro-
duce the observed intensity, and that the electron temperature in the emitting
regions is near 10,000 K even at several solar radii above the base of the
corona.
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Lewis House and Mitchell Berger (ASP/HAO visitor, Harvard University)
have examined another event (26 May 1980) in which a prominence appears as a
twisted loop. Although the "wavelength" of the twisted structures appears to
increase as the loop expands, the number of twists appears to remain constant.
This is consistent with the recently developed theoretical concept of a con-
served magnetic helicity.

Finally, Richard Harrison (HAO visitor, University of Birmingham, En-
gland) has been examining the relationship of chromospheric and low coronal
activity with coronal mass ejections. He has found that when a coronal mass
ejection occurs in apparent association with an X-ray flare, the extrapolated
departure of the mass ejection from the low corona coincides well with a pre-
flare X-ray event (known as a precursor) that occurs about ten minutes ear-
lier. The weak precursors are seen in broad, loop-like features that match
the size and location of the mass ejection. In addition to the flare occur-
ring after the expected departure time (or in one example, after the ejection
was observed), the X-ray emission from the flare is on a much smaller spatial
scale and occurs at one side of the mass ejection. This result casts doubt,
even in the cases where a flare is validly associated with a coronal mass
ejection, on the role of flares in initiating mass ejections. Harrison and
Sime have searched for this effect in mass ejections seen lower in the corona
with the MLSO coronagraph (thus minimizing uncertainty in the departure time),
and have found several similar examples.

The accumulated data sets from Mauna Loa, Skylab, the 1980 epoch of SMM
observations, and the 1984-to-present renewal of SMM give a basis for statis-
tical analysis of coronal mass ejection properties and their long-term varia-
tions. Sime has examined MLSO and 1980 SMM data and found that the loop-like
ejections are preferentially associated with prominence eruptions, while ejec-
tions with less-ordered structure tend to be associated with flare activity.
Robert MacQueen and Hundhausen have examined the detailed appearance of mass
ejections seen in the Skylab and 1980 SMM observations. Although the fraction
of all mass ejections that displayed a frontal loop was smaller (about one-
third) during Skylab than during SMM (more than one-half), the central bright
structure was common during both epochs; one-half to three-fourths of the
loop-like events showed this feature during both. However, the appearance of
coronal mass ejections identified with the SOLWIND coronagraph flown by the
Naval Research Laboratory is different from both Skylab and SMM. Sime, Ernest
Hildner (HAO visitor, unaffiliated), Russell Howard, and Neil Sheeley (both of
the Naval Research Laboratory) have begun an event-by-event comparison in an
attempt to resolve this apparent difference.

An earlier study of Skylab data by Hildner found a tendency for the mass
ejections seen during Skylab to move slightly toward the solar equator while
traversing the coronagraph field of view. MacQueen, Hundhausen, and Charles
Conover (undergraduate student, Middlebury College) have searched for a simi-
lar effect in the SMM observations from 1980. To ensure comparability, they
measured the trajectory of the center of 29 Skylab events, recovering an equa-
torward deflection of 2.2° between 2-3 R,. However, the same analysis of 19
events from 1980 gave no significant deviation from radial motion. They sug-
gest that the difference may arise from the influence of the background mag-
netic field. During the Skylab era, on the declining phase of the previous
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sunspot cycle, the coronal field was dipolar. This field produced the
equatorward convergence in the background solar wind flow as had been
suggested from coronal hole studies and perhaps a similar convergence in the
motion of mass ejections. In 1980, near sunspot maximum, no such large-scale
organization of the coronal magnetic field was present and the field's effects
on the solar wind and mass ejection flows might be expected to be absent.

Finally, the SMM observations from 1984 and early 1985 have been pro-
cessed and searched for coronal mass ejections. A preliminary study of these
events yields some interesting hints of changes over the sunspot cycle. The
rate of occurrence of observable ejections was 0.2 per day, markedly lower
than the rates found near sunspot maximum in 1980 (0.9 per day) or in the Sky-
lab era (0.75 per day). While the decline from 1980 to 1984-85 may be a sun-
spot cycle variation, this view is hard to reconcile with the Skylab observa-
tions made at a sunspot level not greatly different from that in 1984-85. The
average speeds of mass ejections observed during Skylab and in 1980 were
450 km/s and 350 km/s, respectively. The events observed in 1984-85 had an
average speed just over 100 km/s; very few were observed to be moving as fast
as 400 km/s. Once again, there is a striking difference between the mass
ejections of 1984-85 and those observed both by Skylab and in 1980.

Theoretical models of coronal mass ejections have been developed along
two different paths. One path postulates the origin of the ejections as a
global non-equilibrium in the large-scale magnetic field, emphasizing the "in-
ternal structure" of ejections (e.g., the prominence material and dark cavity)
present in the pre-event corona. Low has continued this line of research by
examining what occurs when the footpoints of force-free magnetic fields are
sheared. He found an analytic solution for a simple case that demonstrates
directly the existence of critical points at which equilibrium is lost.
Richard Wolfson (Middlebury College) and Illing have found some correspondence
between a related model (wherein the equilibrium of a helmet streamer is dis-
rupted by the addition of mass) and the mass ejection observed by the SMM co-
ronagraph on 18 August 1980 (described above).

The second path postulates the origin of mass ejections in a sudden local
deposition of thermal energy within a coronal helmet streamer, as might occur
in a solar flare. Richard Steinolfson (HAO visitor, University of Texas) has
modified earlier models of the resulting interaction between the expanding hot
plasma and the background corona to include the solar wind flow outside of the
helmet and a heating term that produces a realistic coronal temperature.
Steinolfson and Hundhausen have found that this model resolves several of the
discrepancies between the brightness structure predicted by earlier models and
those actually observed in coronal mass ejections. The applicability of these
results to other possible initiation mechanisms for mass ejections remains to
be demonstrated.

Solar and Stellar Wind Studies

Important and unresolved questions remain regarding the physical proces-
ses operative in the solar wind acceleration regions of the corona. Holzer
and collaborators Esser and Leer have examined one process, viscosity in the
presence of the solar wind magnetic field, and found that earlier work was
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based on an incorrect formulation. They have used Helios data to evaluate the
validity of the classical viscosity from 0.3 to 1.0 AU and have found that the
actual viscous effects are much smaller than expected in the classical theory.
Viscous effects could be large enough inside of 0.3 AU to have a significant
role on the expansion.

Low and Kanaris Tsinganos (Harvard-Smithsonian Center for Astrophysics)
have found an analytic solution for the hydromagnetic flow of the solar wind
along open magnetic field lines. The solution includes the balance of the
transverse force between neighboring field lines. It requires an axisymmetric
geometry and prescribes a magnetic field distribution. They are now working
on matching the flow solution to closed static magnetic regions to produce a
model with both the open and closed magnetic structures (holes and streamers)
seen in the corona.

Pneuman has written a review paper on solar wind driving mechanisms, with
emphasis on the importance and difficulty of explaining the high-speed streams
known to emanate from coronal holes. He examined the deficiencies in the tra-
ditional thermal and wave-driven models of the solar wind and recently summa-
rized arguments for other mechanisms such as the expulsion of diamagnetic
bodies, as described in a previous section of this report.

The nature and effects of solar wind inhomogeneities remain topics of
interest to HAO. Victor Pizzo has worked with Bruce Goldstein (Jet Propulsion
Laboratory) on the transport in latitude of magnetic flux due to the high-
speed streams in the solar wind. They have recognized that the intense shears
generated by latitude-dependent solar wind streams strain existing numerical
codes to the limits of accuracy. Re-examination of the computations indicate
that earlier statements about this transport remain valid to the 20% level and
that the effect of streams is sufficiently large to explain the observed vari-
ations in interplanetary magnetic flux.

Bogdan has collaborated with Martin Lee (University of New Hampshire),
Lerche, and Garry Webb (University of Arizona) on detailed models of particle
acceleration at shock fronts through a first-order Fermi mechanism. This pro-
cess is thought to occur in interplanetary shock waves, the earth's bow shock,
and in analogous astrophysical shocks such as those around supernova remnants.

Keith MacGregor has continued his extensive studies of the astrophysical
analogs of the solar wind. In a collaboration with David Friend (University
of Wisconsin), he has examined the effects of rotation and magnetic forces on
stellar winds driven away from hot stars by line absorption. This has led to
an evaluation of the angular momentum loss from such stars. MacGregor also
has examined the effect on such winds of flow along magnetic flux tubes whose
cross-sectional areas diverge more rapidly than r (as in the solar case for
field lines in coronal holes). The dependence of the radiative driving term
on the velocity gradient leads to significant changes in the asymptotic flow
speed for modest changes in flux-tube divergence. Variations in the speed for
different flow-tube geometries on a single star can thus lead to stellar
stream structure and corotating interaction regions loosely analogous to those
found in the solar wind. MacGregor is now studying these regions under the
very different physical conditions found in the stellar winds.
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SOLAR VARIABILITY AND TERRESTRIAL INTERACTIONS SECTION

Studies of the variable nature of the sun encompass a wide variety of
topics, ranging from solar internal processes to the modulation of the earth's
upper atmosphere by the sun's output. The solar dynamo--the complex interac-
tion between convection motions and rotation--is ultimately the cause of all
solar variability that is manifested as solar activity. Understanding the
dynamo is a fundamental problem of solar (and stellar) physics, and improve-
ment in observing various facets of the solar oscillatory spectrum promises to
stimulate new progress in this area. The solar output--radiation, fields, and
particles--provides the means of measuring both the dynamo effects and the
input to the terrestrial environment. A common goal to all of these diverse
studies, however, is understanding the global solar properties and how they
influence the terrestrial environment.

In FY 85 there were major changes in the scientific staff of the Solar
Variability Section. At the beginning of the year, Raymond Roble and Arthur
Richmond joined the section from the Atmospheric Chemistry and Aeronomy Divi-
sion (now Chemistry only, or ACD). Later in the year, John Eddy left HAO to
join the Advanced Study Program (ASP), and Dimitri Mihalas left to join the
University of Illinois. Mihalas was replaced in the section by Richard
Fisher, who took over the development of the solar-stellar spectrophotometer.
To recognize the substantially enlarged HAO commitment to the study of terres-
trial response to solar outputs implied by the transfer of Roble and Richmond,
the name of the section was changed from Solar Variability to Solar Variabil-
ity and Terrestrial Interactions.

Observations of Solar Oscillations and Global Flows

Timothy Brown's efforts in FY 85 have mainly been directed toward devel-
oping the HAO/National Solar Observatory (NSO) Fourier tachometer (FT) and
using that instrument to observe solar oscillations. There are three princi-
pal activities associated with this program: obtaining new observations,
analyzing and interpreting old observations, and preparing to move the instru-
ment to NSO-Tucson in early FY 86.

Observations were undertaken in October and November of 1984 in an effort
to obtain a series of solar velocity maps over time. These maps form the
basis for measurements of the solar oscillation spectrum, particularly for
those needed to infer the solar internal rotation. This observing program
yielded a very good data set, covering at least eight hours per day on 13 of
17 days--more than three times the length of the previous longest FT data set.
The data set promises to be extremely useful in attempts to measure the tiny
differences in oscillation frequencies that are associated with solar
rotation.

Analysis of FT oscillation data has occupied most of Brown's attention.
Reduction of the June 1984 data set is now virtually complete. The object of
this analysis has been to measure the frequency splitting between oscillation
modes with the same radial order and angular degree, but with different azi-
muthal orders. The way in which this splitting varies with angular degree
provides a measure of the variation of solar rotation with depth; the way in
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which it varies with azimuthal order measures the variation with latitude.
Brown has demonstrated that the FT observations regarding the depth variation
of rotation agree fairly well with those of Duvall and Harvey; the solar rota-
tion rate at the equator appears to decrease slowly with depth to at least 0.6
R 0. However, this decrease amounts to no more than five percent of the sur-
face rate, and may be even smaller. The variation of the latitudinal differ-
ential rotation with depth is more startling. The FT results are consistent
with the claim that there is no latitudinal differential rotation at all in
the region below the convection zone, and they indeed suggest that the latitu-
dinal differential rotation may penetrate no deeper than 0.1 Re below the sur-
face, or about one-third of the depth of the convection zone. Brown has been
engaged in further efforts to interpret these results, in collaboration with
Jorgen Christensen-Dalsgaard (HAO visitor, Nordisk Institut for Teoretisk
Atomfysik, Denmark), Wogciech Dziembowski (Centrum Astronomiczne, Warsaw,
Poland), Phillip Goode (New Jersey Institute of Technology), and Douglas Gough
(Cambridge University).

In addition to using established techniques to analyze the FT data, Brown
has been engaged in several efforts to develop new and more powerful methods.
With assistance from Christensen-Dalsgaard, he has extended the spatial fil-
tering methods to deal properly with nonzero solar B angles. An automated
technique for identifying p-modes in power spectra is approaching completion,
and the entire set of p-mode reduction routines has been revamped to allow
efficient extraction of p-modes with large angular degrees. Finally, working
with Cherilynn Morrow (graduate student, University of Colorado), Brown has
been using Bayesian and related estimation procedures to derive the smoothed
parameterizations of observed frequencies that are required by current inver-
sion techniques.

In January 1985, HAO and NSO decided to move the FT from Sunspot to
Tucson. To effect the move, Brown, in collaboration with John Evans and
William Livingston (both of NSO), has been involved in activities such as sub-
stantially revising the feed optical system, designing a high-speed guider for
the new system, fabricating a new interferometer, defining and installing new
computer hardware to replace the host computer at Sunspot, and making major
revisions to the software for acquiring and displaying data. The instrument
was moved to Tucson in November 1985; HAO expects it to be in full operation
there, measuring both oscillations and persistent global velocities, by mid-
January 1986.

The FT has the sensitivity to measure very low amplitude velocity fields,
and this capability will be used to search for signatures of large-scale,
slowly evolving circulation patterns of the solar envelope (e.g., giant con-
vective cells, inertial oscillations, and meridional circulation patterns).
Solar active regions, by virtue of their altered atmospheric structure and
altered convective motions, will influence the velocity measurements made with
the FT. Bruce Lites has undertaken an observational program with the Fourier
transform spectrometer at NSO-Kitt Peak to determine whether one can make an
empirical "correction" of the FT data for this effect. In essence, he is
looking for systematic, differential behavior of different spectral lines in
response to the altered photosphere of an active region. If systematic be-
havior can be found, it may be used to correct velocity measurements in and
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around active regions so that they represent the large-scale flow patterns,
not the local changes in the convection.

Peter Gilman and Robert Howard (NSO) have continued their analysis of the
motions of sunspots obtained from the Mount Wilson white-light plates. In
particular, they have measured the average meridional drift of spots and con-
firmed earlier results: the flow is toward the equator in the lowest spot
latitudes, but toward the poles in high spot latitudes. They also found cer-
tain systematic and persistent asymmetries in the profiles about the equator.
This leads to the suggestion that, even over long time periods, the average
circulation patterns in the northern and southern hemispheres need not be the
same. Such persistent asymmetries have already been found in both the differ-
ential rotation profile and in the number of sunspots.

In a related study, Gilman and Howard have been able to measure for the
first time the average differential rotation within sunspot groups. They
found that the value is about what one would expect from the global average
profile, indicating that spot groups do not rotate rigidly. This differential
rotation may contribute to the finite life time of spot groupings. Gilman and
Howard also found that this effect is independent of the well-known expansion
of the distance between leading and following parts of groups with time, since
the differential rotation is found separately in leading and following parts.
Finally, they determined that there is essentially no measurable average rota-
tion of spot groups about group center, so the evolution of patterns of spots
in groups is almost exclusively a pure expansion along the major axis of the
group.

Modeling the Solar Global Circulation and Dynamo

Gilman's calculations of the global circulation of the sun driven by con-
vection have now been completed. As reported in preliminary form in previous
Annual Scientific Reports, the principal result is that--starting from the
solar luminosity, solar rotation rate, and reasonable eddy diffusivity values-
-the model predicts approximately the correct surface profile of differential
rotation. Certain statistics of the convection in the model also agree well
with estimates for the sun made from motions of sunspots. However, as reported
above, the Fourier tachometer measurements indicate there may be very little
differential rotation with latitude below the outer one-third or so of the
solar convection zone. This, when coupled with the result that at the equator
the angular velocity decreases inwards by at most five percent (the model pre-
dicts a drop closer to 15%), implies that at high latitudes on the sun the
angular velocity must increase inwards by 25% or so. The model in its present
form does not predict this.

When the global convection model is used to predict hydromagnetic dynamo
action, Gilman has found that, while magnetic cycles do occur, the direction
of migration of the magnetic fields with time is toward the poles, rather than
toward the equator as observed on the sun. Equatorward migration requires an
angular velocity increasing with depth at low latitudes, a condition that
neither the convection theory nor the oscillations measurements seem to
support.
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This paradox had earlier led Gilman and his graduate student Edward
DeLuca (University of Colorado) to begin developing a dynamo theory for the
sun that assumes the dynamo is located in a very thin layer, perhaps only
10 km thick (1.4% of the solar radius), at the interface between the convec-
tion zone and the radiative layer below. This dynamo would be driven by over-
shooting of the convection that occurs above, as well as rotation gradients
imposed by the convection zone. DeLuca and Gilman have developed a self con-
sistent set of model equations for such a thin layer, and have now obtained
both linear and nonlinear dynamo solutions. In the absence of any imposed
differential rotation, all these dynamos appear to be steady, whereas, of
course, the sun is a cyclic dynamo. However, they have preliminary indica-
tions that the addition of even a very small differential rotation, perhaps no
more than a few meters/second velocity gradient across the layer, leads to
periodically reversing dynamo solutions of a reasonable period for the sun.
During FY 86, DeLuca and Gilman expect to exploit this promising approach much
further.

As reported in the FY 84 Annual Scientific Report, Gilman, with HAO visi-
tor David Guenther (now at Yale -UniverstyST, h-a-d--eveToped a new approach to
deducing such properties of the solar convection zone as its depth and radial
gradient of angular velocity, by the use of so-called inertial oscillations--
oscillations that occur simply because the sun rotates, having periods of two
weeks to two months or so. The theory developed by them was for oscillation
modes that are symmetric about the axis of rotation, and for an adiabatically
stratified convection zone. Gilman has now extended the theory to relax both
of these assumptions and consider nonaxisymmetric modes in a superadiabatic
convection zone. He has found that the nonaxisymmetric modes will have fre-
quencies much more strongly shifted by the presence of differential rotation
than do axisymmetric modes, because the differential rotation can sweep the
patterns along. This feature increases the chances that the differential ro-
tation can be detected by measuring this class of oscillation. By comparing
the frequencies of eastward and westward propagating modes, the sensitivity to
differential rotation can be amplified even further.

Gilman has been able to show that in a convection zone with superadia-
batic radial temperature gradients, neutral inertial oscillations (as opposed
to unstable convection cells) may be confined largely to the lower levels of
the convection zone where the amount of superadiabaticity is less. If so,
then such oscillations will be much more difficult to observe at the solar
surface, unless their signature is transmitted there from below by the small-
scale turbulent convection occurring near the top of the solar convection
zone. This could happen because the inertial oscillations frequencies are so
low compared to that of the convection. In any case, the most important next
step in this line of work is to obtain a long enough record of solar global
velocities to search for inertial oscillations.

Solar Interior Composition and Thermal Physics

Werner Dappen (HAO visitor) and Douglas Gough (both of the University of
Cambridge, England) are working on a method to infer the helium abundance (Y)
of the solar convection zone. In all likelihood, this value should coincide
with the protosolar helium abundance, an important astrophysical quantity,

75



HIGH ALTITUDE OBSERVATORY

because no significant mixing process from the solar core to the convective
envelope is known. They are trying to determine Y by using the influence of
helium ionization on the local sound speed, which can be obtained from inver-
sions of solar oscillation frequencies. Presently, they are rehearsing the
technique with solar models so that they can get a feeling for the feasibility
and potential accuracy of the method. The first results show that the diag-
nostic function of the method can, indeed, recover the value of Y that was
initially used in the model, and that the number of solar oscillation frequen-
cies required by the inversion is about 3,000. This encourages and justifies
optimism for a successful helium abundance determination in a future step.

Dappen also has been investigating the possibility of using solar p-modes
to infer departures from an ideal gas equation of state in the stellar
interior. Depending upon what theory is assumed valid, high-density ioniza-
tion can be located at much different levels within the sun, with consequently
different profiles of sound speed with depth and, therefore, oscillation fre-
quencies. Dappen, in collaboration with Lawrence Anderson (HAO visitor, Uni-
versity of Toledo) and D. Mihalas, so far has been able to eliminate one of
the principal equation-of-state theories, based on the so-called Planck-Larkin
partition function.

The Solar Neutrino Problem

Ronald Gilliland, in collaboration with John Faulkner (University of Cal-
ifornia at Santa Cruz), William Press, and David Spergel (both of the Harvard-
Smithsonian Center for Astrophysics), has modeled the effects of having small
concentrations of weakly interacting massive particles (WIMPs) in the core of
the sun. An abundance of 10- of WIMPs in the sun by a relative number can
effectively transport energy nonlocally in the solar core, leading to reduced
core temperatures and a reduction of theoretically predicted high-energy neu-
trinos detectable by the Davis experiment. This suggestion would represent a
potential resolution of the solar neutrino problem.

In collaboration with Gilliland and Christensen-Dalsgaard, Dappen has
computed the low-degree (1 = 0, 1, 2, 3) p-mode splittings of a standard model
and a WIMP model. The result is that, though the splittings are quite sensi-
tive to the solar central conditions, the present observations of p-modes can-
not distinguish between WIMP and WIMP-free models. On the other hand, g-modes
could distinguish, because their frequencies in a WIMP model are higher than
in a standard interior model by about 15%.

Solar Diameter Measurements

Brown has continued to supervise the operation of the solar diameter mon-
itor, and by the end of FY 85 had begun an analysis of the entire four-year
data set collected so far. It is anticipated that this analysis will be com-
plete early in calendar year 1986. Noise estimations based on the first year
of data suggest that four years of observations should provide enough preci-
sion to determine whether the diameter has been changing by the magnitude
claimed in earlier investigations of historical and eclipse data.

In a parallel effort, Gilman and Howard continued their collaborative
effort to measure solar diameter changes from the Mount Wilson white-light
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plate collection. About two-thirds of these plates have now been remeasured,
along with frequent calibrations of the measuring board to eliminate earlier
drift problems, and they expect to have all plates from 1917-1985 measured by
the summer of 1986. This data set will overlap with the data from the solar
diameter monitor for the period 1981-1985, providing two completely indepen-
dent methods of measuring diameter changes that will test, they hope, the
reality of any trends found.

Stellar Variability

During FY 85, HAO, led by Fisher, has completed some of the fabrication
tasks required for the development of a solar-stellar spectrophotometer for
measuring variability associated with stellar activity. This is a collabora-
tive effort involving Pennsylvania State University (Lawrence Ramsey), the Air
Force Geophysics Laboratory (Richard Radick), Lowell Observatory (G. Wesley
Lockwood), and the University of Illinois (D. Mihalas) as well as Fisher and
Gilliland at HAO. They will continue fabricating and testing the equipment;
integrating it into the remodeled 43-inch telescope dome at the Lowell Obser-
vatory is scheduled for the fall of 1986. Modification to the facility at
Lowell will begin almost immediately.

Gilliland has extended the work of correlating observed chronospheric
activity in stars with a simple theoretical parameterization of dynamo-based
magnetic field generation to cases in which evolution before or after the
main-sequence phase is important. For pre-main-sequence stars with very high
activity levels, the observed activity cannot be explained simply with an
extension of the parameterization from main-sequence results. Inclusion of
increased generation of acoustic energy in the upper convection zone of pre-
main sequence stars allows for an adequate match with observations. Evolution
off the main-sequence leads to a prediction of increased magnetic activity for
stars slightly more massive than the sun--suggesting that future observations
of such stars could provide a critical test of the theory.

In collaboration with David Soderblom (Space Telescope Institute), Dappen
has been modeling the star cEridani. The goal is to find the most probable
stellar parameters (especially age) that are consistent with the p-mode split-
ting reported by Robert Noyes (Harvard University) and collaborators. They
have found that the p-mode data are well in accord with the assumption of a
young star now about 10 years. This contrasts with the findings of Demarque
and Guenther, who concluded from the same data that EEridani is an old star
of about 12 X 109 years.

Thermospheric Dynamics

The NCAR thermospheric general circulation model (TGCM), developed as a
collaborative effort between Roble, E. Cicely Ridley (Scientific Computing
Division, or SCD), and Robert Dickinson (Atmospheric Analysis and Prediction
Division, or AAP), has been modified to include detailed high-latitude auroral
forcing processes. This includes an empirical prescription of time-dependent
magnetospheric convection and auroral particle precipitation. A fast numeri-
cal scheme has been developed and incorporated into the TGCM so that a self-
consistent high-latitude ionosphere is calculated using TGCM winds, tempera-
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ture, and composition. This new model has been used by Roble, in
collaboration with Jeffrey Forbes (Boston University) and Frank Marcos (Air
Force Geophysics Laboratory), to calculate the time-dependent response of
the thermosphere to the isolated substorm event on 22 March 1979. The
results of this study show that the high-latitude thermosphere was greatly
disturbed by the storm, with large enhancements of wind, temperature, and mean
mass during the peak of the event and a slow recovery as the storm subsided.
Large thermospheric disturbances at high latitudes were launched during the
event that propagated equatorward, interacted in the vicinity of the equator,
and greatly disturbed the global thermospheric circulation, temperature, and
compositional patterns that existed prior to the storm onset. This first
time-dependent simulation with the TGCM provided considerable insight into the
global dynamics of the thermosphere and provided a framework for the study of
future events.

The TGCM has been used also by Cassandra Fesen (HAO/ASP visitor, now at
the University of Colorado), in collaboration with Roble and Dickinson, to
study the upward propagation of tides that are excited in the lower atmo-
sphere. The two-two and two-four semidiurnal tidal modes generated in the
lower atmosphere, in addition to in-situ tidal generation in the lower thermo-
sphere, dominate the atmospheric motions below about 150 km. Above that alti-
tude, however, the tidal motions are damped by ion drag, molecular the;iral
conduction, and molecular viscosity, leaving a diurnal response above about
200 km. The amplitude and phase of the propagating tidal components at the
lower boundary were determined by requiring agreement between the TGCM calcu-
lated tidal structure and observations made by incoherent-scatter radar.

Timothy Killeen (HAO visitor, University of Michigan) and Roble have con-
tinued their development of the TGCM diagnostic package that isolates physical
processes operating within the model. Their trajectory analysis illustrated
that the midnight surge region of high- and mid-latitude thermospheric dynam-
ics is a consequence of a trajectory parcel being processed through the mag-
netospheric convection pattern twice during a day. Trajectory analysis in the
lower thermosphere also indicates regions where chemical products that are
generated in considerable amounts in the auroral zone, such as nitric oxide
(NO), can be trapped in the circumpolar vortex in the winter hemisphere. The
only region of escape is through downward diffusion in the dark polar cap
toward the middle atmosphere where NO can catalytically destroy ozone.

Killeen and Roble also have developed a spherical harmonic analysis diag-
nostic package to isolate the characteristic waves propagating through the
model and to develop a compact form for representing TGCM simulations. This
spherical harmonic program can be used by university, government, and foreign
colleagues to compare model predictions with observations.

The TGCM has been used by Roble and a number of different colleagues on
the NASA Dynamics Explorer satellite team, the incoherent-scatter radar
effort, and ground-based optical communities for thermospheric dynamics stud-
ies.

The Dynamics Explorer (DE) satellites have provided a wealth of data that
can be used to evaluate the predictions made by the TGCM. Studies were made
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of the mean dynamic structure over the summer hemisphere polar cap. The TGCM
predictions and DE measurements both show a similar mean structure indicating
the strong control of F-region dynamics by magnetospheric convection. The
results also show that the winds, temperature, and compositional structures
are generally sun-aligned in magnetic coordinates and rotate about the earth's
geographic pole in a complex fashion. Other DE-related studies have shown
that thermospheric dynamics varies greatly in response to changes the inter-
planetary magnetic field directions, By and Bz.

Roble, Ridley, and Dickinson have used the TGCM to calculate the dynamic
response of the thermosphere to the 30 May 1985 annular solar eclipse. These
predictions showed that a measurable thermospheric and ionospheric disturbance
followed the path of maximum obscurity that passed over the Millstone Hill,
Massachusetts, incoherent-scatter radar station. Based on the TGCM and iono-
spheric simulations, a radar experiment was proposed and accepted by the inco-
herent-scatter radar community. Observations were made by William Oliver and
Joseph Salah (both from Massachusetts Institute of Technology) using the Mill-
stone Hill incoherent-scatter radar during the eclipse period. The experiment
was successful, and the measured response of the ionosphere and thermosphere
to the passage of the annular solar eclipse was in good agreement with model
predictions. Winds on the order of 50 m/s were observed converging toward the
eclipse path with a general cooling of the thermosphere along the eclipse of
50 K and were in general agreement with TGCM predictions.

The TGCM also was used to simulate thermospheric dynamics at both high
and equatorial latitudes for comparison with nighttime wind and temperature
measurements made by Fabry-Perot interferometers. The high-latitude simula-
tions were compared with observations made at College, Alaska, by Robert Sica,
Manfred Rees, and Gerald Romick (all of the University of Alaska). The re-
sults indicate the important control of high-latitude wind systems to forcings
by magnetospheric convection. The low-latitude measurements were made at Are-
quipa, Peru, by Manfred Biondi (University of Pittsburgh) and John Meriwether
Jr. (University of Michigan), and comparisons with TGCM predictions indicated
that winds at low latitude are influenced by tidal processes and ionospheric
interactions with E X B drifts.

Ionospheric Dynamics and Auroral Processes

A satellite track code has been developed to use data measured along the
DE satellite track and to calculate the ionospheric and neutral atmospheric
structure from the satellite altitude, generally above 300 km, down to 80 km.
The model calculates profiles of neutral-gas particles and Joule-heating
rates, ionospheric temperatures, electron and 'on densities, and height pro-
files of minor neutral-gas constituents NO, N( S), and N( D). This code was
used by Roble, along with a niuber of collaborators on the Dynamics Explorer
satellite team, to study lower thermosphere and mesosphere Joule-heating rates
during the 13 July 1982 solar proton event. The results show that, during the
event, energetic particles penetrated deep into the mesosphere near 70-80 km
and considerably enhanced the Pedersen electrical conductivity in the iono-
spheric D-region that is mainly carried by free electrons. Large electric
fields also were measured by the DE satellite and they were coincident with
the energetic particle precipitation. Calculations show that these electric
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fields penetrate deep into the mesosphere and produce considerable Joule heat-
ing near 70-80 km because of the enhanced Pedersen conductivity. Joule
heating rates equal to, or exceeding, solar-heating rates were calculated in
the mesosphere, and further calculations by Rolando Garcia (ACD) and Roble
showed that a significant dynamic response could occur in the mesosphere near
80 km in response to these heating rates.

M. Rees, Knut Stamnes (University of Troms6, Norway), Vincent Wickwar
(Stanford Research Institute), and Roble also used the auroral code for a num-
ber of ionospheric studies dealing with electron heating in the magnetospheric
cusp, the excitation of the O( P) - O( D) red-line transition of atomic oxygen
and intense ionospheric heating over Chatanika, Alaska, during the 5 March
1981 red aurora event.

Ionospheric Electrodynamics

Richmond, in collaboration with Yosuke Kamide (HAO visitor, Kyoto Sangyo
University, Japan), developed a way of mapping high-latitude ionospheric elec-
tric fields and currents from a set of point measurements of electrodynamic
quantities, especially ground magnetic variations and incoherent-scatter mea-
surements of ion drifts. This procedure provides a new way to examine time
variations of electrodynamic quantities on a synoptic scale. It promises to
be particularly valuable for helping to understand the nature of storm and
substorm variations in high-latitude ionospheric convection patterns and
thermospheric energy input.

Richmond and Roble also continued their development of an interactive
global dynamo model that will eventually be incorporated into the NCAR TGCM.

Incoherent-Scatter Radar Data-Base Project

The incoherent-scatter radar data-base project is a cooperative one be-
tween NCAR and institutions regularly operating the world's six ionospheric
incoherent-scatter radars in France, Greenland, Massachusetts, Peru, Puerto
Rico, and Scandinavia. NCAR receives, archives, and makes available for sci-
entific research much of the ionospheric data collected by these radars. The
data base is jointly managed by HAO and SCD; HAO provides the primary contact
with outside scientists who are providing or using the data and guides the
development of the data base within SCD.

During the past year, Richmond visited several of the radar sites and
helped work out arrangements for data transfer, software exchange, and assign-
ment of responsibilities. He helped guide the data-base programmer Roy Barnes
(SCD) in the development of data-base capabilities. A description of the data
base and its holdings was prepared for general distribution in order to make
the scientific community aware of this resource.

Part of the data-base activities has been to promote the scientific uti-
lization of incoherent-scatter radar data. HAO sponsored a workshop to bring
together more than 20 scientists to analyze intensively the observations col-
lected during coordinated campaigns, under the acronym of GISMOS (Global Inco-
herent-Scatter Measurements of Substorms). Additional scientific visits
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(which were supported by HAO) for the interpretation of incoherent-scatter
data were made by Michel Blanc (National Center for Telecommunication Studies,
France), Yosuki Kamide (Sangyo University, Japan), Christine Mazaudier (Center
for Research in Environmental Physics, France), and Marc Murison (University
of Wisconsin).

Global Atmospheric Electricity

Studies by Israel Tzur (HAO visitor, unaffiliated) and Roble have shown
that the intense horizontal electric fields measured by the DE satellite dur-
ing the 13 July 1982 solar proton event could map effectively downward to the
earth's surface and produce perturbations of up to 50% to the ground fair-
weather electric field at high latitudes. These electric fields would be en-
hanced under the dawn cell of the magnetospheric convection pattern and dimin-
ished on the dusk side. The magnetospheric convection pattern is sun-aligned
in geomagnetic coordinates and, thus, the perturbations would move in a com-
plex manner over the surface as the earth rotates about its geographic pole.
This study indicates that an important electrical interaction can occur be-
tween the current systems in the upper and lower atmosphere at high latitudes.

Tzur and Roble also have developed two limited-area models of atmospheric
electricity to study the quasi-static and time-dependent interactions of a
thunderstorm and its electrical environment. Their primary use is to examine
the effects that control thunderstorm current output into the global electric
circuit. The models solve for the Maxwell current distribution around the
thunderstorm. They consider the thunderstorm as a source function that sepa-
rates charge at a given rate and produces lightning when a critical electric
field is reached. One of the results obtained with the models shows that
electrical conductivity changes during a Forbush decrease of cosmic ray ioni-
zation intensity can influence the current output of a thunderstorm into the
global circuit.

Lower Thermosphere-Mesosphere Interactions

A zonally averaged chemical-dynamical model of the earth's thermosphere
has been developed by Roble and Jean-Claude Gerard, (University of Lige, Bel-
gium) to investigate the importance of nitric oxide (NO) 5.3-micrometer cool-
ing in controlling the dynamic structure of the thermosphere. The model self-
consistently calculates the zonally averaged circulation, temperature, major
atmospheric constituents, and odd-nitrogen distributions. For solstice condi-
tions during solar cycle minimum, the results showed the NO infrared cooling
competes with downward molecular conduction in the upper thermosphere and
reaches a maximum of 500 K/day near 170 km at high latitudes in the summer.
The primary effect of the 5.3-micrometer cooling is to weaken the summer-to-
winter latitudinal temperature gradient, which in turn weakens the summer-to-
winter meridional circulation. The results suggest that NO 5.3-micrometer
cooling has an important effect on the overall dynamic structure of the ther-
mosphere. It should be particularly important during solar maximum conditions
and geomagnetic storms when the NO densities and neutral-gas temperature in-
crease substantially.
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Venus and Mars Thermospheric Dynamics

Stephen Bougher (HAO visitor, University of Michigan), Robert Dickinson
(AAP), and Roble have used one-, two-, and three-dimensional models of the
thermosphere to investigate the globally averaged radiation budget and the
mean circulation and global circulation of Venus and Mars, respectively. The
globally averaged radiation model gives a balance between the solar energy
absorbed in the thermosphere, downward molecular conduction, and infrared-CO2
(carbon dioxide) cooling. Atomic oxygen collisions with C02 also enhance C02
radiational cooling and have a more important effect on Venus than Mars, where
atomic oxygen densities are larger. The solar cycle variation of thermo-
spheric temperature on Venus is much smaller than that on Mars because of this
effect.

The mean subsolar-to-antisolar circulation on Venus was calculated and
compared to observations made by the Pioneer Venus spacecraft in orbit around
Venus. To obtain agreement between the calculated and observed temperature
and compositional structure it was necessary to invoke strong wave drag near
the Venus terminator in order to slow the mean circulation and heat transport
and to effectively maintain a cold nightside. The Venus thermospheric general
circulation model has been run to verify the two-dimensional predictions and
also to determine the effect of superrotation on the global structure.

Only preliminary runs were made on the Mars thermospheric general circu-
lation model. The results show a strong semi-diurnal circulation even in the
absence of upward propagating tidal components from the lower atmosphere. A
coordinated analysis of model results is being accomplished using Mariner-9
satellite measurements in collaboration with Ian Stewart (University of Colo-
rado) and Fesen.

SOLAR ATMOSPHERE 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, dis-
sipation of mechanical energy provides the main energy supply, motions are
frequently of an amplitude comparable to the local sound speed, and the mag-
netic field is sufficiently strong with respect to local pressure forces to
channel the fluid motions. 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 accom-
panied by enhanced radiation output as well as sporadic violent upward ejec-
tions of matter and sudden dramatic releases of energy (both thermal and non-
thermal) in flares. Similar phenomena occur on a reduced scale in quiet-sun
areas.
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The long-range goal of the Solar Atmosphere 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 magnetohydrodynamic
(MHD) 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, involv-
ing both theoretical and observational programs. The effort will encompass
other scientific sections of HAO as well as outside collaborators.

One important aspect of the overall goal involves progress in understand-
ing energy transport in the solar atmosphere, including heating of the chromo-
sphere and corona and the transport of heat by thermal conduction and enthalpy
flow. Achievement of this understanding also will require collaborative ef-
forts involving both theoretical and observational programs.

The fields of expertise of the current staff of the Solar Atmosphere and
Magnetic Fields Section are approximately balanced between radiative transfer
and MHD. The 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 facil-
ities. In addition, members of the section are actively involved in the plan-
ning of major new observing facilities, including an advanced Stokes polarim-
eter (see below), and the solar optical telescope to be flown by NASA in the
early 1990s. HAO and NSO also are exploring possible sources of funds to sup-
port United States participation in the Large European Solar Telescope Founda-
tion Project (LEST).

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

Sunspots and Flux Tubes

Pizzo continues his work on models of vertically oriented, quasi-
stationary magnetic concentrations near the solar surface. He previously
developed an iterative numerical technique for obtaining cylindrically sym-
metric magnetostatic equilibria for prescribed gas-pressure distributions, and
he used the method to gain new insights into the physics of large magnetic
structures resembling sunspots.

Most recently, Pizzo has emphasized the application of his models to
small-scale features, such as pores and magnetic elements or knots. He has
found that the topology of the field in small flux tubes near the solar sur-
face is highly sensitive to the details of the thermodynamic structure, which
in turn depends upon the poorly known energy transport. He has suggested that
features with a horizontal scale near or below the limits of resolution may
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well have a divergent magnetic geometry at photospheric levels, as opposed to
the vertical, straight, tubular topology normally assumed. If so, interpreta-
tions of observations of small structures would have to be substantially re-
vised. For example, one current hypothesis is that flux tubes have nominal
strengths of 1.5 kG, but that sunspots have 3-kG fields because the 1.5-kG
magnetic elements of which they are composed undergo strong compression due to
the Wilson depression. In contrast, Pizzo's view is that magnetic elements
emerge from the solar interior with a 3-kG field, which appears lower at the
surface due to the divergence of the field. When the elements are bunched
together in a spot, the spreading is suppressed and the higher 3-kG value is
observed. Pizzo is actively pursuing two extensions of the model. The first
entails a modification to the numerics to allow for current sheets, and the
second involves providing for steady subsonic flows.

Lites and Andrew Skumanich are working with David Rees (University of
Sydney, Australia) and Graham Murphy (graduate student, University of Sydney)
to develop sensitive spectral signatures of computed sunspot magnetic fields
as a means of discriminating between various models. These signatures can
then be used as a guide in perfecting magnetic models from Pizzo's program to
more nearly resemble observed sunspots.

The relatively ordered structure of the solar atmosphere and magnetic
field above sunspot umbrae provides an excellent target for observation of
magneto-atmospheric wave modes of general astrophysical significance. Sunspot
umbrae are observed to oscillate with a three-minute period in the chromo-
sphere, and they also show the familiar five-minute oscillations in the photo-
sphere. Lites and John Thomas (HAO visitor, University of Rochester) observed
the three-minute oscillations simultaneously in the umbral photosphere and
chromosphere. These observations support the theory that the umbral photo-
sphere resonates to fast-mode magneto-atmospheric waves. In this approach,
the photospheric resonance drives the chromospheric oscillations. Using high
spatial and spectral resolution observations of sunspots, made by the vacuum
tower telescope at NSO-Sunspot, Lites has shown that these oscillations form
shock waves in the umbral chromosphere. This is the first direct observation
of periodic nonlinear waves in the solar chromosphere. Such disturbances are
probably an important source of heating of the umbral chromosphere. Aside
from their influence on the energetics of the atmosphere, oscillations provide
diagnostics of sunspot structure both in the atmosphere and the region below
the surface. Toufik Abdelatif (University of Rochester), Lites, and Thomas
have used the five-minute global oscillations observed in and around a sunspot
in a first attempt to determine the structure of a sunspot below the observ-
able surface. In another observational program, Lites, Thomas, and Joseph
Gurman (NASA Goddard Space Flight Center) have made observations intended to
determine the structure of the transition region over a sunspot umbra. Simul-
taneous, high spectral and spatial resolution measurements of the three-minute
oscillations were made with the transition region line of C IV (1548 /) using
the ultraviolet spectrograph and polarimeter on the SMM satellite, and with a
line formed in the upper chromosphere using NSO's vacuum tower telescope.
These observations allow the reflection characteristics (both phase and ampli-
tude) of the transition region to be measured. From these measurements, Lites
and Thomas hope to extract a value for the temperature gradient of the transi-
tion region: a quantity that has been previously determined by rather uncer-
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tain spectroscopic means. Successful observations were made in March 1985,
and interpretation is in progress.

Magnetostatic Stability and Topology

Solar magnetic fields found in active regions evolve through complex pat-
terns often devoid of any recognizable symmetry. Some have argued that sym-
metry is a necessary condition for magnetostatic stability and that dissym-
metry results in the conversion of magnetic energy to thermal and kinetic
energy. An earlier study by Low showed that shearing motion of magnetic poles
under prescribed force-free conditions resulted in a critical point beyond
which equilibrium was not possible. This study was criticized as being too
restrictive in the nature of the force-free conditions imposed. Although the
problem normally becomes intractable if the force-free parameter, alpha, is
left free to respond to the motion, Low has found a simple case that is amen-
able to analytic treatment. His results verify that critical points still
exist even when alpha is free to adjust self-consistently with the motion of
magnetic footpoints.

Building on an earlier discovery by Low of analytic solutions for three-
dimensional magnetostatic structures in the presence of gravity, Low and
Bogdan have investigated models for comparison with real data. Photospheric
magnetic field data are used to determine the magnetic and density structures
for comparison with actual density distributions observed in the corona. The
models include a non-force-free current distribution spread throughout a pre-
scribed depth in the low corona with current-free (potential) solutions in the
outer corona. In application, the depth of the current-carrying layer will be
adjusted to provide best agreement with the coronal density structure.

Stokes Polarimetry

The Stokes III program, being carried out in collaboration with NSO, the
Institute for Astronomy of the University of Hawaii, and the University of
Sydney, passed a notable milestone this year with the acquisition by HAO of
sufficient funds to build the desired polarimeter. The funds were acquired
partially through reallocation of reserve funds in NCAR and partially through
reprogramming within HAO. NSO is continuing to test the solar tower at Sacra-
mento Peak and the McMath Tower at Kitt Peak for their suitability as the feed
for the polarimeter. In addition, documentation of the science objectives for
the program is at an advanced stage of development, and design of the polari-
meter is in progress.

A major element of the Stokes III program is the development of improved
diagnostic techniques both for extracting vector magnetic field parameters
from Stokes profiles and for predicting more complete spectral signatures of
different magnetic field topologies. Collaborative work in these areas has
been carried out by Skumanich, Lites, D. Rees, Murphy, and Egidio Landi (HAO
visitor, University of Florence, Italy). Substantial progress has been
achieved towards defining the polarization signatures of strong lines formed
at chromospheric heights sufficient for their use in the Stokes III program.
Murphy has developed a promising new numerical method for accurately integrat-
ing the Stokes transfer equations under conditions more appropriate for solar
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magnetic fields than previously has been possible. Also, Skumanich and Lites
are continuing to perfect the synthesis of observed Stokes profiles and
applying their techniques to additional sunspot data from the Stokes I and
Stokes II programs.

Flare Production, Prominences, and Active Regions

In a remarkable discovery, Skumanich has found that the mean power and
rate of optical flares in dMe (hydrogen-alpha emission) stars are found to be
correlated with their quiet coronal X-ray luminosity. Indeed, the mean flare
luminosity in the photometric U-band appears to scale linearly with the X-ray
luminosity with a slope of 0.04°. This suggests that a common magnetic driver
powers both quiet and flare activity in the coronae of late-type magnetically
active main-sequence stars.

Further, Skumanich has found that his estimates of the optical flare
properties for the sun as a star, as well as extant flare observations for
magnetically evolved dM (non-hydrogen-alpha emission) stars, also fits the
same linear flare-power vs. coronal-power relation. Using such evolved stars,
Skumanich has proposed an evolutionary scenario for the flare mechanism in
which the total flare rate remains more or less constant, but the mean flare
yield decreases linearly with coronal X-ray strength. He also has found that
the data for other spectral types suggest that the flare mechanism is univer-
sal in all magnetically active dwarf stars.

In a different category of studies based on SMM data, Athay and Illing
analyzed data for eight erupting prominences associated with coronal mass
ejections. Their results show that, statistically, prominence strands expand
and their temperature increases as they rise through the outer corona. The
expansion leads to rapidly decreasing density and fading brightness so that
much of the original prominence material is below threshold visibility in
Balmer-alpha by the time it reaches the outer corona. The greatly reduced
ability of the prominence to radiate as it expands is sufficient to account
for the rise in temperature, even though the heating rate itself probably de-
creases.

Models of quiescent prominences have been extended by Low in collabora-
tion with Wu to consider the case of a magnetic field that is nonsymmetric
about the plane of the prominence. They found that this leads to a prominence
sheet that is curved in the vertical dimension and requires a discontinuous
magnetic pressure to act together with the magnetic tension to support the
prominence mass. The stability of such a configuration is under further
study.

. The wealth of data obtained with the SMM satellite continues to provide a
fruitful source of new information on solar active regions as well as on spe-
cific transient events. Athay, James Klimchuk (graduate student, University
of Colorado), Harry Jones (NASA Goddard Space Flight Center), and Harold Zirin
(California Institute of Technology) completed a study of flow patterns at a
temperature level near 10 K in three selected active regions. Emphasis in
this study was concentrated on flows associated with Balmer-alpha dark fila-
ments and large-scale flows surrounding the active regions. The results
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confirmed the authors' earlier conclusions that the dark filaments often lie
along velocity shear lines and active regions are often located in the con-
vergence zone between oppositely directed flows of a very large scale.

Klimchuk completed his doctoral dissertation on large-scale flows in ac-
tive regions based on a combination of SMM and ground-based data. His studies
indicate that, in regions of strong magnetic field, matter at temperatures
near 10 K flows predominantly downward, whereas in the regions bordering the
strong fields, the flow has a strong horizontal component. The transition
from mainly vertical to mainly horizontal flow occurs on distance scales that
are small compared to the scales of coherent flow.

Klimchuk further found that velocity neutral lines separating adjacent
extended regions of red and blue shift are systematically related to the mag-
netic field pattern. Velocity neutral lines closely associated with magnetic
neutral lines are bordered predominantly by blue shift on their limb side. By
contrast, velocity neutral lines lying within unipolar magnetic regions are
bordered predominantly by red shift on their limbward side. In addition, this
latter class of velocity neutral lines tend to have larger velocity gradients
normal to the neutral lines than do those more closely associated with mag-
netic neutral lines. Further work is needed before the complex magnetic and
velocity patterns observed in active regions can be integrated to provide a
physically consistent topological model. Klimchuk's work, however, has pro-
vided a major step in that direction.

Model Atmospheres

Anderson and Athay made marked progress on the development of a powerful
and unique computer program capable of producing model atmospheres for pre-
scribed amounts of nonradiative heating and for nonlocal thermodynamic equi-
librium conditions. All major sources of opacity have been incorporated and
an initial detailed model has been completed for the condition of radiative
and local thermodynamic equilibrium. This reference model reveals for the
first time the detailed nature of the energy balance. Two important new re-
sults are the unexpectedly large role of spectral-line opacity in the middle
photospheric layers and the explicit identification of the lines of major
importance in the outer atmosphere. The program is being used at year end to
compute a radiative equilibrium model departing from local thermodynamic equi-
librium. Following the successful completion of this model, departures from
radiative equilibrium will be introduced.

Diagnostics

Skumanich and Lites have continued their sensitivity analysis of the
important source terms in the formation of specific spectral lines whose pro-
files are frequently used in diagnosing solar and stellar phenomena. Using a
flux-divergence form for optically thick lines, they found that the hydrogen
Balmer-alpha line is controlled equally by H- continuum photons absorbed in
the line wings and by fluorescent conversion of Balmer-beta photons. This
contradicts the commonly held notion that fluorescent conversion of Balmer
continuum photons has the primary control in the Balmer-alpha line.
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Radiation loss rates for the solar atmosphere for temperatures below
about 60,000 K are influenced by the optical thickness of the atmosphere
coupled with the intense photospheric radiation at visual wavelengths. These
effects have been mainly ignored or crudely treated in many applications.
Athay computed temperature-dependent loss rates in the Lyman-alpha line of
hydrogen, which are dominant in the approximate temperature range 15,000-
50,000 K, for a set of assumed optical thicknesses and electron densities.
Major reductions in loss rates, compared to the optically thin rates, are
found for optical thic Tesses of 10 cm in Lyman-alpha for all electron den-
sities considered ( 10 cm ). However, for optical thicknesses lea thap
10 cm, only minor reductions in the loss rates are found for ne >10 1 cm-.

Methods for treating radiative transfer in moving atmospheres continue to
be a challenge in spectral diagnostics of stellar atmospheres. Barbara
Mihalas (HAO visitor, now at the University of Illinois) successfully formu-
lated the transfer equations for a co-moving frame of reference for three-
dimensional Cartesian, cylindrical, and spherical geometries. Also, D.
Mihalas and Paul Kunasz (unaffiliated) conducted a critical review of the use
of Feautrier variables in moving media. The Mihalases' work will continue at
their new location at the University of Illinois.

In a separate effort, D. Mihalas collaborated with Anderson, David Hummer
(University of Colorado), and Michael Seaton (University College, London) on
an extended program to improve opacity calculations in the highly ionized
plasma of solar interiors. D. Mihalas worked particularly on perfecting the
equation of state appropriate to stellar interior conditions. When completed,
this work will have an important bearing on stellar and solar interior models
and evolutionary tracks.
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STAFF AND VISITORS

Research Support Group

Betsy Alves
Peter Bandurian
Sharon Beck
Louise Beierle
Juanita Crane
Michele DeLaPena
Kathryn Drake
Barbara Emery
Raian Forrester
Christine Guzy (to September 30, 1985)
Dan Haynes
Lorraine Hori
Andrew Kraushaar
Alice Lecinski
Barbara Loitsch
DeAnna Loudon
Mary Lovrien
Robert MacQueen (Director)
Michael McGrath (Section Head for Administration

and Research Support, from June 1, 1985)
Gail Moran (to October 22, 1984)
Marc Murison (to January 17, 1985)
Peter Reppert
Ted Ressell (to August 31, 1985)
Kristine Rock
Kathryn Strand
Joan Thieke
D. Keith Watson (Group Head and Deputy Director

for Administration, to May 31, 1985)

Computing Services Group

Jay Chalmers (to November 17, 1985)
Kevin Cole (to January 23, 1985)
Nancy Dawson
Benjamin Foster
Peter Gross (Group Head)
Linda McCune
Jack Miller
Richard Moncayo
Rose Reynolds
William Roberts
Paul Seagraves
Andrew Stanger
John L. Streete, Jr. (to August 17, 1985)
Victor Tisone
Greg Woods

Instrumentation Group

Karen Conduff (to April 19, 1985)
David Elmore
Charles Garcia Jr.
Phillip Hebner
Howard Hull
Leon Lacey
Loren Laramore (to August 28, 1985)
Terry Leach
Robert Lee
Patricia Loudon

Edward Lundin
Michael McGrath (Group Head, to May 31, 1985)
Douglas Mohr
Gregory Muir
Gary Phillis (Group Head, from June 11, 1985)
Stephen Rogers
Stacy Rosenberg
Paula Rubin
Kim Streander
Christopher St. Cyr
Kathleen Walsh
Eric Yasukawa

Solar Variability and Terrestrial Interactions
Section

Timothy Brown
John Eddy (to May 31, 1985)
Ronald Gilliland
Peter Gilman (Section Head)
Dimitri Mihalas (1/2) (to August 31, 1985)
Gordon Newkirk Jr. (1/2)
Arthur Richmond
Raymond Roble

Coronal/Interplanetary Physics Section

Richard Fisher
Thomas Holzer (Section Head, to June 30, 1985)
Lewis House
Arthur Hundhausen (Section Head, from July 1, 1985)
Rainer Illihg
Boon-Chye Low (1/2)
Richard Munro (to September 30, 1985)
Gordon Newkirk Jr. (1/2)
Victor Pizzo (1/2)
Gerald Pneuman
David Sime
William Wagner (to November 1, 1984)

Solar Atmosphere and Magnetic Fields Section

R. Grant Athay (Section Head)
Bruce Lites
Boon-Chye Low (1/2)
Keith MacGregor
Dimitri Mihalas (1/2) (to August 31, 1985)
Victor Pizzo (1/2)
Andrew Skumanich

Graduate Assistants

Edward DeLuca
Madhulika Guhathakurta
James Klimchuk
Cherilynn Morrow
Graham Murphy
D. Tod Woods
Padma Yanamandra (to June 1, 1985)
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Visitors

Lawrence Anderson: University of Toledo, August
1984 to August 1985, radiative transfer and model-
ing of stellar atmospheres

Mitchell Berger (HAO/ASP): University of Chicago,
September 1984 to August 1986, magnetic helicity
and topology

Thomas Bogdan: University of Chicago, October 1983
to September 1985, solar magnetohydrodynamics

Stephen Bougher (HAO/ASP): University of Michigan,
November 1984 to October 1986, thermospheric circu-
lation of Venus and Mars

Gary Bower: University of Oklahoma, May to August
1985, solar coronal data reduction

Timothy Carrig: Syracuse University, May to August
1985, analysis of Dynamics Explorer satellite data

Arnab Choudhuri: University of Chicago, September
1985 to August 1986, magnetohydrodynamics and
applications to astrophysical systems

Jorgen Christensen-Dalsgaard: Nordisk Institut for
Teoretisk Atomfysik, Denmark, June to September
1985, solar oscillations

Michael Corbin: Columbia University, May to August
1985, spectrum analysis and data reduction

Werner Dappen: University of Cambridge, England,
October 1984 to September 1986, solar and stellar
interior modeling

Ruth Esser: University of Tromso, Norway, July to
December 1985, interpretation of white-light and
ultraviolet coronal observations

Casandra Fesen (HAO/ACD/ASP): NASA-Goddard Space
Flight Center, September 1983 to September 1985,
tidal effects on thermospheric general circulation
and ionospheric models

Richard Harrison: University of Birmingham,
England, February to May 1985 and July 1985 to
March 1986, SMM data analysis

Ernest Hildner: Independent, January 1985 to
October 1986, SMM data analysis

Rush Holt: Swarthmore College, October to December
1984, spectroscopic and luminous changes in the sun

Yosuki Kamide: Sangyo University, Japan, October
1984 and July 1985, incoherent-scatter data
analysis

Timothy Killeen: University of Michigan, July to
August 1985, thermospheric general circulation
model

Edwin Ladd: Williams College, May to August 1985,
Stokes data analysis

Egidio Landi Degl'Innocenti: Astrophysical Observ-
atory of Arcetri, Italy, June to December 1984,
polarimetric analysis

Rosine Lallement: Service d'Aeronomie, France,
September to November 1984, solar wind

Egil Leer: University of Tromso, Norway, January
to April, and June to July 1985, solar wind

Barbara Mihalas: Independent, June 1982 to August
1985, wave, oscillation, and radiation hydro-
dynamics

Charles Prosser, Jr.: Ohio State University, June
to September 1985, compilation of information on
atomic energy levels

David Rees: University of Sydney, Australia,
August 1985 to February 1986, Stokes data analysis
and sunspot modeling

Paul Roberts: University of Newcastle Upon Tyne,
February to April 1985, dynamic dynamo models

Richard Steinolfson: University of California,
Irvine, March to April, June, and September 1985,
SMM data analysis and solar coronal mass ejections

John Streete, Sr.: Rhodes College, June to August
1985, solar coronal magnetic fields

Susan Terebey (HAO/ASP): University of California
at Berkeley, October 1984 to September 1986, expan-
sion of the stellar wind

John Thomas: University of Rochester, July 1985,
sunspot oscillations data analysis

Israel Tzur: Independent, October 1984 to Septem-
ber 1985, solar terrestrial electrical coupling

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

Arthur Young: San Diego State University, June
1984 to August 1985, stellar chromospheres in
stars

Gongliang Zhang:
People's Republic
SMM data analysis

Institute of Space Physics,
of China, July 1985 to July 1986,
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 atmo-
spheric 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 prob-
lems 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, though having long-term importance, are relatively
underemphasized at NCAR or in the community. The first of these
activities is organized within the Visitor Program, the latter con-
sists of two groups--the Environmental and Societal Impacts Group
(ESIG) and the Natural Systems Group (NSG).

SIGNIFICANT ACCOMPLISHMENT

Michael Glantz, head of ESIG, organized an international col-
loquium on Drought and Hunger in Africa--Denying Famine a Future, held
at NCAR in mid-August. Experts from many disciplines, including
meteorology, political science, anthropology, economics, sociology,
and geography, many of them workers from on the scene in Africa,
reported on their work or studies and expressed their views on how
famine in Africa might be prevented or at least how the impacts of
drought might be mitigated. Bradford Morse, head of the United
Nations Development Program and co-chair of the current UN African
relief effort, was the keynote speaker. He emphasized that countries
can muster much enthusiasm for temporary famine aid, but that the
problem is not temporary, requiring for its solution the long-term
development of societies and economies that can withstand the vagaries
of climate. The revised presentations from the meeting are being
edited for publication by Cambridge University Press in August 1986.
This colloquium was an important contribution to the UCAR/NCAR 25th
anniversary celeDration and highlighted the importance of
multidisciplinary research for understanding how cimate variability
(in this case prolonged drought) can adversely affect human
activities. This colloquium can also serve as a model for future
meetings on topics related to the features of the atmosphere (or the
atmospheric sciences) that are of major concern to society.

VISITOR PROGRAM

Graduate Research Assistantships

ASP awards a limited number of graduate assistantships to stu-
dents pursuing doctoral degrees in the atmospheric sciences. While in
residence at NCAR, each graduate assistant carries out research based
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on his or her thesis proposal, which must be endorsed jointly by the
university thesis advisor and an NCAR scientist. In FY 1985, seven
graduate research assistants received new appointments, nine con-
tinued, and seven received their degrees. While at NCAR, the students
work directly within ongoing research programs; therefore most of
their activities are listed in the sections of this report prepared by
the research divisions of NCAR.

Bryan Baum (University of Colorado) worked on a mathematical
model for instabilities in certain kinds of volcanic flows which pro-
duce observed waves or ripples. He worked by himself with Robert
Dickinson of the Atmospheric Analysis and Prediction Division (AAP) as
his advisor.

Filippo Giorgi (Georgia Institute of Technology) developed an
atmospheric aerosol model including the following processes: particle
transport, Brownian coagulation, sedimentation, dry deposition, and
wet removal. The model is being used in the framework of the
Community Climate Model (CCM) to:

(a) study aerosol tropospheric residence times and evaluate the
relative importance of dry versus wet removal.

(b) study--using interactive simulations that also include the
effect of the particle's optical properties--climatic and environ-
mental effects of smoke injections due to hypothesized post-nuclear
war fires and dust injections. These simulations were obtained in
collaboration with Starley Thompson (NSG).

Shun Der Ko (University of Michigan) worked on vertical modes and
energetics of gravitational and rotational modes in a multilevel
global spectral model. The energetics analysis was made based on the
NCAR CCM. For some typical vertical profiles of temperature and pres-
sure, the solutions of tne discrete differential and integral vertical
equations were compared.

Linda Mearns (University of California at Los Angeles) prepared a
paper, "Factors Affecting Fluctuations in Grain Yields in China,
1961-75". She also continued research and data collection for her
thesis project, which concerns determination of the effects of tech-
nological change and climatic variability on dry-land wheat yields in
the central Great Plains.

Rhys Payne's (University of California at Los Angeles) disserta-
tion examines the mitigating effects of social organization upon the
impact of climate variability, and is being carried out through a
historical study of water management in Morocco. He also spent part
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of September 1985 collaborating with Glantz in ESIG on the publication
that will emerge from the NCAR symposium on African drought and
famine.

Jennifer Robinson (University of California at Santa Barbara) is
developing procedures for evaluating mass transformations in the burn-
ing of tropical forests. A field trip to Brazil in August through
October of 1985 resulted in a greatly improved field operations plan.

Jenifer Tavernier (University of Colorado) focused on the
development of a sulfur-selective detector based on a fluorine-induced
chemiluminescence reaction. Preliminary data have been obtained from
this work.

A generalized electromagnetic backscatter-cum-propagation model
was developed by Jothiram Vivekanandan (Colorado State University) for
quantitative investigation of multiparameter radar observables in con-
vective storms. Detailed calculations of multiparameter 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.

The vertical structure of reflectivity was computed based on
microphysics inferred from a one-dimensional graupel melting model.
The results were quantitatively compared with radar measurements
and showed excellent agreement. Multiparameter radar hail signatures
were intercompared for independent verification of the presence of
hail.

Postdoctoral Fellowships

During FY 1985, 12 new postdoctoral appointments were made, 14
completed their terms, and 11 continued from the previous year. As
with the graduate assistants, most of the work of the fellows is
presented with the reports of the research divisions.

Christopher Bretherton (Massachusetts Institute of Technology),
using a combination of analytical and numerical modeling techniques,
studied the impact of liquid water on convective clouds. He showed
how large cloud elements tend to suppress neighboring convective
cells. He worked in collaboration with Piotr Smolarkiewicz
(Convective Storms Division) and Richard Rotunno (AAP).

Mark DeMaria (Colorado State University) worked with a number of
NCAR scientists on problems connected with large-scale dynamics.
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James Evans (Florida State University) and William Holland of
AAP's Oceanography Section have developed a set of analytical tools
for studying, with numerical models, local energy transfers and
budgets in the ocean on the gyre scale. The tools will be used in a
broad variety of application, including the vertical propagation of
energy input by the wind, the dynamics of Gulf Stream instabilities
and eddy shedding, and the treatment of open model boundaries.

Holland, Dale Haidvogel, and Evans are principal investigators on
a proposal to the Office of Advanced Super Computing for supercomputer
resources to study water mass formation in an eddy-resolved model and
to conduct soine very high-resolution numerical experiments of the Gulf
Stream from Cape Hatteras to the Grand Banks. This proposal has been
granted, and preliminary work is now underway to install the models on
the 256-megaword CRAY-2 computer at the University of Minnesota.
Evans is also working with Holland on other limited-area studies of
the SYNOPS region.

Robert Glinski (University of Minnesota) has been working on
problems related to the chemistry and detection of atmospheric sulfur
species. Chemiluminescence, flame, and laser spectroscopic methods
are used to study the sulfur compounds. The work is being carried out
in the lab of Allan Lazrus (Atmospheric Chemistry Division) and in
collaboration with John Birks of the University of Colorado.

Barbara Gray (University of East Anglia, Norwich, England)
examined the effects of aliasing of relatively high-frequency vari-
ations on the statistics of time-averaged tropical meteorological
data. She was able to show that aliased variants, although dependent
on the length of the averaging time and the sampling interval, can
easily amount to 33% of the total variants. She worked by herself
under the guidance of Roland Madden (AAP).

Brian Hanson (University of Minnesota) completed a thesis project
on the sensitivity of an ice sheet model to climatic forcing and
undertook a new project on the climate-mass balance relationships for
an ice sheet.

Lin Ho (Massachusetts Institute of Technology) examined
inhomogeneous turbulence with application to geophysical flows.

Xiude Ling (University of Colorado) developed a two-dimensional
stratospheric model which couples dynamics, photochemistry, and radia-
tion, in collaboration with Julius Chang of the Acid Deposition
Modeling Project group.
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Jean-Jacques Morcrette (University of Lille, France) has been
looking at relationships between the outgoing radiation measured from
a satellite in the channels of a temperature sounder (HIRS/2, VAS) and
the downward longwave radiation at the surface. With the objective of
improving the parameterization of fractional cloudiness in general
circulation models, he has been using outputs of the NCAR-Pennsylvania
State University mesoscale model and studying the effect of spatially
averaging the variables on the cloudiness diagnosed with different
schemes.

William Randel's (Iowa State University) work is centered on the
study of planetary wave propagation from the troposphere to the
stratosphere in the Southern Hemisphere, and the dynamical mechanisms
involved in their growth and decay.

Susan Terebey (University of California, Berkeley) is working on
problems of low-mass star formation and the interstellar medium. In
an observational study of the global properties of cold interstellar
clouds in the outer Galaxy with co-workers Michel Fich (University of
Washington), Leo Blitz (University of Maryland), and Christian Henkei
(Max Planck Institute, Bonn, Germany), using the 115-GHz spectral line
transition of 12CO, they find that in contrast to the inner Galaxy,
most of the interstellar mass is contained in giant atomic hydrogen
clouds. This result suggests that clouds are formed by a global
instability in the galactic disk.

Terebey and Keith MacGregor (High Altitude Observatory) are
investigating the physical conditions that are favorable to the
development of solar-type winds around low-mass protostars.
Steady-state winds are found to require more energy than is
realistically available; related processes such as impulsive energy
deposition in the wind will be considered.

Stanley Tyler (University of California, Irvine) is measuring
stable carbon isotope ratios in atmospheric methane and some of its
sources. The results will be used to make methane budget calculations
and to determine the relative strengths of the individual sources.
Each source of CH4 should have a characteristic 13C/12C ratio in its
methane carbon. A weighted sum of all methane sources should have an
isotope ratio equal to the value for atmospheric methane, allowing for
any change in 13C/12C brought about by CH4 sink processes. Using a
Nuclide 6-60 RMS isotope ratio mass spectrometer, Tyler measured
13C/12C ratios in samples of methane from sources thought to be most
important, such as temperate zone marshes, rice paddies, termites, and
the Amazon floodplain.
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Termites have been studied by taking field samples from mounds of
several species of termite in South Africa and Australia. In
addition, termite colonies in the lab at NCAR have been measured in
controlled experiments to test the dependence of isotope ratio and CH4
production on termite diet and age of colony. Rice paddies are being
studied as a function of nutrient type, depth of water, temperature of
soil, water, and air in the rice paddy, and season of the year. A few
samples from Japan have been measured as well as several samples from
one entire growing season (1985) in northern California.

So far, although differences have been noted in 13C/12C ratios
between various sources as well as from varying conditions within a
particular source, all the sources tested by NCAR are depleted in 13C
with respect to atmospheric methane. This indicates either that not
all of the major sources have been found, that these sources are not
fully understood in terms of production and consumption of methane, or
that fractionation of CH4 in the sink process resulting in enrichment
of 13C methane is much larger than previously thought.

Michel Verstraete (Massachusetts Institute of Technology) worked
two-thirds time as a Scientific Committee on Problems of the Environ-
ment fellow for the Environmental Consequences of Nuclear War
project. During that time he participated in a number of inter-
national meetings on the nuclear winter issue, and helped the members
of the project produce a three-volume series on the subject. He also
finished his doctoral dissertation on the modeling of surface
processes, under the guidance of Robert Dickinson (AAP).

Harris Williams (North Carolina Central University) focused on
two principal problems during his appointment: (1) annual and
seasonal rainfall trends and variability in North Carolina, and (2)
rainfall and pressure relationships in the southeastern United
States.

ENVIRONIMENTAL AND SOCIETAL IMPACTS GROUP

The recent prolonged drought plaguing many parts of sub-Saharan
Africa has underscored once again the need to improve our understand-
ing of atmospheric processes as well as the impacts of these processes
on human activities. While developing countries in Africa have gained
the spotlight in 1984-85, clearly there are no regions of the earth
immune from the impacts of climate. It is equally clear that we have
much to learn about how to forecast, prepare for, mitigate, cope with,
or adapt to both favorable and adverse implications of climate vari-
ability.
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The research activities of ESIG are geared toward providing
insights into how societies might better understand and cope with the
interactions between human activities and atmospheric processes. In
FY 1985 we continued to focus our attention on El-Nino/Southern
Oscillation (ENSO) events and their teleconnections with more distant
climate anomalies, on the value and use of weather and climate-related
information for the improved efficiency of human activities, on the
perceptions of farmers in the American Great Plains about the re-
currence of drought in that region, on how drought affects the
economic development process in sub-Saharan Africa, and on under-
standing the ecological effects of acid deposition.

In addition to the normal research activities undertaken by ESIG
staff and in collaboration with researchers in the university
community, ESIG has been deeply involved in the networking process by
undertaking activities to create a network of climate-related impacts
groups in North America, and by seeking to bring together physical and
social scientists to address issues of national and international
concern, such as the drought and hunger in Africa.

The Use and Value of Weather and Climate-Related Information

Teleconnections. Glantz, Richard Katz, and Barbara Brown (visit-
ing scientist, Oregon State University), continued to work on the
teleconnections project. Katz concentrated on a study of the
statistical methodology employed to detect teleconnections (e.g.,
between El Nino events and climate anomalies such as droughts). In
particular, he identified several weaknesses in existing methodology
which suggest that the forecasting capability of such linkages may be
exaggerated. Brown has started to compile an annotated bibliography
of alleged teleconnections between El Nino and climate anomalies
(droughts, floods, etc.) that may have important societal impacts.
Glantz organized a workshop, at the request of the United Nations
Environment Program, on the worldwide effects of the 1982-83 weather
anomalies and their possible connections to ENSO events. The workshop
will take place in early FY 1986.

Decision-Analytic Estimates of the Value of Climate and Weather
Information. Katz continued a multiyear joint research project with
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.
Under the expected utility paradigm, Katz derived analytical relation-
ships between the quality and value of such information. For the
dynamic cost-loss ratio decision-making model, he was able to show the
exact nature of the nonlinear quality/value curve for an infinite-
horizon optimization problem witn discounting. Such theoretical
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results reinforce the need to study explicitly the value of climate
and weather information, rather than relying on quality as a
surrogate.

Weather and Climate Information for Farming. Thomas Stewart,
Jonathan Taylor (postdoctoral fellow onleave from the University of
Arizona's Office of Arid Lands Studies), and Mary Downton investigated
the use of weather and climate information in decision-making by
farmers. They have conducted a mail-back survey of farmers and have
interviewed extension service personnel in Colorado. The aim of the
project is to develop an interview procedure that will produce
descriptive decision models for specific crop production decisions.
Such descriptive models will be used to assess the use of currently
available information and the value of improved weather and climate
information. Thirty outstanding agriculturalists, through the co-
operation of tne Colorado Agricultural Leadership Council, have agreed
to participate in this research.

Impacts of Human Activities on Climate

Greenhouse Effect. In the area of the impact of human activities
on climate and the distinct possibility that mankind may be creating a
global climate change as a result of all the "greenhouse gases" we are
adding to the atmosphere, William Kellogg continued his effort to
describe the regional climate changes that may take place as the earth
grows generally warmer. It is necessary to have such regional
"climate scenarios," with particular attention paid to rainfall and
soil moisture, before any meaningful conclusions can be drawn about
the societal impacts of any climate change. The approach to the
development of regional climate scenarios is through a combination of
recreations of the climates of past warm periods, of the rainfall
patterns associated with the anomalously warm years or decades in the
recent past, and by climate model experiments. Kellogg is co-
principal investigator (with Warren Washington of AAP) of the multi-
year project, partially supported by the Department of Energy, to use
the NCAR Community Climate Model in a series of experiments to deter-
mine the effects of doubling atmospheric carbon dioxide. So far a
global climate scenario nas been developed by this combined approach,
indicating as the first approximation the areas which may become
wetter or drier as the earth grows warmer. Kellogg has also studied
three specific areas: Alaska, the southeastern United States, and
Minnesota.

Acid Deposition. Paulette Middleton completed an investigation
of the global distribution of agricultural areas especially vulnerable
to air pollution. Studies in the United States and Europe have shown
that air pollution can have a significant impact on crop yields
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through direct contact with plants and through increased acidification
of soils. These studies have also indicated that there are variations
in the responses of different food crops to air pollutants and dif-
ferent soils to acid deposition. Using these studies as a guideline,
Middleton estimated crop and soil sensitivities for 122 countries.
Specific regions where sensitive agricultural lands are downwind of
major pollution sources were identified as particularly vulnerable
areas.

Middleton increased her participation in the NCAR-wide Acid
Deposition Modeling Project (ADMP). During FY 1985, she initiated
evaluation studies aimed at demonstrating the ability of the project's
regional acid deposition model to describe episodes of acid deposi-
tion. She also developed the emissions data bases required to study
the impact on sensitive receptor areas of variations in emissions from
different source regions.

Perceptions and Judgments of Climatic Factors

Taylor interviewed 100 farmers from five states in the Ogallala
Aquifer region of the western Great Plains. Each interview investi-
gated the nature of the farming operations; the farmer's perceptions
about conditions of, and changes in, climate, weather, drought, and
the aquifer; and the farmer's present and anticipated responses to
these environmental changes. A portion of the interview was designed
to replicate certain aspects of a survey of farmers' perceptions of
drought in the Great Plains conducted by Thomas Saarinen in the mid-
1960s. Two additional projects, which integrate the survey results
with other information about the Great Plains, will be pursued. The
first, in collaboration with Ronald Lacewell (Texas A&M University)
and Kathleen Miller (economist, who will join ESIG in FY 1986), con-
centrates on the economic implications of the survey results for the
future of agriculture in the Great Plains. The second investigates
the relation between meteorological records and the perception of
droughts by farmers.

Networking

In addition to research activities and collaborative projects
with other universities, ESIG organized two important meetings in
FY 1985: the Networkshop and the Colloquium on Drought and Hunger in
Africa. The Networkshop was a workshop designed to evaluate the need
for the establishment of a network of groups, centers, and institutes
in North America involved in climate-related impact assessment
activities. The meeting, held 5-9 May, sparked lively discussions
about the need for and the use of climate-related impact studies. It
also stimulated interaction between groups that had not worked
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together before. The participants supported the idea of maintaining a
network using the groups present as the network nodes. The network
has since been opened up to individual researchers and others
interested in the interactions between climate and society. In add-
ition to a report of the May meeting, ESIG has compiled a directory of
groups, centers, and institutes involved in climate-related impacts
assessment. The directory has been widely distributed and will be
periodically updated. Furthermore, ESIG has initiated a network news-
letter which is also being widely distributed in the United States and
abroad.

In addition to their varied research activities and their
collaborative efforts with scientists from other divisions at NCAR and
from other universities and government agencies, ESIG members have
also continued to serve on several national and international
scientific committees related to the atmospheric sciences.

NATURAL SYSTEMS GROUP

Nuclear Winter

Starley Thompson's FY 1985 research on atmospheric effects of
nuclear war covered two principal areas of global model enhancement:

* Modifications were made to allow smoke to be transported as an
optically active aerosol. Simulations were performed with several
different initial conditions to examine the sensitivity of "nuclear
winter" conclusions to various scenarios. In general, it was found
that atmospheric effects were most pronounced during the summer in the
Northern Hemisphere and that some smoke could spread into the
stratosphere and be transported to the Southern Hemisphere in summer.

o Extensive modifications were made to allow an accurate treat-
ment of the scattering of solar energy by dark aerosol particles.
This was an improvement on the "pure absorption" approximation used by
general circulation modelers up to that time. Simulations indicate
that the realistic range of smoke scattering efficiencies produces an
uncertainty in surface temperature estimates of only about 2° C. In
addition, the CCM was used as a test bed for the incorporation of a
"gray" absorber approximation developed by Curt Covey (University of
Miami) for thermal infrared absorption by smoke. This first test of a
reasonably realistic infrared treatment in a global three-dimensional
model showed that nominal smoke infrared absorption could mitigate
surface temperature decreases by 25-30% compared to the usual simula-
tions which treat smoke as transparent in the thermal infrared.
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Potential for Life on Jupiter. Collaboration occurred between
Thompson, Carol Stoker (University of Colorado) and Penelope Boston
(University of Colorado) on the potential for microorganisms to sur-
vive and grow in the water clouds of Jupiter. They found that
terrestrial-like microorganisms could survive in the Jovian clouds if
the ratio of organism growth rate to vertical transport rate is suf-
ficiently large. Nutrient sources do not appear to be a limiting
factor, but ammonia toxicity could be limiting. A more comprehensive
model is under development to try to refine the estimate of the
minimum input of nutrients needed for viability.

Work with a Low-Resolution General Circulation Model (GCM).
Nuzhet Dalfes Rice University) and Thompson continued to collaborate
on analysis of very long (150-year) integrations of a low-resolution
GCM. Efforts are being made to understand the time spectrum of inter-
annual climatic variation as generated by synoptic-scale fluctuations.

Thompson is also on the American Meteorological Society Committee
on Climate Variations until January 1988.

Ocean-Atmosphere Coupling

Using their mean annual, globally averaged, coupled atmosphere-
ocean energy balance model, Danny Harvey (University of Toronto) and
Stephen Schneider investigated the effect on the transient climate
response to a step-function solar-constant increase of a variety of
asynchronous coupling methods. In asynchronous coupling, the atmo-
sphere is integrated with a fixed ocean temperature for a period Ta,
then the ocean is integrated for a longer period co with one of
several possible atmospheric assumptions, and the process is repeated
until equilibrium occurs. The assumption of a fixed atmospheric
temperature during ocean integrations, used in some atmosphere-ocean
(A/O) GCMs, leads to a large energy conservation error and a very slow
transient response compared to the synchronously coupled response.
Assuming fixed heat fluxes or a fixed atmosphere-ocean temperature
difference improves the transient response, but large errors still
remain. Assuming fixed turbulent fluxes subject to a time lag, or
extrapolating the trend in the atmosphere-ocean temperature difference
with a variable TO gives very good globally averaged results, but the
former metnod is of questionaD e utility in a non-globally-averaged
model as it involves large compensating errors in individual heat flux
terms. The alternative atmospheric boundary conditions investigated
using a simple mean annual model were also tested.

Using the seasonal, rather than the annual, version of the
Harvey-Schneider model to test asynchronous coupling techniques raises
additional questions. The occurrence of a seasonal cycle makes it
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necessary to integrate the atmosphere at least one year at a time in
order to recalibrate the entire seasonal array of atmospheric vari-
ables before each multiyear ocean model integration. However, with
such long atmospheric integration times it is no longer reasonable to
hold ocean temperatures fixed during atmospheric integrations. Harvey
studied this proDlem using asynchronous coupling schemes developed by
Syskuro Manabe at the Geophysical Fluid Dynamics Laboratory and by
Warren Washington (AAP), and employing the same range of atmospheric
boundary conditions used in the study with the annual model. This
problem leads to tne definition of a periodically synchronous coupling
mode, whereby atmosphere-ocean integrations of length ta years
alternate with asynchronous ocean integrations of length To years. A
periodically synchronous mode using a second-order Taylor series
extrapolated atmosphere-mixed layer temperature difference during
asynchronous ocean integrations was tested for a step-function solar-
constant increase; sinusoidal solar-constant variations with periods
of 100, 200, and 500 years; and a time-dependent CO2 increase. This
method was found to reproduce closely the synchronously coupled
results. Using X = 5 years and To = 20 years for the CO2 increase
gives only small temperature errors as compared to the synchronous
calculation while reducing potential problems associated with
stochastic variability during atmosphere GCM integrations.

Early Records and Earth History

John Eddy joined ASP in May from the High Altitude Observatory.
He spent the month of June as an exchange visitor in the Department of
Physics at the University of Durham, England, working with F. Richard
Stephenson on the analysis of early sunspot and auroral records from
the Orient. Of particular interest to them is a purported shift in
the location of tne north geomagnetic pole, proposed in 1968 by Mitsuo
Keimatsu and colleagues to explain patterns of auroral occurrence
found in Oriental annals from the late medieval period. Keimatsu's
group concluded that the position of the northern geomagnetic pole,
which has wandered through about 30 degrees of longitude during the
last 200 years to its present location near Baffin Bay, was shifted as
much as 180 degrees toward the Orient during the 11th and 12th
centuries, A.D., greatly increasing the frequency of auroral displays
in the Eastern Hemisphere. Earlier studies by Naoto Kawai had
proposed a similar shift to explain certain archaeomagnetic
observations.

Auroral anomalies in Oriental reports could be explained as well
by an increase in the strength of the magnetic moment, a change in the
level of solar activity, or sociological bias in the historical
annals. Eddy and Stephenson are attempting to distinguish between
these by the study of a number of other historical data sets,
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including sunspot and auroral reports from the Eastern and the Western
hemispheres, and from modern analyses of tree-ring carbon-14 and ice-
borne beryllium-10. Of initial interest at Durham was the compilation
of a new, critical catalog of Far-Eastern sightings of the aurora,
based on Chinese and Japanese records and on the particularly
extensive annals from Korea.

In December Eddy visited the Purple Mountain Observatory and the
University of Nanjing as a guest of the Academia Sinica to lecture and
to investigate the extent of sunspot and auroral records, and of
records of early climate, in the little-studied provincial histories
(fang chi) of ancient China. Tne library of the University of Nanjing
has the largest collection of these ancient histories, covering the
period since about 900 A.D. The collection, comprising many thousands
of volumes, record the histories of natural events noted in each of
the thousands of "counties" within the 29 provinces of modern China.

Global Change and the IGBP

Eddy has devoted most of his time to work on various committees
related to national and international interdisciplinary science
programs. The National Academy of Sciences Committee for an Inter-
national Geosphere-Biosphere Program (IGBP), which he has chaired
since 1984, completed its initial report in late 1985. He is also on
the three-member steering group of the equivalent Committee on Global
Change of the International Council of Scientific Unions. In July of
1985 he organized, with Harold Mooney, a Stanford University
biologist, an international workshop on Opportunities for Research at
the Atmosphere-Biosphere Interface, which was held in Boulder under
UCAR sponsorship, with support from NASA, the National Oceanic and
Atmospheric Administration, and NSF. The workshop attracted 28
national and international leaders from fields of atmospheric science
and biology; its aims were to explore the needs and mechanisms for
collaborative research at the interface between the two fields, with a
particular view to the requirements of impending national and inter-
national programs such as the IGBP. A report of the workshop will be
published by UCAR in early 1986.
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STAFF AND VISITORS

Division Staff

John Firor (Director)
Bernhard Haurwitz
Susan Henry (to 16 August 1985)
Pamela Lair
Barbara McDonald
Mary Rickel
Ursula Rosner
Walter Orr Roberts
Stephen Schneider (Visitors Program Head)
Betty Wilson

Environmental and Societal Impacts Group (ESIG)

Beverley Chavez
Mary Downton
Michael Glantz (Head)
Dale Jamieson, Adjunct Professor
Richard Katz
William Kellogg
Maria Krenz
Paulette Middleton
Jan Stewart
Thomas Stewart

Natural Systems Group (NSG)

Charles D'Ambra
John Eddy
John Firor
Shannon Payne (11 February 1985-30 September 1985)
Lola Pike (from 23 September 1985)
Mary Rickel
Stephen Schneider (Head)
Starley Thompson

Visitors

Barbara Brown, Oregon State University, 1 October
1985 to 31 January 1986, ESIG Scientific
Visitor; value of long-range climate forecasts

David Gates, University of Michigan, 1 October 1984
to 31 May 1985, ASP Scientific Visitor; atmo-
sphere/biosphere

L. Danny Harvey, University of Toronto, Canada,
28 May 1984 to 23 September 1985, ASP Student
Visitor; climate modeling

Gordon McKay, Canadian Climate Centre, Downsview,
Ontario, Canada, 17 October 1984 to
17 November 1984 and 5 May 1985 to 10 May 1985,
ESIG Scientific Visitor; climate impacts

Tracy Nishikawa, University of California at Los
Angeles, 1 July 1985 to 1 September 1985, ESIG
Student Visitor; hydrology and climate

Wang Shao-Wu, University of Beijing, People's
Republic of China, 1 September 1985 to
30 September 1985, ESIG Scientific Visitor;
climate variability and crop production

Graduate Research Assistants

Bryan Baum, University of Colorado; linear stability
analysis; Robert Dickinson, AAP

Penelope Boston, University of Colorado; nitrogen
budget of high Alpine region; Ralph Cicerone,
ACD

Stephen Bougher, University of Michigan; Venus
thermospheric circulation; Raymond Roble, HAO

Filippo Giorgi, Georgia Institute of Technology;
wet and dry removal of aerosols from the atmo-
sphere; Robert Dickinson, AAP

Alan Hills, University of Colorado; atmospheric
chemistry; 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 at Los
Angeles; mesoscale meteorology; Richard
Carbone, ATD

Linda Mearns, University of California at Los
Anneles, effects of technology and climate on
crop yields; Stephen Schneider, ASP

Steven Mullen, University of Washington; use of
community climate model to investigate wave
mean flow interactions of atmospheric circula-
tion regimes; Maurice Blackmon, AAP

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

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

Jennifer Robinson, University of California at Santa
Barbara; quantification of global biospheric
parameters; Anthony Delany and Patrick
Zimmerman, ACD

Jose Oribe Rocha de Aragao, University of Miami,
El Nino, monsoon precipitation over India and
Sri Lanka; Robert Chervin, AAP

Peter Stamus, University of Oklahoma; mesoscale
verification and predictability; Darrel
Baumhefner, AAP

Jenifer Tavernier, Cooperative Institute for
Research in the Environmental Sciences; bio-
genic emissions to the atmosphere of reduced
sulfur compounds; Patrick Zimmerman, ACD

Michel Verstraete, Massachusetts Institute of
Technology; biogeophysical processes in the
lower atmosphere; Robert Dickinson, AAP
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Jothiram Vivekanandan, Coloraao State University;
radar meteorology, electromagnetic scattering,
propagation; Richard Carbone, ATD

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

Postdoctoral Fellows

Mitchell Berger, Harvard University; soldr physics

Stephen Bougher, University of Michigan; Venus
thermospheric circulation

Christopher Bretherton, Massachusetts Institute of
Technology; theory of mesoscale and cloud-
scale phenomena related to convection

Christopher Cantrell, University of Michigan;
instrumentation for gas-phase pollutant
measurement

David Carruthers, Cambridge University, England;
turbulence, waves, and entrainment near an
interface; turbulence in cloud-free and cloudy
boundary layers

NUzhet Dalfes, Rice University; stratus cloud and
climate modeling

Mark DeMaria, Colorado State University; spectral
modeling with tropical cyclones

James Evans, Florida State University; fluid motion

Cassandra Fesen, NASA Goddard Space Flight Center;
effects of tides on thermospheric general
circulation and ionosphere models

Robert Glinski, University of Minnesota; detection
and reaction kinetics of atmospheric sulfur
species

Barbara Gray, University of East Anglia, Norwich,
England; effects of autocorrelation in
climatic data on the prediction ability of
statistical models

Brian Hanson, University of Minnesota; influence of
climate on ice sheets

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

Lin Ho, Massachusetts Institute of Technology;
turbulence theory

Xiude Ling, University of Colorado; stratospheric
interactions

Olivier Metals, University of Grenoble, France;
numerical modelin ,

Jean-Jacques Morcrette, University of Lille, France,
improving parameterization of radiative
transfer in large-scale numerical models of the
atmosphere

Michael Mozurkewich, University of Southern
California; measurements of sticking co-
efficients for reactive gases on aerosol
particles

Steven Mullen, University of Washington; use of
community climate model to investigate wave
mean flow interactions of atmospheric circu-
lation regimes

Venkatachalam Ramaswamy, State University of New
York at Albany; infrared radiative effects of
clouds and aerosols

William Randel, Colorado State University; observa-
tional studies of large-scale dynamics in the
Southern Hemisphere

Roy Rasmussen, University of California at Los
Angeles; cloud physics

Carol Stoker, University of Colorado; interplanetary
physics

Jonathan Taylor, University of Arizona; drought per-
ception and forest-burning practices

Susan Terebey, University of California at Berkeley;
star-formation processes

Stanley Tyler, University of California at Irvine;
methane emissions of the Amazon Basin

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

Pablo Vicharelli, Joint Institute for Laboratory
Astrophysics; atomic and molecular physics

Andrew Weinheimer, Rice University; cloud micro-
physics and cloud dynamics

Harris Williams, North Carolina Central University;
solar-terrestrial interactions

Maureen Wilson, University of Liverpool, England;
climate modeling/influence of land surface
processes
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Clouds play a fundamental role in most areas of atmospheric
science. They produce the precipitation for our planet; transport heat,
moisture, momentum, and contaminants throughout the troposphere; and
strongly influence radiative transfer. Understanding how clouds and
cloud systems work is essential for short-range forecasting, especially
of quantitative precipitation, and for improving regional and global
models of weather, circulation, climate, and chemistry. The Convective
Storms Division (CSD) studies clouds and cloud systems in the atmosphere,
emphasizing areas where the inadequacy of basic knowledge is most keenly
felt as an obstacle to the overall progress of atmospheric science.

The research program of CSD has concentrated on convective clouds
and storms, especially the formation and evolution of precipitation, and
interactions between storms and their mesoscale environment. The
strategy for progress is to actively combine field observations, theory,
and laboratory and numerical experimentation, with special strength in
observational studies that define how real clouds and mesoscale systems
work. These are a combination of large, cooperative efforts and smaller
programs.

As we gain greater understanding of individual storms, the need for
greatly improved knowledge of the way they interact with smaller and
larger scales becomes increasingly clear. CSD has, therefore, been
moving steadily into the study of cloud systems and their interactions
with their environment for many years. The problems of cloud systems are
important, difficult, and mostly unsolved. We need to know, for example,
how cumulus cloud populations mix with and modify their environment if we
are to parameterize their net effect in numerical models or understand
how they transport and transform chemical constituents of the tropo-
sphere. Large convective storms often become organized into mesoscale
convective systems, which are important both to local weather (rainfall,
floods, severe storms) and to global weather and climate (radiative feed-
backs and redistribution of heat, moisture, and momentum).

Participation in cooperative efforts, often national or internation-
al in scope, is at the heart of CSD's long-term research strategy and its
effectiveness on the national scene. A large portion of CSD's activities
cuts across internal administrative boundaries, and therefore this report
is organized by scientific topic and not by section.

SIGNIFICANT ACCOMPLISHMENTS

During FY 1985, the division continued to be deeply involved in the
analysis and interpretation of data from the Cooperative Convective
Precipitation Experiment (CCOPE, 1981), which is approaching its most
productive period. At the same time, activities related to the study of
mesoscale convective systems and cumulus cloud systems increased
somewhat, in accordance with long-term strategy. Significant
accomplishments during 1985, which often represent steps along a
multi-year path, include the following:
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* Cooperative Experiment in Mesoscale Convective Systems. CSU took
a significant role in the successful conduct of the field phase
of the Oklahoma-Kansas PRE-STORM (Preliminary Regional Experiment
for Stormscale Operational and Research Meteorology) during May
and June 1985. The data sets obtained will permit more
comprehensive study of mesoscale convective systems than
heretofore possible and will serve as an important learning
experience to apply to the planning of STORM-Central (one of the
planned regional phases of STORM). In addition to the types of
data collected previously in convective and mesoscale
experiments, airborne Doppler radar and wind profilers made
important contributions to the data base.

Microphysical Processes in Early Electrification. Initial data
analysis is under way for a cooperative experiment into the early
electrification of convective storms conducted during the summer
of 1984 in New Mexico. A limited number of case studies obtained
during CCOPE suggested the importance of certain microphysical
processes in this electrification process. It now seems likely
that the 1984 experiment will be able to add a substantial number
of cases relevant to the electrification question and that the
ice-ice interactions highlighted in the CCOPE study may well be
important in the New Mexico cases as well.

* Convective Processes in Hurricane Rainbands. A number of
hurricane rainbands have now been analyzed in detail. Previous
results pertaining to a convectively active rainband can be
contrasted with those from a far weaker rainband originally
thought to be stratiform. It is quite possible that negative
feedbacks exist between rainbands and the eyewall, such that
intense convection in one portion of a tropical cyclone can
induce effects that contribute to the weakening or dissipation of
convection elsewhere.

* Water Budgets of CCOPE Thunderstorms. A multi-year project to
assess the water budget and precipitation efficiency of CCOPE
thunderstorms has reached some important milestones. One major
hailstorm's water budget has been completed in detail, with some
rather surprising results. Some 50-75% of the condensate may
have been exhausted into the anvil, with less than 25% reaching
the lower troposphere as precipitation. The precipitation
efficiency in six other storms was also estimated and found to be
lower than previous studies had indicated for storms of such
large size.

Determination of Ice Water Content of Storm Anvils. Analysis of
processes within storm anvils has led to results that are
important for their own sake and contribute to the water budget
study cited above. It has been suspected that the charac-
teristics of ice particles within anvils are sufficiently differ-
ent from those in stratiform precipitation that one should not
use radar estimates developed in one to estimate the other. From
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data obtained in CCOPE anvils, a new relationship has been
derived between radar reflectivity and ice water content.

* Raindrop Shedding from Wet Hail. Earlier numerical models and
laboratory experiments indicated that the shedding of water drops
from melting hailstones might be an important source of embryos
for new hailstones in a CCOPE storm. The observational evidence
from that storm has now been analyzed and the inferences from
earlier work confirmed. This is the first time that the shedding
of l-mm drops has been documented as an important process in the
formation of hail, albeit for one case.

* Gravity Wave Interactions and Convective Initiation. Significant
progress was made in mode ing the dynamics of convection in an
unstable boundary layer and comparing the results with observa-
tions. The case in question is that of strong shear within the
boundary layer and its capping stable layer. Observations show
"thermal waves" in these conditions, well simulated by the
numerical experiments. Results suggest that the wind shear in
the boundary layer is crucial in coupling with layers above, a
finding with important implications for convective organization,
upshear growth of convective clouds, and initiation of convective
storms.

* Ice Nucleation at Warm Temperatures. Many investigators have
been puzzled by-ce crystal concentrations in slightly
supercooled clouds that are far in excess of observed
concentrations of ice-forming nuclei. Aerosol particles
collected over the central equatorial Pacific Ocean have been
analyzed, for the first time, in a way to test the process of
condensation-followed-by-freezing and its role in ice nuclea-
tion. The results indicate the presence of large concentrations
of organic particles capable of ice nucleation at temperatures as
warm as -4°C.

MESOSCALE CONVECTIVE SYSTEMS

PRE-STORM

From 1 May to 30 June seven NCAR scientists participated in PRE-
STORM, whose goals were to study the precursors, structure, dynamics, and
evolution of mesoscale convective systems as a dress rehearsal for the
larger, more ambitious STORM-Central, which is planned for 1990. Meso-
scale convective systems consist of deep convection, often organized into
a line, feeding an extensive region of stratiform cloud and
precipitation. Mesoscale convective systems are important because they
supply most of the warm-season precipitation in the United States,
because of their potential for causing severe weather and flash floods,
and because of their influence on the redistribution of heat, moisture,
and momentum through the troposphere.

Edward Zipser, director of CSD, along with Gary Barnes, Margaret
LeMone, Greg Stossmeister, and Edward Szoke of the CSD Mesoscale
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Interactions Group (MIG), worked out of Oklahoma City, where the
PRE-STORM aircraft were based. Taking turns with scientists from the
National Oceanic and Atmospheric Administration (NOAA), and Pennsylvania
State, Colorado State, Washington, and Oklahoma Universities, they served
as mission directors, flight directors, and airborne observers. Thomas
Matejka of MIG/CSD and David Parsons of the Atmospheric Analysis and
Prediction Division (AAP) aided scientists from Texas Tech University,
the University of Washington, and Oregon State University in collecting
radar data near Wichita, Kansas. The National Severe Storms Laboratory
of NOAA also operated a pair of Doppler radars near Norman, Oklahoma.

The experiment was highly successful, documenting about a dozen
mesoscale convective systems with combinations of ground-based dual-
Doppler radar, airborne Doppler, aircraft penetrations of the stratiform
regions of the mesoscale systems, intensive rawinsondes (up to one each
90 minutes at each station), and surface mesonetworks operated by NCAR
(Portable Automated Mesonets) and NSSL (Stationary Automated Mesonets)
and placed at roughly 50-km intervals. This was the first time that
coordinated Doppler radar scans emphasized the mesoscale aspects of the
systems, providing a unique data set. Experience was also gained in
coordinating airborne Doppler radar with dual ground-based radars; a
considerable amount of cloud-physics data was collected by the aircraft,
in coordination with the surface radars.

Matejka and Robert Houze (University of Washington) are investi-
gating a squall line observed during PRE-STORM on 11 June 1985. This
line was intense and resembled closely the mature squall-line systems
documented by Zipser and Houze in GATE (the GARP Atlantic Tropical Exper-
iment--GARP is an acronym for the Global Atmospheric Research Program).
Airflow and pressure gradient analyses are beginning to be performed
using Doppler radar data. Preliminary results show two interesting
features. The shear zone between the descending rear-to-front flow at
low levels in the stratiform region and the ascending front-to-rear flow
above was exceptionally sharp in this case, suggesting that
frontogenetical dynamics may be important in the stratiform region of
squall lines. In addition, the squall line, although it appeared two-
dimensional in radar reflectivity for a length of over 100 km, was far
from two-dimensional in its mesoscale airflow. In particular, signifi-
cant divergence occurred in the component of wind parallel to the line in
the middle levels of the stratiform wind where the wind field was in the
net convergent. It is anticipated that several MIG scientists will join
in the studies of various aspects of this system, including its momentum
transport and the effects of environment on its structure and evolution.

GALE

Matejka has taken part in the planning of the Genesis of Atlantic
Lows Experiment (GALE), culminating in the experiment itself early in
1986. He is the chair of the radar group, which is responsible for the
design of the radar network and the radar scanning procedures. He has
proposed an experiment in GALE in which the percentage of nesoscale
vertical fluxes accomplished by convective cells will be determined in
several mesoscale rainbands.
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Radar Scan Selection Model

As a result of his participation in the planning of the radar scan-
ning strategy for PRE-STORM, Matejka has designed a radar scan selection
model that can guide future improvements in radar control systems and
that should facilitate decision making in large field projects such as
GALE and STORM-Central. This design separates the scan selection proce-
dure into three parts: the design of a scan algorithm before the field
program, the specification of utility functions for each scientific ob-
jective before the field program, and the selection of meteorologically
interesting features during the field program. The advantage of this
organization is that the task of "optimizing" the radar scans (e.g.,
trading off between time resolution and beam spacing) can be completed
for each research objective by the researchers who are interested in that
topic and choices can be consistently and automatically made at each
radar in the network for the same objectives, despite the differing capa-
bilities of the various radars.

TAMEX

LeMone has been active on the Experiment Design Conmnittee of the
Taiwan Mesoscale Experiment (TAMEX), planned to take place in Taiwan in
May and June of 1987. Zipser and L. Jay Miller of CSD have also been
involved. A primary objective of the experiment is to increase under-
standing of the flash floods that often plague Taiwan during the season
that the Mei-Yu Front lies over the region. The U.S. participants have
related goals: to understand the dynamics of the Mei-Yu Front, to better
understand the mesoscale convective systems that form along the front,
and to better understand the effects of Taiwan's topography upon the
front and upon associated mesoscale convective systems.

LeMone is overseeing the aircraft component of the experiment;
Parsons (AAP) is organizing the Doppler radar portion; and William Kuo
(AAP) is the overall coordinator of the TAMEX U.S. investigators. It is
currently planned that the Doppler-equipped NOAA P-3 and the NCAR King
Air will fly in patterns whose specific goals cluster roughly evenly
around the three major TAMEX objectives. As many of the flights as prac-
ticable will be within the range of coordinated dual-Doppler radar scans
at the northern part of the island. Since it appears that Taiwanese
nesoscale systems can be penetrated by aircraft, TAMEX offers the first
opportunity to compare in-situ wind, pressure, and thermodynamic measure-
ments with those retrieved from the Doppler data. Other flights are
planned to study the microphysics and dynamics of the systems as they
interact with the Taiwanese mountains, the evolution of structure along
the Mei-Yu Front, the structure of mesoscale convective systems over the
open ocean (for comparison with those in other parts of the world), the
interaction of fair-weather airflow with Taiwan's terrain, and the
evolution of the boundary layer in the vicinity of the front.

STORM

Early in FY 1985, the focus of national activities leading toward
STORM-Central shifted from an informal interagency team, chaired by
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Zipser, to the newly formed National STORM Program Office. This office,
headed by Rex Fleming in 1985 and William Hooke beginning in February
1986 and housed in NOAA, is responsible to the Subcommittee on
Atmospheric Research, an interagency body chaired by Eugene Bierly of the
National Science Foundation (NSF). Zipser arid many others at NCAR have
contributed to the evolution of the STORM plans and have had numerous
interactions with the STORM office during the year. New budgets have
been prepared to reflect the current agency funding situation, and the
scientific plans have been updated in the light of recent events such as
PRE-STORM and the development of the NOAA wind profiler, with advice from
working groups recently appointed by the STORM office and the Panel on
Mesoscale Research of the National Academy of Sciences/National Research
Council Board on Atmospheric Sciences and Climate, chaired by Richard
Anthes (AAP).

Mesoscale Convective Systems in CCOPE

Matejka is analyzing mesoscale convective systems that were observed
during CCOPE on 1 June and on 17 July 1981. The 1 June case was a con-
vective system in which the mesoscale circulation and its accompanying
stratiform precipitation were in the process of formation. Doppler radar
data show that the characteristic branches of the mesoscale circulation
(involving divergence below the melting layer and convergence ir middle
levels) first appeared in those regions where the precipitation was most
intense, that is, where the heating and cooling caused by the phase
change of water were strongest.

In the past, the Inesoscale circulation has been observed only at
maturity or by compositing data assuming a steady state. This is the
first time the mesoscale circulation has been observed in the process of
acceleration, and the data support the hypothesis that the mesoscale cir-
culation is driven by microphysical processes. Mesoscale Inicrophysical-
dynamical interactions are therefore likely to be of importance in these
systems.

In the 17 July case, Doppler radar data are being used to examine
the life histories of two thunderstorms in the convective line to study
the interactions of the convective scale and the mesoscale. The thunder-
storms developed ahead of the active line. As they matured, the line
propagated forward through them. When the thunderstorms dissipated, they
merged into the stratiform rain area to the rear of the convective line.
As they dissipated, their condensate was detrained through a deep layer
to the rear as they approached the pressure trough at middle levels
behind the line; this pressure feature was first observed by LeMone in
tropical convective lines. The convergence into this pressure trough was
especially pronounced behind each dissipating thunderstorm and indicates
that the pressure trough, although a mesoscale phenomenon, is associated
most strongly with the individual convective elements in the line.

Mesoscale Convective Systems in Hurricanes

Barnes and Stossmeister (both of MIG) have completed their analyses
of a rainband in Hurricane Irene. Rainbands are currently a research
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topic in the MIG because they are Inesoscale convective systems that are
fundanental components of hurricanes, but their structure and their
effect upon storm intensity and course are unknown. Barnes, Zipser,
David Jorgensen [Weather Research Program (WRP)/NOAAJ, and Frank Marks
[Hurricane Research Division (HRD)/NOAA] had previously found that the
principal rainband in Hurricane Floyd acted as a barrier to the low-level
inflow heading toward the eyewall, and the convection in the rainband
redistributed the air so as to cause a 10 K decrease in equivalent poten-
tial temperature in the subcloud layer. These results suggested that a
rainband that contained vigorous convection could act as a negative feed-
back mechanism limiting the intensity of the convection in the eyewall
region.

With the results of the Hurricane Floyd study in mind, the goals in
analyzing the Hurricane Irene rainbands were:

1) to ascertain the kinematic, thermodynamic, and reflectivity
structure of the rainband; and

2) to determine if weaker rainbdnds with a Inore stratiforin
character modify their environment in such a way as to affect
storm scale intensity.

The two NOAA WP-3D aircraft completed sixteen flight legs through a
rainband SSW of the circulation center of Irene from 150 - 4,600 m MSL
over three hours. During this time, Irene had a minimum central surface
pressure of 95.9 K Pa, maximum winds of -54 m/s and was moving NNE at
4.9 m/s. The storm, like Floyd, had an asymmetrical reflectivity struc-
ture in contrast to the concentric reflectivity structure of Hurricane
Allen. It is currently believed that the outer convective ring in storms
like Allen evolve into new eyewalls and cause the inner convective ring
to collapse.

Reflectivity measurements of the rainband showed that the feature
was stationary with respect to the circulation center but weakened con-
siderably during the period of observation. The rainband, which rarely
contained reflectivities in excess of 35 dB(Z), collapsed along its inner
edge and eventually covered a region only half as large as it did
initially. Cellular structure was present throughout, suggesting that
the rainband was never purely stratiform.

The aircraft flight legs were combined to produce thermodynamic and
kinematic cross-sections (height vs radial distance from the storm circu-
lation center) for the early and late stages of the observation period.
The thermodynamic cross-sections revealed the following structure:

1) Little or no change of 9e was detected in the subcloud layer
under the weak convection of the rainband; 0e increased with
decreasing radial distance, suggesting isothermal expansion as
the dominant process in the lowest 2,000 m.

2) The air between the rainband and the eyewall was much warmer and
drier than the air outside (farther SW) of the rainband.

113



CONVECTIVE STORMS DIVISION

Dewpoint depressions exceeded 5°C inside the rainband but were

-1°C outside.

3) Strong contrasts were found in the static stability between the
inside and outside of the band; between the eyewall and rainband
the air was stable, but outside of the rainband, there existed a
modest amount of convective available potential energy.

4) 0e values aloft decreased in the rainband with time,
reflecting the weakening of the convective elements.

The kinematic cross-sections showed a dramatic change in the radial
wind component, whose convergence is responsible for the convection and
precipitation in the hurricane vortex. During the early stage, the low-
level flow entering the convergence zone associated with the rainband was
entirely from the outside (farther SW beyond the rainband). In the late
stage, approximately half of the flow entering the now-weaker convergence
zone was from the inside (between the eyewall and the band).

The rainband in Irene was found to be the location of the absolute
maximum of tangential wind (VT) in the SW quadrant of the hurricane.
As the rainband weakened, the maximum found in the midtroposphere
decreased by -10 m/s. This coincided with a relaxing of the strong
radial pressure gradient that had earlier been associated with the rain-
band, to the background pressure gradient at this level associated with
the hurricane vortex.

Barnes and Stossmeister believe that the rainband collapsed because
statically stable air was ingested into its inner edge. The radial wind
component fields show that the air between the eyewall and rainband was
divergent. This is consistent with the subsidence implied by the
region's thermodynamic structure, which is reminiscent of that in the
wake of tropical cloud lines, where divergence was measured and sinking
inferred. In both cases, light rain was falling from elevated cloud
layers, cooling the air through evaporation and presumably causing subsi-
dence. A second potential cause of subsidence is implied by the results
of a numerical simulation of a translating hurricane done by Lloyd
Shapiro (HRD/NOAA), which suggests that storm motion can cause strong
asymmetries in the wind, with subsidence and radial outflow in the SW
portion of northward-moving hurricanes.

The Floyd and Irene rainband studies now point to negative feedbacks
that can flow in either direction. Not only is it possible that a
rainband have a negative effect on convection in the eyewall, but
convection in the eyewall or elsewhere may alter the environment of a
rainband and cause the rainband's convection to weaken.

The concepts developed in the Floyd and Irene studies are being
further refined by the study of two rainbands in Hurricane Raymond.
LeMone has begun preliminary analysis of these two rainbands, which were
documented by the two NOAA P-3s in 1983. These rainbands bear a strong
resemblance to the convective bands observed in GATE, with a well-defined
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line of convection feeding a more extensive region of stratiform
precipitation. In both cases, the bands are yrowing on their outward
sides, with strong convergence, particularly near the surface, feeding a
well-defined updraft that tilts in toward the center of the hurricane.
Beneath this updraft is subsiding air that flows outward from the hurri-
cane's center. Unlike hurricane bands at smaller distances from the cir-
culation center (these bands are at about 140 and 180 km, respectively),
the updraft does not tilt outward at upper levels.

These conclusions are based on a preliminary analysis of flight-
level winds by Stephen Jascourt (visitor, University of Wisconsin), on
preliminary cross-sections of Doppler-derived radial winds (relative to
the aircraft) produced by Jorgensen (WRP/NOAA), and on composite Doppler
wind displays (unfolded but as yet unedited) produced at the Hurricane
Research Division of the Atlantic Oceanographic and Meteorological
Laboratory of NOAA in Miami by Frank Marks and John Ganache.

The hurricane studies have been aided by an improved algorithm for
calculating the vertical wind developed for NCAR by LeMone with the help
of James Leise of the NOAA Office of Aircraft Operations, who had been
developing a similar scheme for NOAA. The method combines the high-
frequency inertial navigation system (INS) signal with the low-frequency
radar altimeter data, which have the stability the INS lacks for longer
time periods. The result has been an improved vertical velocity signal
with a turbulence spectrum that more closely matches theoretical
expectation.

Finally, Stossmeister and Edward Szoke (CSD) participated in rainband
experiments during Tropical Storm Isabel in October 1985. The
information gathered in these experiments will help MIG to assess how the
environment is modified as a storm vortex intensifies to hurricane
status. Preliminary results suggest that the convective available
potential energy is much larger during the development of the vortex.

THUNDERSTORM WATER BUDGETS AND PRECIPITATION

Moisture Budgets and Precipitation Efficiency of Convective Clouds

The moisture budget and precipitation efficiency of convective
clouds are germane to a number of important meteorological problems
including quantitative precipitation forecasting, cumulus parameteriza-
tions, and evaluation of the effects of weather modification. Their
study, therefore, continues to receive emphasis in the analysis of the
CCOPE field data. The topic of precipitation efficiency (conventionally,
the ratio of surface rainfall to water-vapor inflow) is a part of the
more general CCOPE objective of determining the overall moisture budgets
of convective clouds. Only one or two storms were observed in the detail
required to evaluate the moisture transports in all of the important
branches of the storms' circulation. Harold Frank (CSD) has combined
airflow and moisture measurements from aircraft, surface and upper-air
mesonetwork data and readings from a number of Doppler radars to
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determine the moisture budget of the quasi-steady unicellular storm of
1 August 1981. Andrew Heymsfield (CSD) and Alice Palmer (visitor from
Colorado College) derived a method of estimating the mass concentration
in thunderstorm anvils from reflectivity measurements, based on
penetrations of anvils from the Sabreliner aircraft. James Fankhauser
(CSD) employed measurements collected from the Queen Air aircraft flying
near cloud base and from surface instruments to estimate the transport of
water from the subcloud layer.

The 1 August storm contained a vigorous updraft with maximum speed
of 40 m/s. The relative flow in the updraft core of the storm was
essentially vertical, and large hail was produced. In the convective
region of the storm, air was transported out of the lower atmosphere
(below 5 km MSL) and into the upper atmosphere at the rate of 700 kt/s
(7 X 10O kg/s). The upward transport of 6.5 kt/s of water mass resulted
in condensation aloft at the rate of 6 kt/s. Aircraft measurements of
the cloud base indicate that approximately 4.5 kt/s ascended into the
storm in the main updraft region, with the additional 1.5 kt/s being
associated with secondary updrafts revealed in the Doppler-derived
airflow.

The data indicate that 3 kt/s of water mass was exhausted aloft in
the form of vapor. An additional 2 kt/s of water exited from the storm
in the form of ice particles destined to evaporate aloft. Thus, more
than 75% of the water mass transported aloft flowed out of the storm into
the upper layer of the storm environment, with less than 25% (1.5 kt/s)
reaching the lower layer in the form of precipitation.

Precipitation estimates based on accepted reflectivity-rainfall
relations, even when vertical air motion is accounted for, would indicate
a much larger rate of precipitation than is indicated by the analysis
just described. However, the result quoted here assumes the presence of
substantial quantities of hail in the high-reflectivity region of the
storm, which is confirmed by surface observations and dual-wavelength
radar data. One of the advantages of the 1 August CCOPE data set is that
the estimate of water outflow aloft can be used to reduce the reliance on
radar reflectivity measurements to estimate rainfall.

The precipitation rate of 1.5 kt/s includes some mass that must
evaporate during the descent through the lower atmosphere to the ground.
The measurements are not adequate to determine how much evaporation takes
place, and continuing work attempts to estimate its magnitude.

Evaluation of precipitation efficiency requires a measure of only
two components of the convective-cloud water budget, the influx of water
vapor through cloud base, and the time-resolved stormrwide rainfall.
Fankhauser has assembled data for a sample of seven individual thunder-
storms studied in CCOPE, where a significant portion (> 1 hr) of the
precipitating stage was continuously monitored by research aircraft at
the cloud base and by the well-calibrated NCAR CP-2 10-cm radar. The
aircraft data were objectively analyzed to obtain quasi-independent
estimates of vertical water vapor influx at intervals of 15 to 30
minutes. Since time-resolved surface rainfall data were not consistently
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available at an adequate density in CCOPE, it was necessary to resort to
an analysis of radar reflectivity vs rain rate for estimating surface
rainfall. The radar measurements were taken near cloud base so that data
taken from a constant height were available even when storms were at a
considerable distance from the radar.

Results from the inflow analyses indicate that a significant portion
of vertical moisture flux may have been undetected in previous work. For
a selected case, it was found that nearly 40% of the vertical moisture
flux occurred in updraft velocities of 2 m/s or less. Widely referenced
earlier work on precipitation efficiency was based on aircraft
instrumentation that had a resolution threshold of about this magnitude.
Comparison of inflow resolved through multiple-Doppler analyses with the
present aircraft measurements indicate that in some cases a significant
portion of the area of cloud-base updraft may not have been observed from
the aircraft flight patterns chosen. In some instances the unobserved
portion amounted to 40% of the total. Techniques for subjective
extrapolation were developed to improve inflow coverage, but even after
such adjustments the moisture inflow was still probably underestimated in
most cases.

Reliance upon radar-derived rainfall measurements involves several
uncertainties that, when combined, are likely to lead to an overestimate
of surface rainfall. These include failure to account for the presence
of non-Rayleigh scatterers, potential evaporation of rain between cloud
base and the surface, and the fact that vertical flux fields frequently
extend well into regions of high reflectivity. When combined, these
factors would probably override any underestimates caused by failure to
account for downdrafts at the level of radar measurement.

Temporal variations in the water vapor inflow and rainout histories
produce precipitation efficiencies that also vary in time. The ideal
situation would be one that permits integration of water vapor inflow and
surface rainfall over the entire lifetime of the storm, but even with the
most complete data sets this is usually impossible. For the CCOPE data,
inflow and rainout were integrated over the period of aircraft surveil-
lance to obtain precipitation efficiencies thought to be representative
of the mature storm phase. The average value of 30% for the storm sample
as a whole is fairly low compared to most previous work. However, the
previous estimates are likely to be high in view of the tendency for
inflow to be underestimated and for rainfall to be overestimated.

Given the large uncertainties in inflow and rainout assessment, com-
parison of storm efficiency with environmental parameters could not be
expected to produce fruitful predictive indicators. Fairly strong
correlations found between trends in cloud-base inflow and areally-
averaged moisture flux convergence at the surface do, however, suggest
that mesonetwork observations might provide an effective alternative to
direct cloud-base flux measurements, provided the proper scaling factors
can be determined for extending results at the surface vertically through
the subcloud layer.
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Dual Polarization and Numerical Modelinj.

Polarization diversity radars have the potential for contributing to
the solution of the problem which has proved to be the most vexing one
standing in the way of good estimates of precipitation efficiency:
accurate determination of precipitation rate. V. Balaji joined CSD late
in 1985 as a doctoral student from Ohio State University. His thesis
topic is to relate numerically simulated clouds, which include the
physics of hail growth, to dual-polarization radar observations as
developed by Thomas Seliga (Pennsylvania State University) and others.
This work will add to our understanding of how observations of
differential reflectivity in cumulonimbus can be interpreted in order to
differentiate between regions of rain, graupel, and hail.

Dual Polarization and Hailstone Shapes

Nancy Knight (CSD) has measured the long and short axes of
hailstones from three geographical areas: northeastern Colorado, central
Oklahoma, and central Alberta. The results of these measurements show a
decreasing symmetry with increasing size; shapes are different for
different areas, indicating that "hail signatures" from polarization
diversity radars may also be different for different areas, especially
for small hail, and thus more complicated and less general than ;lay have
been hoped.

Thunderstorm Anvils: Particle Growth and Radar Reflectivity--Ice-Water
Content Relationships

Considerable progress has been made in determining one important
component of the thunderstorm water budget: water leaving the storm as
an "exhaust product" in the anvil.

Particle Characteristics and Aggregation in the 1 August CCOPE
Storm. Measurements acquired bythe NCAR Sabreliner and from a multiple-
Doppler radar synthesis have been used by Heymsfield to investigate
particle-growth processes in the anvil region of a severe thunderstorm
during CCOPE. The storm investigated (1 August 1981) deposited baseball-
sized hail on the ground and maintained a unicellular and quasi-steady
character over the observation period. The aircraft measurements,
obtained in mid- to lower-anvil levels at tenperatures from -25°C to
-36cC, showed that the size spectra broadened with decreasing altitude,
yet ice water content values and other measurements indicated that this
portion of the anvil was an evaporative zone. The observed crystal
growth was due to crystal aggregation, allowing particles to develop to
sizes as large as 1 cm. The observation of aggregation in these
conditions is contrary to laboratory measurements showing that
aggregation does not occur at temperatures below -4°C in evaporative
conditions. Conditions in anvils are evidently favorable for
aggregation, since the large ice mass present along with the diversity of
crystal forms and degree of riming evidently promote particle collisions
and crystal interlocking. With aggregation, increases in the size of
some particles with distance downwind from the updraft core occurs,
contrary to previous assumptions that did not consider growth at these
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temperatures by this process. Aggregates have the effect of lowering the
anvil base and modifying the relative humidity fields in the lower levels
of the atmosphere, since these large particles have a high fall speed and
evaporate more slowly than nonaggregated anvil crystals.

Growth histories and trajectories of the anvil particles have been
calculated using the Doppler windfield measurements and have been
compared to the aircraft hydrometeor measurements. These calculations
show that particles forming the outer flanks of the anvil initiate in the
upwind (relative to the midlevel-wind) portions of the updraft and grow
larger than those forming the inner anvil region, which initiate in the
updraft core and further downwind. Therefore, the location and size of
particles relative to the anvil axis is strongly influenced by the
initial particle position.

Development of a Relationship between Ice-Water Content in Anvils
and Radar Reflectivity. Data obtained from the Sabreliner on anvils
associated with six other thunderstorms have been analyzed by Heymsfield
and Palmer. One of the most important unknown factors in the anvil
regions is the ice-water content, which is necessary in estimating water
budgets in thunderstorms. The mean ice-water content for all anvils
investigated was about 0.2 g/m3, but values as high as 3 g/m3 were
measured. The high ice-water content values were found primarily in
updrafts in the anvil. Relationships between radar reflectivity and ice
water consistent for each of the investigated storms were derived using
the data from aircraft and radar, based upon an approach that reduced the
errors implicit in other approaches. Ice-water content values predicted
from the curves for most of the storms investigated were about the same
for a given value of the radar reflectivity factor. Derived curves
differed significantly in some cases from those applied to thunderstorm
anvils in the past. They demonstrated that the specific curve used to
derive the ice-water content has a major effect upon the estimate of the
mass transported into the anvil, demonstrated from one of the cases where
wind fields were measured using Doppler radar.

Heymsfield and Palmer used the reflectivity/ice-water content
relationship derived for the 1 August 1981 case in conjunction with the
measured horizontal wind fields in the anvil to estimate the ice mass
transported into the anvil. They found that the total mass flux was
about 1.4 kt/s, which, when compared to the mass flux at cloud base from
aircraft measurements, represents about a third of the total storm
condensate. The vapor flux contributed about an equal amount, indicating
that most of the storm condensate was transported into the anvil. The
proportion of the storm condensate for the six other cases they
investigated is now being derived using a similar procedure.

Ice and Snow Crystal Investigations

In the third season of a projected five-year project, N. Knight and
Heymsfield have been measuring the fall velocity and mass of
naturally falling snow crystals. In addition, the shapes of the snow

119



CONVECTIVE STORMS DIVISION

crystals are being comnpared with images of the same crystals obtained
froin Particle Measuring Systems (PMS) 21J-C and 2U-P imdgiing probes. When
this project is complete, it will result in more accurate determinations
of ice-water content in anvils (see above), as well as contributing to
studies of ice-particle distributions and the radiative feedbacks of ice
clouds.

One of the PMS probes is set up in the cold room under an opening in
the roof, through which the snow crystals fall. Crystals passing through
the probe sensors are collected, either individually on a strip of velvet
or in a sample dish filled with cold hexane. Individual crystals are
transferred to sample dishes. The method of sampling depends upon the
rate at which the snow is falling.

The velocity of the falling snow crystals is determined from
photographs taken with a series of synchronized strobe lights. The snow
crystals that have been collected are photographed in hexane, melted,
still in the hexane, and the resultant drops photographed. The size and
type of the crystals are determined from the photographs and their mass
fromn the diameters of the melted drops.

At present, PMS probes are the standard cloud physics instruments
used to obtain information on crystal habits as well as on particle size
and phase, which are measured from aircraft within clouds.
Interpretation of 2D probe imaging data has been both difficult and often
highly subjective, and this series of experiments was designed to
contribute to standardization of such data through comparison and
cataloging as well as to obtain information on the velocity and mass of
falling snow crystals. During the past season ('84-'85), the work has
been funded in part by NASA through its First International Satellite
Cloud Climatological Project Regional Experiment. NASA's interest is
confined primarily to crystals from cirrus clouds and to development of
computer programs to be used in classification of particle habits from 2D
probe images. This funding is expected to be continued through the
'85-'86 season.

Organization of Field Measurements and Development of Software for Data
Anialys i s ~

One of the fundamental purposes of CCOPE was to assemble a
comprehensive data base on convective clouds using the fullest possible
array of meteorological measuring systems. During the three month period
of operation, approximately 300 billion bits of information were recorded
on magnetic tape for later reduction and analysis. Principal data systems
utilized during CCOPE included 8 ground-based radars (7 of which had
Doppler capability), 12 instrumented aircraft, 123 surface mesonet
stations, and 6 rawinsonde sites. Over the past year, CSD scientific and
technical staff have finished a number of projects associated with the
organization of these measurements. These include the documentation and
correction of all instrument-related biases and the implementation of
software packages that enable CCOPE participants to readily access and
analyze the resultant data base on the CRAY-1 computers at NCAR.
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Radar Volume Scans and Multiple Doppler Analysis. Miller and
William Roberts (CSD) examined radar observations from every day of
interest and produced a catalog summarizing the attributes of over 5,000
volume scans. The preface to the catalog describes the characteristics
of each radar's data set and discusses problems in accessing the
measurements. In an effort to facilitate the construction of
Doppler-derived wind fields, Miller, Carl Mohr, and Andrew Weinheimer
(all of CSD) implemented an automated statistical editing procedure that
enables analysts to circumvent most, if not all, of the time-consuming
interactive editing required in the past for preconditioning the radial
velocity estimates. Using this new technique, CCOPE analysts have
routinely produced continuous three-dimensional wind fields depicting the
kinematic evolution of storms over observational periods of two to three
hours.

Aircraft Data Intercomparison and Calibrations. Cleon Biter (CSD)
used data from tower fly-bys and multiple aircraft intercomparisons to
refine the calibrations of the research aircraft. As a result of his
efforts, the confidence limits placed on the airborne sensors are well
within the laboratory-derived tolerances and (X,Y) positioning errors
have been reduced to less than 100 meters. Working with these highly
accurate measurements, Fankhauser and Robin Vaughan (CSD) developed a
procedure for remapping the time-series reports to a horizontal Cartesian
coordinate system, thereby generating a two-dimensional product that can
be combined with the Doppler wind fields.

Objective Analysis of Surface Mesonet Data. One inherent
shortcoming of a large, automated surface network for collecting
meteorological data is that personnel cannot regularly visit each site
and compare the instrument readings to an independent standard. In
response to this problem, Charles Wade (CSD) developed an original
technique that systematically quantifies mesonet instrument biases
without having to rely on baseline reports. The scheme was used to edit
out unreliable data and to refine the remaining measurements to within
the prescribed accuracy of the sensors. In parallel with Wade's efforts,
Fankhauser and Mohr constructed a system for objective analysis that
interpolates the mesonet reports to the same Cartesian coordinate
structure as the remapped aircraft and Doppler observations.

Rawinsonde Data Organization. Although the rawinsonde network for
CCOPE did not acquire information at spatial and temporal scales
comparable to the other three data systems, upper-air soundings
nevertheless provide a unique profile of the convective environment.
Mohr organized the rawinsonde data set and developed software for
analysis that enables researchers to examine and modify the
characteristics of individual soundings.

Retrieval of Storm Pressure Fields from Aircraft Measurements.
LeMone and Lesley Julian (CSD) have completed the development of their
algorithm to measure the pressure field in the vicinity of cumulus to
cumulonimbus clouds and are shortly going to submit it for publication.
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The method, described in last year's Annual Scientific Report, is
designed to obtain data on pressure fields on the convective to
mesoscales from aircraft flying over complex terrain. The pressure
deviation is proportional to the "D-value," which is equal to the
aircraft altitude minus its pressure altitude.

Analysis of aircraft self-calibration maneuvers during the past year
has revealed that errors due to sideslip and angle-of-attack fluctuation
are of the order of one to two meters for attitude angle variations of
around 3>. Since only the angle of attack systematically varies (along
with the true air speed) in the vicinity of the interesting pressure
features so far observed (which are also associated with updrafts),
empirical corrections have been performed for angle-of-attack
variations. The analysis of aircraft "porpoising," or pitch maneuvers,
for which the aircraft altitude is varied sinusoidally, has resulted in
the discovery of the pressure-sensor time lag and the decision to use the
standard atmosphere rather than the National Advisory Committee for
Aeronautics standard atmosphere to calculate pressure altitude.

The refined D-value measurement technique has been applied to the
21 July CCOPE cloud documented by Barnes (see the analysis of CCOPE
data below). The refinements did not change the qualitative results but
probably improved the absolute accuracy of the D-value measurement to
within a few meters (tenths of a millibar). One sees the pressure field,
as in the earlier cases, about 90 out of phase with the updraft feeding
the cloud base, with the vector from high to low pressure corresponding
roughly to the cloud's direction of propagation. The pressure-updraft
relationship is consistent with a model simulation of Richard Rotunno and
Joseph Klemp (AAP) and has been explained heuristically through a linear
analysis of the momentum equations by the same researchers.

Integration of Multi-Platform, Multi-Parameter Data Sets.
Interpolated measurements from the radar, aircraft, and mnesonet data
systems are merged into a unified digital description of the storm
environment using a software package called CEDRIC developed by Mohr,
Miller, Vaughan, and Frank. Additional facilities in CEDRIC include a
comprehensive set of mathematical tools for manipulating the information
in these composite data structures and a wide variety of display types
for examining the results. All the data processing algorithms discussed
in this section use the same command syntax and are accompanied by
easy-to-read user guides that include sample command streams and
descriptions of data sets. These procedures and their supporting
rationale are formally documented in three journal articles accepted for
publication in 1985.

THUNDERSTORM HYDROMETEOR EVOLUTION--HAIL GROWTH AND TRAJECTORY STUDIES

Particle Growth Studies in Major Hailstorms

One of the division's major research goals is to identify, describe,
and understand the processes controlling the evolution of precipitation,
especially hail, within convective cloud systems. The ability of
thunderstorm clouds to produce hail depends on such things as storm
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lifetimes, internal wind fields, and the distributions of temperature and
liquid water. Only a small fraction of all storms produce significant
hail. Such storms are organized in ways that allow ice particles to
remain in favorable growth conditions for significant periods of time.
Graupel and small hail can easily be grown in 10 to 15 minutes during a
single pass (ascent and descent) through the zone of supercooled cloud
droplets. However, growth to sizes larger than 2 cm requires at least
another 10 to 20 minutes. Such hail growth is commonly thought to
proceed along what is essentially a two-stage path: millimeter-sized
particles or embryos are grown during one pass through a portion of the
supercooled zone, and then some of these embryos continue along paths
that either keep them in the supercooled zone or carry them back into it
for a second pass, where they grow to hailstone sizes. This may involve
embryo growth in one updraft cell followed by hail growth in another or
multiple passes (recycling) through the same updraft.

In order to validate or modify these concepts, Miller and John
Tuttle (CSD) are using an approach that combines a detailed microphysical
hail-growth model with three-dimensional wind fields obtained from
Doppler radar measurements. The growth model was developed by Heymsfield
and Roy Rasmussen (former CSD visitor and now with the Bureau of
Reclamation) and includes both dry and wet, "spongy" growth. The studies
of hail growth processes in the 1 and 2 August 1981 storms (hereafter
referred to as storms 801 and 802) observed during CCOPE are nearing
completion. These storms are two of the largest and most intense
observed during the experiment. Miller and Tuttle, in collaboration with
Brant Foote (CSD), are drafting two journal articles discussing their
results. Roberts, with guidance from Miller, has completed the synthesis
of Doppler data on winds for a period of almost 90 minutes in the life of
a CCOPE hailstorm observed on 11 July. No detailed hail studies have
thus far been completed for this storm; some preliminary results were
described last year. These indicated that a strong evolutionary
component was likely to be important in the growth of hail. Future work
will investigate the growth of hail in this storm and consider the
generality of results found for storms 801 and 802 and in previous case
studies.

Rasmussen recently modified the heat transfer formulation in the
model to account for laboratory evidence of increased heat transfer to
the air from large, rough hailstones. Miller and Tuttle had found that
the previous formulation for smooth spheres seemed to limit the maximum
hail size in the model to only--2-3 cm diameter, whereas observed
sizes were as large as 5-10 cm. This suggested that high liquid water
contents in clouds do not necessarily lead to large hailstones unless
stones are able to dissipate heat fast enough to freeze the collected
cloud water before an unstable liquid water layer is built up, some of
which would probably be shed. Some of this unfrozen water is
incorporated into a "spongy" growth layer, as evidenced by laboratory
measurements. These two modifications to the model have resulted in
hailstone sizes that compare more closely with ones observed.
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In their application of the model, Miller and Tuttle assumed that a
variety of small initial particles exist throughout the storm's volume.
The largest initial size at a particular location is limited, so that,
for reasonable concentrations of particles, the measured reflectivity is
not exceeded. Particles of different types and sizes are initialized in
the Doppler-derived wind field between 3 and 11 km, encompassing the
layer from cloud base to the top of the supercooled zone. Below the
melting level at -5.5 km, water drops ranging in diameter from 50
microns to 2 mm are started, while above this level small frozen drops or
graupel from 1-10 mm are initialized. Trajectories are computed starting
from particles as small as 50 microns, with the goal of determining how
millimeter-diameter hailstone embryos might be grown in these storms.

Adiabatic cloud liquid water content and temperature are specified
frown parcel ascent using a representative environmental sounding. For
storms 801 and 802, calculated air trajectories indicate that most of the
air where the updraft exceeds 10 m/s came from the subcloud layer, so
that adiabatic values are assumed in these portions of the updraft.
Cloud water content is reduced from its adiabatic value at w>10 m/s to
zero at the edge of the updraft to simulate lateral mixing between the
updraft and its environment. Above the height corresponding to the -250C
level, cloud water is reduced from its adiabatic value to account for
depletion by growth of particles in the updraft and complete conversion
to ice crystals at temperatures colder than -40°C.

The 1 August CCOPE Storm. Tuttle has been studying hail growth
during a quasi-steady phase of storm 801 using a single, time-averaged
internal flow field synthesized by Frank. This steady-state assumption
is justified, since the storm's reflectivity structure at the beginning
of the period remained strongly correlated (>0.8 linear correlation
coefficient) with all other volumes within a 45-minute period. Low-level
southeasterly inflow entered the base of a nearly erect updraft whose
peak speed was 38 m/s at 10 km. Middle- and upper-level environmental
air with westerly momentum was diverted around the updraft barrier. This
flow split nearly symmetrically, with modest acceleration around the
south side or cyclonic branch. A weak easterly flow into the lee (east
side) of the updraft was evident at middle levels. Strong, divergent
flow in the upper part of the updraft carried air and precipitation
upstream into the impinging westerly environmental flow on the western
side of the updraft axis.

Small water drops that began in the low levels on the southern flank
of the updraft grew to large hailstones (diameters as large as 5.2 cr) as
they passed northwestward along a simple up-and-down path through the
updraft. These particles grew fast enough that they remained nearly
balanced as they encountered increasing updraft speeds. Furthermore,
because of the relatively weak horizontal flow in the updraft, they
enjoyed long residence times in high liquid water areas. A few of these
particles reached large sizes with little horizontal displacement and
once large enough descended against the rising air current. The presence
of such trajectories may explain why the storm was not vaulted and why a
research aircraft encountered hail in the inflow region beneath cloud
base.
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Other particles initialized as small water drops were advected into
the updraft more rapidly and as a result were carried higher in the
storm. These emerged from the upper level divergent anvil outflow and
were advected cyclonically around the southern perimeter of the updraft
before falling out well to the east of the updraft as 2-3 cm hail.
Graupel particles which were initialized in the middle levels of the
storm followed similar paths to these, although the region where they
could be carried into the updraft shifted to the east in the lee of the
updraft. None of these trajectories was low enough as it passed over the
inflow for millimeter particles to enter the foot of the updraft for
recycl ing.

Large cloud droplets (50 micron) initialized near cloud base
produced a spectrum of graupel particles in the anvil with sizes from 1
to 10 mm. Some of these particles emerged from the updraft summit near
the stagnation point between in-cloud and environmental winds and
followed cyclonic paths around the southern flank over the low-level
inflow. Because of the short distance between the stagnation point and
the inflow region and the strong horizontal winds of 25 m/s in this
branch, these particles also were unable to descend low enough to be
carried back into the updraft. Instead they were swept eastward in the
lower portions of the anvil. While particle recycling was likely
occurring in storm 801, the highly filtered Doppler winds did noL show
this to be the case. These winds became divergent only above 10 km,
which resulted in graupel particles ascending too far before being
carried out over the inflow region. It is suspected that turbulent
diffusion by large-scale eddies (-1-3 km wide) may be responsible for
bringing particles downward faster or carrying them outward from the
updraft lower in the cloud than observed in this study. Future work will
involve attempts to model this scale of motion to determine its relative
importance.

Somewhat larger cloud droplets (100-200 micron) starting southeast
of the updraft core slightly above the low-level inflow grew to
hailstones with diameters as large as 3 cm without the need for
recirculation. These droplets probably originated within a broad apron
of weak reflectivity surrounding the base of the mnain cloud mass between
3 and 5 km. Aircraft penetrations of clouds in this area indicated the
presence of droplets of these sizes in concentrations of -1/cm 3.
These drops probably originated on giant aerosols or frown collision-
coalescence processes involving cloud droplets. Hailstone embryos also
could have been grown within small turrets that were observed growing on
the western edge of the storm. Although these turrets had lifetimes of
only five to eight minutes, graupel of several millimeters in size could
still have been grown, provided they started fromn -100 micron
droplets. These could have been ingested as the turrets pushed through
the broader apron of weak reflectivity.

The 2 August CCOPE Storm. Miller has followed procedures similar to
those described above, except that he has used several sets of
synthesized Doppler winds from storm 802 separated by about three or four
minutes, assuming, for comparative purposes, that the flow was steady.
This storm was considerably larger than storm 801 and was also
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supercellular in nature. The middle-level updraft was more than 20 km
wide, and there was strong asymmetry in the middle-level horizontal
flow. Substantial acceleration occurred as air flowed around the
southeast shoulder of the updraft, resulting in mnore cyclonic curvature
in the flow when compared to storm 801. Strong horizontal flow prevailed
throughout most levels of the updraft. Furthermore, storm 802 had a
well-defined radar vault or weak echo region and forward overhang,
unlike 801, which had no discernible vault.

Large cloud droplets were initialized with the aim of describing the
first stage or embryo phase of hailstone growth. These droplets were
assumed to originate within an apron of weak reflectivity surrounding the
main cell, similar to the one observed for storm 801. These particles
produced a broad spectrum of graupel, ranging in size from 1-10 mm, from
starting locations within the main updraft as well as from positions over
the low-level cold air outflow. This latter area was associated with a
line of flanking cumulus congestus that was observed from aircraft.

All but a few of these graupel particles advected to the edge of
data in the anvil before they had a chance to descend into the lower part
of the storm. The fact that a few did descend suggested that graupel
particles could be accounted for a little lower in the cloud but still
above the level of maximum updraft of -35 m/s at 8 km. Many of these
starting graupel particles, especially those south of the updraft core
and near the upper-level stagnation point, descended along cyclonic paths
around the southeastern shoulder of the main updraft. These paths were
within the so-called forward overhang above the low-level inflow to the
storm. Particles that passed close enough to the updraft core continued
westward along the northern shoulder of the updraft, where they grew to
about 3 to 4 cm diameter as they ascended across the north-south axis of
the updraft before falling out northwest of the core. Others farther
east in the forward overhang grew to smaller sizes, descended along paths
with less cyclonic curvature, and melted before reaching the ground along
the northern perimeter of the updraft but east of the highest
reflectivity,where the other larger hailstones reached the ground.

Graupel and hail particles in the forward overhang descended below
5 km, where they could start inelting. Frown laboratory studies, melting
particles larger than about 10 mm will shed some of their meltwater in
the form of raindrops having a modal diameter of -1-2 mm. Similar
drops were initialized in this area to see if they would also pass
westward across the updraft axis and grow to large hailstones. This was
indeed found to be the case, as these growing particles followed the
latter part of the path of graupel descending froin the anvil.
Trajectories passing through the forward overhang accounted for most of
the-2-3 cm diameter hail at the ground. Unlike in the case of storm
801, unresolved turbulent motions were not needed in order to get growing
hailstones into a position over the low-level inflow for recycling to
occur. The much larger circumference of the 802 updraft allowed ample
time for descent of graupel from the anvil into the foot of the updraft,
where they were swept westward and ascended.

126



CONVECTIVE STORMS DIVISION

Hailstones were also grown from low-level starting locations on the
back side of the updraft, opposite the low-level inflow. A portion of
this area was within the low-level hook echo appendage commonly found in
supercells. This previously unknown source of embryos resulted in
hailstones of roughly 4-5 cm, the largest grown in the model. This same
area also happens to be below the middle-level mesocyclone circulation
center. This meant that growing hailstones underwent a tight cyclonic
traverse of the storm and reached the ground fairly close to their
starting locations. This path is suspected as the one which led to the
giant hailstones (as large as baseballs and softballs) reported in a
post-storm ground survey. Sizes this large were not grown in the model
because the Doppler-derived vertical motions of 35 m/s were apparently
insufficient to support them (their fallspeeds would exceed
40-45 m/s). It was found that a close relationship existed between
largest updraft encountered and final size of hailstone produced.

Hydrometeor Evolution in a Moderate Hailstorm

Charles Knight (CSD) has continued his model study of the formation
of precipitation in the 12 June 1981 CCOPE storm. Previous results
documented hail sources and trajectories within the wind field of that
storm and highlighted the importance of the field of liquid water content
and of the concentrations of the hydrometeors as well as their sizes.
Work during the past year has been directed at these two problems.

The estimate of liquid water content used in most previous hail
growth trajectory calculations has been based upon updraft velocity:
updraft speeds above a certain point are given adiabatic cloud water,
speeds of zero or below are given no water, and usually a linear relation
is used in between. With height, the cloud water content is tapered off
to zero at the -400C level, to account roughly for glaciation.

Hydrometeor growth is quite sensitive to cloud water content, and
two attempts to improve the cloud water content field were initiated:
one is complete, but the more elaborate version is just being started.
In the completed scheme, air parcel trajectories are traced from each
grid point within the cloud backwards to cloud base or cloud edge, then
the trajectory is tracked back to the grid point, calculating condensa-
tion and cloud water depletion by hydrometeors along the way. The deple-
tion occurs by accretion and by sublimation onto ice, and the process
rates are estimated from hydrometeor size distributions derived from the
radar reflectivity factor values along the track. This process produces
a substantially different cloud water field than that derived from up-
draft alone. The more elaborate version will be attempted in collabora-
tion with Parsons. The attempt will be made to retrieve a buoyancy field
from the wind field, and then a temperature field. Given that, the
dynamic factors driving the vertical velocities can be separated from the
buoyant influences and the buoyancy alone used to determine the condensa-
tion term (the 12 June storm was in strong shear, so the dynamic factors
are expected to be large). If an adequate retrieval of buoyancy and
temperature can be made, this procedure can account semiquantitatively
for the entrainment, which will probably be a major improvement.
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The scheme to include concentrations in the model operates from
specified source functions for the hydroreteors, and, given a
steady-state approximation for the storm (the 12 June storm was quite
steady), is simple enough to enable extensive testing for sensitivity.
The first source function used was "classical" ice nucleation: one per
liter at -20°C and a factor of ten change every 4C°. With this source
only, the storm produces comparable radar reflectivity values to those of
the actual storm, but, interestingly, the actual echo maximum corresponds
to a calculated echo-free region. The source of particles for the actual
echo maximum, according to backward trajectory calculations, is below the
freezing level in the inflow sector of the storm. Since neither shedding
nor melting is apparently a viable source mechanism in that region in the
12 June storm, a primary liquid coalescence process seems to be
implicated.

Another conclusion from this study is that the primary ice process
in this storm does not produce nearly enough of the sinall hydrometeors
to account for most of the depletion of cloud water in most storms.
Either the liquid coalescence must account for this process, an ice
multiplication is operating, or the ice nucleation specification is
grossly incorrect.

This overall scheme appears to be a useful way of studying
mnicrophysical processes in a relatively steady storm wind field and of
rating which processes are more important, and which less so, to the
overall formation of precipitation. Further work will aim at solidifying
this conclusion, and if the outlook is still good, efforts will be made
to adapt it to the much more difficult but more common and more important
t ime-varying case.

Hydrometeor Evolution in a Weak Convective Storm

One of the better-observed early storm cases during CCOPE occurred
on 9 June 1981 in an environment of strong west winds and weak convective
instability. A relatively long-lived cumulus congestus developed
precipitation while being investigated by three aircraft and several
Doppler radars. The convective boundary layer was well mixed on this
day, topped by a field of passive cumuli reaching 4 km or -90C. In an 80
X 80 km area centered on the storm, the temperature and moisture fields
were very uniform, varying less than 0.5 g/kg in q and 2 K in 8.
Although the mesonet spacing is too large to resolve cloud-scale forcing,
weak convergence is consistently analyzed along the early path of the
storm. The modeling work of Piotr Srnolarkiewicz and Terry Clark (both of
CSD) indicates that changing topography, such as that associated with the
Powder River, is important in generating local areas of convergence and
divergence. Further modeling work to deduce the formation processes for
this storm is planned.

An area of enhanced convection, growing out of the more extensive
fair-weather cumulus field, existed at least ten minutes prior to first
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echo (threshold 0 dBZ) and the first aircraft penetration at 1230 local
time. According to particle growth calculations by Heynsfield, the time
scale and cloud conditions were more than adequate to grow
millimeter-sized graupel particles as detected at the first echo level
(about -15"C) just after first echo. By 1237, particles as large as 6 mm
were measured, and the liquid water content was significantly depleted.
The fall speeds suggested frown the reflectivity data are consistent with
those of 6 mm graupel particles, although the maximum precipitation sizes
detected at cloud base early in the storm are only 3 to 4 mm.

While the early precipitation development must be inferred from the
aircraft and the CP-2 reflectivity data alone, the reflectivity was
strong enough and widespread enough to begin multiple Doppler analyses
after 1244. Eleven Doppler volumes from 1244 to 1316 document the cloud
winds after the initial growth phase, through another vigorous growth
phase around 1256 that produced the highest reflectivities (-40 dBZ) and
into the decay stage after about 1306. Some general features from the
Doppler analyses show a steady evolution of the averaged storm-volume
winds toward those of the environment, though they never reach more than
half the environmental shear value; weak divergence throughout the storm
with maxima at around 4 km and at the top (convergence at and below cloud
base is probably inadequately sampled); maximum updraft speeds at 4 to
4.5 km, generally less than 5 m/s; and an erect updraft core on the
upshear or west side of the storm. Two consistent circulation features
of note are the persistent easterly winds on the west side of the storm
below 4 to 4.5 km and the recirculation of air aloft (flowing eastward)
descending into the inflow air at lower levels (flowing westward) on the
eastern side of the storm. The former feature plays no major role in
precipitation formation but may act as a shield from the environment for
the lower half of the updraft core. The latter feature provides a
mechanism for the recirculation of particles, though the weak vertical
motions would be capable of supporting only small particles. Cloud base
is near OC, and melting does not appear to be a factor.

Development and movement of the updraft core in relation to the
reflectivity core can partly be explained by precipitation loading
effects consistent with the conclusions from the cloud base aircraft
analysis done by Carlos Latorre (former CSD visitor and now with Centro
Investigaciones Atmosfera, Mexico). Calculation of the pressure field
from Doppler data, and how it might influence updraft formation and
sustenance, have thus far been inconclusive.

Further work will explore the origin of the particles responsible
for the first echo (graupel of about 1 mm in size) and the possible roles
of secondary ice-crystal production and recycling in the storm.
Additional work also needs to address the importance of small-scale
features, observed by aircraft but unresolved by radar, and the role of
pressure perturbations in the maintenance of this storm. These topics
are ideally suited for collaborative efforts between numerical models,
both two-dimensional and three-dimensional, and the observations analyzed
thus far.
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Tracer Experiment

Current theories of hail growth in storms often suggest that
hailstone embryos are formed in "feeder" cells and are then transported
into the main storm, where they grow into hailstones. This hypothesis
should be demonstrable by a simple tracer experiment in which material is
injected into feeder cells and the hailstones subsequently falling from
the main storm are examined for the presence of the tracer in their
ent)ryos. N. Knight and Weinheiiner have conducted an experinent to test
this hypothesis by injecting a tracer into feeder cells of two storms in
cooperation with the Alberta Research Council's Hail Research Program in
Red Deer, Alberta, Canada.

The material used was powdered iron (100 mesh, 10 to 150 inm diameter
particles) dispersed through the dry-ice port on the research seeding
aircraft. Ground chase crews collected subsequent precipitation from the
main storm; they also collected hailstone samples from the volunteer
observer network.

Analysis of the samples consists of testing each stone or rainwater
sample in a cryogenic magnetometer for the presence of magnetic iron.
Any hailstone giving a positive response is thin-sectioned to determine
the exact position of the iron particle in the hailstone. If the
particle is found in the hailstone embryo, the hypothesis is proved. Ihe
presence of particles outside of the hailstone embryo demonstrates a
trajectory from the feeder cell to the main storm; particles in rain may
only indicate scavenging.

Extensive tests already conducted have proved the feasibility of the
method; the limiting factor has been the size of the largest hailstones,
50 mm, which has precluded the use of the only magnetometer so far
available. However, another cryogenic magnetometer with sufficient
capacity has been located. Future plans also include developing some
system of tagging the iron particles so that more than one canister may
be dispensed into different regions of the same storm and the source
determined from the particles themselves.

Hail Embryos from Shedding

In laboratory and numerical model studies noted in last year's
Annual Scientific Report, Rasmussen and Heymsfield found shedding of
water drops from melting hailstones to be an important embryo source in
the 1 August CCOPE storm. Subsequently, these researchers have examined
in-situ aircraft measurements, radar data, and hail collections at the
ground to test their conclusions. The aircraft measuremnents show that
very large hail coexisted with 1-mm drops in the same locations in the
updraft, where the model predicted them to be. These drops were almost
certainly produced by shedding from hailstones, since the in-situ
measurements show that any other mechanism would have been very unlikely.

The dual-wavelength radar measurements show that large, wet
hailstones existed in these same regions. Hail collections at the ground
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showed that nearly half of the collected hailstones originated from water
drops. This set of evidence provides the first documented case showing
that the shedding of 1-mr drops can be very important to the production
of hail. This analysis has provided new insight into the regions of hail
embryo formation and the processes by which hail embryos are produced.

Graupel Growth Studies

The accuracy of various techniques for calculating the collection
efficiency, accretional density, and terminal velocity of graupel
particles was examined by Heynsfield and John Pflaum (University of
Oklahoma) using for verification data on experimental graupel growth
obtained in the vertical wind tunnel at the University of California, Los
Angeles. The ability to estimate graupel growth rates accurately is
important in interpreting growth processes in supercooled convective
clouds. However, the accuracies of the different techniques used to
calculate these rates had not been determined in the past. By comparing
calculated and experimentally measured graupel growing from frozen drops,
they concluded that one approach following from theoretical conclusions
predicts the collection efficiency very accurately. In conjunction with
Rasmussen (then a post-doctoral student with the Advanced Study Program),
Heymsfield and Pflaum compared measured and calculated graupel growth to
show that the accuracy of graupel growth calculations is highly dependent
upon the approach used. They developed a method for calculating the
density of rime deposited on the graupel which uses characteristics of
the particles and proves to be much more accurate than previous
approaches.

THUNDERSTORM ELECTRIFICATION

Relationship between the Development of Precipitation and Early
Electrification in Thunderstorms

The relationship between the development of precipitation and
electrification of thunderstorms has been a topic of scientific interest
for decades. Pioneering studies of New Mexico thunderstorms by Workman
and Reynolds published in the Bulletin of the American Meteorological
Society in 1949 showed that the first lightning from a storm followed the
formation of the first radar return by about ten minutes. Continuing
studies have supported this finding, but it is only recently that
observations inside storms have been available to complement radar and
surface electric-field measurements.

Completion of the 19 July CCOPE Case Study. James Dye (CSD) along
with William Winn and Daniel Jones (New Mexico Institute of Mining and
Technology), Todd Cerni (University of Wyoming), John Hallett, Barry
Gardiner, Dennis Lamb, and Richard Pitter (Desert Research Institute,
Nevada), and Clive Saunders (Manchester Institute of Science and
Technology, England) have now completed the 19 July CCOPE Early Storm
Case Study, which provides the most comprehensive documentation of the
visual, radar, microphysical, dynamical, and electrical history of a
storm yet available. This study is scheduled to appear in the Journal of
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Geophysical Research in early 1986. The combined aircraft and radar
observations document that the formation of precipitation occurred
preferentially in the updraft-downdraft transition zone. They also show
the absence of appreciable field intensification in the early stages of
cloud growth, even though organized updrafts and growing precipitation
particles were present; the presence of ice particles in concentrations
of about 10 Z-1 and sizes up to several millimeters in diameter when the
electric field began to intensify; the existence of negative charge
accumulation at 7 km (-20 0C) in association with regions of higher
reflectivity even in the earliest stage of electrification; the
occurrence of an intracloud discharge only eight minutes after field
intensification began; the increase in space charge density at 4.5 km as
the cloud evolved; and the transport of negatively charged particles
downward in association with falling precipitation.

The observations are not inconsistent with the hypothesis that
collisional interaction of ice particles could be responsible for the
electrification of this cloud. However, current laboratory and field
information are inadequate to demonstrate this conclusively or to
identify other charge-generation mechanisms. For the ice-ice process to
be dominant, it seems likely that some collisions are transferring
appreciably more charge than current laboratory measurements show, or
charge transfer is occurring in a very large region of the cloud and most
likely is not restricted to only those regions with both ice particles
and supercooled water. It is clear that the largest impediment in
determining the efficacy of the ice-ice collision mechanism is the lack
of measurements of charge separation per collision over a broad range of
particle sizes, types, temperature, and liquid water content. In
addition, we need more complete field measurements of particle size and
charge in combination with air motion and electrical neasurements,
particularly at and above the -15°C level and within the high
reflectivity regions of actively growing thunderstorms.

Cooperative Experiment in New Mexico, Summer 1984--Initial Analyses.
To obtain additional observations of the microphysical, electrical, and
dynamic evolution of thunderstorms, a project was conducted in New Mexico
in 1984. Principal investigators for the NSF part of the project were
Dye, Charles Moore and William Winn (New Mexico Institute of Mining and
Technology), and Peter Ray (National Severe Storms Laboratory). Key
parts of the experiment were the NCAR/NOAA sailplane and the New Mexico
Tech SPTVAR (Special Purpose Test Vehicle for Atmospheric Research) air-
craft, which were instrumented to measure both microphysical parameters
and electric fields; a multiple Doppler radar network with 20 km spacing,
providing high spatial and temporal resolution of reflectivity and air
motion in the developing storms; a surface network of electric field
meters and other monitoring instruments for field intensification and
lightning studies; free lift balloons to rrieasure electric fields and
particle charge; and a UHF interferoinetric network to determinie locations
of lightning radiation sources.

Early analysis by Dye in collaboration with Winn, Moore, and Jones
has concentrated on using the aircraft, radar, and surface observations

132



CONVECTIVE STORMS DIVISION

to study the relationship between precipitation developnent and the onset
of electrification in the New Mexico storm. Summaries of the precipita-
tion and electrical evolution of 9 of the 17 storms for which both air-
craft and radar observations were made show that these clouds did not
become significantly electrified (> 1 kV/m) until cloud tops exceeded
about 8 km MSL (-25 C) and radar reflectivities at an altitude of 6 to
7 km reached 40 dBZ. This was true even for two cases in which cloud
tops and reflectivities stayed below 7 km and 40 dBZ for in excess of
30 minutes. Ice particle measurements in the 3 August 1984 storm show
the presence of millimeter-sized graupel and significant particle
concentrations at least 10 minutes before rapid field intensification.

The electric field observations obtained from the sailplane as it
ascended in a spiral in the updraft suggest the presence of negative
charge in association with the regions of high reflectivity in both the
early and more mature stages of electrification. This finding and the
correspondence between the evolution of precipitation and electric field
in the New Mexico storms are quite similar to what was observed in the
19 July CCOPE storm in Montana. Although much mnore additional analysis
is needed with the large and excellent data set from New Mexico, the
preliminary results suggest that the observations in New Mexico as well
as in Montana are consistent with the collisional interaction of ice
particles as the main generator of thunderstorm electrification.

CUMULUS CLOUD SYSTEMS: CUMULUS-TOPPED BOUNDARY LAYERS, GRAVITY WAVES,
AND CONVECTIVE INITIATION

Evolution of an Individual Cumulonimbus and Its Interaction with the
Boundary Layer

Barnes and Daniel Wadsworth (Washington State University) have
refined their study on the causes of the dissipation of a particular
cumulus congestus cloud. Detailed measurements made by the Queen Air in
the updraft at cloud base, in conjunction with mesonet, rawinsonde, and
radar measurements, reveal the following series of events.

The storm was initiated by convergence along an outflow boundary
from larger cumulonimbi in the northern part of the CCOPE array. The
convective available potential energy of the air near the outflow
was suitable for modest development. A single updraft develops, but as
precipitation loading increases the updraft splits. In the presence of
the clockwise shaped hodograph, the updraft to the left of the shear vec-
tor becomes anticyclonic and the updraft to the right becomes cyclonic;
but the cyclonic updraft rapidly becomes the stronger. This pattern is
in agreement with the numerical simulations of stronger cumulonimbi by
Rotunno and Klemp. The interaction of the updraft with the vertical
shear of the horizontal wind is hypothesized to produce a low-pressure
area in the right front quadrant cloud. Pressure measurements using
LeMone's technique show this to be the case. The cloud intensifies as
two forces work cooperatively: mechanical lifting near the ground caused
by the outflow and the low pressure at or near the cloud base. However,
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the storm moves away fromn the outflow and does not produce any
significant outflow itself. Thus, the low pressure in the cloud is the
only force supporting the cloud updraft and now draws air from the top of
the subcloud layer in increasing amounts. Saturation point analyses
support this concept. Unfortunately for the cloud, the air at the top of
the subcloud layer, as is often the case in the High Plains, is much
drier and is therefore convectively stable. The updraft no longer has
buoyancy. This causes the low pressure region to draw as Inuch air
d(ownward as upward. The updlr(ft c :olumin rapidly dissipates, ending the
updraft-environmental flow interaction, and the cloud decays.

The study shows the importance of the subcloud-layer moisture
profile. Vigorous cumulus congestus clouds in the presence of wind shear
can develop forces that may at first enlhance and theri destroy
development.

Cooperative Experiment in Convective Initiation along Boundary Zones in
The Boundary Layer

It has long been recognized that deep convective clouds and storms
often form along pre-existing convergence zones in the low-level wind
field. Recently, James Wilson of the Atmospheric Technology Civision
(ATD) and his colleagues demonstrated that these zones are easily
detectable on the sensitive Field Observing Facility (FOF) radars well
before any clouds form. The unsolved practical as well as scientific
question is how to recognize the specific locations and times that storm
initiation will actually occur. Earlier work within CSI) had suggested
that one important factor is the depth of the moisture in the immediate
vicinity of the "boundaries" observed on radar and/or surface mesonet
data. In cooperation with ATD, NOAA, and Colorado State University, CSD
became involved in a real-time forecasting exercise during the summer of
1985 (RT 85) to investigate the potential utility of specific knowledge
of the structure of the boundary layer in and over these "boundaries."

Charles Wade (CSD) Szoke, Stossmeister, and Zipser participated in
this RT 85 exercise during July 1985. Wade designed and operated a
mobile sounding system, which was directed to the convergence zones and
air mass boundaries by radio fromn the FOF's CP-2 radar or from the
Program for Regional Observing and Forecasting Services (PROFS) forecast
office. Many soundings were obtained in critical locations, and analysis
of the data may shed light on how to differentiate between boundary zones
that are ready to generate convection and those that remain benign for
many hours.

Commun i cat i ons Support

CSD's engineering and technical staff engineered two radio
communications systems during the fiscal year. The staff installed and
maintained a system for the state of Utah/NOAA Cooperative Weather
Modification Research Prograin near Beaver, Utah, fromn 15 January through
15 March 1985. Essential to the program's cloud physics and kinematic
studies was the need to coordinate research activities in real time; the
system successfully met this requirement. The second communications
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system was installed and operated during the month of July for the
Convective Initiation Project RT 85 exercise described above. The
engineering and technical group provided radio communications support to
the program's entire forecast area.

Dynamics of Unstable Boundary Layers--Gravity Wave Interactions and
Convective Initiation

While Terry Clark (CSD) was on sabbatical at the Deutsche
Forschungs- und Versuchsanstalt fur Luft- und Raumfahrt e.V. (DFVLR) in
the Federal Republic of Germany, he initiated a collaborative project
with Thomas Hauf of the DFVLR on modeling the basic dynamics of fair
weather convection. This project was an extension of the Thermal Wave
Experiment at NCAR in which Clark is a co-investigator with Joachim
Kuettner (AAP) and Joost Businger (ATD). The initial emphasis in these
numerical experiments was on simulating thermally forced internal gravity
waves (thermal waves) in two dimensions. This work has shown that there
is an important interaction between the unstable boundary layer and the
overlying stable layer. This interaction is caused by the excitation of
gravity waves by the eddies of the boundary layer. These waves can reach
very high into the troposphere and even into the stratosphere. It has
been found that environmental wind shear in the boundary layer results in
a much more efficient coupling between the boundary layer and the
overlying layers than exists with active convection without shear. These
simulations indicate that there can be an important interaction between
the stable layer and the boundary layer resulting in the boundary layer
eddy separation scale being chosen by the gravity waves of the stable
layer. The problein of fair weather convection and cloud organization
appears to depend upon the interactions between the various layers of the
atmosphere. The simulations also show that the interactions between the
gravity waves and the moist convection can explain the frequently
observed upshear growth of cumulus clouds. One paper has already been
submitted for publication on this work, and a second paper is in
preparation. The current results are likely to affect mnuch of the
direction of future modeling research within CSD with respect to both
fair weather convection and the more general problem of cloud population
development.

Dynamics of Unstable Boundary Layers-Thermal Forcing and Convective
Initiation

Smolarkiewicz and Clark were joined by Christopher Bretherton
(University of Washington) in their continuing study of the influence of
the initiation mechanism on the evolution and structure of convective
clouds in conditions of an ambient wind field. The philosophy of this
project differs somewhat from that considered by Cldrk and Hauf, who
considered the problem of cloud initiation to be a nonlocal forced
boundary value problem involving a close relationship between the
boundary layer eddies and the cloud field itself. Here, the initiation
is treated as a local phenomenon, with the boundary layer forcing
emphasizing various types of localized surface heating. Sensitivity
experiments were performed with conditionally stable, neutral, and
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unstable soundings. For the case of unstable soundings, the evolution of
the convective field depended upon the nature of the surface forcing.
Sensitivity tests to three types of surface forcing were considered. A
temporally and spatially localized heat source resulted in a single
quasi-steady multicellular cloud. A constant heat flux with an imposed
local perturbation resulted in the first cloud forming over the region of
enhanced heat flux. Other cumulonimbi developed after the boundary layer
had deepened to the lifting condensation level. However, these later
clouds never reached the intensity or horizontal size of the first
multicellular cloud, which continued to grow outward. A constant heat
flux with an imposed 10% stationary white-noise variability resulted in
the breakout of deep convection through the entire domain, which lasted
for less than two hours. These experinents should result in furthering
understanding of the physics of cloud formation and of the sensitivity of
cloud fields to different types of surface forcing.

The Effect of the Island of Hawaii on Cloud Formation

As part of the Joint Hawaii Warm Rain Project (see below),
nSolarkiewicz and Rasmussen performed a series of numerical simulations
directed toward understanding the dynamics of the cloud bands that occur
off the coast of Hawaii. These experiments used an interactive nesting
model in two and three dimensions, and they proved to be very helpful in
directing some of the aircraft flight plans during the observational
phase of the experiment. The effects of the island mountain in producing
gravity waves as well as downslope density currents appear to be very
relevant to the understanding of these daily cloud bands.

Fine-Scale Structure of Fronts

The collaborative work between Clark, Robert Gall (University of
Arizona),and Terry Williams (Naval Research Laboratory) has expanded into
studying the small-scale cloud bands that develop along atmospheric
fronts. The interactive grid-nesting model has been employed, and the
results show that there are very interesting dynamical processes on
scales of only a few kilometers. It is anticipated that this work will
result in the publication of three papers on the fine-scale features of
fronts.

Dispersion in Complex Terrain

In a cooperative project between Thomas Kyle (Los Alamos Scientific
Laboratory) and Clark and Smolarkiewicz, the interactive nesting model is
being applied to a forced gravity wave problem that has been simulated in
a tank experiment at Los Alamos. The flow of a stable fluid over ridges
was observed in the tank, where two tracers were injected into the flow
to follow the paths of mock pollutants. These tank experiments are being
complemented with numerical experiments to better understand the general
problem of pollutant dispersion in complex topography. Only preliminary
numerical experiments have been performed. The interactive nesting model
is currently being set up on the Los Alamos CRAY X-MP computer, where
further calculations can be performed.
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Further Development of the Smolarkiewicz Advection Scheme

Work on extending and testing the Smolarkiewicz advection scheme has
resulted in a coauthored paper by Snolarkiewicz and Clark in the Journal
of Computational Physics, which will appear in 1986. This work describes
tests of the advection scheme applied to such physical problems as forced
gravity-wave dynamics and moist convective cloud dynamics. Extensions of
the scheme to consider higher order temporal differencing and
non-Boussinesq density effects, among other details, are described.
This advection scheme is a very versatile and accurate positive definite
finite differencing scheme. The scheme has already become quite widely
accepted and used by the modeling community.

CUMULUS CLOUD SYSTEMS: ENTRAINMENT AND MIXING, CLOUD DROPLET SPECTRA, AND
DOWNDRAFT INITIATION

Joint Hawaii Warm Rain Project

Five members of the division took part in the Joint Hawaii Warm Rain
Project,which was based at Hilo from early July to mid-August 1985. The
project involved the universities of Hawaii, Illinois, Toronto, and
Washington. Dye, William Cooper,and Darrel Baumgardner (RAF/ATD)
observed the growth of droplets in wave and orographic clouds as a
function of distance from the upwind edge of the cloud. Ilga Paluch
(CSD) combined interests with University of Washington scientists to
study entrainment. Rasmussen, Smolarkiewicz, and John Warner (CSD)
studied air flow upwind and round the island of Hawaii as part of a study
of cloud formation offshore. The project was remarkably successful, with
research flights on almost every day of the six-week period, and a great
deal of valuable data were collected. Analysis will commence in FY 86
and is likely to continue for a number of years.

Turbulent Mixing and Cloud Droplet Size Spectra

Paluch, in collaboration with Baumgardner, has been analyzing data
from the Wyoming King Air collected in several flights during the May
Polarization Experiment (MAYPOLE), conducted in Colorado in 1984. Aside
from the usual microphysical measurements, these data contain high-
resolution measurements of cloud droplet concentration (50 Hz or about
2 m resolution), size (10 Hz or about 10 m resolution), and reliable
vertical velocity (100 m resolution).

Turbulence and Local Shear. In the early stages of cloud develop-
ment, local shears up to 0.1/s were measured over 100 m distances along
the flight track in the middle-cloud levels. The regions of intense
shear are highly localized and are well correlated with peaks in local
turbulence recorded by an MRI turbulence meter, which responds to pres-
sure fluctuations in the 50 m to 2 m range. The observed levels of
turbulence (E1/3) agree within about a factor of two with the dimen-
sional estimate based upon the local shear. In newly developing cloud
turrets, the observed levels of turbulence are somewhat lower, whereas in

137



CONVECTIVE STORMS DIVISION

older cloud regions containing precipitation the measured levels of
turbulence are somewhat higher than those estimated from shear. This
suggests that there is some time lag between shear and the generation of
turbulence but that this time lag is not very large.

Turbulent Mixing as Inferred from Fine-Scale Cloud Droplet Data.
The highest levels of turbulence and shear are typically observed near
updraft edges and in downdrafts, where large local fluctuations in cloud
droplet concentration over distances of meters or tens of meters are
recorded by the FSSP (forward scattering spectrometer probe). Over most
of the updraft region, the droplet concentration remains remarkably
constant (within the expected sampling errors) and the transition between
the constant and fluctuating regions is abrupt. This is similar to
observations by Philip Austin and Marcia Baker (University of
Washington), Alan Blyth (New Mexico Institute of Mining and Technology)
and Jorgen Jensen (University of Washington) 1985. These observations do
not appear to support turbulent gradient diffusion, but are qualitatively
consistent with the mixing process previously described in the literature
where bulk entrainment and fine-scale (molecular) mixing take place in
separate stages and the fine-scale mixing occurs within vortex cores that
exist intermittently in space and time.

A systematic examination of droplet size spectra averaged over 100 m
distances observed on nine days during CCOPE shows that the droplet size
at the large droplet peak in the condensation spectrum is quite
insensitive to major variations in droplet concentration. Finer-scale
measurements of droplet spectra (averaged over 10 m distances) collected
during MAYPOLE show a similar tendency. The nixiny process described
above can explain this observation, if the vortex cores, where fine-scale
mixing takes place, are small (of the order of meters or tens of meters)
and if the mixing proportions in the vortex cores are initially random.
(The proportions of cloud and entrained air that enter the mixing vortex
should be determined by how the vortex is located with respect to the
cloud and entrained air interface. In the presence of complex turbulent
notions, there is no reason to suppose that the geometry is constant and
thus to favor some particular mixing proportion.)

Implications for Precipitation Formation. Examination of cloud
droplet size spectra from CCOPE (100 m averages) and somne finer-scale
data from MAYPOLE (10 m averages) reveal no tendency for an increase in
the maximum droplet size with increasing dilution. Such an increase has
been predicted in several microphysical cloud models, and it has been
thought to accelerate precipitation formation. These models assume weak
vertical velocities and neglect turbulent velocity fluctuations.
However, present estimates indicate that the turbulent velocity
fluctuations are typically much too high to allow droplets in very
diluted cloud volumes to grow significantly during ascent without
producing high supersaturations, which should cause nucleation of new
cloud droplets and thereby prevent rapid growth of the larger droplets.
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In-Situ Cloud Liquid Water Content Measurements

Over the past few years, CSD has maintained a program to evaluate
and improve airborne instruments for the in-situ measurement of liquid
water content (LWC). These studies have included evaluation and testing
of the Johnson-Williams liquid water content meter and evaluation,
testing, and modification of the Commonwealth Scientific and Industrial
Research Organization (CSIRO)/King constant temperature liquid water
content meter. The results of the tests conducted in the high-speed
icing tunnel at the National Research Council in Ottawa, Canada on the
CSIRO probe were presented in last year's Annual Scientific Report and
are to be published in the Journal of Atmospheric and Oceanic
Technology. In summary, the wind tunnel tests demonstrated that the
CSIRO probe represents an advance in instrumentation for the measurement
of LWC. The laboratory results suggested that probes operated correctly
should perform to an accuracy of better than 15%, although more extensive
testing and field use on aircraft is now needed.

The Drop-Size Response of the CSIRO Liquid-Water Probe. As part of
the ongoing evaluation of the CSIRO probe, Biter, Dye, and Dale Huffman
(Particle Measuring Systems) have conducted wind tunnel tests to examine
the probe's response to drops of different sizes. As drop size
increases, one would expect that the probe would not detect all of the
LWC, due to splashing and other effects. By proper selection of spray
nozzles to generate different drop-size distributions, Biter and Huffman
were able to generate distributions with nedian volume diameters (MVDs)
ranging from about 30 to 700 irn. Two series of experiments were
conducted. The first compared the probe-measured LWC of sprays with
different MVDs to the LWC computed from water mass conservation;
the second series compared the probe LWC to that computed from the
droplet spectra measured by PMS probes. Because of the wide range of
droplet sizes, it was necessary to combine measurements from both a PMS
forward-scattering spectrometer probe (range 2 to 47 1im diameter) and a
PMS two-dimensional gray-scale probe (range 11 to 938 mrn diameter) in
order to define the drop spectra to compare with the LWC measured by the
King probe.

In the first series of experiments, the response was found to
decrease from 100% for a water spray with an MVD of -20 pim to about
70% for an MVD of 100 pim and about 50% for a spray with an MVD of
-150 to 200 tim. The second series of experiments produced similar
results for MVDs larger than about 100 spm. However, at smaller MVDs,
physically unreasonable results were obtained. After an extensive nunber
of additional tests, the results suggest that the PMS forward scattering
spectrometer probe (FSSP) may be significantly undersizing droplets in
the upper size range of the FSSP (30 to 45 Aim) and that the size
calibration of the FSSP needs to be reevaluated.

A 14-Volt Version of the CSIRO/King Liquid-Water Probe. During the
past year, a CSIRO/King liquid-water probe has been designed and
constructed to operate from a 12- to 14-volt power source for use on the
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NCAR/NOAA Explorer sailplane. The electronics in the conventional
28-volt CSIRO probe design result in a 2-volt drop across the output
transistor and the inefficient use of power, which is unacceptable in a
12-volt, low-power system. Modifications were made to achieve the
high current gain needed to drive the bridge (-1,000) but minimize
the power dissipated in the drive amplifier and still maintain the
stability of the bridge.

The probe was designed to measure up to about 5 g/m3 at 40 m/s with
a total power dissipation at peak load of about 80 watts excluding
heaters. The sensors being used are interchangeable with the shorter
(5-cm-long) sensors being manufactured by PMS. Preliminary wind tunnel
comparisons by Dye and Biter show that the response of the 14-volt
version is nearly identical with the shorter PMS 28-volt probe. Some
limited testing was done on the sailplane during the summer of 1985, and
additional testing is planned on future flights.

Remote Cloud Liquid Water Content Measurements

Installation of a 31.65 GHz radiometer in the Electra aircraft was
completed in September 1985, and flight trials were scheduled for
October-November. Two antennas at angles of 45° fore and aft of the
zenith were fitted in a large pod on the upper surface of the fuseldge of
the aircraft, and their signals were switched alternately to the
radiometer receiver input. Provided the temperature and water vapor
profiles are known, for example from radiosonde information, the
microwave emission at the radiometer input can be interpreted in terms of
the integrated liquid water along the path. Mathematical inversion of
the series of integrated values obtained as the aircraft carrying the
radiometer flies below cloud base enables the distribution of liquid
water in the cloud overhead to be computed.

Ground tests of the system showed that a long time--up to three
hours--was required for the receiver temperature to stabilize; during
that time the receiver gain is changing. Since the receiver temperature
is continually monitored in operation, appropriate corrections can be
applied, but this is a fault that should be corrected in any future
design. Losses between the antenna and receiver input were found to be
higher than expected, resulting in some loss in sensitivity compared to
the manufacturer's laboratory calibration. However, the calibration
procedure to be used in the field trials will take full account of these
losses and no problems are anticipated.

The field trials will involve the Electra flying below cloud base to
obtain a vertical cross-section of the liquid water distribution. The
King Air will fly in cloud above the Electra, keeping as close as
possible to the same track in order to obtain direct measurements of
liquid water at one level. The King Air will make repeated passes at
different levels while the Electra flies backward and forward below cloud
base. The whole exercise will be repeated for a large number of clouds
and should provide a sufficient body of data to assess the radiometer
technique.
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tR Temperature Sensor

The first flight trials of the Ophir infrared temperature sensor
were carried out in February 1985. They were made in clear air using the
aircraft in-situ sensors as standards. Promising results were obtained
with no evidence of electrical noise or any effect of airspeed or
aircraft attitude. There was evidence of a temperature-dependent gain in
the system that resulted in disagreement between the laboratory
calibration and indicated air temperature in flight. Ophir Corporation
scientists carried out further laboratory work, which showed that the
gain variation was a result of nonlinearity in the photoconductive
infrared detector. This problem has now been solved, and the instrument
was finally accepted by NCAR in September 1985.

Cloud-Environment Interactions--Instability at the Cloud Boundary

The fundamental work of Gary Klaassen (University of Toronto) and
Clark on cloud boundary baroclinic instability resulted in publication of
a paper in the Journal of the Atmospheric Sciences in 1985. This paper
presents the two-dimensional numerical experiments that capture the basic
inviscid dynamics leading to the local character of the cumulus cloud
boundary nodes that form with scales of approximately 100-200 m. The
work to date suggests that the nodes are due to a baroclinic instability,
which results from a positive feedback between the deformational flow
field in the region of the cloud boundary and the buoyancy field. Once
again, an interactive nesting approach was used that allowed for the
simulation of cumulus clouds using as much as 5 m resolution in both the
horizontal and vertical directions.

Parameterization of Warm Cloud Microphysics

A problem of importance to atmospheric modelers is the treatment of
microphysical processes in cloud models. The warm rain parameterization
of Clark and William Hall (CSD) has reached the stage where nucleation,
condensation, stochastic coalescence, and raindrop sedimentation can be
treated in two dimensions. This parameterization uses the distribution
approach where the "full" equations are approximated in a Markovian sense
by the various distributions. The paraineterization hds the advantage
that it uses few field variables by comparison with an equivalently
accurate conventional approach that employs radius categories. It is
anticipated that a paper will be published in 1986 describing this
development. The approach will be applicable in three dimensions once it
has been optimized. (The current version of the code is far from optimal
because of necessary running diagnostics.) In the future, it is planned
to use many of the ideas developed in this parameterization in the
development of an ice-phase parameterization for dynamical cloud models.

SELECTED TOPICS IN MICROPHYSICS

Ice Nucleation Studies

During the past year, a number of studies by long-term visitor
Jan Rosinski achieved results as reported below.
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Ice-Forming Nuclei (IFN) Active in Convective Storms through
Freezing. The freezing drop technique gives an estimate of the spectrum
of temperatures for freezing nuclei in a sample of precipitation, but it
cannot be used to deduce either the development of the ice phase in
clouds or the mode by which aerosol particles nucleate ice. The
technique may be useful, though, when applied to precipitation samples
containing hydrosol particles of a certain known size; the information
then can be used for speculation on the formation of ice phase in
clouds. The particle transfer processes operating in storms are
dependent on particle size, except when aerosol particles are transferred
into cloud particles through nucleation. There is an especially large
class of particles present in precipitation that was not transferred from
the aerosol population and might mistakenly be assumed to have been
removed from air. Large aerosol particles (d>25 inm) present in storms
are easily transferred into water drops by means of aerodynamic capture
(below clouds) or by accretion of cloud droplets by an aerosol particle
(inside clouds). These large particles shed submicron-sized particles
into raindrops they produce within a cloud; the shed particles will be
confined to these drops as long as the drops are airborne. Once
collected as a rain sample, all shed particles are released into the
collected precipitation. Concentrations of ice-forming nuclei (IFN)
present in precipitation samples cannot be assumed to be distributed
uniformly within a cloud.

An Andressen sedimentation pipette was used to produce samples in
which particles larger than the cutoff sedimentation diameter were
absent. In practice, however, soil particle density and shape may vary
from particle to particle, and consequently particles of different
diameters may be grouped into one sedimentation class. The mathematical
method devised by Thomas Kerrigan (Bell Laboratories, New Jersey) was
used to analyze the drop freezing data. The results obtained could be
summarized as follows:

* Larger hydrosol particles (>3 mLin in diameter) generally
nucleated ice at warmer temperatures than the smaller ones.

* Smaller hydrosol particles (0.1-3 sim in diameter) were
generally inactive over a broad temperature range; fraction
nucleating ice at -10°C was 9 X 10- . This is counterbalanced
by larger concentrations of hydrosol particles. The
concentration of IFN active at -10°C was about 1 cm-3 of rain
water.

* Fractions of larger hydrosol particles nucleating ice at
all temperatures were usually two to three orders of
magnitude higher than those of particles in the 0.1-3 [in
diameter size range.

* A large fraction of particles in the 0.1-3 tm diameter
size range was associated with lower densities, suggesting that
the particles consisted of organic matter.
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* The mineralogical composition of aerosol particles was found
to be responsible for observed data; the contribution of organic
matter to the nucleation of ice seems to be negligible.

A paper on "Mathematical Technique for Analyzing Drop-Freezing Data"
by Alice Lecinski, High Altitude Observatory (HAO), Rosinski,and Kerrigan
has been accepted for publication in the Journal of Aerosol Science.

Ice-Forming Nuclei of Maritime Origin. Concentrations of IFN
present in maritime air masses have been found by many observers to be
very low. An experimental program was set up to determine concentrations
of different-sized aerosol particles capable of acting as IFN over the
surface of the Pacific Ocean. Ice nucleation by sorption, freezing and,
for the first time, condensation-followed-by-freezing were investigated
in order to establish meaningful ratios of IFN concentrations nucleating
ice by different modes to different-sized aerosol particle populations.
Aerosol particles were collected from NOAA's research ship Discoverer.
The results of the investigation can be summarized as follows:

A. Ice nucleation by freezing.

* IFN in the 6 to 8 am diameter size range that are
aggregates of smaller particles were active in the -7.3°C
to -11.1°C temperature range along the western coast of
North America (36° N, 125° W). Melting of frozen drops
destroyed ice-nucleating ability.

* A very low concentration of IFN active around -120C was
found over the South Pacific for aerosol particles below
0.5 [m diameter.

* Freezing temperatures of drops placed on aerosol particles
collected over the South Pacific were generally lower than
those from the North Pacific.

B. Ice nucleation by sorption.

* IFN active by sorption in the temperature range between -5°C
and -17°C at supersaturations over ice but below saturation
over liquid water were not found over the Pacific Ocean.

C. Ice nucleation by condensation-followed-by-freezing.

* The formation of frozen droplets by this process in clouds
is time-dependent and consequently depends on the evolution
of clouds.

* IFN active at -3.30C were found over the South Equatorial
Current (10 S, 1500 W) in concentration of 100 m .

* Concentrations of IFN active at and below -4'C were up to
3X10 4 m-3 (30 R-1) over the South Equatorial Current at
150 G W and 170° W.
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* Concentrations of IFN were found to be independent of
temperature for the -4°C to -14 C temperature range.

* Aerosol particles supplying IFN were below 0.5 alm diameter.

* The fraction of the aerosol population that nucleates ice
between -4C and -5 C is ~10-3

* Aerosol particles smaller than 0.5 pin diameter seem to
consist mostly of organic matter. Presence of IFN over
waters of the South Equatorial Current seems to be
associated with biological activity in that current.

D. Conjecture.

The South Equatorial Current passes along the east coast of
Australia; if it produces the same concentrations of IFN as at 1500 W and
170a W longitudes, then the large concentrations of ice particles found
by Stanley Mossop (CSIRO) at warm temperatures in the clouds around
Tasmania could be related to corresponding concentrations of IFN active
by condensation-followed-by-freezing and not to the ice multiplication
mechanism of John Hallett (DRI) and Mossop.

"Ice-Forming Nuclei of Maritime Origin" by Rosinski, Philip
Haagenson (CSD) and Clarence Nagamoto and Farn Parungo (NOAA) was
accepted for publication in the Journal of Aerosol Science. "A Study of
Marine Aerosol over the Pacific Ocean"by Parungo, Naganoto, Rosinski,
and Haagenson was accepted for publication in the Journal of Atmospheric
Chemistry.

Aerosol Scavenging by Clouds and Precipitation

Andrea Flossmann and Hans Pruppacher (Gutenburg University, Mainz,
West Germany) have been working with Hall on modeling aerosol scavenging
by cloud and precipitation particles. Over the past year, considerable
progress has been made using the two-dimensional detailed cloud physics
model to understand how the various physical scavenging mechanisms in and
below clouds contribute to the rain water aerosol content reaching the
ground. The development of a gas scavenging package within a Lagrangian
parcel framework has also been completed. Next summer, Flossmann will
visit NCAR to incorporate this gas scavenging model in the
two-dimensional detailed microphysical/dynamical model.

Scheiner's Halo

Weinheimer and C. Knight proposed a new explanation for Scheiner's
halo, observed in the sky at an angle of 280 from the sun or moon. The
previous explanation of this rare halo invoked the existence in the
atmosphere of the cubic form of ice, ice Ic. This explanation is thought
to be improbable, since ice Ic does not form at atmospheric temperatures
and pressures. According to the newly proposed explanation, Scheiner's
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halo is produced by refraction in polycrystals of ice Ih, the ordinary
hexagonal polymorph, in which specific orientation relations exist
between adjacent crystals.

Measurements on atmospheric polycrystals (e.g., bullet rosettes)
show a strong tendency for c-axes of adjacent crystals to be oriented at
70° to one another. In addition, X-ray diffraction measurements on
laboratory-produced polycrystals show an angle between c-axes very near
70.5'. As a result, there will be pairs of faces at angles of about 700
to one another, and refraction through such a pair of faces will have an
angle of minimum deviation of about 28", the angle at which Scheiner's
halo is observed. It is thought that the halo is produced by recently
frozen drops that have undergone enough growth from the vapor that the
crystals' basal faces are prominent but not so much growth that there is
no longer a path within the ice from the basal face of one crystal to
that of another.

It is no coincidence that there are two potential sources of
Scheiner's halo, one involving single crystals of ice Ic and one
involving polycrystals of ice Ih. In each case, a halo of 280 results
from pairs of faces that intersect at angles very nearly equal to the
supplement (-70.50) of the tetrahedral angle (-109.5°). This,
in turn, results from the tetrahedral coordination of oxygen atoms in
ice. However, the explanation of Weinheimer and Knight involving
polycrystals of ice Ih is preferable since, in contrast to the
explanation involving ice Ic, such ice is in fact observed in the
atmosphere.

Biological Antifreezes

C. Knight has continued to pursue the general subject of the class
of biological antifreezes that produces freezing hysteresis. These
materials are known from Antarctic (and other) fish and from insects, and
the work is collaborative with Arthur DeVries of the Jniversity of
Illinois (fish) and Jack Duman of Notre Dame (insects). The most recent
result is the finding that in freeze-tolerant insects that contain this
sort of antifreeze, the material also acts as a very effective inhibitor
of ice recrystallization. (Aside frown these antifreezes, molecular
recrystallization inhibitors have been unknown. This work followed on
the discovery by Knight and DeVries of the ability of the fish antifreeze
to suppress recrystallization.) The role of the antifreeze in insects
that do freeze had been somewhat mysterious, but since ice
recrystallization at warm but subfreezing temperatures may be an
important cause of death, the material may protect the insects by
inhibiting recrystallization. Two further collaborations were initiated:
with Raymond Fall (University of Colorado) searching for antifreezes in
bacteria or yeast, and with Andrew Staehelin (University of Colorado)
looking at ice frozen from solutions of the fish antifreeze with his
freeze-etching technique. The fundamental mechanism of action of the
antifreezes in preventing ice crystal growth is the major problem of
interest: if one understood how the freezing hysteresis is produced, it
might be possible to obtain a control over the freezing process that has
not been anticipated.
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STAFF AND VISITORS

Admini strat ion

Toni Biter
Rachel Jones
Jan Rosinski (long-term visitor)
Edward Zipser (director)

Cloud Physics Instrumentation Group

Cleon Biter
Jeffrey Bogen
Thomas Brokaw
James Drake (long-term visitor)
James Dye
Jack Fink
Vincent Glover
Walter Grotewold
DeWitt Harrison, Jr.
Christian Host
Brendan Ruiz
Michael Spowart
Bernard Wakham
John Warner (project leader)
James Weber

Macrophysics Group

V. Balaji (long-term visitor)
Terry Clark
James Fankhauser
G. Brant Foote (project leader)
Harold Frank
William Hall
Sudie Kelly
Jean Philippe Lafore (long-term visitor)
L. Jay Miller
Carl Mohr
Ronald Rinehart (4 January 1985)
William Roberts
Piotr Smolarkiewicz
John Tuttle
Charles Wade

Mesoscale Interactions Group

Theo Antoniou
Gary Barnes
Lesley Julian
Margaret LeMone (project leader)
Thomas Matejka
Gregory Stossmeister
Edward Szoke
Robin Vaughan

Microphysics Group

Ronald Bennett
Daniel Breed
T. Gene Davis
Andrew Heymsfield
Frances Huth
Charles Knight
Nancy Knight
Ilga Paluch
Joanne Parrish
Roy Rasmussen (long-term visitor)
Andrew Weinheimer (long-term visitor)

Visitors

Edwin Crow, unaffiliated, 1 October 1984 to
Indefinite, administration

Stephen Jascourt, University of Wisconsin,
Madison, Wisconsin, 1 July to 9 August 1985,
mesoscale interactions

Warren King, Commonwealth Scientific and
Industrial Research Organization, Epping,
Australia, 18 March to 17 April 1985, cloud
physics instrumentation (with ATD)

Thomas Kyle, Los Alamos National Laboratory,
Los Alamos, New Mexico, 3 to 30 September 1985,
macrophysics (with AAP)

Carlos Latorre, Ministry of Agriculture and
Hydraulic Resources, Cauhtemoc, Mexico,
1 October 1984 to 30 June 1985, microphysics

Chih-Shiang Liaw, Central Weather Bureau, Taipei,
Taiwan, 24 May 1985 to 24 May 1986, macrophysics
(with ADMP)

Alice Palmer, Colorado College, Colorado Springs,
Colorado, 4 March to 3 September 1985,
microphysics

Brian Ryan, Commonwealth Scientific and
Industrial Research Organization, Melbourne,
Australia, 1 July to 16 August 1985,
mesoscale interactions

Kunio Shimizu, Science University of Tokyo,
Japan, 1 April 1985 to 31 March 1986,
administration

William Winn, New Mexico Institute of Mining and
Technology, Socorro, New Mexico, 4 June to
3 July 1985, cloud physics instrumentation

Karlo Zvonarek, Lyndon State College,
Lyndonville, Vermont, 4 June to 10 August 1985
(Summer Employnent Program), macrophysics
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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 simu-
lation modeling and analysis of very large data sets. Hence, SCD's principal
mission is to provide computing power of sufficient magnitude to drive compu-
tations for extensive modeling and data analysis as well as to furnish storage
and archive capabilities for major data collections. The emphasis is to pro-
vide all users with 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 pro-
grams that involve university and NCAR scientists. This support mandates that
SCD have available, in good time, the hardware and software required to carry
out these computations, and that nonintimidating user interfaces exist to
ensure that SCD's equipment and services are maximally utilized by the scien-
tists.

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 sys-
tems, 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.

SIGNIFICANT ACCOMPLISHMENTS

Fiscal year 1985 engendered a level of activity within the division that
has been without precedent in past fiscal years. The division moved aggres-
sively to attain major upgrades or enhancements to computing systems essential
for maintaining NCAR's high level of research services to the atmospheric sci-
ence community. Key accomplishments, summarized briefly below, occurred in
the areas of large-scale computing, high-speed data communications, and mass
storage and archive capabilities.

In addition to working toward a final acquisition of the CRAY X-MP/48
supercomputer, providing enhanced data communications services (including
implementation of an automated weather data acquisition and archiving system
for National Weather Service products), and establishing the framework for the
procurement of a front-end computing system for the new CRAY machine, division
staff pursued other activities that will significantly benefit research in the
atmospheric and ocean sciences. These other divisional accomplishments are
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Figure 1
Major NCAR Computing Systems

(FY 1985)
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highlighted here (more detailed descriptions may be found in the summaries of
section activities):

* Initiating the University Satellite Network Pilot Data Communications
Project

In mid-July 1985, the National Science Foundation's (NSF) Office of
Advanced Scientific Computing (OASC) awarded a contract to NCAR to begin
assembling and testing a pilot data communications network based on high-
bandwidth, satellite-mediated technology. As part of NSF's Supercomputer
Access Initiative, this project addresses the experimental component of
developing a supercomputer access network termed NSFnet. The project,
funded as a result of a proposal written by SCD staff, is managed and
coordinated by SCD and involves the following universities and institu-
tions (selected by NSF):

Oregon State University
University of Illinois
University of Maryland
University of Miami
University of Michigan
University of Wisconsin
Woods Hole Oceanographic Institution

* Modifying the Facility for the CRAY X-MP/48

As plans move forward to install a new Cray Research supercomputer
in August 1986, FY 85 has seen SCD involved in several major facilities
modifications affecting the entire Mesa Laboratory. The division has had
a major portion of the planning and coordination for these alterations,
including timing power outages to minimize user downtime, moving user
terminals to a more centralized area during major construction activi-
ties, and, in general, continuing to provide a viable computing environ-
ment for all NCAR computer users.

* Enhancing the Mass Storage System

SCD's mass storage system was significantly upgraded during FY 85 as
part of the division's stated program to design a multimedia, hierarchi-
cal data storage and archiving facility that will manage all large data
sets within the computing division. For more details, see the section
entitled "Mass Store Group" in the Systems Section narrative.

* Testing a Disk Farm Upgrade to the Mass Storage System

SCD staff members completed the first phase of the mass storage con-
trol software for the hierarchical storage system for the CRAY X-MP/48
during FY 85. During the second quarter of 1985, a test was conducted to
determine the feasibility of connecting IBM 3380 disks to one of the
division's CRAY-1 computers, with the intention of eventually connecting
these disks to the CRAY X-MP/48. Test results provide confidence that
the planned disk farm addition for the CRAY X-MP/48 mass storage system
will be successful.
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* Furnishing Interactive Access to NCAR's CRAY-1 Computers

A major software effort during FY 85 provides users with a reason-
ably smooth interactive facility to access the CRAY-1 computers for rou-
tine activities such as program debugging. The facility is termed ICJOB
(interactive CRAY job), and permits the user to interact with CRAY jobs
running in batch mode under COS (CRAY operating system).

* Specifying an On-Line Documentation System

During FY 85 the division undertook a series of investigations to
ascertain how quickly a viable on-line documentation system could be
assembled and to make such a system available to users by late 1986.
Commercially available packages may be used for the system.

e Hosting the 1985 NCAR/DOD Summer Supercomputing Institute

In May, NSF's OASC and the Department of Defense awarded funds to
SCD to conduct one of three national Summer Supercomputing Institutes.
SCD coordinated and managed the institute, designed the curriculum,
recruited the faculty, and furnished computing resources on both the
CRAY-1A and the IBM 4341 computing systems. The institute, held from 19
to 30 August 1985, was attended by 30 students from major universities
and research institutions around the country.

* Incoherent Scatter Radar Project

During FY 85, the joint NSF/NCAR project to archive ionospheric
incoherent scatter radar data began. World Day data from 1983 and 1984
are now available from most of the newer sites, and other periods are
available from some sites. Programs for accessing and inventorying the
set became operational. Format inconsistencies from the various sites
have been resolved, and the format was augmented where deficiencies were
identified.

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 organizational structure of the division. Each section's
function and organization are discussed below.

In addition, during FY 85, the University Satellite Network (USAN) proj-
ect became a reality and has been organizationally attached to the Division
Director's Office. This is appropriate, as SCD staff assigned to the project
come from several sections, reflecting the division-wide commitment to making
the project a success.
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Figure 2

SCD Organizational Chart
FY 1985

FY 85 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
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Table 1 gives the number of projects, by category, that received support
during FY 85. Table 2 illustrates the use of the CRAY-1 computers in General
Accounting Units (GAUs). (The GAU is a weighted sum whose value is a measure-
ment of the amount of computing resources used in the execution of a job on
the CRAY-1 computers, based upon such factors as CPU [central processing unit]
hours consumed, amount of time in memory, and number of TMS-4 accesses.) Fig-
ure 3 shows the percentage distribution of computing resources as a function
of broadly defined scientific disciplines pursuing research at NCAR.

Figure 3

Percent Allocation of SCD Computing Resources
by Area of Scientific Interest

FY 1985

ite

Prediction

Physics

er Atmosphere

Oceanography

Astrophysics

Fluid Dynamics

152



SCIENTIFIC COMPUTING DIVISION

Table 1
FY85 Computer Support Statistics

Category
Number of Projects
Receiving Support

New Projects
Activated

University 406 130
Projects

Joint NCAR/
University Projects 102 96

NCAR Projects 343 32

Totals 851 258

Table 2
CRAY-1 Use in General Accounting Units (GAUs)

Ilutratlon by SCD Documentation

Fiscal Year

Category 1983 1984 1985 1986(est)

University 3,606 4,906 4,260 4,400

Joint NCAR/ 1,372 1,054 2,247 2,200
University

NCAR 3,156 4,217 4,693 4, 400

TOTALS 8,134 * 11,177 11,380 11,000 *

The second CRAY-1 was put Into service In June, 1983

* This estimate reflects the decommissioning of the CRAY-1 (SN #14)
around July, 1986 and the fact that the CRAY X-MP/48 will not
be fully operational in FY 1986.

-- --
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SYSTEMS SECTION

The Systems Section, managed by Paul Rotar, is responsible for maintain-
ing the operating systems software for all SCD computing systems, the high-
speed NCAR local network, data communications and mass storage systems, and
the language compilers supplied by vendors. The section also develops and
maintains network and communication software to link the various elements of
the NCAR computing environment together. The section provides technical sup-
port for proposals as required to promote the timely acquisition of best-
available advanced computing technology.

The section is divided into two departments; Large-Scale Systems and
Small-Scale Systems.

The Large-Scale Systems Department manages three systems that provide
users with advanced, high-speed computing and mass storage capabilities. The
department is responsible for furnishing the operating system software support
for NCAR's twin CRAY-1 computers and the Ampex Terabit Memory System (TMS-4),
SCD's mass storage device. It has undertaken the development of the CRAY X-
MP/48 disk farm and IBM 3480 cartridge storage systems. These responsibili-
ties are divided between two groups within the department: the CRAY Group and
the Mass Store Group.

The Small-Scale Systems Department oversees the computing systems that
permit users to access the CRAY-1 computers and the TMS-4. Such front-end
capabilities are handled by two IBM 4341 computers (running under VM/SP),
several minicomputers that facilitate remote use of the IBM 4341 computers,
and the NCAR local network. Three groups within the department, the IBM 4341
Group, the Graphical Output Group, and the Network and Communications Group,
provide software development and maintenance support, as well as enhanced net-
work, communications, and graphics software for all of these systems. Members
of the Network and Communications Group are participating in the development
of the USAN system software.

Highlights in Meeting 1985 Objectives

e Installed two major Cray Research, Inc., operating software releases, COS
1.13 and COS 1.14. These are milestones in the evolution of CRAY X-MP/48
software.

* Introduced interactive use of the CRAY-1 machines for program debugging
(ICJOB).

* Demonstrated the ability of the CRAY-1 to use IBM 3380 2.5-gigabyte disks
at 1.5 megabytes per second. Interface devices to allow the use of IBM's
five-gigabyte disks at three megabytes per second are now under develop-
ment by Network Systems Corporation.

* Completed the first phase of the mass storage control software for the
hierarchical storage system for the CRAY X-MP/48. This software is now
operational on the IBM 4381 computer. Selected staff members are
currently using IBM 3480 tape cartridges instead of the TMS-4 to test the
efficacy of the tape cartridge system.
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* Designed and implemented an automatic weather data acquisition and
archiving system that handles National Weather Service products.

o Implemented gateway software that permits off-site Digital Equipment Cor-
poration (DEC) VAX/VMS systems using DECnet to become remote nodes on the
NCAR local network.

· Tested Vitalink Communications Corporation's TransLAN equipment that will
be used as a major component of the USAN project. The TransLAN devices
permit intelligent switching of data across small local area networks.

· Tested different vendors' offerings of UNIX software for use on the IBM
4341 front-end complex.

* Improved the software interface on the IBM 4341 front-end complex to per-
mit the CRAY-1A machines to operate interactively.

· Developed an editor, which is similar to the existing editor, for the IBM
4341 front-end complex that can handle files of any size.

* Organized, chaired, and published the proceedings of the Seventh Insti-
tute of Electrical and Electronics Engineers (IEEE) Symposium on Mass
Storage Systems, entitled "Toward Automated Mass Storage Systems."

Large-Scale Systems Department

CRAY Group. As in prior years, the installation of the CRAY operating
system (COS) releases 1.13 and 1.14, associated products, libraries, and util-
ities proved challenging. That this continues to be the case is due to a
large number of incompatibilities with previous system releases and fundamen-
tal changes in areas in which considerable local code has been added. The
installation of COS 1.14, completed in November 1985, represented an important
milestone in the development of an operating system that provides capabilities
similar to those needed by the incoming CRAY X-MP/48.

An interactive facility allowing programs to be run and debugged on the
CRAY-1 computers was developed by group staff members. The facility, termed
ICJOB, uses the IBM 4341 computers and has the ability to establish and hold
an execution slot on the CRAY-1 systems. IJCOB is menu-driven, permitting the
user to perform specific tasks by selecting from a variety of options listed
on a series of nested menus.

Staff members are attempting to determine the best way to integrate
software to manage peripheral equipment into the CRAY operating system for the
CRAY X-MP/48. At this time, the NCAR local network, the standard one-half-
inch tape subsystem, and the TMS-4 will probably be connected to the CRAY X-
MP/48's central processing unit channels in a manner similar to the existing
CRAY-1 connection. Only the new disk farm will be attached to the X-MP I/O
subsystem.

The job queue manager was reworked in an effort to prevent an individual
user from running more than one job in any job execution class until other
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persons in the class are allowed to run. Changes were made to prevent queue
dispatching when the CRAY disk allocation tables were close to overflowing.

Mass Store Group. Substantial progress was made over the past year in
implementing the software for NCAR's new hierarchical storage system that
involves IBM 3480 tape cartridge drives and the disk farm.

The mass storage control processor (MSCP), an IBM 4381 computer system,
was delivered in late 1984 and accepted early in 1985. The MSCP should be
able to support the IBM 3480 tape cartridge system, the disk farm, and any
other data storage hardware subsystems that may be acquired. Data paths are
being constructed so that the data will not have to pass through the MSCP,
which will serve only cataloging and control functions for most of the data.
Staff members are currently completing the initial software. Selected users
have begun to use the IBM 3480 subsystem and are transferring data from the
TMS-4 to the IBM 3480 cartridges.

TMS-4 software was modified to automatically provide users with backup
data-set versions when nonrecoverable errors occur on data sets. Also, the
size of the TMS-4 data-set catalog had to be increased to handle growth during
the year; utility software needed to be modified because of this increase.

The Seventh IEEE Symposium on Mass Storage Systems, entitled "Toward
Automated Mass Storage Systems," was held 4-7 November 1985 in Tucson,
Arizona. This symposium was organized and chaired, and the proceedings were
published, by Systems staff. The symposium addressed the environments served
by mass storage systems and the technology being developed to meet the large-
capacity data-storage requirements being defined in several computing communi-
ties, including specialized users with automated systems.

Small-Scale Systems Department

IBM 4341 Group. The IBM 4341 Group has installed two versions of UNIX
software on these front-end systems, in the hope that one of them will allow
for the expansion of the services that the IBM 4341 machines currently offer.
The group also improved the software interfaces that have permitted the
development of the interactive CRAY software package ICJOB.

Restrictions existed on the size of files that could be edited on the
vendor-supplied editor, "XEDIT." Using this as a base, a new version was
created that allows files of unlimited length to be handled using the familiar
XEDIT command syntax.

Network and Communications Group. Principal activities within this group
focused on the USAN project, primarily in the areas of equipment, software to
be used, and preliminary design of gateway software. A major achievement was
the design and completion of NCAR local network gateway software for NCAR's
Mesoscale Research Section VAX/VMS system at 30th Street. This software per-
mits off-site VAX/VMS systems machines using DECnet to become remote nodes on
the NCAR local network. Currently, this software helps provide a 56-kilobit-
per-second link to NCAR facilities off the mesa. The group also has tested
the TransLAN equipment that serves as a traffic control and the data
transmit/receive interface for the USAN project.
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Graphical Output Group. A second Digital Equipment PDP 11/34 processor
and two 40-megabyte disks have been installed to assist with the Dicomed
graphics functions. At this time, the software to operate the dual-processor
system is in an advanced state of check-out, but probably won't be functional
until late January 1986. The dual-processor software has progressed more
slowly than desired because the changes to the system, which would allow each
machine to know the state of important parameters, were more difficult than
originally anticipated. The graphical kernal system system was not installed
because it requires the addition of floating-point processors. These proces-
sors were ordered and are due to be delivered in late December 1985.

COMPUTER OPERATIONS AND MAINTENANCE SECTION

The Computer Operations and Maintenance Section, managed by Gary Jensen,
has responsibility for the day-to-day operation of the division's computing
machines and peripheral equipment. The section is divided into three main
groups: Computer Operations, Communications and Maintenance, and Resource
Accounting. The Computer Operations Group provides around-the-clock opera-
tions coverage throughout the year, processes and distributes microfilm and
microfiche output and computer-generated movies, provides data entry and
verification services for NCAR and SCD projects, and manages 111,000 user-
owned, mass storage data files. An Operations supervisor (or acting supervi-
sor) is always on duty in the computer room to handle problems that may occur
or to deal with special situations that arise in support of a given user.
Staffing is organized to provide for smooth and quick job turnaround at all
times, with a minimum of overtime expenses.

The Communications and Maintenance Group has as its primary responsibil-
ity the care and maintenance of the division's computing and communications
equipment, except for the CRAY-1 and IBM systems (they are maintained by ven-
dor engineers). This collection of equipment ranges from terminals (intelli-
gent or dumb) to the Ampex TMS-4 mass storage device. During FY 85, this
group continued to offer terminal maintenance to other divisions, but demand
for this service was reduced by the end of the fiscal year (and it was eventu-
ally canceled). Senior staff in this group also have been assigned to the
USAN project to provide hardware services and related support.

The Resource Accounting Group records and reports on the use of NCAR's
CRAY-1 and IBM 4341 computers. The staff programs and operates an extensive
data base system that provides a wide variety of statistical reports used for
accounting and forecasting.

Highlights in Meeting 1985 Objectives

* By the end of calendar 1985, the section will acquire an Ampex TMS-5 mass
storage system from the National Oceanic and Atmospheric Administration
and will purchase, at great savings, all of the remaining spare parts
available from Ampex Corporation. Suppliers for some of the nondiscrete
parts, such as reel motors and capstan drivers, have been identified.
Through a special arrangement with Ampex, enough ferrite material has
been stockpiled to rebuild the system's rotary heads for several more
years.
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o The number of VSNs (data sets) stored on the Ampex TMS-4 grew from 97,000
to 111,000 during FY 85.

* Film production did not grow as much as estimated. Current production is
around 1.1 million frames per month, which, considering the price
increase of the film materials and developing solutions, worked out to be
within our budget limitations.

* The off-line Ampex tape initialization system was completed and is opera-
tional for both tape initialization and testing of spare parts prior to
installation on the main system.

e Plans were made to bring the Ampex head-testing effort on site. This
means moving the head-testing system to NCAR from the Ampex facility at
Redwood City, California. On-site Ampex engineers will test rebuilt
rotary heads prior to installing them on the production system. This then
will become the second off-line mass storage system at NCAR.

* The section was involved with the Physical Facilities Services group in
the planning and execution of the first phase of the CRAY X-MP/48 instal-
lation program. Plans were drawn up by NCAR's architectural and
engineering group and revised several times to incorporate suggestions
made in the report by the Ad Hoc Committee on Computing Hardware (chaired
by Peter Gilman, High Altitude Observatory). Construction of the shell
of a 4,000-square-foot underground addition to the north end of the com-
puting facility was 90% completed by FY 85's end.

* The Gandalf PACX (SCD's port selection device) was enhanced again in FY
85 through design engineering done by the Communications and Maintenance
Group. The maximum number of terminals that can be attached to the PACX
was increased from 512 to 756. The number of terminals attached at the
end of FY 85 was 588. A total of 440 computer port connections have now
been made. The PACX logic was upgraded, making use of more Gandalf
software options. The group also designed and installed a power supply
change that significantly decreased the power consumption of the PACX,
thereby decreasing the load on the uninterruptible power supply system.

USER SERVICES SECTION

The User Services Section, managed by Richard Sato, provides NCAR's local
and remote users with assistance in their use of SCD's computing resources and
services. The section furnishes consulting, training assistance, and documen-
tation for the major computing systems and data communications services used
by NCAR scientists. User Services acquires, manages, and maintains software
libraries of numerical analysis packages and utility tools, and develops
modeling, data-processing, graphics, and other software utilities and systems
to enhance the user's overall computing environment. In addition, the section
has responsibility for providing the interface between users and the communi-
cations facilities that permit remote access to NCAR computers. Staff members
also provide support for proposals and technical documentation necessary to
further the acquisition of advanced computing capabilities at NCAR.
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Section staff are organized into the following four groups:

* Data Communications provides the interface between the remote user com-
munity and the communications facilities maintained by SCD. The group
also has major responsibility for furnishing data communications services
for the USAN project.

* Information Services has principal responsibility for both short- and
long-term interaction with SCD users at all levels of expertise. To
carry out its mandate, it provides consulting, documentation, and train-
ing. The group also has staff assigned to the USAN project to furnish
administrative and liaison sevices between SCD and the other participants
in the project.

* Multi-user Software develops software systems and utilities to support
the user community's often unique requirements.

* Software and Libraries acquires, manages, and maintains collections of
software routines and utilities. The group has primary responsibility
for developing NCAR graphics software and managing the division's several
UNIX-based computing systems (including the Sun and Apollo work sta-
tions).

Highlights in Meeting 1985 Objectives

* During FY 85, members of the Information Services Group have been
involved in specifying a viable, on-line, interactive documentation sys-
tem that will serve the needs of all SCD computer users. Recent software
innovations by several private firms have expanded the quality and versa-
tility of on-line documentation systems. These proprietary systems typi-
cally run on the newer classes of superminicomputers with UNIX operating
systems. SCD has such computers on which to test the usefulness of these
programs in the NCAR environment.

* Staff in two groups (Data Communications and Information Services) are
providing support for many of the USAN project activities that began dur-
ing FY 85. These tasks include providing appropriate data communication
interfaces between USAN member universities and SCD's major computing
machines, issuing quarterly progress reports sent to NSF and all USAN
member institutions, and acting as an information clearinghouse for
internetworking and data communications procedures and protocols.

* FY 85 saw an expanded training effort on the part of section staff,
including a major activity in administering and coordinating a summer
supercomputing institute held from 19 to 30 August 1985 at NCAR. A final
report describing the institute in detail will be published in November
1985 and will be available from SCD upon request. The annual site visit
program also reached more scientists and researchers this year as
interest in the new capabilities of the CRAY X-MP/48 grew among NCAR's
user community. Staff designed and distributed a questionnaire to assess
the training needs of all NCAR staff and visitors using SCD services and
computing resources. Results from the evaluation of the questionnaire
will be used to formulate a more aggressive training effort.
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* The Consulting Project was reorganized during early FY 85 to furnish ser-
vices for both local and remote users on a daily, extended, and custom-
ized basis. A layered service has been initiated, with student assis-
tants staffing the Mesa Laboratory office and answering telephone
inquiries. Consulting problems beyond the capabilities of the students
are relayed to senior User Services consulting staff members. As part of
the reorganization, interactive access to a data base of user problems
has been developed, allowing the consulting staff to search for solutions
by keywords.

* All of NCAR's graphics utilities have been converted to the graphical
kernal system standard and FORTRAN 77. This was a significant effort
during FY 85 and has resulted in a "beta release" of the software to
approximately 20 test sites.

Data Communications Group

Providing easy and efficient access to SCD computing resources for remote
users remains a top priority within SCD. To meet these challenges, the Data
Communications Group is continually upgrading communication capabilities at
NCAR. For example, the UNINET packet-switching network provides significant
connectivity for remote users, at a cost of about $7 per hour (there are over
3,000 hours of user connect time per month). This represents a considerable
savings when compared to the cost of using long-distance telephone lines.
Most of the major UNINET sites now have 2,400-baud service available (a dou-
bling of last year's rates).

The MODCOMP II computer, which for many years supported most of the
remote job entry access to the CRAY-1 computers, was decommissioned in October
1985. IBM's Remote Spooling Communication Subsystem running on the IBM 4341
front-end systems is now providing this crucial service.

For NCAR scientists to utilize NSF-granted CRAY X-MP computer time at
Boeing Computer Services, a 56-kilobit-per-second network job entry interface
was implemented.

Networking efforts during FY 85 have been considerable. In particular,
the USAN project was initiated, and support is being provided for installa-
tion, documentation, and testing at participating universities. This is a
major step in furnishing wide-band communication capabilities to NCAR's user
community within the areas of connectivity, electronic mail, file transfer,
and terminal (remote log-in) access.

Coordination for the development and installation of an NCAR Ethernet was
provided for by the group. (An Ethernet is a local-area data networking
medium. It operates at both the physical and data-link layers of the Interna-
tional Standards Organization data protocol model.) Support was also provided
for asynchronous file transfers between personal computers and the IBM 4341
front-end computing systems.
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Information Services Group

This group represents a major interface between users and SCD's equipment
and services. Its staff members work in three projects dedicated to consult-
ing, documentation, and training. Significantly, the demand for an interac-
tive on-line documentation system, more and better training courses, and
expert consulting services has continued to grow in FY 85, reductions in per-
sonnel and funding notwithstanding. To meet these demands, group staff
members have focused on providing those information services essential to the
successful use of NCAR's major computing resources.

The annual site visit program, undertaken primarily by Consulting Project
staff and coordinated by the Training Project, remains a popular and
much-needed outreach effort. The purpose of the site visit program is to pro-
vide remote users with an opportunity to meet with one of SCD's staff members
to address problems and concerns as perceived from the remote site. At the
same time, SCD has an opportunity to convey information about a range of
topics back to the remote sites, via the personal touch of a site representa-
tive. SCD site representatives take information concerning SCD policies,
hardware acquisiton plans, data communications updates, and a variety of other
topics out into the field to remote user sites. This two-way communication
is further facilitated by an occasional seminar or lecture given at the remote
site by SCD staff. Twenty-one remote sites were visited in FY 85; they are
listed in Table 3.

Table 3
List of Universities Visited
1985 SCD Site Visit Program

Brown University
Colorado State University
Drexel University
Florida State University
Harvard University
M.I.T.
Michigan State University
Naval Postgraduate School
Oregon State University
Princeton University
Scripps Institution of Oceanography

Stanford University
State University of New York, Albany
University of California, Davis
University of California, Los Angeles
University of California, San Diego
University of Chicago
University of Missouri, Rolla
University of Texas
University of Washington
Woods Hole Oceanographic Institution

During FY 85 documentation project staff have been vigorously assessing
the relative merits of designing or acquiring an interactive on-line documen-
tation sytem. Specifically, they have:

* Investigated NCAR and SCD needs for on-line documentation

· Identified and evaluated other on-line documentation developments at
major U.S. research laboratories

* Identified the most likely existing systems (i.e., DOCUMENT, running at
the National Magnetic Fusion Energy Computing Center)
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* Explored the details of implementing such a system at NCAR

* Designed a conceptual approach to on-line documentation for NCAR

* Set out to implement and evaluate several prototype systems

The project is beginning to use a special mark-up script on existing
hard-copy documentation to initiate the move to a fully functional on-line
system by the end of calendar 1986.

Multi-user Software Group

Major activities during FY 85 revolved around maintaining or enhancing
the code for the PSTORE and GENPRO software utilities developed by the group.
Members of the group also assisted in evaluating an Ahmdal Corporation UNIX
product for use on the IBM 4341 system. Termed UTS (for UNIX time sharing),
the software might provide a vehicle for placing a UNIX or UNIX-like environ-
ment on the twin IBM 4341 front-end computers. At the end of FY 85, UTS was
deemed unsatisfactory for this purpose.

Several of the software products produced by the group have received
wider interest and, consequently, staff members actively worked toward their
distribution among NCAR groups and international research organizations wish-
ing to use them. In particular, the group assisted in customizing the NCAR
community climate and forecast models for the Indian Institute of Technology
in New Delhi. In addition, a VAX version of GENPRO was created and sent to
the University of Hawaii.

Software and Libraries Group

During FY 85, a major consolidation of locally supported libraries was
completed. The routines formerly available on several separate libraries
(CRAYLIB, ULIB, and XLIB) are now accessible through a single library, LOCLIB,
on the CRAY-1 machines.

Staff have been involved in installing, improving, or implementing
several vendor-supplied (external) libraries, including IMSL, MTLIB, NAG, SAS,
and SLATEC.

ADVANCED METHODS SECTION

The Advanced Methods Section, managed by Paul Swarztrauber, provides
NCAR's research community with expertise in numerical methods, mathematical
analysis, algorithm design, and the application of statistical packages (as
well as other diagnostic tools) to ensure that NCAR computer users have access
to refined software that runs efficiently on divisional computers.

In support of this mission, the section addresses specialized research
needs and provides users with consultation on both the theoretical and the
practical consequences of certain applications of their code. Section staff
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assist in developing software for particular types of calculations (e.g., CPU-
or I/O-intensive), or for problems common in the atmospheric sciences (e.g.,
software for rapid computation of highly accurate solutions for separable and
nonseparable elliptic partial differential equations). Section staff also
provide the expertise necessary to review and assess researchers' requests for
computing time at NCAR.

Highlights in Meeting 1985 Objectives

* The NCAR Summer Supercomputing Institute (held 19-30 August) consisted of
30 graduate students, postdoctoral fellows, and junior faculty from
universities throughout the country. Fifteen faculty members presented
a total of 50 hours of instruction on topics that included: supercomputer
architectures, parallel and pipeline algorithms, graphics, vectorization
and multitasking, languages and software tools, communications and net-
working, and software for supercomputer applications. Special presenta-
tions were given by Lucasfilms and Digital Productions.

* Section staff began a collaborative effort to incorporate a new system of
equations (developed by Heinz Kreiss of the California Institute of Tech-
nology and section staff) into the adaptive mesh program that Joseph
Oliger (Stanford University) is developing for the U.S. Navy weather
forecasting research group in Monterey, California.

* As part of their continuing effort to provide high-quality software for
NCAR computer users, the staff recommended and acquired several software
acquisitions during FY 85, in particular:

1. TOOLPACK, a set of FORTRAN-oriented tools for scientific program
development and maintenance

2. A data-base management and rapid prototyping system, termed
TROLL/USE

* During FY 85, codes were completed that perform spherical harmonic
analysis and synthesis for multiple arrays on a Gaussian grid on either
the full or the half sphere. These codes are continually evolving, and
modifications to insert Temperton's very fast Fourier transform are under
way. Extensive parameter changes to make the codes agree with
Swarztrauber's have been completed. A full storage and recomputation
path (for the Legendre polynomials) has been implemented.

* Work with members of the High Altitude Observatory on a thermospheric
general circulation model continues. Section staff have been responsible
for model development, while members of the HAO group have taken over the
bulk of the processing of model results. Staff also consulted with
Stephen Bougher (Advanced Study Program) as he develops a version of the
model applicable to Venus and other planets.

As the group works toward a fully interactive model, they are gradu-
ally replacing what have been given input fields with values calculated
from the output of the model itself. Section staff are preparing an
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updated version that will incorporate additions which have been tested
over the past year. These include:

1. The calculation of specific heat, thermal diffusion, and molecular
viscosity in terms of composition and temperature generated by the
model.

2. Input of tidal variation at the lower boundary. This has been
enhanced to include five components instead of the original two.
Phases and amplititudes must be prescribed.

3. The auroral circle is now parameterized in terms of a distribution
of charactistic particle energy and associated energy flux. From
this, the total ionization is derived using a parameterization
developed over a year ago. This enables the O0 number density to be
calculated from an equation similar to those used for the neutral
composition. A tridiagonal system over the vertical dimension is
involved. Ion chemistry equations lead to a quartic for the elec-
tron density that is solved at each grid point. Considerable care
is necessary to ensure that the correct root is selected. The ion
densities then follow, and, from these, contributions to the heating
and O dissociation are calculated and added to given input fields.
The atroral electron density is added to a given background density,
and the total ion drag tensor is derived. This was formerly pro-
vided as input fields. Allowance is made for the displacement of
the geomagnetic poles, and the tensor is appropriately transformed
to allow for the magnetic declination.

4. The calculation of the auroral ion velocities using code developed
by Schunk and a parameterization due to Heelis has been simplified.
Many of the transformations used were found to be unnecessary in
this context and were reduced to a one-time calculation of the
dipole coordinates and declination corresponding to the geographic
grid points, plus the calculation of the solar dipole coordinates at
each time step. It was then necessary only to rotate the ion ve-
locity in keeping with the magnetic declination to obtain results in
the geographic frame. These changes have reduced the central pro-
cessing unit's time spent in the Schunk code by 30%.

5. The procedure that controls the reading of the parameters to define
a model run has been completely overhauled. Additions to define the
new features have been inserted, and the analysis and testing of the
lexical input have been improved. New error messages indicate
inconsistencies and format errors.

DATA SUPPORT SECTION

The Data Support Section, headed 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 NCAR data sets, and accessing utility routines for manipulation of the
data. A catalog of data sets, with summaries of the data in each set, is
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maintained on line and in hard-copy form. Data sets are used on the NCAR sys-
tems by local and remote users, and data are sent to other installations on
magnetic tape. Principal activities of the section include updating, main-
taining, and documenting data collections; participating in large data
preparation and archive projects; planning national and international data
projects; answering requests for archived data; and consulting on data sets
and data-set problems in general.

Highlights in Meeting 1985 Objectives

* At the end of FY 85 data collections routinely updated in the section
archive were current to the following dates:

1. National Meteorological Center (NMC) global grids, 47 x 51, and 65
x 65 tropospheric and stratospheric grid sets though July 1985

2. NMC upper-air and surface observed data through April 1985

3. Australian Southern Hemisphere analyses through May 1985

4. Monthly mean climate reports (global coverage) through 1983

5. World monthly surface climatology through 1983

6. Limited fine-mesh analyses through July 1985

7. NMC global surface subset through December 1984

8. Most time-series grid sets through 1984

9. U.S. cooperative station data through 1984

10. U.S. time-series rawinsonde observations through 1984

11. Navy surface and upper-air observations through December 1984

* Archive maintenance activities included recopying older volumes, compact-
ing sets to higher-density tapes, and improving documentation. Formats
for storing latitude-longitude grid data have been made more consistent,
and several collections were converted to new, common formats.

*New, more efficient access and update programs were added for the time-
series rawinsonde observation set, the historical climate set, the Navy
grid sets, and Krishnamurti's grid sets. Krishnamurti's First GARP (Glo-
bal Atmospheric Research Program) Global Experiment (FGGE) vertical-
motion set has been converted to FGGE format, which will permit simpler
usage with other FGGE data. Obvious errors (mostly in minumum elevation
values) were removed from the Navy ten-minute-elevation data set.

* New collections added to the archive include: 15-day Geostationary Opera-
tional Environmental Satellite radiation and precipitation index data,
the large set of Navy Southern Hemisphere and tropical analyses, Taylor's
monthly precipitation climatology, a new version of paleoclimatic
boundary conditions, weekly snow cover fields, streamflow data, the
Henderson-Sellers vegetation and soil type set, and Hellerman's monthly
wind stress data.
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* To assist users receiving data from the Data Support Section on magnetic
tape, several access programs were made more portable and the basic bit-
accessing programs (GBYTES) for several computers were made more accessi-
ble. A manual explaining GBYTES, showing examples of its use, and giving
explanations and listings of versions for several different computers was
prepared. The various codes are available on line or on magnetic tape.

* The ship data project (surface ships, 1854-1979) was completed during FY
85, and a NOAA workshop to discuss the data set and results of work with
the data is scheduled for January 1986. Plans are proceeding for con-
tinuing updates to the set. There have been many requests for the data,
and the five group files, each containing the major statistics for four
related parameters, are the most commonly requested.

· During FY 85, the joint NSF/NCAR project to archive ionospheric
incoherent scatter radar data began adding data to the archive. World
Day data from 1983 and 1984 are available from most of the newer sites,
and other periods are available from some sites. Programs for accessing
and inventorying the set became operational. Format inconsistencies from
the various sites have been resolved, and the format was augmented where
deficiencies were identified. Other program development included rou-
tines to plot time series of various parameters, programs to develop mas-
ter inventory files, and programs to make inventory presentations.

* Section staff have been active in planning for the acquisition of the
CRAY X-MP/48 computer with respect to the data storage facilities
required to maintain the section's capabilities.

* During FY 85, considerable effort has been required to insure the contin-
ued receipt of real-time data. Present systems are being discontinued,
and plans are being made to obtain data from NOAA's new Family of Ser-
vices circuits.

· The section answered 250 formal data requests during this fiscal year.
University and other research groups received approximately 800 magnetic
tapes derived from nearly 1,700 archival volumes. Microfilm, microfiche,
and printer output were also created for some users.
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UNIVERSITY USERS OF THE
SCIENTIFIC COMPUTING DIVISION COMPUTERS (FY 85)

UNIVERSITY AFFILIATION

ABBOTT, DAVID C.
ABBOTT, DAVID C.
ABBS,DEBORAH
ACKERMAN,STEVE
AFRICAN,CHEN,MIKE
AHLQUIST, JON
AHRENS,GLENN D
AKIMOTO,KAZU
ALBRECHT, BRUCE
ALWORTH,BRIAN
AMAI,W.A.
ANDERSON,JOHN R
ANDERSON,JOHN R
ARAGAO, ORIBE
ARAGAO,REGINA
AREF, HASSAN
AREF, HASSAN
ARRITT, RAYMOND W
ASHOUR-ABDALLA,MAHA
ASTLING, ELFORD
AVILA, LEXION
AYAD, SAMIR
AYRES, THOMAS
BADER, DAVID
BAKER, GREGORY
BALA,RAMAKRISHNA
BALACHANDAR,S.
BALAJI,VENKATRAMANI
BALLENTINE,ROBERT J.
BAND,DAVID
BANNON, PETER
BARNES,JEFFREY R
BATTEEN, MARY
BEAL,ROBERTA
BEALS,ERIC
BIANCHI,JOSEPH
BLACK,MICHAEL
BLACK,MICHAEL
BLATHERWICK, RONALD
BLECK, RAINER
BLECK, RAINER
BORGES,MARK D
BORYSOW,JACEK
BOSL,WILLIAM J
BOUDRA, DOUGLAS
BOWER,BRENT

NORTHERN ARIZONA UNIVERSITY
UNIVERSITY OF COLORADO
COLORADO STATE UNIVERSITY
COLORADO STATE UNIVERSITY
IOWA STATE UNIVERSITY
FLORIDA STATE UNIVERSITY
UNIVERSITY OF UTAH
UNIVERSITY OF MARYLAND
PENNSYLVANIA STATE UNIVERSITY
COLORADO STATE UNIVERSITY
NEW MEXICO INSTITUTE M
COLORADO STATE UNIVERSITY
UNIVERSITY OF ILLINOIS
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF MIAMI-MIAMI
BROWN UNIVERSITY
CORNELL UNIVERSITY
COLORADO STATE UNIVERSITY
UCLA
UNIVERSITY OF UTAH
UNIVERSITY OF UTAH
COLORADO STATE UNIVERSITY
UNIVERSITY OF COLORADO
COLORADO STATE UNIVERSITY
UNIVERSITY OF ARIZONA
MASSACHUSETTS INST. OF TECH.
BROWN UNIVERSITY
OHIO STATE UNIVERSITY
U. OF WISCONSIN AT MILWAUKEE
MASSACHUSETTS INST. OF TECH.
UNIVERSITY OF CHICAGO
OREGON STATE UNIVERSITY
OREGON STATE UNIVERSITY
UNIVERSITY OF WISCONSIN
OREGON STATE UNIVERSITY
UNIVERSITY OF CHICAGO
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF UTAH
DENVER UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF WASHINGTON
UNIVERSITY OF TEXAS-AUSTIN
UNIVERSITY OF MICHIGAN
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF UTAH

USER NAME
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BRADFORD,MARK
BRADLEY,MICHAEL
BRAHAM, JR., ROSCOE R.
BRANSCOME, LEE
BROWN, PHILIP
BRYANT,PETER J
BUCHMANN,JULIO
BUJA,LAWRENCE
BUJA,LAWRENCE
BURTON, CHERYL
CAIN, JOSEPH
CALLAN, MICHAEL
CAMPBELL, GARRETT
CARLSON,CURT
CARR, FREDERICK
CARR, FREDERICK
CARTON,JAMES A
CHANG, HAI-RU
CHANG, HUNG-CHUN
CHANG,CHIA-BO
CHANG,FONG-CHIAU
CHAO,SHENN-YU
CHASSIGNET,ERIC
CHELGHOUM,DJAMEL
CHEN, DAVID
CHEN, SHYH-CHIN
CHEN, SUE
CHEN, TSING-CHANG
CHEN,CHAING
CHEN,MUH SHENG
CHIANG,EDWARD
CHIN,STEVE
CHOUDHOURY,SUDIPTO
CHRISTY,JOHN
CHURCHILL, DEAN
CIESIELSKI, PAUL
CLARK,STEPHEN
COAKLEY, STELLA
COHEN,CHARLES
COVEY,CURT
COX, STEPHEN
CRANE, ROBERT
CRAVENS, THOMAS E.
CRUM,FRANK
CRUPI,KEVIN
CURRY, JAMES
DANNOVICH,BILL
DAVIS, BILL
DE SZOEKE, ROLAND
DEANE,ANIL E
DEBLONDE,GODELIEVE
DEGROODT,KEVIN
DEMARIA, MARK

PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF ILLINOIS
UNIVERSITY OF CHICAGO
UNIVERSITY OF MIAMI-MIAMI
CTR FOR ENVIRONMENT AND MAN
UNIV. OF CALIFORNIA-SAN DIEGO
UNIVERSITY OF UTAH
IOWA STATE UNIVERSITY
UNIVERSITY OF UTAH
COLORADO STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF COLORADO
COLORADO STATE UNIVERSITY
STANFORD
STATE UNIVERSITY OF NEW YORK
UNIVERSITY OF OKLAHOMA
HARVARD UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY
STANFORD
DREXEL UNIVERSITY
UNIVERSITY OF WASHINGTON
UNIVERSITY OF MARYLAND
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF COLORADO
IOWA STATE UNIVERSITY
UNIVERSITY OF ILLINOIS
COLORADO STATE UNIVERSITY
IOWA STATE UNIVERSITY
COLORADO STATE UNIVERSITY
UNIVERSITY OF COLORADO
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF ILLINOIS
DENVER UNIVERSITY
UNIVERSITY OF ILLINOIS
UNIVERSITY OF WASHINGTON
COLORADO STATE UNIVERSITY
UNIVERSITY OF COLORADO
DENVER UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF MIAMI-MIAMI
COLORADO STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF MICHIGAN
COLORADO STATE UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF COLORADO
MASSACHUSETTS INST. OF TECH.
COLORADO STATE UNIVERSITY
OREGON STATE UNIVERSITY
UNIVERSITY OF COLORADO
MASSACHUSETTS INST. OF TECH.
PENNSYLVANIA STATE UNIVERSITY
COLORADO STATE UNIVERSITY
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DEMPSEY,DAVE
DIRKS,CHARLES
DODD,GREGORY
DOMINY,JAMES F
DONALL,EVELYN
DOYLE,JAMES
DRAKE, STEPHEN
DROEGEMEIER, KELVIN
DUBS,RICHARD L
DUDEK,MICHAEL
DURRAN, DALE
DUYNKERKE,PETER
EARL,PAMELA
ESBENSEN, STEVEN
ESPINOLA,THOM
ESPOSITO, LARRY
EVANS,CAROLYN
EVANS,JAMES C
FANG,LIE-SHIEU
FARLEY, RICHARD
FERNALD, FRED
FERRIER,BRAD
FESEN, CASSANDRA
FISHER, GEORGE
FLANNIGAN,MIKE
FLATAU, MARIA
FLATAU, PIOTR
FORTUNE,MICHAEL
FOVELL,ROB
FRANK,HELMUT
FRANK,WILLIAM M
FRASER,DUNCAN
FUJITA, THEODORE
FULTON, SCOTT
GAETZ, TERRY
GALL, ROBERT L.
GALL, ROBERT L.
GALL, ROBERT L.
GALLIMORE, ROBERT
GAMACHE,JOHN F
GAMAGE,NIMAL
GARCIA,GUILLERMO
GARNER, STEPHEN
GEISLER, JOHN
GIBSON,WAYNE
GILLIS, JIM
GISLASON,GARY
GLANCY,THOMAS
GLENDENING,JACK
GOCKEL,BRIAN
GOLDMAN, AARON
GOMBOSI, THOMAS
GOULD-STEWART,SHARON

UNIVERSITY OF WASHINGTON
DENVER UNIVERSITY
UNIVERSITY OF UTAH
UNIVERSITY OF WASHINGTON
PENNSYLVANIA STATE UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF ILLINOIS
CALIFORNIA INST. OF TECHNOLOGY
STATE UNIVERSITY OF NEW YORK
UNIVERSITY OF UTAH
COLORADO STATE UNIVERSITY
UNIVERSITY OF WISCONSIN
OREGON STATE UNIVERSITY
MICHIGAN STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF WISCONSIN
FLORIDA STATE UNIVERSITY
ST. LOUIS UNIVERSITY
SOUTH DAKOTA SCHOOL OF MINES
DENVER UNIVERSITY
UNIVERSITY OF WASHINGTON
UNIVERSITY OF MICHIGAN
UNIV. OF CALIFORNIA-SAN DIEGO
COLORADO STATE UNIVERSITY
COLORADO STATE UNIVERSITY
COLORADO STATE UNIVERSITY
COLORADO STATE UNIVERSITY
UNIVERSITY OF ILLINOIS
OREGON STATE UNIVERSITY
UNIVERSITY OF VIRGINIA
UNIVERSITY OF ILLINOIS
UNIVERSITY OF CHICAGO
COLORADO STATE UNIVERSITY
CORNELL UNIVERSITY
NAVAL POSTGRADUATE SCHOOL
SCRIPPS INST. OF OCEANOGRAPHY
UNIVERSITY OF ARIZONA
UNIVERSITY OF WISCONSIN
CTR FOR ENVIRONMENT AND MAN
OREGON STATE UNIVERSITY
UNIVERSITY OF MIAMI-MIAMI
MASSACHUSETTS INST. OF TECH.
UNIVERSITY OF UTAH
OREGON STATE UNIVERSITY
DENVER UNIVERSITY
UNIVERSITY OF ALASKA
U OF RHODE ISLAND
IOWA STATE UNIVERSITY
UNIVERSITY OF MARYLAND
DENVER UNIVERSITY
UNIVERSITY OF MICHIGAN
COLORADO STATE UNIVERSITY
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GRAFFY,JOHN
GRAY, WILLIAM M.
GRELL,GEORG A
GROSS,JACK R
GROSSMAN, BOB
GROTJAHN, RICHARD
GU,HONGZAO
GUBERMAN,STEVEN L
GUETTER, PETER
GUHATHAKURTA,MADHULIKA
GUSTAFSON, KARL
HADA,TOHRU
HADFIELD,MARK
HAGEN,DONALD E
HALE, BARBARA
HANSEN,U
HANSON,HOWARD P
HARRIS, RONNEY D.
HARTMANN, DENNIS
HAWLEY,JOHN F
HAY,WILLIAM
HEALD, R.C.
HECHTEL, LESLIE
HELSDON, JOHN H.
HENDERSHOTT, MYRL
HENDON, HARRY
HEPLER,KAREN
HERMAN, GERALD F.
HERTZMAN OWEN
HERWEHE, J.A.
HESS,PETER G
HEYMSFIELD, ANDREW
HINES,JAMES
HIRSCH, JOHN
HO,JAI-HO
HOBBS, PETER V.
HOLLINGSWORTH,JEFFREY
HONG,H J
HOWELL,KAY
HSIE, EIRH YU
HSU,SHIH-WEI
HUA,XIN-MIN
HUANG,CHESTER
HURLBURT,NEAL
HWANG,CHUAN-LAN
IERLEY,GLENN
IERLEY,GLENN
INGLES,KEVIN
IREDELL, MARK, D
ITO,HIROSHI
JIANG,JIH
JIANG,XINGJIAN
JUANG,HANN

COLORADO STATE UNIVERSITY
COLORADO STATE UNIVERSITY
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF WASHINGTON
UNIVERSITY OF COLORADO
UNIV OF CALIFORNIA AT DAVIS
UNIVERSITY OF UTAH
HARVARD UNIVERSITY
UNIVERSITY OF WISCONSIN
DENVER UNIVERSITY
UNIVERSITY OF COLORADO
UCLA
COLORADO STATE UNIVERSITY
UNIVERSITY OF MISSOURI-ROLLA
UNIVERSITY OF MISSOURI-ROLLA
UNIVERSITY OF COLORADO
UNIVERSITY OF COLORADO
UTAH STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
UNIVERSITY OF ILLINOIS
UNIVERSITY OF COLORADO
OREGON STATE UNIVERSITY
UNIVERSITY OF WISCONSIN
SOUTH DAKOTA SCHOOL OF MINES
SCRIPPS INST. OF OCEANOGRAPHY
UNIVERSITY OF WASHINGTON
COLORADO STATE UNIVERSITY
UNIVERSITY OF WISCONSIN
UNIVERSITY OF WASHINGTON
IOWA STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
SOUTH DAKOTA SCHOOL OF MINES
UNIVERSITY OF NEBRASKA
SOUTH DAKOTA SCHOOL OF MINES
OREGON STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
OREGON STATE UNIVERSITY
UNIVERSITY OF COLORADO
OREGON STATE UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF WISCONSIN
UNIV. OF CALIFORNIA-SAN DIEGO
IOWA STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF OKLAHOMA
MICHIGAN TECHNOLOGICAL UNIV
WOODS HOLE OCEANOGRAPHIC INST.
FLORIDA STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
UNIVERSITY OF COLORADO
UNIVERSITY OF ILLINOIS
OREGON STATE UNIVERSITY
UNIVERSITY OF ILLINOIS
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JULIAN, LESLEY T.
JURICA,JERRY
KALLMAN, TIM
KAO,JIN
KARYAMPUDI,MOHAN
KAU, WEN SHUNG
KAWA,RANDY
KESSLER, ROBERT
KEY,LARRY
KILADIS, GEORGE
KILLEEN,TIM
KILLEEN,TIM
KLEIN,PATRICE
KLEIST, JOHN
KNIGHT, DAVID
KNUPP, KEVIN
KOCH, MANFRED
KOHLER,KEVIN
KOPP, FRED
KOZYRA,JANET U
KPAEYEH,J.ALVIN
KRAICHNAN, ROBERT
KRAUS,ERIC B
KRISHNAMURTI, T. N.
KRISHNAMURTI,GROUP
KRUEGER,STEVEN
KUBESH,RODNEY
KUNASZ, C.V.
KUNASZ, PAUL
KUNDU,PIJUSH K
KUNITANI,CRAIG
KUO, HUNG-CHI
KUSHNIR,YOCHANAN
KUTZBACH, JOHN
LAFONTAINE,FRANK
LAFONTAINE,FRANK
LAIT,LESLIE
LAKHTAKIA,MERCEDES
LAMBETH,JAMES
LANGER, STEVEN
LANGER, STEVEN
LAPENTA,WILLIAM
LARKIN,CLAIRE
LASZLO,ISTVAN
LEDLEY, TAMARA S.
LEE, DONG-KYU
LEE,BENG-CHUN
LEE,CHENG-SHANG
LEE,STEVE
LEEP,E.MYCKKI
LEGLER,DAVID
LETEXIER,HELENE
LIEBMANN,BRANT

UNIVERSITY OF COLORADO
COLORADO STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF ILLINOIS
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF ILLINOIS
COLORADO STATE UNIVERSITY
COLORADO STATE UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF COLORADO
UCLA
UNIVERSITY OF MICHIGAN
WOODS HOLE OCEANOGRAPHIC INST.
COLORADO STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
COLORADO STATE UNIVERSITY
UNIVERSITY OF COLORADO
NOVA UNIVERSITY
SOUTH DAKOTA SCHOOL OF MINES
UNIVERSITY OF MICHIGAN
IOWA STATE UNIVERSITY
NO AFFILIATION
UNIVERSITY OF COLORADO
FLORIDA STATE UNIVERSITY
FLORIDA STATE UNIVERSITY
IOWA STATE UNIVERSITY
SOUTH DAKOTA SCHOOL OF MINES
UNIVERSITY OF COLORADO
UNIVERSITY OF COLORADO
NOVA UNIVERSITY
UNIVERSITY OF WISCONSIN
COLORADO STATE UNIVERSITY
OREGON STATE UNIVERSITY
UNIVERSITY OF WISCONSIN
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF VIRGINIA
IOWA STATE UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF KENTUCKY
UNIVERSITY OF COLORADO
UNIVERSITY OF ILLINOIS
PENNSYLVANIA STATE UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF COLORADO
RICE UNIVERSITY
SCRIPPS INST. OF OCEANOGRAPHY
UNIVERSITY OF UTAH
COLORADO STATE UNIVERSITY
UCLA
UNIVERSITY OF WASHINGTON
FLORIDA STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF WASHINGTON
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LIN, YUH-LANG
LIN, YUH-LANG
LIN,CHIN S
LIN,JACK
LING, XIUDE
LIU, SHAW C.
LOU,YU-QING
LOWNAM, SIMON
LUHMANN,JANET G
LUYTEN,JAMES
LY,LE NGOC
LYNCH,DIANE
MACAYEAL,DOUGLAS R
MACHIDA,SHINOBU
MAHRER, YTZHAQ
MAK,MANKIN
MARCUS, PHILIP
MARSHALL, HAL
MARSHALL, SUSAN
MARTIN,RUSSELL
MASS, CLIFFORD
MASUTANI, MICHIKO
MATTOCKS,CRAIG
MAXEY,MARTIN R.
MCANELLY,RAYMOND
MCCARTHY,MAUREEN
MCCLYMONT, ALEXANDER
MCCREARY, JULIAN
MCKEEN,STUART
MCKIE, WILLIAM
MCKOY, VINCENT
MEACHAM,STEPHEN
MELANDER,MOGENS
MELVILLE, W. KENDALL
MERRILL, J. T.
MERRILL, J. T.
MERRILL,BOB
METZGER,EDWARD
MOBLEY, ROBERT
MOCK DONALD
MOGHADDAM-TAAHERI,EBRAAHIM
MOON,HIE
MOORE,BRIAN
MORAN,MIKE
MORO,BORIS
MOTELL,CRAIG
MULLEN,PETER
MULVIHILL,ELIZABETH
MURCRAY, DAVID G.
MUSGRAVE,DAVE
MUTH, LORANT
NEWMAN,DAVID
NEWMAN,PAUL

DREXEL UNIVERSITY
YALE
SOUTHWEST RESEARCH INST
COLORADO STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF COLORADO
HARVARD UNIVERSITY
FLORIDA STATE UNIVERSITY
UCLA
WOODS HOLE OCEANOGRAPHIC INST.
IOWA STATE UNIVERSITY
CALIFORNIA INST. OF TECHNOLOGY
UNIVERSITY OF CHICAGO
UNIVERSITY OF IOWA
COLORADO STATE UNIVERSITY
UNIVERSITY OF ILLINOIS
MASSACHUSETTS INST. OF TECH.
UNIVERSITY OF MICHIGAN
UNIVERSITY OF COLORADO
IOWA STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
UNIVERSITY OF WISCONSIN
UNIVERSITY OF MIAMI-MIAMI
BROWN UNIVERSITY
COLORADO STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIV. OF CALIFORNIA-SAN DIEGO
NOVA UNIVERSITY
UNIVERSITY OF COLORADO
OREGON STATE UNIVERSITY
CALIFORNIA INST. OF TECHNOLOGY
MASSACHUSETTS INST. OF TECH.
UNIVERSITY OF PITTSBURGH
MASSACHUSETTS INST. OF TECH.
U OF RHODE ISLAND
UNIVERSITY OF MIAMI-MIAMI
COLORADO STATE UNIVERSITY
UNIVERSITY OF WISCONSIN
OREGON STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
UNIVERSITY OF MARYLAND
UNIVERSITY OF COLORADO
COLORADO STATE UNIVERSITY
COLORADO STATE UNIVERSITY
MASSACHUSETTS INST. OF TECH.
UNIV OF CALIFORNIA AT DAVIS
UNIVERSITY OF COLORADO
COLORADO STATE UNIVERSITY
DENVER UNIVERSITY
WOODS HOLE OCEANOGRAPHIC INST.
UNIVERSITY OF COLORADO
UNIVERSITY OF COLORADO
IOWA STATE UNIVERSITY
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NICHOLLS,MELVILLE
NICHOLSON, DWIGHT R.
NICHOLSON,SHARON
NIILER,PEARN P
NISHIKAWA,KEN-ICHI
NISHIKAWA,KEN-ICHI
O'BRIEN,CHRISTOPHER
ODELL,ANDREW P
OGINO,TATSUKI
ONEIL, STEVE
ONEIL, STEVE
OOSTERHOF,DARLENE
ORSZAG, S. A.
ORVILLE, HAROLD
OTTO-BLIESNER, BETTE
OU,STEVE
PAEGLE, JAN
PAEGLE, JULIA
PAN, HUA-LU
PANDOLFO, JOSEPH
PANN, YUNN
PARKER,LINDSAY
PASCH,RICHARD J
PATEL, VITHALBHAI L.
PAYNE,GERALD L
PEARSON, DR. RICHARD, JR.
PECHMANN,JUDITH
PELZ,RICHARD
PERKEY, D.
PERKEY, NADINE
PFEFFER, RICHARD
PITCHER, ERIC
PITCHER, ERIC
PLATNER,RUTH L.
PLUMMER,DAVID
PLUMMER,PATRICIA
PORTMAN,DAVID
POWELL,JAMES
PRATHER, MICHAEL J.
PRICE,PAMELA
PUMIR,ALAIN
QIAN, Y.
RAMAMURTHY,MOHAN K
RAMAMURTHY,MOHAN K
RANDEL,WILLIAM
RASMUSSEN,CRAIG
RAVICHANDRAN,M.G.
RAYMOND, WILLIAM
RAYMOND, WILLIAM
RECKER ERNEST
RICHMAN,JAMES
RINGERUD,MARK
RISER, STEPHEN C.

COLORADO STATE UNIVERSITY
UNIVERSITY OF IOWA
CLARK UNIVERSITY
SCRIPPS INST. OF OCEANOGRAPHY
PRINCETON UNIVERSITY
UNIVERSITY OF IOWA
UNIVERSITY OF UTAH
NORTHERN ARIZONA UNIVERSITY
UCLA
UNIVERSITY OF COLORADO
UNIVERSITY OF MINNESOTA
FLORIDA STATE UNIVERSITY
MASSACHUSETTS INST. OF TECH.
SOUTH DAKOTA SCHOOL OF MINES
UNIVERSITY OF WISCONSIN
UNIVERSITY OF UTAH
UNIVERSITY OF UTAH
UNIVERSITY OF UTAH
OREGON STATE UNIVERSITY
CTR FOR ENVIRONMENT AND MAN
UNIVERSITY OF COLORADO
SOUTH DAKOTA SCHOOL OF MINES
UNIVERSITY OF MIAMI-MIAMI
DENVER UNIVERSITY
UNIVERSITY OF IOWA
COLORADO STATE UNIVERSITY
UNIVERSITY OF UTAH
MASSACHUSETTS INST. OF TECH.
DREXEL UNIVERSITY
DREXEL UNIVERSITY
FLORIDA STATE UNIVERSITY
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF UTAH
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF WISCONSIN
UNIVERSITY OF MISSOURI-ROLLA
UNIVERSITY OF WASHINGTON
COLORADO STATE UNIVERSITY
HARVARD UNIVERSITY
SOUTH DAKOTA SCHOOL OF MINES
CORNELL UNIVERSITY
UNIVERSITY OF CHICAGO
STATE UNIVERSITY OF NEW YORK
UNIVERSITY OF OKLAHOMA
IOWA STATE UNIVERSITY
UTAH STATE UNIVERSITY
SOUTH DAKOTA SCHOOL OF MINES
UNIVERSITY OF CHICAGO
UNIVERSITY OF WISCONSIN
UNIVERSITY OF WASHINGTON
OREGON STATE UNIVERSITY
COLORADO STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
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RIZZOLI, PAOLA
ROETMAN,RAY
ROGERS, LINDA
ROLENS, DARWIN
ROSENLOF,KAREN
ROSS,BECKY
ROSS,BECKY
ROWLAND, HARVEY L.
ROY, SYLVAIN
RUSCHER,PAUL
RUSU,PETRE
RUTAN,DAVID
RUTLEDGE, STEVEN
RUTLEDGE, STEVEN
SAHA-ATTRI,SURANAJANA
SAMELSON,ROGER
SARMA,R. A
SCHEMM,JAE-KYUNG E
SCHLESINGER, ROBERT E.
SCHMIDT,JEROME
SCHOENBERGER,MIKE
SCHUBERT, WAYNE H.
SCHUNK, ROBERT
SEAMAN, NELSON
SEGAL, MORDECAY
SELIGA, THOMAS
SELKIRK, HENRY
SHARMA,O P
SHEN,MEI-MEI
SHEN,RUJIN
SHIH,CHI-FAN
SHINAGAWA,H
SHOUB, EDWARD C.
SHYU,KAE
SIGGIA,ERIC
SIXIONG,ZHAO
SMITH, DAVID R.
SMITH, DEAN F.
SMITH, ERIC
SMITH, JR., PAUL L.
SMITH, LINDA
SMITH, LINDA
SMITH, MAILE E.
SMITH,ANNE
SMOLARKIEWICZ, PIOTR
SMYTH, WILLIAM H
SNOW, JOHN
SOJKA,J J
SOLOMON, SUSAN
SOMERVILLE, RICHARD
SOMERVILLE, RICHARD
SONG,JENN-LUEN
SONG,YANG

MASSACHUSETTS INST. OF TECH.
COLORADO STATE UNIVERSITY
FLORIDA STATE UNIVERSITY
DENVER UNIVERSITY
COLORADO STATE UNIVERSITY
UNIVERSITY OF ILLINOIS
UNIVERSITY OF WISCONSIN
UNIVERSITY OF MARYLAND
PRINCETON UNIVERSITY
OREGON STATE UNIVERSITY
UNIVERSITY OF COLORADO
COLORADO STATE UNIVERSITY
OREGON STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
UNIVERSITY OF MARYLAND
OREGON STATE UNIVERSITY
SOUTH DAKOTA SCHOOL OF MINES
UNIVERSITY OF MARYLAND
UNIVERSITY OF WISCONSIN
COLORADO STATE UNIVERSITY
UNIVERSITY OF CHICAGO
COLORADO STATE UNIVERSITY
UTAH STATE UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY
COLORADO STATE UNIVERSITY
OHIO STATE UNIVERSITY
MASSACHUSETTS INST. OF TECH.
DENVER UNIVERSITY
UNIVERSITY OF IOWA
COLORADO STATE UNIVERSITY
COLORADO STATE UNIVERSITY
UNIVERSITY OF MICHIGAN
STANFORD
UNIVERSITY OF ILLINOIS
CORNELL UNIVERSITY
UNIVERSITY OF ILLINOIS
PURDUE UNIVERSITY
UNIVERSITY OF COLORADO
FLORIDA STATE UNIVERSITY
SOUTH DAKOTA SCHOOL OF MINES
NOVA UNIVERSITY
UNIVERSITY OF MIAMI-MIAMI
CALIFORNIA INST. OF TECHNOLOGY
UNIVERSITY OF COLORADO
UNIVERSITY OF WASHINGTON
HARVARD UNIVERSITY
PURDUE UNIVERSITY
UTAH STATE UNIVERSITY
UNIVERSITY OF COLORADO
SCRIPPS INST. OF OCEANOGRAPHY
UNIVERSITY OF ARIZONA
COLORADO STATE UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY

174



SCIENTIFIC COMPUTING DIVISION

SOONG, SU-TZAI
SPAHR,JOSEPH
SPANGLER,STEVEN R
SPARN,MARLA
SRIVASTAVA, R. C.
ST. MAURICE, JEAN PIERRE
STARR,DAVID 0
STARR,DAVID 0
STAUFFER,DAVID
STEFFENS, JERRY
STEFFENS, JERRY
STEIN, ROBERT
STEINOLFSON, RICHARD
STEPHENS, GRAEME
STEVENS, DUANE
STEWART,CHERYL
STOKER,TIM
STUCKI,SUSAN
STULL, ROLAND B.
SUGI,M.
SUI, CHUNG-HSIUNG
SUN,GUO-ZHENG
SUTERA, ALFONSO
TAI,KINGSHENG
TAJIMA, TOSHI
TAKAHASHI, TSUTOMU
TAKLE, EUGENE S.
TANSIL,JOHN
TEJWANI,GOPAL
TETENBAUM,DAVID
THOMAS, GARY
THOREN, STEPHEN
TILLEY,JEFFREY
TOMAS, ROBERT
TOOT,DAVID
TREMBACK, CRAIG
TRENBERTH, KEVIN
TRIPOLI, GREGORY
TSELIOUDIS,GEORGE
TUCKER,DONNA
TUNG KA-KIT
TURNER,ALMON G
TWINING,DAVE
TYLER,KELLY J
ULRICKSON,BRIAN L
UTTAL, TANEIL
VAN ALLEN, JOHN
VAN DER DOOL,HUUG M.
VICKERS,DEAN
VICKERS,DEAN
VOELS,STEPHEN
VORWALD, JOHN
VUKICEVIC,TOMISLAVA

UNIVERSITY OF ILLINOIS
UCLA
UNIVERSITY OF IOWA
UNIVERSITY OF COLORADO
UNIVERSITY OF CHICAGO
UTAH STATE UNIVERSITY
COLORADO STATE UNIVERSITY
STATE UNIVERSITY OF NEW YORK
PENNSYLVANIA STATE UNIVERSITY
SCRIPPS INST. OF OCEANOGRAPHY
UNIVERSITY OF ARIZONA
MICHIGAN STATE UNIVERSITY
UNIVERSITY OF CALIF.-IRVINE
COLORADO STATE UNIVERSITY
COLORADO STATE UNIVERSITY
UNIVERSITY OF CHICAGO
OREGON STATE UNIVERSITY
UNIVERSITY OF UTAH
UNIVERSITY OF WISCONSIN
FLORIDA STATE UNIVERSITY
UCLA
UNIVERSITY OF IOWA
CTR FOR ENVIRONMENT AND MAN
UNIVERSITY OF ILLINOIS
UNIVERSITY OF TEXAS-AUSTIN
UNIVERSITY OF HAWAII-HILO
IOWA STATE UNIVERSITY
UNIVERSITY OF COLORADO
DENVER UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF COLORADO
CTR FOR ENVIRONMENT AND MAN
PENNSYLVANIA STATE UNIVERSITY
OREGON STATE UNIVERSITY
UNIVERSITY OF COLORADO
COLORADO STATE UNIVERSITY
UNIVERSITY OF ILLINOIS
COLORADO STATE UNIVERSITY
UNIVERSITY OF UTAH
COLORADO STATE UNIVERSITY
MASSACHUSETTS INST. OF TECH.
U.S. AIR FORCE ACADEMY
OREGON STATE UNIVERSITY
SOUTH DAKOTA SCHOOL OF MINES
UNIVERSITY OF WASHINGTON
COLORADO STATE UNIVERSITY
DENVER UNIVERSITY
UNIVERSITY OF MARYLAND
OREGON STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
UNIVERSITY OF COLORADO
IOWA STATE UNIVERSITY
UNIVERSITY OF UTAH
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WAKIMOTO, ROGER
WALCEK,CHRIS
WALSH, JOHN
WALSH, JOHN
WALSTAD,LEONARD J
WANG,MENG
WANG,SHOUPING
WARNER, TOM
WARREN,STEPHEN
WAYNE,BRETT
WEARE, BRYAN C.
WEAVER,CLARK
WEBER,DANIEL
WEBSTER, PETER
WEIDMAN,PATRICK D
WELCH, RONALD
WERNER,FRANCISCO E
WESLEY,DOUGLAS
WESTCOTT,NANCY E
WIJESEKERA,HEMANTHA
WILDE,TYREE
WILHELMSON, ROBT
WINN,WILLIAM P
WINSAND,DOUGLAS
WISCOMBE, WARREN
WOODRUFF,BRIAN
YEN,MING-CHENG
YOH,SHING
YOON,NAM SOOG
YOSHIDA,ATSUSHI
YOSHIZAKI,MASANORI
YOUNG,GEORGE S
YOUNG,ROBERTA
YU,CHANG-HAN
ZAFF,DAVID B
ZAFFINO,MATTHEW
ZAHNLE, KEVIN
ZARICHNY, JAMES
ZHANG,CHIDONG
ZHANG,DALIN
ZHENG, QINGLIN

UNIVERSITY OF CHICAGO
UCLA
UNIVERSITY OF ILLINOIS
UNIVERSITY OF WISCONSIN
HARVARD UNIVERSITY
UNIVERSITY OF COLORADO
PENNSYLVANIA STATE UNIVERSITY
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF COLORADO
UNIV OF CALIFORNIA AT DAVIS
COLORADO STATE UNIVERSITY
UNIVERSITY OF UTAH
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF COLORADO
SOUTH DAKOTA SCHOOL OF MINES
UNIVERSITY OF WASHINGTON
COLORADO STATE UNIVERSITY
ILLINOIS WATER SURVEY
OREGON STATE UNIVERSITY
UNIVERSITY OF UTAH
UNIVERSITY OF ILLINOIS
NEW MEXICO INSTITUTE M
UNIVERSITY OF COLORADO
UNIVERSITY OF COLORADO
COLORADO STATE UNIVERSITY
IOWA STATE UNIVERSITY
DREXEL UNIVERSITY
IOWA STATE UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF ILLINOIS
COLORADO STATE UNIVERSITY
MASSACHUSETTS INST. OF TECH.
COLORADO STATE UNIVERSITY
MASSACHUSETTS INST. OF TECH.
UNIVERSITY OF UTAH
UNIVERSITY OF MICHIGAN
FLORIDA STATE UNIVERSITY
UNIVERSITY OF UTAH
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF UTAH
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JOINT NCAR/UNIVERSITY USERS OF THE
SCIENTIFIC COMPUTING DIVISION COMPUTERS (FY 85)

LEAD USER NAME INSTITUTION OF JOINT USE WITH LEAD USER

ANTHES, RICHARD A.
BAILEY, PAUL
BARRON, ERIC
BAUMHEFNER, DAVID
BLACKMON, MAURICE L.
BLACKMON, MAURICE L.
BOVILLE, BYRON
BRANSTATOR, GRANT
BRANSTATOR, GRANT
BRETHERTON, FRANCIS P.
BROCK, FRED
BROWNING, GERALD
CHANG,JULIUS
CHATFIELD, BOB
CHERVIN, ROBERT
CHERVIN, ROBERT
CHERVIN, ROBERT
CLARK, TERRY
CLARK, TERRY
CLARK, TERRY
FRIESEN, DICK
FRIESEN, DICK
GARCIA, ROLANDO
GILLE, J. C.
GILLE, J. C.
GILLE, J. C.
GILLILAND, RON
HAIDVOGEL, DALE
HERRING, JACKSON R.
HJELMFELT, MARK
HOLLAND, BILL
JENNE, ROY
JENNE, ROY
JENNE, ROY
JENNE, ROY
JOHNSON, PETER
JOSEPH, DENNIS
JOSEPH, DENNIS
JULIAN, PAUL R.
KLEMP, JOE
KREISS BARBARA
LAMB,GEORGE
LITES, BRUCE
MANKIN, W.
MANKIN, W.
MCWILLIAMS, JIM

PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF COLORADO
PENDING
UNIVERSITY OF UTAH
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF WASHINGTON
UNIVERSITY OF WASHINGTON
IOWA STATE UNIVERSITY
UNIVERSITY OF WASHINGTON
WOODS HOLE OCEANOGRAPHIC INST.
VARIOUS UNIVERSITIES
CALIFORNIA INST. OF TECHNOLOGY
VARIOUS UNIVERSITIES
OSLO, UNIVERSITY OF
PENDING
UNIV OF CALIFORNIA AT DAVIS
UNIVERSITY OF WISCONSIN
JOHANNES GUTENBERG UNIVERSITY
U. OF WISCONSIN AT MILWAUKEE
UNIVERSITY OF ARIZONA
PENDING
VARIOUS UNIVERSITIES
UNIVERSITY OF COLORADO
DREXEL UNIVERSITY
UNIVERSITY OF COLORADO
UNIVERSITY OF WASHINGTON
UNIVERSITY OF ARIZONA
UNIVERSITY OF WASHINGTON
MASSACHUSETTS INST. OF TECH.
VARIOUS UNIVERSITIES
SCRIPPS INST. OF OCEANOGRAPHY
COLORADO STATE UNIVERSITY
UNIVERSITY OF UTAH
UNIVERSITY OF WASHINGTON
VARIOUS UNIVERSITIES
PENDING
UNIVERSITY OF WASHINGTON
VARIOUS UNIVERSITIES
DALHOUISE UNIVERSITY
UNIVERSITY OF ILLINOIS
CALIFORNIA INST. OF TECHNOLOGY
UNIVERSITY OF ALASKA
UNIVERSITY OF COLORADO
DENVER UNIVERSITY
PENDING
UNIVERSITY OF WASHINGTON
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MIHALAS, DIMITRI
MILLER, JAY
OYE, RICHARD
PIZZO, VICTOR
RAESE, REIKO
RAESE, REIKO
RAMANATHAN, V.
RAMANATHAN, V.
ROBLE, R.
ROBLE, R.
ROBLE, R.
ROBLE, R.
ROTUNNO, RICHARD
ROTUNNO, RICHARD
SCHNEIDER, STEVE
SCHNEIDER, STEVE
SCHNEIDER, STEVE
STORDAL,FRODE
SWARZTRAUBER, PAUL
TRENBERTH, KEVIN
TRIBBIA, JOSEPH
VAN LOON, H.
VAN LOON, H.
WADE, CHARLES G.
WASHINGTON, W. M.
WASHINGTON, W. M.
WILLIAMSON, D. L.
WILLIAMSON, D. L.
ZIPSER, E.

UNIVERSITY OF COLORADO
NOAA
VARIOUS UNIVERSITIES
NO UNIVERSITY AFFILIATION
PENDING
VARIOUS UNIVERSITIES
PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY OF CHICAGO
UNIVERSITY OF ALASKA
UNIVERSITY OF COLORADO
UNIVERSITY OF MICHIGAN
VARIOUS UNIVERSITIES
MASSACHUSETTS INST. OF TECH.
PURDUE UNIVERSITY
MASSACHUSETTS INST. OF TECH.
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF TORONTO
OSLO, UNIVERSITY OF
STANFORD
UNIVERSITY OF ILLINOIS
IOWA STATE UNIVERSITY
IOWA STATE UNIVERSITY
OHIO STATE UNIVERSITY
PENDING
UNIVERSITY OF MIAMI-MIAMI
UNIVERSITY OF WISCONSIN
PENDING
PHYSICAL RESEARCH LAB-INDIA
COLORADO STATE UNIVERSITY
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STAFF AND VISITORS

Administrative Section

Mary Bartels
Margaret Drake (Deputy Director)
Frieda Garcia
Belinda Housewright
JoAn Knudson
Kathy Lucero
Walter Macintyre (Division Director)
Percy Peterson (Administrator)
Betty Thompson (Asst. Administrator)

Systems Section

Charles Anderson
Daniel Anderson
Barbara Bateman
Phylecia Brandley
William Faulkner
Karen Friedman
Gilbert Green
E. Eugene 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

Computer Operations and
Maintenance Section

Donna Barday
Julia Bartram
Melissa Breedlove
Mary Buck
Douglas Chaney
Steven Chapel
Gaynez Connell
Sylvia Darmour
Randy Eastin
George Fuentes
Marlene Furmanek
Delbert Harris
Rita Hemsher
Gary Jensen (Manager)
Richard Lindenmoyer
Cynthia Martin
Susan Long
Stan McLaughlin
Susan McLaughlin
Rosemary Mitchell
Pamela Moore
Robert Niffenegger
Sharon Phillips
Victoria Pinedo
Scott Quinn
Andrew Robertson

David Rowlan
Susan Schemel
Larry Scott
Valerie Shanahan
Steven Storm
David Strayer
Mary Trembour
Nancy Waldron
Kenneth Walton
Wesley Wildcat

User Services Section

Lynne Andrade
Edward Arnold
Joseph Choy
Edward Ash
Frederick Clare
Donna Converse
Ann Cowley
Benedict Domenico
Michael Ernst
Salvador Farfan
William Frye
Lofton Henderson
Stuart Henderson
Barbara Horner
John Humbrecht
David Kennison
Kurt Kohne
Robert Lackman
Gregory McArthur
Donald Morris
Robert Nicol
Harsh Passi
Michael Pernice
Herbert Poppe
William Ragin
Richard Sato (Manager)
Tania Sizer
John Szajgin
Richard Valent
Gloria Williamson
Marie Working

Advanced Methods Section

Jeanne Adams
John Adams
Gerald Browning
Ginger Caldwell
Russell Rew
Cicely Ridley
Paul Swarztrauber (Manager)

Data Support Section

Roy Barnes
Roy Jenne (Manager)
Dennis Joseph
Paul Mulder
Wilbur Spangler
Gregg Walters
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VISITOR TO NCAR START DATE END DATE

AFRICAN,CHEN,MIKE
ARAGAO,REGINA
BALLENTINE,ROBERT J.
BRYANT,PETER J
CHANG,CHIA-BO
CHEN,DAVID
CHESSHIRE,GEOFF
DIRKS,CHARLES
DOERING,CHARLES
FULLER-ROWELL,TIMOTHY
GISLASON,GARY
GRELL,GEORG A
GROTJAHN, RICHARD
HARVEY,DANNY
HAWLEY,JOHN F
HINES,JAMES
HONG,H J
KEFFER,THOMAS
MACAYEAL,DOUGLAS R
MASUTANI, MICHIKO
MOROBORIS
NICHOLSON,SHARON
NISHIKAWA,KEN-ICHI
NUNE,DURGA P
ORSZAG, S. A.
PUMIR,ALAIN
RAMAMURTHY,MOHAN K
SHOUB, EDWARD C.
SLOAN,JIM
SPARN,MARLA
TAKAHASHI, TSUTOMU
TAKAHASHI, TSUTOMU
TETENBAUM,DAVID
TURNER,ALMON G
ULRICKSON,BRIAN L
WAYNE,BRETT
YEN,MING-CHENG
YUEN,DAVID
ZARICHNY, JAMES

850630
850114
850528
850924
850617
841213
850604
840620
850322
850415
850626
850610
850701
840529
841106
850709
850401
850326
850625
850727
841115
850625
850311
850630
850118
850110
850801
850610
850501
850101
850301
850829
831208
850115
850321
840416
850630
850401
850708

850802
850215
850601
850925
850702
841229
850831
850630
850407
850831
850805
850805
850731
850901
841120
850712
850701
860131
850627
850831
850131
850629
850320
850802
850201
850410
850915
850714
851231
861231
850327
850924
841208
850809
850322
850416
850802
850701
850714

IOWA STATE UNIVERSITY
UNIVERSITY OF MIAMI-MIAMI
U. OF WISCONSIN AT MILWAUKEE
UNIV. OF CALIFORNIA-SAN DIEGO
DREXEL UNIVERSITY
UNIVERSITY OF HAWAII, HONOLULU
CALIFORNIA INST. OF TECHNOLOGY
DENVER UNIVERSITY
ENVIRONMENTAL DEFENSE FUND
UNIVERSITY COLLEGE, LONDON ENG.
UNIVERSITY OF ALASKA
UNIVERSITY OF MIAMI-MIAMI
UNIV OF CALIFORNIA AT DAVIS
UNIVERSITY OF TORONTO
UNIVERSITY OF ILLINOIS
UNIVERSITY OF NEBRASKA
UNIVERSITY OF COLORADO
UNIVERITY OF WASHINGTON
UNIVERSITY OF CHICAGO
UNIVERSITY OF WISCONSIN
MASSACHUSETTS INST. OF TECH.
CLARK UNIVERSITY
UNIVERSITY OF IOWA
IOWA STATE UNIVERSITY
MASSACHUSETTS INST. OF TECH.
CORNELL UNIVERSITY
UNIVERSITY OF OKLAHOMA
STANFORD
PENDING
UNIVERSITY OF COLORADO
UNIVERSITY OF HAWAII-HILO
UNIVERSITY OF HAWAII-HILO
UNIVERSITY OF COLORADO
U.S. AIR FORCE ACADEMY
UNIVERSITY OF WASHINGTON
UNIVERSITY OF COLORADO
IOWA STATE UNIVERSITY
UNIVERSITY OF COLORADO
FLORIDA STATE UNIVERSITY

INSTITUTION
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ATMOSPHERIC TECHNOLOGY DIVISION

STATEMENT OF GOALS

The goals of the Atmospheric Technology Division (ATD) are twofold:

* To provide unique, centrally administered facilities for use in
research programs of the atmospheric sciences community

* To improve these facilities and to develop new and better
facilities, by means of strong internal development programs, as
community requirements dictate.

ATD's operational capabilities include a skilled operations staff in
high-quality aviation, ballooning, and field observing facilities, along
with an interactive computing system. ATD's development capability resides
primarily in its staff of scientists, engineers, and programmers.

The division provides support to a wide variety of scientific disci-
plines, including mesoscale meteorology, cloud physics, atmospheric chem-
istry, boundary-layer meteorology, and air-sea interactions. Ii recent
years use of the facilities by the atmospheric chemistry and oceanography
communities has grown, and there has been a trend toward deployment of
facilities over larger networks, thereby emphasizing the simultaneous study
of a multiplicity of atmospheric, spatial, and temporal scales. These
trends have had a direct influence on ATD's plans for the development of
new systems, which are focusing on the needs for longer-range aircraft,
improved communications systems, and a wide variety of remote-sensing
systems for more rapid and complete acquisition of four-dimensional
observational data sets.

In order to accomplish its objectives, the division works closely with
universities, NSF, other federal agencies, and other NCAR divisions to
ensure that the facilities it operates and its long-range plans provide the
instruments and services most needed by the community.

SIGNIFICANT ACCOMPLISHMENTS

* The division supported 31 projects throughout the United States.
Prominent among these were the study of the dynamics and chemistry of the
marine boundary layer (DYCOMS), using the long-range Electra aircraft; the
Joint Hawaiian Warm Rain Project, representing the renewed interest in the
study of warm rain processes; and the Preliminary Regional Experiment of
the Stormscale Operational and Research Meteorology program (PRE-STORM),
illustrative of the growing interest in mesoscale processes and systems.
PRE-STORM was convened on short notice and represented one of the largest
mesoscale programs ever undertaken. Deploying facilities over a large
geographical region, the program obtained new data needed to improve our
understanding of the structure of mesoscale systems. Participation in
PRE-STORM is discussed further in the Convective Storms Division and
Atmospheric Analysis and Prediction Division sections of this report.
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* The Electra, mentioned above, returned to operational service and
supported the DYCOMS experiment in the month of August. This was the first
research use of the Electra since the Alpine Experiment (ALPEX) more than
three years ago. The research capabilities of the Electra have been
greatly improved by the installation of upgraded avionics systems,
communications systems, data acquisition and processing systems, and
instrumentation.

* We have made major progress on the development of airborne
Doppler radar and the establishment of its performance capabilities. The
performance capabilities are further discussed in the Research Aviation
Facility section of this report. We conducted a workshop soliciting the
advice and comments of more than 40 experts from the community, and a final
design is planned for FY 86.

* We used the radome gust probe, developed in previous years,
successfully for the first time in research during the Colorado Orographic
Seeding Experiment.

* Development has begun on a new airborne lidar system for
measurements of the structure of the planetary boundary layer.

* The capabilities of the second-generation portable automated
mesonet (PAM II) system greatly increased upon completion of two base
stations for real-time reception, display, and analysis of network data in
the field. These stations communicate directly with the Geostationary
Operational Environmental Satellite (GOES) and offer the potential for
real-time satellite imagery.

* The technology of the portable automated mesonet (PAM) system has
been extended to buoy applications through a cooperative program with
William Large of the Atmospheric Analysis and Prediction Division. Wind-
stress sensors and attendant communications are being developed for buoy
use.

* Successful tests of the Cross-chain LORAN Atmospheric Sounding
System (CLASS) were conducted at White Sands and Cape Hatteras. Nine
systems are planned for the Genesis of Atlantic Lows Experiment (GALE) in
FY 86. These new tropospheric sounding systems will provide spatial reso-
lution and wind measurement accuracy that is dramatically improved over
existing balloon sounding techniques.

* The Automated Shipboard Aerological Program (ASAP), which uses
ships of opportunity to carry and release radiosondes over the oceans, has
been extended to the North Atlantic. This program is becoming a truly
international, cooperative effort, with participation from Canada, the
United States, and the broader international community through the World
Meteorological Organization (WMO). As many as ten systems are planned for
the North Atlantic.

* A development program to improve the aircraft dropwindsonde
system will result in a sonde of substantially greater simplicity and will
provide higher quality data than are now available.
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* Significant progress has been made on research into wind shear
and the initiation of convective storms by convergent lines in the boundary
layer. This work is leading to a major example of technology transfer:
the demonstration of an operational wind-shear detection and warning system
at Denver's Stapleton International Airport in the summer of 1987.

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. The 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 air-
craft, Doppler radars, surface networks, sounding systems, and balloon
platforms. 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.

The Research Applications Program focuses its efforts on the transfer
of technology and knowledge from the research community to the mission-
oriented agencies. 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 Director's Office has a staff of five: a director, an adminis-
trative officer, an administrative assistant, an administrative secretary,
and one person in the divisional Documentation Office. The Documentation
Office assists in the preparation of manuals and the wide variety of
documents that are produced by the division. Reporting to the Director's
Office is the Design and Fabrication Services group, which provides
mechanical design and machine shop services for all of NCAR.

RESEARCH AVIATION FACILITY

RAF Mission and Strategy

The RAF mission is to develop and operate instrumented research
aircraft for the atmospheric science community. Scientists are allocated
aircraft flight hours following review by the RAF Advisory Panel.

In order to meet the research community's needs, RAF designs, devel-
ops, and tests new airborne measurement systems and techniques. In balanc-
ing its support program with new-capability development, RAF's scientific
staff anticipate and respond to research measurement needs and keep abreast
of advanced technologies that can be applied to meet those needs.
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The RAF development program is presently focused on remote-sensing
techniques. Remote sensing, in the form of airborne Doppler radar,
airborne lidar systems, and radiometers, is clearly necessary for the
large-scale mesoscale and storm studies, the atmospheric chemistry
programs, and the studies of the boundary layer over land and over the
oceans that are now planned.

Aircraft Fleet

During FY 85 RAF's fleet of research aircraft consisted of:

* A Beechcraft Super King Air Model B200T low-wing pressurized
aircraft powered by turbine engines. The cabin volume, payload, and range
of the King Air are about twice those of the older Queen Air that it
replaced. The normal operating ceiling is about 10,000 m (35,000 ft)
above sea level. The aircraft is equipped for a wide variety of cloud
physics, boundary-layer, dynamics, and atmospheric chemistry research.

* A North American Rockwell twin-jet Sabreliner low-wing aircraft
pressurized for high-altitude flight with a maximum flight altitude of
13,411 m (44,000 ft) above mean sea level (MSL) and a range of 2,409 km
(1,300 n mi) with an 816-kg (1,800-lb) payload. The Sabreliner has been
used extensively for upper-troposphere and lower-stratosphere air chemistry
and atmospheric dynamics research.

* A Lockheed Electra Model L-188C low-wing, long-range, four-engine
turboprop aircraft. The cockpit and passenger compartments are pressurized
for high-altitude operation. The Electra can operate in known icing condi-
tions; however, external instrument installations may limit operations.
The operating ceiling of the NCAR Electra is approximately 8,000 m above
sea level. The aircraft is especially well suited for research in atmo-
spheric chemistry and for over-ocean research.

* A Beechcraft Queen Air Model B80 twin-engine, low-wing, nonpres-
surized aircraft. This aircraft supplements the more popular King Air and
was used during FY 85 to support research programs in acid precipitation,
clear-air chemistry, and the boundary layer.

* A Beechcraft twin-turboprop King Air equipped for cloud physics
measurements, which was leased from the University of Wyoming for six
months per year--April through September in FY 85. The performance char-
acteristics of the aircraft are similar to those of the NCAR King Air.
During FY 85 RAF contributed to the design and construction of an improved
data system and, with Wyoming, implemented modifications to the aircraft to
allow it to use a broader variety of research instrumentation.

Research Highlights in FY 85

Two major research programs, DYCOMS and the Joint Hawaiian Warm Rain
Project, involved RAF scientific staff. Both projects produced scientific
results that warrant highlighting.
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Dynamics and Chemistry of the Marine Stratocumulus (DYCOMS) was
carried out over the eastern Pacific Ocean froin 30 July to 21 August 1985,
using the Electra aircraft equipped with meteorological and chemical
instrumentation. The DYCOMS participants and research included:

1. NCAR - Meteorology, C1 to C10 hydrocarbons, fluorocarbons,
CO, PAN, methyl iodide

2. Drexel University - Sulfur species, radionuclides
3. Denver Research Institute - Nitrogen oxides
4. Colorado State University - Ozone
5. Colorado College - Nitric acid, cloud pH, aerosol and cloud

sodium ion, nitrate, sulfate, and chloride.

Alan Bandy (Drexel University) and Donald Lenschow (RAF) were the prin-
cipal organizers and served as co-principal investigators. The marine
stratiform region lying off the southern California coast (>300 miles) in
August was chosen as the experimental region because of its near-steady-
state, horizontally homogeneous, pristine characteristics. A total of ten
flights (70 h) was flown, three in conjunction with the National Oceanic
and Atmospheric Administration (NOAA) P-3. The Electra and new on-board
data system performed very well. All flights were fully loaded with 19
people (scientists and flight crew). The investigators are analyzing the
data in order to present results at a spring 1986 scientific meeting. The
immediate findings were that (1) the region was pristine and not contami-
nated (within the past 14 days) by continental influences, (2) large jumps
in equivalent potential temperature (negative) and ozone (positive) occur
at the inversion (AT-10°C) limiting the top of the boundary stratocumulus
layer, (3) the layer is an ozone sink, and (4) the cloud pH varied from 3.8
to 5.1. Overall DYCOMS will produce scientific results of high value and
has served as an important test of airborne chemical measurement systems
now under development.

Joint Hawaiian Warm Rain Project. Four experiments were conducted in
Hawaii in summer 1985, one primarily by NCAR scientists (William Cooper and
Darrel Baumgardner of RAF and James Dye of the Convective Storms Division)
and the others by university scientists (David Johnson of the Illinois
State Water Survey, Kenneth Beard of the University of Washington, Tsutomu
Takahashi of the University of Hawaii, and Marcia Baker of the University
of Washington). Several other investigators were also involved in measure-
ments of cloud condensation nuclei (CCN) or chemical species. The experi-
ment was conducted from Hilo and depended primarily on aircraft data.

The experiment used the Wyoming King Air (N2UW), under lease to NCAR.
Ferry tanks were purchased and installed in that aircraft for the ferry
flight. These ferry tanks (which will also fit the NCAR King Air) make it
possible to ferry the King Air almost anywhere in the world in support of
future research projects.

The weather conditions were ideal during the program, and we flew at
least once on each scheduled research day during the six-week period. The
early findings have shown several interesting results: coalescence pro-
cesses appeared to act much faster than anticipated on the basis of theo-
retical calculations; raindrops were much larger than expected; entrainment
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analyses have illustrated differences between these and continental clouds;
CCN measurements yielded concentrations that were highly variable; and the
band clouds had an unexpectedly strong three-dimensional structure.

The aircraft, data system, and ground-support systems worked quite
reliably in this experiment, and we obtained data that are well suited to
each of the experimental objectives. Each experiment used the data avail-
able from the ground-support computer to modify the procedures and goals,
demonstrating again the high value of the mobile ground-computer systems.
This experiment has indicated that warm rain processes represent a fertile
and relatively untapped area for research.

Research and Test Project Summary for FY 85

During FY 85, RAF supported 20 major university, NCAR, or other agency
research programs plus one program flown for instrumentation and one pro-
gram flown for the National Transportation Safety Board, with a total
flight time of 953 h (for all aircraft). This flight time includes 207
Sabreliner hours and 102 Electra hours. The flight-hour totals do not
include the additional hours necessary for pilot proficiency and aircraft
maintenance tests. The Electra DYCOMS support was the first use of the
aircraft since the ALPEX program and served as the first full field test of
new avionics and data systems. Programs supported during FY 85 included
studies of air-sea interaction, the boundary layer, storm dynamics, atmo-
spheric chemistry, cloud physics, and instrumentation development. The
research use of RAF aircraft is summarized in the tables.

Table 1. Summary of RAF Aircraft Use during Fiscal Year 1985

No. of Projects No. of Hours No. of
Requested Flown Requested Allocated Flown Missions

N306D 6 3 352.0 198.0 127.2 53
N307D 12 9 399.0 256.0 207.4 106
N312D 12 10 537.7 316.7 281.9 90
N308D 3 3 93.2 93.2 102.6 32
N2UW 6 6 402.0 278.0 233.1 92
Total 3r 1,783.9 1,141. 952.2 373

The support summaries for FY 85 projects are as follows:

Project #5-270 Colorado Orographic Seeding Experiment - COSE II.
Lewis Grant (Colorado State University) organized the second phase of the
Colorado Orographic Seeding Experiment (COSE). The research examines the
cloud and precipitation physics occurring in orogrdphic clouds and is a
study of broad applicability to weather modification. The combined air-
craft and ground studies were directed at the dispersion and transport of
seeding materials, cloud microphysical processes, and the definition of
predictors useful for both research and weather modification. Several
excellent storms occurred during the program, and both the surface instru-
mentation and aircraft systems functioned well. The King Air also will
provide cloud-truth information for comparison with ground-based dual-
channel radiometers operated by Grant.
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Project Kesearcn
Number Period

5-635 10/1-
11/14/84

Project
Name

So2 & H2(0
Surveys

FI I lL. I. I

Investigator

Lazrus**

5-637 7/8-21/85 SO & 202 Lazrus**
Surveys

5-611 9/7-
10/7/85

5-610 4/16-
30/85

5-620 3/85-
7/85

5-690 6/12-
28/85

BOLOOS Dabberdt*

Dune
Dynamics

Snownelt
Runoff

Estuarine
Plumes

Wagner

Brendecke

Boicourt

Insti tut

NCAR

NCAR

SRI

U of TX-Aust

Univ. of CO

Univ. of MD

TABLE 2A. SUIY OF AIRCRT UTILIZATION
Fiscal Year 1985
Queen Air N306U

Characteristics Rec
ion of the Research h

To measure the gas phase concen-
trations of H20, S., & 03 over
the Eastern U.S.

To examine the availability of the
oxidants 4202 & 03 in relationship
to S0 . These measurements will
complete a seasonal survey of
oxidant availability for SO2.

To obtain a comprehensive aero-
metric data base of mesoscale
transport and oxidant production
to develop a photochemical simula-
tion model which is representative
of the South Central California
Coast Air Basin.

in A proposed study of boundary layer
structure over the Algodones dune.

To study the hydrological water
balance in the Boulder Watershed.

A study of the kinematics and
dynamics of estuarine plunes of the
Chesapeake Bay in the Hudson River.

lours

73

l I ULca :u

Hours

63

35 35

127 100

23 0

43 0

51 0

No. of Hours and
(No. of Missions)

62.3 (19)

Remarks

31.7 (14)

33.2 (20) 15.2 hrs (8 fits)
flown during FY86.

0

0

0

TO

TO

Panel recommended
no support.

Panel recommended
no support.

Schedule conflict.

N306D Sub-total: 352 198 127.2 (53)
*Cost Recovery
**Operational Cost Recovery
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TABLE 2B. SUWARY OF AIICRAFT UTILIZATION
Fiscal Year 1985
Sabreliner N3070

Project Research Project Principal Characteri stics Requested Allocated No. of Hours and Remarks
Nulber Period Name Investigator Institution of the Research Hours Hours (No. of Missions)

5-741 11/14-
12/13/84
5/85

5-787 1/23-
3/25/85

TDL Mea-
surement
of SO2

AVSS

5-764 2/17- Lidar
3/10/85 Cirrus II

5-742 4/5-
4/23/85

Coffey NCAR

Colamosca* FAA

Sassen

TS3 Mankin

5-736 6/4- Trace
6/25/85 Gas

Profiles II

5-737 6/4-
6/28/85

5-788 7/9-
7/12/85

Dickerson

PRECEP Leslie

AVSS

Univ. of Utah

NCAR

Univ. of M)

Battelle

Colamosca* FAA

The newly developed tunable diode 35
laser-based system for fast sensi-
tive detection of SOW was success-
fully flown in 5 research missions.

A study to determine if the cur- 35
rent 2,000 foot vertical spacing be-
tween adjacent flight levels at and
above 29,000 ft. pressure altitude
may be safely reduced to 1,000 ft.

To obtain air-truth measurements 33
of cirrus cloud microphysics to be
correlated with readings from his
ground-based polarization diversity
lidar system.

To measure stratospheric composi- 37
tion by means of high resolution
solar occultation infrared
spectroscopy.

To examine the effects of deep con- 33
vective systems on the vertical
distribution of various trace gases.

This was a piggyback addition to 27
the Dickerson project.

To gather pressure survey data in 30
the western Kansas area.

5-754 7/2/85 TRACI Miller NCAR Triple Research Aircraft
Intercompari son.

25

30

15

37

23

27

30

19.2 (10)

40.9 (22)

14.4 (8)

42.3 (18)

21.8 (9)

26.6 (11)

7.7 (5)

2 2 1.8 (1)
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TABLE 28, COITIIIED. SUMARY OF AIRCRAFT UTILIZATION -I
Fiscal Year 1985 0
Sabreliner N307D

Project Research Project Principal Characteristics Requested Allocated No. of oburs and Remarks
Number Period ane. Investigator Institution of the Research Hours Hours (No. of Missions)

5-789 8/4-
8/29/85

AVSS Colamosca*

5-785 2/85 HRI Smith*

FAA This represents an extension of 40 40
the vertical separation program to
the hot, monsoon regimes of the U.z.

Univ. of WI To provide air truth sounding data 21
beneath the NASA U2 aircraft.

21

<
J.

-J.

0
=3

32.7 (22)

0

-n

_J

NASA cancelled due -
to delays of the HiS <
instrument.

5-763 1/16- Cloud Probe Hallett
2/13/85 Calibration

Test

5-720 6/15- Fire-Storm Cox
7/31/85 ANVILS

URI

CSU

To obtain in-flight calibration
of the FSSP probe.

To gather radiation and micro-
physical data in and surrounding
anvil clouds produced by MCS.

N3070 Sub-total: 399 256 207.4 (106)

00
kD

28 6

78 0

0

0

NSF declined
support.

NSF declined
support.



TABLE 2C. SUWARY OF AIRCRAFT UTILIZATION
Fiscal Year 1985
King Air N312D

Project Research Project Principal Characteristics Requested Allocated No. of Hours and Remarks
MuNber Period Name Investigator Institution of the Research Hours Hours (No. of Missions)

5-250/ 10/84
251

5-270 11/15-
12/20/84

Radome
Test

COSE

Brown

Grant

5-251 10/8-31/84 CO2 Probe Bingham
Test

5-268 1/3-31/85 Bridger
Range

5-253 2/85 OPHIR
Radiometer
Test

Heimbach

Warner

NCAR

CSU

Utah Univ.

Montana State

NCAR

Test and evaluation of a radome
gust probe.

Colorado Orographic Seeding Ex-
periment.

CO2 Instrumentation test and
evaluation.

Microphysical sampling in
wintertime orographic clouds.

The first airborne evaluation of
the newly engineered OPHIR
radiometer.

10 1L 18.1 (10)

63 50 36.8 (12)

20 20 9.3 (4)

47 47 36.0 (13)

1.7 1.7 1.7 (1)

5-238 2/14- Tropo-
3/3/85 spheric

PAN

Singh SRI International To measure the distribution of
organic nitrogen compounds in the
free troposphere.

63 63 61.4 (11)

5-235 3/20- S2
4/17/85 Oxidant

5-240 5/1-14/85 Sulfur
Gases

5-213 6/3-28/85 Convective
Waves

Lazrus

Andreae

Kuettner

NCAR

FSU

For use as part of the availability 58
of oxidants for converting SG2 to
H2 S in cyclonic storm systems.

To study the sources and transport 55
of sulfur compounds in the maritime
atmosphere.

NCAR To study the vertical extent of
gravity waves formed over an active
convective boundary layer in vertica
wind shear conditions.

5-254 7/2/85 TRACI Miller NCAR Triple Research Aircraft
Intercompari son.

5-269 1/27- Winter Long
3/9/85 Orographic

Cloud Studies

5-280 5/85 OPUS III Stuart

DIR To assess the potential for snow 91
augmentation in wintertime
orographic clouds near Beaver, Utah.

Florida State Organization of Persistent
Upwelling Structures experiment.

0

100 0

0 (10) Schedule conflict -
Panel recamended no
support.

0 No NSF support.

M312D Sub-total: 537.7 316.7 281.9 (90)
-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~i

58 53.2 (20)
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TABLE 2D. SuMNARY OF AIRCRAFT UTILIZATION
Fiscal Year 1985

Electra N308D ?n

Project Research Project Principal Characteristics Requested Allocated No. of Hours and Remarks
unmber Period Name Investigator Institution of the Research Hours Hours (No. of Missions)

5-830 7/25-
8/23/85

5-854 7/85

5-810 4/85

DYCOMS Lenschow/
Bandy

TRACI Miller

NTSB Test Kapustin*

NCAR/
Drexel

To study the chemistry dynamics
and microphysics of the sunner
marine stratocunulus layer off
the southern California coast.

Triple Research Aircraft
Intercanpari son.

NCAR

NTSB

*Cost Recovery

90 90

2 2

99.3 (29)

2.1 (1)

1.2 1.2 1.2 (2) Partial cost
recovery.

=308D Sub-total: 93.2 93.2 102.6 (32)
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TABLE 2E. SUYIM OF AIRMAFT UTILIZATION
Fiscal Year 1985

King Air N2UW

Project Research Project Principal Characteristics Requested Allocated No. of Hours and Remarks
Number Period Name Investigator Institution of the Research Hours Hours (No. of Missions)

5-381 5/1-31/85 Pre-STORM Marwitz Univ. of WY The experiment is to study MCSs
and the scale interaction of the
individual convective storms and
MCSs in Pre-STORM project.

69 45

5-382 5/1-31/85 Lw Level Parish/
Jet Rodi

Univ. of WY To study the great plains low-level 33
jet.

5-260/ 7/1-
261 8/15/85
262
263

Joint
Hawai an
Warm
Rain

Johnson/
Baker/
Takahashi/
Cooper

ISWS
Univ. of WA
Univ. of Hawaii
NCAR

A study to measure the warm-rain 300
processes in Hawaii.

200 171.1 (68)

N2UW Sub-total: 402 278 233.1 (92)
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Project #5-251, CO? Probe Test. Gail Bingham (Utah State University)
made changes in the sensing head of his fast-response C02 instrument to
provide a local measurement of pressure and temperature. These data will
allow corrections to eliminate anomalous measured variations in CO2.

Project #5-268, Bridger Range Physical Measurements. James Heimbach
Jr. (Montana State University) used the King Air aircraft for cloud
microphysical measurements in wintertime orographic clouds near the
vicinity of the Bridger Range in Montana. Liquid water content, in-cloud
ice nuclei, and plume behavior were studied, along with the effects on
cloud microphysics of cloud seeding with AgI nuclei. Several excellent
cases were obtained for study. The ice nucleus counter worked well, thanks
to extensive preparation by several individuals. The Particle Measuring
Systems, Inc. (PMS) cloud probes showed distinct changes in in-cloud
structure when the AgI plume was encountered.

Project #5-253, Ophir Radiometer Test. John Warner (Convective Storms
Division) conducted a first airborne evaluation of the newly engineered
4.27-pm radiometer, which has been obtained under contract with Ophir
Corporation of Denver, under a development contract funded jointly by RAF
and CSD. The radiometer is designed to provide accurate air-temperature
data for both clear-air and in-cloud measurements. The flight test was
successful; however, additional tests are needed before the system can be
made operational.

Project #5-764, Lidar Cirrus Studies II. Kenneth Sassen (University
of Utah) conducted a second flight study with the Sabreliner to obtain
air-truth measurements of cirrus cloud microphysics for correlation with
readings from his ground-based polarization diversity lidar system. He
found several good cases of cirrus clouds with sufficient areal extent and
persistence over the Beaver, Utah,site.

Project #5-238, Tropospheric PAN. Hanwant Singh (SRI International,
Menlo Park, California) flew this PAN measurement project to determine the
vertical structure of PAN in both marine and land air masses. This was the
winter portion of the total experiment; the summer phase was conducted last
August. As planned, he made three night and six daytime flights to gather
data over the broadest possible time frame.

Project #5-788, Aircraft Vertical Separation Standards. This short
program represented one week of a six-week field effort by the Federal
Aviation Administration (FAA) and the National Aeronautical Establishment
of Canada to gather pressure survey data in the western Kansas area as a
part of a national study to determine whether aircraft can be stacked at
1,000-ft separation levels above 29,000 ft MSL. Current separation
requirements are 2,000 ft. Major economic consequences are involved.

Project #5-789, Aircraft Vertical Separation Standards. This program
represents an extension of the Vertical Separation Program to hot, monsoon
conditions. Flights were made during periods of widespread, large after-
noon thunderstorms and during contrasting periods of hot, dry, desert
weather--to measure the diurnal variation of "D" value, which was refer-
enced to a land-based National Aeronautics and Space Administration (NASA)
radar.
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Project #5-235, SO? Oxidant Availability Allan Lazrus (Atmospheric
Chemistry Division) used the King Air equipped with an extensive array of
air-chemistry analyzers and water collectors in order to investigate the
availability of different S02 oxidants under clear-air and stormy condi-
tions. Gas-phase measurements included SO2, 03, NO-NOx, H20, and aerosol
concentrations. Prototype cloud water and precipitation collection devices
were tested (which worked well) to obtain aqueous-phase samples that were
also analyzed for H202 content. The vertical distributions of the various
parameters were examined in terms of air-mass motions and time histories
obtained over several days. This appears, on the basis of reports from the
investigators, to have been a very successful project in NCAR's continuing
investigations of the chemistry of precipitation.

Project #5-742, Tropospheric and Stratospheric Sampling and
Spectroscopy. William Mankin, and co-investigators Michael Coffey, Patrick
Zimmerman, and Leroy Heidt (Atmospheric Chemistry Division), conducted a
series of flights over the Pacific Ocean from latitude 25°N to 70°N to
measure stratospheric composition by means of high-resolution solar occul-
tation infrared spectroscopy. Measurements were made also of nonmethane
hydrocarbons and the distribution of long-lived atmospheric trace gases
including atmospheric bromine in the Arctic. This baseline measurement
program looks at the latitudinal, seasonal, and long-term variations in the
composition of the stratosphere with particular attention on the ozone
layer.

Project #5-240, Atmospheric Sulfur Gases. Meinrat Andreae (Florida
State University) used the NCAR King Air aircraft to study the sources and
transport of sulfur compounds in the maritime atmosphere. He obtained
both gas and aerosol samples to determine concentrations of dimethylsulfide
(DMS), a biogenic precursor of sulfate aerosol in the maritime atmosphere.
Mark Kritz conducted a "piggyback" radon sampling program. The radon
measurements are to be used as a tracer for vertical mixing through large
convective mechanisms.

Project #5-213, Convection Waves II. Joachim Kuettner (Atmospheric
Analysis and Prediction Division) conducted three research flights to look
at the vertical structure of gravity waves formed over an active convective
boundary layer in vertical wind-shear conditions. The research flights
were made over eastern Colorado and western Kansas. Gravity waves were
found to extend to high altitudes. The results are already analyzed and
are being compared with Terry Clark's (Convective Storms Division) model
results. Peter Hildebrand served with Kuettner as co-principal investi-
gator. In conjunction with the Kuettner project, James Wilczak (NOAA)
conducted two research flights investigating the structure of a convergence
line that forms along the front range when there is a low-level south-
easterly flow. The aircraft data will be compared and analyzed with data
obtained from the NOAA Program for Regional Operational Forecasting
Services network.

Project #5-736, Trace Gas Profiles II. Russell Dickerson (University
of Maryland) used the Sabreliner to examine the effects of deep convective
systems on the vertical transport of various trace gases. Operations
previously planned for Colorado were moved to Oklahoma City in order to

194



ATD/Research Aviation Facility

take advantage of the detailed meteorological data being collected by the
PRE-STORM program that was being conducted in the area. The trace gases of
interest were 03, CO, and hydrocarbon NOx compounds. Both pre- and post-
convective profiles were obtained for systems ranging from isolated cumulo-
nimbus to mesoscale convective storms.

Project #5-635, SO0 and HO0 Surveys. Allan Lazrus (Atmospheric
Chemistry Division) used the Queen Air aircraft to measure the gas-phase
concentrations of H202, SO2, and 03 over the eastern United States. H202
and 03 are the principal aqueous oxidants of dissolved S02 in cloud and
precipitation water. The initial findings from this program noted unex-
pected complexity in the vertical profiles of the measured parameters. The
data are being examined in terms of synoptic, trajectory, and source con-
siderations to understand the factors influencing these profiles. The
results clearly challenge the use of surface measurements alone to
characterize the atmosphere in terms of these acid rain precursors.

Project #5-741, TDL Measurement of SO. Michael Coffey (Atmospheric
Chemistry Division) furnished the newly developed, tunable diode, laser-
based system for fast, sensitive detection of SO2 (range 0.1 to 100 ppbv)
that was successfully flown in five research missions. A coordinated space
shuttle flight was cancelled in November 1984; the unused portion of 12.2 h
of flight time is saved for a possible future space shuttle intercomparison
flight. Three flights (6.4 h) were completed toward the intercomparison
during the month of May 1985.

Project #4-250, Radome Gust Probe Test. The flight evaluation program
of the radome gust probe addressed the following major problems: (1) deter-
mination of the attack and sideslip sensitivity coefficients; (2) evalua-
tion of the bleed air radome anti-icing system; (3) evaluation of degree of
impact on the normal aircraft pitot-state system of the extended radome as
installed; (4) evaluation of accuracy of the total pressure measurement
from the radome center orifice; (5) development of a procedure for correct-
ing static pressure for all altitude and Mach numbers; (6) study of the
effects of flight maneuvers on sideslip angle computations; and (7) spec-
tral analysis of the turbulence field as measured by the radome gust system
in the boundary layer.

After reviewing the test results, RAF was able to use the radome
system for the Grant, Heimbach, and Singh programs. The project reports
indicate excellent operation under adverse conditions.

Project #5-787, Aircraft Vertical Separation Standards. In continued
support of the FAA program, pressure surveys were flown twice daily on
unidirectional airways J-60 and J-84. Out of 14 pressure surveys flown,
seven provided measurements of minor wave activity that was also the
subject of a NOAA study using remote sounders. Major wave activity did not
occur during RAF's participation. On two occasions the NCAR Sabreliner flew
in formation with the National Aeronautical Establishment T-33. This
Canadian aircraft will continue to make similar measurements to provide
additional data for the (international) study of separation standards.
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Project #5-737, PRECEP. This project was a "piggyback" addition to
the Dickerson project (5-736), with many of the same goals. Two additional
aircraft were included in the flight operations in order to sample the
inflow, mid-level, and outflow regions of the convection simultaneously:
the Brookhaven Queen Air (N304D) and the NOAA King Air (N4PS). An aerosol
filter pack and a prototype ice collector were added to the Sabreliner
instrument package, with operations coordinated from the PRE-STORM Opera-
tions center.

Projects #5-260, 5-261, 5-262s 5-263, Joint Hawaiian Warm Rain
Project. (See Research Highlights:

Projects #5-754, 5-854, 5-254, TRACI: Triple Research Aircraft
Intercomparison. A triple-aircraft intercomparison was flown in early
July. Both the King Air and the Electra were flown using fixed vanes,
while the Sabreliner was flown using a nose radome. Information obtained
from this intercomparison will be used to validate the Electra, using fixed
vanes, as an acceptable standard for subsequent evaluation of the new King
Air radome. In addition, the Sabreliner nose radome flow-sensing configu-
ration will be evaluated with data obtained from this intercomparison.
Additional intercomparison flights are planned for October 1985.

Project #5-637, SO? and H202 Surveys. Allan Lazrus (Atmospheric
Chemistry Division) used the Queen Air aircraft to measure the gas-phase
concentrations of H202, S02, and 03 during summertime conditions over the
eastern United States. The 12 missions flown between Boulder, Colorado,
and Saranac Lake, New York, completed the seasonal survey of oxidant
availability for SO2. As in the previous fall and spring flight series,
complex vertical profiles of the measured parameters were noted, which
clearly challenge the use of surface measurements to characterize the
atmosphere in terms of acid rain precursors.

Project #5-830, DYCOMS. (See Research Highlights)

Project #5-611, Boundary-Layer Dynamics and Ozone Structure. The
Queen Air was used as one of five aircraft platforms investigating the
evolution of photochemical/ozone episodes in southern California. Walter
Dabberdt (SRI International, Menlo Park, California) coordinated the
overall effort (which involved numerous county, state, and city organi-
zations). The measurements concentrated on the production and transport of
photochemical species and ozone within the Ventura and Santa Barbara County
regions. A high-rate ozone instrument (Richard Pearson of Colorado State
University) was used to correlate meteorological and ozone flux.

Summary of Remote Probing Development Accomplishments for FY 85

(1) Electra Doppler Radar (ELDORA. Under the leadership of Peter
Hildebrand, the Electra Doppler development team completed and published a
detailed evaluation of airborne Doppler radar capabilities, formulated a
comprehensive design plan for ELDORA, wrote and circulated the plan, and
conducted a design review workshop at NCAR. Detailed specifications for
ELDORA hardware are in preparation.
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The ELDORA development is being carried forward in response to the
scientific need to make continuous storm-structure observations over times
and in areas that are not possible from ground-based Doppler radars. The
ELDORA will permit measurements in areas remote from ground-based Doppler
radars and can be used either alone or in conjunction with ground-based
Dopplers.

During FY 85 Hildebrand and Cynthia Mueller (FOF) analyzed the capa-
bility of airborne Doppler radar to measure storm structures. They pub-
lished the first direct comparison of airborne and ground-based Doppler
radars and showed that airborne Doppler radar can measure storm kinematic
fields with an accuracy comparable to ground-based Doppler radars. Their
results have had an immediate impact on the planning of mesoscale field
experiments including PRE-STORM, the Genesis of Atlantic Lows Experiment
(GALE), STORM, and the Taiwan Area Mesoscale Experiment (TAMEX).

During this year Hildebrand, together with engineers Charles Frush
(FOF), Craig Walther, and Norman Zrubek, also consulted with commercial
manufacturers to evaluate the technology available for ELDORA and, with the
scientific community, to determine ELDORA design needs. The resulting com-
prehensive design was presented on 10-12 September 1985 at a workshop
attended by 43 university, NCAR, and agency scientists and engineers. The
major conclusions of the workshop were that the ELDORA design was well
focused, that the radar specifications were well selected, and that there
was a strong need for the dual-beam X-band Doppler capability. The work-
shop attendees recommended further investigation into certain engineering
details and modes of operation of the radar and into the possibility for
phased development. A workshop summary has been completed and included in
the final edition of the ELDORA design plan, which is being published as an
NCAR Technical Note.

In FY 86 hardware development will begin on the ELDORA Project. Con-
struction is expected to take three to four years, depending on the funding
rate, and consists of four major components: radar microwave components,
data system, aircraft modifications, and data analysis. The system will be
ground tested, installed on the Electra, and scientifically evaluated.

(2) NCAR Airborne Infrared Lidar System (NAILS). NAILS is based on a
pulsed CO2 laser operating in the infrared at a wavelength of 10.6 pm and
will provide profiles of the atmospheric backscatter intensity above or
below an aircraft as often as every 10 m along the flight track. Although
the final configuration of the device is not yet determined, RAF scientists
plan to be able to fly the instrument on RAF's King Air and larger air-
craft.

Ronald Schwiesow and William Cooper, the team involved in the initial
planning for NAILS, have planned the lidar to help boundary-layer research-
ers remotely indicate the height of the boundary layer (above or below the
aircraft) while making in-situ measurements of other parameters in the
layer. Correlations of the boundary-layer height with updrafts, tempera-
ture, or trace-gas concentrations will lead to improved understanding of
entrainment, folding, and growth of the layer. The scientists also expect
the lidar data to be useful in cloud physics studies. The remotely sensed
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height-vs-time maps of backscattering during cloud traverses will indicate
the shape of regions of cloud droplet concentration and, with the use of a
dual-polarization receiver, will be used to determine the phase (ice or
water) of the cloud particles. The NAILS project leads naturally to devel-
opment of a more advanced Doppler lidar system that is also capable of
making remote wind measurements in the boundary layer up to perhaps
15,000 ft, along with entrainment velocity measurements in and near cloud
boundaries.

The laser and the other components of NAILS have been ordered, and
Schwiesow and Cooper hope to begin ground tests of NAILS as early as
summer 1986, followed by flight tests in autumn 1986. Detailed design and
assembly of the system is relying heavily on RAF's aero-engineering,
instrumentation, and data-analysis groups. ATD's Design and Fabrication
Services will provide the telescope housing and instrument pod to mount the
optical components. Paul Lightsey (Chairman, Department of Physics, Uni-
versity of Northern Colorado) plans to help with the alignment and test
procedures during a sabbatical. NAILS is the first step toward the air-
borne optical remote probing needed for field research experiments in
atmospheric dynamics, cloud physics, and atmospheric chemistry in the
coming decade.

(3) Tests of the Ophir Radiometer. Jointly with the Convective Storms
Division, RAF has sponsored the development of a 4.27-vir wavelength radiom-
eter capable of measuring free-air and in-cloud temperatures remotely in
the near field (<10 m) of the aircraft. The instrument was flight-tested
on the King Air during penetrations of cumulus clouds in the Warner project
(5-253) and using some special flight maneuvers, including speed runs in
clouds and climbs through the cloud bases. Since all the other temperature
sensors (Rosemount, reverse-flow, fast-response) were also on the aircraft,
these data are being examined to determine characteristics of all the
temperature sensors. Early indications are that it yields accurate
temperature measurements in and out of clouds and responds more rapidly
than the conventional sensors.

Other Development Activity during FY 85

(1) Radome gust probe. The ability of research aircraft to measure
atmospheric motions has improved greatly in the last two decades. Measure-
ment techniques have evolved along two lines: (1) the use of sensors to
detect the aircraft's response to winds, and (2) the installation of a
variety of velocity and angle sensors on the tip of a long nose boom ahead
of the aircraft.

The NCAR radome gust probe, which has been developed by Edward Brown
aided by Carl Friehe (University of California, Irvine), is a departure
from conventional boom air-motion systems; measurements of the surface
pressure distribution on the nose of the aircraft itself enables one to
obtain, by suitable calibrations, the angles of attack and sideslip, and
the dynamic pressure. NASA pioneered the technique on X-15 supersonic
flights in 1956. The sensing probe on RAF aircraft consists of the standard
aircraft radome, in which a cruciform array of four pressure orifices is
installed about a central orifice on the tip of the radome. It has been
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determined by several investigators that the pressure distribution on a
hemispherical surface is a monotonic function of the attack and sideslip
angles. The differential pressure measurements across the radome surface
are used with other measured data, including the temperature and ambient
static pressure, to give the instantaneous and mean horizontal and vertical
winds.

RAF has flown such systems on the NCAR Sabreliner for approximately
170 flights (320 h) and on the King Air for 50 flights (150 h) over a two-
year period with satisfactory results. The flight tests on the Sabreliner
were used to compare the air motions (instantaneous and mean winds) as
obtained from the differential pressure measurements on the radome with
simultaneous conventional pressure measurements obtained on the Sabreliner
nose boom. RAF conducted a flight test comparison of the Sabreliner and
King Air radome gust probe systems with vane air-motion sensors on the
Electra in October 1985 and is now analyzing the results.

All of the measurement results to date indicate that the air-motion
data obtained from the radome gust probe are comparable with and possibly
superior to measurements made with boom-mounted sensors. The development
of the radome gust probe is an important step for cloud and boundary-layer
research for several reasons. Perhaps most important, the radome gust
probe does not interfere with the normal use of the storm-internretation
nose radar that is necessary for research flights in and around storms and
storm complexes. Secondly, the many problems associated with booms,
including initial cost, vibration, moment-arm from the inertial reference
platform, interference with flow-field and other sensed parameters, are
avoided. With proper radome de-icing, the system gives an all-weather
capability for measurements in cloud and icing conditions.

(2) Airflow Distortion Studies. The third stage of airflow distor-
tion studies is currently in progress. These studies were initiated with a
1983 workshop that discussed a range of measurement problems caused by the
distortion of airflow around an aircraft. This workshop was followed by a
cooperative wind tunnel experiment with Ian MacPherson (Canada's National
Research Council) using the NRC's 6X9-f medium-speed wind tunnel to study
the flow around a scale model of RAF's King Air wingtip pylon.

MacPherson also participated in the third stage of these studies,
conducted in the fall of 1985. He visited RAF with a modified Rosemount
858 five-hole gust probe that could be installed in a standard PMS canis-
ter. Using this probe, he measured the airflow speed and direction at the
normal sampling plane of PMS probes and, using an extended probe, at a
point well in front of the canister in the ambient airstream. This probe
was flown on all the NCAR aircraft at each PMS mounting location.

Initial results indicate that measurements on the King Air are in fair
agreement with the wind-tunnel studies and show an expected velocity re-
duction due to both the PMS canister and the wing/pylon assembly. The
measurements also showed a significant upwash at the inboard pylon position
and spanwise outboard flow on the outboard position. These were both
effects that had been noted during the wind tunnel studies. Measurements
on the Sabreliner showed strong spanwise flow even in the extended probe

199



ATD/Research Aviation Facility

measurements away from the leading edge of the wing. Results from the
Electra measurements are still undergoing analysis.

The next stage in the airflow studies will be to compare the empirical
results with numerical models currently being developed to assess the
effects that the distorted velocity fields would have on particle distri-
butions measured by the PMS probes. The results of these studies will be
used in RAF's ongoing effort to evaluate uncertainties in cloud micro-
physical measurements.

(3) Ground Data Station. The ground station used for quick-look data
processing during field projects has been improved considerably during
FY 85. Storage capacity has been increased to 80 Mbytes with the addition
of a lightweight Winchester disk drive. Throughput has been increased by
upgrading the magnetic tape subsystem with two Cipher drives capable of 75-
ips operation. A third equipment improvement was the replacement of the
large CRT terminal with the 10-lb HP Portable Plus personal computer with
full-size liquid crystal display. An HP7925 disk drive with 125 Mbytes of
storage has been acquired for use with the ground station during the GALE
project. While this is not a permanent part of the ground station, it will
greatly enhance the system capability during the heavy demands of the GALE
program.

(4) Data Analysis Package (DAP). RAF has developed software for
reviewing and analyzing aircraft data both in the field on the portable
ground system and at Jefferson County Airport. This Data Analysis Package
(DAP) is modular; new functions can be easily added, and each module gener-
ates a standard output data file allowing common access by every module.
This package has proven to be an easy-to-use, powerful tool that allows
any scientist, project manager, or technician to thoroughly review data
after a flight, to identify any instrumentation problems, or to take a
quick look at the flight research results.

(5) ADS Hardware Manual. RAF staff have completed the package of
Aircraft Data System (ADS) manuals. The Software Manual was completed in
July 1984. The user's manual (User's Manual 002-41ADS-002 Aircraft Data
System (ADS)) by Craig Walther (rol Nicolaidis, Ed.) was completed in
January 1985. The hardware manual (Hardware Manual 003-41ADS-003 Aircraft
Data System (ADS) by Dennis Knowlton, Stephen Skinner, and Craig Walther
(Shirley Michaels and Carol Nicolaidis, Eds.) was completed in June 1985.

(6) Holographic camera/2D probe comparisons. Holographic photography
is being studied as a means of establishing an absolute calibration of the
PMS two-dimensional probes. The sample volume of the holocamera encom-
passes that of the 2D, and holographic images are made of particles as they
appear in the 2D probe's laser beam. The probe is used to trigger the
camera so that the particle is photographed at the same orientation as that
seen by the 2D probe. The results from these tests will help establish how
much information can be obtained from 2D measurements.

These studies were initiated in part to evaluate the use of holography
as a cloud physics measurement tool on aircraft. Since holographic
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photography allows imaging of a large sample volume, this measurement
method could be a potentially powerful way of examining cloud
microstructure.

The tests of the holocamera/2D system are being conducted in coopera-
tion with the University of Wyoming's Department of Atmospheric Science,
Robert Owen of the Optical Institute (Huntsville, Alabama) and Roger Berger
of the Cold Regions Research and Engineering Laboratory (CRREL). CRREL
furnished the holocamera system used in these studies. The comparison of
measurement systems is being conducted at Wyoming's Elk Mountain observa-
tory, where the instruments can be tested using natural snow crystals. The
Elk Mountain facility has a low-speed wind tunnel and other facilities
ideal for this type of testing.

As a part of these tests, a standard 2D probe and a 2D gray-scale PMS
probe were compared to evaluate the gray-scale probe as an alternative
cloud microphysical instrument. All of the evaluations are currently
ongoing. The holocamera/2D studies have been reported at the August 1985
conference of the International Society for Optical Engineering.

Workshops

(1) The Future of Laboratory Research and Facilities for Cloud
Physics and Chemistry. This workshop, which was hosted jointly by NCAR and
NOAA and promoted in part by NSF, was held 20-22 March 1985. The workshop
stemmed from a recognition of the essential requirement for research
laboratory experimentation in support of field and modeling research and
from the belief that scientific attention to laboratory research over the
past two decades has declined to such an extent that scientific progress in
our understanding of many processes occurring naturally in the atmosphere
is being impeded. The workshop was well attended and addressed the
research problems that are most critically dependent on laboratory mea-
surements and the needs for improved laboratory-type cloud chambers. A
workshop report has been written for publication in the AMS Bulletin.

(2) Measurement Uncertainty Analysis Workshop. From 3-4 June 1985,
32 NCAR, NOAA, Solar Energy Research Institute, and University of Wyoming
staff attended the Measurement Uncertainty Analysis Workshop conducted by
Robert Abernethy, United Technologies, Pratt & Whitney. Test measurement
accuracy topics covered by Abernethy included random and bias error, random
uncertainty, standard deviation calculations, measurement uncertainty, data
acquisition errors and sources, and related methods and calculations. The
uncertainty analysis techniques can be applied to many of the atmospheric
measurement methods being used today.

(3) Interagency Workshop on Sensing from Aircraft. A three-and-a-
half day Interagency Workshop on Sensing from Aircraft was hosted at NCAR
from 19-22 August 1985, with joint NASA sponsorship. This was the first
time that such an interagency workshop was held. More than 100 partici-
pants discussed ongoing research and instrumentation developments. The
emphasis of the workshop was threefold: (1) explore what is going on in
airborne science within the various agency and university groups, (2) pro-
vide general information on the airborne science facilities maintained
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and available, and (3) promote the exchange of information among different
agencies and establish a basis for sharing facilities and participating in
experimental and developmental programs.

Scientific and Technical Seminars

During FY 85, Darrel Baumgardner has been responsible for organizing
the ATD Seminar Series. Scientists and engineers from outside and within
NCAR presented 20 seminars covering a wide range of subject matter. Those
presenting seminars and the seminar titles were:

John Flueck, Cooperative Institute for Research in the Environmental
Sciences, "Comparative Experimental and Observational Studies: Some
Principles and Prescriptions."

Fred Brock, FOF, "Nonlinear Filtering to Remove Impulse Noise."

William Cooper, RAF, "Common Characteristics of Icing Encounters and Some
Particularly Hazardous Conditions."

Paul Spyers-Duran and Darrel Baumgardner, RAF, "New Measurements from
Aircraft: (1) The Use of Research Aircraft and Oceanographic Surveys,(2) Two
New Instruments for Airborne Cloud Microphysical Measurements."

John Marwitz, University of Wyoming, "Deep Wintertime Orographic Storms
over the Sierra Barrier."

James Bilbro, NASA, "Development and Application of Coherent Doppler Lidar
Systems."

Wesley Wilson, RAP, "Redesign of the Low-Level Wind Shear Alert System."

Julian Pike, FOF, "Mesonet Data: Are They Correct? Part I; The Use of
Field Reference Intercomparisons."

Charles Wade, Convective Storms Division, "Mesonet Data: Are They
Correct? Part II: The Use of Network Intercomparisons."

Robert Rauber, Colorado State University, "Supercooled Liquid Water Dis-
tributions in Park Range Cloud Systems."

Paul Johnson, DFS, "Confessions of a Machine Shop Designer, or, 'What in
the World Is This Thing and Why Are We Building It?'"

David Quine, Illinois National Historical Survey, "Radar Detection of the
Migratory Patterns of Insects."

Ronald Schwiesow, RAF, "The ATD/RAF Lidar Turkeyshoot."

Warren King, Commonwealth Scientific and Industrial Research Organization,
Australia, "A Potpourri of Studies of Problems in Aircraft Measurements."

John McCarthy, RAP, "The Classify, Locate, and Avoid Wind Shear Project at
Denver's Stapleton Airport, 1984."
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Phillip Kahn, University of Washington, "The Effect of Gently Varying
Terrdin on Flow near the Surfdce."

Peter Hildebrand (RAF) Charles Frush (FOF), Craig Walther (RAF), and Norman
Zrubek, (KAF), "The ATD Airborne Doppler Radar Design Plans` (a series of
three seminars).

Mario Schaffner, Instituto Fisica Atmosfera, Italy, "New Results in the CPS
Language, a Programming Language Particularly Suitable for lultitasking."

RAF Staff

Three pilots, Clay Orum, Lester Zinser, and Thomas McQuade, have
retired during FY 85. Three pilots were hired as replacements and a fourth
pilot was hired to supplement the Electra flight crew. One of these newly
hired pilots has left RAF in favor of employment by a commercial airline.

FIELD OBSERVING FACILITY

Mission and Goals of FOF

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 reinote- and immersion-sensing systems to
support the research of atmospheric scientists in universities and
NCAR.

Development of new measurement systems in cooperation with other
ATD facilities, NCAR divisions, and various university collabora-
tors.

* Development and maintenance of a data-delivery system including
data archival services, applications software development, and
operation of an interactive computing facility.

* Development of operational and analytical techniques for optimum
use of its facilities, and transfer of these techniques to the
atmospheric sciences community. These techniques include sensor
calibration, instrument deployment, data collection, scientist-
machine interaction, and data analysis methods.

* Research that demonstrates 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 systems, winter cyclonic storms, and
boundary-layer processes. FOF continues to devote some of its resources to
the expansion of existing observing systems.
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Strategies Adopted for Current Operations

Scientific objectives in the broad spectrum of field programs sup-
ported by FOF are multiscale and multidisciplinary in nature, ranging from
microscale studies of the environment of the plant canopy to regional-
scale observations of precipitation in convective complexes and extra-
tropical cyclones. Cumulus-scale studies for microphysical and dynamical
research remain at the heart of the FOF program. Boundary-layer
energetics and transfer processes in the marine surface layer aboard buoys,
turbulence flux measurements, and surface energy balance observations
present exciting new challenges.

Ground-based platforms with sensors to measure trace constituent
concentrations and fluxes are also required in support of both global and
regional chemistry objectives. While chemical sensor initiatives will also
take place elsewhere, the NCAR portable automated mesonet (PAM) will likely
play an increasing role in acquisition and communication of data from these
new sensors together with classical meteorological and micrometeorological
observations.

The late 1980 is a period that will include preparation for the
National STORM Program, planned for the next decade. The STORM-Central
field phase is now scheduled for 1990. The preparations involve expansion
of existing observing systems based on proven technologies together with a
few essential developments of more advanced technologies for new or
improved observing systems. We are experiencing an unprecedented demand
both for field services and for new development. All STORM and PRE-STORM
field programs will require additional PAM stations and improved Doppler
radar performance. Postanalysis data processing will require expanded
computational capacity to deal with the surge of activity following the
STORM-Central field episode.

The aforementioned broad scientific objectives require a set of
specific strategies as follows:

* The FOF capacity to render field and computational support should
be consistent with a subset of requirements for the National
STORM Program and must be broadened to support the growing needs
of the atmospheric chemistry community.

* Cyclical emphasis on either field support or observing system
developments will be necessary (but not sufficient) to prepare
for and conduct major field programs. This implies a reduced
level of field support during development periods and vice versa.

* Selective pursuit of non-NSF funding for some major developments
is desirable. There is recognition of priority facility use
commitments that usually result from such funding.

* It will be necessary to subcontract fabrication of major observ-
ing subsystems to the private sector during development periods
and to supplement regular FOF staff with numerous temporary staff
during field support episodes.
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The strategies noted above are somewhat opportunistic in approach,
thereby demanding some flexibility in the ultimate content of the FOF pro-
gram. These strategies allow for temporary mechanisms to provide support
at satisfactory levels in lean budget years and seek to make the best use
of our unique technical talents for the highest priority developments.

Field Program Support Summary for FY 85

FOF supported a number of field projects with a variety of scientific
objectives during FY 85. These are summarized below.

Gulf of California Study. Clinton Winant and Antoine Badan-Dangon
(Scripps Institution of Oceanography) used six PAM stations in the Gulf of
California (Baja) region of Mexico through June. The purpose of this
research was to study the spatial and temporal variability of atmospheric
forcing in the region. PAM data were combined with aircraft and oceanic
observations to create a three-dimensional picture. Real-time access to
PAM data allowed redirection of research flights during the experiment.

Utah/NOAA Cooperative Weather Modification Program. Alexis Long
(Desert Research Institute) and researchers from the Utah Department of
Water Resources and the NOAA Environmental Research Laboratory used a
C-band Doppler radar along with radiometers, Ku-band radar and rawin-
sondes in a cooperative program. They conducted physical investigations of
wintertime orographic clouds that impinge on the Tushar Mountain range in
central Utah. The aim was to evaluate the precipitation augmentation
hypotheses used in the wintertime cloud seeding program conducted in Utah
for the last ten years. These hypotheses concern spatial and temporal
distribution of supercooled liquid water, delivery of seeding material to
the cloud, and trajectories of cloud and precipitation particles.

Sierra Cooperative Pilot Project. John Marwitz (University of
Wyoming) and David Reynolds (U.S. Bureau of Reclamation) used a single
C-band Doppler radar in the Sierra Cooperative Pilot Project (SCPP) in the
central Sierra Nevada of California. This radar, in conjunction with a
variety of supporting data collection systems (aircraft, rawinsondes, pre-
cipitation gauges), will be used to study the dynamics and kinematics of
air flow over the Sierra barrier to understand the effects of seeding
convective and orographic stratiform storms. Other specific objectives
include understanding the kinematics of rainbands that move across the
area, the kinematics and dynamics of the low-level jet and frontal
surfaces, and examination of the process by which a two-dimensional
baroclinic zone associated with a deep melting layer interacts with the
two-dimensional barrier.

Rybicka Wheatfield Experiment. Anthony Delany and Patrick Zimmerman
(Atmospheric Chemistry Division), Donald Stedman (Denver University), Barry
Huebert (Colorado College), and William Parton (Colorado State University)
used a single PAM station with the standard array of meteorological sensors
and incorporated ozone, carbon monoxide, and condensation nuclei sensors to
document local wind patterns and concentrations of pollutants and particu-
lates. The objective of this research is to obtain emission fluxes and a
better understanding of the processes associated with the dry deposition of
nitrogen gases.
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Preliminary Regional Experiment for STORM-Central (PRE-STORM). Steven
Rutledge Oregon State University), Robert Houze (University of Washing-
ton), William Cotton, and Richard Johnson (Colorado State University) used
two C-band Doppler radars (Rutledge, Houze) and 42 PAM stations (Cotton,
Johnson) in Kansas and Oklahoma. The major objective of PRE-STORM was to
investigate the structure, properties, and life-cycle characteristics of
nesoscale convective systems (MCSs) over the central United States in May
and June. The radar experiment documented the internal air motion and
reflectivity structure of MCSs with the specific objectives of showing a
higher-resolution, more complete picture of the stratiform regions and
their relationship to the convective regions. The study will result in
more precise and complete conceptual models of all stages of the MCS life
cycle, as well as improving the understanding of small-scale substructure
of the mesoscale updraft region in the stratiform region. The PAM research
(Cotton, Johnson) had the broad objectives of characterizing the boundary
layer during convective initiation and documenting the properties of the
boundary layer during developing, mature, and dissipating stages of MCS
growth. Particular attention was given to processes associated with down-
draft outflows. The 50-km spacing of the PAM network was valuable in
providing the desired real-time data output to help forecast the develop-
ment and movement of convective systems.

PROFS RT85 Experiment. Ronald Alberty (NOAA) used the NCAR CP-2
multiparameter radar from 15 May to 15 August in eastern Colorado in a
pseudo-operational surveillance mode to support a real-time forecasting
exercise being conducted by PROFS. The Doppler data were integrated with
other data and provided to the forecasters in real time. Objectives for
this work included establishing the utility of real-time, multiparameter
Doppler data to the forecaster, evaluating future work-station concepts,
and understanding the precursors to convection and development of hail-
storms.

Convective Initiation. James Wilson (FOF) Edward Zipser, Edward
Szoke, and Charles Wade (Convective Storms Division) used CP-2 Doppler
radar data in conjunction with mobile rawinsonde observations and surface
mesonet data to further explore the mesoscale air mass boundary movements
associated with developing thunderstorms. They were particularly interest-
ed in determining the origin of the boundaries, their thermodynamic
characteristics, their movement, and why some boundaries collide and pro-
duce convection while others do not. The scientists tried to use these
data in real time to forecast the timing and location of convection.

Airport Expansion Climate Studies (City and County of Denver). Two
PAM II stations were utilized to establish a climatology at the Stapleton
Airport Expansion site.

Data Processing Support

The use of the Research Data Support System (RDSS) increased by nearly
10% during FY 85 as measured by central processing unit hours and by a
greater factor in terms of the number of users. Scheduling procedures
coupled with previous hardware improvements allowed all users reasonable
access to the system. Table 3 summarizes principal users during FY 85.
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TABLE 3. FIELD OBSERVING FACILITY USERS. FY 85

Principal
Investigator(s)

Cl inton Winant,
Antoine Badon-Dangon

Alexis Long

John Marwitz, David
Reynolds

Anthony Delany, Patrick
Zimmerman, Berry Huebert,
Donald Stedman, William
Parton

Steven Rutledge, Robert
Houze, William Cotton,
Richard Johnson

Ronald Alberty

James Wilson, Edward
Zipser, Edward Szoke,
Charles Wade

City & County of Denver

Robert Clark

ATD Staff

Observing Systems

Affiliation-Program

Scripps Inst.- Gulf
of Calif. Study

D.R.I. - State/Federal
Co-op Program

U. of Wyoming, BuRec -
Sierra Co-op Pilot
Project

NCAR, Denver U., Colo.
College, CSU - Rybicka
Wheatfield Study

Oregon State U.,
Univ. of Washington,
CSU - PreSTORM Project

NOAA/PROFS - NEXRAD

NCAR - Convective
Initiation Project

Stapleton Airport
Expansion Project

NOAA/PROFS

NCAR

System(s) Used

PAM II (1)

CP-3 radar;
PAM II (1)

CP-4 radar;
PAM II (1)

PAM II (1)

CP-3, CP-4
radars;
PAM II (42)

CP-2 radar

CP-2 radar

PAM II (2)

Sensor Dev. Lab.

Sensor Dev. Lab.

Research Data Support System

Name(s)

Frederick Reymer

V.N. Bringi, V. Chandrasekhar, Jotherim Vivekanandan,
Richard Johnson, Gerald Schmidt

Thomas Seliga

Gregory Byrd, Douglas Lilly, Jean Schneider

Robert Kropfli, Melvyn Shapiro, Bonnie Weber

Robert Houze, Steven Businger, Mike Biggerstat

Paul Krehbiel, William Winn, Charles Moore,
David Raymond, Daniel Jones

Brian Smith, Mike Schoenberger

Wen-Chau Lee

Alexis Long, Patricia Walsh

Thomas Marshal

Douglas Quine

Peter Ray, Mary Stevens

Steven Rutledge

Steven Campbel1

David Bowdle

Staff of ATD, CSD, AAP, SCD

Affiliation

Univ. of Wyoming

Colo. State Univ.

Ohio State Univ.

Univ. of Oklahoma

NOAA

Univ. of Washington

New Mexico Inst. of
Mining and Technol

Univ. of Chicago

U.C.L.A.

D.R.I.

Univ. of Mississippi

ISWS

Florida State Univ.

Oregon State Univ.

Lincoln Labs

Marshall Space Flight
Center, Huntsville

NCAR

Research
Period

7/1/83-
6/30/85

1/15/85-
3/15/85

2/15/85-
3/30/85

11

5/1/85-
6/30/85

5/15/8
8/16/85

7/1/85-
8/5/85

7/1/85-
Present

As needed

As needed

_ __
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PAM II Base Station Development

Use of the GOES system has enabled PAM II to support more than one
field program at a time. Often these programs require data at the field
site in near-real time. To meet this need George Saum, Steven Semmner, John
Militzer, and others have developed two field-deployable PAM II base sta-
tions. One system is trailer-mounted and features several scientific work
stations and a small maintenance area in addition to the receiver and
computer components. This station is capable of monitoring up to four
channels on a single satellite in the GOES system. It was deployed for the
first time in May of FY 85 near Wichita, Kansas, for the PRE-STORM experi-
ment. Future plans include the implementation of other GOES products such
as visible and infrared spin-scan radiometer/vertical atmospheric sounder
and weather facsimile data.

The second base is air-transportable and supports only the GOES data
collection system, with up to two channels on a single satellite. It is
designed to be used in an office-type environment, thus appealing to the
single, often small-network, user of PAM II who has difficulty or incon-
venience in retrieving data from telephone connections to the Boulder
base. Mark Hjelmfelt has led a team of scientists in defining which work-
station hardware and software features are most useful during real-time
user scientist interactions. Both field bases provide interactive color
displays of raw data and analyzed fields of derived variables, with soft-
ware developed primarily by Jon Corbet and Michael Carpenter. Limited
color hard-copy and video-recording capabilities are also provided. Both
stations will be available for the GALE field program in 1986. The compact
base station will provide PAM data for the coastal operations center at
Cape Hatteras, and the full base station will support operations at
Raleigh, North Carolina.

Immersion Sensor Development

Joost Businger, Bill Large, and Melvin Neumann have developed a
digital system for wind stress measurement by the inertial dissipation
approach. The system uses the central processor of the PAM II remote
stations as the data-processing unit. Digital band-pass filters are used
that are centered at fixed natural frequencies (ni = fz/ui, where f is
frequency, z is the sensor height, and ui is the mean wind speed and ni
= 0.3, 0.6, and 0.9). Gill propeller-vane anemometers are the wind sensors
used. Field comparison tests were conducted in December 1985 at the
Boulder Atmospheric Observatory. The so-called Flux PAM system will be
deployed on an ocean buoy off the East Coast and operated during February
1986 as part of the Frontal Air-Sea Interaction Experiment (FASINEX).

Improvements to the PAM II pressure measurements are anticipated as a
result of work being conducted by Julian Pike as part of the GAMP dropsonde
development program. While retaining the aneroid cell as the sensor, two
improvements are being evaluated in the data-processing electronics. An
oscillator-based approach will be pursued in the dropsonde because of
economies required of disposable packages. However, a capacitance-meter
approach will likely be implemented in 1986 on the PAM II system; prelimi-
nary laboratory tests suggest that an absolute accuracy of field measure-
ments of 0.3 mb may be achievable.
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Preliminary intercomparisons of PAM II wind sensors were made over a
70-day period at Marshall. Nine remote stations were used in an attempt to
determine the degree of interference between u- and v-component wind mea-
surements due to shadowing. A final intercomparison will use the prelimi-
nary observations to develop a correction factor for the wind speed and
direction measurements on the PAM II stations.

A significant problem in the measurement of wet-bulb temperature was
discovered during the PRE-STORM program as a consequence of an earlier
psychrometer modification. Deterioration of the platinum resistance
thermometer (PRT) housings had necessitated encapsulating the elements in a
brass sleeve, using a thermal compound to fill the space around the ele-
ments within the sleeves. Biased wet-bulb temperature estimates resulted
from a combination of two factors: poor heat conduction of the thermal
compound and incomplete coverage of the brass sleeve by the wick. Once the
problem was uncovered, extensive calibration data were obtained using
standard mechanically aspirated Assmann psychrometers. Correction factors
were then developed for each sensor based on the temperature and dew-point
depression dependence of the error. It is estimated that most wet-bulb
temperatures have a corrected accuracy of about 0.5°C and all are accurate
to within 1°C. A new thermal housing has been identified and employed
that has good heat conduction prospects and avoids the need for the brass
sleeves.

Radar Developments

Polarization-Diversity Radar. In FY 85 the previous polarization
modifications to the CP-2 radar were made more permanent. By spring of
1986 the CP-2 will be routinely deployable as a true multiparameter (wave-
length and polarization) Doppler radar. The multiparameter data acquired
in 1984 continue to be analyzed by Thomas Seliga (Ohio State University),
V.N. Bringi (Colorado State University), Paul Herzegh, and Richard Carbone
to determine how well hydrometeor parameter and size distributions can be
established and what impact this new capability has on precipitation
physics research. In December 1984, the five-year-old radome was destroyed
by a severe windstorm. A higher-strength, more stable, inflatable radome
was jointly designed by FOF engineers and the manufacturer. This new
radome has been installed at the CP-2 Marshall site since June 1985.

Advanced Displays. Jonathan Lutz and Joseph Vinson have installed an
advanced display system on the CP-2 radar that provides the investigator
with higher resolution and much sharper radar images. Display processing
of the meteorological data allows derived images to be displayed, for
example, radial shear, rain rates, hail signals, and spectrum width.
Time-lapsed images and dual zoomed images were added in the fall of 1985.
In early FY 86 these capabilities will be installed on CP-4 and used
operationally for the first time in GALE.

System Control. Due to the efforts of Robert Barron, we are now able
to control both CP-2 and CP-4 via a touch screen panel with a continual
display of all the radar processing and scanning parameters. These
improvements allow the investigator to control the radar and interpret the
data more readily than with the previous systems. Our present plan calls
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for future upgrading of the data system on CP-3 with identical control
hardware and software.

Advanced Doppler Radar. Desired Doppler performance improvements
that have high priority include clutter rejection, removal of second-trip
echoes, and velocity unfolding, in addition to the improved temporal and
spatial resolution to be gained from a faster-scanning radar. Rapid-scan
radars using high-performance antennas (i.e, step-scanning or multibeam
systems with low side lobes) and wide-band signal processing will cost
several million dollars. Based on this cost and uncertainties about the
most efficient integration of many of the desired features into faster-
scanning concepts, FOF's present approach is to gradually improve the per-
formance of its three radars. Jeffrey Keeler, Brian Lewis, and Grant Gray
are working to define the best way to integrate the existing staggered
pulse repetition frequency mode with processing capabilities in order to
extend both the ambiguous velocity and ambiguous range by a factor of 2 to
3. Furthermore, a simple ground clutter processing scheme can achieve
about 20 dB suppression at very little cost. 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-
side lobe antenna will complete NCAR's "advanced Doppler radar," which will
then allow us to move ahead with the design of a faster-scanning Doppler
radar with all the performance features important to the scientific
community.

Airborne Doppler Radar. During 1985, the first design review session
for the dual-Doppler airborne radar was held. The proposed system would be
able to obtain high-resolution (<300 m) data in a short time (3 min) from a
volume of approximately 20 km3 in space. Since the radar will be mounted
on an aircraft, it will be possible to make measurements in close proximity
to the desired observation volume, thus providing very good spatial reso-
lution. The proposed system is based on coherent, broad-band radar compo-
nents, which will expand the capabilities of this radar to allow acquisi-
tion of data at nearly three times the rate possible with technologies
currently used in the NCAR ground-based Doppler radars. To provide a
working system by 1989, ATD proposes to concentrate initially on a basic
implementation of the radar, using a single frequency and two beams, with a
repetitive pulse train very similar to existing ground-based equipment.
These developments are discussed further in the previous section on the
Research Aviation Facility.

Research Data Support System

The RDSS functions as a user-oriented system with three interactive
color raster graphics work stations, three 6,250-bpi density tape drives,
2.27 gigabytes of disk storage, 8 megabytes of memory, a Dunn Instruments
35-mm hard-copy device, a new Matrix 16/35-mm hard-copy device and a Digi-
tal Equipment Corporation laser printer. The operating system has been
upgraded to version 4.2 of VMS.

Use of the RDSS increased slightly in FY 85. The RDSS was used to
display and analyze data from the Cooperative Convective Precipitation
Experiment (CCOPE), Socorro, Cyclonic Extratropical Storms Project
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(CYCLES), Joint Airport Weather Study (JAWS), Classify, Locate, and Avoid
Wind Shear (CLAWS), Lake Effect, Convective Initiation, PHOENIX, May Polar-
ity Experiments (MAYPOLE), ASAP, Electromagnetic Measurements of the Atmo-
sphere (EMA), Utah 85, SCPP 85, PRE-STORM, Shapiro and Hildebrand Arctic
Lows, National Severe Storms Laboratory (NSSL) Summer 84, Rybicka
Wheatfield, and Stapleton Airport data sets.

Software is being developed to meet PAM data-acquisition and surface
network display requirements. The data router (by Michael Carpenter, RAP,

and Michael Spratte, NOAA/PROFS) implements the ingestion and distribution
of real-time PAM data. Richard Oye wrote new software to produce Common
Mesonet Format (CMF) tapes and a new PAM configuration editor. Jonathan
Corbet developed a program called ROBOT that, when combined with the new
Mesonet Data Access software and new user interface software, will become
the next-generation mesonet display and analysis package. We also continue
to improve existing software such as the radar data editor (IDES) and radar
perusal software.

Research and Technique Development Highlights

Convection Initiation. James Wilson and Cynthia Mueller, together
with CSD and NOAA scientists, conducted a field experiment during July in
eastern Colorado into the initiation of convective storms. Unique to this
project was a mobile sounding system that obtained thermodynamic vertical
profiles in the vicinity of radar-observed boundary-layer convergent wind

lines. These data should prove useful in studying the processes near
radar-observed boundaries that frequently initiate thunderstorms. Wendy

Schreiber published a case study of thunderstorm initiation near convergent
wind lines. This paper won the American Meteorological Society's Father
B. MacElwane Award for undergraduate students. Wilson and Schreiber
prepared a manuscript that documents the initiation of storms during the

1984 convective season. This work shows the major role of convergent wind
lines in initiating deep convection.

Tornadoes. James Wilson published a study on the generation of five
tornadoes at the intersection of two convergent wind lines. The circula-
tion of three of these tornadoes did not reach cloud base. This is the
first Doppler radar analysis of this circulation type, which is sometimes
called a gustnado.

Microbursts. Hjelmfelt described the structure and life cycle of a
series of rnicrobursts from a multiple-microburst-producing thunderstorm
observed in the JAWS project and examined downdraft forcing mechanisms.
Negative buoyancy produced by melting, evaporation, and precipitation
loading is the most probable dominant factor in creating microbursts.

Working with data obtained in the JAWS and CLAWS projects, Hjelmfelt
and Rita Roberts identified the microburst line, made up of several micro-
bursts creating a line of divergence, as a particularly hazardous and
long-lived form of microburst.

Wen Chau-Lee (ASP Graduate Assistant) began investigation of the
kinematic structure of a bow echo circulation and its potential
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relationship to inicrobursts. He plans to extend this work to retrieval of
the buoyancy field as part of his doctoral dissertation research at NCAR
under the supervision of Carbone.

Gravity Currents. Mueller and Carbone made progress on a detailed
case study of a thunderstorm outflow that assumed the form of a classical
gravity current. Kelvin-Helmholtz instabilities were revealed to amplify
on the current's surface. The current depth was observed to be coincident
with the environmental mixed-layer inversion height. Barotropic inflec-
tional instabilities were observed to form along the surface gust front.
Breakdown into small vortices resulted in a circulation structure similar
to that which has been numerically modeled in supercell storms.

Surface Layer/Trace Constitutents. Joost Businger evaluated the
accuracy with which dry deposition can be measured using current micro-
meteorological techniques. A number of corrections and possible errors in
the determination of the dry deposition fluxes were reviewed. Most experi-
ments in this area have been conducted with insufficient documentation of
the structure of the atmospheric surface layer in particular and the bound-
ary layer in general. This state of affairs points to the need for a
facility that would provide more complete documentation for the determina-
tion of dry deposition fluxes. In June Businger chaired a small workshop
to explore whether or not there is a broadly based need in the community
for a micrometeorological facility. There was a strong consensus that such
a facility is needed. Following this workshop a proposal to several
government agencies was formulated with the help of Donald Lenschow,
Anthony Delany, Steven Semmer, and Julian Pike.

Turbulence. Keeler (together with Robert Serafin, ATD director,
Schwiesow, RAF, Lenschow, AAP, and Leif Kristensen, Atmospheric Analysis
and Prediction Division) analyzed the airborne Doppler lidar and gust probe
data collected in 1984 from the British RAE HS-125 aircraft. These obser-
vations demonstrated that the continuous wave CO2 Doppler lidar technique
can measure turbulent air flows on scales of approximately 40 m without the
inherent problem of mechanical gust probes. Two draft manuscripts have
been prepared. Keeler, Serafin, Schwiesow, and Lenschow introduce the
concept and establish feasibility. The paper by Kristensen and Lenschow
derives the equivalent filter that is imposed on the turbulence spectrum
when a conically scanning beam is used.

Hydrometeor Classification Techniques. Herzegh has continued his
analysis of the influence of antenna illumination function characteristics
on the CP-2 radar measurements of differential reflectivity (Zdr). Work
in progress centers around numerical simulation of CP-2 sampling using
two-dimensional input fields of reflectivity and Zdr derived through
deconvolution of actual measured profiles. Fourier analysis techniques are
employed in the deconvolution process, which is still under development.
While computationally too intensive for routine application, simulation
studies using these deconvolved profiles should further substantiate (or
refute) preliminary findings that Zdr signatures can be used to discrimi-
nate among different types of hydrometeors in cloud.

212



ATD/Field Observing Facility 213

Analysis of the devastating 13 June 1984 Denver hailstorm is being
carried out by Herzegh and John Conway. Issues being addressed are storm
evolution, development and detection of rain and hail, storm kinematics,
S- and X-band measurement artifacts, and propagation effects.

Other Activities

University Interactions. During FY 85, the FOF supported two graduate
research assistants from two universities, 14 student assistants from four
universities, and a minority summer program student assistant. In addi-
tion, senior staff taught four courses at three universities and gave three
seminars/lectures at three universities. Three senior staff members served
on a total of seven doctoral committees from three universities.

Workshops. On 10-11 June, Joost Businger chaired a workshop at NCAR
for the purpose of formulating a strawman proposal for a micrometeoro-
logical facility that would provide adequate micrometeorological docu-
mentation for the measurement of dry deposition of trace elements.

In February, Wilson gave a three-day lecture series and workshop to
participants of the PROFS RT85 exercise, which taught the forecasters how
to use Doppler radar data in nowcasting.

Conferences and Committees. FOF staff participated in 11 scientific
conferences and symposia during the fiscal year. Carbone served on several
committees, including the Next Generation of Weather Radars for the U.S.
(NEXRAD) Source Evaluation Board, the National Academy of Sciences Commit-
tee on Science, Engineering, and Public Policy (COSEPUP), and the AMS
Committee on Radar Meteorology. Carbone briefed the interagency Subcommit-
tee on Atmospheric Research on instrumentation developments for STORM.

Foreign Visitors. Approximately 20 foreign visitors, representing
France, the Republic of China, Japan, and the People's Republic of China,
toured our facilities during the year.

Staff. Fred Brock, long-time Head of FOF's Immersion Sensing Group,
departed from NCAR in August to begin his appointment at the University of
Oklahoma. Walter Dabberdt (SRI International, Menlo Park, California) was
selected as his replacement. Julian Pike was temporarily assigned to the
Global Atmospheric Measurements Program for four months to assist with the
dropsonde project.

GLOBAL ATMOSPHERIC MEASUREMENTS PROGRAM

Missions and Goals of GAMP

GAMP has for two decades been the leader in developing innovative
stratospheric and upper-tropospheric balloon systems. During the 1970s,
these activities were essential elements of the Global Atmospheric Research
Program. The emphasis on mesoscale research in the next decade will
require vastly improved sounding systems for the troposphere and lower
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stratosphere. GAMP has therefore refocused its activities on the develop-
ment of new sounding systems to provide the atmospheric data required for
mesoscale studies.

The atmospheric sounding system development effort will continue for
the next several years, and GAMP will assume responsibility for the opera-
tion of these new and improved tools in support of the scientific research
programs planned for the next decade. GAMP will continue to maintain a
capability for development and operation of the global-orbiting balloon
platforms required for middle-atmosphere research programs.

Activities in FY 85

CLASS. Development was initiated in October 1984 on the Cross-chain
LORAN Atmospheric Sounding System, which is a new balloon-borne vertical
sounding system to provide research-quality winds and thermodynamic data
for mesoscale research programs such as GALE and STORM.

A prototype system was tested in January 1985 at the White Sands
Missile Range--an area where conventional LORAN location systems cannot
operate, since no single LORAN chain provides adequate coverage. The
unique attributes of the CLASS hardware and software (which permit use of
stations from several chains as if they were coherent transmitters) pro-
duced excellent test results. The prototype system was then moved to Cape
Hatteras in February to simulate worst-case weather conditions. Hourly
soundings were made through a severe storm with surface winds above
60 knots, demonstrating the ability of the unique launch system to operate
under difficult conditions.

After these successful tests, Dean Lauritsen led a fast-paced develop-
ment effort to redesign software and hardware in operational configurations
and produce nine systems for use during the GALE program in January 1986.
Seven systems will be land-based, and two will be used on research vessels.

We have been working with the Department of Transportation (U.S. Coast
Guard and FAA) on plans for the expansion of the LORAN-C network to provide
improved coverage in the central Dakotas (where the CLASS system provides
marginal coverage) and throughout Canada. The expansion of LORAN coverage
in the People's Republic of China and Europe has now opened up many more
areas for use of CLASS sounding systems.

Aircraft Dropwindsonde. The NCAR dropwindsonde, originally developed
for the GARP Atlantic Tropical Experiment (GATE) program over 15 years ago,
is still the only operational dropsonde in the world. Several thousand of
these devices are procured each year by the U.S. Air Force in support of
its own and NOAA's missions for overwater soundings. The Air Force provid-
ed $250,000 in 1984 to provide improvements to the sonde. The improved
sonde must be compatible with existing aircraft-installed receiving sys-
tems. We have developed an improved Omega receiver, a more powerful and
efficient transmitter, and a major modification to the pressure sensor--all
of these improvements designed to simplify manufacture and reduce costs.
The most significant change is the conversion of the dropsonde to provide
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digitized output from all meteorological sensors with much-improved accur-
acy and freedom from multipath problems. A new single-stage parachute
design has been tested, which should eliminate the need for a drogue chute
and timed release of the main chute.

Work on this program should be completed in FY 86; it will be followed
by a program to provide a lightweight, low-cost, research-quality dropwind-
sonde system deployable from any aircraft.

Automated Shipboard Aerological Program. The objective of ASAP is to
provide upper-air sounding data from the areas of the Pacific and Atlantic
Oceans critical for North American and European weather forecasts. During
1982 and 1983, GAMP developed a prototype system, which was installed on a
Japanese car carrier sailing between the west coast of North America and
Japan. The self-contained, upper-air-sounding system included a semi-
automatic balloon inflation and launch system. Omega navigation signals,
which are used for computing winds, as well as thermodynamic (temperature,
humidity, and pressure) data, are relayed from balloon to ship, processed
automatically, and relayed to the Global Telecommunication System via the
GOES satellites. Twenty-two crossings were made, with a total of 300
soundings accomplished.

The success of this program, directed by Harold Cole, encouraged the
Canadian and U.S. Weather Services to fund a follow-on effort to develop an
operational system. A second containerized system was produced by NCAR.
Changes were made to the balloon launching system and roof hatch cover and
improved protection from vibration for the electronic equipment was provid-
ed. This system went into operation on a second ship during the fall of
1984.

During the summer and fall of 1985 the Canadian Atmospheric Environ-
ment Service in Vancouver, B.C., used specifications and drawings developed
by NCAR to produce a third container system. Plans called for this third
system to go into operation on the North Pacific in early January 1986.
Two systems will be operating between Vancouver/Portland and Japan and one
system between Seattle, Washington, and Honolulu, Hawaii. The Seattle/
Hawaii system is being operated by the U.S. National Weather Service's
Pacific Region, which is based in Hawaii. Plans for additional systems and
shipping routes are in process for implementation in 1986 and 1987.

During October 1985 a set of revised specifications and an ASAP imple-
mentation plan were prepared for the ASAP Coordinating Committee by a tech-
nical working group at a meeting held in the United Kingdom. The plan and
specifications were approved at an intergovernmental meeting held at the
WMO in Geneva, Switzerland, during early December 1985. These specifica-
tions will be used by participating nations for procuring ASAP systems for
operation in the Atlantic.
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RESEARCH APPLICATIONS PROGRAM

Mission and Goals of RAP

On 1 February 1985, the Research Applications Program (RAP) formally
became a new facility within ATD, managed by John McCarthy. RAP is an
outgrowth of work previously conducted during the Joint Airport Weather
Studies (JAWS) Project within FOF. A strong relationship between FOF and
RAP will continue. RAP meets ATD's need for a group to foster research
applications and the transfer of ATD-relevant technology to user groups.

Initiatives suitable for technology transfer by RAP can be undertaken
if they: (1) meet urgent national scientific needs; (2) require a capa-
bility 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 85

Major progress was made in FY 85 to complete the JAWS research effort
begun in FY 82. Both basic scientific understanding and numerous research
applications have resulted from this effort, including: (1) a better under-
standing of the structure and formation of microbursts; (2) imnrovements in
pilot training on wind-shear encounters; (3) improved Low-Level Wind Shear
Alert Systems (LLWAS); and (4) real-time applications of Doppler radar at
airports.

Improved Low-Level Wind Shear Alert System (LLWAS). RAP has initiated
work sponsored by the Federal Aviation Administration (FAA) associated with
a gradual redesign of the FAA's LLWAS. LLWAS 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.
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 micro-
burst detection less likely and does not cover runway approach/departure
zones.

Improvements to this system include altering the detection algorithms.
Because of the need for air traffic control to know the nature of a wind-
shear event, we have also investigated the possibility of incorporating an
identification algorithm. In both these tasks, we are responding to the
questions of pilots in terms of their operational runways: (1) Is there a
wind shear on the runway? (2) If so, what speed loss or gain can be
expected? (3) Is the wind shear caused by a microburst? (4) If so, is the
microburst increasing in intensity?

The theoretical evaluation of LLWAS has three goals: (1) to increase
the probability of detection of a dangerous wind shear, (2) to reduce the
probability of false alarms, and (3) to enhance the ability of the system
to detect microbursts.
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In order to evaluate the relative merits of the various system con-
figurations, it is necessary to obtain a quantitative measure of system
performance. The scheme chosen is to apply a contingency table analysis.
The measures that have been most useful for our purposes are: (1) proba-
bility of detection (POD), (2) false alarm ratio (FAR), and (3) total skill
score (TSS). The POD is the probability that an event on the network is
detected, the FAR is the probability that an alarm is false, and the TSS is
a measure of the degree to which a predicted outcome is superior to the
random outcome based on the same event probabilities, i.e., the degree of
skill that is exhibited by the system.

A final report on the results of these evaluations was submitted to
the FAA at midyear. The basic findings of this effort suggested that
considerably more sophisticated microburst and gust front detection
algorithms were required to improve the system. Specifically, the old
six-station algorithm simply compared wind speed and direction measurements
at each of the outlying sites (five in number), with a running two-minute
mean at the single centerfield site. This concept is unfortunate because
the system ignores information at any other site except for the single
remote site, and particularly cannot detect a wind shear hit at center-
field.

The recommended algorithms use either linear regression concepts that
examine perturbations throughout the network, including the centerfield
site, or use triangle divergence measurements to indicate either a micro-
burst (divergent) or a gust front (convergent). In a revised system, both
algorithm concepts would run simultaneously.

The work also clearly indicates that an approximate 50% improvement of
the critical success of the detection system would result by using the new
algorithms, increasing the number of stations from six to 13 sites, and
increasing density by changing the spatial separation from 3.2 km to 2.0
km.

As part of this report and other ongoing work, the FAA has placed the
proposed geometry at Denver as an enhanced LLWAS test site with 12 sites.
Several of NCAR's new algorithms have been placed in operation, and others
will begin in FY 86.

Finally, NCAR has proposed an interim six-station algorithm designed
to provide limited improvement in the system nationwide until an expanded
LLWAS system can be fielded. That work will be funded by the FAA early in
FY 86.

Terminal Doppler Weather Radar (TDWR). Work on development of an
operational TDWR was stimulated by the crash of Delta 191 in Dallas on
2 August 1985. The FAA asked RAP/NCAR to participate in a program that
will be conducted jointly with Massachusetts Institute of Technology
(MIT)'s Lincoln Laboratory, the NOAA National Severe Storms Laboratory, and
others to develop microburst and wind shift/gust front detection
algorithms. In addition, we will pursue the convection initiation concepts
of James Wilson (FOF) to provide thunderstorm point forecasts for the
airport terminal environment and information on heavy rain and hail.
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The algorithms being developed will be used in an operational test and
evaluation of real-time graphics display products provided to air traffic
controllers at Denver's Stapleton International Airport in the summer of
1987. Data from the 1984 Classify, Locate, and Avoid Wind Shear (CLAWS)
Project, NOAA's PROFS summer 1985 real-time exercise, the MIT Lincoln
Laboratory Memphis Test, and the Microburst and Severe Thunderstorm (MIST)
Project, sponsored by University of Chicago and the University of
California at Los Angeles, will be used to refine microburst detection
concepts in preparation for the development of the algorithms.

Eventually, meteorologists at the radar and at the tower will be
replaced with an expert system, and RAP will work closely with MIT Lincoln
Laboratory in automating the TDWR detection and warning system.

Funding for the TDWR program was proposed in FY 85 for work to begin
in FY 86. Other than planning, no work was specifically directed toward
this effort (initial funding is expected early in FY 86). However, as part
of the final work of the JAWS Project, RAP has continued a careful analysis
of both JAWS and CLAWS data. Specifically, the thermodynamical and dynami-
cal forcing mechanisms that produce Denver-area microbursts have been
examined in detail. In addition, detailed case studies for about 15
microburst-producing storms were either completed or were in final study
form at the end of FY 85.

Findings show that most of the microbursts in the Denver area, whether
heavy rain thunderstorm cases or drier, virga-type cases, are thermodynami-
cally forced essentially by production of negative buoyancy as precipita-
tion falls below cloud base, through a low-humidity, dry adiabatic environ-
ment, where it undergoes evaporative cooling. In addition, the presence of
small mesocyclone circulations was relatively common in our Denver cases,
although we have been unable to completely understand the source of this
rotation. To the best of our knowledge at this time, they appear to be
unconnected to the formation of the microburst.

In addition to these case studies, RAP has funded a NOAA/ERL scien-
tist (Fernando Caracena) to fully examine the potential for microburst
forecasting two 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 presence of the advection of mid-level moisture from the southwest
United States in the onset of the mid-summer monsoon circulation heralds
microburst outbreak events in Denver. This work will be reported on during
FY 86.

Aviation Weather Forecasting (AWF) Task Force. In response to an
invitation from the FAA, RAP began an 18-month effort to assess and make
recommendations for the improvement of the aviation weather forecasting and
warning system operated by the National Weather Service (NWS) for the FAA.
The task force, consisting of 10 experts in the fields of aviation
meteorology, data basing, meteorological sensing, and numerical guidance,
will make specific recommendations for short-term (1-3 years) improvements
to the system.
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During FY 85 the task force conducted preliminary fact-finding
sessions and selected chairmen to head six subgroups: (1) Automatic
Aircraft Report Data Base chaired by Stanley Benjamin, NCAR/NOAA/PROFS;
(2) Numerical Guidance Improvement chaired by Ralph Petersen, NASA Goddard;
(3) Aviation Meteorological Training chaired by William Hooke, NOAA/ERL;
(4) Forecast and Warning Products chaired by Robert Maddox, NOAA/WRP;
(5) Domestic Voice-Only PIREPs chaired by Richard Taylor, Ohio State Uni-
versity; and (6) Private Weather Services chaired by John McCarthy, RAP.

An interim report dated 1 July 1985 included the following
recommendations:

* To develop an aviation weather training course for NWS personnel
(completion of this course should be a prerequisite for filling
aviation forecaster positions)

* To strengthen the weather-related segments of pilot training
(visual and instrument flight rules) by increasing the amount of
weather knowledge required to pass both instructor and pilot
examinations, and to require more weather knowledge in biennial
flight reviews

* To develop an objective turbulence guidance product

* To more faithfully represent wind speed maxima in numerical
analyses and forecasts

* To improve terminal forecasts by issuing them more frequently,
with shorter valid periods, thus enhancing both their specificity
and usefulness to aviation users

* To develop a four-dimensional data assimilation system capable of
treating data of high temporal and spatial frequency from a
composite observing system for the continental United States

* To take steps immediately to implement an automated aircraft
reporting system as one component of the national meteorological
observing system

* To establish an aviation staff at the National Meteorological
Center (NMC) and National Aviation Weather Advisory Unit (NAWAU)
dedicated to the tasks of developing improved numerical analyses
and forecasts and new or improved products to accomplish these
recommendations.

The task force will complete its investigation in FY 86 and will
prepare a final report documenting recommendations for short-term improve-
ments for delivery to the FAA and the NWS.

Pilot Education and Training. A great deal of RAP research has been
applicable to pilot education and training. We have been covering such
topics as: thunderstorms with heavy rain; convection with little or no
rain, virga trails; blowing dust; rings of dust revealing extremely strong
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and localized winds; wildly flailing tree branches; pilot reports of wind
shear; LLWAS alarms; and radar returns.

In the course of RAP studies of aircraft performance in wind shear, we
determined that if an aircraft encounters a microburst low-altitude wind
shear, the effect on the aircraft is an increased performance in the
headwind portion, subsequent decreased performance in the downdraft por-
tion, followed by a seriously decreased performance in the tailwind portion
of the microburst. The optimum pilot action when the encounter occurs was
found to be:

1. Immediately increase power to maximum rated thrust.

2. Trade airspeed for altitude, by increasing the pitch angle to
near 15 degrees or higher, but not to violate stall warning
(stick shaker).

3. Maintain flight path control by carefully monitoring the flight
instruments: indicated airspeed indicator, altimeter, and
vertical speed indicator, to avoid abnormally steep descent
rates.

RAP research also showed that the warning signs of microburst wind
shear may not be totally clear. We found that pilots need to be alert to
all indicators, and, if wind shear is believed to be present, they should
consider using another runway for takeoff or landing, delaying takeoff
until conditions improve, or holding their approach until conditions
improve.

Throughout RAP microburst basic and applied research, we continually
encountered the critical need for more timely reports to pilots in the
airport terminal environment, so that pilots and air traffic controllers
could be quickly apprised of wind shear encounters. In addition, since
microbursts rapidly intensify after ground contact, we have been stressing
that although one pilot's encounter may be minor, a subsequent pilot
encounter may be much more severe.

During FY 85, RAP completed the production of an updated wind shear
information videotape called "The Wind Shear Factor" for the FAA. Using
many of the materials mentioned above, the videotape emphasizes that pilots
and controllers must become aware of clues that indicate the presence of
wind shear. It describes in depth the near demise of United Airlines
Flight 663, which nearly crashed in a microburst at Denver, in the con-
text of both the need to avoid wind shear and the means of surviving an
inadvertent penetration using the airspeed trade concept. RAP distributed
almost two hundred copies of "The Wind Shear Factor" to airlines and pilot
associates and has received numerous favorable comments on the value of the
tape for pilot and controller training.

Other Activities. We have received a draft of results from work
conducted by FWG Associates, Inc., on four-dimensional wind fields and
turbulence models. These models are being made available to the aviation
flight training and engineering research communities. Based on computer
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analysis and preliminary flight simulator studies, it is believed that the
three and four dimensionality of the JAWS data provides more realism to
flight simulators. Analysis of aircraft performance in the three-dimen-
sional wind fields clearly illustrates the hazards associated with particu-
lar regions of the wind field. Three wind-shear intensity classifications
can be used readily by airline training and research and development simu-
lator communities to select intensities necessary for their particular
applications. Recent studies with flight simulators have suggested that
the intensity of the JAWS wind-shear data can be increased by multiplying
all wind-speed components by a constant factor (typically on the order of
1.5). This procedure provides more intense shear without violation of any
of the principles of fluid dynamics.

RAP staff conducted over thirty seminars and briefings on its activi-
ties throughout the year. In addition, John McCarthy testified at three
Congressional hearings related to the wind shear-related crash of Delta
Flight 191 in Dallas, and at the National Transportation Safety Board
hearing on Delta 191.

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 contributes development team members to NCAR-wide project
efforts. The Machine Shop performs machining, welding, sheet metal,
cleaning and anodizing, and assembly and repair services. The shop
typically handles over 200 projects annually.

Activities of the Past Year

Major development efforts that involved the Mechanical Design Group
and/or the Machine Shop included:

CP-2 Radar, New Radome System (FOF, Jeffrey Keeler)
ASAP II (GAMP, Harold Cole)
PAM II (FOF, Joost Businger)
CLASS Trailers (GAMP, Jack Tefft)
Global Halogens Balloon Sampler (ACD, Walter Berg)
DYCOMS Aircraft Equipment (Colorado State University, Colorado

College, RAF)
Hot Pot Sampler (ACD, Anthony Delany)
Sabreliner Instrumentation Racks (ACD, William Mankin)
Spartan II White Light Coronograph (HAO, Gary Phillis)
Stellar Cycles (HAO, Lee Lacey)

Machine Shop support was distributed among the various NCAR divisions
and other groups as follows:
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Atmospheric Technology Division
Atmospheric Chemistry Division
High Altitude Observatory
Administration
Colorado College
Natl Scientific Balloon Facility
Convective Storms Division
Scientific Computing Division
Colorado State University
University of Colorado
Other

Hours
7,4T13
5,670
3,132
1,028

606
552
243
228
187
46
79

Percentage
38.65
29.56
16.33
5.36
3.16
2.87
1.27
1.19
0.97
0.24
0.40

Total machine shop effort for 1985 was about 24,000 person-hours.

A computer-controlled milling machine was purchased in December of
1984 and has added significantly to the shop's capability. A Computer-
Aided Design (CAD) system has been ordered and should be delivered in
January 1986. The next step will be to tie the CAD system directly to the
computer-controlled milling machine, which will add efficiency to both the
design and machine programming functions.
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The original objective of the Acid Deposition Modeling Project
(ADMP) was to develop an Eulerian Regional Acid Deposition Model (RADM)
suitable for assessing source-receptor relationships. The objective has
been expanded to include a full system of models, including a set of
engineering models (EM) to facilitate future applications of RADM. The
project is sponsored by the Environmental Protection Agency (EPA), with
cosponsorship by the National Science Foundation. Supplemental funding
by the Electric Power Research Institute (EPRI) is expected in 1986.

The system of models is designed as a hierarchical set. The
national effort in basic research on individual physical and chemical
processes such as dry deposition, wet scavenging, and gas-phase chemis-
try, form the foundation of this system. This reserach is synthesized
into a set of submodels by a diverse group of researchers for integra-
tion into RADM. The core RADM system consists of two comprehensive
models--the Mesoscale Meteorological Model (MM4) and the deposition and
transport model (RADM). Starting with any given set of meteorological
data, MM4 forecasts for RADM a self-consistent description of transport
and other physical variables such as wind velocity, precipitation, and
local thermal structure of the atmosphere. In addition to considering
the transport of pollutants, RADM includes gas-phase chemistry,
aqueous-phase chemistry, cloud processes, and wet and dry deposition.
For policy and assessment studies involving frequent recalculations with
different emissions scenarios, RADM would need to be streamlined for
computational efficiency. A set of simplified models, the engineering
models, is also under construction. Each of these models focuses on a
specific set of chemical species as dependent variables while holding
others as fixed input parameters with mathematical approximations of the
chemical interactions determined by RADM simulations.

Although NCAR staff contribute to the basic research in scientific
subjects relevant to acid deposition processes, the bulk of ADMP at NCAR
focuses on the development of the interdisciplinary integrated models,
M14 and RADM. The physical domain of application for I14 and RADM are
flexible as long as land use, emissions, terrain, and initial meteoro-
logical data are available. The basic 80 x 80 km horizontal grid
allows MM4 to cover most of North America. Because of the additional
computer memory required by RADM to store information on distributions
of chemical trace species in three dimensions, the RADM version 1 can
cover only the eastern United States and southern Canada if it is to
stay within the limits of the core memory of the CRAY-1 computer. A new
version of RADM (an out-of-core version) utilizing disks for storage
during execution was recently completed. Much of ADMP's effort in 1985
has been devoted to data-base preparation and testing of t114 and RADM
and their respective submodels.
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SIGNIFICANT ACCOMPLISHMENTS

The following list highlights this year's significant accomplish-
ments by participants in ADMP:

* We compared RADM with observations from the Oxidant Scavenging
Characteristics of April Rain (OSCAR) field experiments and showed it to
be a scientifically credible and operationally flexible model.

* MM4 has considerable skill in forecasting the meteorology of wet
scavenging events.

* A newly developed state-of-the-art mesoscale model verification
program performs as expected.

* RADM can conduct "what-if" analysis with hypothetical emissions
scenarios.

* The gas-phase chemistry submodel compared well with the State-
wide Air Pollution Research Center (SAPRC) smog chamber data and with
other more detailed theoretical models.

* The cloud processes and aqueous-phase chemistry submodel and the
dry deposition submodel agreed with all the available data.

* We examined and evaluated mlost of the available data for model
and submodel evaluations. We also documented many of the inadequacies
of the existing data bases and made suggestions for future improvements.

* The project was reviewed by an international panel of scientists
from universities and government and private research centers. Their
report to the National Acid Precipitation Assessment Program (NAPAP) was
very supportive of the scientific content and management of this
project.

These and other results will be described in the following sec-
tions.

CHEMISTRY

William Stockwell completed an initial set of tests of the RADM
gas-phase chemistry mechanisms with data obtained from SAPRC. The most
important test variables for the comparison of RADM simulation results
with SAPRC data were the concentrations of 03, N02, NO, and reactive
organics since these species determine HO and H02 radical concentra-
tions. These radicals determine the gas-phase oxidation rates of SO2,
N02, and the formation rate of H202. This latter species is the most
important oxidant of S02 in aqueous phase. Twenty-one experiments with
varying chemical compositions and initial conditions were simulated.
The simulated maximum 03 and NO2 concentrations compared well with the
smog chamber data, although there was a small bias toward higher simu-
lated values than observed. The agreement between the predicted and
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experimental values for all of the reactive organic species was excel-
lent. These agreements implied the accuracy of the RADM chemistry
mechanism in predicting the oxidations of S02 and NO2 within the uncer-
tainties imposed by the smog chamber.

Stockwell and Sasha Hladronich also began testing the RADM mechanism
against the University of North Carolina (UNC) smog chamber data. Pre-
liminary tests showed apparent inconsistencies in the data, and sub-
sequent analysis by Madronich showed that the existing data on the abso-
lute magnitude of the photolysis rate of N02 within the UNC chamber
appeared to be uncertain by as much as ±40%. With judicious but physi-
cally reasonable choices of selected inputs, the RADM mechanism appeared
to be in agreement with the UNC chamber data. Therefore, for definitive
tests using the UNC data base, photolysis rate constants must be mea-
sured in the UNC chamber.

Madronich obtained a theoretical estimate of the ratio of direct to
diffuse solar radiation, which is used to predict a simple correlation
between UV irradiance measurements and atmospheric values of the N02
photodissociation rate coefficient, J. This correlation permits a crit-
ical evaluation of the performance of actinometers which measure J.
Most reported J measurements in the troposphere agree to better than ±5%
for clear skies and to ±20% for overcast skies, but photodissociation
rates measured at the UNC outdoor smog chamber are not consistent with a
majority of other studies. Madronich has also developed a technique to
use calibrated standard UV radiometers routinely, in place of the more
complex actinometers, to obtain reasonably accurate estimates of J.

Most good smog chamber data are limited to a narrow range of highly
polluted chemical conditions and to short durations. Acid generation
occurs under much cleaner conditions than found in smog chambers.
Therefore, it is necessary to extend the testing of the chemistry mech-
anism to include comparison with more complex mechanisms published in
the literature. Sulfur chemistry was added to the more complex mech-
anisms. Stockwell found that for a very large concentration of S02 the
simulated concentrations of 03, NO2, NO, and reactive organics were not
appreciably affected by the sulfur chemistry in simulating specific
SAPRC smog chamber experiments. This is in agreement with the experi-
mental works of Stockwell and Jack Calvert (ACD and ADMP). Parametric
studies were performed by Stockwell using initial conditions ranging
from very clean to highly polluted air. All the mechanisms were in good
agreement in giving S02 and NO2 oxidation rates. There was considerable
variation in the predicted amounts of hydrogen peroxide among the mech-
anisms. These differences cannot be resolved with the present data
base. More data such as H02 and H202 concentration measurements from
laboratory studies, smog chambers, and field experiments will be
required in the future.

Madronich and Calvert extensively revised and updated the gas-phase
chemistry in the NCAR Master Mechanism. The mechanism currently on
tape contains some 800 species participating in about 1,600 reactions.
Because of the large number of chemical reactions and species in the

227



ACID DEPOSITION MODELING PROJECT

mechanism, several "mechanism management" computer codes were written to
simplify operations in the use of the reaction scheme. These were
designed to classify reactants and reactions by chemical type and trace
reaction pathways and to provide needed cross references. Using these
codes, each class of organic compounds was reviewed to ensure a system-
atic treatment. This was particularly important where limited experi-
mental data required that extrapolation of rate data be made to analo-
gous compounds.

Clouds and their associated precipitation strongly influence the
chemical transformation, vertical transport, and wet deposition of
numerous pollutants as they are emitted and transported through the
atmosphere. These effects are currently modeled by RADM using a semi-
empirical one-dimensional cloud model developed by Chris Walcek and
Gregory Taylor (University of Washington) including an aqueous chemical
reaction mechanism. Field data collected to assess these cloud effects
tend to be fairly qualitative in nature. In comparisons with the few
available quantitative data, the RADM cloud and aqueous-phase chemistry
submodel appeared to be very good. For example, it was able to infer
cloudwater pH over the range of aircraft observations during the OSCAR
experiment over Ohio and Indiana in April 1981. The rate of S02 oxida-
tion within a cumulus cloud represented by the changes in the ratio of
S02 in air to total sulfur in the cloud at different heights simulated
by the RADM cloud submodel was also in reasonable agreement with obser-
vations. Integrated comparisons of RADM simulations of actual OSCAR
events showed good agreement in wet sulfate and nitrate deposition over
large geographical areas as long as the meteorological variables such as
precipitation amounts were accurately established.

Walcek and Stockwell coupled a homogeneous-phase chemical mechanism
with an aqueous radical chemical model to assess the effects of
dissolved odd-hydrogen and NO3 radicals on the production of acidity and
hydrogen peroxide in cloud environments. The aqueous chemical model
incorporated the effects of dissolved aerosols and trace metals on
cloudwater composition and incorporated gas and liquid mass transfer
between the gas and aqueous phases. The model was run to simulate the
aqueous chemical evolution of four fair-weather clouds during a spring
or summer afternoon using pollutant conditions felt to be representative
of locations over the northeastern United States. Secondary to hydrogen
peroxide oxidation, aqueous radical contributions to sulfuric acid
formation could be the next most important S02 oxidation pathway. H202
production in cloudy areas is extremely sensitive to several gas-phase
photolysis rates, and at high irradiance (typical of regions near a
highly reflective cloud top), H202 production could surpass H202
destruction via S02 oxidation, making some cloudy areas potentially
important sources for H1202.

Utilizing a time-dependent model of cloud meteorological proper-
ties, together with a box aqueous chemistry model, Walcek studied the
time evolution of the aqueous composition of a cumulus cloud. The
initial composition of the cloudwater was found to be strongly in-
fluenced by the composition of the nucleating aerosol from which the
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cloud formed. As the cloud grows, pollutant concentrations in the
cloudwater tend to decrease as the averag(e liquid water content of the
cloud increases. Aqueous-phase production of sulfate is dominated by
hydrogen peroxide during the initial phases of the cloud lifetime, while
other oxidation pathways become important after peroxide is depleted.
With the onset of precipitation, the cloud may become neutralized as
acidic components are carried out of the cloud by rain. Frequently
aqueous chemical reactions that convert SO2 to sulfate are either reac-
tant or oxidant limited, implying that there is a distinct limit to the
amount of acidity that can be generated by an individual storm.

Walcek, Richard Brost, and Julius Chang studied the deposition
velocity fields for S02, sulfate, and HN03 over the eastern United
States and southeastern Canada by combining detailed land-use data with
meteorological information predicted using a mesoscale meteorology
model. Where there was significant variation in land type within an
averaging area, it was found that subgrid-scale meteorological varia-
tions could significantly influence area-averaged deposition veloci-
ties. The assumption that uu, was constant over the averaging area
could realistically address the subgrid variations in wind speed and
friction velocity. For a three-day springtime simulation, domain-
averaged midday S02, sulfate, and HN0 3 deposition velocities at a height
of approximately 40 meters were found to be 0.8 cm s , 0.2 cm s , and
2.5 cm s , respectively. At night, the deposition velocities were
approximately 50%, 45%, and 70% of the corresponding daytime values for
SO2, sulfate, and HN03. Using a simple parameterization to account for
rainfall-wetted surfaces increased domain-averaged S02 deposition veloc-
ities by up to a factor of 2, indicating that precipitation can signifi-
cantly enhance dry deposition of S02.

METEOROLOGY

Since all of the ADMP-funded mesoscale modeling research is in AAP
and reported in the AAP section of this report, we will summarize only
the work associated with the preliminary evaluation of the RADM system.

Thomas Bettge (AAP and ADMP) developed a verification package for
MM4 including a variety of objective measures of accuracy. These mea-
sures included root-mean-square errors for temperature, winds, mixing
ratio, and sea-level pressure, either using the point observations di-
rectly or using the analyses derived from the point observations, the
correlation of observed and forecast changes for these and other vari-
ables, Si scores for sea-level pressure gradients and upper-level
constant-pressure surfaces, threat scores, bias scores, categorical
forecasts of occurrence or nonoccurrence of precipitation, and structure
of model forecasts. In support of this effort, Ronald Errico (AAP) com-
pleted an analysis of the spectral decomposition of any given two-
dimensional field for measuring the errors at various scales of motion.

Bettge and Richard Anthes (AAP) applied this verification package
to an M14 simulation of the 22-25 April 1981 OSCAR event. While
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this forecast was not "perfect," it did demonstrate that, in general,
MM4 showed considerable skill in forecasting this event. The forecasted
changes of temperature, mixing ratio, 850-mb height, and sea-level
pressure all showed good correlation with observations. More extensive
verification studies with many other cases will be needed in order to
develop a full sense of scientific accuracy and credibility for MM4.

Philip Haagenson (ACD and ADMP) completed a user's manual for the
complete MM4 modeling system. He is now preparing detailed documenta-
tion for all the front-end programs. Y.-H. Kuo (AAP and ADMP) developed
a revised cumulus parameterization scheme for the mesoscale model.
Semiprognostic tests and full prognostic tests showed considerable im-
provement over the previous scheme. The new scheme has a stability
check for cumulus convection and a variable convective heating and
moistening profile based on the predicted cloud base and cloud top.
E.-Y. Hsie (NOAA) installed several new physics packages into the meso-
scale model, including simple atmospheric radiative cooling, planetary
boundary heating at the lateral boundaries, and vertical eddy diffusion
for the bulk planetary boundary layer (PBL) model. He is currently
improving the performance of the high-resolution Blackdar PBL model.

Using simulations with a large-eddy model, Brost and F.T.M.
Nieuwstadt (Royal Netherlands Meteorological Institute) studied the
decay of convective turbulence in the atmospheric boundary layer when
the upward surface sensible heat flux is suddenly stopped. The decay of
turbulent kinetic energy and temperature variance scaled with the dimen-
sionless time tw*/h. The temperature fluctuations started to
decrease almost immediately after the forcing had been removed, whereas
the turbulent kinetic energy stayed constant for a time t-h/w,.
Vertical velocity fluctuations decayed faster than horizontal fluctua-
tions. Entrainment persisted well into the decay process, perhaps
explaining departures from similarity. Some evidence suggested a
decoupling of large and small scales during the decay.

Hsiao-ming Hsu analyzed the steady-state atmospheric responses to a
finite surface heating through thermal eddy diffusion. The effects of
the mean wind, the earth's rotation, and the thermal stratification were
considered in a linear system. Scale analysis revealed the limit of the
hydrostatic approximation. It showed that the classical aspect ratio
was not sufficient to determine the validity of the hydrostatic approxi-
iation, and that the diffusive aspect ratio, the stratification aspect
ratio, and the Rossby number should also be included. Hsu presented
various circulation patterns for different horizontal heating scales and
shapes and for different atmospheric mean conditions.

Hsu extended his study to the nesoscale lake-effect snowstorms in
the vicinity of Lake Michigan. It was shown that the orientation of the
mean wind field to the surface heating pattern was crucial to the shapes
of the disturbances. The results indicated that the relative warmth of
the lake surface could induce three updraft centers under a westerly
wind, two updraft centers/bands under a northwesterly wind, and a con-
vergence band under a northerly wind. Such convergences were caused by
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the interaction between the mean wind and the local circulations forced
by the curved thermal contrasts. The numerical results from the non-
linear model not only produced similar convergence patterns to those
found in the linear theory, but also captured the transient property in
some of the lake-induced disturbances. All of these results were quali-
tatively confirmed by satellite images.

SYSTEM INTEGRATION AND VALIDATION

The system integration and validation group devoted much of their
time to developing the source emissions data base for RADM and carrying
out preliminary evaluation studies with RADM. For model development,
James Rosinski developed an out-of-core version of RADM so that it was
no longer limited by the memory size of the CRAY-1. This new version
stores most of the variables on disks and brings into core memory only
that part which is needed by RADM at any given moment. For the OSCAR
case tested, it yielded results identical to those of the in-core RADM.

Paulette Middleton analyzed the chemical characteristics of OSCAR
regional precipitation episodes. This data base serves as the primary
experimental data source for the preliminary evaluation of RADM. She
found that the highest concentrations of sulfate, nitrate, and ammonium
ions generally occurred east of Ohio and north of Virginia during the
earlier stages of each event. Sodium and chlorine ion concentrations,
which reached their highest levels at the near-coastal sites, were not
closely related to acidity. During heavy rainfall there was an inverse
relationship between rainfall volume and chemical concentrations. These
and other findings were represented by the RADM simulations qualita-
tively, and at times even in a quantitative manner.

Joan Novak (EPA) and Middleton explored the critical need to reduce
uncertainties in emissions inventories to provide more reliable modeling
results for policy decision-making. They strongly recommended expansion,
improvement,and standardization of quality-assurance procedures for
developing emissions inventories and incorporating knowledge gained
through modeling sensitivity studies in ranking emissions inventory
development activities. Brost, Chang, Middleton, and John del Corral
showed that the existing OSCAR data bases for model evaluation could not
distinguish between two different emissions inventories independently
developed by NAPAP and EPRI. Although the inventories differed by as
much as 10% in sulfur emissions to factors of 2 in ammonia emissions,
the resulting acid deposition over a three-day period in the eastern
United States was almost identical. Furthermore, except for localities
close to strong point sources, even the air concentrations of S02, 03,
NOx, and others were nearly identical.

Middleton, Chang, and Brost also compared the model-predicted acid
deposition with the OSCAR observations. For the two cases compared, the
correlations between model results and data were much higher for the
total event than for the subevent and hourly comparisons. In addition,
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the chemical concentrations in rain were much more highly correlated
than the deposition variables, which were strongly dependent on the
model-predicted rainfall amount. Other comparisons reaffirmed the
importance of emissions uncertainties and observational network place-
ment relative to the center of each precipitation event.

Brost, Chang, Rosinski, and del Corral carried out sensitivity
studies on initialization procedures for the chemical species included
in RADM and selected boundary conditions for the OSCAR simulations.
Reasonable initial conditions were obtained by running RADM for several
days prior to beginning OSCAR simulations. The best boundary conditions
were relatively low chemical concentrations found not to influence the
interior solutions over the domain of simulation. With these condi-
tions, MM4-predicted wind field and precipitation, they compared the
OSCAR IV (22-25 April 1981) simulation with a set of new observations
obtained by Brian Heikes, Gregory Kok, and Allan Lazrus (all of ACD) in
1984. Due to the similarity in meteorological conditions and time of
observation, qualitative comparisons were judged to be appropriate. The
resulting latitudinal and vertical variations in SO2, 03, and H2 02 were
comparable. These and other comparisons significantly enhanced our
understanding of the capability of RADM and its potential for applica-
tion.

Chang, Brost, del Corral, and William Boyd carried out a set of
idealized emissions reduction experiments. By changing the S02 emis-
sions over the Ohio River Valley, they studied the model response to
strongly altered emissions scenarios. In all cases, RADM provided
physical answers. These studies further clarified the relative roles of
wet and dry deposition and how long-range transport processes affected
them differently. Briefly, dry deposition is a localized process not
subject to the significant influence of long-range transport. The wet
scavenging process is directly coupled to long-range transport and upper
air concentrations of pollutants. These studies also suggested that
expected changes due to future emissions changes may not be easily
detectable.

Perry Samson (long-term visitor from the University of Michigan)
compiled combined U.S. and Canadian precipitation data covering the
proposed 12 meteorological cases of RADM simulations. All valid
precipitation measurements falling in a RADM grid cell were averaged to
produce a grid-averaged precipitation rate each hour. While there are
little independent data to check the accuracy of this gridded data set,
it has been tested against other analyses and has been found to be
equally reliable. These precipitation data have been used in evaluating
the MM4-forecasted precipitations, particularly for the OSCAR periods.
Other periods will be used in the coming year.

ENGINEERING MODELS

Three subcomponents of engineering model development were con-
sidered by the staff of ADMP during 1985. Del Corral evaluated the
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computational cost of a simplified low-resolution Eulerian model with up
to five vertical levels and 50 x 50 horizontal zones. Taking into
account the number of chemical species that may be considered, the com-
putational cost on a VAX 11/785 scaled linearly with the total number of
zones, levels, and species if the product of these numbers was larger
than 100. Debra Hopkins, Chang, and Stockwell built a two-dimensional
model with simplified chemistry to study the subgrid averaging errors
for both plume transport and for the necessary low-resolution averaging
procedures. The chemical scheme can duplicate several calculations with
the full RADM gas-phase mechanism. Stockwell and Gregory McRae
(Carnegie-Mellon University) completed a set of sensitivity analyses
focusing on sulfate, nitrate, and ozone formation rates under a wide
class of chemical conditions. It is expected that reasonably good math-
ematical approximations to these formation rates can be constructed to
simplify the chemistry of the engineering models significantly while
maintaining close comparisons to RADM. With these studies as back-
ground, we expect to be able to develop the first of several engineering
models in the coming year.
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Center

235

Douglas Whelpdale, Atmospheric Environment
Service, Canada

Julius Chang, ADMP
Paulette Middleton, ADMP





PUBLICATIONS

Publications of NCAR staff and visitors that either
appeared or were in press between 1 January 1985
and 31 December 1985 are listed below. Co-authored
publications whose authors are affiliated with more
than one NCAR division are listed only once, ac-
cording to the division of the first author. An
asterisk indicates a non-NCAR co-author. Each divi-
sion's list is divided into refereed publications
and other publications.

ATMOSPHERIC ANALYSIS AND PREDICTION DIVISION

Refereed Publications

*ANDERSON, J.R., *D.E. STEVENS, and P.R. JULIAN,
1984: Temporal variations of the tropical 40-50
day oscillation. Mon. Weather Rev. 112(12),
2431-2438.

ANTHES, R.A., 1985: Book review of Mesoscale Meteo-
rological Modeling, by Roger Pielke. Bull. Am.
Meteorol. Soc. 66(2), 187-188.

---- , 1985: Modeling sea-air energy fluxes and
their effects on explosive marine cyclogenesis.
Pap. Meteorol. Rsch. 6(1), 1-12.

---- , in press: Summary of workshop on the NCAR
community climate/forecast models, 14-26 July
1985, Boulder, Colorado. Bull. Am. Meteorol.
Soc.

-, Y.-H. KUO, D.P. BAUMHEFNER, R.M. ERRICO, and
T.W. BETTGE, 1985: Predictability of mesoscale
atmospheric motions. In Issues in Atmospheric
and Oceanic Modeling, Advances in Geophysics,
Vol. 28B, 159-202.

, *H.D. ORVILLE, and *D.J. RAYMOND, 1985:
Mathematical modeling of convection. In Thun-
derstorms, Vol. 2 (E. Kessler, Ed.), U.S. De-
partment of Commerce, NOAA Environmental Re-
search Laboratories, Boulder, Colo., 495-579.

BALDWIN, D., E.-Y. HSIE, and R.A. ANTHES, 1984:
Diagnostic studies of a two-dimensional simula-
tion of frontogenesis in a moist atmosphere.
J. AtmoB. Sci. 42(18), 2686-2700.

BARRON, E.J., 1985: Climate models: Applications
for the pre-Pleistocene. In Paleoclimate Analy-
sis and Modeling (A.D. Hecht, Ed.), John Wiley
and Sons, New York, N.Y., 397-421.

----- , 1985; Numerical climate modeling; A frontier
in petroleum source-rock prediction. Am. Assoc.
Pet. Geol. Bull. 69, 448-459.

---- , *M.A. ARTHUR, and *E.G. KAUFFMAN, 1985: Cre-
taceous rhythmic bedding sequences: A plausible
link between orbital variations and climate.
Earth Planet. Sci. Lett. 72, 327-340.

-.-.- and W.M. WASHINGTON, 1985: Warm Cretaceous
climates: High atmospheric C02 as a plausible
mechanism. In The Carbon Cycle and Atmospheric
C02: Natural Variations Archean to Present

(E.T. Sundquist and W.S. Broecker, Eds.), AGU,
Washington, D.C., 546-553.

BATES, G.T., and G.A. MEEHL, in press: The effect
of CO2 concentration on the frequency of block-
ing in a general circulation model coupled to a
simple mixed-layer ocean model. Mon. Weather
Rev.

BENJAMIN, S.G., and *N.L. SEAMAN, 1985: A simple
scheme for objective analysis in curved flow.
Mon. Weather Rev. 113, 1184-1198.

*BERNER, R.A., and E.J. BARRON, 1984: Factors af-
fecting atmospheric CO2 and temperature over
the past 100 million years: Comments on the
BLAG model. Am. J. Sci. 284, 1183-1192.

BETTGE, T.W., 1985: Weather records--The case of
Bennett, Colorado, maximum temperature. Weath-
erwiise 38, 95-97.

..-- and D.P. BAUMHEFNER, 1984: Total and plan-
etary-scale systematic errors in recent NMC
operational model forecasts. Mon. Weather
Rev. 112, 2317-2325.

BOVILLE, B.A., 1985: The influence of wave damping
on the winter stratosphere. J. Atmos. Sci. 42,
904-916.

---, 1985: The thermal balance of the NCAR gen-
eral circulation model. J. Atmos. Sci. 42, 695-
709.

BRANSTATOR, G., 1985: Analysis of general circu-
lation model sea-surface temperature anomaly
simulations using a linear model. Part
I: Forced solutions. J. Atmos. Sci. 42(21),
2225-2241.

----- , 1985:Analysis of general circulation model
sea-surface temperature anomaly simulations
using a linear model. Part II: Eigenanalysis.
J. Atmos. Sci. 42(21), 2242-2254.

BRIEGLEB, B.P., *P. MINNIS, V. RAMANATHAN, and
*E. HARRISON, in press: Comparison of regional
clear-sky albedos inferred from satellite ob-
servations and model computations. J. Clim.
Appl. Meteorol.

*BRILL, K.F., *L.W. UCCELLINI, *R.P. BURKHART,
*T.T. WARNER, and R.A. ANTHES, 1985; Numerical
simulations of a transverse indirect circula-
tion and low-level jet in the exit region of an
upper-level jet. J. Atmos. Sci. 42(12),1306-
1320.

*CHEN, S.C., and K.E. TRENBERTH, 1985: Forced plan-
etary waves in a two-level model and evaluation
of the upper boundary condition. J. Atmos.
Sci. 42, 2415-2437.

CHERVIN, R.M., in press: Interannual variability
and seasonal climate predictability. J. Atmos.
Sci.



238 PUBLICATIONS

*CHRISTY, J.R., and K.E. TRENBERTH, 1985: Hemi-
spheric interannual fluctuations in the distri-
bution of atmospheric mass. J. Geophys. Re6.
90(D5), 8053-8066.

COAKLEY, J.A. Jr., and *R.D. CESS, 1985: Response
of the NCAR community climate model to the ra-
diative forcing by the naturally occurring tro-
pospheric aerosol. J. Atmos. Sci. 42(16), 1677-
1692.

DALEY, R., 1985: The analysis of synoptic scale
divergence by a statistical interpolation pro-
cedure. Mon. Weather Rev. 113, 1066-1079.

----- and R.M. CHERVIN, 1985: Statistical signifi-
cance testing in numerical weather prediction.
Mon. Weather Rev. 113, 814-826.

-.-- , A. HOLLINGSWORTH, *J. PLOSHAY, *K. MIYAKODA,
*W. BAKER, *E. KALNAY, *C. DEY, *T. KRISHNA-
MURTI, and *E. BARKER, 1985: Objective analysis
and assimilation techniques used for the pro-
ducion of FGGE IIIb analyses. Bull. Am. Meteo-
roZ. Soc. 66, 532-538.

-..-- and D.L. WILLIAMSON, 1985: The existence of
free Rossby waves during January 1979. J. At-
mos. Sci. 42, 2121-2141.

DICKINSON, R.E., 1985: Climate sensitivity. In
Issues in Atmospheric and Oceanic Modeling,
Advances in Geophysics, Vol. 28A, 99-129.

----, 1986: Effects of solar electromagnetic radi-
ation on the terrestrial environment. In Phys-
ics of the Sun (P.A. Sturrock, Ed.), D. Reidel,
Dordrecht, The Netherlands, 155-191.

----- , in press: Impact of human activities on cli-
mate: A framework. In Sustainable Development
of the Biosphere (W.C. Clark and R.E. Munn,
Eds.), Oxford University Press, Oxford, Eng-
land.

----., 1984: Infrared radiative cooling in the mes-
osphere and lower thermosphere. J. Atmoe. Terr.
Phys. 46(11), 995-1008.

-.-.- and S.W. BOUGHER, in press: Venus mesosphere
and thermosphere: I. Heat budget and thermal
structure. J. Geophys. Res.

---- and R.J. CICERONE, in press: Future global
warming from atmospheric trace gases. Nature.

ERRICO, R.M., 1984: The dynamical balance of a gen-
eral circulation model. Mon. Weather Rev. 112,
2439-2454.

----., 1984: Normal modes of a semi-implicit model.
Mon. Weather Rev. 112, 1818-1828.

----- , 1985: Spectra computed from a limited area
grid. Mon. Weather Rev. 113, 1554-1562.

*FORBES, G.S., R.A. ANTHES, and *D.W. THOMSON, in
press: Synoptic and mesoscale aspects of an

Appalachian ice storm associated with cold-air
damming. Mon. Weather Rev.

*GEISLER, J.E., M.L. BLACKMON, G.T. BATES, and S.
MUNOZ, 1985: Sensitivity of January climate
response to the magnitude and position of a
warm equatorial Pacific sea surface temperature
anomaly. J. Atmos. Sci. 42, 1037-1049.

GENT, P.R., and J.C. McWILLIAMS, in press: The in-
stability of barotropic circular vortices. Jeo-
phye. Astrophys. Fluid Dyn.

GROSSMAN, R., 1984: Bivariate conditional sampling
of moisture flux over a tropical ocean. J. At-
mos. Sci. 41(22), 3238-3253.

*GROTJAHN, R., and R.M. CHERVIN, 1984: Animated
graphics in meteorological research and presen-
tations. Bull. Am. Meteorol. Soc. 65(11), 1201-
1208.

HERRING, J.R., 1985: Quasi-geostrophic turbulence
and the mesoscale variability. In Lecture Notes
in Physice, Vol. 230 (U. Frisch, J.B. Keller,
G. Papanicolaou, and 0. Pironneau, Eds.),
Springer-Verlag, New York, N.Y., 237-247.

----. and J.C. McWILLIAMS, 1985: Comparison of di-
rect numerical simulation of two-dimensional
turbulence with two-point closure: The effects
of intermittency. 7. Fluid Mech. 156, 229-242.

----- and J.C. WYNGAARD, in press: Convection with
a simple chemically reactive passive scalar. In
Proc. Fifth Symposium on Turbulent Shear Flows,
Ithaca, N.Y., 7-9 August. Cornell University,
Ithaca, N.Y.

HOLLAND, W.R., 1985: Simulation of mesoscale ocean
variability in midlatitude gyres. In Tssues in
Atmospheric and Oceanic Modeling, Advances in
Geophysics, Vol. 28A, 479-523.

-.-- and *W.J. SCHMITZ, 1985: On the zonal
penetration scale of model midlatitude jets.
J. Phys. Oceanogr. 15, 1859-1875.

HSIE, E.-Y., and R.A. ANTHES, 1984: Simulations of
frontogenesis in a moist atmosphere using al-
ternative parameterizations of condensation and
precipitation. J. Atmos. Sci. 41(18), 2701-
2716.

----- , ----- , and *D. KEYSER, 1984: Numerical simu-
lation of frontogenesis in a moist atmosphere.
J. Atmos. Sci. 11(18), 2581-2594.

*HUA, B.L., J.C. McWILLIAMS, and *W.B. OWENS, in
press: An objective analysis of the POLYMODE
Local Dynamics Experiment. II. Streamfunction
and potential vorticity fields during the in-
tensive period. J. Phys. Oceanogr.

KASAHARA, A., 1984: The linear response of a strat-
ified global atmosphere to tropical thermal
forcing. J. Atmos. Sci. 41, 2217-2237.



PUBLICATIONS

KIEHL, J.T., *C. BRUHL, and *T. YAMANOUCHI, in
press: A parameterization for the absorption
due to the near infrared bands of C02. Tellus.

-.-- and *T. YAMANOUCHI, 1985: A parameterization
for absorption due to the A, B and y oxygen
bands. Teltus 37B, 1-6.

KLEMP, J.B., R. ROTUNNO, and M.L. WEISMAN, in
press: Numerical simulations of squall lines in
two and three dimensions. In Proc. AMS 14th
Conference on Severe Local Storms, Indianapo-
lis, Ind., 29 October-1 November. AMS, Boston,
Mass.

KUO, Y.-H., and R.A. ANTHES, 1985: Calculation of
geopotential and temperature fields from an
array of nearly continuous wind observations.
J. Atmos. Oceanic Technol. 2(1), 22-34.

LENSCHOW, D.H., and L. KRISTENSEN, 1985: Uncorrel-
ated noise in turbulence measurements. J. At-
mos. Oceanic Technol. 2(1), 68-81.

*LI, Y.-F., and R.A. ANTHES, 1984: The impact of
initial conditions on a subsynoptic-scale and
mesoscale forecast. Acta Meteorol. Sin. 42,
499-504.

*MALANOTTE-RIZZOTI, P., and W.R. HOLLAND. 1985:
Gyre-scale acoustic tomography: Modeling simu-
lations. J. Phys. Oceanogr. 15, 416-438.

McWILLIAMS, J.C., 1984: The emergence of isolated
coherent vortices in turbulent flow. J. Fluid
Mech. 146, 21-43.

----. , 1985; A note on a uniformly valid model
spanning the regimes of geostrophic and isotro-
pic stratified turbulence and balanced turbu-
lence. J. Atmos. Sci. 42, 1773-1774.

----- , 1985: Sub-mesoscale, coherent vortices in
the ocean. Rev. Geophys. Space Phys. 23, 165-
182.

-.--- and P.R. GENT, in press: The evolution of
sub-mesoscale, coherent vortices on the
R-plane. Geophys. Astrophys. Fluid Dyn.

---- , -- , and N.J. NORTON, 1985: The evolution
of balanced, low-mode vortices on the B-plane.
J. Phys. Oceanogr.

- , *W.B. OWENS, and *B.L. HUA, in press: An
objective analysis of the POLYMODE Local Dynam-
ics Experiment. I. General formalism and sta-
tistical model parameters. J. Phys. Oceanogr.

MEEHL, G.A., and W.M. WASHINGTON, 1985: Sea surface
temperatures computed by a simple ocean mixed
layer coupled to an atmospheric GCM. J. Phys.
Oceanogr. 15, 92-104.

METAIS, O., in press; Influence of stable stratifi-
cation on three-dimensional isotropic turbu-
lence. In Proc. Fifth Symposium on Turbulent

Shear Flows, Ithaca, N.Y., 7-9 August. Cornell
University, Ithaca, N.Y.

and J.R. HERRING, 1985: Numerical and theo-
retical results relating to mesoscale turbu-
lence. In Proc. AMS Seventh Symposium on Turbu-
lence and Diffusion, Boulder, Colo., 12-15 No-
vember 1984. AMS, Boston, Mass.

*MILLER, A., and R.A. ANTHES, 1985: Meteorology,
Fifth ed. Charles E. Merrill, Columbus, Ohio,
169 pp.

*MO, K.C., and H. van LOON, 1985: Climatic trends
in the Southern Hemisphere. J. Ctim. Appl. Me-
teorol. 24(8), 777-789.

MOENG, C.H., 1985: An application of large-eddy
simulation to mixed-layer modeling. In Proc.
AMS Seventh Symposium on Turbulence and Dif-
fusion, Boulder, Colo., 12-16 November 1984.
AMS, Boston, Mass.

----- and J.C. WYNGAARD, in press: A study of the
closure problem for pressure-scalar covarian-
ces. In Proc. Fifth Symposium on Turbulent
Shear Flows, Ithaca, N.Y., 7-9 August. Cornell
University, Ithaca, N.Y.

*MOLNAR, G., and J.A. COAKLEY Jr., 1985: The re-
trieval of cloud cover from satellite imagery
data: A statistical approach. J. Geophys.
Res. 90, 12960-12970.

NEWTON, C.W., and *A. TREVISAN, 1984: Clinogenesis
and frontogenesis in jet-stream waves. Part I:
Analytical relations to wave structure. J. At-
mnos. Sci. 41, 2717-2734.

----- and *-----, 1984: Clinogenesis and fronto-
genesis in jet-stream waves. Part II: Channel
model numerical experiments. J. Atmos. Sci. 41,
2735-2755.

NORTON, N.J., J.C. McWILLIAMS, and P.R. GENT, in
press: A numerical model of the balance equa-
tions in a periodic domain and an example of
balanced turbulence. J. Comput. Phys.

NOVIKOV, E.A., in press: Three-dimensional singular
vortical flows in the presence of a boundary.
Phys. Lett. A.

PARSONS, D.B., C.J. KESSINGER, K.L. ELMORE, and
R.D. ROBERTS, in press: An investigation into
the forcing of microbursts. In Proc. AMS 14th
Conference on Severe Local Storms, Indianapo-
lis, Ind., 29 October-1 November. AMS, Boston,
Mass.

RAMANATHAN, V., R.J. CICERONE, *H.B. SINGH, and
J.T. KIEHL, 1985: Trace gas trends and their
potential role in climate change. J. Geophys.
Res. 90(D3), 5547-5566.

*RANDALL, D.A., J.A. COAKLEY Jr., *C.W. FAIRALL,
and *R.A. KROPFLI, 1984: Outlook for research
on subtropical marine stratiform clouds. Bull.
Am. Meteorol. o. 6(12), 1290-1301.

239



PUBLICATIONS240

RASCH, P.J., 1985: Developments in normal mode ini-
tialization. Part I: A simple interpretation
for normal mode initialization. Mon. Weather
Rev. 113, 1746-1752.

---.- , 1985: Developments in normal mode initiali-
zation. Part II: A new method and its compari-
son with currently used schemes. Mon. Weather
Rev. 113, 1753-1770.

ROTUNNO, R., and J.B. KLEMP, 1985: On the rotation
and propagation of simulated supercell thunder-
storms. J. Atmos. Sci. 42(3), 271-292.

THOMPSON, P.D., 1985: Moment-closures for the equi-
librium statistics of randomly forced triads.
J. Atmos. Sci. 42, 631-638.

----- , 1985: Prediction of the probable errors of
predictions. Mon. Weather Rev. 113, 248-259.

--.--, 1985: A statistical-hydrodynamical approach
to problems of climate and its evolution. Tel-
lus 37A, 1-13.

TRENBERTH, K.E., 1985: Persistence of daily geo-
potential heights over the Southern Hemisphere.
Mon. Weather Rev. 113, 38-53.

----- , 1985: Potential predictability of geopoten-
tial heights over the Southern Hemisphere. Mon.
Weather Rev. 113, 54-64.

----. , 1984: Some effects of finite sample size
and persistence on meteorological statistics.
Part I: Autocorrelations. Mon. Weather
Rev. 112, 2359-2368.

---- , 1984: Some effects of finite sample size
and persistence on meteorological statistics.
Part II: Potential predictability. Mon. Weather
Rev. 112, 2369-2379.

- -- and *J.R. CHRISTY, 1985: Global fluctuations
in the distribution of atmospheric mass.
J. Geophys. Res. 90(D5), 8042-8052.

- -- and *K.C. MO, 1985: Blocking in the Southern
Hemisphere. Mon. Weather Rev. 113, 3-21.

Van LOON, H., and D.J. SHEA, in press: The Southern
Oscillation. Part IV: The precursors south of
15°S to the extremes of the oscillation. Mon.
Weather Rev.

WEISMAN, M., and *H. BLUESTEIN, in press: Dynamics
of numerically simulated LP storms. In Proc.
AMS 14th Conference on Severe Local Storms,
Indianapolis, Ind., 29 October-1 November. AMS,
Boston, Mass.

- -- and J.B. KLEMP, 1984: The structure and clas-
sification of numerically simulated convective
storms in directionally varying wind shears.
Mon. Weather Rev. 112, 2479-2499.

Symposium on Turbulence and Diffusion, Boulder,
Colo., 12-15 November 1984. AMS, Boston, Mass.

-, L. ROCKWELL, and *C.A. FRIEHE, in press:
Errors in the measurement of turbulence up-
stream of an axisymmetric body. J. Atnmo. )ce-
anic Technol .

----- and *S.-F. ZHANG, in press: Transducer-shadow
effects on turbulence spectra measured by sonic
anemometers. ,. Atmoe,. Oceanic 'Technol.

ZHOU, M.Y., D.H. LENSCHOW, *J.C. KAIMAL, *J.E. GAY-
NOR, and B.B. STANKOV, 1985: Wave and turbu-
lence structure in a shallow baroclinic convec-
tive boundary layer and overlying inversion.
J. Atmos. Sci. 42(1), 47-57.

Other Publications

ANTHES, R.A., 1985: An observational basis for cu-
mulus parameterization. In Report of the Semi-
nar on Progress in Numerical Modelling and the
Understanding of Predictability as a Result of
the Global Weather Experiment. GARP Special
Report No. 43, WMO, Geneva, Switzerland, II-1-
24.

and Y.-H. KUO, 1985: Error growth rates in
limited-area models: Summary of preliminary
results. In Report of the Seminar on Projrc.;c
in Numerical Modellinj and the Underetani dLj j'
Predictability as a Result of the Global Wet;h-
er Experiment. GARP Special Report No. 43, WMO,
Geneva, Switzerland, III-183-196.

BAUMHEFNER, D.P., 1985: Analysis and forecast
intercomparisons using the FGGE SOP 1 data
base. In Proc. Firet National Workskhor on tlhe
Global Weather Experiment, Vol. 2, Part 1,
Woods Hole, Mass., 9-20 July 1984. National
Academy Press, Washington, D.C., 228-246.

----- , 1985: Forecast intercomparisons using the
Global Weather Experiment data base. In Report
of the Seminar on Progress in Numerical Model-
ling and the Understanding of Predictability as
a Result of the Global Weather Experiment, GARP
Special Report No. 43, WMO, Geneva, Switzer-
land, II1-141-154.

BEESON, D.C., 1984: The Relative Significance of
Tectonics, Sea Level Fluctuations, and Paleo-
climate to Cretaceous Cloal Distribution in
North America. Cooperative Thesis NCAR/CT-83,
NCAR, Boulder, Colo., 202 pp.

BRANSTATOR, G., 1985: Normal modes of the barotro-
pic vorticity equation and their relationships
to teleconnection patterns in the atmosphere
and general circulation models. In Proc. lbth
Stanstead Sgemnar, Lennoxville, Quebec, Canada,
9-13 July. McGill University, Montreal, Quebec,
Canada, 82-87.

WYNGAARD, J.C., 1985: Large-eddy simulation in
small-scale meteorology. In Proc. AMS Seventh



PUBLICATIONS

*CHEN, T.C., and H. van LOON, in press: On the in-
terannual variation of tropical easterly jet.
In Proc. First WMO Climate Workshop, College
Park, Md., July. WMO, Geneva, Switzerland.

*CHRISTY, J.R., and K.E. TRENBERTH, 1985: Inter-
annual variability in the distribution of atmo-
spheric mass. In Preprint Vol., Third Confer-
ence on Climate Variations and Symposium on
Contemporary Climate: 1850-2100. Los Angeles,
Calif., 8-11 January. AMS, Boston, Mass., 46-
47.

COAKLEY, J.A. Jr., 1985: Remote sensing of clouds.
In Proc. 1985 International Geoscience and Re-
mote Sensing Symposium, Amherst, Mass., 7-9 Oc-
tober. 227-232.

DONNER, L.J., 1985: Cumulus parameterization in
medium-range predictions. In Preprint Vol.,
Seventh Conference on Numerical Weather Predic-
tion, Montreal, Quebec, Canada, 17-20 June.
AMS, Boston, Mass., 408-414.

--- ,-, 1985: The role of radiative heating asym-
metries in maintaining stationary planetary
waves. In Proc. 15th Stanstead Seminar, Lennox-
ville, Quebec, Canada, 9-13 July. McGill Uni-
versity, Montreal, Quebec, Canada, 54-61.

HERRING, J.R., 1985: Some contributions of two-
point closure to turbulence. In Frontiers in
Fluid Mechanics (S.H. Davis and J.L. Lumley,
Eds.), Springer-Verlag, New York, N.Y., 68-86.

----- and *M. LESIEUR, 1985: Diffusion of a passive
scalar in two-dimensional turbulence. J. Fluid
Mech. 161, 77-96.

JULIAN, P.R., 1985; The tropical special observing
system. In Proc. First National Workshop on the
Global Weather Experiment, Vol. II, Woods Hole,
Mass., 9-20 July 1984. National Academy Press,
Washington, D.C., 211-216.

KAROLY, D.J., 1985: Australian Southern Hemisphere
analyses for the FGGE year. GWE Newsletter,
January, USC-GARP JH810, National Academy of
Sciences, Washington, D.C., 10-15.

KASAHARA, A., in press: Weather prediction, numeri-
cal. In Encyclopedia of Physical Science and
Technology, Academic Press, Orlando, Fla.

- -- and A.P. MIZZI, 1985: Preliminary evaluation
of diabatic heating distribution from FGGE
Level IIIb analysis data. In Proc. First Na-
tional Workshop on the Global Weather Experi-
ment, Vol. 2, Part 1, Woods Hole, Mass., 9-
20 July. National Academy Press, Washington,
D.C., 317-329.

KIEHL, J.T., 1984: The climatic effects of ozone
and trace gases. In Atmospheric Ozone (C.S.
Zerefos and A. Ghazi, Eds.), D. Reidel, Dor-
drecht, The Netherlands, 103.

KLEMP, J., Ed., 1984; Dynamics of Mesoscale Weather
Systems. NCAR Summer Colloquium Lecture Notes,
NCAR, Boulder, Colo., 591 pp.

MIZZI, A., and P.D. THOMPSON, 1985: Lagrangian var-
iable-resolution method for integrating the
barotropic vorticity equation. In Preprint
Vol., Seventh Conference on Numerical Weather
Prediction, Montreal, Quebec, Canada, 17-
20 June. AMS, Boston, Mass., 284-285.

*MO, K.C., and H. van LOON, 1985: Some aspects of
the interannual variation of mean monthly sea
level pressure on the Southern Hemisphere. In
Preprint Vol., Third Conference on Climate Var-
iations and Symposium on Contemporary Climate:
1850-2100, Los Angeles, Calif., 8-11 January.
AMS, Boston, Mass., 60-61.

RAMANATHAN, V., 1985: Review of The Environmental
Effects of Nuclear War, J. London and G.F.
White, Eds. Bull. Am. Meteorol. Soc. 66(8),
1047-1048.

SHEA, D.J., and W.M.L. SPANGLER, 1985: NCAR's glo-
bal monthly surface station climatology. In
Preprint Vol., Third Conference on Climate Var-
iations and Symposium on Contemporary Climate:
1850-2100, Los Angeles, Calif., 8-11 January.
AMS, Boston, Mass., 12-13.

TRENBERTH, K.E., 1985: Meteorological satellites.
Science 227, 701.

---- , 1985: Transient eddy activity in relation to
the mean flow over the Southern Hemisphere dur-
ing FGGE. In Report of the Seminar on Progress
in Diagnostic Studies of the Global Atmospheric
Circulation as a Result of the Global Weather
Experiment, GARP Special Report No. 42, WMO,
Geneva, Switzerland, I-1-15.

----- and *J.R. CHRISTY, 1985: Global fluctuations
in the distribution of atmospheric mass. In
Preprint Vol., Third Conference on Climate Var-
iations and Symposium on Contemporary Climate:
1850-2100, Los Angeles, Calif., 8-11 January.
AMS, Boston, Mass., 48-49.

Van LOON, H., and *K. MO, 1985: The representative-
ness of the zonal harmonic, the yearly, and the
half-yearly waves on the Southern Hemisphere
during the Global Weather Experiment. In Report
of the Seminar on Progress in Diagnostic Stud-
ies of the Global Atmospheric Circulation at; a
Result of the Global Weather Experinmnt, GARP
Special Report No. 42, WMO, Geneva, Switzer-
land, 1-16-28.

----- and ----- , 1985: Trends in the Southern Hemi-
sphere. In Preprint Vol., Third Conference on
Climate Variations and Symposium on Contempor-
ary Climate: 1850-2100, Los Angeles, Calif., 8-
11 January. AMS, Boston, Mass., 58-59.

241



PUBLICATIONS

----- and ----- , 1985: The zonal harmonic and the
yearly and half-yearly waves on the Southern
Hemisphere in FGGE compared with the mean. In
Proc. First National Workshop on the Global
Weather Experiment, Vol. II, Woods Hole, Mass.,
9-20 July 1984. National Academy Press, Wash-
ington, D.C., 595-645.

WILLIAMSON, D.L., and G.S. WILLIAMSON, 1985: Circu-
lation Statistics from January and July Simula-
tions with the NCAR Community Climate Model
(CCMOB). Technical Note NCAR/TN-244+STR, NCAR,
Boulder, Colo., 112 pp.

ATMOSPHERIC CHEMISTRY DIVISION

Refereed Publications

*ANDREAE, M.O., *R.J. FEREK, *F. BERMOND, *K.P.
BYRD, *R.T. ENGSTROM, *S. HARDIN, *P.D. HOU-
MERE, *F. LeMARREC, *H. RAEMDONCK, and R.B.
CHATFIELD, 1985: Dimethyl sulfide in the marine
atmosphere. J. Geophys. Res. 90(D7), 12891-
12900.

CALVERT, J.G., A.L. LAZRUS, G.L. KOK, B.G. HEIKES,
J.G. WALEGA, J. LIND, and C.A. CANTRELL, 1985:
Chemical mechanisms of acid generation in the
troposphere. Nature 317, 27-35.

CANTRELL, C.A., W.R. STOCKWELL, *L.G. ANDERSON,
*K.L. BUSAROW, D. PERNER, *A. SCHMELTEKOPF,
J.G. CALVERT, and *H.S. JOHNSTON, 1985: Kinetic
study of the N03-CH20 reaction and its possible
role in the nighttime tropospheric chemistry.
J. Phys. Chem. 89, 139-146.

CARROLL, M.A., 1985: Measurements of OCS and CS2 in
the free troposphere. J. Geophys. Res. 90(D6),
10483-10486.

-, *M. McFARLAND, B.A. RIDLEY, and *D.L. AL-
BRITTON, 1985: Ground-based nitric oxide mea-
surements at Wallops Island, Virginia. J. Geo-
phys. Res. 90, 12853-12860.

CHATFIELD, R.B., *R.J. CHARLSON, *J.P. FRIEND,
*W. JAESCHKE, *D. KLEY, and *H.I. SCHIFF, 1985:
The transformation of sulfur and nitrogen in
the remote atmosphere (working group report).
In The Biogeochemioal Cycling of Sulfur and
Nitrogen in the Remote Atmosphere (J.N. Gallo-
way et al., Eds.), D. Reidel, Dordrecht, The
Netherlands, 83-101.

COFFEY, M.T., W.G. MANKIN, A. GOLDMAN, *C.P. RINS-
LAND, *G.A. HARVEY, *V.M. DEVI, and *G.M.
STOKES, 1985: Infrared measurements of atmos-
pheric ethane (C2H 6) from aircraft and ground-
based solar absorption spectra in the 3000 cm' 1

region. Geophys. Res. Lett. 12(4), 199-202.

*CRUTZEN, P.J., A.C. DELANY, J. GREENBERG, P. HAAG-
ENSON, L. HEIDT, R. LUEB, W. POLLOCK, *W. SEI-
LER, A. WARTBURG, and P. ZIMMERMAN, 1985: Tro-
pospheric chemical composition measurements in
Brazil during the dry season. J. Atmoe.
Chem. 2, 233-256.

DELANY, A.C., P. HAAGENSON, S. WALTERS, A.F. WART-
BURG, and *P.J. CRUTZEN, 1985: Photochemically
produced ozone in the emission from large-scale
tropical vegetation fires. J. Geophys. Res.
90(D1), 2425-2429.

*DICKERSON, R.R., A.C. DELANY, and A.F. WARTBURG,
1984: Further modification of a commercial NOx
detector for high sensitivity. Rev. Sci. In-
strum. 55(12), 1995.

*DZUBAY, T.G., *R.K. STEVENS, and P.L. HAAGENSON,
1984: Composition and origins of aerosol at a
forested mountain in Soviet Georgia. Environ.
Sci. Technol. 18, 873.

EMERY, B.A., R.G. ROBLE, E.C. RIDLEY, *T.L. KIL-
LEEN, *M.H. REES, *J.D. WINNINGHAM, *G.R. CAR-
IGNAN, *P.B. HAYS, *R.A. HEELIS, *W.B. HANSON,
*N.W. SPENCER, *L.H. BRACE, and *M. SUGIURA,
1985: Thermospheric and ionospheric structure
of the Southern Hemisphere Polar Cap on Octo-
ber 21, 1981, as determined from Dynamics Ex-
plorer 2 satellite data. J. Geophys. Res.
90(A7), 6553-6566.

*FREDERICK, J.E., and R.J. CICERONE, 1985: Disso-
ciation of metastable 02 as a potential source
of atmospheric odd oxygen. J. Geophys. Res.
90(D6), 10733-10738.

GARCIA, R.R., and S. SOLOMON, 1985: The effect of
breaking gravity waves on the dynamics and
chemical composition of the mesosphere and
lower thermosphere. J. Geophye. Res. 90(D2),
3850-3868.

GILLE, J.C., P.L. BAILEY, and S.A. BECK, 1984: A
comparison of U.S. and USSR rocketsondes using
LIMS satellite temperature sounding as a trans-
fer standard. J. Geophys. Res. 89(D7), 11711-
11715.

GREENBERG, J.P., P.R. ZIMMERMAN, and R.B. CHAT-
FIELD, 1985: Hydrocarbons and carbon monoxide
in African savannah air. Geophys. Res. Lett.
12(3), 113-116.

*HAMILTON, K., and R.R. GARCIA, 1984: Long period
variations in the solar semidiurnal atmospheric
tide. J. Geophys. Res. 89(D7), 11705-11710.

*HOELL, J.M., *G.L. GREGORY, *M.A. CARROLL,
*M. McFARLAND, B.A. RIDLEY, *D.D. DAVIS,
*J. BRADSHAW, *M.O. RODGERS, *A.L. TORRES,
*G.W. SACHSE, *G.F. HILL, *E.P. CONDON, *R.A.
RASMUSSEN, *M.C. CAMPBELL, *J.C. FARMER, *J.C.
SHEPPARD, *C.C. WANG, and *L.I. DAVIS, 1984: An
intercomparison of carbon monoxide, nitric ox-
ide and hydroxyl measurement techniques: Over-
view of results. J. Geophys. Res. 89(D7),
11819-11825.

* --- ,. *--,--- *D.S. McDOUGAL, M.A. CARROLL,
*M. McFARLAND, B.A. RIDLEY, *D.D. DAVIS,
*J. BRADSHAW, *M.O. RODGERS, and *A.L. TORRES,
1985: An intercomparison of nitric oxide mea-
surement techniques. J. Ceophys. Res. 90(D7),
12843-12851.

242



PUBLICATIONS

LAZRUS, A.L., G.L. KOK, S.N. GITLIN, J.A. LIND, and
*S.E. McLAREN, 1985: Automated fluorometric
method for hydrogen peroxide in atmospheric
precipitation. Anal. Chem. 57, 917-922.

*MADRONICH, S., *D.R. HASTIE, *H.I. SCHIFF, and
B.A. RIDLEY, 1985: Measurement of the photo-
dissociation coefficient of NO2 in the atmo-
sphere. Part II: Stratospheric measurements.
J. Atmos. Chem. 3, 233-245.

MANKIN, W.G., and M.T. COFFEY, 1984: Increased
stratospheric hydrogen chloride in the El Chi-
ch6n cloud. Science 226, 170-172.

MARTELL, E.A., 1985: Enhanced ion production in
convective storms by transpired radon isotopes
and their decay products. J. Geophys. Res.
90(D4), 5909-5916.

MASSIE, S.T., A. GOLDMAN, *D.G. MURCRAY, and J.C.
GILLE, 1985: Approximate absorption cross sec-
tions of F12, F11, C10N0 2, N205, HNO ,, CC1,,,
F21, F113, F114, and HNO,,. Appl. Opt. 24, 3426-
3427.

*MURISON, M., A.D. RICHMOND, S. MATUSHITA, and
*W. BAUMJOHANN, 1985: Estimation of ionospheric
electric fields and currents from a regional
magnetometer array. J. Geophys. Res. 90(A4),
3525-3530.

PACKMAN, D., and J.C. GILLE, 1985: Calculation of
random exponential band transmittances for an
array of Voight lines. Appl. Opt. 24, 3424-
3426.

PERNER, D., *A SCHMELTEKOPF, *R.H. WINKLER, *H.S.
JOHNSTON, J.G. CALVERT, C.A. CANTRELL, and W.R.
STOCKWELL, 1985: A laboratory and field study
of the equilibrium, N205 + NO3 + N02. J. Geo-
phys. Res. 90(D2), 3807-3812.

ROBLE, R.G., 1985: On solar-terrestrial relation-
ships in atmospheric electricity. J. Geophys.
Res. 90(D4), 6000-6012.

*SINGH, H.B., *L.J. SALAS, B.A. RIDLEY, J.D. SHET-
TER, *N.M. DONAHUE, *F.C. FEHSENFELD, *D.W.
FAHEY, *D.D. PARRISH, *E.J. WILLIAMS, *S.C.
LIU, *G. HUBLER, and *P.C. MURPHY, 1985: Rela-
tionship between peroxyacetyl nitrate and ni-
trogen oxides in the clean troposphere.
Nature 318, 347-349.

SOLOMON, S., and R.R. GARCIA, 1984: On the distri-
bution of long lived tracers and chlorine spe-
cies in the middle atmosphere. J. Geophys. Res.
89(D7), 11633-11644.

----- , ----- , *J.J. OLIVERO, *R.M. BEVILACQUA,
*P.R. SCHWARTZ, *R.T. CLANCY, and *D.O. MUHLE-
MAN, 1985: Photochemistry and transport of car-
bon monoxide in the middle atmosphere. J. At-
mos. Sci. 42(10), 1072-1083.

TZUR, I., and R.G. ROBLE, 1985: The interaction of
a dipolar thunderstorm with its global electri-
cal environment. J. Geophys. Res. 90(D4), 5989-
5999.

.--- , -- , and J.C. ADAMS, 1985: Atmospheric
electric field and current configurations in
the vicinity of mountains. J. Geophys. Res.
90(D4), 5979-5988.

Other Publications

CALVERT, J.G., A.C. DELANY, and E.A. MARTELL, 1985:
Comment: Evidence for short SO2 lifetimes in
the atmosphere; An in-situ measurement of atmo-
spheric SO2 lifetime using cosmic ray produced
sulphur-38. Atmos. Environ. 19(7), 1205-1213.

ACID DEPOSITION MODELING PROJECT

Refereed Publications

MIDDLETON, P., 1985: Chemical data requirements for
the NCAR Regional Acid Deposition Model. In
Proc. Air Pollution Control Association Annual
Meeting, Detroit, Mich., 17-21 June. Air Pollu-
tion Control Association, Pittsburgh, Pa.

NCAR ACID DEPOSITION MODELING PROJECT, 1985: The
NCAR Euterian Regional Acid Deposition Model.
Technical Note NCAR/TN-256+STR, NCAR, Boulder,
Colo., 178 pp.

*NIEUWSTADT, F.T.M., and R.A. BROST, in press: The
decay of convective turbulence. J. Atmos. Sci.

STOCKWELL, W.R., 1985: Comparison of chemical mech-
anisms for regional acid deposition modeling.
In Proc. Air Pollution Control Association An-
nual Meeting, Detroit, Mich., 17-21 June. Air
Pollution Control Association, Pittsburgh, Pa.

----- , in press: A homogeneous gas phase mechanism
for use in a regional acid deposition model.
Atmos. Environ.

WALCEK, C.J., R.A. BROST, J.S. CHANG, and *M.L.
WESELY, in press: SO2, sulfate and HNO1 deposi-
tion velocities computed using regional land
use and meteorological data. Atmos. Environ.

----- and *G.R. TAYLOR, in press: A theoretical
method for computing vertical distributions of
acidity and sulfate production within cumulus
clouds. J. Atmos. Sci.

Other Publications

BROST, R.A., and *F.T.M. NIEUWSTADT, 1985:
Large-eddy simulation of convective turbulence
decay. In Preprint Vol., Seventh Symposium on
Turbulence and Diffusion, Boulder, Colo., 12-
15 November. AMS, Boston, Mass., 342-344.

243



PUBLICATIONS
244

*NIEUWSTADT, F.T.M., R.A. BROST, and *T.L. van
STIJN, in press: Decay of convective turbu-
lence: A large eddy simulation. In Proc. Euro-
mech, Munich, F.R.G., 30 September-1 October.
AMS, Boston, Mass.

HIGH ALTITUDE OBSERVATORY

Refereed Publications

ATHAY, R.G., 1985: Are EUV bursts members of the
flare family? Sol. Phys. 93, 123-131.

----- , in press: The chromosphere and transition
region--Current status and future directions of
models. Sol. Phys.

-- , 1985: The origin of spicules and heating of
the lower transition region. Astrophys. J. 287,
412-417.

, *H.P. JONES, and *H. ZIRIN, in press: Mag-
netic shear. III. Hale region 17255. Astro-
phys. J.

-- *----, and *----, 1985: Magnetic shear.
I. Hale region 16918. Astrophy6. J. 288, 363-
372.

*-- ----- and *----, 1985: Magnetic shear.
II. Hale region 17244. Astrophys. J. 291, 344-
355.

.--., J.A. KLIMCHUK, *H.P. JONES, and *H. ZIR-
IN, in press: Magnetic shear. IV. Hale re-
gions 16740, 16815, and 16850. Astrophys. J.

BOGDAN, T.J., 1985: Diffusive transport and in situ
coalescence of magnetic flux tubes. I: Steady
state solutions. Astrophys. J. 299, 510-516.

----- , 1985: Magnetohydrodynamic stability of an
axisymmetric, line-tied, diamagnetic plasmoid
embedded in a uniform magnetic field. Astro-
phys. J. 288, 672-678.

and *I. LERCHE, 1985: Diffusive shock accele-
ration in modified shocks. Mon. Not. R. Astron.
Soc. 212(2), 413-423.

----- and *-----, 1985: The dynamical evolution of
large-scale, two-dimensional fibril magnetic
fields. Astrophys. J. 296, 719-738.

----- and *R. SCHLICKEISER, 1985: Stochastic elec-
tron acceleration in stellar coronae. Astron.
Astrophys. 143, 23-28.

---- and *E.G. ZWEIBEL, 1985: Effect of a fibril
magnetic field on solar p-modes. Astrophys.
J. 298, 867-875.

*BORISENKOV, Y.P., *A.V. TSVETKOV, and J.A. EDDY,
1985: Combined effects of earth orbit perturba-
tions and solar activity on terrestrial insola-
tion. Part I. Sample days and annual mean val-
ues. J. Atmos. Sci. 42(9), 933-940.

BROWN, T.M., 1985: The Fourier tachometer II--An
instrument for measuring global solar velocity
fields. In Proc. Solar Seismology from Space,
Snowmass, Colo., 15 December 1984. NASA Jet
Propulsion Laboratory Publication 84-84, Pasa-
dena, Calif., 157-163.

---- , 1985: Solar rotation as a function of depth
and latitude. Nature 317, 591-594.

and P.A. GILMAN, 1984: Techniques for detec-
ting giant cells using spatially resolved solar
velocity data. Astrophys. J. 286, 804-809.

---- , B.W. MIHALAS, and *E.J. RHODES Jr., in
press: Solar waves and oscillations. In Physics
of the Sun (P.A. Sturrock, Ed.), D. Reidel,
Dordrecht, The Netherlands.

*BURLAGA, L.F., V. PIZZO, A. LAZRUS, and *P. GAZIS,
1985: Stream dynamics between 1 AU and 2 AU: A
comparison of observations and theory. J. Geo-
phys. Res. 90(A8), 7377-7388.

DAPPEN, W., and *D.O. GOUGH, in press: Progress
report on helium abundance determination. In
Seismology of the Sun and the Distant Stars
(D.O. Gough, Ed.), D. Reidel, Dordrecht, The
Netherlands.

FISHER, R.R., 1984: Coronal mass ejection events.
Adv. Space Res. 4(7), 163-174.

--- and D. SIME, 1984: Rotational characteristics
of the white light solar corona: 1965-1983.
Astrophys. J. 287, 959-968.

*FRIIS-CHRISTENSEN, E., *Y. KAMIDE, A.D. RICHMOND,
and S. MATSUSHITA, 1985: Interplanetary mag-
netic field control of high-latitude electric
fields and currents determined from Greenland
magnetometer data. J. Geophys. Res. 90(A2),
1325-1338.

*FROHLICH, C., and J.A. EDDY, 1984: Observed rela-
tion between solar luminosity and radius. Ad.v.
Space Res. 4(8), 121-124.

*GARY, D.E., *G.A. DULK, L.L. HOUSE, R. ILLING,
*W.J. WAGNER, and *D.J. McLEAN, 1985: The
type IV burst of 1980 June 29, 0233 UT: Harmon-
ic plasma emission? Astron. Astrophys. 152, 42-
50.

GILLILAND, R.L., 1985: Hydrodynamical modeling of
mass transfer from cataclysmic variable secon-
daries. Astrophys. J. 292, 522-534.

----- , 1985: The relation of chromospheric activity
to convection, rotation, and evolution off the
main sequence. Astrophys. J. 299, 286-294.

----- , in press: The relation of chromospheric ac-
tivity to convection, rotation, and pre-main-
sequence evolution. Astrophys. J.

----- , 1985: A search for nuclear-burning instabil-
ities in the sun. Astrophys. J. 290, 344-346.



PUBLICATIONS

.---- and R.R. FISHER, 1985: On the determination
of stellar rotation and differential rotation
from chromospheric activity data. Astron. Soc.
Pac. 97, 285-293.

, *E. KEMPER, and *N. SUNTZEFF, in press:
WZ Sagittae: Time-resolved spectroscopy during
quiescence. Astrophys. J.

--- and S.H. SCHNEIDER, 1984: Volcanic C02 and
solar forcing of Northern and Southern Hemi-
sphere surface air temperatures. Nature
310(5972), 38-41.

GILMAN, P.A., in press: The solar dynamo: Observa-
tions and theories of solar convection, global
circulation, and magnetic fields. In Physics of
the Sun (P.A. Sturrock, Ed.), D. Reidel, Dor-
drecht, The Netherlands.

----- , 1985: What would a dynamo theorist like to
know about the dynamics of the solar convection
zone? In Proc. Solar Seismology from Space,
Snowmass, Colo., 15 December 1984. NASA Jet
Propulsion Laboratory Publication 84-84, Pasa-
dena, Calif., 41-48.

----- and D.B. GUENTHER, 1985: Inertial oscilla-
tions in the solar convection zone. II. A cyl-
indrical model for equatorial regions. Astro-
phys. J. 296, 685-695.

and *R. HOWARD, in press; Rotation and expan-
sion within sunspot groups. Astrophys. J.

-..-- and *-----, 1985: Rotation rates of leader
and follower sunspots. Astrophys. J. 295, 233-
240.

GUENTHER, D.B., and P.A. GILMAN, 1985: Inertial
oscillations in the solar convection zone.
I. Spherical shell model. Astrophys. J. 295,
195-212.

HARRISON, R.A., *P.W. WAGGETT, *R.D. BENTLEY,
*K.J.H. PHILLIPS, *M. BRUNER, *M. DRYER, and
*G.M. SIMNETT, 1985: The X-ray signature of
solar coronal mass ejections. Sol. Phys. 97,
387-400.

*HILL, F., and G. NEWKIRK Jr., 1985: On the expec-
ted performance of a solar oscillation network.
Sol. Phys. 95, 201-219.

HOLZER, T.E., and K.B. MacGREGOR, 1985: Mass loss
mechanisms for cool, low-gravity stars. In Mass
Loss from Red Giants (M. Morris and B. Zucker-
man, Eds.), D. Reidel, Dordrecht, The Nether-
lands, 229-255.

HUNDHAUSEN, A.J., 1985: Collisionless shocks in the
heliosphere: A tutorial review. In Geophysical
Monograph 34, American Geophysical Union, Wash-
ington, D.C., 37-58.

.---., in press: Some macroscopic properties of
shocks in the heliosphere. In Proc. Conference
on Collisionless Shocks in the Heliosphere,
Napa Valley, Calif., 20-24 February 1984.

ILLING, R.M.E., and A.J. HUNDHAUSEN, 1985: Obser-
vation of a coronal transient from 1.2 to 6 so-
lar radii. J. Ceophys. Res. 90(A1), 275-282.

*JACKSON, B.V., *R.A. HOWARD, *N.R. SHEELEY Jr.,
*D.J. MICHELS, *M.J. KOOMEN, and R.M.E. ILLING,
1985: Helios spacecraft and earth perspective
observations of three looplike solar mass ejec-
tion transients. J. Geophys. Res. 90(A6), 5075-
5081.

*JOSEPH, C.L., *T.P. SNOW Jr., and C. MORROW, 1985:
Calcium depletion toward moderately reddened
stars. Astrophys. J. 296, 213-217.

*LEER, E., and T.E. HOLZER, 1985: Solar wind and
coronal holes. In Proc. ESA Workshop, Future
Missions in Solar, Heliospheric and Space Plas-
ma Physics, Garmisch-Partenkirchen, F.R.G.,
30 April-3 May. ESA SP-235, European Space
Agency, Paris, France, 3-9.

LITES, B.W., in press: Photoelectric observa
tions of chromospheric sunspot oscillations.
III. Spatial distribution of power and fre-
quency in umbrae. Astrophys. J.

---- , in press: Photoelectric ohservations of
chromospheric sunspot oscillations. IV. The
Ca II H line and He I 10830 A. Astrophys. J.

---- , S.L. KEIL, G.B. SCHARMER, and A.A. WYLLER,
1985: Steady flows in active regions observed
with the He I 10830 A line. Sol. Phys. 97(1),
35-49.

----- and A. SKUMANICH, 1985: The inference of vec-
tor magnetic fields from polarization measure-
ments with limited spectral resolution. In
Proc. Workshop on Measurements of Solar Vector
Magnetic Fields (M.J. Hagyard, Ed.), Hunts-
ville, Ala., 15-18 May 1984. NASA Conference
Publication 2374, NASA Scientific and Technical
Information Branch, Washington, D.C., 342-367.

----- and *J.H. THOMAS, 1985: Sunspot umbral oscil-
lations in the photosphere and low chromo-
sphere. Astrophys. J. 294, 682-688.

LOW, B.C., 1985: The axisymmetric expansion of a
rotating adiabatic gas. Astrophys. d. .96j, 44-
51.

---- , 1985: Modeling solar magnetic structures. In
Proc. Workshop on Measurements of Solar Vector
Magnetic Fields (M.J. Hagyard, Ed.), Hunts-
ville, Ala., 15-18 May 1984. NASA Conference
Publication 2374, NASA Scientific and Technical
Information Branch, Washington, D.C., 49-65.

----- , 1984: On the large-scale magnetostatic cor-
onal structures and their stability. Astrophys.
J. 286, 772-786.

, in press: Some recent developments in the
theoretical dynamics of magnetic fields. Sol.
Phys.

245



PUBLICATIONS

----- , 1985: Three-dimensional structures of mag-
netostatic atmosphere. I. Theory. Astrophys.
J. 293, 31-43.

----- and *K. TSINGANOS, in press: Steady hydro-
magnetic flows in open magnetic fields. I. A
class of analytic solutions. Astrophys. J.

MacQUEEN, R.M., 1985: Coronal mass ejections: Ac-
celeration and surface associations. Sol.
Phys. 96, 359-361.

and *D.M. COLE, in press: Broadening of loop-
like solar coronal transients. Astrophys. J.

-----, A.J. HUNDHAUSEN, and *C.W. CONOVER, in
press: The propagation of coronal mass ejection
transients. J. Geophys. Res.

MIGLIUOLO, S., 1985: Lower hybrid waves in finite-5
plasmas, destabilized by electron beams.
J. Geophys. Res. 90(A1), 377-385.

---- , 1985: Velocity shear instabilities in the
anisotropic solar wind. In Unstable Current
Systems and Plasma Instabilities in Astrophys-
ics, International Astronomical Union Symposium
No. 107 (M.R. Kundu and G.D. Holman, Eds.),
D. Reidel, Boston, Mass., 371-374.

MIHALAS, B.W., J. CHRISTENSEN-DALSGAARD, and T.W.
BROWN, 1984: Analysis and interpretation of
synthetic time strings of oscillation data. In
Proc. Solar Seismology from Space, Snowmass,
Colo., 15 December 1984. NASA Jet Propulsion
Laboratory -Publication 84-84, Pasadena, Calif.,
279-292.

MIHALAS, D., 1985: The computation of radiation
transport using Feautrier variables. I. Static
media. J. Comput. Phys. 57, 1-25.

MUNRO, R.H., and D.G. SIME, 1985: White-light cor-
onal transients observed from Skylab May 1973
to February 1974: A classification by apparent
morphology. Sol. Phys. 97(1), 191-201.

NEWKIRK, G. Jr., 1984: What accelerator mass spec-
trometry can do for solar physics. Nucl. In-
strum. Methods Phys. Res. BS, 404-410.

-- ,- *J. ASBRIDGE, *J.A. LOCKWOOD, *M. GARCIA-
MUNOZ, and *J.A. SIMPSON, in press: Variation
of cosmic rays and solar wind properties with
respect to the helliospheric current sheet.
II: Rigidity dependence of the latitude gradi-
ent of cosmic rays at 1 AU. J. Geophys. Res.

-and *L.A. FISK, 1985: Variation of cosmic
rays and solar wind properties with respect to
the heliospheric current sheet. I. Five-GeV
protons and solar wind speed. J. Geophys. Res.
90(A4), 3391-3414.

*OSHEROVICH, V.A., *E.B. GLINER, I. TZUR, and *M.L.
KUHN, 1985; The magnetic and thermodynamical
structure of a coronal hole. Sol. Phys. 97,
251-266.

PIZZO, V.J., in press: Interplanetary shocks on the
large scale--A retrospective on the last dec-
ade's theoretical efforts. In Proc. Conference
on Collisionless Shocks in the Heliosphere,
Napa Valley, Calif., 20-24 February 1984.

----- , in press: Numerical solution of the magneto-
static equations for thick flux tubes, with
application to sunspots, pores, and related
structures. Astrophys. J.

PNEUMAN, G.W., 1984: Evolution of rising helical
prominences in a nonuniform atmosphere. Sol.
Phys. 94(2), 299-313.

----- , 1984; The "melon-seed" mechanism and coronal
transients. Sol. Phys. 94(2), 387-411.

----- and P.J. CARGILL, 1985: Evolution of diamag-
netic material in a nonuniform magnetic field.
Astrophys. J. 288, 653-664.

QUERFELD, C.W., *R.N. SMARTT, *V. BOMMIER, *E.L.
DEGL'INNOCENTI, and L.L. HOUSE, 1985: Vector
magnetic fields in prominences. II: He I Ds
Stokes profiles analysis for two quiescent
prominences. Sol. Phys. 96, 1277-292.

ROBLE, R.G., B.A. EMERY, and *E.C. RIDLEY, in
press: Ionospheric and thermospherit response
over Millstone Hill to the 30 May 1984 annular
solar eclipse. J. Geophys. Res.

ST. CYR, O.C., and *S.B. ST. CYR, in press: Archi-
val period study of the eclipsing binary KT Hy-
drae. Astron. J.

SAWYER, C., 1985: Sensitivity and stability of glo-
bal climate models. Icarus 57, 135-139.

SCHARMER, G.B., and *M1. CARLSSON, 1985: A new ap-
proach to multi-level non-LTE radiative trans-
fer problems. J. Corput. Phys. 59(1), 56-80.

SIME, D.G., 1985: The corona and interplanetary
medium during the solar cycle. In Proc. ESA
Workshop, Future Missions in Solar, Helio-
spheric and Space Plasmr Physics, Garmisch-
Partenkirchen, F.R.G., 30 April-3 May.
ESA SP-235, European Space Agency, Paris,
France, 23-26.

----- , in press: Coronal transients at high helio-
graphic latitudes. In The Sun and the Helio-
sphere in Three Dimensions (R.G. Marsden, Ed.),
D. Reidel, Dordrecht, The Netherlands.

----- , in press: The structure and rotation of the
solar corona: Implications for the heliosphere.
In The Sun and the Heliosphere in Three Dimen-
sions (R.G. Marsden, Ed.), D. Reidel, Dor-
drecht, The Netherlands.

----- , R.M. MacQUEEN, and A.J. HUNDHAUSEN, 1985:
Reply. J. Ceophys. Res. 90(A1), 563-564.

246



PUBLICATIONS

--, K.A. ROCK, and R.R. FISHER, 1984: Stability
of an uncooled Reticon detector system at Mauna
Loa Solar Observatory: A simple calibration
scheme. Am. Astron. Soc. Photo Bull. 37, 10-12.

SKUMANICH, A., in press: Evidence for a common mag-
netic driver for flares and quiescent coronae/
chromospheres. Aust. J. Phys.

--- and B.W. LITES, 1985: The effect of line
damping, magneto-optics and parasitic light on
the derivation of sunspot vector magnetic
fields. In Proc. Workshop on Measurements of
Solar Vector Magnetic Fields (M.J. Hagyard,
Ed.), Huntsville, Ala., 15-18 May 1984. NASA
Conference Publication 2374, NASA Scientific
and Technical Information Branch, Washington,
D.C., 341.

----- and -----, 1985: Radiative transfer diagnos-
tics: Understanding multi-level transfer calcu-
lations. In Progress in Stellar Spectral Line
Formation Theory (J.E. Beckman and L. Crivel-
lari, Eds.), D. Reidel, Dordrecht, The Nether-
lands, 175-187.

.-- , *D.E. REES, and B.W. LITES, 1985: Least
squares inversion of Stokes profiles in the
presence of velocity gradients. In Proc. Work-
shop on Measurements of Solar Vector Magnetic
Fields (M.J. Hagyard, Ed.), Huntsville, Ala.,
15-18 May 1984. NASA Conference
Publication 2374, NASA Scientific and Technical
Information Branch, Washington, D.C., 306-321.

STEINOLFSON, R.S., 1984: Type II radio emission in
coronal transients. Sol. Phys. 94, 193-202.

WATSON, D.K., 1985: High Altitude Observatory,
National Center for Atmospheric Research, Boul-
der, Colorado. Bull. Astron. Soc. 17(1), 191-
201.

*WEBB, G.M., T.J. BOGDAN, *M.A. LEE, and
*I. LERCHE, 1985: Momentum-dependent diffusive
particle acceleration in modified shock fronts.
Mon. Not. R. Astron. Soc. 215, 341-352.

*WINKLER, K.A., D. MIHALAS, and *M.L. NORMAN, 1985:
Adaptive-grid methods with asymmetric time-
filtering. Comput. Phys. Commun. 36, 121-140.

*WITHBROE, G.L., *J.L. KOHL, *H. WEISER, and R.H.
MUNRO, 1985: Coronal temperatures, heating, and
energy flow in a polar region of the sun at
solar maximum. Astrophys. J. 297, 324-337.

*YOUNG, R., A. SKUMANICH, and *E. HARLAN, 1984:
Rapid rotation and Ha emission anomalies among
some members of the population of low-mass
stars. Astrophys. J. 282, 683.

Other Publications

FISHER, R., C. GARCIA, *E. LUNDIN, P. SEAGRAVES,
D. SIME, and K. ROCK, 1985: The White Light

Solar Corona: An Atlas of 1984 K-coronameter
Synoptic Charts, December 1983-January 1985.
Technical Note NCAR/TN-246+STR, NCAR, Boulder,
Colo., 72 pp.

LITES, B.W., and A. SKUMANICH, 1985: Description
and Operation of CHISQMO, INVRTS, VOIGEN,
VOIGTV, SMEAR, RUFF, and POSCAR in the Stokes
Analysis Program. NCAR Technical Note NCAR/TN-
248+IA, NCAR, Boulder, Colo., 21 pp.

MacQUEEN, R.M., in press: Coronal magnetic fields--
A minisurvey. In Proc. 19th ESLAB Symposium
(K.-P. Wenzel and R.G. Marsden, Eds.), European
Space Research and Technology Center, Nordwijk,
The Netherlands.

PERRY, R.M., 1985: Reconstructing a Function by
Circular Harmonic Analysis of Its Radon Trans-
form. Technical Note NCAR/TN-255+STR, NCAR,
Boulder, Colo., 21 pp.

RICHMOND, A.D., 1985: Review of Atmospheric Elec-
trodynamics, by H. Volland. Science 2£8, 572-
573.

SIME, D.G., R.R. FISHER, and *R.C. ALTROCK, 1985:
Solar Coronal White Light, Fe X, Fe XIV and
Ca XV Observations during 1984: An Atlas of
Synoptic Charts. Technical Note NCAR/TN-
251+STR, NCAR, Boulder, Colo., 71 pp.

ADVANCED STUDY PROGRAM

Refereed Publications

*ADAMS, R.M., *T.D. CROCKER, and R.W. KATZ, 1984:
Assessing the adequacy of natural science in-
formation: A Bayesian approach. Rev. Econ.
Stat. LXVI, 568-575.

BERGER, M.A., 1985: The structure and stability
of constant-a force-free fields. Astrophys. J.
(Supplement Series) 59, 433.

-, in press: Topological invariants of field
lines rooted to planes. Geophys. Astrophys.
Fluid Dyn.

BOUGHER, S.W., R.E. DICKINSON, and R.G. ROBLE,
1985: Calculations of the global mean tempera-
ture structure of the thermospheres of Venus
and Mars: A comparison. Eos 66(18), 323.

BRETHERTON, C.S., 1985: A simplified theory of
double diffusive convection in variable gradi-
ents. In Proc. American Society of Mechanical
Engineers Symposium on Double-Diffusive Motions
(N.E. Bixler and E. Spiegel, Eds.), SED-
Vol. 24, American Society of Mechanical Engin-
eers, New York, N.Y., 1-8.

BROWN, B.G., R.W. KATZ, and *A.H. MURPHY, 1985:
Exploratory analysis of precipitation events
with implications for stochastic modeling.
J. Clim. Appl. Meteorol. 24, 57-67.

247



PUBLICATIONS

*CHU, P.-S., and R.W. KATZ, 1985: Modeling and
forecasting the Southern Oscillation: A time-
domain approach. Mon. Weather Rev. 113(11),
1876-1888.

CHYLEK, P., V. RAMASWAMY, and R. CHENG, 1984:
Effect of graphitic carbon on the albedo of
clouds. J. Atmos. Sci. 41, 3076-3084.

COVEY, C., S.L. THOMPSON, and S.H. SCHNEIDER, 1985:
"Nuclear Winter": A diagnosis of atmospheric
general circulation model simulations. J. Geo-
phys. Res. 90, 5615-5628.

*CUNNING, J.B., and M. DeMARIA, in press: An inves-
tigation of the development of cumulonimbus
systems over South Florida. Part I: Boundary
layer interactions. Mon. Weather Rev.

*a---, *H.W. POOR, and M. DeMaria, in press: An
investigation of the development of cumulonim-
bus systems over South Florida. Part II: In-
cloud structure. Mon. Weather Rev.

DeMARIA, M., 1985: Linear response of a stratified
tropical atmosphere to convective forcing.
J. Atmos. Sci. 42(18), 1944-1959.

---- , 1985: Tropical cyclone motion in a nondiver-
gent barotropic model. Mon. Weather Rev.
113(7), 1200-1210.

- - and *W.H. SCHUBERT, 1985: Axisymmetric, prim-
itive equation, spectral tropical cyclone
model. Part II. Normal mode initialization.
J. Atmos. Sci. 42(12), 1225-1236.

DENNIS, R.L., and M.W. DOWNTON, 1984: Evaluation of
urban photochemical models for regulatory use.
Atmos. Environ. 18(10), 2055-2069.

., --- , and P. MIDDLETON, 1984: Policy-making
and the role of simplified models: An air qual-
ity planning example. EcoZ. Modelling 25(1,2),
1-30.

DONNER, L.J., and *H.-L. KUO, 1984: Radiative forc-
ing of stationary planetary waves. J. Atmos.
Sci. 41(19), 2849-2868.

DOWNTON, M.W., and R.L. DENNIS, 1985: Evaluation of
urban air quality models for regulatory use:
Refinement of an approach. J. CLim. Appl. Mete-
orol. 24, 161-173.

FIEDLER, B.H., 1985: Mesoscale cellular convection:
Is it convection? Tellus 37A, 163-175.

-..-- and C.-H. MOENG, 1985; A practical integral
closure model for mean vertical transport of a
scalar in a convective boundary layer. J. At-
mos. Sci. 42, 359-363.

GLANTZ, M.H., 1986: Man, state, and fisheries man-
agement: The case of Peru's anchoveta fishery.
Ocean Development and International Law
17(1/2).

----- and R.W. KATZ, in press: Drought as a con-
straint to development in sub-Saharan Africa.
Ambio.

----- and M.E. KRENZ, in press: Societal con-
straints to fisheries management: A Peruvian
case study. In Natural Resources and People
(K. Dahlberg and J. Bennett, Eds.), Westview
Press, Boulder, Colo.

----- and *N. ORLOVSKY, in press: Desertification:
Anatomy of a complex environmental process. In
Natural Resources and People (K. Dahlberg and
J. Bennett, Eds.), Westview Press, Boulder,
Colo.

----- and ----- , 1986: Desertification: A review of
the concept. In Natural Resources and People
( K. Dahlberg and J. Bennett, Eds.), Ross Pub-
lishing Company, Stroudsburg, Pa.

---- , J. ROBINSON, and M.E. KRENZ, 1985: Recent
assessments. In Climate Impact Assessment,
SCOPE 27 (R.W. Kates, J.H. Ausubel, and M. Ber-
berian, Eds.), John Wiley and Sons, Chichester,
England, 565-598.

GLINSKI, R.J., E.A. MISHALANIE, and *J.W. BIRKS, in
press: Selenoformaldehyde phosphorescence ob-
served in the reaction of molecular fluorine
with dimethyl diselenide. J. Am. Chem.
Soc. 108.

HARVEY, L.D.D., and S.H. SCHNEIDER, 1985: Transient
climate response to external forcing on 10-10
year time scales. Part I: Experiments with glo-
bally averaged, coupled, atmosphere and ocean
energy balance models. Je. Geophys. Hes. 90,
2191-2205.

and ----- , 1985: Transient climate response
to external forcing on 100-103 year time
scales. Part II: Sensitivity experiments with a
seasonal, hemispherically averaged coupled at-
mosphere, land, and ocean energy balance model.
J. Geophys. Res. 90, 2207-2222.

KATZ, R.W., 1985: Probabilistic models. In Proba-
bility, Statistics, and Decision Making in the
Atmospheric Sciences (A.H. Murphy and R.W.
Katz, Eds.), Westview Press, Boulder, Colo.,
261-288.

-and M.H. GLANTZ, in press: Anatomy of a rain-
fall index. Mon. Weather Rev.

KELLOGG, W.W., 1985: Meeting review: Symposium on
interdependence of clouds, radiation, trace
substances, and climate, 22-26 August 1983,
Hamburg, F.R.G. Bull. Am. Meteorol. Soc.
65(10).

---- and *P.F. TWITCHELL, in press: Summary of the
workshop on arctic lows: 9-10 May, 1985, Boul-
der, Colorado. Bull. Am. Meteorol. Soc.

248



PUBLICATIONS

LING, X., and *J. LONDON, in press: The quasi-
-biennial oscillation of ozone in the tropical
middle stratosphere: A one-dimensional model.
J. Atmos. Sci.

LORENZ, E.N., 1984: The local structure of a cha-
otic attractor in four dimensions. Physica 13D,
190-104.

----- , 1984: A very narrow spectral band. J. Stat.
Phys. 36, 1-14.

MEARNS, L.O., R.W. KATZ, and S.H. SCHNEIDER, 1984:
Extreme high temperature events: Changes in
their probabilities with changes in mean tem-
perature. J. Clim. Appl. Meteorol. 23(12),
1601-1613.

---, -----, and -----, 1985: Reply to comments on
"Extreme high temperature events: Changes in
their probabilities with changes in mean tem-
perature." J. Ctim. Appl. Meteorol. 24, 1280.

MIDDLETON, P., T.R. STEWART, and *J. LEARY, 1985:
On the use of human judgment and physical/chem-
ical measurements in visual air quality manage-
ment. J. Air Pollut. Control Assoc. 35(1), 11-
18.

MORCRETTE, J.J., and *P.Y. DESCHAMPS, 1985: Down-
ward long-wave radiation at the surface: Com-
parisons of measured, satellite-derived and
calculated fluxes. In Proc. Conference on
Parameterization of Land-Surface Characteris-
tics: Use of Data in Climate Studies and First
Results of ISLSCP, Rome, Italy, 2-6 December.
European Space Agency, Dordrecht, The Nether-
lands.

----- and *Y. FOUQUART, in press: On the overlap-
ping of cloud layers in shortwave radiation
parameterizations. J. Atmos. Sci.

. and *-----, 1985: On systematic errors in
parameterized calculations of the longwave ra-
diation transfer. Q.J.R. Meteorol. Soc. III,
691-708.

-..-- and *J.-F. GELEYN, 1985: On the influence of
different radiation parameterizations on model
generated radiation fields. Q.J.R. Meteorol.
Soc. 111, 565-585.

*MURPHY, A.H., and R.W. KATZ, Eds., 1985: Probabil-
ity, Statistics, and Decision Making in the
Atmospheric Sciences. Westview Press, Boulder,
Colo., 547 pp.

*---- -----, *R.L. WINKLER, and *W.-R. HSU, 1985:
Repetitive decision making and the value of
forecasts in the cost-loss ratio situation: A
dynamic model. Mon. Weather Rev. 113, 801-813.

NUSS, W., in press: Observations of a mountain tor-
nado. Mon. Weather Rev. 113.

O'NEILL, K., 1984: Equatorial velocity profiles.
Part I: Meridional component. J. Phys. aceain-
ogr. 14(12), 1829-1841.

----- and *J.R. LUYTEN, 1984: Equatorial velocity
profiles. Part II: Zonal components. J . Phyc.
Oceanogr. 14(12), 1842-1852.

RAMASWAMY, V., and J.T. KIEHL, 1985: Sensitivities
of the radiative forcing due to large loadings
of smoke and dust aerosols. J. Geophys. Res.
90(C6), 5597-5613.

RANDEL, W.J., and J.L. STANFORD, 1986: Wave-mean
flow vacillations in the Southern Hemisphere
troposphere during FGGE. In Preprint Vol., Na-
tional Conference on the Scientific Results of
FGGE, Miami, Fla., 14-17 January. AMS, Boston,
Mass., 248-251.

RASMUSSEN, R.M., and A.J. HEYMSFIELD, 1985: A gen-
eralized form for impact velocities used to
determine graupel accretional densities. J. At-
mos. Sci. 42(21), 2275-2279.

---- , C. WALCEK, *H.R. PRUPPACHER, *S.K. MITRA,
*J. LEW, *V. LEVIZZANI, *P.K. WANG, and
*U. BARTH, 1985: A wind tunnel investigation of
the effect of an external, vertical, electric
field on the shape of electrically uncharged
rain drops. J. Atmos. Sci. 42, 1647-1652.

ROBERTS, W.O., 1985: How does the greenhouse effect
work? J. For., March.

SCHNEIDER, S.H., and S.L. THOMPSON, 1985: Future
changes in the global atmosphere. In The Global
Possible: Resources, Development and the Nev
Century (R. Repetto, Ed.), Yale University
Press, New Haven, Conn., 397-430.

---- , -, and E.J. BARRON, 1985: Mid-Cretaceous
continental surface temperatures: Are high CO2
concentrations needed to simulate above-
freezing winter conditions? In The Carbon Cycle
and Atmospheric CO2 : Natural Variations Archaen
to Present (E. Sundquist and W. Broecker,
Eds.), Geophysical Monograph Series, Vol. 32,
AGU, Washington, D.C., 554-559.

*SCHUBERT, W.H., and M. DeMARIA, 1985: Axisymmet-
ric, primitive equation, spectral tropical cy-
clone model. Part I: Formulation. J. Atmos.
Sci. 42(12), 1213-1224.

SMITH, A.K., 1985: Wave transience and wave-mean
flow interaction caused by the interference of
stationary and traveling waves. J7. Atmos. Sci.
42(6), 529-535.

----. and P.L. BAILEY, 1985: Comparison of horizon-
tal winds from the LIMS satellite instrument
with rocket measurements. J. Geophys. Res.
90(D2), 3897-3901.

----- and *L.V. LYJAK, 1985: An observational esti-
mate of gravity wave drag from the momentum
balance in the middle atmosphere. J. Ceophys.
Res. 90(D1), 2233-2241.

249



PUBLICATIONS

STEWART, T.R., and M.H. GLANTZ, 1985: Expert judg-
ment and climate forecasting: A methodological
critique of "Climate Change to the Year 2000."
Climatic Change 7(2), 159-183.

-- and T.M. LESCHINE, in press: Judgment and
analysis in oil spill risk assessment. Risk
Analysis.

- , P. MIDDLETON, M. DOWNTON, and D. ELY, 1985:
Judgments of photographs vs. field observations
in studies of perception and judgment of the
visual environment. J. Environ. Psychol. 4,
283-302.

STOKER, C.R., and C.W. HORD, in press: Vertical
cloud structure of Jupiter's equatorial plumes.
Icarus.

TAYLOR, J.G., and *R.W. MUTCH, in press: Fire in
wilderness: Public knowledge, acceptance, and
perceptions. In Proc. National Wilderness Re-
search Conference, Ft. Collins, Colo., 23-
26 July. Forest Service, U.S. Department of
Agriculture, Washington, D.C.

THOMPSON, S.L., 1985: Global interactive transport
simulations of nuclear war smoke. Nature 317,
35-39.

WEINHEIMER, A.J., in press: The electro-optical
Kerr effect in the atmosphere. J. Atmos. Ocean-
ic Technol.

---., 1985: Mathematical note on the Kerr effect.
J. Opt. Soc. Am. A2, 1379-1381.

-..-- and *A.A. FEW, 1985: The application of po-
tential flow theory to the rotational dynamics
of spheroids, disks, and cylinders. J. Geophys.
Res. 90(D5), 8093-8101.

*WILHITE, D.A., and M.H. GLANTZ, 1985: Understand-
ing the drought phenomenon: The role of defini-
tions. Water Internat. 10, 111-120.

Other Publications

BAUM, B.A., 1985: Nonuniform Shear Flow Effects on
TayZor Instability: Application to Rhyolitic
Lava Flows. Cooperative Thesis NCAR/CT-92,
NCAR, Boulder, Colo., 123 pp.

BOSTON, P.J., 1985: Nitrogen Budget of Alpine and
Aeolian Rocky Mountain Sites. Cooperative The-
sis NCAR/CT-90, NCAR, Boulder, Colo., 196 pp.

BOUGHER, S.W., 1985: Venus Thermospheric Circula-
tion. Cooperative Thesis NCAR/CT-84, NCAR,
Boulder, Colo., 254 pp.

BROWN, B.G., R.W. KATZ, and *A.H. MURPHY, 1985: A
case study of the economic value of seasonal
precipitation forecasts in the fallowing/plant-
ing problem. In Preprint Vol., Ninth AMS
Conference on Probability and Statistics in
Atmospheric Sciences, Virginia Beach, Va., 9-
11 October. AMS, Boston, Mass., 219-225.

DALFES, H.N., 1985: A Study of Greenhouse Effects
Using Zero, One and 7Ito I)imensional Climate
Models. Cooperative Thesis NCAR/CT-87, NCAR,
Boulder, Colo., 55 pp.

DeMARIA, M., 1985: Sensitivity of dynamical hurri-
cane track forecasts to properties of the
large-scale flow. In Extended Abstracts, 16th
Conference on Hurricanes and Tropical Meteorol-
ogy, Houston, Tex., 14-17 May. 83-84.

FIROR, J., 1984: Interconnections and the "en-
dangered species" of the atmosphere. In Jour-
nal '84, World Resources Institute, Washington,
D.C., 16-26.

FRIEND, D.B., 1985: Winds from rotating, magnetic,
hot stars. In Proc. The Origin of Non-Radiative
Heating/Momentum in Hot Stars, Greenbelt, Md.,
5-7 June. NASA Conference Publication No. 2358,
NASA Scientific and Technical Information
Branch, Washington, D.C., 142-147.

HAURWITZ, B., 1985: Meteorology in the 20th cen-
tury: A participant's view. Bull. Am. Meteorol.
Soc. 66(3), 282-291.

JOHNSON, J.E., 1985: The Role of the Oceans in the
Atmospheric Cycle of Carbonyl Sulfide. Coopera-
tive Thesis NCAR/CT-93, NCAR, Boulder, Colo.,
137 pp.

KATZ, R.W., 1985: Properties of cross correlation
functions: Implications for teleconnections
research. In Preprint Vol., Ninth Conference on
Probability and Statistics in Atmospheric Sci-
ences, Virginia Beach, Va., 9-11 October. AMS,
Boston, Mass., 271-275.

-and M.H. GLANTZ, 1985: On the economic and
societal value of long-range weather predic-
tion. In Proc. Symposium on Current Problems of
Medium and Long Range Weather Forecasts, Buda-
pest, Hungary, 15-19 April. Hungarian Meteoro-
logical Society, Budapest, 17-20.

KO, S.D., in press: Vertical Modes and Energetics
of Gravitational and Rotational Modes in a Mul-
tilevel Global Spectral Model. Cooperative
Thesis NCAR/CT-95, NCAR, Boulder, Colo.

MIDDLETON, P., and G. MENDOZA-HERNANDEZ, in press:
Global distribution of air pollution-sensitive
agricultural areas. In Proc. World Climate Pro-
gram Technical Conference on Urban Climatology
and Its Applications with Special Regard to
Tropical Areas, Mexico City, Mexico, 26-30 No-
vember 1984. World Climate Program, WMO, Gen-
eva, Switzerland.

MULLEN, S.L., 1985: On the Maintenance of Blocking
Anti-cyclones in a General Circulation Model.
Cooperative Thesis NCAR/CT-86, NCAR, Boulder,
Colo., 260 pp.

PLATZMAN, G.W., 1985: Conversations with Bernhard
Haurwitz. Technical Note NCAR/TN-257+PROC,
NCAR, Boulder, Colo., 184 pp.

250



PUBLICATIONS

RAMASWAMY, V., 1985: Climatic implications of
cloud-aerosol radiative interaction due to in-
creasing pollution. In Preprint Vol., Third
Conference on Climate Variation, Los Angeles,
Calif., 8-11 January. AMS, Boston, Mass.

----- , 1985: Radiative interactions of strato-
spheric ozone and aerosols in the solar spec-
trum. In Atmospheric Ozone (C.S. Zerefos and
A. Ghazi, Eds.), D. Reidel, Dordrecht, The
Netherlands, 702-705.

ROBERTS, W.O., 1985: Out of an impasse through a
strait: A proposal for a research park, World
Resources Institute. Journal '85, 68-70.

----- , 1985: A weather report for the future. EPA
J. I(1 ).

ROBINSON, J.M., 1985: Global modeling and simula-
tions. In Climate Impact Assessment, SCOPE 27
(R.W. Kates, J.H. Ausubel, and M. Berberian,
Eds.), John Wiley and Sons, Chichester, Eng-
land, 469-492.

SCHNEIDER, S.H., 1985: Editorial. Climatic
Change 7, 365-366.

- , 1985: "Nuclear Winter": Its discovery and
implications. In 1985 Britannica Book of the
Year, Encyclopaedia Britannica, Chicago, Ill.,
26-33.

-, 1985: Prepared statement, fossil fuel use
and the greenhouse effect: Scientific back-
ground, policy considerations and the links to
acid rain. In Clean Coal Technologies, Hearings
before the Subcommittee on Fossil and Synthetic
Fuels of the Committee on Energy and Commerce,
U.S. House of Representatives, 99th Congress,
28 March. U.S. Government Printing Office,
Washington, D.C., 263-298.

, 1985: Prepared statement, nuclear winter:
State of science and observations on its impli-
cations. In Nuclear Winter, Joint Hearing be-
fore the Subcommittee on Natural Resources,
Agriculture Research and Environment of the
Committee on Science and Technology and the
Subcommittee on Energy and the Environment of
the Committee on Interior and Insular Affairs,
U.S. House of Representatives, 99th Congress,
14 March. U.S. Government Printing Office,
Washington, D.C., 128-149.

---., 1985: Science by consensus: The case of the
National Defense University study "Climate
Change to the Year 2000"--An editorial. Cli-
matic Change 7, 153-157.

STAMUS, P., 1985: Applications of a New Verifica-
tion Methodology for Regional-Scale Numerical
Models. Cooperative Thesis NCAR/CT-94, NCAR,
Boulder, Colo., 147 pp.

STOKER, C.R., *J.M. MOORE, *R.L. GROSSMAN, and
*P.J. BOSTON, in press: Scientific program for
a Mars base: Results of the Mars Science Work-

shop of the Case for Mars II Conference. In
Proc. Case for Mars II, Science and Technology
Series, American Astronautical Society, San
Diego, Calif.

VERSTRAETE, M.M., 1984: Review of Natural Resources
and Development in Arid Regions (E. Campos-
Lopez and R.J. Anderson, Eds.). Climatic
Change 6, 311-314.

----- , 1985: A Soil-Vegetation-Atmosphere Model for
Microclimatological Research in Arid Hegions.
Cooperative Thesis NCAR/CT-88, NCAR, Boulder,
Colo., 167 pp.

VIVEKANANDAN, J.. *V.N. BRINGI, and R.E. CARBONE,
in press: Raindrop size distribution studies in
Colorado convective rainshafts. In Preprint
Vol., 23rd Conference on Radar Meteorology,
Snowmass, Colo., 22-26 September. AMS, Boston,
Mass.

CONVECTIVE STORMS DIVISION

Refereed Publications

*ATLAS, D., and T. MATEJKA, 1985: Airborne Doppler
radar velocity measurements of precipitation
seen in ocean surface reflection. J. Geophys.
Res. 90(3), 5820-5828.

BARNES, G.M., and K. SIECKMAN, 1984: The environ-
ment of fast- and slow-moving tropical meso-
scale convective cloud lines. Mon. Weather
Rev. 112, 1782-1794.

BETTS, A.K., 1984: Boundary layer thermodynamics of
a high plains severe storm. Mon. Weather
Rev. 112, 2199-2211.

CHEN, Y.-L., 1985: Diagnosis of the net cloud mass
flux in GATE. J. Atmos. Sci. 42(16), 1757-1769.

C.A. KNIGHT, 1984: Distribution of water in hail-
stones. J. Clim. Appl. Meteorol. 23(10), 1469-
1472.

CLARK, T.L., and *W.R. PELTIER, 1984; Critical
level reflection and the resonant growth of
nonlinear mountain waves. J. Atmos. Sci. 41,
3122-3134.

DYE, J.E., and D. BAUMGARDNER, 1984: Evaluation of
the forward scattering spectrometer probe.
Part I: Electronic and optical studies. J. At-
mos. Oceanic Technol. 1(4), 329-344.

FANKHAUSER, J.C., C.J. BITER, C.G. MOHR, and R.L.
VAUGHAN, 1985: Objective analysis of constant
altitude aircraft measurements in thunderstorm
inflow regions. J. Atmos. Oceanic Technol. 2,
157-170.

HEYMSFIELD, A.J., in press: Aggregates as embryos
in seeded clouds. In Enhancement of Precipita-
tion in Seeded Clouds, AMS Monograph, AMS, Bos-
ton, Mass.

251



PUBLICATIONS

-----, in press: Cloud physics. In Encyclopedia of
PhysicaZ Science and Technology, Academic
Press, San Diego, Calif.

----- and M.R. HJELMFELT, 1984: Processes of hydro-
meteor development in Oklahoma convective
clouds. J. Atmos. Sci. 41, 2811-2835.

-- and A.G. PALMER, in press: Relationships for
deriving thunderstorm anvil ice mass for CCOPE
storm water budget estimates. J. Chem.

----- and *J.C. PFLAUM, 1985: A quantitative
assessment of the accuracy of approaches for
calculating graupel growth. J. Atmos. Sci. 42,
2264-2274.

*JORGENSEN, D.P., E.J. ZIPSER, and M.A. LeMONE,
1985: Vertical motions in intense hurricanes.
J. Atmos. Sci. 12(8), 839-856.

KING, W.D., J.E. DYE, *J.W. STRAPP, D. BAUMGARDNER,
and *D. HUFFMAN, 1985: Icing wind tunnel tests
on the CSIRO liquid water probe. J. Atmos. Oce-
anic Technol. 2(3), 340-352.

KLAASSEN, G.P., and T.L. CLARK, 1985: On the dynam-
ics of the cloud-environment interface and en-
trainment in small cumuli: Two-dimensional sim-
ulations in the absence of ambient shear.
J. Atmos. Sci. 42(23), 2621-2642.

KNIGHT, C.A., and *A.L. De VRIES, 1985: Growth
forms of large frost crystals in the Antarctic.
J. Glaciol. 31(108), 127-135.

----- and *J.G. DUMAN, in press: Inhibition of re-
crystallization of ice by insect thermal hys-
teresis proteins: A possible cryoprotective
role. J. Cryobiol.

-and *K. KNUPP, in press: Precipitation growth
trajectories in a CCOPE storm. J. Atmos. Sci.

KNIGHT, N.C., 1984: Investigation of the density,
fall velocity and internal structure of small
hail. In Proc. II International Conference on
Hailstorms and Hail Prevention, Sofia, Bul-
garia, 20-24 September 1982. Bulgarian Hydro-
meteorological Service Printing Office, Sofia,
134-138.

LECINSKI, A., J. ROSINSKI, and T.C. KERRIGAN, in
press: Mathematical technique for analyzing
drop-freezing data. J. Aerosol Sci. 17.

LeMONE, M.A., and R.J. MEITIN, 1984: Three examples
of fair-weather mesoscale boundary-layer con-
vection in the tropics. Mon. Weather Rev.
112(10), 1985-1997.

MILLER, L.J., C.G. MOHR, and A.J. WEINHEIMER, in
press: The simple rectification to Cartesian
space of folded radial velocities from Doppler
radar sampling. J. Atmos. Oceanic Technol.

data sets into a common Cartesian format for
efficient and systematic analysis. r7. Atmos.
Oceanic Technol.

PARRISH, J.L., and A.J. HEYMSFIELD, 1985: A User
Guide to a Particle-Crowth and Trajectory Model
(Using One-Dimensional and Three-Dimensional
Wind Fields). Technical Note NCAR/TN-259+IA,
NCAR, Boulder, Colo., 69 pp.

*PARUNGO, F.P., *C.T. NAGAMOTO, J. ROSINSKI, and
P.L. HAAGENSON, in press: A study of marine
aerosols over the Pacific Ocean. J. Atmos.
Chem.

*PFLAUM, J.C., and N.C. KNIGHT, 1984: New clues for
decoding hailstone structure. In Proc. r1 In-
ternationaZ Conference on Hailstorms and Hail
Prevention, Sofia, Bulgaria, 20-24 September
1982. Bulgarian Hydrometeorological Service
Printing Office, Sofia, 158.

RASMUSSEN, R.M., and A.J. HEYMSFIELD, in press:
generalized form for impact velocities used
determine graupel accretional densities. '7.

mos. Sci.

A
to
At-

ROSINSKI, J., P.L. HAAGENSON, *C.T. NAGAMOTO, and
*F. PARUNGO, 1986: Ice-forming nuclei of mari-
time origin. J. Aerosol Sci. 17(1).

SMOLARKIEWICZ, P.K., 1985: On the accuracy of the
Crowley advection scheme. Mon. Weather Rie.
113(8), 1425-1429.

SZOKE, E.J., and E.J. ZIPSER, 1985: A radar study
of convective cells in mesoscale systems in
GATE. Part 2: Life cycles of convective cells.
J. Atmos. Sci. 43, 182-197.

----, ----- , and D.P. JORGENSEN, 1985: A radar
study of convective cells in mesoscale systems
in GATE. Part 1: Vertical profile statistics
and comparison with hurricane cells. J. Atmos.
Sci. 43, 199-218.

WADE, C.G., and *T.M. ENGEL, 1985: A technique for
correcting humidity errors in mesomneteorologi-
cal data. In Proc. 1985 International Syrr)oosium
on Moisture and Humidity, Washington, D.C., 15-
18 April. Instrument Society of America, Re-
search Triangle Park, N.C., 121-131.

WARNER, J., J.F. DRAKE, and *P.R. KREHBIEL, 1985:
Determination of cloud liquid water distribu-
tion by inversion of radiometric data. J. At-
mos. Oceanic Technol. 2(3), 293-303.

----- , ----- , and J.8. SNIDER, in press: Liquid
water distribution obtained from coplanar scan-
ning radiometers. J. Atmos. Oceanic Technol.

WEINHEIMER, A.J., in press: Comment on "What Size
of Ice Crystals Causes the Halos?" J. Opt. Soc.
Am. A.

MOHR, C.G., L.J. MILLER, R.L. VAUGHAN, and H.W.
FRANK, in press: On the merger of mesoscale

252



PUBLICATIONS 253

SCIENTIFIC COMPUTING DIVISION

FANKHAUSER, J.C., 1985: Another look at the thun-
derstorm precipitation efficiency. In Preprint
Vol., 14th Conference on Severe Local Storms,
Indianapolis, Ind., 28-31 October. AMS, Boston,
Mass., J14-J17.

HEYMSFIELD, A.J., and D. BAUMGARDNER, 1985: Summary
of a workshop on processing 2-D probe data.
Bull. Am. Meteorol. Soc. 66, 437-440.

KNIGHT, C.A., *M.B. BAKER, G.M. BARNES, G.B. FOOTE,
M.A. LeMONE, and *G. VALI, 1985: Summary of a
meeting on the analysis and interpretation of
CCOPE data. Bull. Am. Meteorol. Soc. 66, 663-
667.

PALUCH, I.R., and C.A. KNIGHT, 1985: Reply. J. At-
mos. Sci. 42(7), 758.

RODI, A.R., A.J. HEYMSFIELD, and N. PRASAD, 1985:
Precipitation formation in dry ice seeded
plumes. In Proc Fourth WMO Conference on Weath-
er Modification, Vol. 1, Honolulu, Hawaii, 12-
16 August. WMO, Geneva, Switzerland, 71-76.

----, ----- , and ----- , in press: Precipitation
formation in dry ice seeded plumes. In Proc.
Fourth WMO Conference on Weather Modification,
Honolulu, Hawaii, 12-16 August. WMO, Geneva,
Switzerland.

SMOLARKIEWICZ, P.K., and T.L. CLARK, 1985: Large
eddy simulation in application to modeling a
field of cumulus clouds. In Proc. Seventh Sym-
posium on Turbulence and Diffusion, Boulder,
Colo., 12-15 November 1984. AMS, Boston, Mass.,
357-364.

SZOKE, E.J., C.K. MUELLER, J.W. WILSON, and E.J.
ZIPSER, 1985: Development of convection and
severe weather along outflow boundaries in
northeast Colorado: Diagnosing the above-
surface environment with a mobile sounding
unit. In Proc. AMS 14th Conference on Severe
Local Storms, Indianapolis, Ind., 29 October-
1 November. AMS, Boston, Mass., 386-389.

----, ----- --- , and ----- in press: Numeri-
cal simulation of the evolution of a three-
dimensional field of cumulus clouds. Part I:
Model description, comparison with observations
and sensitivity studies. J. Atmos. Sci. 42(5),
502-522.

-----, J.W. WILSON, and *J.W. BROWN, in press:
Structure of a mesoscale convergence feature in
northeast Colorado from radar and sounding
data. In Preprint Vol., 23rd Conference on Ra-
dar Meteorology, Snowmass, Colo., 22-26 Septem-
ber. AMS, Boston, Mass.

WARNER, J., J.F. DRAKE, and *J.B. SNIDER, 1985:
Liquid water distribution in clouds determined
from brightness temperature obtained from co-
planar scanning microwave radiometers. In Pre-
print Vol., WMO Fourth Scientific Conference on
Weather Modification, Honolulu, Hawaii, 12-
14 August. WMO, Geneva, Switzerland.

Refereed Publications

O'LEAR, B.T., and D.L. KITTS, 1985: Optical device
interfacing for a mass storage system. ronut. r
18(7).

SWARTZTRAUBER, P.N., 1985: Fast Poisson solvers. In
Studies in Numerical Analysis, Mathematical
Association of America, Providence, R.I.

----- , in press: Symmetric FFTs. In Mathematics of
Computation (W. Gautschi, Ed.), Mathematical
Association of America, Providence, R.I.

---- and A. KASAHARA, 1985: The vector harmonic
analysis of Laplace's tidal equations. SIA!. J7.
Sci. Stat. Comput. 6(12), 464-491.

Other Publications

FRIEDMAN, K., Ed., 1985: Digest of Papers, Seventh
IEEE Symposium on Mass Storage Systems, Tucson,
Ariz., 4-7 November. IEEE Catalog No. 85CH2211-
1, LOC No. 85-81098, IEEE Computer Society Or-
der No. 661, IEEE Computer Society Press, Wash-
ington, D.C., 99 pp.

, Ed., 1985: Proceedings of the 15th Semi-
Annual CRAY User Group Meeting, Stockholm,
Sweden, 7-9 May. NCAR, Boulder, Colo., 149 pp.

----- , Ed., 1985: Proceedings of the 14th Semi-
Annual CRAY User Group Meeting, San Francisco,
Calif., 24 October 1984. NCAR, Boulder, Colo.,
126 pp.

JENSEN, G.A., 1985: Report of the Special Interest
Group on Operations. In Proc. 15th Semi-Annual
CRAY User Group Meeting (K. Friedman, Ed.),
Stockholm, Sweden, 7-9 May. NCAR, Boulder,
Colo., 66-67.

---- , 1985: Summary reports of all operations
workshops at the meeting. In Proc. 14th Semi-
Annual CRAY User Group Meeting (K. Friedman,
Ed.), San Francisco, Calif., 24 October 1984.
NCAR, Boulder, Colo., 41-57.

McARTHUR, G.R., 1985: Final Report: 1985 NCA. Sum-
mer Supercomputing Institute. NCAR, Boulder,
Colo., 40 pp.

NICOL, R., and F. GARCIA, Eds., 1985: Proc. Fourth
Annual SCD User's Conference, Boulder, Colo.,
10-12 July. NCAR, Boulder, Colo., 15 pp.

ATMOSPHERIC TECHNOLOGY DIVISION

Refereed Publications

*AMIN, M.G., and R.M. PASSI, in press: Temporal
tracking of spectral variations. Signal Pro-
cessing.

Other Publications



PUBLICATIONS254

BAUMGARDNER, D., In press: A new technique for the
study of cloud microstructure. J. Atmos. Oce-
anic Technol.

…-, *W. STRAPP, and J.E. DYE, in press: Evalua-
tion of the forward scattering spectrometer
probe. Part II: Corrections for coincidence and
dead-time losses. J. Atmos. Oceanic Technol.

BUSINGER, J.A., and *W.J. SHAW, 1984: The response
of the marine boundary layer to mesoscale vari-
ations in sea-surface temperature. Dyn. Atmos.
Oceans 8, 267-281.

CARBONE, R.E., 1985: Notes and Correspondence: Com-
ments on "Functional fits to some observed drop
size distributions and parameterizations of
rain." J. Atmos. Sci. 42(12), 1346-1348.

-----, M.J. CARPENTER, and C.D. BURGHART, 1985:
Doppler radar sampling limitations in convec-
tive storms. J. Atmos. Oceanic Technol. 2(3),
357-361.

HERZEGH, P.H., and P.V. HOBBS, 1985: Size spectra
of ice particles in frontal clouds: Correla-
tions between spectrum shape and cloud condi-
tions. Q.J.R. Meteorol. Soc. 111, 463-477.

HILDEBRAND, P.H., and C.K. MUELLER, 1985: Evalua-
tion of meteorological airborne Doppler radar,
Part I: Dual-Doppler analyses of air motions.
J. Atmos. Oceanic Technol. 2(3), 362-380.

*HUEBERT, B.J., and D. BAUMGARDNER, 1985: Prelimin-
ary communication. Atmos. Environ. 29(5), 843-
846.

*LHERMITTE, R., and R. SERAFIN, 1984: Pulse to
pulse coherent Doppler sonar signal processing
techniques. J. Atmos. Oceanic Technol. 1(14),
293-308.

MOREL, C., and R.M. PASSI, in press: Use of adap-
tive polynomials for real time data editing.
J. Atmos. Oceanic Technol.

MUELLER, C.K., and P.H. HILDEBRAND, 1985: Evalua-
tion of meteorological airborne Doppler radar,
Part II: Triple-Doppler analyses of air mo-
tions. J. Atmoe. Oceanic Technol.

*NIEUWSTADT, F.T.M., and J.A. BUSINGER, 1984: Ra-
diative cooling near the top of a cloudy mixed
layer. Q.J.R. Meteorol. Soc. 110, 1073-1078.

PASSI, R.M., and M.J. CARPENTER, in press: Predic-
tion and frequency tracking of non-stationary
data with application to the quasi-biennial
oscillation. Mon. Weather Rev.

PIKE, J.M., in press: An advanced measurement con-
cept; The integrated sensor. J. Atmos. Oceanic
Technol.

*ROGERS, D.P., J.A. BUSINGER, and *H. CHARNOCK, in
press: A numerical investigation of the JASIN
atmospheric boundary layer. Boundary-Layer
Meteorol.

*ROTHERMEL, J., C. KESSINGER, and *D.L. DAVIS, in
press; Dual Doppler lidar measurement of winds
in the JAWS experiment. J. Atmos. Oceanic Tech-
nol.

*SHAW, W.J., and J.A. BUSINGER, 1985: Intermittency
and the organization of turbulence in the near-
neutral marine atmospheric boundary layer.
J. Atmos. Sci. 42(23), 2563-2584.

*SKIBIN, D., and J.A. BUSINGER, 1985: The vertical
extent of the log-linear wind profile under
stable stratification. Atmos. Environ. 19, 27-
30.

SPYERS-DURAN, P., and *C.D. WINANT, in press: Com-
parison of sea surface temperatures obtained
from an aircraft using remote and direct sen-
sing techniques. J. Atmos. Oceanic Technol.

SRIVASTAVA, R.C., 1985: A simple model of evapora-
tively driven downdraft: Application of micro-
burst downdraft. J. Atmos. Sci. 42(10), 1004-
1023.

*STEWART, R.E., *J.D. MARWITZ, *J.C. PACE, and R.E.
CARBONE, 1984: Characteristics through the
melting layer of stratiform clouds. J. Atmos.
Sci. 41(22), 3227-3237.

WILSON, J.W., 1985: Radar Meteorology. In 1986
Yearbook of Science and Technology, McGraw-
Hill, New York, N.Y., 369-372.

.----, in press: Tornadogenesis by nonprecipita-
tion-induced wind shear lines. Mon. Weather
Rev.

Other Publications

BARRON, R., G. GRAY, and J. LUTZ, in press: New
display/control/processing capabilities for
NCAR's radars. In Preprint Vol., 23rd Confer-
ence on Radar Meteorology, Snowmass, Colo., 22-
26 September. AMS, Boston, Mass.

BAUMGARDNER, D., 1984: The effects of airflow dis-
tortion on aircraft measurements: A workshop
summary. Bull. Am. Meteorol. Soc. 65(11), 1212-
1213.

*BEDARD, A.J. Jr., J. McCARTHY, and *T. LEFEBVRE,
1984: Statistics from the Operation of the Low-
level Wind Shear Alert System (LLWSAS) during
the Joint Airport Weather Studies (JAWS) Proj-
ect. Federal Aviation Administration, DOT/FAA/
PM-84/32, National Technical Information
Service, Springfield, Va., 76 pp.

*BRADY, R.H., J.W. WILSON, and E.J. SZOKE, in
press: Boundary layer influences on the forma-
tion of the 26 July 1985 Erie, Colorado, tor-
nado. In Preprint Vol., 23rd Conference on
Radar Meteorology, Snowmass, Colo., 22-26 Sep-
tember. AMS, Boston, Mass.



PUBLICATIONS

BUCK, A.L., 1985: The Lyman-alpha absorption hy-
grometer. In Proc. International Symposium on
Moisture and Humidity, Measurement and Control
in Science and Industry, Washington, D.C., 15-
18 April. Instrument Society of America, Re-
search Triangle Park, N.C., 411-419.

BUSINGER, J.A., 1985: The Marine Boundary Layer,
from Air-Sea Interface to Inversion. Technical
Note NCAR/TN-252+STR, NCAR, Boulder, Colo.,
84 pp.

--, 1985: Review of Large-Scale Oceanographic
Experiments and Satellites, C. Gautier and
M. Fieux, Eds. Bull. Am. Meteorol. Soc. 66(9),
1173-1174.

CARBONE, R.E., *R. STRAUCH, and *G.M. HEYMSFIELD,
in press: Simulation of wind profilers in dis-
tributed conditions. In Preprint Vol., 23rd
Conference on Radar Meteorology, Snowmass,
Colo., 22-26 September. AMS, Boston, Mass.

CARPENTER, M.J., and R.M. PASSI, 1985: Quasi-
biennial oscillation modelling using the least
mean square algorithm. In Preprint Vol., Ninth
Conference on Probability and Statistics in
Atmospheric Sciences, Virginia Beach, Va., 9-
11 October. AMS, Boston, Mass., 376-381.

*CHANG, H.P., *D.W. CAMP, *W. FROST, and J.
McCARTHY, 1985: Wind shear characterization.
Preprint Paper, 24th Aerospace Sciences Meet-
ing, Reno, Nev., 6-9 January 1986. AIAA-86-
0180, American Institute of Aeronautics and
Astronautics, New York, N.Y.

CONWAY, J.W., and P.H. HERZEGH, in press: A mor-
phology of dual-polarization radar signals. In
Preprint Vol., 23rd Conference on Radar Meteo-
rology, Snowmass, Colo., 22-26 September. AMS,
Boston, Mass.

ELMORE, K.L., in press: Evolution of a microburst
and bow-shaped echo during JAWS. In Preprint
Vol., 23rd Conference on Radar Meteorology,
Snowmass, Colo., 22-26 September. AMS, Boston,
Mass.

*FROST, W., *H-P. CHANG, K.L. ELMORE, and J. McCAR-
THY, 1985: Microburst wind shear models from
Joint Airport Weather Studies (JAWS). Federal
Aviation Administration DOT/FAA/PM-85-18, Na-
tional Technical Information Service, Spring-
field, Va., 197 pp.

----- , J. McCARTHY, *K.H. HUANG, and P. HILDE-
BRAND, 1985: Terrain-induced wind shear: Poten-
tial cause of Jetstar accident. In Preprint
Vol., Second International Conference on the
Aviation Weather System, Montreal, Quebec, Can-
ada, 19-21 June. AMS, Boston, Mass., 310-315.

FRUSH, C., P. HILDEBRAND, and C. WALTHER, in press:
The NCAR airborne Doppler radar: System design
considerations. In Preprint Vol., 23rd Confer-
ence on Radar Meteorology, Snowmass, Colo., 22-
26 September. AMS, Boston, Mass.

*GROSSMAN, R.L., and R. FRIESEN, 1985: Electra ver-
tical air motions in summer MONEX: Using the
aircraft as an air motion sensor and notifica-
tion of a data labeling error. Bull. Am. Mete-
orol. Soc. 66(6), 651-656.

*HANE, C.E., C.J. KESSINGER, and *P.S. RAY, in
press: Mechanisms for maintenance of strong
convection in the 19 May 1977 Oklahoma squall
line. In Preprint Vol., Second Conference on
Mesoscale Processes, University Park, Pa., 3-
7 June. AMS, Boston, Mass.

*-…--- ----- , and *-----, in press: Pressure and
velocity structure within the precipitating
region of a mesoscale convective system. In
Preprint Vol., 23rd Conference on Radar Meteo-
rology, Snowmass, Colo., 22-26 September. AMS,
Boston, Mass.

HERZEGH, P.H., J.W. WILSON, and D. REUM, in press:
Propagation effects in hail: Reflectivity and
velocity signatures. In Preprint Vol., 23rd
Conference on Radar Meteorology, Snowmass,
Colo., 22-26 September. AMS, Boston, Mass.

HILDEBRAND, P.H., C. WALTHER, and C. FRUSH, in
press: The NCAR Electra Doppl-r radar: Evalua-
tion of scientific needs. In Preprint Vol.,
23rd Conference on Radar Meteorology, Snowmass,
Colo., 22-26 September. AMS, Boston, Mass.

HJELMFELT, M.R., in press: Analysis of forcing
mechanisms for a JAWS microburst. In Preprint
Vol., 23rd Conference on Radar Meteorology,
Snowmass, Colo., 22-26 September. AMS, Boston,
Mass.

---- and R.D. ROBERTS, 1985: Microburst lines. In
Preprint Vol., 14th Severe Local Storms Confer-
ence, Indianapolis, Ind., 29 October-1 Novem-
ber. AMS, Boston, Mass., 297-300.

KEELER, J.R., in press: Inflatable radome design
for the NCAR CP-2 radar. In Preprint Vol., 23rd
Conference on Radar Meteorology, Snowmass,
Colo., 22-26 September. AMS, Boston, Mass.

and R.E. CARBONE, in press: Advanced signal
processing techniques for the FOF radars. In
Preprint Vol., 23rd Conference on Radar Meteo-
rology, Snowmass, Colo., 22-26 September. AMS,
Boston, Mass.

KESSINGER, C., R. ROBERTS, and K. ELMORE, in press:
A summary of microburst characteristics from
low-reflectivity storms. In Preprint Vol., 23rd
Conference on Radar Meteorology, Snowmass,
Colo., 22-26 September. AMS, Boston, Mass.

KNOWLTON, D., S. SKINNER, and C. WALTHER, 1985:
Aircraft Data System Hardware Manual. 003-
41ADS-003, Atmospheric Technology Division,
Research Aviation Facility, NCAR, Boulder,
Colo., 187 pp.

255



PUBLICATIONS256

*KROPFLI, R.A., *J.M. WILCZAK, and W.F. DABBERDT,
in press: Characteristics of terrain-forced
eddies in the marine planetary boundary layer
from Doppler radar observations and a mesoscale
numerical model. In Preprint Vol., 23rd Confer-
ence on Radar Meteorology, Snowmass, Colo., 22-
26 September. AMS, Boston, Mass.

LALLY, V.E., in press: Reference level winds from
balloon platforms. In Proc. Symposium and Work-
shop on Global Wind Measurements, Columbia,
Md., 29 July-1 August. NASA, Washington, D.C.

- -- and C. MOREL, 1985: Wind measurements using
all available LORAN stations. Wild Goose Asso-
ciation, Santa Barbara, Calif., 12 pp.

LIU, J.-L., and P.H. HERZEGH, in press: Observa-
tions of precipitation particle type by air-
craft and dual-polarization radar. In Preprint
Vol., 23rd Conference on Radar Meteorology,
Snowmass, Colo., 22-26 September. AMS, Boston,
Mass.

McCARTHY, J., and P.J. O'ROURKE, 1985: The aviation
weather forecasting task force: Assessing the
current system. In Preprint Vol., Second Inter-
national Conference on the Aviation Weather
System, Montreal, Quebec, Canada, 19-21 June.
AMS, Boston, Mass., 310-315.

and J. WILSON, 1985: The Classify, Locate,
Avoid Wind Shear (CLAWS) Project at Denver's
Stapleton International Airport: Operational
testing of terminal weather hazard warnings
with emphasis on microburst wind shear. In Pre-
print Vol., Second International Conference on
the Aviation Weather System, Montreal, Quebec,
Canada, 19-21 June. AMS, Boston, Mass., 247-
256.

.-... -- , and M. HJELMFELT, in press: Opera-
tional wind shear detection and warning: The
CLAWS experience at Denver and future objec-
tives. In Preprint Vol., 23rd Conference on
Radar Meteorology, Snowmass, Colo., 22-26 Sep-
tember. AMS, Boston, Mass.

MUELLER, C.K., and R.E. CARBONE, in press: Hydro-
dynamic structure of a thunderstorm outflow. In
Preprint Vol., 23rd Conference on Radar Meteo-
rology, Snowmass, Colo., 22-26 September. AMS,
Boston, Mass.

OYE, R., *J. CORBET, *D. CRONIN, and C. BURGHART,
in press: A graphical analysis software package
for multiple mesoscale meteorological datasets.
In Preprint Vol., 23rd Conference on Radar Me-
teorology, Snowmass, Colo., 22-26 September.
AMS, Boston, Mass.

--- and *E, MUELLER, in press: A media efficient
common logical format for radar and lidar data.
In Preprint Vol., 23rd Conference on Radar Me-
teorology, Snowmass, Colo., 22-26 September.
AMS, Boston, Mass.

PASSI, R.M., and M.J. CARPENTER, 1985: Operational
editing of large data sets. In Preprint Vol.,
Fourth Annual Spring Conference on Statistics,
Boulder, Colo., 26 April. American Statistical
Association, Washington, D.C., 44-53.

----. and C. MOREL, 1985: An adaptive data editing
algorithm with an application to hydrostatic
altitude integration. In Preprint Vol., Ninth
Conference on Probability and Statistics in
Atmospheric Sciences, Virginia Beach, Va., 9-
11 October. AMS, Boston, Mass., 231-236.

PIKE, J.M., 1985: Field calibration of humidity
instruments in the natural atmosphere. In Proc.
1985 International Symposium on Moisture and
Humidity, Measurement and Control in Science
and Industry, Washington, D.C., 15-18 April.
Instrument Society of America, Research Tri-
angle Park, N.C., 111-119.

*PRATTE, J.F., and R.J. KEELER, in press: Minimum-
detectable reflectivity of operational weather
radars. In Preprint Vol., 23rd Conference on
Radar Meteorology, Snowmass, Colo., 22-26 Sep-
tember. AMS, Boston, Mass.

RICHNER, H., 1985: The Relative Accuracy of ALPEX
Aircraft Data: An Evaluation of the ALPEX In-
tercomparison Flight with the NCAR Electra, the
NOAA P-3, and the DFVLR Falcon. Technical Note
NCAR/TN-238+STR, NCAR, Boulder, Colo., 76 pp.

ROBERTS, R.D., and J. McCARTHY, in press: Severe
wind flow of small spatial and temporal scales:
The microburst and related phenomena. In Proc.
Symposium and Workshop on Global Wind Measure-
ments, Columbia, Md., 29 July-1 August. NASA,
Washington, D.C.

-and J.W. WILSON, in press: Forecasting micro-
burst events using single Doppler radar data
from CLAWS. In Preprint Vol., 23rd Conference
on Radar Meteorology, Snowmass, Colo., 22-
26 September. AMS, Boston, Mass.

*ROTHERMEL, J., C. KESSINGER, and *D.L. DAVIS,
1985: Dual Doppler lidar measurement of winds
in the JAWS experiment. J. Atmos. Oceanic Tech-
not. 2(2), 138-147.

*SCHLATTER, T., and J. PIKE, 1985: Weather queries:
Meteorologists, tornadoes, and thermometers.
Weatherwise 38(3), 162-163.

SCHWIESOW, R.L., in press: Review of Radiometry and
the Detection of Optical Radiation, by R.W.
Boyd. Bull. Am. Meteorol. Soc.

WALTHER, C., 1985: Aircraft Data System (ADS)
User's Manual (C. Nicolaidis, Ed.). 002-41ADS-
002, Atmospheric Technology Division, Research
Aviation Facility, NCAR, Boulder, Colo., 32 pp.

--.--, C. FRUSH, and P. HILDEBRAND, in press: The
NCAR airborne Doppler radar! Overview of radar
design details. In Preprint Vol., 23rd Confer-
ence on Radar Meteorology, Snowmass, Colo., 22-
26 September. AMS, Boston, Mass.



PUBLICATIONS

WILSON, F.W., K.L. ELMORE, M.J. CARPENTER, R.J.
KEELER, and C.L. FRUSH,, in press: An adaptive,
least squares outlier detection technique ap-
plied to Doppler radar data. In Preprint Vol.,
23rd Conference on Radar Meteorology, Snowmass,
Colo., 22-26 September. AMS, Boston, Mass.

WILSON, J.W., in press: An ill wind. Nat. Hist.

--- , C. KESSINGER, R.D. ROBERTS, and J. McCARTHY,
1984: Microburet Wind Structure and Evaluation
of Doppler Radar for Wind Shear Detection. Fed-
eral Aviation Administration, DOT/FAA/PM-84/29,
National Technical Information Service, Spring-
field, Va. 37 pp.

---- and *H.P. ROESLI, 1985: Use of Doppler radar
and radar networks in mesoscale analysis and
forecasting. ESA J. 9, 125-146.

..-- and W.E. SCHREIBER, in press: Initiation of
convective storms by radar-observed boundary
layer convergent lines. In Preprint Vol., 23rd
Conference on Radar Meteorology, Snowmass,
Colo., 22-26 September. AMS, Boston, Mass.

ZRUBEK, M.N., 1985: Installation of a bleed air
heated radome/air motion sensing system on a
Beech King Air 200 aircraft. SAE Technical
Paper, Series No. 851811, Aerospace Technology
Conference and Exposition, Long Beach, Calif.,
14-17 October. Society of Automotive Engineers,
Warrendale, Pa., 5 pp.

257



NCAR Annual  Scientific Report Fiscal Year 1985 - Link Page
Previous PART0001

 


	National Center for Atmospheric ResearchAnnual Scientific ReportFiscal Year 1985
	CONTENTS
	INTRODUCTION
	ATMOSPHERIC ANALYSIS AND PREDICTION DIVISION
	Significant Accomplishments
	AAP Division Office
	Regional-Scale Numerical Modeling and Observational Studies
	Land-Surface Processes
	Modeling of Large-Scale Tropical Dynamics
	Exploitation of Parallelism in Modeling of Geophysical Flows
	Interactive Computing on the Mesa

	Mesoscale Research Section
	Severe-Storm Research
	Mesoscale Meteorology
	Turbulence Research
	Boundary-Layer Research
	Interactive Computing

	Climate Section
	Empirical Studies Group
	Cloud-Climate Interactions Group
	Global Climate Modeling Group

	Large-Scale Dynamics Section
	Atmospheric Predictability and Diagnostic - Analyses of Medium-Range Forecast Errors
	Diagnostic Analyses of FGGE Data
	Improvement in Objective Analysis and Initialization Techniques in the Tropics
	Development of CCM/CFM and Related Studies on Physical Parameterizations and Numnerical Algorithms
	Dynamical Studies of Large-Scale Circulation Systems
	Limited-Area Modeling

	Oceanography Section
	Mid-Latitude Ocean Models and Observations
	Geophysical Fluid Dynamics
	Equatorial Circulation
	Mesoscale Eddy Dynamics
	Oceanographic Field Experiments
	Ocean-Atmosphere Interaction

	STAFF AND VISITORS

	ATMOSPHERIC CHEMISTRY DIVISION
	Significant Accomplishments 
	Precipitation Chemistry, ReactiveGases, and Aerosols Section
	Reactive Gases and Particles
	Homogeneous Tropospheric Chemistry

	Atmospheric Gas Measurements Section
	Atmospheric Odd-Nitrogen
	Biosphere-Atmosphere Interactions
	In-Situ Measurements
	Chemical Modeling

	Global Observations, Modeling, andOptical Techniques Section
	Global Observations and Modeling
	Optical Techniques

	Support Section
	Mesoscale Modeling
	Tracer Studies

	Director's Office
	STAFF AND VISITORS

	HIGH ALTITUDE OBSERVATORY
	Significant Accomplishments
	Coronal/Interplanetary Physics Section
	Coronal Magnetic Structure
	Coronal Physical Properties
	Temporal Changes in the Corona
	Solar and Stellar Wind Studies

	Solar Variability and Terrestrial Interactions Section
	Observations of Solar Oscillations and Global Flows
	Modeling the Solar Global Circulation and Dynamo
	Solar Interior Composition and Thermal Physics
	The Solar Neutrino Problem
	Solar Diameter Measurements
	Stellar Variability
	Thermospheric Dynamics
	Ionospheric Dynamics and Auroral Processes
	Ionospheric Electrodynamics
	Incoherent-Scatter Radar Data-Base Project
	Global Atmospheric Electricity
	Lower Thermosphere-Mesosphere Interactions
	Venus and Mars Thermospheric Dynamics

	Solar Atmosphere and Magnetic Fields Section 
	Sunspots and Flux Tubes
	Magnetostatic Stability and Topology
	Stokes Polarimetry
	Flare Production, Prominences, and Active Regions
	Model Atmospheres
	Diagnostics

	STAFF AND VISITORS

	ADVANCED STUDY PROGRAM
	Significant Accompishment
	Visitor Program
	Graduate Research Assistantships
	Postdoctoral Fellowships

	Environmental and Societal Impacts  Group
	The Use and Value of Weather and Climate-Related Information
	Impacts of Human Activities on Climate
	Perceptions and Judgments of Climatic Factors
	Networking

	Natural Systems Group
	Nuclear Winter
	Ocean-Atmosphere Coupling
	Early Records and Earth History
	Global Change and the IGBP

	STAFF AND VISITORS

	CONVECTIVE STORMS DIVISION
	Significant Accomplishments
	Mesoscale Convective Systems
	PRE-STORM
	GALE
	Radar Scan Selection Model
	TAMEX
	STORM
	Mesoscale Convective Systems in CCOPE
	Mesoscale Convective Systems in Hurricanes

	Thunderstorm Water Budgets and Precipitation
	Moisture Budgets and Precipitation Efficiency of Convective Clouds
	Dual Polarization and Numerical Modeling
	Dual Polarization and Hailstone Shapes
	Thunderstorm Anvils: Particle Growth and Radar Reflectivity--Ice-WaterContent Relationships
	Ice and Snow Crystal Investigations
	Organization of Field Measurements and Development of Software for Data Analysis

	Thunderstorm Hydrometeor Evolution--Hail Growthand Trajectory Studies
	Particle Growth Studies in Major Hailstorms
	Hydrometeor Evolution in a Moderate Hailstorm
	Hydrometeor Evolution in a Weak Convective Storm
	Tracer Experiment
	Hail Embryos from Shedding
	Graupel Growth Studies

	Thunderstorm Electrification
	Relationship between the Development of Precipitation and EarlyElectrification in Thunderstorms

	Cumulus Cloud Systems: Cumulus-Topped Boundary Layers, Gravity Waves, and Convective Initiation  
	Evolution of an Individual Cumulonimbus and Its Interaction with theBoundary Layer
	Cooperative Experiment in Convective Initiation along Boundary Zones inThe Boundary Layer
	Communications Support
	Dynamics of Unstable Boundary Layers--Gravity Wave Interactions andConvective Initiation
	Dynamics of Unstable Boundary Layers-Thermal Forcing and ConvectiveInitiation
	The Effect of the Island of Hawaii on Cloud Formation
	Fine-Scale Structure of Fronts
	Dispersion in Complex Terrain
	Further Development of the Smolarkiewicz Advection Scheme

	Cumulus Cloud Systems: Entrainment and Mixing,Cloud Droplet Spectra, and Downdraft Initiation
	Joint Hawaii Warm Rain Project
	Turbulent Mixing and Cloud Droplet Size Spectra
	In-Situ Cloud Liquid Water Content Measurements
	Remote Cloud Liquid Water Content Measurements
	IR Temperature Sensor
	Cloud-Environment Interactions--Instability at the Cloud Boundary
	Parameterization of Warm Cloud Microphysics

	Selected Topics in Microphysics
	Ice Nucleation Studies
	Aerosol Scavenging by Clouds and Precipitation
	Scheiner's Halo
	Biological Antifreezes

	STAFF AND VISITORS

	SCIENTIFIC COMPUTING DIVISION
	Significant Accomplishments
	Figure 1:  Major NCAR Computing Systems (FY 1985)

	Organization
	Figure 2: SCD Organizational Chart FY 1985

	FY 85 Computing Support Provided
	Figure 3:  Percent Allocation of SCD Computing Resources by Area of Scientific Interest FY1985
	Table 1: FY85 Computer Support Statistics
	Table 2:CRAY-1 Use in General Accounting Units (GAUs)

	Systems Section
	Highlights in Meeting 1985 Objectives
	Large-Scale Systems Department
	Small-Scale Systems Department

	Computer Operations and Maintenance Section
	Highlights in Meeting 1985 Objectives

	User Services Section
	Highlights in Meeting 1985 Objectives
	Data Communications Group
	Information Services Group
	Table 3:List of Universities Visited1985 SCD Site Visit Program
	Multi-user Software Group
	Software and Libraries Group

	Advanced Methods Section
	Highlights in Meeting 1985 Objectives

	Data Support Section
	Highlights in Meeting 1985 Objectives

	UNIVERSITY USERS OF THESCIENTIFIC COMPUTING DIVISION COMPUTERS (FY 85)
	JOINT NCAR/UNIVERSITY USERS OF THESCIENTIFIC COMPUTING DIVISION COMPUTERS (FY 85)
	STAFF AND VISITORS

	ATMOSPHERIC TECHNOLOGY DIVISION
	Statement of Goals
	Significant Accomplishments
	Organization
	Research Aviation  Facility
	RAF Mission and Strategy
	Aircraft Fleet
	Research Highlights in FY 85
	Research and Test Project Summary for FY 85
	Table 1. Summary of RAF Aircraft Use during Fiscal Year 1985
	TABLE 2A. SUMMARY OF AIRCRAFT UTILIZATION Fiscal Year 1985 Queen Air N3060
	TABLE 2B. SUMMARY OF AIRCRAFT UTILIZATIONFiscal Year 1985Sabreliner N3070
	TABLE 2C. SUMMARY OF AIRCRAFT UTILIZATIONFiscal Year 1985King Air N312D
	TABLE 2D. SUMMARY OF AIRCRAFT UTILIZATION Fiscal Year 1985 Electra N308D
	TABLE 2E. SUMMARY OF AIRCRAFT UTILIZATIONFiscal Year 1985King Air N2UW
	Other Development Activity during FY 85
	Workshops
	Scientific and Technical Seminars
	RAF Staff

	Field Observing Facility    
	Mission and Goals of FOF
	Strategies Adopted for Current Operations
	Field Program Support Summary for FY 85
	Data Processing Support
	TABLE 3. FIELD OBSERVING FACILITY USERS. FY 85
	PAM II Base Station Development
	Immersion Sensor Development
	Radar Developments
	Research Data Support System
	Research and Technique Development Highlights
	Other Activities

	Global Atmospheric Measurements Program
	Missions and Goals of GAMP
	Activities in FY 85

	Research Applications Program
	Mission and Goals of RAP
	Research Conducted during FY85

	Design and Fabrication Services
	Missions and Goals
	Activities of the Past Year

	STAFF AND VISITORS

	ACID DEPOSITION MODELING PROJECT
	Significant Accomplishments 
	Chemistry  
	Meteorology  
	System Integration and Validation
	Engineering Models
	STAFF AND VISITORS

	PUBLICATIONS
	ATMOSPHERIC ANALYSIS AND PREDICTION DIVISION
	Refereed Publications
	Other Publications

	ATMOSPHERIC CHEMISTRY DIVISION
	Refereed Publications
	Other Publications

	ACID DEPOSITION MODELING PROJECT
	Refereed Publications
	Other Publications

	HIGH ALTITUDE OBSERVATORY
	Refereed Publications
	Other Publications

	ADVANCED STUDY PROGRAM
	Refereed Publications
	Other Publications

	CONVECTIVE STORMS DIVISION
	Refereed Publications
	Other Publications

	SCIENTIFIC COMPUTING DIVISION
	Refereed Publications
	Other Publications

	ATMOSPHERIC TECHNOLOGY DIVISION
	Refereed Publications
	Other Publications



