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INTRODUCTION

The current UCAR-NSF contract calls for an annual scientific report
"containing a scientific description of all programs conducted by NCAR
staff and NCAR visitors during the previous year." The contract pro-
vision continues, "This report will include a description of the scien-
tific problems placed in a larger context, accomplishments, and a listing
of papers published."

This document comprises the report called for, and will allow those
NSF staff members who review the next year's NCAR Program Plan (in this
case for FY 1979) to perceive the work planned for the coming year in
light of overall strategies and recent work. For each division of NCAR,
we first present a statement of strategies and objectives, followed by
a report of work carried on during the past year. In this first report,
the period is January 1977 through March 1978.

In addition, this document may be useful to colleagues in the scien-
tific community who wish to see brief summaries of the work of one or
more NCAR groups.

Integration of NCAR Activities

The nature of this report is such that the parts of NCAR's research
and facilities programs may be more visible than the forces that inte-
grate NCAR's work and make its programs uniquely useful in the university
and national atmospheric research communities.

There are a number of ways in which the integration of NCAR's pro-
grams is accomplished.

1. Cooperative research efforts are traditional for NCAR. During
the past year, major examples include the completion of data analysis
for the National Hail Research Experiment (NHRE), and participation in
a project called GAMETAG.

NHRE, which was managed by NCAR and involved more than a dozen
universities and other research groups, has yielded much scientific in-
formation on the formation and development of hailstorms. For example,
during the past year, scientists studied the entrainment of surrounding
air into severe convective storms, and showed that convective cores of
major storms are much less diluted by air entrained laterally than most
researchers had believed. This work has in turn influenced the commu-
nity's perceptions of cloud lifetimes and sizes, vertical velocities
within the cloud, and the development of precipitation; and therefore
it will contribute significantly to the refinements of cloud models.
This research result is one of several over the past few years that have
changed or refined our views on the nature of severe thunderstorms and
on how best to assess the feasibility and wisdom of cloud seeding to
influence such storms.
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Project GAMETAG (Global Atmospheric Measurements Experiment on
Tropospheric Aerosols and Gases), led by Douglas Davis of the Georgia
Institute of Technology, involves 23 investigators from NCAR and other
institutions. In the first phase of this long-term program, the NCAR
Electra aircraft was flown over wide areas extending from the Canadian
Arctic to the subpolar regions of the South Pacific, in order to survey
a broad range of gases and particles, including trace species that affect
the atmosphere's heat balance. Pioneering measurements were made of the
hydroxyl radical, an important chemical link in the atmosphere's carbon
and nitrogen cycles, and a number of surprising discoveries have already
emerged (e.g., thin layers of high ozone concentration covering large
areas in the troposphere over the midlatitude Pacific Ocean).

2. Assessments of research progress provide a focus for NCAR and
university scientists who share a specific scientific interest and who
wish to evaluate research progress in order to identify promising future
research paths. Through conferences and workshops, scientists can see
how their work fits into the national context and can perceive gaps in
the overall effort. Such exercises can be an effective way of integrat-
ing the research efforts of individual scientists while still fostering
the exercise of creativity and initiative. During the past year, there
were several major meetings of this kind.

The GATE (GARP Atlantic Tropical Experiment) Workshop was held
at NCAR during July-August 1977 and involved 150 scientists from U.S.
and foreign institutions. Its purpose was to document the research
findings that had thus far emerged from the U.S. GATE research program
and to identify the case studies and other data that most needed further
exploration to attain the objectives of GATE, particularly the objective
of understanding the effects of smaller scale tropical weather systems
on synoptic-scale circulations in the tropics.

The Skylab Workshops have brought together more than 200 scien-
tists over the past three years to explore the solar data obtained during
the Skylab missions and to identify further research potential in the
Skylab data. A monograph on the first Skylab Workshop (1975-76) on
coronal holes and high-speed solar wind streams was published in 1977,
and a second set of workshops, on solar flares, was held during 1976-77.
A second monograph is in preparation. These workshops have helped the
national solar physics community to exploit the Skylab data in ways that
have revolutionized-many of our concepts of solar processes.

The proceedings of a workshop on solar variability, held in
1976 and cosponsored by NCAR, NOAA, and NASA, were also published in
1977. This volume, The Solar Output and Its Variations, has helped
scientists at NCAR and elsewhere to plan studies of solar variability
and thereby to initiate a more comprehensive national effort to under-
stand changes in the sun and their impacts on the terrestrial atmosphere.

Two conferences were sponsored during the summer of 1977 by
the NCAR Advanced Study Program. The first, on turbulence research,
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brought together 65 participants from 32 universities and other research
groups to discuss how recent progress in the physical understanding and
mathematical representation of turbulent processes might be fitted into
a systematic analytical framework. The second workshop was called
Multidisciplinary Research Related to the Atmospheric Sciences, and it
brought together 35 participants from a broad spectrum of physical and
social sciences to discuss the impact of human activities on the environ-
ment (and vice versa) and to explore possible modes of future interdis-
ciplinary research.

A conference on acid rain brought together a dozen scientists
with interests in atmospheric chemistry who are conducting a series
of investigations to be called the Acid Precipitation Experiment (APEX).
Most research on acid rain has dealt with the composition of the pre-
cipitation itself. These scientists are making studies in which the
compounds that determine the acidity of the precipitation are measured
at various heights in the atmosphere in order to learn which are the
most common precursors of acid precipitation.

3. Collaboration and Contacts on a Smaller Scale. In addition to
cooperative research and assessment efforts like those just discussed,
NCAR is a focus for smaller scale collaborative work and informal scien-
tific contacts that enrich and stimulate the work of both NCAR scientists
and visitors. During the past year, counting only visitors at NCAR for
a month or more, scientific visitor activity amounted to more than 80
person-years. The large number of papers jointly authored by NCAR and
non-NCAR scientists is testimony to the productivity of NCAR's collab-
oration with scientists from other institutions. (A publications list
follows the report of each division.) The contacts between NCAR scien-
tists and those from a large number of U.S. and foreign institutions are
also an indication of the vitality of NCAR as an intellectual center.

NCAR Facilities

During the period covered by this report, the NCAR Atmospheric
Technology Division (ATD) passed an important milestone in its efforts
to serve the atmospheric sciences community through providing aircraft,
computer, and field observing capabilities and through development of
improved observational and data-processing techniques and systems.
During the past year, the demand for ATD services increased to the point
of greatly exceeding NCAR's capabilities in the realm of aircraft and
major field observing systems. This situation will soon also exist in
computing. The situation is difficult, but it is also testimony to
NCAR's success in fulfilling its facilities mission--that is, in pro-
viding facilities that are so widely used and so widely useful.

To attempt to alleviate the problem, NCAR has intensified its com-
munications with the Foundation staff, planners of major national pro-
grams, and individual investigators to ensure that the most effective
use is made of the resources available. ATD will continue to refine
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its systems to increase efficiency, and though general federal budget
stringencies are such that additional facility resources will be hard
to obtain, NCAR will nonetheless seek additional resources to meet
priority needs of the community.

Highlights of advances made in ATD during the past year include the
installation and impressively smooth start-up of the CRAY-1 computer;
expansion of the NCAR remote batch terminal network to 45 institutions;
further refinement of data-processing capabilities in the Aviation
Facility; an increase in programs requiring over-ocean and foreign air-
craft operations (over 40 percent of all aircraft operations); an in-
crease in capabilities of the Portable Automated Mesonet system, including
the addition of 15 remote stations and extensive successful use of the
system; completion of refinements in the NCAR dropwindsonde, 7500 of.
which are now being manufactured for use by NOAA in the GARP Global
Weather Experiment; and completion of the design of the Tropical Constant-
Level Balloon system, which involves 330 balloons and which is also an
essential element in the Global Weather Experiment.

Research Progress

In commenting briefly on the broad range of research carried out at
NCAR, two kinds of progress should be mentioned.

The first yields research results that can be recognized as major
advances in the science. Examples of such advances in this report in-
clude the successful development ofa model of the solar dynamo in which
solar rotation and periodic magnetic field reversals are reproduced and
operate in a realistic manner; the work in the Convective Storms Division,
mentioned earlier, on entrainment of air into severe convective storms;
work in the Numerical Weather Prediction Section that is leading to im-
proved ways to assimilate satellite infrared soundings into forecast
models; the development of a realistic three-dimensional model of a
cumulonimbus cloud; and the use of stratospheric chemical models to
update estimates of the effects of oxides of nitrogen on stratospheric
ozone.

The second kind of progress is less visible, because it is slower
and undramatic; yet it, too, yields advances in science. An example
is found in climate sensitivity studies, where NCAR scientists are en-
gaged in a constellation of patient efforts to examine various possible
influences on climate. Determination of some of these influences is a
problem of the greatest difficulty--e.g., the effects of cloudiness on
climate. Each such effort may involve only one or a few scientists.
But working at NCAR, where a long-term institutional commitment is
possible, they can be bolstered by a sustaining community of colleagues
here and in universities who can question, prod, and inspire each other,
and they have access to the data bases and computing capabilities re-
quired.
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Though the work of any individual can be viewed as "little" research,
it is our view that an institution like NCAR provides an essential syner-
gistic effect, not only for its resident and visiting scientists, but for
the community as a whole. This same observation can be made in many
areas of NCAR's work. This view breaks down the distinction between
"big" and "little" science and instead focuses on how individuals--resi-
dents, visitors, and university colleagues--can use NCAR as a community
in which their individual contributions can reinforce each other and
thus create a stronger, more productive overall research effort.

Francis P. Bretherton, Director
John W. Firor, Executive Director
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ATMOSPHERIC ANALYSIS AND PREDICTION DIVISION

OVERVIEW OF RESEARCH ACTIVITIES

Introduction

The research within the Atmospheric Analysis and Prediction (AAP)
Division is concerned with the dynamics of the atmosphere and ocean on
all scales. The division is composed of four sections with specific
research interests in climate, oceanography, numerical weather predic-
tion, and mesoscale phenomena, as shown in the following table of
organization:

ATMOSPHERIC ANALYSIS AND PREDICTION DIVISION (Leith)

* Climate Section (Dickinson)
Global Climate Modeling Group (Washington)
Climate Sensitivity Group (Kellogg)
Empirical Studies Group (Newton)

e Oceanography Section (Holland)
* Numerical Weather Prediction Section (Somerville)
e Mesoscale Research Section (Lilly)

In this report, we provide first an overview of the AAP research
activities, describing their general objectives and discussing their
roles within the division and the atmospheric sciences in general.
In the following sections, we provide more detailed descriptions of
research activities and plans as prepared by the staff in each section.

Climate Research

Climate research in AAP is directed toward the second objective
of NCAR and of the Global Atmospheric Research Program (GARP), i.e.,
the understanding of the dynamics of the climate system. Along with
understanding, and its intellectual rewards, it is also expected that
answers to practical predictability and prediction problems will be
found. The general importance of these problems is reflected in the
international and national plans for a World Climate Program to be
carried out in the 1980So The climate research activities in AAP are
directed toward certain feasibility questions that have arisen in the
more general planning process.

The Role of General Circulation Models in Climate Research

Some decades ago, when work first started on the development of
general circulation models, they were looked upon as a technical
challenge. Was it possible to combine all the detailed hydrodynamical
and physical laws thought to be relevant to the atmosphere into a
composite scheme using the maximum available computing power and thus
to achieve a credible simulation of observed behavior? The answer has
turned out to be generally affirmative, and in recent years a new



question has been asked. How can general circulation models be best
utilized as a research tool for understanding something about the
average behavior of the atmosphere, i.e., the climate? It was, of
course, immediately evident that the models, unlike the real atmosphere,
permitted experimental manipulation. The resulting sensitivity experi-
ments are still being carried out, and in recent years there has been
developed in AAP and elsewhere a methodology for evaluating the statis-
tical significance of such experiments.

Sampling errors are a source of only a part of the uncertainty in
determining the response of the climate to arbitrary changes in forcing
influences. The part less well estimated is that arising from the
necessarily incomplete nature of a model as a simulation of the atmos-
phere. In this regard, confidence in model experiment results is
largely subjective and based on the adequacy of the physics of the model
to describe the process being investigated and on the overall fidelity
of the model in simulating the unperturbed climate as observed.
Clearly, more direct verification of climate change experiments is
impossible unless they correspond to a response to naturally occurring
events such as seasonal cycles, sea surface temperature fluctuations,
or dust veils produced by volcanic eruptions.

An external strategy question facing all general circulation model
(GCM) research groups is the maintenance of a proper balance between
ongoing model development and the carrying out of model experiments.
Developers are never quite satisfied and tend to put off experiments
until after the next model improvement. Experimenters find their
results confused unless they use a model unchanged in its physical
structure in their series of experiments. A development program with-
out experiments is sterile; an experimental program without development
becomes obsolete. The strategy within the Global Climate Modeling
Group (GCMG) of AAP is to maintain an appropriately balanced dual
approach, with emphasis on development and experiments by the NCAR
staff in collaboration with visiting scientists from universitieso

The Role of Observational Studies in Climate Research

The study of climate is the study of the statistical properties
of the weather and can be approached by the usual methods of statistical
mechanics. Although a complete determination of the multivariate
probability distribution is as impractical for all the degrees of
freedom of the atmospheric dynamical system as it is for all the
particles in a gas, it is feasible to estimate from observations first-
and second-moment quantities. The first moments describe, of course,
the climate mean fields which have been quite fully studied. Most
single-time and single-point second-moment quantities, that is, the
variances and covariances among variables, have also been determined.
Spatial covariances have been determined to a lesser extent and only
recently have computing power and data files become adequate for the
calculation of general space-time covariance relations.
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AAP Division

It is the space-time covariance relations that describe the inter-
relations of the dynamical system in the simplest terms. From such
information it is possible to estimate the range in space and time of
responses to local perturbations as well as the predictability of the
statistical system. Although the resulting relations are linear, they
provide lowest-order estimates valid for the possible small fluctuations
from the present climate that are of greatest practical interest at
present. For the study of large perturbations for which nonlinearities
may become important, the appropriate tool is a numerical global climate
model.

Of course a partial validation of a global climate model is pro-
vided by its ability to generate the observed first- and second-moment
statistics. Of particular importance in validating the response of a
model to small perturbations is that its time-lagged second moments be
as observed.

Within the Empirical Studies Group (ESG) in recent years, much
progress has been made in the determination of spatial variations in
time-lagged second moments. Important contributions have also been
made by M. Blackmon (Advanced Study Program) and J. Wallace (University
of Washington), with whom close contacts have been maintained. It is
from these studies that a clearer picture is emerging of the inter-
relations that make up the full three-dimensional climate system, and
objective measures are emerging that differentiate, for example, storm
track regions from blocking regions. It is, of course, the under-
standing of the statistical determinants of such regional differences
that will have the greatest practical consequences.

The Role of Sensitivity Studies in Climate Research

Many practical questions about the response of the climate to man-
made influences, such as increasing C02 and aerosol amounts, reduce
finally to a determination of the sensitivity of the climate to pertur-
bations in various internal physical processes or external forcing
effects. It is indeed through sensitivity studies that the interaction
of physical and dynamical aspects of the climate system can be clari-
fied. Although these questions can be studied by empirical methods and
by the use of complete numerical global climate models, more insight
into mechanisms is obtained by the use of a hierarchy of simpler models.
Such models can be designed to investigate specific influences on, say,
the radiative properties of the atmosphere and land, sea, and ice
surfaces.

The Climate Sensitivity Group in AAP concentrates on this kind of
problem. A sizable effort within the group is the study of the response
of cloud cover and temperatures to other changing atmospheric properties.
Clouds have a dominant impact on the solar and terrestrial infrared
radiation balance of the earth, and uncertainties in the proper treat-
ment of cloud interactions is the source of the greatest uncertainty in
all climate modeling activities whatever their level of complexity.
Solution of this problem will greatly enhance confidence in all pre-
dictions of climate sensitivity and response.
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Oceanographic Research

It is generally accepted that the climate is largely dominated by
the oceans. It is now estimated, for example, that about one-half of
the heat transfer from the tropics to the polar regions required for
energy balance is effected by ocean transportso Climate response
studies have shown that small changes in surface temperature, especially
in the equatorial regions, are important. It is clear then that a
complete climate model requires the coupling of an oceanic and an atmos-
pheric general circulation model.

There are special problems arising in the design of an oceanic GCM.
The data available for verification are meager, yet it is clear that the
important scales of motion are significantly smaller than they are in
the atmosphere. The proper analysis and modeling of these oceanic meso-
scale eddies constitute a sizable effort in the relatively small
Oceanography Section of AAP. This is a necessary first step before it
is possible to have confidence in a model for individual ocean basins
or for the world ocean.

A less obvious, but even more important, role for oceanographic
research within AAP arises from the commonality of geophysical fluid
dynamical principles for the ocean and the atmosphere. Each is a rela-
tively thin fluid held by gravity to a rough rotating sphere. Geo-
strophic turbulence theory developed for atmospheric purposes is having
important oceanic applications. An idealized channel calculation of
the Antarctic Circumpolar Current is raising questions about the
assumptions in certain atmospheric climate models. And dipole solitons,
for which the theory was developed in the study of oceanic mesoscale
eddies, are likely to be more applicable to atmospheric blocking
phenomena than to any oceanic behavior.

Mesoscale dynamics studies of the ocean demand high-resolution
observations. An NCAR observational program based on the use of
relatively cheap clusters of buoys is being considered for the 1980So
A number of interesting climate-related oceanographic experiments seem
to be feasible with such arrays, especially if carried out in coor-
dination with other national and international observational programs.
The major NCAR contribution is not to be in buoy design but, rather,
in the design of sensors and the necessary satellite positioning and
communication systems.

Numerical Weather Prediction Research

In the early 1950s, when numerical weather prediction (NWP) was
in its infancy, it was considered a challenging and rewarding research
activity in a number of research institutes and academic centers around
the world. But, by the early 1960s, most of the easy progress had been
achieved and the solutions of the more complex problems were considered
the responsibility of the operational weather services. It was im-
plicitly assumed that these problems were largely of an engineering
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nature and had little bearing on the basic understanding of the dynamics
of the atmospheric system. Interest diminished in the university com-
munity also, because NWP came to require extensive data handling and
computer facilities not readily available.

Studies of the theoretical predictability of the atmosphere carried
out during the 1960s showed that potential predictive skill far exceeded
that of existing NWP methods. On the assumption that the theoretical
limit was achievable through a combination of improved observations and
improved numerical models, the GARP was initiated. The improved obser-
vations will be provided during the Global Weather Experiment (GWE) in
1979o But recent experience is indicating that numerical model develop-
ment is lagging behind the improvement in observational capability and
that the gap between theoretical and actual predictive skill is not
easily accounted for by engineering details. Indeed, there is growing
concern that there may be fundamental misconceptions about the relevant
dynamical laws for the atmosphere.

During the last decade, the atmospheric modeling group at NCAR has
been involved in many aspects of GARP and the planning for the GWE.
Specifically, many of the Observing System Simulation Experiments (OSSE)
needed for optimal design of the GWE observing system were carried out
at NCAR. As with the predictability studies, the working hypothesis
here and elsewhere in many of the OSSEs was that the models were perfect.
It was in the course of these and other studies that the flaws in the
perfect model hypothesis became clear.

Current and recent emphasis in AAP is being placed on the study of
model errors. Model intercomparison studies are showing that, in
general, many research and operational NWP models give forecasts more
similar to each other than any one is to the real atmospheric evolution.
Systematic analyses of the sensitivity of forecasts to various details
in the construction of models indicate that sources of forecast error
are horizontal resolution, the treatment of mountains, precipitation,
vertical resolution, and eddy viscous effects. But studies of the time
statistical properties of model errors indicate that they are only
weakly correlated over 12-hour intervals at a fixed location. This
implies that some of the important processes that are missing in models
act relatively rapidly and that it will be difficult to relate them to
the relatively slow evolution of most present model variables.

Present strategy in the NWP Section of AAP involves approaches to
these problems in three sizable efforts. The first deals with data
problems and is designed to assure maximum utilization of the global
data acquired during the GWE in 1979. The second deals with the
diagnosis of model errors of the sort already described. The third
deals with the development of an array of numerical models suitable
for improvement on the basis of the results of the second effort.

The rapid nature of errors and the sensitivity to model resolution
suggest that the proper description of mesoscale processes is relatively
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important. Research on these processes is carried out in the Mesoscale
Research Section (MRS) of AAP, with close cooperation between the two
sections. In particular, a pooling of experience is planned on limited-
area, high-resolution models suitable for use over data-rich regions,
such as the North American continent, in identifying important smaller
scale processes.

Errors in the evolution of the largest planetary scales have also
been identified and these must partially arise from a tendency for a
forecasting model to drift toward its own climate mean state within
about a week. The cure requires that a forecasting model also should
be a reasonably accurate climate model, and this is one reason for the
close association between the NWP and Climate Sections of AAP.

Mesoscale Research

Much of the impact of weather on human affairs is the result of
extreme fluctuations on relatively small space and time scales. These
mesoscale fluctuations, which lead to severe storms, are embedded in
the large-scale evolving flow for which numerical weather prediction
methods have been developed. But limitations in the resolution of both
the numerical models and the observing systems obscure the driving
mechanisms responsible for mesoscale weather events.

Midlatitude mesoscale processes are responsible for important
energy transfers and conversions which, in turn, influence the evolution
of larger scale motions. The understanding of this reverse-scale
interaction is also impeded by resolution difficulties. In fact, the
prediction of the motion of cyclonic disturbances is probably limited
by uncertainties in mesoscale processes.

A sizable effort being planned in the MRS of AAP is the partici-
pation in the Severe Environmental Storms and Mesoscale Experiment
(SESAME) program in the spring of 1979. This is a national program of
intensive although brief periods of observation of space scales which
range downward from those which are routinely observed. These coupled
mesoscale observational and numerical modeling studies planned by the
MRS for the SESAME periods will answer questions of importance to both
the NWP and MR Sections of AAP.

Another sizable effort within the MRS is the continuation of
research related to the GARP Atlantic Tropical Experiment (GATE). AAP
scientists were deeply involved in the planning, execution, and data
reduction phase of GATE, and now within the MRS they are engaged in
research utilizing the new data on the interaction of the boundary
layer, mesoscale disturbances, and large-scale structures in a patch
of tropical atmosphere over an ocean. Of particular value are air-
craft measurements of vertical fluxes of heat and moisture under dis-
turbed and undisturbed conditions.
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Since the atmospheric system is largely driven by the evaporation
and condensation processes in the tropical regions, it is of utmost
importance, in order to understand the general circulation of the atmos-
phere, to study these tropical air-sea interaction processes. The
use of moisture budget studies during GATE to calibrate precipitation-
related signatures of satellite-based sensors gives hope of much
improved estimates of the latent heat release in the tropical regions.

Boundary-layer research in AAP is concentrated in MRS not only in
connection with GATE research but also for midlatitudes. The past
work has involved participation in the Air Mass Transformation Experiment
(AMTEX) studying the heating from the sea surface of cold air from the
Asian continent. We shall use the new boundary-layer experimental
facility of the Boulder Atmospheric Observatory for intercomparisons
of tower and aircraft measurements of both mean and turbulence quan-
tities to determine the representativeness of the tower site.



CLIMATE SECTION

Introduction

The long-range objective of the Climate Section headed by
R. Dickinson--to understand climate trends and their causes--corresponds
to one of NCAR's major research objectives. The section is divided
into three groups concentrating on various aspects of this problem:
Climate Sensitivity Group (CSG) led by W. Kellogg, Empirical Studies
Group (ESG) led by C. Newton, and Global Climate Modeling Group (GCMG)
led by W. Washington. This grouping is only for administrative con-
venience and the scientists in the section have been collaborating to
achieve their common objective.

The primary focus of ESG is to evaluate observationally past inter-
annual climate variations on time scales of a few weeks to decades.
Through statistical tests, we determine how much of the signal may be
predictable and we put observational bounds on possible changes that
might occur through changes in external forcing.

The GCMG is primarily responsible for the development, testing, and
running of the large three-dimensional climate general circulation
models (GCMs). These models are essential tools for treating the
question of climate predictability and for assessing the human impact
on global climate. Of the several new versions of the third-generation
GCM developed or being developed for climate studies, there are essen-
tially two classes of models: (1) models treating as many physical
processes as possible to provide as realistic climatic simulations as
feasible, and (2) models simplified for use in parametric examination
of dynamic processes.

Simplified climate models are useful for investigating interactions
between clouds, radiation, atmospheric gases and aerosols, and land and
ocean surfaces. Such a study is a primary objective of the CSG. Within
this framework, a coordinated effort has been made to find a better means
of treating the interactions between clouds and radiation. Also, the
CSG works very closely with the GCMG and ESG in providing improved param-
eterizations of various physics in the GCM and in interpreting climatic
variations based on observed and simulated data by GCMs.

Development of New NCAR General Circulation Model

The Climate and Numerical Weather Prediction Sections have recently
developed and are testing a new, third-generation general circulation
model. The main emphasis was on correcting the major deficiencies of
previous NCAR GCMs. Long-term January and July experiments have Deen
completed and a seasonal (1-2 year) experiment will begin soon. The
version for climate simulation has 8 layers in the vertical, each 3 km
thick, and the horizontal resolution is 5 degrees of latitude and
longitude. The physical processes include solar and infrared radiation
(improved by Dickinson and V. Ramanathan), cloudiness, vertical and
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horizontal diffusion of momentum, sensible heat, and moisture (following
methods developed by J. Deardorff, Dickinson, and D. Williamson). A
more realistic treatment of surface hydrology and vegetation has been
incorporated by Dickinson, Washington, and R. Sato (Computing Facility)
along the lines suggested by Deardorff. This new surface-layer treat-
ment distinguishes between deserts and rain forests. Other features of
surface hydrology are the prediction of soil moisture and snow cover,
with sea ice fixed in time. Eventually, we expect to incorporate many
features of the sea ice model developed jointly by Ohio State University
and NCAR (C. Parkinson and Washington). Washington has shown that the
preliminary results of the January and July simulations are superior in
many respects to those of the previous version.

In addition to the development of a new GCM, considerable effort
has gone into formulating a methodology to describe the climate simu-
lated by the NCAR GCM from an ensemble point of view. For example,
Ro Chervin has used sets of realizations from a previous version of the
model for January and July and for 5 degree and 2.5 degree horizontal
resolutions. These constitute samples from four different climate
ensembles. In this approach, second-moment climate statistics are cal-
culated for both time and ensemble averages to obtain measures of the
model's day-to-day fluctuations and inherent variability of climatic
means. Considerable differences exist in the model's time variance
and ensemble variance as a function of both season and resolution.
For these same ensembles, Chervin computed the geographical distribution
of the characteristic time between effectively independent sample values
for many model fields.

Sensitivity of Climate System to Large-Scale Forcing

This study has a specific thrust: to look for "experiments" the
climate system has already performed--e.g., seasonal cycle, volcanic
dust veils, and Milankovitch insolation regime changes--in order to
estimate the sensitivity of the climate system to large-scale forcing.
Our motivation for this is to get some verification of model-predicted
sensitivities to perturbation from, say, C02 increase, since we believe
that a "first principles" approach will be slow. To do this we have
looked at data (for example, temperature response to volcanic forcing
and zonal and seasonal precipitation variations derived from temperature
data), and we have developed a seasonal energy balance model to study
various feedback mechanisms and to scale the climate response to forcings
we obtain from the data.

Several experiments were analyzed to assess the climatic response
of previous versions of the NCAR GCM to a variety of prescribed changes.
Included were experiments involving changes in ocean surface temperatures
and surface albedo and additions of thermal pollution heat sources and
chlorofluoromethanes. Each study took into account the model's inherent
variability to determine the statistical significance of the prescribed
change response following the methodology developed by Chervin and
S. Schneider.



Washington, Chervin, and G. V. Rao (St. Louis University) investi-
gated the response of the summer monsoon circulation, as simulated by
the 2.5 degree July version of the GCM, to a variety of Indian Ocean
surface temperature anomaly patterns. They found that the most prominent
and statistically significant features of the model's response were in-
creased vertical velocity and precipitation over warm anomalies and
decreased vertical velocity and precipitation in some selected region
adjacent to the prescribed change region. In the case of cold anomalies,
these changes were of opposite sign.

J. Kutzbach (University of Wisconsin), Chervin, and D. Htoughton
(University of Wisconsin) analyzed a series of experiments to determine
the three-dimensional response of a 5 degree January version of the
GCM to large prescribed changes in midlatitude North Pacific Ocean
surface temperature. The main features of the model response in the
North Pacific sector were changes in amplitude and vertical tilt of the
long waves and an increased direct thermal circulation (i.e., upward
motion is enhanced by warm ocean anomalies and descending motion is
enhanced by cold ocean anomalies).

Chervin and Washington analyzed a series of experiments with a
5 degree July version of the model to assess the model's response to
changes in the prescribed surface albedo for the United States' High
Plains and the Sahara Desert. These experiments confirmed the hypothesis
of Jo Charney (Massachusetts Institute of Technology) that large-scale
increases in surface albedo result in reduced precipitation over the
prescribed change region and increased precipitation to the south.

Po Julian and Chervin completed a study of the ability of a
5 degree January version of the model to simulate the Southern Oscillation
and Walker Circulation. The simulation of this phenomenon was successful
in that many of the observed atmospheric variations were reproduced.
They found that positive ocean surface temperature anomalies in the
eastern tropical Pacific produced a thermally direct circulation driven
principally by the latent heat of condensation.

Schneider, Chervin, and Washington have completed GCM surface
temperature perturbation/cloud feedback experiments. The results show
that a statistically significant response in model-generated clouds
can be obtained from both global and regional surface temperature
perturbations, but that the quantitative response (even the arithmetic
sign!) of the clouds will depend very strongly on the location of the
perturbation relative to the location of rising or sinking motions in
the atmosphere.

Some success has been achieved in extending the simple Budyko,
Sellers, and North energy balance models to include seasonal cycleso
G. North (University of Missouri at St. Louis) and J. Coakley have
shown that this extension is easily made with North's annual mean modelo
The purpose was to show how the annual mean climate and its sensitivity
to small changes in the solar constant obtained with the seasonal model
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might differ from results obtained with the corresponding annual mean
model. Although the surface temperatures obtained with the seasonal
model are substantially higher than those obtained with the annual mean
model, results indicate that the sensitivities obtained with both models
are nearly identical.

In another sensitivity study, R. Cess (State University of New York
at Stony Brook) pointed out that albedo changes brought about by changes
in vegetation, such as might have occurred during the glacial epoch
18,000 years ago, may represent a sizable climate feedback mechanism.
Cess showed that such a bio-albedo feedback could increase, by almost
a factor of two, the sensitivity of the global mean annual average
surface temperature to small changes in the solar constant. Using a
North-type energy balance model, Coakley confirmed Cess' findings and
showed that the bio-albedo feedback could also govern the response of
the earth's climate to changes in orbital parameters.

Dickinson and Ramanathan performed model computations of the zonal
and seasonal radiative energy balance of the stratosphere and analyzed
(1) the nature of the troposphere-stratosphere radiative interactions,
(2) the role of 03 in the above radiative interactions, and (3) how
perturbations in 03 alter these interactions and influence the tropo-
spheric radiative energy balance as a function of latitude and season.

Dickinson and T. Donahue and S. Liu (both from the University of
Michigan) have completed a study of the effects of chlorofluorocarbon
emissions on the climate with a GCM. The major finding is that
the temperature changes near the tropopause, which controls the transport
of water vapor to the stratosphere through the so-called "cold trap"
effect. They also found that the tropical tropopause temperature changes
by about 2.5 K if the chlorofluorocarbon emissions are kept constant at
1975 rates. This implies a 60% increase in stratospheric water vapor
concentrations, and such an increase in water vapor would modify the
photochemistry of the stratosphere and decrease the column ozone by an
additional 4%.

S. Warren (Advanced Study Program) and W. Wiscombe are developing
a model of snow melt and, ultimately, the geographical snow extent as
it develops through spring and summer. After successfully reproducing
current conditions, they intend to set the insolation to values typically
prevailing near the end of the last interglacial to see if the snow melt
is appreciably retarded by this insolation change. The connection with
the Milankovitch ice age theory is obvious; their idea is to examine
closely the physical mechanisms. Another study on seasonal and
Milankovitch solar forcings is being carried out by Schneider based on
data from a zonally averaged seasonal model developed in collaboration
with S. Thompson (Texas A&M).

The heat transport from low to high latitudes is a major process
of the global circulation. The formulation of such a heat transport
in terms of the external parameters is therefore needed for the modeling
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of the climate state. T. Sasamori has investigated the parameterizations
of heat transport by transient eddies, stationary waves, and the mid-
latitude Ferrel cell on the basis of the updated theories of baroclinic
instability, geostrophic turbulence, and wave-mean flow interactions.
The heat transport by the individual processes is compared favorably
with observations, and the study has opened the way for possible develop-
ment of a dynamical-climate model to provide insight into the change of
the earth's climateO

Physical and Radiative Properties of Clouds

Because of their influence on the earth's energy budget, it has
long been recognized that clouds play a major role in determining the
climate and its sensitivity to changes. Because of the magnitude of
their influence, we fear that even small errors in the physical and
radiative properties that we assign to clouds could cause large errors
in model-simulated climates and in studies of climate change. We
therefore want to know at least the statistical features of the physical
and radiative properties of clouds.

Ramanathan has examined the critical parameters determining the
long-wave "greenhouse" effect of clouds. He found that this "green-
house" effect is largely determined by the difference between the surface
and cloud-top temperatures. On the basis of this result, Ramanathan
analyzed the sensitivity experiments of a GCM climate model (performed
by S. Manabe and R. Wetherald, Geophysical Fluid Dynamics Laboratory,
Princeton) and showed that the nonlinear surface temperature sensitivity
of this model to changes in solar constant is determined by the inter-
action between cloud-top, lapse-rate, and ice-albedo feedbackso

In a related subject, Cess and Ramanathan analyzed the relative
role of zonal and seasonal cloud and cloud-top variations in determining
the global "greenhouse" effect of clouds. This study revealed the
importance of accounting for the variations in vertical distribution
of clouds for the cloud feedback problem.

To improve the technique of radiative transfer calculation,
Wiscombe has completed several studies: (1) fitting transmission
functions with sums of exponentials, which is basic to an understanding
of absorption in clouds and other scattering media; (2) calculating
radiative fluxes in media having a significantly asymmetric scattering
law, using the delta-M method; and (3) evaluating the range of scattering
parameters (optical depth, single-scattering albedo, asymmetry factor)
over which the Eddington and delta-Eddington approximations are usefulo

To improve radiation parameterizations for the NCAR GCM, Ramanathan
added several new long-wave radiation processes, such as e-type
absorption by H20, spectrally dependent emissivity for cirrus clouds,
spectrally dependent emissivity for continents, and explicit treatment
of the C02 hot bands. A more accurate integration technique to treat
the radiation exchange integrals was employed. Also, with help from
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B. Briegleb (part-time support scientist) and R. Lee (summertime visitor,
Iowa State University), Coakley has begun development of a new parame-
terization for the radiative cooling due to water vapor. So far, the
reasons for previous emissivity formulations' failing to give accurate
cooling rates and fluxes have been isolated and simple fixes have been
employed to overcome these shortcomings.

Variations in the General Circulation

R. Madden has completed a study of traveling planetary zonal wave
number one disturbances. These traveling waves were detected in a
73-year series of sea-level pressure data and in 8 years of upper air
data. He showed that their periods and latitudinal and vertical struc-
tures are consistent with theoretically predicted planetary waves of
the Rossby/Haurwitz type. Madden's study also revealed that these
waves can cause relatively large time variations in the general
circulation.

Madden, working with J. Williams (International Institute for
Applied Systems Analysis, Laxenburg, Austria) computed the correlation
between temperatures and precipitation over the United States and
Europe. They showed that, while correlations tend to be negative in
summer, both positive and negative correlations occur in other seasons.
Furthermore, the correlations reflect in- or out-of-phase variations
that occur on all time scales.

Madden and L. Koshio, a student summer visitor from Metropolitan
State College, Denver, completed a preliminary analysis of the natural
interannual variability of a 51-year record of daily sea surface tem-
peratures. Madden and D. Shea (Atmospheric Technology Division) have
begun an analysis of daily temperature data at 107 United States
stations to estimate the natural variability of time-averaged tem-
perature. The natural interannual variability of monthly means can
be ascribed to daily weather variations and as such it is a measure
of "climatic noise" or the variability that should be expected in an
"unchanging climate."

Ho van Loon, in a joint project with the Institute of Arctic and
Alpine Research at the University of Colorado, studied the tendency for
winters to be cold over northern Europe while mild over Greenland and
the eastern Canadian arctic, and the converse situation. Well-defined
composite pressure anomalies over most of the northern hemisphere are
associated with this seesaw in temperature, the strong signal in the
pressure anomalies being the first eigenvector in the mean winter
pressure. The changes in the frequency of the circulation anomalies
in the seesaw play an important part in deciding the level of regional
temperatures and thus in deciding long-term temperature trends. The
work on the teleconnections continues with a study of sea temperatures,
ice conditions, wind, precipitation, long waves, and frequency of
synoptic systems in the different phases of the seesaw. From present
indications, there appear to be strong links with the oceans at low
latitudeso
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Williams and van Loon investigated the association between mean
temperature and interannual variability and found that there was no
unique association between mean temperature and the variability of tem-
perature and precipitation during the 100 years studied.

Upper-Tropospheric Frontogenesis

Newton, with A. Trevisan (University of Bologna), analyzed the
results of numerical experiments with frontogenesis in the upper and
middle troposphere. A 20-level primitive equation isentropic "channel"
model was used, based on Eliassen's formulation. With a weak cyclone-
anticyclone couplet superimposed on a zonally uniform jet stream as a
starting perturbation, the model produces realistic-appearing cyclones
and anticyclones. In a completed analytical study, properties of a
moving upper tropospheric wave on a jet stream are deduced, and it is
shown that the main frontogenetical processes are fundamentally linked
to the divergence field of such a wave. The main processes, confluence
in the high troposphere and greater sinking motions on the warm-air
side of the barocline zone than on the cold-air side, increase the tem-
perature gradient and cyclonic shear in the frontal zone, in air
streaming from a wave crest to the downstream trough.

In a separate study, Newton compared waves on the Gulf Stream with
those on the jet stream and interpreted variable frontal structures
observed in the Gulf Stream, in light of analogies with the fronto-
genetical processes outlined above. Also, the three-dimensional flow
fields in meanders that form "Gulf Stream rings" are analyzed, and it
is shown that sinking motions during the formative stage greatly exceed
those present after isolation of a ring.

Analysis of TWERLE Data

The analysis of the data collected in 1975-1976 by the Tropical
Wind, Energy Conversion, and Reference Level Experiment (TWERLE) has
been carried on by three groups. At NCAR, Julian and Shea began analysis
of the wind field at 150 mb (14 km) using both the TWERLE superpressure
balloon observations and conventional balloon soundings. Results of
these analyses clearly point out the magnitude of geographic distribution
of the convergence-divergence fields in the upper tropical troposphere
and confirm similar studies by T. N. Krishnamurti (Florida State
University) and J. Holton and D. Colton (University of Washington).

Shea and Julian are collaborating with R. Peskin and Jo Er-El
(Rutgers University), who are using the Lagrangian wind data produced
by TWERLE to calculate various quantities that indicate how closely
the large-scale atmospheric flow patterns can be studied by analogy
with two-dimensional turbulence flow. At the University of Wisconsin,
Wo Massman has completed a Ph.D. dissertation on the measurement of
gravity waves by the TWERLE balloon platforms. He has demonstrated
that instrumented superpressure balloon platforms are a powerful
measurement tool, and he has produced evidence that the tropopause
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is a source of gravity waves. A summary article describing the experi-
ment and covering some of the scientific results was published in 1977.

Effects of Human Activities on Global Climate

Despite the understandable reluctance in the scientific community
to debate the controversial extent to which we--mankind--may modify the
world's climate, the issue is unavoidable. In fact, never before has
the community of nations faced an environmental change of such global
extent, one that could be rectified by determined international measures.
Kellogg has prepared reports to assist the World Meteorological
Organization Executive Committee's Panel of Experts on Climatic Change
in its continuing consideration of the effects of human activities on
global climate. Kellogg and Schneider have been engaged in other
activities to popularize the recent findings on the sensitivity of
climate to advertent and inadvertent changes in environmental forcing.
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OCEANOGRAPHY SECTION

The Oceanography Section has as its primary goal the study of the
dynamics of the global ocean circulation and of air-sea interaction. In
pursuit of this goal a number of theoretical studies and observational
analyses have been carried out during the last year. These have included
studies of the role of mesoscale eddies in the general circulation of the
ocean, studies of the large-scale interaction of the ocean and atmosphere,
and studies concerned with idealized, geophysically relevant fluid dy-
namics. In addition, considerable effort has been put into the develop-
ment of numerical models needed for these and future studies. Since it
is impossible to discuss each research area in detail here, this narrative
will provide only an overview of this research. The "Research Matrix,"
Table I, summarizes the work accomplished during the last year and planned
for the next few years.

Since the Oceanography Section is relatively small (4 Ph.D.
scientists, 1 support scientist), members of the group have had to be
selective in the research topics taken on. The major research technique
is numerical studies of ocean circulation, making use of NCAR's unique
computer capability to contribute most effectively to the national
oceanographic effort. In addition, the group has tried to enhance its
efforts and provide facilities (people, models, etc.) to university
scientists by a number of collaborative efforts. The visitor list and
the interactions shown in Table I indicate the extent of this university
involvemento

The major effort by far has been on numerical model studies of the
oceanic circulation (Table I, item I). One part of this work has been
the study of eddy processes in midlatitude closed basins, with par-
ticular emphasis on identifying those factors intimately involved in
the general circulation of the ocean. A basic parameter study has been
carried out for the wind-driven case. Mesoscale eddies have been found
to play crucial roles in regulating the heat transport and the intensity
of upper ocean currents through instability mechanisms, in driving the
bulk of the deep ocean circulation by form drag at thermocline depth,
and in dissipating kinetic energy through eddy bottom friction. Further
studies are under way to examine the additional roles of thermohaline
forcing, transient wind forcing, and bottom topography in determining
the characteristics of the large-scale circulation. These studies are
being carried out on the CRAY computer, using models that run 5 to
8 times as fast as on the Control Data 7600. Finally, a high-resolution
study of the North Atlantic circulation with realistic wind forcing and
actual boundary shape and bottom topography is under way in order to
compare model results with observations taken before and during POLYMODE,
successor to MODE (Mid-Ocean Dynamics Experiment).

A second kind of numerical model study has been developed to examine
eddy processes in partially open basins. This work has direct relevance
to the Antarctic Circumpolar Current as well as to a more basic under-
standing of equilibrium-forced turbulence in the atmosphere. A better
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understanding of the heat and momentum transports by finite-amplitude
baroclinic waves, as modified by nonlinear cascades of energy and by
the effects of topography, has already been gained. An effort will be
made in the future to verify model results and theoretical ideas using
data now being collected by the International Southern Ocean Studies
(ISOS) program.

Other numerical studies of the oceanic circulation are concerned
with equatorial ocean simulations. The role played by equatorial up-
welling and transient waves is only beginning to be understood
theoretically, and models of such phenomena are an essential part of
understanding observations such as those taken by North Pacific
Experiment and Indian Ocean Experiment investigators. Several eddy-
resolving experiments have already been carried out with both steady
and transient forcing, Analysis indicates that a barotropically
unstable equatorial undercurrent and baroclinically unstable north
and south equatorial currents dramatically redistribute heat and
momentum near the equator and excite equatorially trapped planetary
waves as wello Future case studies will include some form of inter-
acting atmosphere, in order to gain insights into the behavior of
the coupled system in a region where air-sea interaction is known to
be strong and relatively noise-free.

The development of a world ocean model is a long-term goal of the
Oceanography Section. An understanding of the transient mesoscale
phenomena that occur in midlatitudes, near the equator, and in the
Circumpolar Current will be directed toward formulating parameterization
schemes for dealing with these features in the world domain. Such
schemes will then be incorporated into a coarse-resolution world ocean
model, a prototype of which is already available on the CRAY computer.

In addition to the equatorial air/sea interaction studies mentioned
above (using a 3-D model of the equatorial ocean), a series of studies
using low order air/sea models has been started (Table I, item II)o
These models attempt to describe the mutual oscillations of ocean and
atmosphere in the simplest way, by parameterizing a limited set of
physical processes within a dynamically consistent framework. Initial
results are encouraging and, in concert with more complex models, will
lead to a better understanding of the way in which the atmosphere and
ocean interact with one another.

The theory of data analysis as well as actual analysis and inter-
pretation of observations has received considerable attention during
the last year and will be important in the immediate future (Table I,
item III). A theory of spectral estimation from irregular arrays as
well as a theory of errors in estimating eddy moments has been developed.
In addition, the design of an array for the optimal estimation of terms
in the vorticity balance has been carried out. This work, together with
a direct participation in the POLYMODE field program, should pay off
in an improved ability to test theoretical and numerical results on the
basis of carefully designed observational programs.
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In addition to the work described thus far, studies have been
completed or are under way that examine idealized situations of relevance
in ocean circulation theory (Table I, item IV). Many of these projects
have been carried out in collaboration with non-NCAR scientists. For
example, J. McWilliams has been studying the evolution of highly non-
linear vortices (with application to Gulf Stream rings) with G. Flierl
(Massachusetts Institute of Technology) and, also with Flierl, has been
collaborating with Soviet scientists on studies of Rossby solitons.
W. Holland has been examining the stability of oceanic jets with
D. Haidvogel (Harvard) and has begun a numerical study of the East
Australian Current with S. Godfrey (Commonwealth Scientific and
Industrial Research Organisation, Australia). Although it is not
possible to discuss these results here, it is important to point out
that these collaborations bring fresh ideas into the project while
allowing the special expertise and tools of the Oceanography Section
to be extended to the outside oceanography community.

The work outlined here illustrates the nature of our strategy in
seeking an understanding of ocean circulation and air/sea interaction,
In collaboration with the outside community of scientists, the
Oceanography Section is making use of the unique facilities that NCAR
has to offer to make fundamental studies of the general circulation
of the ocean. A better understanding of the way the ocean operates is
a necessary step in developing an understanding of interaction of the
atmosphere with the world ocean.
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Table I. OCEANOGRAPHY SECTION RESEARCH MATRIX

Past Year's Accomplishments Future Plans

I. Numerical Model Studies of Oceanic
Circulation

A. Eddy processes in midlatitude
closed basins

1. Quasi-geostrophic wind-driven
solutions, subgrid-scale
frictional mechanisms, basin
geometry

2. Quasi-geostrophic vs. primi-
tive equations

Holland

Semtner,
Holland

Holland (1978a), unpublished
cases of variable basin size

Run cases with realistic
basin size

Semtner and Holland (1978); None
CRAY conversion of both models,
cases run with increased vertical
and horizontal resolution

3. Thermal forcing

4. Bottom topography

5. Transient wind forcing

Holland

Holland,
Durney

Holland,
Semtner

Parameter study completed

Several numerical experiments
completed

Annual period wind forcing
experiment completed

Final analysis and
publication
Analysis of results

Analysis of results
Further experiments

B. Eddy processes in partially
open basins

1. A survey of the effects of
basin barriers, semiannual
wind forcing, and topogra-
phic sills

2. Idealized parameter studies
of equilibrium-forced turbu-
lence in a channel

3. Antarctic Circumpolar
Current simulations

McWilliams,
Holland,
Chow

McWilliams,
Chow

Holland,
McWilliams,
Semtner

McWilliams, Holland and Chow
(1978); McWilliams (1977b)

Model development on CRAY

Planning stage only

None

Run and analyze cases,
evaluate possible eddy
parameterizations

Attempt realistic simu-
lations for comparison
with ISOS data now being
acquired

Topic People

-J.
<

0
=3
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Topic

C. Equatorial ocean simulations

1. Eddy-resolving primitive-equation
study

2. Studies of transient response
(including coupling to a highly
parameteri zed atmosphere)

D. North Atlantic simulation with
resolved eddies

E. Idealized coupled air/sea model
studies

F. Development of a world ocean model

1. A simulation of the ocean
general circulation

2. Studies of coupled GCM's

Past year's accomplishment

Hol land,
Semtner

Holland,
Semntner

Holland,
Semtner

Cases of meridionally symmetric
flat-bottom equatorial oceans
run on CRAY and preliminary
analyses made

Initial experiment under way

CRAY conversion of a prototype
model

McWilliams, None
Holland

Final analysis and
publication

Comparisons with
Eastern Tropical Pacific
Studies (EASTROPAC),
Eastern Pacific Ocean
Climate Studies (EPOCS),
Global Weather Experi-
ment (GWE), and Anomaly
Dynamics Studies (ADS)
data

Utilize observed atmo-
spheric forcing, geometry,
and topography; make
comparisons with POLYMODE
and historical general
circulation data; evaluate
empirical parameteri-
zations of geostrophic
turbulence

Carry out studies of
equilibrium geostrophic
turbulence between two
fluids of greatly
different densities and
thermal capacities

Semtner,
Holland

Prototype model on the CRAY

Semtner,
Holland

Integrate results,
techniques and experience
from all previous studies
to make a "new generation"
attempt at these problems
(n.b., for Ax = 0.5° and
5 vertical levels 50
hours CRAY time are needed
for 1 ocean year--we hope
to find valid parameteri-
zations of eddies to
reduce this time!)

-1.

-J.
CO)

n
-I

Future plan _People



Past Year's Accomplishments

II. Low-Order Air/Sea Interaction Models

A. A "thought model" of the
equatorial Pacific Ocean and
atmosphere

McWilliams,
Gent

McWilliams and Gent (1978) None

B. A Galerkin derivation of model
analogous to II A

C. An extension of Galerkin models
to include additional processes

D. Stochastic Galerkin models

Gent, Ocean part
McWilliams complete

Gent,
McWilliams

Gent,
McWi 1 iams

of model nearly

None

Completion of model and
careful comparison with
II A

Study equatorial
asymmetry and coupling
to midlatitude, low-
frequency currents and
winds

None Study response of low-
order models to rapid
"weather" fluctuati ons

III. Data Analysis

A. Spectral estimation from
irregular arrays

Bretherton,
McWilliams,
Chow

Manuscript and basic theory
nearly complete

Several applications will
be pursued

B. A theory of errors in
estimating eddy moments

G. Flierl
McWil liams

Flierl and McWilliams (1977)

C. Array design for optimal
vorticity balance estimation

D. The POLYMODE local dynamics
experiment

E. Forecast studies from MODE
data

McWilliams,
C. Shen
(Univ. of
Washington)

Requirements for optimal hori-
zontal or vertical derivative
estimation have been studied

McWilliams Final planning and design nearly
et al. completed

McWilliams,
C. Shen,
Chow

A number of preliminary cases
have been run

Combined vertical and
horizontal derivative
estimation will be
studied

Extensive analyses with
various collaborations

Attempt to interpret
forecast skill by
degree to which empiri-
cally known statistics
are preserved

,tm

.1a(I)

0
=3

None
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oIVc P. Miscellaneous StudiesIV. Miscellaneous Studies ro

A. The evolution of isolated
geostrophic vorticities

B. Rossby solitons

McWilliams,
G. Flierl
Chow

McWilliams,
Flierl, V.
Larichev
(USSR), G.
Reznik
(USSR)

Basic numerical cases have been
run

Basic results on analytical
theory, linear stability, and
numerical robustness already
obtained. Applications to
atmospheric blocking.

Analysis and publication.
Application to Gulf
Stream Rings

Joint publication

C. Local influence of bottom
topography on mesoscale
eddies and mean flow

D. Linear instability studies

1. Stability of mean gyres

Durney Durney (1978)

McWi liams McWilliams (1977c)

2. Instability of idealized
narrow jets

Holland,
0. Haid-
vogel

Haidvogel and Holland (1978) Extend studies to more
realistic p(y,z) and
u(y,z)

3. Topographic influence on
stability

E. Normal modes of mean gyres in
closed basins

Durney Durney (1977)

McWilliams McWilliams (1978)

F. Gulf Stream separation
mechanisms

G. East Australian Current

H. Studies of airflow over water
waves

Hol land Preliminary numerical study
carried out

Holland, Planning trip to Australia;
S. Godfrey several numerical experiments

carried out

Gent,
P. Taylor
(Canada)

Gent (1977); Taylor and Gent
(1978)

A set of idealized
numerical studies
(of type I A 1) will
be carried out to
explore separation
mechanisms

An application of
model I A will be
made to this region
for data comparison

None

None

None

None

None
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NUMERICAL WEATHER PREDICTION SECTION

Overview

Predicting large-scale weather up to one week, one of the five
NCAR objectives, is aimed at extending the range of useful weather
prediction beyond the present limit of about two days. Long recognized
as the central concern of meteorology and of weather services through-
out the world, weather prediction is now pursued through computer
models which simulate atmospheric dynamics and project ahead the large-
scale patterns of wind and pressure. With these projections as a
basis, forecasters estimate local values of variables such as pre-
cipitation and maximum and minimum temperatures.

The Global Atmospheric Research Program (GARP), with major events
during the Global Weather Experiment (GWE) in 1978-79, is an inter-
national effort of unprecedented scope aimed at improving numerical
prediction and supplying--for the first time--the comprehensive global
data base required by prediction models. The research in the Numerical
Weather Prediction (NWP) Section is an important component of NCAR's
GWE efforto

The NWP Section develops and tests theoretical models and compu-
tational procedures leading to a better understanding of large-scale
atmospheric processes and to improvements in the accuracy and useful
range of numerical weather forecasts. The range of research in the
section includes basic theoretical studies, numerical and physical
aspects of model development, objective analysis and initialization,
forecast verification and diagnosis techniques, and real-data numerical
experimentation.

In support of its main objective to develop longer range forecasts,
the NWP Section has concentrated on understanding and correcting the
deficiencies in 12- to 96-hour large-scale midlatitude forecasts. The
list of probable causes includes: (1) inadequate numerical methods and
insufficient model resolution; (2) inadequate data and imperfect analysis
and initialization; and (3) inadequate treatment of convection, friction,
and orographic effects. GWE's mission to supply comprehensive world-
wide data is of paramount importance, but the full benefit of these data
will be realized only when currently severe modeling deficiencies have
been overcome. That recognition motivates our effort in diagnosing the
short-range forecast error.

Analysis and Diagnosis

R. Somerville and B. Shkoller, working with summer student visitors
G. Domm (Williams College) and R. Laprise (McGill University), have
examined the potential of pattern recognition techniques in verifying
numerical forecasts. In a series of papers, they have reported progress
in algorithmizing the perception of meteorologically significant features
in model output fields. This research is continuing.
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T. Schlatter and G. Branstator of NWP and L. Thiel of the
Computing Facility have further tested and developed a statistical
objective analysis scheme to be used for assimilating GWE data into
numerical prediction models. They found that in data-rich areas the
form of the correlation model for geopotential height has little
effect on the accuracy of analyses or of forecasts produced from them.
On the other hand, in data-sparse areas, a correlation model that
accounts for observed negative correlations between heights at widely
separated points leads to more accurate wind analyses. I. Watson, a
summer fellow in scientific computing from June to August 1977, assisted
Schlatter in programming the computation of analysis error, a by-
product of the statistical analysis procedure. It is now possible to
map this error over the entire analysis domain. Finally, Schlatter
and Branstator plan to make the analysis fully three-dimensional before
the first GWE data arrive. By coupling analyses in the vertical they
hope to overcome the failure of numerical models to propagate the effect
of data from level to level.

A major advantage of statistical objective analysis is the explicit
treatment of observing system errors. Tiros N, scheduled for launch in
the latter half of 1978, will provide global sounding data each day.
Its radiation sensors are similar to those used on Nimbus 6. Accordingly,
Schlatter and Branstator have studied intensively the statistical
properties of Nimbus 6 temperature retrieval error with the intent of
incorporating their findings in the analysis scheme. Using an eight-
day series (18-26 August 1975) of multivariate statistical analyses of
European radiosonde data along with estimates of analysis error, they
computed error statistics from 1,400 Nimbus 6 temperature profiles for
the isobaric layers in the troposphere and lower stratosphere. These
statistics depend upon differences between radiosonde-analyzed values,
interpolated in space and time to the Nimbus 6 soundings, and the
Nimbus 6 values. The mean error is largest near the surface (-0.5°C)
and near the tropopause (+006°C) but changes sign several times in the
vertical so that the integrated mean error for the atmospheric column
is small. The root-mean-squared error also peaks at the surface (2.5°C)
and the tropopause (3.3°C) with a minimum in the midtroposphere (1o6°C)o
In all layers the horizontal correlation of retrieval error shows little
systematic dependence on direction but strong dependence on distance.
The vertical correlations are small, less than .25 even between adjacent
layers.

Branstator has developed a multi-level primitive-equation spectral
model for extrapolating the atmospheric state from one analysis time to
the next. The model outperformed the existing six-layer NCAR grid
point model in six test forecasts, particularly during the first
48 hours, even though orography is the only physical effect accounted
for. Moreover, Branstator's model, with triangular truncation at
36 waves, runs nearly five times as fast as the NCAR grid point model,
which has comprehensive physical parameterizations. Encouraged by the
outcome of these early experiments, Branstator has investigated the
combined effects of mountains and resolution on forecast accuracyo He
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finds that forecast skill is greatly reduced when mountains are removed.
Furthermore, the inclusion of mountains is much more beneficial to a
36-wave forecast than to a 20-wave forecast, possibly because of in-
creased accuracy in the terrain heights in a 36-wave modelo

Years of experience in analyzing meteorological data have convinced
NWP researchers that human-machine interaction is the key to uniform
high quality in analyses. Toward that end, the section has purchased
an interactive graphics terminal. Installed on 22 February 1978, the
terminal underwent acceptance testing during the spring. It consists
of a minicomputer, 30 megabytes of storage on hard and floppy disks,
a magnetic tape drive, a keyboard printer, two high-resolution graphics
displays with hardware-controlled overlay, zoom and translate capability,
alphanumeric display, a device for making hard copies of the graphics,
and a foreground terminal for generating and editing programs.

During GWE, the terminal will be used in the following wayo Output
from objective analysis programs run on NCAR's large computers is trans-
ferred to the terminal via magnetic tape and stored on the terminal's
disks in the form of graphics instructions and numerical values. Analyses
for earlier times and the corresponding first-guess fields are also
stored on the diskso The synoptician displays these data at will on
either of the graphics scopes and points to suspect data by means of
a trackball-controlled cursor. The terminal automatically records
changes specified by the human analyst and then sends instructions for
reanalysis to NCAR's main computers.

Joint project work on analysis and diagnosis has been fruitful
during the past year. Using the NCAR analysis scheme, To-C. Chen
(Massachusetts Institute of Technology), J. Alpert (University of
Michigan), and Schlatter studied a case of explosive cyclogenesis
over the United States, They showed that the horizontal flux conver-
gence and generation of kinetic energy depended crucially upon the
magnitude of the divergent component of the wind. Alpert studied not
only this cyclone but its successor as well. The first cyclone developed
in a quasi-barotropic atmosphere, fed by kinetic energy imported in the
jet stream. By contrast, the second cycle developed in a highly baro-
clinic region, and its circulation became vigorous at the expense of
available potential energy.

D. Vincent, F. Kornegay, H. Edmon, and K.-W. Lo, all of Purdue
University, compared NCAR objective analyses with carefully drawn hand
analyses of Tropical Storm Candy. This storm entered the Gulf Coast
of the United States on 24 June 1968, evolved into an extratropical
cyclone, and moved to the mid-Atlantic states two days later. Vincent
and his co-workers concluded that: (1) there is inherent smoothing of
the wind field in the objective analysis; (2) consequently, significant
differences exist between values of kinetic energy generation computed
from subjectively and objectively analyzed winds; (3) the magnitude of
vertical motions determined by the kinematic method is greater in the
subjective analyses; and (4) distributions of geopotential height,

25



temperature, kinetic energy content, vorticity, isotachs, and thermal
advection are similar for both types of analyses.

D. Baumhefner and Po Downey completed the first direct comparison
of forecasts produced by several large-scale numerical weather prediction
models, The principal models compared were the second-generation NCAR
GCM, the 4°x5°, nine-layer GCM of the NASA Goddard Institute for Space
Studies (GISS), the 4° (at 50°N), six-layer operational model of the
National Oceanic and Atmospheric Administration's (NOAA) National
Meteorological Center (NMC), and two spectral models, one an operational
model of the Canadian weather service, and the other a new model de-
veloped in the NWP Section. The intercomparison was carried out with
the cooperation of scientists at these organizations. The models are
all similar in horizontal resolution; they differ chiefly in vertical
coordinate systems, physical parameterizations, numerical methods, and
treatments of mountainous terrain.

To make the comparisons, NMC's analyses of geopotential height,
velocity, and moisture from data observed on six days in December 1972
and January 1973 were used as a common set of initial conditions. The
geopotential and velocity fields were interpolated to match the in-
dividual grids of each model. For each of the six dates, forecasts
were made for up to five days. All the results were then interpolated
to a 2.5° latitude-longitude grid. They were compared with each other
and with analyses of the actual weather observed during the periods
under study by means of conventional skill scores, maps of the dif-
ferences between observed weather and the forecasts, and longitude-
time plots. The comparisons dealt specifically with geopotential
heights at 1,000 and 500 mb.

Some of the results of the comparisons confirmed our expectations.
For example, all the models displayed some of the same characteristic
errors: (1) they forecast phase speeds that were slower than the actual
atmospheric motions; (2) they predicted weaker wave amplitudes than
those that were observed; and (3) they described the development and
decay cycle of disturbances poorly. Some models made systematic errors
over specific geographic regions.

Other conclusions were unexpected. Even though the models were
developed independently and employed distinct methods of calculation,
they produced forecasts that in many cases were surprisingly similar,
differing in similar ways from what actually happened in the atmosphere.
All their predictions of long-wavelength features suffered from errors
as significant as those in the predictions of short-wavelength
transients. Finally, one might have expected that the largest forecast
errors would occur over geographic areas with the smallest amount of
observed data (over the oceans, for example), but the actual forecasts
showed no such simple geographic dependence, even in the first 24 hours.

These results from NWP's continuing program of forecast model inter-
comparisons have already pointed the way to potentially significant
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improvements in skill. For example, they have revealed that the second-
generation NCAR GCM is subject to particularly rapid error growth in the
first 12 hours of the forecast period. The cause of this phenomenon is
related to the numerical treatment of mountains and to initialization
procedures

Modeling

Our strategy in forecast model development is to work simultaneously
with an array of models that differ in the methods by which they cal-
culate changes in atmospheric variables. Many studies have been done
using NCAR's second-generation GCM, which solves the primitive equations
of motion by means of a centered, second-order finite-difference scheme.
Somerville of NWP and W. Baker (UCAR graduate assistant) and E. Kung
(University of Missouri) completed an extensive study of the energetics
of this model. This study has been useful in clarifying aspects of the
model which require additional development, such as the parameterization
of moist convection. The GCM has a latitude-longitude grid 5° or 2.5°
square and computes in a hemispheric or global domaino A limited-area
version of the GCM uses the same computational methods to make forecasts
on a finer grid over a smaller, continent-sized geographical domain.

D. Williamson has developed a newer model, the third-generation
GCM, incorporating a number of refinements: (1) more accurate numerical
methods, including a fourth-order difference scheme; (2) improved
treatment of polar areas; (3) more sophisticated parameterization of
subgrid-scale turbulent diffusion; and (4) a generalized vertical co-
ordinate that is no longer restricted to height. The dynamical sections
of the GCM have been improved in the third-generation version to reduce
the most serious errors in earlier versions, i.eo, the phase lag of
waves and the overdamping of significant weather-producing systems.
These improvements have been documented by Williamson, who examined
the relative changes in the forecasts due to varying the horizontal
resolution, the horizontal diffusion, and the accuracy of the horizontal
difference approximations. A more scale-selective diffusion than that
used previously results in less damping of the baroclinic waves and more
realistic energy characteristics in the forecasts. The fourth-order
approximations produce smaller phase errors in the shorter but still
meteorologically significant waves.

The similarity in errors among models that are very differently
constructed suggests that the major obstacle to improving models in
general may not lie in inadequate parameterizations of small-scale
processes or in the details of the mathematical formulations. Instead,
there may be some fundamental, inherent defect in the overall numerical
treatment of the large-scale dynamics, As a result, it seem worth-
while to make a special effort to develop models that handle the basic
atmospheric dynamics in an essentially different, and perhaps more
accurate, manner.

One new model, developed by P. Thompson and Shkoller, is a
Lagrangian finite-element representation based on the dynamical principle
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of conservation of generalized absolute potential vorticity. The mathe-
matical methods used in such a model eliminate some problems that conven-
tional models encounter in connection with interpolation and numerical
approximationo The novel formulation allows the suppression of meteor-
ological noise without introducing such restrictive approximations as
quasi-nondivergence or quasi-geostrophy. Real-data tests are planned
for this modelo

Thompson has also developed and tested a model for predicting the
mean zonal wind profile and related perturbation statistics. Preliminary
tests were carried out as a cooperative venture with E. Kelly (University
of Miami), with unexpectedly good agreement with the observed evolution
of the flow in a rapidly changing situation. He is now preparing to test
the model with a long series of real data, extending the range of pre-
dictions up to two weeks.

Somerville and Shkoller have developed still another new
model, employing a finite-difference scheme designed to quasi-conserve
several important integral properties of the differential equations,
such as kinetic energy and mean-square vorticity. Such difference
schemes are thought to possess some advantages, including the ability
to separate computational and physical aspects of diffusion. This new
model has snown great promise in preliminary forecast testing using
real data. Even in adiabatic and almost inviscid form, the model skill
is competitive with that of the best large-scale models yet examined.

Other Prediction Research in AAP Division

C. E. Leith (AAP Division) continues his work on the empirical
analysis and correction of errors in dynamical prediction models. He
has developed a systematic theoretical procedure for making model modi-
fications to correct errors in successively higher moments. The first-
moment modification has been shown to be effective in correcting the
tendency of model forecasts to drift toward the model climate mean
state, Attempts at second-moment corrections, however, have revealed
an error source too rapid in its random fluctuations to be easily
related to the more slowly evolving modeled fields. Further studies
on this problem are concentrating on the spatial structure and evolution
of potential vorticity, especially near the tropopause.

Present-day numerical prediction models are designed to calculate
the evolution of atmospheric flows from the standpoint of forecasting
rather than to aid our understanding of atmospheric motions. There is
still a wide gap between what we know from the so-called theories, such
as those of barotropic and baroclinic instabilities, and what we obtain
from the output of numerical weather prediction models. Ao Kasahara
(AAP Division) is working on designing a numerical prediction model
which has a diagnostic capability as well as a predictive capability.
The basic idea here is to represent meteorological data in terms of
normal mode functions--the eigensolutions for free oscillations of a
linearized primitive-equation model. Since the physical characteristics
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of expansion functions are known, the observed data are spectrally de-
composed in terms of physically identified modes, such as gravity and
Rossby waves. The same expansion functions may also be used for a
spectral model of the nonlinear primitive equations. Specifically,
Kasahara has completed the formulation of a new spectral model of the
global barotropic primitive equations by utilizing Hough harmonics--
eigensolutions of free oscillations for the linearized shallow-water
equations over a sphere (Laplace's tidal equations). He is working on
an extension of the basic approach applied to the baroclinic primitive
equations in which the vertical structure of atmospheric motions is
represented by modal functions in the vertical.

In addition to the contributions to the GARP by scientists in the
NWP Section, others in the AAP Division have been significantly involved
in GARPo Leith, a member of the Joint Organizing Committee (JOC) for
GARP, is chairman of the JOC Climate Dynamics Board. Julian of the
Climate Section is working with the Atmospheric Technology Division on
the tropical-level balloon and aircraft dropwindsonde programs for the
Tropical Observing System of the GWE. The National and International
Drifting Buoy Program, utilizing the TWERLE random access measurement
system on the meteorological satellite NimhlJs 6, has been informally
coordinated by J. Masterson, who as GARP Coordinator for NCAR has
provided a focal point for the UCAR and GARP communities.
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MESOSCALE RESEARCH SECTION

Administration and Planning

The Mesoscale Research Section (MRS), under the leadership of
Do Lilly (Who returned from leave of absence in November 1977), combines
and coordinates most of the activities in boundary-layer, cloud physics
and dynamics, and mesoscale modeling research previously conducted in
the Small-Scale Analysis and Prediction Project and the GARP Atlantic
Tropical Experiment (GATE) Project. The physical move of the group to
30th and Marine Streets, in addition to reducing overcrowding at the
Mesa building, is enhancing opportunities for cooperative research with
NOAA, Cooperative Institute for Research in the Environmental Sciences
(CIRES), and Atmospheric Technology Divison groups, including the Boulder
Atmospheric Observatory. Effective computer access is being maintained
with the aid of a remote job entry terminal, which is expected to be
replaced later by a 30th Street satellite computer system. An inter-
organizational mesoscale seminar series has been started. On the negative
side, the losses of J. Deardorff and Wo Pennell have seriously reduced
the strength and diversity of our boundary-layer programs, while
R. Grossman and M. Shapiro are now temporarily associated with other
NCAR programso

With the completion of the GATE Aircraft Data Management Program
(GADMAP) and archiving of the United States' aircraft data, NCAR's GATE
effort shifted from raw data handling to scientific analysis. In this
connection, NCAR hosted the U.So GATE Central Program Workshop in the
summer of 1977.

Significant planning activities were carried out in preparation for
a new national observation program on convective storms and mesoscale
meteorology, Project SESAME, whose first major field year is to be carried
out in spring of 1979. A substantial fraction of the MRS staff, along
with other scientific and facility elements of NCAR, is expected to con-
tribute to this program.

Most of the activities reported below are divided into the cate-
gories of boundary-layer, convective storms, subsynoptic, and mountain
wave research. A separate section is provided for description of a new
and unexpected area of research in solar weather relations.

Boundary Layer Research

During 1977, G. Willis and Deardorff studied the diffusion of pol-
lutants emitted from an elevated source into the mixed layer, using
laboratory simulations. The source height was one-fourth of the mixed-
layer height. With the laboratory convection tank they also made
preliminary measurements of mixed-layer entrainment rates when the
capping inversion is very strong and when it is very weak.
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Diffusion from compact sources was studied by Deardorff using
second- and third-moment modeling. It was determined that the triple-
moment gradient diffusion term in the second-moment approach requires
use of an eddy diffusion coefficient which is time dependent downstream
of a compact sourceo The same conclusion was found for the gradient-
diffusion term in the third-moment approach in addition to the use of
the usual quasi-normal assumption.

A study of the effect of partial foliage cover upon ground surface
temperature was completed by Deardorff, along with a parameterization
for ground-surface moisture content. Studies with Chervin and R. Benoit,
who visited NCAR in May, continued on the development of a comprehensive
boundary-layer parameterization for NCAR's second-generation GCM.

Most of the remaining boundary-layer work in 1977 involved analysis
and interpretation of aircraft data from several field programs,
especially GATE, AMTEX, and the Monsoon Experiment (MONEX '77), and
much of that data analysis involved extraction of the values and budgets
of heat and water vapor fluxes and other turbulent second moments.
The ability to measure such moments accurately from aircraft was a
long-standing goal of the NCAR scientific and facility programs which
now appears to be well in hand. At the same time, second-moment closure
theory is an increasingly accepted method of treating problems in
boundary-layer flow, and a strong need exists for data to test empirical
parts of the theoryo

Previous work by W. Pennell and M. LeMone, showing the strong
interaction of tropical cumulus patches with the boundary-layer
moisture fluxes, has been corroborated and extended by S. Nicholls
(visitor from the British Meteorological Office) and by LeMone and
Go Sommeria's (Centre National de la Recherche Scientifique, France)
comparisons of observational results with model calculations. Evidence
has accumulated that such cloud patches must be maintained in part by
mesoscale circulation patterns which may be too weak to measure
accurately with an aircraft. From independent analyses of aircraft
data from GATE and hurricane flights by NOAA, Ho Riehl also found
direct and indirect evidence of important mesoscale circulationso

Eo Zipser synthesized the results of a decade of work on the
interaction of the boundary layer with tropical squall line dynamics
and thermodynamics, using GATE data to fill some critical gaps.
In a closely related effort, LeMone and several collaborators developed
a general approach to the interaction of the boundary layer with
convective events, which was reported at the GATE Workshop. The air
entering a convective system usually has fair weather boundary-layer
structure, which is then subject to large convective mass, heat, and
moisture exchanges and is transformed to a different and characteristic
"wake" boundary-layer structure. For squall lines, this post-storm
boundary layer was found by Zipser to be the product of convective-
scale saturated downdrafts in the lowest few hundred meters and meso-
scale unsaturated downdrafts at higher levels. The wake boundary



layer then recovers toward normal fair weather structure through en-
hanced surface fluxes.

In collaboration with J. Wyngaard (NOAA Environmental Research
Laboratories), Do Lenschow, Pennell, LeMone, and Y. Pann have carried
out evaluations of the variance and covariance budgets of turbulent
fluctuations in the AMTEX boundary layer. Similar analyses are being
carried out with aircraft data taken near the NOAA tower near Haswell,
Colorado. The AMTEX aircraft data are also being used to investigate
the structure of thermals and their entrainment rates at the top of
the mixed layer, in collaboration with N. O. Jensen (Danish Atomic
Energy Commission) and P. Stephens, a graduate student at the University
of Oklahoma.

Electra flight missions were carried out over the East African
low-level wind maximum in early summer during MONEX '77. These involved
Ho van de Boogaard and D. Sartor and a number of university investigators.
Analyses of the complete data set are at an early stage, but preliminary
results indicate that the moisture flux into the boundary layer is con-
siderably larger than was previously supposed.

Analyses on Stratocumulus Experiment flights carried out over the
eastern Pacific in 1976 have been conducted by Sartor, D. Fritts [an
Advanced Study Program (ASP) postdoctoral fellow], Lilly, and Po Kennedy.
Results are incomplete but encouraging with respect to the ability of
current Electra instrumentation to measure independently humidity,
temperature, and liquid water content and their second moments in strato-
cumulus clouds. Some of the data indicate surprisingly small correlations
between fluctuations of temperature and mixing ratio in apparently solid
cloud layers. This work is being carried out in cooperation with several
university investigators, including particularly W. Schubert and So Cox
of Colorado State University.

An airborne hot-wire anemometer was developed jointly by NCAR
(Lenschow) and C. Friehe and J. LaRue of the University of California,
San Diego, and flown on the Queen Air with excellent results. Velocity
fluctuations can be measured to frequencies of several kilohertz,
corresponding to horizontal wavelengths of millimeters, thus allowing
direct energy dissipation evaluations.

Convective Storm Research

The observational aspects of convective storm research in 1977
principally involved analyses of parts of the GATE data set. Quali-
tatively, Riehl notes that convective elements as observed by radar
are very similar in the GATE maritime environment to those previously
observed in Venezuela, This is found to be consistent with strong
resemblances in larger scale features, especially the geometric and
dynamic relationships of vertical and horizontal wind shears and tem-
perature fields with the intertropical convergence zone.
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Several case and composite studies of GATE convection have been
completed or are in progress. One by Zipser and C. Gautier
(University of Quebec) involved mesoscale cyclogenesis, probably
similar to that leading to tropical cyclones, although that stage
was not attained in this case. The environmental conditions which
produce and nurture such disturbances, instead of the more frequent
cloud clusters with squall lines and short life cycles, remain the
subject of active research.

A program of three-dimensional numerical simulation of convective
storms, being conducted by J. KlemD and W. Bergen in collaboration with
R. Wilhelmson (University of Illinois), has produced important results
for understanding and prediction of severe storms in environments with
strong vertical wind shear. The model differs from others in being
compressible and using a time-step splitting procedure to achieve high
computational efficiency. The lateral boundary conditions are open to
advective and wave transports, and a turbulent kinetic energy equation
is integrated, with turbulent diffusion processes computed from eddy
coefficient expressionso Microphysical simulation is limited to in-
clusion of cloud and rain water, an autoconversion rate, and rainout.
The most important result is the prediction of cell splitting and
development of rotating storms in the presence of strong shear in the
lower troposphere, with an apparently similar evolution to that observed
from radar data. Left- and right-moving storms are produced, with
strong asymmetries developing when the environmental wind hodograph is
curved. These simulations are believed to provide the strongest
available dynamic basis for explanation and perhaps prediction of
rotating "supercell" storms, which apparently produce most major tor-
nadoes and many severe hailstormso Qualitatively the results appear
to depend strongly on the existence of the water loading process, but
not too strongly on its details.

The work of R. Rotunno (ASP postdoctoral fellow until September,
now University of Colorado/CIRES) on tornadic vortex dynamics has been
and continues to be closely interactive with MRS. By use of a radially
symmetric numerical model, Rotunno has accurately simulated some im-
portant laboratory experiments and offered plausible explanations of
most of their basic elements, including the sensitivity of vortex in-
tensity to swirl ratio, the "breakdown" of tornado-like vortices and
the consequent downflow aloft, and the apparently observed downward
propagation of tornadic circulation features from the cloud layero

Subsynoptic Analysis and Prediction Research

A substantial effort by K. Ooyama and collaborators (S. Esbensen,
Oregon State University; J. H. Chu, University of Wisconsin; Ro Reeves,
NOAA Center for Experiment Design and Data Analysis) has gone into
developing techniques for analysis of the GATE upper air data set.
A principal, though negative, product of this effort has been the
evaluation of several serious deficiencies in the quality of the data
set. The procedures developed are believed to be adequate, however,
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for deriving the maximum value from the set and perhaps also for carrying
out analyses of more optimal sets in future programs, e.g., SESAMEo The
next stage in the analysis procedure, formulation of a prognostic model,
is under development by Ooyama. Additional, more subjective GATE sub-
synoptic analysis work is being carried out by C. Smith, with two case
studies already reported.

During the past three years, a joint Drexel University (Co Kreitzberg
and associates)/NCAR (D. Perkey; Do Anderson, Computing Facility) project
has been developing and testing regional dynamical weather prediction
models over domains of (1,600 km)2 in order to:

1. Study the interactions of scales from that of organized
convection to cyclonic storms

2. Perform prediction sensitivity studies, grid resolution
studies, and six 24-hour prediction accuracy studies
including forecasts of the onset of severe weather and
quantitative precipitation forecasts; perform data simu-
lation studies prior to SESAME

3o Contribute significantly to the advance of numerical
predictions and understanding from current state 190 km
resolution down to resolutions approaching 20 kmo

One area of research this past year has resulted in a comparison
of quantitative precipitation forecasts derived from simulations
initialized with geostrophic winds versus nongeostrophic winds. Also
investigated was the effect of analysis resolution on the forecast.
It is noted that the initial geostrophic vertical velocity fields are
weaker than the nongeostrophic derived fields and therefore produce
less precipitation and associated latent heat release early in the
forecast. This underestimation of the vertical velocity by the geo-
strophic initial conditions causes this case to miss completely an
observed region of maximum precipitation. The added analysis resolution
tightens both the initial temperature and pressure gradients, which
also helps increase the early precipitation.

In summary, both the nongeostrophic winds and the added resolution
increase the 18-hour accumulated precipitation. In addition, these
changes reduce the pressure oscillations in the model and thereby yield
a smoother model start-up and forecast.

In another study it was shown that this added analysis resolution
was still somewhat deficient. Although the model produced a realistic
short-range forecast of the synoptic-scale flow patterns, our qualitative
examination reveals that in this case the horizontal (a 100 km) and
vertical (% 15 km) grid spacings, typical for limited-area forecasting
with existing computers, are too coarse for properly resolving the
details of both surface and upper-level frontal structure. The minimum
horizontal scale of the model frontal zones is around 200 km, compared

AAP Division34



AAP Division

to the observed 100 km scales. We emphasize that the model's upper-
level frontal zones at the initial time and at the final forecast time
are approximately 400 km (4As) and 200 km (2As) across, respectively,
so that the model appears to be maintaining the strength of the front
at the limit of the model's horizontal resolution.

Mountain Wave Research

A two-dimensional numerical model, developed by Klemp and Lilly
to simulate strong mountain waves and downslope winds, was found to
provide accurate representation of several previously observed caseso
Further development could involve extension to three dimensions and
adaptation for real predictive utilization, but this is not currently
being pursued. Evaluation and further development by Bergen are,
however, continuing on a linear model which has been found to provide
apparently useful predictive ability, from either upstream soundings
or soundings predicted out to 18 hours by operational limited-area
fine mesh model S

A technique was developed for readily obtaining numerical solutions
to Long's equation for steady-state nonlinear mountain waves in the
hydrostatic case. The results of such solutions for various topography
shapes are believed to explain the existence of strong waves and wind-
storms over mountains with gradual upwind and steep lee slopeso

A Possible Solar Weather Linkage

An array of evidence from several fields of research is leading to
identification of a new mechanism for sensitivity of tropospheric and
stratospheric phenomena to solar variability. Solar particulate emissions
cause changes in the stratospheric and tropospheric electric field,
according to a model developed by Ro Roble (Atmospheric Quality Division)
and P. Bo Hays (Stanford University). These changes, when introduced
into a thunderstorm electrification model due to Sartor, J. Kuettner (MONEX)
and Z. Levin and Io Tzur (University of Tel Aviv), are found to be
sufficient to cause a significant increase in world-wide thunderstorm
activity and increased precipitation. Further tests of the combined
hypotheses will require enhanced observation of earth-air electrical
activity at the Mauna Loa observatory and possibly other field activities.
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MATSUNO, T.: Eulerian view vs. Lagrangian view
on the mean meridional circulation on the occasion
of a sudden stratospheric warming. Proc.
Symposium, Meteorology of the Middle Atmosphere:
Sudden Warming, IAGA/IAMAP Joint Assembly,
22 Aug.-3 Sept. 1977, Seattle, Washington, in
press, 1978.
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CLIMATE SECTION
Staff

Climate Section

Eileen Boettner
Bruce Briegleb
Robert Dickinson
Ann Gayton
Karla Nolan
Richard Wolski

GERALD NORTH, University of Missouri at St. Louis:
CSG, January and November 1977.

JAN TALJAARD, South African Weather Bureau,
Pretoria: ESG, September to October 1977.

(Section Head)

Climate Sensitivity Group (CSG)

James Coakley
Larry Goldberg
William Kellogg (Group Leader)
Shaw Liu (long-term visitor)
Randi Londer
V. Ramanathan (long-term visitor)
Takashi Sasamori
Stephen Schneider
Starley Thompson
Bruce Wielicki
Warren Wiscombe
Empirical Studies Group (ESG)

Paul Julian
Roland Madden
Chester Newton (Group Leader)
Harry van Loon

Global Climate Modeling Group (GCMG)

Robert Chervin
Thomas Mayer
Claire Parkinson (long-term visitor)
Warren Washington (Group Leader)

Visitors

BILLIE TAYLOR, University of Toronto, Canada:
CSG, July to September 1977.

ANNA TREVISAN, University of Bologna, Italy: ESG,
January to April 1977.

KLAUS WEICKMANN, University of Wisconsin:
August to October 1977.

GCMG,

Publications

*AUGUSTSSON, T., and V. RAMANATHAN: A radiative-
convective model study of the C02-climate problem.
J. Atmos. Sci. 34, 448-451, 1977.

*CESS, R. D., and V. RAMANATHAN: Averaging of
infrared cloud opacities for climate modelling.
To appear in May issue of J. Atmos. Sci., 1978.

*CHEN, T.-C., and V. RAMANATHAN: A numerical simu-
lation of seasonal stratospheric climate: Part II.
Energetics. J. Atmos. Sci. 35, 615-633, 1978.

CHERVIN, R. M.: The limitations of modelling: The
question of statistical significance. In CZimatic
Change (J. Gribbin, Ed.), Cambridge University
Press, Cambridge, England, 191-201, 1978.

COAKLEY, J. A., JR.: Feedbacks in vertical-column
energy balance models. J. Atmos. Sci. 34, 465-470,
1977.

ROBERT CESS, State University of New
Brook: CSG, January and June 1977.

York at Stony

PETR CHYLEK, Purdue University, West Lafayette:
CSG, May to August 1977.

JOACHIM JOSEPH, Tel-Aviv University,
August and September 1977.

Israel: CSG,

JOHN KUTZBACH, University of Wisconsin: CSG,
August 1977.

ERIC LEAVITT, AIDJEX, University of Washington:
GCMG, September to October 1977.

ROBERT LEE, Iowa State University, Ames: CSG,
June to August 1977.

: An efficient numerical approach to radiative-
convective equilibrium. J. Atmos. Sci. 34, 1402-
1407, 1977.

COAKLEY, S. M., and S. H. SCHNEIDER: Climate food
interactions: How real is the crisis? BuZZ. Amer.
Phyto. Soc. 3, 22-27, 1977.

DICKINSON, R. E.: Challenges in the atmospheric
sciences. In Space Shuttle Missions of the 80s,
Advances Astronautical Sci., American Astronautical
Society, San Diego, Calif., 32, 463-470, 1977.

: Venus mesosphere and thermosphere temperature
structure. II. Day-night variations. Icarus 30,
163-178, 1977.

NADAV LEVANON, Tel-Aviv University, Israel: ESG,
January 1977 to March 1978.

WILLIAM MASSMAN, University of Wisconsin: ESG,
February to May 1978.

*An asterisk before a name indicates a non-NCAR
coauthor.
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, E. C. RIDLEY, and R. G. ROBLE: Meridional
circulation in the thermosphere. II. Solstice
conditions. J. Atmos. Sci. 34, 178-192, 1977.

__ : Rossby waves--long period oscillations of
oceans and atmospheres. Ann. Rev. Fluid Mech. 10,
159-195, 1978.

JULIAN, P.: Special observing systems for the
first GARP Global Experiment (FGGE). In Weather
Forecasting and Weather Forecasts: Models,
Systems, and Users. Technical Note NCAR/CQ-5+
1976-ASP, NCAR, Boulder, Colo., 420-422, 1977.

, V. LALLY, W. W. KELLOGG, *V. SUOMI, and
*C. COTE: The TWERL Experiment. Bull. Amer.
Meteor. Soc. 58, 936-948, 1977.

KELLOGG, W. W.: Results of the AMS questionnaire
of 1975. Bull. Amer. Meteor. Soc. 58, 39-44, 1977.

_ : Emissions and the climate. Energie und
Umwelt (K. H. Beckurts, Ed.), In Proc. Inter-
national Congress ENVITEC '77, Dusseldorf, Vulkan-
verlag, Essen, F.R.G., 117-123, 1977.

: Effects of Human Activities on Global
Climate: A Summary, with Considerations of the
Implications of a Possibly Warmer Earth. Technical
Note No. 156 (WMO No. 486), World Meteorological
Organization, Geneva, Switzerland, 1977.

_ : Effects of human activities on global
climate. Part I. Bull. WMO 26, No. 4, 229-240,
1977.

: Long range influences of mankind on the
climate. Proc. World Conference Towards a
Plan of Actions for Mankind, Vol. 2, Long-Range
Energetic Resources and Growth, (M. Marois, Ed.),
Pergamon Press, Oxford and New York, 103-118,
1977.

, and *M. MEAD: The Atmosphere: Endangered
and Endangering. Fogarty International Center
Proceedings No. 39 (DHEW Publ. No. (NIH)77-1065),
National Institutes of Health, Washington, D. C.,
1977.

, and S. H. SCHNEIDER: Climate, desertifica-
tion, and human activities. In Desertification
(M. H. Glantz, Ed.), Westview Press, Boulder,
Colo., 141-163, 1977.

__ Global influences of mankind on the climate.
In Climatic Change (J. Gribbin, Ed.), Cambridge
University Press, Cambridge, England, 205-227, 1978.

__ : Effects of human activities on global
climate. Part II. Bull. WMo 27, 3-9, 1978.

: Is mankind warming the earth? Bull. Atomic
Scientists 34, 10-19, 1978.

___ and S. H. SCHNEIDER: Global air pollution
and climate change. IEEE Trans. Geosci. Electr.
GE-16, 44-50, 1978.

*KUTZBACH, J. E., R. M. CHERVIN, and *D. D. HOUGHTON:
Response of the NCAR general circulation model to
prescribed changes in ocean surface temperature.
Part I: Midlatitude changes. J. Atmos. Sci. 34,
1200-1213, 1977.

*LEVANON, N., P. R. JULIAN, and *V. E. SUOMI:
Antarctic topography from balloons. Nature 268,
514-515, 1977.

*LLEWELLYN, R. A., and W. M. WASHINGTON: Energy
and climate: Regional and global aspects. In
Energy and Climate, Studies in Geophysics,
National Academy of Sciences, Washington, D. C.,
106-118, 1977.

MADDEN, R. A.: Estimates of the autocorrelations
and spectra of seasonal mean temperatures over
North America. Mon. Wea. Rev. 105, 9-18, 1977.

; Traveling Planetary Waves and Their Effect
on the General Circulation. NCAR Cooperative
Thesis No. 47, 77 pp., 1978.

, and *J. WILLIAMS: The correlation between
temperature and precipitation in the United States
and Europe. Mon. Wea. Rev. 106, 142-147, 1978.

*MASS, C., and S. H. SCHNEIDER: Statistical
evidence on the influence of sunspots and volcanic
dust on long-term temperature records. J. Atmos.
Sci. 34, 1996-2004, 1977.

NEWTON, C. W.: Atmospheric general circulation
(1, 690B-694); Tornado (revision, 13, 710-711);
earlier articles reprinted on Dust Storm, Squall,
Squall Line, Storm, Thunderstorm, Tropical Meteo-
rology (Tropical Disturbances), Waterspout. In
McGraw-Hill Encyclopedia of Science and Technology,
4th Edition, New York, 1977.

_ *C. ANDERSON, *A. BETTS, *W. BONNER,
*C. CHAPPELL, *J. CHARBA, *M. FRITSCH, *I. ORLANSKI,
*F. SANDERS, *Y. SASAKI, *J. SCHAEFER, and *P.
SINCLAIR: Thunderstorm-environment interactions.
In Planning Documentation Volune, Section 5.3, 176-
208, Project SESAME, NOAA Environmental Research
Laboratories, Boulder, Colo., 1977.

: Fronts and wave disturbances in Gulf Stream
and atmospheric jet stream. To appear in a special
issue of J. Geophys. Res. 83, 1978.

, *R. C. MILLER, *E. R. FOSSE, *D. R. BOOKER,
and *P. McMANAMON: Severe thunderstorms--their
nature and their effects on society. Interdisc.
Sci. Rev. 3, 71-85, 1978.

PARKINSON, C.: A Numerical Simulation of the
Annual Cycle of Sea Ice in the Arctic and
Antarctic. NCAR Cooperative Thesis No. 46,
191 pp., 1978.

, and W. WASHINGTON: Summary of a large-
scale sea-ice model. Proc. of ICSI/AIDJEX
Symposium on Sea Ice Processes and Models,
Seattle, Washington, in press, 1978.
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, and : A large-scale numerical model
of sea ice. J. Geophys. Res. in press, 1978.

RAMANATHAN, V.: Interactions between ice-albedo,
lapse-rate, and cloud-top feedbacks: An analysis
of the nonlinear response of a GCM-climate model.
J. Atmos. Sci. 34, 1885-1897, 1977.

: Troposphere-stratosphere feedback mechanism:
Stratospheric warming and its effect on the polar
energy budget and the tropospheric circulation.
J. Atmos. Sci. 34, 439-447, 1977.

and *W. L. GROSE: A three-D circulation
model study of the radiative-dynamic coupling
within the stratosphere. Contributions to Atmos.
Phys. 50, 55-70, 1977.

, and J. A. COAKLEY, JR.: Climate modeling
through radiative-convective models. To appear in
August issue of Rev. Geophys. Space Phys., 1978.

, and *W. L. GROSE: A numerical simulation
of seasonal stratospheric climate: Part I. Zonal
temperature and winds. J. Atmos. Sci. 35, 600-
614, 1978.

ROBLE, R. G., R. E. DICKINSON, and E. C. RIDLEY:
Seasonal and solar cycle variations of the zonal
mean circulation in the thermosphere. J. Geophys.
Res. 82, 5493-5504, 1977.

SASAMORI, T.: A parameterization of radiative
transfer. In Weather Forecasting and Weather
Forecasts: Models, Systems, and Users, Technical
Note NCAR/CQ-5+1976-ASP, NCAR, Boulder, Colo.,
208-213, 1977.

, and *J. W. MELGAREJO: A parameterization
of large-scale heat transport in midlatitudes.
Part I. Transient eddies. To appear in Tellus,
1978.

__: A
transport
waves and
1978.

SCHNEIDER,
possible?
Rosenberg,
1977.

parameterization of large-scale heat
in midlatitudes. Part II. Stationary
the Ferrel cell. To appear in Tellus,

S. H.: Forecasting droughts: Is it
In North American Droughts (N. J.
Ed.), Westview Press, Boulder, Colo.,

: Climate change and the world predicament:
A case study for interdisciplinary research.
Climatic Change 1, 21-43, 1977.

: Editorial. Climatic Change 1, 3-4, 1977.

: Climatic variability and its impact on
food production. In The Atmosphere: Endangered
and Endangering (W. W. Kellogg and M. Mead, Eds.),
Fogarty International Center Proceedings No. 39
(DHEW Publ. No. (NIH)77-1065), National Institutes
of Health, Washington, D. C., 49-63, 1977.

: Oral statement presented to the U.S. Sub-
committee on Science, Technology, and Space of the
Committee on Commerce, Science, and Transportation,
The National Program Act. U. S. Government Print-
ing Office, Washington, D. C., Serial No. 85-33,
391-397, 1977.

: Prepared statement presented to the U.S.
Subcommittee on Science, Technology, and Space of
the Committee on Commerce, Science and Transporta-
tion, The National Program Act. U. S. Government
Printing Office, Washington, D. C., Serial No. 95-
33, 397-419, 1977.

: The possibility and consequences of clima-
tic change. In Proc. The Next Eighty Years,
California Institute of Technology, Pasadena,
Calif., 94-105, 1977.

: What climatologists can say to planners.
In Proc. Symposium on Living with Climatic Change,
Phase II (D. M. Sluyter, Ed.), Mitre Corporation,
McLean, Va., 45-56, 1977.

: Climatic change. In McGraw-Hill Yearbook
of Science and Technology, New York, 169-172, 1977.

, and R. L. TEMKIN: Water supply
and the future climate. In Climate, Climatic
Change, and Water Supply, Studies in Geophysics,
National Academy of Sciences, Washington, D. C.,
25-33, 1977.

, T. E. HOLZER, R. G. ROBLE, and P. J. CRUTZEN:
Terrestrial Implications of a Changing Solar Input,
Introduction (0. R. White, Ed.), Colorado Associ-
ated University Press, Boulder, Colo., 3-5, 1977.

, , and : Terrestrial
Implications of a Changing Solar Input, The
Troposphere, (O. R. White, Ed.), Colorado Associ-
ated University Press, Boulder, Colo., 16-19,
1977.

: The possibility and consequences of clima-
tic change. Engineering and Sci. 61, 14-20, 1978.

: What a difference a degree makes!
Chemtech 8, 143-145, 1978.

: Climate of opinion. The Sciences 18, 21-
23, 1978.

, and M. L. CAIN: Water resources and
climatic change. Garden 2, 20-24, 1978.

, and R. L. TEMKIN: Climatic change and
human affairs. In Climatic Change (J. Gribbin,
Ed.), Cambridge University Press, Cambridge, U. K.,
228-246, 1978.
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VAN LOON, H., and *J. WILLIAMS: The connection
between trends of mean temperature and circula-
tion at the surface. Part IV. Comparison of the
surface changes in northern hemisphere with the
upper air and with the Antarctic in winter. Mon.
Wea. Rev. 105, 636-647, 1977.

, and *J. C. ROGERS: The seesaw in winter
temperatures between Greenland and northern
Europe. Part 1. General description. Mon. Wea.
Rev. 106, 296-310, 1978.

, and *J. WILLIAMS: The association between
mean temperature and interannual variability. To
appear in Mon. Wea. Rev., 1978.

WASHINGTON, W. M., *B. OTTO-BLIESNER, and
G. WILLIAMSON: January and July Simulation
Experiments with the 2.5° Latitude-Longitude Ver-
sion of the NCAR General Circulation Model.
Technical Note TN-123+STR, NCAR, Boulder, Colo.,
Vol. 1, Text, 39 pp.; Vol. 2, Figures, 61 pp.,
1977.

, and D. L. WILLIAMSON: A description of

the NCAR global circulation models. In Methods in
Computational Physics, Vol. 17, General Circula-
tion Models of the Atmosphere (J. Chang, Ed.),

Academic Press, New York, 111-172, 1977.

, R. M. CHERVIN, and *G. V. RAO: Effects of
a variety of Indian Ocean surface temperature
anomaly patterns on the summer monsoon circula-
tion: Experiments with the NCAR general circula-
tion model. Pure Appl. Geophys. 155, 1335-1356,
1977.

: A review of general circulation model
experiments on the Indian Monsoon. In Proc.
Monsoon Dynamics Symposium, New Delhi, India.
To appear, 1978.

*WILLIAMS, J., and H. VAN LOON: The connection
between trends of mean temperature and circulation
at the surface: Part III. Spring and autumn.
Mon. Wea. Rev. 104, 1591-1596, 1976.

WILLIAMSON, D. L., and R. E. DICKINSON: Free
oscillations of the NCAR global circulation model.
Mon. Wea. Rev. 104, 1372-1391, 1976.

WISCOMBE, W. J.: The delta-M method: Rapid yet
accurate radiative flux calculations for strongly
asymmetric phase functions. J. Atmos. Sci. 34,
1408-1422, 1977.

: Doubling initialization revisited.
J. Quant. Spectrosc. Radiat. Transfer 18, 245-248,
1977.

: Author's reply. J. Quant. Spectrosc.
Radiat. Transfer 18, 251, 1977.

: Mie scattering between any two angles.
J. Opt. Soc. Amer. 67, 572-573, 1977.

AAP Division

, and *J. W. EVANS: Exponential-sum fitting
of radiative transmission functions. J. Comp.
Phys. 24, 416-444, 1977.

, and *J. H. JOSEPH: The range of validity
of the Eddington approximation. Icarus 32, 362-
377, 1977.
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OCEANOGRAPHY SECTION

Staff

Julianna Chow
Bernard Durney
Peter Gent (long-term visitor)
William Holland (Section Head)
James McWilliams
Karla Nolan
Albert Semtner, Jr.

Visi tors

ALAIN COLIN DE VERDIERE, Woods Hole Oceanographic
Institution: October to December 1977.

: The role of mesoscale eddies in the general
circulation of the ocean: Numerical experiments
using a wind-driven quasigeostrophic model.
J. Phys. Oceanog. 8, in press, 1978.

McWILLIAMS, J.C.: On the large scale circulation
of the ocean: A discussion for the unfamiliar.
In Oceanic Sound Scattering Prediction (N.R.
Anderson and B.J. Zahuranec, Eds.), Plenum Press,
1977.

: A note on a consistent quasigeostrophic
model in a multiply connected domain. Dyn. Atmos.
Oceans 1, 427-441, 1977.

LAWRENCE MYSAK, University of British Columbia:
February to May, July to August 1977.

W. BRECHNER OWENS, Woods Hole Oceanographic
Institution: April to May 1977.

COLIN SHEN, University of Washington: October
1977 to May 1978.

Publications

DURNEY, B.R.: The influence of mesoscale topog-
raphy on the stability and growth rates of a two-
layer model of the open ocean. Geophys.
Astrophys. Fluid Dyn. 9, 115-128, 1977.

: A comparison of numerical simulations of
eddy generation performed with a two- and a three-
layer quasigeostrophic model of oceanic mesoscale
eddies. Geophys. Astrophys. Fluid Dyn., in
press, 1978.

*FLIERL, G.R., and J.C. McWILLIAMS: On the
sampling requirements for measuring moments of
eddy variability. J. Marine Res. 35, 797-820,
1977.

GENT, P.: A numerical model of the air flow
above water waves. Part 2. J. Fluid Mech. 82,
349-369, 1977.

*HAIDVOGEL, D.B., and W.R. HOLLAND: The stability
of ocean currents in eddy-resolving general
circulation models. J. Phys. Oceanog. 8, in press,
1978.

HOLLAND, W.R.: The role of the upper ocean as a
boundary layer in models of the oceanic general
circulation. Chapter 2 in Modelling and Pre-
diction of the Upper Layers of the Ocean (E.B.
Kraus, Ed.), Pergamon Press, New York, 325 pp.,
1977.

_ : The general circulation of the ocean and
its modelling. Proc. JOC/SCOR Joint Study Con-
ference on General Circulation Models of the Ocean
and their Relation to Climate, Helsinki, 1977.

*An asterisk before a name indicates a non-NCAR
coauthor.

: On a class of stable, slightly geostrophic
mean gyres. Dyn. Atmos. Oceans 2, 19-28, 1977.

: Objective analysis maps of geostrophic
streamfunction. Atlas of the 1973 Mid-Ocean
Dynamics Experiment, M.I.T., Cambridge, Mass.,
274 pp., 1977.

: Stable jet modes: A special
and mean flow interaction. J. Phys.
to appear May, 1978.

, and P.R. GENT: A coupled air
for the Tropical Pacific. J. Atmos.
appear June, 1978.

case of eddy
Oceanog.,

and sea model
Sci., to

, W.R. HOLLAND, and J.H.S. CHOW: A description
of numerical Antarctic Circumpolar Currents. Dyn.
Atmos. Oceans 2, in press, 1978.

*ROBINSON, A.R., *E. HARRISON, *Y. MINTZ, and
A.J. SEMTNER: Eddies and the general circulation
of an idealized oceanic gyre: A wind and thermally
driven primitive equation numerical experiment.
J. Phys. Oceanog. 7, 182-207, 1977.

SEMTNER, A.J., and W.R. HOLLAND: Intercomparison
of quasigeostrophic ocean models with primitive-
equation models. Proc. JOC/SCOR Study Conference
on General Circulation Models of the Ocean and
their Relation to Climate, Helsinki, 1977.

, and *Y. MINTZ: Numerical simulation of the
Gulf Stream and mid-ocean eddies. J. Phys.
Oceanog. 7, 208-230, 1977.

_ : A discussion of Y. Doronin's paper on
mathematical simulation of sea-ice state. Proc.
JOC/SCOR Study Conference on General Circulation
Models of the Ocean and their Relation to Climate,
Helsinki, 1978.

, and W.R. HOLLAND: Intercomparison of quasi-
geostrophic simulations of the western North Atlantic
circulation with primitive equation results.
J. Phys. Oceanog., accepted, 1978.

*TAYLOR, P., and P. GENT: A numerical investigation
of variations in the drag coefficient for the air
flow above water waves. Quart. J. Royal Meteor.
Soc., in press, 1978.
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NUMERICAL WEATHER PREDICTION SECTION

Staff

Wayman Baker
David Baumhefner
Thomas Bettge
Grant Branstator
Mary Chambers
Patrick Downey
Cecil Leith (to 13 July 1977)
Nadine Perkey
Thomas Schlatter
Boris Shkoller
Richard Somerville (Section Head)
Philip Thompson
Stephen Whitaker
David Williamson

Visitors

RON DOBOSY, University of Wisconsin: March 1977 to
March 1978.

GEOFFREY DOMM, Williams College, Williamstown,
Massachusetts: June to August 1977.

RENE LAPRISE, McGill University, Montreal: June
to August 1977.

KAMAL PURI, Australian Numerical Meteorological
Research Centre, Melbourne: February 1978 to
February 1979.

JOHN SHELDON, Massachusetts Institute of
Technology: June to August 1977.

ANDREW WATSON, Florida State University: June to
August 1977.

Publications

BAKER, W.E., *E.C. KUNG, and R.C.J. SOMERVILLE:
Energetics diagnosis of the NCAR general circula-
tion model. Mon. Wea. Rev. 105, 1384-1401, 1977.

__ , ,and : An energetics analysis of
forecast experiments with the NCAR general circula-
tion model. Mon. Wea. Rev. 106, 311-323, 1978.

, Energetics Diagnosis of the NCAR General
Circulation Model. NCAR Cooperative Thesis No. 48,
106 pp., 1978.

BAUMHEFNER, D.P.: Present and future model verifi-
cation methods applied to forecast results from the
NCAR GCM. In Weather Forecasting and Weather Fore-
casts: Models, Systems, and Users, Technical Note
NCAR/CQ-5+1976-ASP, NCAR, Boulder, Colo., 737-744,
1977.

*An asterisk before a name indicates a non-NCAR
coauthor.

: A comparison of six wintertime forecasts of
large-scale flow from several numerical weather pre,
diction models, In Proc. 13th Stanstead Seminar
Series, Lennoxville, Quebec, 1977.

, R.L. JENNE, and T,W. SCHLATTER: Specialized
data sets available at the National Center for
Atmospheric Research (NCAR). In The CARP Programme
on Numerical Experimentation: Research Activities
in Atmospheric and Oceanic Modelling (R. Assel in,
Ed.), GARP Report No. 15, 1-3, 1977.

, and R.C.J. SOMERVILLE: Reply (to comments
of G.D. Hembree). Mon. Wea. Rev. 105, 1602, 1977.

BRANSTATOR, G.: Developing a prediction model for
use with the NCAR objective analysis scheme. In
The GARP Programme on Numerical Experimentation:
Research Activities in Atmospheric and Oceanic
Modelling (R. Asselin, Ed.), GARP Report No. 15,
27-29, 1977.

*CHEN, T.-C., *J.C. ALPERT, and T.W. SCHLATTER:
The effects of divergent and nondivergent winds on
the kinetic energy budget of a midlatitude cyclone:
A case study. Mon. Wea. Rev. 106, 458-468, 1978.

*GHIL, M., B. SHKOLLER, and *V. YANGARBER: A
balanced diagnostic system compatible with a baro-
tropic prognostic model. Mon. Wea. Rev. 105,
1223-1238, 1977.

*KELLY, E., and P.D. THOMPSON: Evolution of mean
zonal westerlies. In Summer Fellowship in Scienti-
fic Computing, Technical Note TN-129+PROC, NCAR,
Boulder, Colo., 43-61, 1978.

*LAPRISE, R., and R. SOMERVILLE: Application of
pattern recognition techniques to forecast verifica-
tion. In Summer Fellowship in Scientific Computing,
Technical Note TN-129+PROC, NCAR, Boulder, Colo.,
129-141, 1978.

*OBOUKHOV, A.M., and P.D. THOMPSON: The integrals
of motion of two-dimensional flows and the pro-
perties of four-mode representations. To appear
in a Russian journal, 1978.

*OTTO-BLIESNER, B., D.P. BAUMHEFNER, T.W. SCHLATTER,
and *R. BLECK: A comparison of several meteorologi-
cal analysis schemes over a data-rich region.
Mon. Wea. Rev. 105, 1083-1091, 1977.

*PENG, L., and B. SHKOLLER: Filtered equations
method (FEM). In The GISS Sounding Temperature
Impact Test, NASA Technical Memorandum 78063,
Goddard Space Flight Center, New York, pp. 3-50 to
3-88, 1978.

SCHLATTER, T.W.: Multivariate objective analysis.
In Weather Forecasting and Weather Forecasts:
Models, Systems, and Users, Technical Note
NCAR/CQ-5+1976-ASP, NCAR, Boulder, Colo., 423-432,
1977.
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, G.W. BRANSTATOR, and L.G. THIEL: Reply (to
comments of H.J. Thiebaux). Mon. Wea. Rev. 105,
1465-1468, 1977.

SOMERVILLE, R.C.J.: Metapredictability. In Weather
Forecasting and Weather Forecasts: Models, Systems,
and Users, Technical Note NCAR/CQ-5+1976-ASP, NCAR,
Boulder, Colo., 682-696, 1977.

: Model verification. In Weather Forecasting
and Weather Forecasts: Models, Systems, and Users,
Technical Note NCAR/CQ-5+1976-ASP, NCAR, Boulder,
Colo., 699-703, 1977.

: Pattern recognition and multivariate veri-
fication. In Weather Forecasting and Weather Fore-
casts: Models, Systems, and Users, Technical Note
NCAR/CQ-5+1976-ASP, NCAR, Boulder, Colo., 776-794,
1977.

: The role of the upper ocean in large-scale
numerical prediction of the atmosphere. In Modelling
and Prediction of the Upper Layers of the Ocean
(E.B. Kraus, Ed.), Pergamon Press, New York, 31-37,
1977.

: Sensitivity of large-scale numerical
weather forecasts to deficiencies in models.
Aerospace Sciences Review, AWS RP 105-2, No. 77-1,
7-10, 1977.

: Pattern recognition techniques for fore-
cast verification. In Proc. Third Conf. on
Numerical Weather Prediction, Omaha, Nebraska,
American Meteorological Society, 275-286, 1977.

: Verification of large-scale numerical
weather forecasts using pattern recognition
techniques. In Proc. Fifth Conf. on Probability
and Statistics in Atmospheric Sciences, Las Vegas,
Nevada, American Meteorological Society, 338-339,
1977.

VALENT, R.A., P.H. DOWNEY, and J.L. DONNELLY:
Description and Operational Aspects of the NCAR
Segmented Limited Area Model (LAMSEG). Technical
Note 0501-77/08, NCAR, Boulder, Colo., 105 pp.,
1977.

*VINCENT, D.G., T.W. SCHLATTER, *F.C. KORNEGAY,
and *H.J. EDMON, JR.: Comparison between the NCAR
multivariate statistical objective analysis scheme
and subjective analysis in a limited region.
Beitrage zur Physik der Atmosph&re 50, 272-283,
1977.

*WARD, J.H., *P.J. SMITH, and D.P. BAUMHEFNER:
A comparison of observed and predicted kinetic
energy fields over North America. In Proc. Third
Conf. on Numerical Weather Prediction, Omaha,
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ATMOSPHERIC QUALITY DIVISION

INTRODUCTION

The Atmospheric Quality Division (AQD) is involved in aeronomical, chemi-
cal, and related meteorological studies of the earth's atmosphere from the
ground to the magnetosphere, with emphasis on large-scale interactions and on
the global ecological and climatic effects.

The  of AQD are summarized as follows:

* To determine the composition (including the studies of chemical con-
versions) and dynamic structure (including its interactions with
chemistry) of the global atmosphere from observations. This will be
accomplished through involvement in satellite programs, remote and
in-situ sampling programs by aircraft, balloons and rockets and
participation in various chemical, field programs

* To construct and use chemical and meteorological or dynamic models in
the analysis and interpretation of global atmospheric data and to
predict future trends in the earth's chemical and physical environment

* To determine the important chemical, physical and biological
mechanisms that maintain and perturb chemical balances within the
earth's atmosphere

* To determine the role of various microphysical/chemical processes in
determining the chemical composition of the atmosphere and its radia-
tion balance.

The  of the AQD are directed towards the following of NCAR's
five research objectives:

1. To determine trends in and influences on air quality (main objective of
AQD).

2. To understand climatic trends and their causes.

Our past activities have contributed importantly towards the fulfillment
of these goals. Present knowledge of the composition and dynamic structure of
the stratosphere has been increased by the employment of AQD and collaborating
university scientists of a variety of new observational techniques on bal-
loons, aircraft, and satellites. Along with observational work, AQD has
actively pursued photochemical and dynamical modeling efforts, so that the
theoretical and observational studies support each other. Through such
efforts NCAR contributed significantly to the first assessments of the impact
of a number of human activities on the ozone layer. Other research activities
have included studies of soil-generated aerosols, the determination of the
global tropospheric distribution of gases and aerosols, and theoretical
studies of the removal processes of gases by interactions with aerosols and
hydrometeors.
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As a general strategy, we wish to contribute to the development of a
national program in atmospheric chemistry and aeronomy. To this end, division
activities are often conducted in collaboration with top scientists from
universities and other agencies in a mode that substantially enhances the
chances of scientific achievements.

As of January 1977, there were two projects within AQD: the Upper Atmo-

sphere Project, headed by John Gille, and the Aerosol Project, headed by C. S.
Kiang. John Gille was also acting division director. In May 1977, Paul
Crutzen became division director and reorganized the division activities into
five projects with closely interconnecting ties to promote collaborative
research efforts within the division. The AQD organizational structure is
shown in Figure 1 along with a list of personnel in each project.

Many activities which took place in the previous AQD organization continue

in the present one. After the departure of several scientists the aerosol
research in the division is now reduced to fewer activities and is concen-

trated mainly on the generation of soil derived aerosol and on the role of
clouds in the transfer of chemical constituents. Recognizing the chemical
interconnections between all compartments of the atmosphere from the ground to
above the mesopause, we have added three new chemistry subprojects that will
address essential questions:

Gas and Aerosol Aircraft Measurements

An important research activity both at NCAR and in the wider atmospheric
chemistry community is the exploration of the global chemical composition

especially in non-urban areas (for example, participation in campaigns such as
the Global Atmospheric Measurements Experiment on Tropospheric Aerosols and
Gases GAMETAG ). These activities put severe demands for the development of
new instrumentation. Although we intend to be involved directly in new
development, we see even more as our task the adaptation and thorough testing
of instrumentation designed for use on aircraft and other platforms. Research
on instrumentation for global atmospheric chemistry studies will be expanded
in the next decade, and a leadership role for NCAR seems inevitable. However,
a greater involvement by AQD would require funding for some additional staff.
Through active cooperation with the NCAR Atmospheric Technology Division, some
of the instrumentation developed will become available for general use by the
university community.

Biosphere-Atmosphere Interaction Project

The Biosphere-Atmosphere Interaction group will study the transfer of
gases in and out of soils and vegetation. This is a new, interdisciplinary
effort and it will be conducted in close collaboration with an ecology
research institute at Colorado State University and possibly other institu-
tions. Part of this work will be combined with ongoing research on soil-
generated aerosols. Scientists in the group have begun to make use of
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available instrumentation, and instrument development in several projects will
increasingly widen the scope of the Biosphere-Atmosphere effort. This effort
is likely to become a substantially expanding research area in AQD.

Stratosphere-Troposphere Exchange (Meteorology)

The task of the Stratosphere-Troposphere Exchange section will be the
interpretation of chemical observations and design of field experiments in a
meteorological context with emphasis on stratosphere-troposphere exchange
processes. Meteorological models of tropopause foldings will be developed.
Development of chemical instruments by other sections of the division are also
aimed at supporting this effort.

The remainder of this report describes the research highlights during the
period January 1977 through March 1978; instead of separating the reporting of
research activities into two periods (before and after the divisional reorgan-
ization), we will report our research activities in the framework of the new
divisional structure.
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IN-SITU MEASUREMENTS AND PHOTOCHEMICAL MODELING PROJECT

The In-Situ Measurements and Photochemical Modeling Project (ISPHOM) is
the largest project in the division and is currently being led by Paul
Crutzen. The project is divided into the following subprojects (a) chemical
modeling, (b) in-situ measurements, (c) gas and aerosol aircraft measure,
(d) biosphere-atmosphere interactions, and (e) stratospheric sampling and acid
precipitation studies,. The research highlights accomplished in each sub-
project are given below:

Chemical Modeling

Crutzen collaborated with investigators from universities and other
agencies to model chemical reactions in the atmosphere. Using a detailed
photochemical one-dimensional, time-dependent model, calculations were made of
the potential future effects of industrial chlorocarbon emissions, especially
FC-11 and FC-12, on atmospheric ozone. From these studies the growing impor-
tance of methyl chloroform in the ozone balance of the stratosphere were
evident (Collaborators: I. Isaksen, University of Oslo, Norway; J. McAfee,
NOAA, ERL).

A simplified method was developed to include molecular scattering in
photochemical models of the atmosphere. (Collaborators: I. Isaksen et al.,
University of Oslo, Norway).

The possibility of the occurrence of significant sources and sinks of
ozone in the troposphere was reinvestigated. Substantial amounts of ozone may
be produced by the oxidation of carbon monoxide and hydrocarbons in the
presence of nitrogen oxides. To test this hypothesis it is now important to
obtain NOx and ozone observations in the southern hemisphere. (Col-
laborator: J. Fishman, St. Louis University, and presently Colorado State
University, Ph.D. thesis).

Detailed two-dimensional photochemical calculations showed that previous
estimates of ozone reductions caused by nitrogen oxide releases from high-
flying aircraft were probably much too high. This information applies
especially to decisions about the future subsonic aircraft fleet. It is
likely to be true also for the supersonic fleets in light of measurements that
show the reactions HO2 + NO -+ OH + N02 and HO2 + 03 -+ OH + 202 to be
faster than previously believed. (Collaboration: H. Hidalgo, Institute for
Defense Analysis, and C. J. Howard, NOAA, ERL).

A preliminary analysis was made of the human influence on the atmospheric
nitrogen cycle, in order to assess the future effects of increasing agri-
cultural activities (for instance, increased usage of nitrogen fertilizers).
With the introduction of new rate constantsinto the chemical model, it can be
shown that total ozone is less sensitive to NO additions in the stratosphere.
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However, NO has a tendency to decrease ozone above 25 km and to increase ozone
below 25 km. The possibilities of climatic effects should therefore be con-
sidered. (Collaboration: C. J. Howard, NOAA, ERL and D. H. Ehhalt, K.F.A.,
Jilich, West Germany).

Ozone measurements from satellites have substantiated earlier model pre-
dictions of ozone reductions caused by NOx injections in the stratosphere by
a large solar proton event in August 1972. The measurements constitute a
direct and undisputable confirmation of the importance of the catalytic action
of NOx in the stratosphere. (Collaboration: D. F. Heath and A. Krueger,
NASA/GSFC).

A reassessment was made of the atmospheric budgets of CO, H2, and
CH4. It was shown that additional sources of CO besides those hitherto
considered are required to balance the carbon monoxide destruction in the
atmosphere by reaction with hydroxyl. We are currently investigating the
effects of worldwide wood burning and oxidations of hydrocarbons emitted by
vegetation. (Collaboration: J. Fishman and R. Chatfield, Colorado State
University; P. Zimmerman, Washington State University; P. Hanst, EPA).
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IN SITU MEASUREMENTS

Leroy Heidt, Richard Lueb, Walter Pollock, and Joseph Krasnec continued a
program begun at NCAR in 1973 to sample the stratosphere using a cryogenic
sampling device flown from a balloon. This system was described in the annual
report of FY 1976.

Vertical profiles were made from samples collected from Yorkton, Sas-
katchewan (520N) in August as the first of a series of flights partially
supported by the High Altitude Pollution Program (HAPP) program of the FAA.
Future flights in this series will be flown from Alaska and from an equatorial
site.

The tropospheric portion of the profile was completed by collecting grab
samples aboard the NCAR Sabreliner. Measurements of a number of trace gases
were performed when the samples were returned to the laboratory at NCAR.
These include the chlorofluorocarbons (CF2C12 and CHC13), nitrous oxide,
methane, hydrogen, carbon monoxide, carbon dioxide, and water vapor.

This group also participated in a multiple-experiment balloon flight
sponsored by the Atmospheric Science Laboratories (ASL) of White Sands Missile
Range and NASA. Eight samples were collected cryogenically during the strato-
spheric composition (STRATCOM) flight flown from Alamogordo, New Mexico.

The establishment of relationships between soil and other environmental
conditions and gaseous emissions is one of the goals of the AQD In Situ
project. The initial observational program to be undertaken will be with the
Grasslands Ecology group at Fort Collins (CSU) as well as a continuation of
the Everglades gas measurements of Leroy Heidt. Special equipment for the
analysis of marsh soils for gaseous emissions includes specially modified
instruments for measuring pH and redox potential as a function of depth.
Continuous measurement of water conductivity is also planned. Water will be
sampled for analysis of precursors of measured gases. Micrometeorological
equipment has been assembled by Dale Gillette to supplement gas concentration
measurements for calculation of vertical fluxes of gases.

Instrument Development

A mobile gas chromatograph (MGC) was developed which can be used in the
field to make in-situ measurements of the chlorofluorocarbons, chloroform,
methylchloroform, carbon tetrachloride, methane, and carbon monoxide. This
instrument was first used aboard the NCAR Electra during the pre-MONEX experi-
ment over east Africa during June and July, 1977. The MGC was also used on
the Electra during the GAMETAG experiment in August and September and as part
of a mobile laboratory in the Everglades National Park in November.
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GAMETAG Participation

In addition to the in-situ measurements with the MGC aboard the Electra,
grab samples were collected during GAMETAG in and above the boundary layer
from lat 650 N to 250S. Analysis of this data indicates that the gradients
in the concentrations of carbon monoxide, methane, and the chlorofluorocarbons
between the hemispheres are small.
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GAS AND AEROSOL AIRCRAFT MEASURE (GAME)

In early March 1977 a workshop on aircraft measurements of atmospheric
aerosols was organized and held at NCAR. About 30 aerosol researchers from
universities and government agencies participated in the two-day meeting and
presented talks in the three sessions - "Scientific Objectives of Atmospheric
Aerosol Research," "Analysis of Collected Samples," and "In-Situ Sensors and
Detectors." Recommendations for future aircraft research were made.

Anthony Delany conducted wind tunnel studies of aircraft intakes and
venturi exhausts to improve the capability of the NCAR aircraft for atmo-
spheric compositional research. In a cooperative study with H. Sievering of
Governor's State University, the aerosol intake system used aboard the Queen
Air to measure the atmospheric loading of Lake Michigan was calibrated to
define the aerosol fractionation that was occurring on the research flights.
This calibration allowed a more accurate determination of variations in atmo-
spheric aerosol size number distribution.

Three atmospheric aerosol aircraft experiments were undertaken by the new
GAME group during the year. They were "SAGE," a stratospheric aerosol inves-
tigation; "GAMETAG," a component of which is a global investigation of aerosol
distribution; and "Brown Cloud," a study of the contribution of aerosols to
the characteristic color of air pollution in the Denver area. All three
experiments were done in cooperation with E. Patterson and G. Grams of the
Georgia Institute of Technology. Data collected using our aerosol size
spectrometers were enhanced by using measured aerosol optical properties to
determine a more accurate size number distributions. These supplementary data
are determined by polar nephelometry and particle absorption by optical
analysis of collected samples.

In order to improve our aerosol measurement capability, an aerosol gen-
erator has been fabricated which allows calibration of the aerosol spectro-
meters in the field. In addition to the aerosol manifold and filter systems,
an equilibrium manifold has been fabricated and installed aboard the Electra.
This manifold allows outside air to be brought into temperature and pressure
equilibration inside the aircraft so that small particles can more easily be
studied.

An analysis of the compositional fractionation of aerosols generated
during wind erosion was done by Delany in collaboration with J. Ondov, of the
University of California (Lawrence-Livermore) and M. Small of the University
of Maryland; the results were presented at the Ninth International Conference
on Aerosols and Ice Nuclei at Galway, Ireland, in September 1977 and at the
Max-Planck Institut fur Chemie in Mainz, Germany. Further work in this field
will be done in collaboration with various NCAR and university scientists.

In anticipation of greater interest in cloud chemistry, a nonprecipitable
cloud-water collector is being developed for use in aircraft experiments.
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This work is being done in collaboration with J. Galloway of the University of
Virginia. The collector will have a flow-through of several cubic meters per
second. It is designed to coalesce droplets of > 2pm by means of a radial
slot impactor and to collect the bulk water using a centrifugal disc. It is
fabricated of Delron and incorporates a water purging system.

Nitric oxide and nitrogen dioxide are of central importance to atmospheric
photochemistry. Sensitive chemiluminescence detectors and converters devel-
oped recently now allow measurements of the ambient levels of these gases in
the atmosphere. We collaborated with D. Kley of NOAA to adapt his instrument
for use aboard the Queen Air to be used during of the Brown Cloud experiment.
Good resolution of NO and N02 data was obtained across the city plume of
Denver, and profiles up to 24 km in clean air were obtained for NO and NO2.
Working with D. Stedman of the University of Michigan, an aircraft-deployable
ambient NO/N02 detector was designed and fabricated. The device was test
flown in February 1978, and it is now being calibrated and checked out for use
aboard NCAR aircraft.

Ozone is another important atmospheric gas. Arthur Wartburg has worked on
methods to stabilize and calibrate the NCAR aircraft ozone-measuring system.
This system incorporates a Teflon compressor, a modified Dasibi instrument,
and a CSI chemiluminescence instrument. The system was used on the GAMETAG
flights and gave reliable data that are now being analyzed. A second approach
to ozone measurements is being made in collaboration with Stedman. The
ambient-level NO detector was designed also to function as a fast-response
(20H 3) ozone detector for use in determining ozone fluxes. The instrument
in this configuration is being prepared for aircraft testing.
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BIOSPHERE-ATMOSPHERE INTERACTION

The fluxes of several trace gases from different types of soils and vege-

tation were recently measured by the new Biosphere-Atmosphere Interaction

(BAI) group. In addition, measurements were made that isolated strong local

sources and sinks for carbon monoxide, methane, and the chlorine and sulfur
species.

The first experiment of this type was conducted in the Everglades National
Park. In preparation for the Everglades experiment, Dale Gillette made a site

visit and has made an extensive literature study on the hydrology water
quality of Everglades as well as gaseous emissions likely to be present.

Using a camper trailer as a mobile laboratory, the BAI group installed

four gas chromatographs and associated vacuum systems. Each of the instru-
ments was operated continuously for 48 h, to measure diurnal changes in con-
centrations of methyl chloride, methyl chloroform, carbon monoxide, methane,

carbon dioxide, nitrous oxide, hydrogen sulfite, and carbonyl sulfide.
Extremely high diurnal variations were found in methyl chloride, carbonyl

sulfide, and carbon monoxide.

Plans are underway to continue this experiment and to expand the activity

to include measurement of flux rates for these gases to enable the evaluation
of long-term effects. In addition, the following investigations will be
attempted at Everglades:

1. Nitrous oxide flux relative to nitrate and nitrite in the water

2. Hydrogen sulfide flux relative to sulfate in the water, Eh and pH of the

anaerobic layer, and water temperature

3. Methane production as affected by the presence of sulfate and nitrate in

the water

4. Ratio of carbon monoxide to methane to assess whether CO is predominantly
of plant origin or an oxidation product of CH4.

A second BAI experiment was conducted to assess the importance of wood

burning as a factor in the atmospheric cycles of carbon monoxide, hydrogen,
methane, and nitrous oxide. Grab samples were collected in the smoke plumes

of major forest and grassland fires, and the relative concentrations of each
of the above gases and carbon dioxide were determined for each type of burning
vegetation. Analysis of this data indicates that large-scale burning of
vegetation must be considered a major contributor to the global production of
CO, CH4, H2, and the nitrogen oxides.

Gillette continued research on the generation of aerosols by wind erosion

and expanded his investigations of threshold velocities for natural soil
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surfaces. The threshold velocity is that friction velocity (corresponding to
a transport of momentum to the surface) which initiates destruction of the
surface (saltation). Construction was finished on a small open floored wind
tunnel which was close in design to a micrometeorological wind tunnel at the
Commonwealth Scientific and Industrial Research Organisation, Australia. The
wind tunnel was designed so that it was portable enough to be carried to
remote sites and still have sufficient power to develop wind friction veloci-
ties up to 150-200 cm/sec. Natural soil surfaces could be tested, and soil
and aerodynamic parameters could be measured for each test. Field tests were
made in the summer of 1977 on desert pavements and sandy soils, and modifica-
tions were made to the equipment during the winter following of those tests.
In the spring of 1978 (March 27-31), a field program was conducted to test
natural desert surfaces for threshold speed. This field trip was a coopera-
tive project between NCAR personnel and soil scientists of the Bureau of Land
Management. The wind tunnel was operated successfully in the Mojave Desert,
and soil samples were taken for laboratory analysis.

Complete laboratory analysis of the surface soil samples will include
mechanical analysis for texture, size distribution determination of surface
gravel, soil moisture determination, calcium carbonate content analysis,
conductivity determination, modulus of rupture testing, organic carbon analy-
sis, and clay minerology analysis. A soil laboratory is being assembled that
will enable many of the above analyses. In addition, the laboratory will be
of great value in soil characterization for the gas flux measurement program.
Gillette visited the National Soil Testing Laboratory in Lincoln, Nebraska, to
study standard methods for soil tests.
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STRATOSPHERIC SAMPLING AND ACID PRECIPITATION STUDIES (SAPS)

Since January, 1977, Allan Lazrus and the Stratospheric Sampling and Acid
Precipitation Studies (SAPS) group have continued working on the stratospheric
halogen compound study in collaboration with the Upper Atmospheric Research
Programs of NASA and Department of Energy. They have measured hemispheric
cross sections of HC1, HF, acidic Br, HNO 3, and aerosol constituents (C1,
Br, SO", NH4, Na+ ). They found that (1) HC1 above the tropopause
was formed in the stratosphere, (2) sea salt and upper tropospheric HC1 make
only small contributions to stratospheric chlorine, (3) the observed vertical
profiles of HF and HC1 support theoretically predicted profiles, (4) a
relatively small fraction of stratospheric chlorine is in aerosol form, (5)
fluorine is not detectable in stratospheric aerosols, (6) there was no
observable seasonal variability of HN2 and HC1 over New Mexico, (7) there
was no observable latitudinal variability of HF and HC1 concentrations as a
function of height above the tropopause, (8) chlorine nitrate does not exist
in large amounts relative to HC1, (9) carbonyl fluoride does not represent a
significant chemical sink for fluorine relative to HF, and (10) inorganic
acidic bromine exists in the stratosphere at concentrations predicted to have
a significant impact on ozone. The SAPS group has completed the design and
construction of a new multilevel chemisorption sampler for stratospheric
balloon flights. This instrument provides concentration profiles up to 36 km
in altitude of the total known inorganic fluorine and chlorine chemical
sinks. It also provides the only method currently available for stratospheric
bromine measurements.

The group have also demonstrated the existence of appreciable mixing
ratios of sulfate above 30 km in the stratosphere.

Lazrus, in cooperation with B. Huebert of Colorado College, has been mak-
ing measurements of a wide variety of acidic gases and aerosol constituents in
the low and upper troposphere as a part of GAMETAG. So far only preliminary
nitric acid and nitrate aerosol data have been acquired. The results indicate
lower concentrations of HNO 3 in the remote clear troposphere than theoreti-
cally expected and a more homogeneous distribution with altitude than had been
predicted. The ratio of HN0 3 to aerosol N03 also seems unexpectedly
high. This information is useful for the development of models of the tropo-
spheric nitrogen cycle and its effect on tropospheric ozone production.

Last fall a new program, the Acid Precipitation Experiment (APEX), was
organized in order to directly study the total acidity of tropospheric air for
the first time. Atmospheric acidity at rainout and washout altitudes will be
studied, as well as cloud water and precipitation composition. The measure-
ments will be made on a seasonal basis along the corridor of average cyclone
tracks from Colorado to several hundred miles east of the New England coast,
using NCAR's Queen Air. The main objectives are to determine the relative
contributions of the various acids, acid anhydrides, and bases to atmospheric
acidity; their relationships to acid precipitation; and their concentrations
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relative to the remote regions in which similar measurements are being
obtained as part of GAMETAG. Other senior investigators include J. Winchester
(Florida State University), G. Likens and J. Eaton (Cornell University),
V. Mohnen and G. Laren (State University of New York), D. Stedman (University
of Michigan), B. Huebert and W. Berg (ASP-NCAR), and P. Mueller (Environmental
Research Technology, Inc.).

Data acquisition is a major problem facing future field programs.
Gillette investigated available data acquisition systems and ordered a system
that is sufficient for present needs and expandable for future needs.

Gillette continued work on the development of a device to separate parti-
cles larger than 20 pm diameter from a particle collector without impaction or
filtration. The instrument, a virtual impactor, was tested in a wind tunnel
and was found to be acceptable.

Gillette also collaborated with other members of AQD in a study of the
composition of Denver Brown Cloud particles. After participating in field
sampling during January and February 1978, a mineralogical identification
scheme was developed and was used to identify particles from the Denver Brown
Cloud.
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STRATOSPHERIC-TROPOSPHERIC EXCHANGE PROJECT (STEP)

The primary purpose of the new Stratospheric-Tropospheric Exchange Project
(STEP) is to coordinate the AQD efforts to investigate the meteorological and
chemical aspects of the exchange of air and constituents between the strato-
sphere and troposphere. In particular, the project has concentrated upon the
exchange process in the vicinity of upper-level frontal zone jet stream
weather systems and associated extratropical cyclones.

During the past year and a half, the members of STEP have focused their
individual and collaborative research efforts upon the diagnostic and numeri-
cal modeling of atmospheric and chemical transport processes associated with
upper-level jet stream frontal zone systems (ULJFZS).

Continued use was made of the NCAR Sabreliner research aircraft with
eighty research hours of data taken during the period of this report. Melvyn
Shapiro documented the mesoscale and turbulent structure of ULJFZS as well as
a mechanism for increasing air parcel potential vorticity during air transport
from the troposphere into the stratosphere. Quantitative measurements of the
turbulent flux of heat, momentum, and ozone from these flights are being used
to parameterize these mixing processes in the numerical model of strato-
spheric-tropospheric exchange in the vicinity of ULJFZS.

In collaboration with Richard Cadle (In-Situ Measurements Project) and
Gerhard Langer (Convective Storms Division), aircraft measurements were made
which showed transport of Aitkin particles from the troposphere to the strato-
sphere. Measurements with a fast-response ozone analysis instrument supplied
by V. Mohnen (State University of New York) permitted the documentation of
vertical turbulent flux of ozone out of the stratosphere during tropopause
folding. In collaboration with R. D. Cadle (In Situ) and W. Sedlacek (Los
Alamos Scientific Laboratory), two Sabreliner flights were made simultaneously
with the NASA RB-57F high-altitude aircraft. Measurements were made of air
motion, turbulence, ozone, Aitkin particles and with the assistance of Leroy
Heidt (In Situ) grab samples of CO, FC-11, and FC-12. These investigation
attempts to determine the extent to which trace constituents in the tropo-
sphere are transported into the stratosphere in the vicinity of jet streams.
The project involved flying the WB57F aircraft (a flight supported by a grant
by NASA Headquarters) and the NCAR Sabreliner, both equipped with an ozone
analyzer and one or more condensation nucleus counters.

A numerical model (primitive equation in isentropic coordinates) was
developed by Shapiro and L. Gidel (Colorado State University) that has suc-
cessfully simulated tropopause folding and the associated ageostrophic motions
found during jet stream frontal zone intensification. This model will soon
include chemical tracers and a parameterization for the turbulent redistribu-
tion of heat, momentum, and trace constituents.

A comparison of this finite-differenced model with the finite element
approach is being carried out with A. McPherson (Lehigh University).
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Work on improvements in isentropic objective analysis techniques continues
in the collaboration of Shapiro, Phillip Haagenson, Patrick Kennedy, David
Fulker (Atmospheric Technology Division), and R. Bleck (University of Miami).
Results presented in Shapiro (1978) illustrate the analysis procedure's
ability to resolve frontal structure from the synoptic upper-air data network.

The use of numerical prediction models in the diagnosis and prediction of
upper-and lower-level frontal zone systems was demonstrated in the collabora-
tion of D. Keyser (Pennsylvania State University), Shapiro and Donald Perkey
(on the Drexell University-NCAR Mesoscale Precipitation Model).

Cadle led an investigation of the extent to which trace constitutents in
the troposphere are transported into the stratosphere in the vicinity of jet
streams, in collaboration with several NCAR scientists, Colorado State
University, E. Reiter, NASA and the Los Alamos Scientific Laboratory (LASL).
The project involved flying a WB57F aircraft (a flight support by a grant from
NASA headquarters) and the NCAR Sabreliner, both equipped with an ozone
analyzer and one or more condensation nucleus counters. LASL had the respon-
sibility for the instruments on the WB57F. Shapiro of NCAR and Reiter of CSU
are both participating in the interpretation of the data. Flights in the
vicinity of jet-stream maxima were made in the early spring of 1977 and of
1978. Only the 1977 results have been analyzed so far. These data demon-
strated that considerable mixing of tropospheric with stratospheric air had
occurred, and that condensation nuclei can serve as tracers (tags) for tropo-
spheric air.
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THERMOSPHERIC DYNAMICS AND AERONOMY PROJECT (TAD)

The primary goals of TAD are to understand the global structure and circu-
lation of the atmosphere above about 80 km and to examine the interactions
among upper and lower atmospheric physical, chemical, and dynamic processes.
This also includes understanding the interaction of the aurora with the
earth's atmosphere. To accomplish these goals the emphasis is on numerical
modeling.

Work toward the long-range goals of this project, which are described in
the AQD multi-year plan, progressed in four separate but interconnected
areas: (1) thermospheric dynamics, (2) midlatitude ionospheric dynamics,
(3) auroral processes, and (4) electrical coupling between the upper and
lower atmospheres.

In studies of thermospheric dynamics, the zonally symmetric thermospheric
model was used to study the seasonal and solar cycle variations of the mean
circulation and latitudinal variation of temperature. By requiring agreement
between calculated and observed mean circulation and latitudinal variation in
the thermosphere, we found that the seasonal variation is characterized by a
persistent solstice type of circulation that undergoes an abrupt transition
within a week or two of equinox depending upon geomagnetic activity. We also
found that the temperature difference from the summer pole to winter pole is
smaller and the circulation weaker during solar minimum than during solar
maximum, which suggests that the total high-latitude heating due to auroral
processes varies by a factor of about 4.5 between solar minimum and solar
maximum. This work is a collaborative effort among Raymond Roble, Robert
Dickinson (Atmospheric Analysis and Prediction Division), and Cicely Ridley
(Atmospheric Technology Division). To obtain data to verify model predic-
tions, collaborative efforts have been maintained with G. Hernandez (NOAA), B.
A. Emery and J. V. Evans (Massachusetts Institute of Technology), P. B. Hays
(University of Michigan), M. A. Biondi (U. of Pittsburgh). Recently the time-
dependent response of thermospheric dynamics to auroral substorms has been
investigated using the global heating determined by the parameterizing the
auroral equivalent current systems as determined by measurements has been
studied in collaboration with Y. Kamide (University of Kyoto, Japan). In
addition to modeling the circulation in the thermosphere, the energy and
composition transport to the stratosphere and mesosphere are also being deter-
mined; the information on coupling interactions is being used by other
projects within AQD.

In studies of midlatitude ionospheric dynamics, the ionospheric model was
used to study the data obtained by the Atmospheric Explorer satellite (AE)
during a crossing of the Millstone Hill incoherent scatter radar. This col-
laborative effort with the AE satellite team and incoherent scatter radar
station staff members resulted in a joint paper and also enabled a detailed
comparison of model predictions with measured ionospheric and atmospheric
properties. The results of this comparison indicated good agreement between
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measurements and model predictions for this case. The ionospheric model was
then used to calculate the ionospheric perturbation due to the passage of a
large thermospheric wave launched by the sudden commencement of September
17-18, 1974. A time-dependent calculation of a thermospheric wave launched by
heating during a sudden commencement was made using a numerical model of
thermospheric dynamics. The time-dependent properties of this wave were then
coupled to a time-dependent model of the midlatitude ionosphere, and the
resulting ionospheric properties were calculated. A detailed analysis of data
obtained by both the Arecibo and Millstone Hill incoherent scatter radar
stations was made; by requiring model calculations to agree with observations,
an estimate was made of the high-latitude energy source responsible for
launching the wave. This work was done in collaboration with A. D. Richmond
(NOAA), W. L. Oliver (MIT), and R. M. Harper (Arecibo).

The midlatitude ionospheric model was also used to predict the ionospheric
response due to heating by proposed satellite power stations. This work, done
in collaboration with ASP visitor F. W. Perkins (Princeton, University),
showed that it is possible to study the heating effects of a 3 GHz satellite
power station beam by using a 3MW, 15 MHz beam launched by the Arecibo
antenna. Significant electron temperature and electron density enhancements
(heating) above the ambient background condition are predicted for both the
Arecibo heater and satellite power station.

Other activities in the TAD project included modeling the time-dependent
response of ionospheric properties and minor neutral constituents to auroral
particle precipitation with M. H. Rees (University of Alaska) and modeling the
electrical coupling between the upper and lower atmospheres due to thunder-
storms and upper atmospheric current systems with P. B. Hays (University of
Michigan). These investigations provide important model parameters for use by
other projects within the division, such as predicting auroral effects on
mesospheric and lower thermospheric emission for John Gille (GOMOT) and deter-
mining the effect of aerosols on atmospheric electrical parameters.
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GLOBAL OBSERVATIONS, MODELING, AND OPTICAL TECHNIQUES PROJECT (GOMOT)

Research activities in the Global Observations, Modeling, and Optical
Techniques Project (GOMOT) is divided into four separate but interconnected
areas: (1) global data acquisition, (2) analysis and interpretation of
global data, (3) modeling and (4) optical techniques.

Global Data Acquisition

The Limb Radiance Inversion Radiometer (LRIR) was flown on the Nimbus 6
spacecraft in 1975 and measured the radiance emitted by the earth's limb.
These limb radiance data are being inverted to determine temperature, ozone,
and water vapor concentrations in the stratosphere and lower mesosphere. Over
1,600 orbits of data were obtained during the instrument's planned seven-month
lifetime (limited by the cryogenic cooler). The principal investigator for
the LRIR is John Gille. Gille is also co-sensor scientist for the Limb
Infra-Red Monitor of the Stratosphere (LIMS) to be launched on the Nimbus G
satellite 31 August 1978, the principal investigator for the limb scanning
infrared radiometer onboard the Stratosphere-Mesosphere Explorer (SME) (to be
developed with the University of Colorado), and the leader for designing a
Cryogenic Limb-scanning Interferometer Radiometer (CLIR), a multi-user
facility instrument on the space shuttle. Collaborations on LIMS include
F. House (Drexel University), R. Drayson (University of Michigan), J. Russell
(NASA/Langley), A. Girard (ONERA), C. Leovy (University of Washington),
W. Planet (NOAA/NESS), E. Remsberg (NASA/Langley), H. Fischer (Meteorol.
Institute der Universitat), J. Harries (Teddington), C. Barth (University of
Colorado), G. Rottman (University of Colorado), R. Thomas (University of Colo-
rado), P. Bailey (NCAR), J. Noxon (NOAA), A. Stewart (University of Colo-
rado), C. Hord (University of Colorado), G. Thomas (University of Colorado,
J. London (University of Colorado), P. Crutzen (NCAR), R. Dickinson (NCAR),
A. Aitkin (GSFC), C. Bowyer (Berkeley), G. Carruthers (NRL), C. Farmer (JPL),
R. Hudson (GSFC), A. Lane (JPL), S. Mende (Lockheed), D. Rees (University
College London), and M. Torr (University of Michigan).

Analysis and Interpretation of Global Data

Most of the activity in this area is in the data reduction and interpreta-
tion of the LRIR data. Because this was the first flight of a satellite-borne
limb scanning radiometer, many technique and approaches had to be developed
and tested.

The data processing consists of three steps; the conversion of raw data
to calibrated; location of radiance profiles on Radiance Analysis Tapes;
(RAT), selection of profiles and inversion to give atmospheric distributions

of temperature, ozone, and water vapor (on Inverted Profile Archival Tapes);
and analyses of these data to yield maps of atmospheric quantities (on Map
Archival Tapes, and Cross-Section Archival Tapes). In January 1977, the
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production of the RAT, the initial stage for further processing, was in
progress. That effort was completed by June 1977.

In early 1977, a first-stage, direct-inversion procedure was developed to
retrieve the atmospheric information. This proved to be better than anti-
cipated, yielding temperature and ozone profiles from ~ 20 to ~ 60 km with
good vertical detail. These results were compared to a set of rocket measure-
ments and proved to have RMS differences generally less than 1 K, although
there were larger differences at the stratopause. The LRIR determination had
a measurement uncertainty of less than 1 K through most of the stratosphere.
Similarly, ozone retrievals had measurement errors between 1-10% in the
stratosphere, and differed from rocket measurements by - 10% RMS.

Since that time, a second-stage detailed inversion procedure has been
developed and tested. The solutions go from 15-70 km, with improved accuracy
and vertical resolution in the mid-upper stratosphere. This development and
testing is now essentially complete; production processing will follow optimi-
zation of the software.

To maximize the use of the data for studies of the chemistry and dynamics
of the stratosphere and mesosphere, a mapping routine has been developed.
Based on work by C. Rodgers (Oxford University), it utilizes Kalman filtering
to obtain the best estimates of Fourier coefficients to represent the fields
as functions of time. Utilizing longitudinal components up to wave number 6
synoptic maps are produced from asynoptic data. Comparisons with National
Meteorological Center (NMC) maps at 10 and 30 mb show good agreement. Maps
and corrections of temperature, ozone, thickness, and geopotential height have
also been produced for one test period and will be produced for all the data
in the future.

Some preliminary results on atmospheric processes have been obtained.
Using the geopotential heights, geostrophic winds were calculated and ozone
and heat transports were calculated for a single latitude. They indicate wave
number 1 to be an order of magnitude more effective than wave number 2 for
this particular period.

Ozone distributions at 12°S lat at night have been obtained for the same
period and location as the 3-Centaurus occultation measurements of G. Riegler
and others in 1977. LRIR results are a factor of 3 below the occultation
measurements. There is no explanation for this discrepancy. Our results,
however, are in reasonable agreement with chemical models, and indicate that
our understanding of mesospheric chemistry is not seriously in error. These
results are being prepared for publication.

The analysis of LRIR data is being done in collaboration with R. Craig
(Florida State University) and F. House (Drexel University).
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Modeling

A good global dynamic model of the stratosphere and mesosphere is being
developed and tested. It will be used later to work with the global satellite
data and test in detail how well the model reproduces the real atmosphere.

The global model solves the primitive equations of atmospheric motion with
independent variables of latitude,~ , longitude,X , and relative pressure, .
The dependent prognostic variables are zonal and meridional velocity and
temperature. Diagnostic variables are geopotential, , and vertical velocity,
P. The numerical representation includes a Fourier expansion in (, X )
coordinates, filters to eliminate the pole problem, and a basis function
expansion in the variable. The partial differential equations are space
discretized by the Galerkin method. The time-integration scheme is semi-
implicit with respect to dissipation operators and (if desired) with respect
to a wave operator. The region modeled is global, above some arbitrary
pressure level. A "sponge layer" damps vertically propagating gravity waves
above the mesopause.

Early in 1977 the important physics in the model included Newtonian cool-
ing, symmetry between Northern and Southern hemispheres (in effect, this is a
hemispheric model rather than a global one), and forcing of the upper atmo-
sphere by a time-varying geopotential, 1 *, assigned at the lower boundary
(usually chosen at 300 m). This form of the model had been used to model
idealized stratospheric warmings in a manner similar to that of T. Matsuno and
J. Holton (University of Washington). An attempt to model the actual strato-
spheric warming that occurred in January 1973 was undertaken with the help of
D. Hartmann, a visitor to NCAR. This was done by using values of the geo-
potential at 300 m taken from the NMC data tapes for the relevant period and
extended into the Southern Hemisphere. The initial conditions were developed
by "spinning up" the model from a quiescent, isothermal state with. *
increasing from zero to its values on 10 January 1973. The model at this
stage had been made more fully global by using a global climatological
temperature in the Newtonial cooling radiation submodel.

The first computer run on this experiment was unsuccessful, owing to an
error in the radiative damping near the 300 m lower boundary. The decision
was made to improve the physics of the model before repeating the experiment.
The representation of the radiative heating was changed to allow realistic
exchange of infrared radiation between vertical levels, and global values of
~* were taken from the Flattery tapes, so that both Northern and Southern
hemispheres were modeled.

Several other problems were encountered, among them numerical instabili-
ties in the tropics near the lower boundary. When the work of J. Oliger and
A. Sundstrom (National Defense Research Institute, Stockholm) became available
late in 1977, it was possible to show that boundary conditions on velocity and
temperature were necessary for stability.
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The new boundary conditions have since been incorporated into the model,
which now seems at least qualitatively realistic, and the realistic strato-
spheric warming experiment will be undertaken in the near future. Qualitative
comparisons with LRIR data are being made, and these will become more exten-
sive in the near future, allowing testing of model accuracy and analysis of
the actual energetics of the upper atmosphere.

Optical Techniques

The primary emphasis of this effort during the past year involved the
development and application of Fourier transform infrared spectroscopy to
measurements of stratospheric trace gases. The high-resolution (0.05 cm-1)
interferometer was flown on the NCAR Sabreliner aircraft to obtain absorption
spectra using the sun as a source. The high spectral resolution and high
sensitivity of the interferometer enabled measurements to be made on species
with mixing ratios less than 10-10. In addition, simultaneous measurements
have been made with Leroy Heidt (In-Situ) who collected whole-air samples for
analysis by gas chromatography.

A number of improvements to the interferometer were made during the past
year to improve instrument performance. The optical system was redesigned to
improve optical efficiency, and bandpass filters were added to concentrate the
available dynamic range in a desired spectral range. The dynamic range of the
data system was also greatly improved by replacing the 12-bit A/D converter
with a 15-bit converter, and the operating speed was increased from 2 to 12
kHz. A better signal-to-noise ratio was obtained by moving the data frequen-
cies farther from the detector 1/f noise and aircraft vibration frequency,
thus significantly improving the quality of the data obtained.

The interferometer system was flown two times during the 1977-1978
period. The first flight was in the winter of 1977 from the Canadian border
to Barbados, and the second flight was made in the winter of 1978 from 54°N
to 3ON, south of Panama. The results from the first flight were presented
at the International Association of Geomagnetism and Aeronomy International
Association of Meteorology and Atmospheric Physics meeting in Seattle.
Latitudinal profiles of N20, NO2, and 03 and spot measurements of CO,
HC1, HN03, CF2C12, and H20 were made on the first flight. On the
second flight, latitudinal profiles of NO, N02, N20, and HN0 3 were made,

giving all of the important constituents for the NOx chemistry except
N205. In addition, a large number of other atmospheric trace constituents
were measured during the flight. One of the purposes of the flight was to
investigate the ledge in the N02 latitudinal profile in the winter hemi-
sphere discovered by J. Noxon (NOAA). Our measurements were compared with the
measurements of Noxon to derive information on the latitudinal and diurnal

variation of all NOx compounds. In addition, these measurements are also
being compared with a measurement made simultaneously from a balloon by
W. Evans (Atmospheric Environmental Service, Canada).
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William Mankin also developed a fast algorithm for calculating atmospheric
transmittances that will be used to interpret satellite radiance measurements
made by the GOMOT project.
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GAS-TO-PARTICLE TRANSFORMATION STUDIES PROJECT (GAP)

The primary purpose of GAP is to understand the chemical and physical
transformations occurring in the atmosphere as they are affected by gas-to-
particle, gas-aerosol-hydrometer interaction (cloud chemistry), and trans-
port. This objective will be met primarily through a series of numerical
models, laboratory experiments, and field measurements. C. S. Kiang's primary
research activity during the time period between January 1977 and March 1978
has been focused on theoretical studies of the chemical and physical trans-
formation occurring in the atmosphere as influenced by gas-to-particle
conversion and gas-aerosol-hydrometeor interaction. The nature, source,
formation, growth, and removal mechanisms for stratospheric aerosols have been
examined, and the interaction of aerosols with trace gases has been inves-
tigated (see publication list). In collaboration with personnel at the Ames
Research Center, NASA, a time-dependent, one-dimensional model of the strato-
spheric aerosol layer has been developed and tested. This model, based on
many of our previous studies, includes photochemical processes which convert
the sulfur gases to sulfuric acid vapors and also various microphysical
processes which include heterogeneous heteromolecular nucleation, hetero-
molecular condensation, thermal coagulation, sedimentation, washout, and
evaporation. These inputs are necessary to evaluate the formation and
evolution of stratospheric sulfate aerosols. The model correctly predicts
many of the observed properties of the stratospheric sulfate layer, including
its height, density, composition, and particle-size spectrums. This theoreti-
cal effort will be incorporated with the field measurement programs of the
physical and chemical properties of stratospheric aerosols conducted by
G. Grams (Georgia Tech) and A. Lazrus, respectively, to improve our under-
standing of the behavior of stratospheric aerosols.

In laboratory studies of the role of stratospheric aerosols on trace
gases, R. Cadle (AQD) is involved in a joint research project with R. de Pena
(Penn. State ) to study heterogeneous chemical reactions which may occur in
the stratosphere. The actual laboratory work is being conducted by a post-
doctoral fellow at Penn State. The results to date strongly indicate that
ozone is not decomposed at an appreciable rate when ozone molecules impinge on
stratospheric particles. However, other heterogeneous reactions may be
important, including the reaction of dinitrogen pentoxide (N20 5) with
water in the particles, and the oxidation and hydration of sulfur dioxide by
hydrogen peroxide absorbed by the particles.

In tropospheric investigations, Paulette Middleton and Kiang have
developed a numerical kinetic aerosol model to study conditions under which
various mechanisms may be the dominant pathways to sulfate formation. Sulfate
aerosol formation has been studied under different atmospheric conditions by
varying relative humidity, temperature, initial particle size and composition
distribution, and the rate of production of major gaseous species. The
influence of varying gas concentrations of NH3, 03, H20 2, and
H2SO4, and solution concentrations of iron, manganese, and soot have also

69



ATMOSPHERIC QUALITY DIVISION

been considered. From the model calculations, the rate-limiting factors for
these major conversion mechanisms and estimates of sulfate concentrations as a
function of these factors have been determined qualitatively. Under daytime
conditions gas-to-particle conversion and liquid phase oxidation by H202
are the dominant mechanisms of sulfate formation. Under nighttime conditions
sulfate production is much lower, and catalytic oxidation by iron and soot in
solution becomes a more important pathway for S02 conversion. We also have
added the conversion of NOx to nitrate in our model calculations.

Middleton and Kiang have also concentrated on studying the role of
secondary aerosol formation and growth in determining the concentration of
submicron-size aerosols which can contribute significantly to visibility
degradation, adverse health effects, injuries to agricultural products and
inadvertent weather modification. They have also investigated the mechanisms
of sulfate and nitrate production in urban atmospheres. This work is the
precursor to the study of the acid rain problem now underway in GAP. Through
these efforts they hope to provide guidelines for transformation parameters
for larger scale transport models and guidelines for field measurement
programs.

The detailed transformation models of gas and aerosol interactions is
being linked to the two-dimensional photochemical transport model developed by
Paul Crutzen to study the stratospheric sulfur cycle--in particular the role
of CSO in the formation of sulfate layers. This is the first step into look-
ing at the long-term evolution of gases and aerosols.

Although full-scale models are only in the developmental stage, our pre-
liminary studies of the transformation processes already can serve as the
guidelines for gas-aerosol measurements taking place in the APEX and GAMETAG
programs.

Richard Cadle has also used aircraft flights through clouds from explo-
sively erupting volcanoes to improve our very inadequate knowledge of the
quantities of various substances which such volcanoes inject into the strato-
sphere. In addition to a very brief study of the St. Augustine (Alaska)
eruption fume, a rather elaborate three week investigation of the eruption
clouds of three Guatemalan volcanoes (Fuego, Santiaguito, and Pacaya) was
undertaken in February 1978. Scientists from Dartmouth University, Michigan
Technical University, and the U.S. Geological Survey, as well as from NCAR,
participated, using seven different types of instrumentation.

A new mechanism of gas-to-particle conversion was proposed by Edward A.
Martell at the Ninth International Conference on Atmospheric Aerosols,
Condensation and Ice Nuclei, University College, Galway, Ireland, 21-27
September, 1977. In a paper entitled "Production of nuclei in the atmosphere
by alpha interactions," Martell described the properties of alpha tracks in
air, with exceptional ion concentrations which initially exceed 1010 ion
pairs per cubic centimeter. He proposed that the coagulation of high
concentrations of charge-stabilized large ions in each tract results in the
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formation of a number of thermodynamically stable embryo particles. The
experimental and environmental evidence which support this mechanism for
production of nuclei in the troposphere and in the lower tropical stratosphere
were also discussed.

In a preliminary study, Stewart Poet and Martell have measured the vola-
tile radioisotopes, lead-210 and polonium-210, in the effluent of coal-burning
power plants: the Valmont Power Plant in Boulder, Colorado; the Dickerson
Power Plant northwest of Washington, D.C.; and the Four Corners Power Plant.
In the latter case, collections were carried out by Anthony Delaney (GAME)
using the NCAR Queen Air research aircraft. These studies are carried out
cooperatively with related studies by W. Zoller and his colleagues of the
University of Maryland and by members of the staff of the Lawrence Livermore
Laboratory.

Results show a high degree of enrichment of lead-210 and polonium-210 on
small particles of respirable size and indicate that an appreciable fraction
of the lead-210 activity is associated with insoluble particles which can
persist in biological systems. Such results suggest significant chronic
health risks for residents in the downwind environs of some coal-burning power
plants.
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RADIOACTIVE AEROSOLS AND EFFECTS

Edward Martell, Stewart Poet, and Veryl Frahm are carrying out experi-
mental studies of airborne radioactivity and its effects on the atmosphere and
biosphere. The main thrust of research in progress involves an assessment of
the mutagenic and carcinogenic effects of natural and pollutant alpha emitters
in the atmosphere. This work is carried out in cooperative studies with Dr.
E. Radford of the University of Pittsburgh Graduate School of Public Health
and with Dr. M. Webber and other members of the staff of the University of
Colorado Medical Center. Principal areas of research in progress over the
past year include:

1. Further investigation of the distribution of insoluble cigarette smoke
particles, highly enriched in radioactive lead-210 and polonium-210, in
autopsy tissue specimens from deceased smokers and from nonsmokers as
controls. Recent measurements have established the presence of such
particles at the bronchial tumor sites, in respiratory lymph nodes, and in
arterial tissue of cigarette smokers.

2. Development of the "warm particle" hypothesis of alpha radiation-induced
cancer. This is a four-stage, multiple-alpha interaction process of
cancer induction proposed by Martell and briefly described below.

3. Experiments with Drosophila melanogaster (fruit flies) designed to assess
the contribution of natural mutation rates. Some related experiments to
assess the organ distribution of natural alpha emitters in mammals and man
also are in progress.

Experimental Methods

Radiochemical procedures and absolute, low-level techniques for assay of
alphaand beta-emitting radioisotopes have been developed and calibrated for
use in these experimental studies. The radioisotopes of thorium and polonium-
210 are determined by alpha spectroscopy. Radium-226 and radon-222 are deter-
mined by radon gas collection and gas counting in an ionization chamber.
Lead-210 is determined by low-level beta counting or, in the case of very low
levels of lead-210 activity, by alpha spectroscopy of its polonium-210
daughter activity following separation of the purified lead fraction and sub-
sequent daughter ingrowth. Radon-220 (thoron) is determined by the collection
and measurement of its lead-212 daughter radioisotope. During the past year
techniques for the assay of thorium isotopes have been further developed and
improved. Recently a supply of polonium-209 (not available commercially) was
produced by denteron activation of a bismuth metal target, at the University
of Colorado Physics Department Cyclotron. This polonium isotope has important
applications in alpha spectroscopy.
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The "Warm-Particle" Hypothesis

Martell has proposed that bronchial cancer in cigarette smokers is induced
by a four-stage, multiple-mutation process, as follows:

Stage 1: The slow accumulation of insoluble alpha-emitting particles in
damaged tissue, a process markedly influenced by physical and
chemical cofactor agents.

Stage 2: The production of premalignant cells by alpha radiation induced
mutations.

Stage 3: The selective proliferation of premalignant cells, a process which
proceeds at a stimulated mitotic rate driven by the local high rate
of lethal alpha interactions.

Stage 4: Malignant stem cell formation due to alpha radiation-induced changes
in a premalignant cell, which result in its loss of normal mitotic
controls. This fully malignant cell undergoes rapid, uncontrolled
proliferation to form a tumor.

The proposed "warm-particle" hypothesis can be reconciled with the age-
incidence of bronchial cancer and some other human cancers, as well as with
the species incidence of common tumors in mammals. Additionally alpha
radiation is exceptionally effective in the production of gross chromosome
aberrations which are present in the majority of human malignancies. The
"warm-particle" is distinguished from "hot" alpha-emitting particles in that
it attributes a high cancer risk only to particles of < 0.01 picocuries of
alpha activity per particle, or no more than one critical hit per cell per
day, the approximate time required for a normal or transformed cell to proceed
through the mitotic cycle and divide. Thus "warm" particles optimize the
multiple-mutation process of cancer induction, whereas "hot" particles will
kill most malignant cells which are not formed.

The proposed hypothesis can be reconciled with the known properties of
bronchial cancer and some other human tumors. The cooperative experiments in
progress are designed to test some important features of this model of
carcinogenesis.

Drosophila Experiments

Surprisingly, the contributions of natural and pollutant alpha emitters to
mutation rates in living organisms have never been assessed. Based on the
results of experiments in the 1930s on X-ray induced mutations in Drosophila
by H. J. Muller of Rice University, it was concluded that natural radio-

activity makes only a minor contribution to the natural, or "spontaneous"
mutation rate. Other considerations such as the temperature dependence and
variability of natural mutation rates appeared to reinforce the view, now
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widely held, that chemical mutagens or cell replication errors must account
for most mutations. However, none of the available evidence negates the
possibility that natural alpha activity may contribute substantially to
natural mutation rates. Alpha emitters are exceptionally effective in the
production of chromosome aberrations compared with X-rays, and internal alpha
emitters are highly nonuniform in distribution within living organisms.

Results of our preliminary experiments with Drosophila indicate that a
number of internal alpha emitters, particularly thorium-228 and its daughters
and polonium-210, contribute significantly to natural mutation rates of germ
cells and somatic cells. Experiments are now in progress to assess the
incidence of sex-linked recessive lethal mutations induced by elevated levels
of natural alpha radioactivity in Drosophila, using standard techniques for
Drosophila studies of this type. The results should bear significantly on the
role of alpha radiation in cell mutation and cancer and also may influence
perspectives regarding the health significance of various classes of airborne
pollutants.
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STAFF

Division Director's Office

Dianne Bernier
Paul Crutzen (Division Director)
Teresa DiMarco
Barbara Hill
Nancy Martin
John Masterson
Donna Sanerib

In-Situ Measurements and Photochemical Modeling
Project (ISPHOM)

Richard Cadle
Paul Crutzen (leader)
Russell Dickerson
Leroy Heidt
Joseph Krasnec (long-term visitor)
Richard Lueb
Walter Pollock
William Rose (long-term visitor)
Donald Stedman (long-term visitor)

Global Observations, Modeling, and Optical
Techniques Project (GOMOT)

Gail Anderson
Paul Bailey
Ronald Blatherwick (to November 1977)
Rolando Garcia
John Gille (leader)
William Kohri
Thomas Kyle (to February 1977)
Stanley Nolte
Verrill Rinehart
Douglas Roewe
Takashi Sasamori
Raja Tallamraju
Pi-Huan Wang (to September 1977)
W. Roy Wessel

Optical Techniques (OT)

Peter Crooimans
William Mankin (head)

Gas and Aerosol Aircraft Measurements (GAME)

Anthony Delany (leader)
Frank Grahek
Edward Patterson
Arthur Wartburg

Biosphere-Atmosphere Interaction (BAI)

Fausto de Almeida (long-term visitor)
Gerald Dolan
Dale Gillette (leader)
Sonia Gitlin

Stratospheric Sampling and Acid Precipitation
Studies (SAPS)

Lawrence Beaman
Bruce Gandrud
James Greenberg
Allan Lazrus (leader)

Stratospheric-Tropospheric Exchange Project (STEP)

Philip Haagenson
Patrick Kennedy
Melvyn Shapiro (leader)

Thermospheric Dynamics and Aeronomy Project (TDA)

Gas-to-Particle Transformation Studies Project
(GAP)

Edwin Danielsen (to September 1977)
Dennis Deaven (to September 1977)
Roger Dennett (long-term visitor)
C. S. Kiang (leader)
Stuart McKeen (long-term visitor)
Paulette Middleton (long-term visitor)

Radioactive Aerosols and Effects (RAEF)

Veryl Frahm
Edward Martell (head)
Stewart Poet

VISITORS

Donald Cavalieri, Drexel University, July to
August 1977

Douglas Davis, Georgia Institute of Technology,
April 1977

Roger Dennett, Georgia Institute of Technology,
stationed at NCAR

William Derrick, University of Montana, June to
August 1977

Adolf Ebel, Universitat zu Kbln, April to
September 1977

William Boeck (long-term visitor)
Raymond Roble (leader)
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VISITORS, continued

Jack Fishman, Colorado State University, stationed
at NCAR

Robert Gayley, State University of New York at
Buffalo, January to June 1977

Louis Gidel, Colorado State University, stationed
at NCAR

Dennis Hartmann, University of Washington,
September 1976 to September 1977

Frederick House, Drexel University, July to
August 1977

Tay-How Lee, Florida State University, August
1977 to May 1978

Eugene Mroz, University of Maryland, June to
December 1977

Manfred Rees, University of Alaska, December 1977

David Rusch, University of Michigan, June to
August 1977
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HIGH ALTITUDE OBSERVATORY

OVERALL RESEARCH PERSPECTIVE

Two of the major NCAR goals, understanding solar processes and their
influence on the interplanetary medium and understanding climate trends
and their causes, are addressed in whole or in part by the HAO program.
HAO tries to apply its talents to the most important problems in these
areas, in particular to those areas wherein HAO can act as a focus for
the efforts of a larger scientific community. The year has seen the re-
organization of HAO into four scientific sections in order to address
the scientific and managerial needs of the institution more effectively.
Heading the scientific sections are: R. Grant Athay (Solar Atmosphere
and Magnetic Fields), Peter Gilman (Solar Variability), Arthur Hundhausen
(Interplanetary Physics), and Robert MacQueen (Coronal Physics). The
Administration and Support Section will be headed by Edmond Reeves (for-
merly of the Harvard/Smithsonian Center for Astrophysics), who began
spending part time in Boulder in February and who will join us perman-
ently in August 1978. The reports of each of the four scientific sec-
tions of HAO that follow represent an attempt to summarize our recent
activity section by section. However, the scientific problems themselves
have a way of cutting across section boundaries and require an overall
observatory strategy. Perhaps, the area of Solar Variability exempli-
fies this aspect of our objectives more than any other. Progress in
understanding solar variability is closely dependent upon progress in
the other sections. An example or two may clarify this point.

One objective of the solar variability program is to understand
the operation of the solar dynamo, which may produce the solar cycle,
and have influence on the outputs of the sun. Progress requires the
development of sophisticated models of the circulation of the convection
zone and its magnetohydrodynamic behavior. One of the several empirical
tests of the utility of such a model is whether it can predict the large-
scale magnetic field and the structure of the corona. Thus, the ability
to observe and interpret the structure of the corona as well as to re-
late this to the flow of the solar wind and its interplanetary evolution
are required. The behavior of the dynamo over periods of hundreds or
thousands of years is also of concern and the necessity to determine the
behavior of the solar cycle in epochs long ago arises. Such a determina-
tion requires the development of proxy measures of solar activity and
the careful delineation of what solar property they reflect. For ex-
ample, atmospheric C content apparently reflects the envelo p of solar
activity. However, just what properties of the sun does the C produc-
tion rate reflect--solar wind speed, the large-scale geometry of the
solar and interplanetary field, or the frequency of coronal transients?

The possibility of variations of both the total solar luminosity
and spectral luminance over time scales of decades to millennia is of
intense interest to climatology. Only recently has technology advanced
to a level to permit accurate space-borne observations of these para-
meters. However, spectroscopic diagnostics show that the temperature
of the relevant layers of the sun may also be inferred from groundbased
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line profile measures to provide a valuable independent check on the
variability of the solar luminosity. The necessity to focus these and
other rather diverse objectives was a principal force leading to the
formation of the Solar Variability section.

The necessity of strategies cutting across sections is illustrated
by yet another exampleo The uncertainties in our knowledge of the mech-
anisms responsible for heating the corona were dramatized by several of
the Skylab Workshops on Coronal Holes. Not only is our estimate of the
nonthermal energy flux needed to heat the corona higher than that com-
fortably supplied by the theory, but also direct momentum transport in
the 2-5 R region appears essential. The resolution of this problem
requires that several questions be addressed.

* The amplitudes and propagation speeds of waves in the chromo-
sphere and corona must be learned--objectives of the OSO-8 and
KELP oscillation measureso

* We need to know the temperature and velocity structure of the
corona from 2-5 R --the objective of the joint white light and
Lyman-a rocket experiment.

* Interplanetary waves must be both specified empirically and
understood theoretically as the product of waves propagated from
the lower atmosphere--the objective of a theoretical effort.

These brief examples illustrate that although section strategies
are essential, they require a healthy interchange both between sections
and with the scientific community at large for full fruition.

We hope that the coming five years will see the buildup of the Solar
Variability program. Its objectives and strategies have been much dis-
cussed and are summarized, along with the most recent progress, in the
section document. Though not strictly a "new" direction, the coming
operational phases of the Solar Maximum Mission and Coronal Dynamics
projects will climax many years of planning and work. As with other
HAO efforts, these programs encompass a substantial involvement with
the outside scientific community, either with individual researchers,
direct collaborators, guest investigators, or participants in workshops.
Our efforts focused around the coming solar maximum may well be incor-
porated in an international effort, the Solar Maximum Year, assuming
the latter enterprise gains national momentum.

As one means of focusing research on certain well-defined scienti-
fic problems, HAO has, with NASA, sponsored two Skylab Workshops, on
coronal holes and flares. The first, on coronal holes and high-speed
solar wind streams, was directed by Jack Zirker (University of Hawaii,
now director of Sacramento Peak Observatory), with Guenther Brueckner
(Naval Research Laboratory), Allan Krieger (American Science and Engi-
neering, Cambridge), Eugene Parker (University of Chicago), Frank
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Orrall (University of Hawaii), and George Withbroe (Harvard/Smithsonian
Center for Astrophysics), as advisors and enjoyed the participation
during the three workshops held in 1975-76 of 70 scientists from the
United States and around the world. The monograph containing the results
of that workshop appeared during the report period (Colorado Associated
University Press, 1977). Four meetings of a second workshop series, on
solar flares, were directed by Peter Sturrock (Stanford) with Brueckner,
Hugh Hudson (University of California, San Diego), Zdenek Svestka (Utrecht),
Einar Tandberg-Hanssen (NASA/Marshall Space Flight Center), and Harold
Zirin (California Institute of Technology) as advisors. In all, 86 par-
ticipants were involved in intensive, committed research activity for
over twelve monthso The monograph of results is expected to appear
in late 1978. During the report period plans have also been made for
a third Skylab series, on the Energy Balance in Solar Active Regions,
with Orrall as director and R. Grant Athay, Robert Noyes (Harvard/Smith-
sonian Center for Astrophysics), and Gerard van Hoven (University of
California, Irvine) as advisors. In addition, we also acted as co-hosts
with the University of Colorado for the OS0-8 Workshop, which had 95
participants from the United States and abroad.

Because of its interdisciplinary nature, solar variability presents
an opportunity for us to serve as the nucleus for interaction among a
diverse group of scientists interested in the overall problem. A work-
shop held in 1976, which we co-sponsored with NOAA, NASA, ASP Division,
and AAP Division, provided mechanisms for determining the current state
of knowledge in solar variability, and both the workshop and the proceed-
ings (published as The Solar Output and Its Variation, edited by Oran Ro
White of HAO and issued by the Colorado Associated University Press in
1977) have been influential in the formulation of the HAO program. Plans
have been formulated during the report period for a seminar on Proxy
Indicators of Solar Activity to focus attention on one aspect of the
larger problemo
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The broad goal of the solar variability effort is to describe and
understand the fundamental operation of the solar cycle and its influ-
ence on the sun's output--radiation, magnetic fields, and particles--
over a broad range of time scales, from weeks and months to tens of
thousands of years. This goal is obviously central to the NCAR objec-
tives of understanding solar processes and their influence on the inter-
planetary medium and understanding climatic trends and their causes.
It is clearly related to NASA and NOAA efforts to monitor solar lumin-
osity and other radiative outputs with the satellites OS0-8, Nimbus 6
and 7, and the Solar Maximum Mission, as well as their efforts to moni-
tor the solar wind and magnetospheric and ionospheric variations. This
research is closely related to other solar investigations at Sacramento
Peak Observatory, Kitt Peak National Observatory, Hale Observatories,
the University of Arizona, and observatories elsewhere in the world,
as well as to dendrochronological, geochemical, and climatological
research at a variety of institutions.

Recognition of solar variability as an important and timely re-
search activity led to the establishment of the Solar Variability Sec-
tion in October of 1977. Several recent advances led to this recogni-
tiono One was John Eddy's demonstration from the 14C record and a va-
riety of historical records that solar activity can be traced back sev-
eral thousand years, that variation in activity on a time scale of cen-
turies is much larger than previously suggested, and that even the basic
eleven-year cycle may not always be present. Another was the demonstra-
tion, during the workshop on coronal holes, of the connection between
coronal holes and high-speed solar wind streams. At that workshop,
Arthur Hundhausen recognized that the perspectives gained during the
current cycle can be used to interpret the early geomagnetic record,
and this recognition has given impetus to the effort0 Gilman's model-
ing of the differential rotation of the sun as driven by global convec-
tion has also provided a stimulus, as has the authoritative compendium
of current knowledge about solar variability in the book, The Solar
Output and Its Variation, edited by Oran R. White (Colorado Associated
University Press, 1977).

Solar variability research carried out during the period may be
conveniently described in five interrelated areas; the complex nature
of the topic has dictated that we pursue several lines of research in
parallel. The areas are:

(1) Modeling and observational testing of global circulation
and the dynamo.

(2) Documentation and diagnosis of solar radiative variability.

(3) Development and verification of indirect measures of
long term solar variabilityo
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(4) Understanding long term evolution of the corona and solar
windo

(5) Understanding the geomagnetic response to solar varia-
bilityo

Considerable progress, principally by Peter Gilman, has been made
during 1977 in modeling the differential rotation of the sun. The
model for convection in a rotating spherical shell he developed earlier
with Jack Miller (NCAR Computing Facility) has been used to answer a
number of questions. For example, earlier calculations had indicated
that when convection was of large enough amplitude to drive equatorial
acceleration of the magnitude present on the sun, large latitudinal
differences in the heat flux reaching the surface resulted. These are
not observed on the sun. New calculations, in which a boundary condi-
tion of constant heat flux is used at the bottom of the convection layer,
have resulted in great reductions in heat flux differentials with lati-
tude at the top while retaining about the same differential rotation
propertieso Gilman had earlier demonstrated that when convection be-
comes strong enough to overpower the rotational constraints, the equa-
torial acceleration is replaced by equatorial deceleration (opposite
from what is observed on the sun)o The new calculations show that this
reversal is due to an axisymmetric meridional circulation with flow to-
ward the poles at the outer boundary. He concludes that any meridional
circulation larger than 20 m/sec or so would be enough to destroy the
equatorial acceleration observed. Observational verification of this
important result will require the most sensitive of techniques.

In addition, Gilman and Peter Foukal (Harvard/Smithsonian Center
for Astrophysics) have shown with the same model that convection weakly
influenced by rotation, as seen in supergranules on the sun, can produce
substantial increases of angular velocity with depth that approach the
limit of constant angular momentum along radial lines. This verifies
an earlier hypothesis of Foukal and J. R. Jokippi (University of Arizo-
na) that radially moving fluid elements in supergranules would tend to
conserve their angular momentum, resulting in an angular velocity in-
crease with depth. This hypothesis was proposed to explain why sunspots
rotate about 5% faster than the photospheric plasma.

Earlier calculations with the convection model also showed a strong
tendency for polar vortex to form (not observed on the sun), with angu-
lar velocity even higher than that present at the equator. These cal-
culations were done for a shell depth of one-fifth of the radius of the
sphere, consistent with convection zone depths estimated from classical
stellar structure theory applied to the sun. New calculations by Gilman
have now demonstrated that this vortex virtually disappears for convec-
tion in shells of depth one-third the radius of the sphere or greater.
The reason is that in deeper layers the Reynolds stresses, which trans-
port angular momentum toward the equator to create equatorial accelera-
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tion, reach to higher latitudes. Polar regions of deeper model shells
also contain a smaller fraction of the moment of inertia of the shell,
making them easier to spin down. This result suggests that the solar
convection zone may, in fact, be considerably deeper than previously
estimated, and it is consistent with a similar conclusion made by Roger
Ulrich and Edward Rhodes (both of the University of California at Los
Angeles) and George Simon (Sacramento Peak Observatory) from their study
of global oscillations on the sun.

Development of new versions of the convection model with more real-
istic physics has continued during 1977. In particular, a hydromagnetic
dynamo based on the convection model has been developed by Gilman and
Miller, and first results are now being obtained on the CRAY-1 computer.
Preliminary results show that the model does generate reversals in the
large-scale magnetic field, like those well observed on the sun; but
they occur much more frequently in the model than on the sun. This pro-
perty suggests that the model dynamo is much more efficient than the
solar dynamo. Clearly much more investigation is needed. In addition,
Hirokazu Yoshimura (visitor from the University of Tokyo) has been
studying the possibility that a delayed inhibition of the convection by
the magnetic field can produce a long-term modulation of the solar cycle
of the order of 50 to 100 years. During 1977, Gilman formulated general-
ization of his model to include compressibility, and this will be imple-
mented in the model during 1978. The formulation makes use of the so-
called anelastic approximation, which retains the large density variation
with radius characteristic of a star while filtering out sound waves to
make the calculation tractable.

Progress in the observational description of global circulation of
the sun has been made during 1977 primarily through analysis of a variety
of sunspot motion records--Greenwich photoheliograph results for the
period 1888-1964, and 17th-century data of Scheiner and Hevelius. John
Eddy, Gilman, and Dorothy Trotter examined sunspot records for the
period 1625-26 from Scheiner as well as for the years 1642-44 from
Hevelius. The latter period occurs just before the onset of the Maunder
Minimum in sunspots, which lasted until about 1715. The 1642-44 data
revealed an apparently anomalous solar rotation rate in low latitudes,
in which the angular velocity near the equator was 3-5% faster than the
modern (20th-century) values, while the rotation near 20 latitude was
the same. Thus, the differential rotation at low latitudes was greatly
enhanced. By contrast, in the earlier period (1625-26), both equatorial
rotation and low-latitude differential rotation were similar to modern
values and the standard sunspot number was considerably higher. These
results suggest that the sun evolved into a state of enhanced differen-
tial rotation at the start of the Maunder Minimum. It is not clear
whether the rotational change was the cause of, or was caused by, the
changes in the magnetic cycle, or whether both were responding to a
modification in the form of solar convection.
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More recently Eddy, working with Robert Noyes, John Wolbach, and
Aran Boornazian (Harvard/Smithsonian Center for Astrophysics) has reana-
lyzed the Greenwich sunspot records to study the rotational history of
the sun during the past seven or eight solar cycles. They found that
previous investigators had omitted the precise time of day of each obser-
vation from earlier analyses of solar rotation! After correcting this
oversight, they found a distinct secular deceleration of the rotation of
the sun in sunspot latitudes with time. This deceleration, about 1% from
1890-1960, occurs at the same time that successive solar cycles were be-
coming stronger and stronger. There also appears to be a tendency for
the differential profiles to flatten as the envelope of activity rises,
and to sharpen as it falls. These results are consistent with the
changes in rotation and solar activity which occurred in the 17th-century
data although the amplitude of the effect during the 20th-century was
smaller.

Our ability to measure the doppler shift of global velocity fields
on the sun has advanced slowly during 1977. One of the major advances
has been the development of an absolute wavelength reference against
which to compare the doppler-shifted solar spectral line. David Bruning
(University of Colorado), a student of Gilman, has made significant con-
tributions to the development of such a wavelength reference as part of
the Sacramento Peak tower telescope. This technique is to measure the
position of both the solar line and a group of lines produced by an
iodine absorption tube and the spectra are detected by the diode array
assembly on the tower telescope. Preliminary measurements of both solar
rotation and global oscillations have been made.

In the area of finding useful diagnostics of solar radiative varia-
bility, Oran White has been collaborating with William Livingston ofjitt Peak National Observatory to measure calcium II emission near 3950
, integrating over the whole solar disk, as an indicator of chromospher-
ic variation. These measurements began at the beginning of solar cycle
21, in the spring of 1976. They show continuing increase in line core
emission beginning in January of 1977. It appears that the change in
average emission over the entire solar disk is due to the increase in
solar activity rather than to a change in supergranular network struc-
ture. By contrast, the period December 1974 to January 1977 shows little
change, and White and Livingston have obtained a good estimate of the
line parameters at solar minimum, against which all later periods in the
current cycle can be compared. The solar line parameters in this meas-
urement program are being calibrated to permit direct comparison with
spectra from stellar chromospheres, and may therefore provide a standard
for stellar activity measurements. White and Livingston's work is also
closely related to work of Livingston in measuring the time variations
of certain carbon and iron lines, also integrated over the whole solar
disk. These lines are formed in the photosphere and indicate an appar-
ent temperature drop of about 6 K in the initial stages of cycle 21.
Interpretation of all these results and the measurements is continuing.
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Progress during 1977 in development of indirect measures of solar
variability has occurred on two fronts. Eddy has worked with William
Liller (Harvard/Smithsonian Center for Astrophysics) on a pilot study of
the use of photographic plates from the Harvard Collection for the peri-
od 1890-1950 to measure the brightness of the outer planets to yield a
long-term determination of the variation of the solar luminosity. Early
results indicate that it should be possible to detect brightness changes
as small as 0.3% by comparing the planetary brightness with that of
neighboring stars. This is not quite as accurate as more recent measure-
ments of Wesley Lockwood (Lowell Observatory) but make it possible to
extend the observing record back into the 19th century. An unresolved
question is the degree to which changes in planetary brightness are a
measure of changes in solar luminosity, or changes, in, for example,
planetary albedo, due to solar or other causes.

Following the successful analysis of carbon 14 in tree rings as an
indicator of past solar activity, Eddy has actively collaborated with
scientists in other disciplines to examine other possible chemical meas-
ures of solar variability. In particular, during 1977 he has been work-
ing with Bruce Parker (Virginia Polytechnic Institute) and Edward Zeller
(Kansas University) on a study of chemical compounds in Antarctic ice
cores. Parker and Zeller have been measuring the concentration of
ammonia-nitrogen and nitrate-nitrogen compounds, and they find unexpect-
ed long-period fluctuations. These compounds may originate in the atmo-
sphere as a result of nitrogen fixation by aurorae and may be precipi-
tated by snowfall. Through the auroral connection these compounds may
indicate solar activity; but through the transport and precipitation
process they will also indicate climatic variations. Analysis of one
core 100 m long has indicated large decreases in the nitrate concentra-
tion which appear to have occurred around the times of the Maunder and
Sporer minima, with an increase near the Medieval maximum in solar acti-
vity. However, since the stratigraphy (depth dating) of the cores is
not certain, the timing of the nitrate changes must be treated with much
caution. In addition, a shorter core sample (the past 50 years) taken
by Parker and Zeller with well-defined annual layers has revealed no
correlation with the 11-year solar cycle. The suspicion now is that
the nitrate compounds may be more sensitive to climatic than solar
changes and the fluctuations present in the longer core reflect solely
climatic changes during the Little Ice Age and, perhaps, the Medieval
climatic optimum. Much further work needs to be done in this area.
Eddy has been notably active in establishing contact with a wide variety
of researchers outside the solar physics community to interest them in
the potential of proxy indicators of solar variability. During the year
he was invited to deliver lectures at a total of 68 institutions in the
U.S. and abroad.

Insights developed in the Skylab Workshops on Coronal Holes had a
major impact on research during 1977 on the long-term evolution of the
solar corona and solar wind. Arthur Hundhausen has been a major con-
tributor to the development of these insights, and has described many
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of them in a chapter in the Skylab workshop monograph, Coronal Holes and
High Speed Wind Streams, edited by Jack Zirker (Colorado Associated Uni-
versity Press, 1977). The chapter won the NCAR Publication Award for
1977. One of the insights gained is the important role played by polar
regions of the sun in determining the form of the interplanetary medium
even near the ecliptic and, therefore, in controlling geomagnetic activ-
ity. For example, the origins of the highest velocity, recurrent solar
wind streams observed during solar cycle 20 were found to lie in the
equatorward extensions of the large coronal holes occupying the polar
regions of the sun. Using K-coronameter data from the HAO Mauna Loa
observatory, Hundhausen and Richard and Shirley Hansen of HAO have been
able to outline these features and infer some of the three-dimensional
structure of the magnetic field of the outer corona. In particular, they
have been able to outline a magnetic neutral surface, separating the so-
lar wind flow from the two polar regions, that explains the well-known
interplanetary sector structure as observed near the ecliptic plane.
This neutral-surface geometry also appears to organize the observed
solar wind speed variations, with high-speed flow from the polar caps
ang large coronal holes dominating all of interplanetary space more than
25 from the neutral surface. Inclusion of the polar coronal holes in
the total synoptic picture makes it possible to identify virtually all
solar wind streams with holes.

Hundhausen, the Hansens, and Eddy have been using the newly estab-
lished relationships among coronal structure, solar wind structure, and
geomagnetic activity as a template for the study of earlier epochs. K-
coronameter and solar wind data are available for most of the solar
cycle 20, while eclipse and geomagnetic records extend back for more
than a century. Hundhausen, Eddy, and a work/study student from Kalama-
zoo University, James Klimchuk, have looked at the white-light corona in
eclipse photos since 1898 to try to infer the orientation of the sun's
polar magnetic field. They have concluded that on the whole the sun's
polar fields are not tilted systematically with respect to the rotation
axis. Comparisons of the eclipse photos with geomagnetic activity re-
cords lead them to conclude that it is the equatorial streamers and
their displacement about the solar equator that are the key to explain-
ing the resulting geomagnetic and solar wind conditions. This is con-
sistent with the earlier conclusion that solar wind conditions in the
ecliptic plane are determined by the near-equatorial neutral sheet. In
turn, low-latitude magnetic field conditions appear to control the warp-
ing of the neutral shell, rather than any general tilt of the sun's
magnetic axis.

In a parallel study, Hundhausen and the Hansens have been examining
coronal and solar wind conditions over most of solar cycle 20. They
find the polar coronal holes are large in extent at the beginning of the
cycle, disappear near sunspot maximum, and then reappear and grow during
the declining phase. Near maximum, instead of polar holes there are
midlatitude holes concentrated in a belt from about 300 - 600 latitude.
At many points in the cycle, equatorial extensions of both polar and
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midlatitude holes appear. These have their longest lifetimes during the
declining phase. Very fast solar wind streams are seen to occur in the
ecliptic plane whenever such an extension is found.

Although the K-coronameter data have proved very useful for infer-
ring global magnetic structures on the sun, more direct measures of cor-
onal magnetic fields are needed. The coronal emission line polarimeter
(KELP), developed by Charles Querfeld of HAO, which can provide informa-
tion on magnetic field direction, is now operating and he and Hundhausen
are continuing to evaluate its utility in describing global magnetic
structures.

There are other ways to infer the sign of the interplanetary magne-
tic field at the orbit of earth, which have been pursued during 1977 by
Sadami Matsushita of HAO. He has developed an objective technique for
inferring the interplanetary field polarity, using daily mean values of
the horizontal component of geomagnetic field variation measured at the
ground at certain high-latitude stations. This method has been tested
against satellite observations for the period 1964-70 and found to be
78% accurate for all days and 88% for the average of summer months. He
has now used this scheme to assign sector polarities for each day from
1926-1970, and he will be able to extend the assignment back into the
19th century. He has begun correlation studies with other geomagnetic
indices and with sunspots using this record. Matsushita finds good cor-
relation between the total number of identifiable toward and away polari-
ties with sunspot number and the geomagnetic aa index. This is believed
to be due to the higher electrical conductivity of the ionosphere during
active solar and high-aa index periods. Twenty-seven-day recurrences,
as well as some 7- and 14-day recurrences, are easily identified from
the data.

The changing polarity of the interplanetary magnetic field has sig-
nificant consequences for ionospheric electric currents. Matsushita had
previously shown that polarity toward the earth was associated with a
clockwise circumpolar electric current at each pole (when viewed looking
down on the pole) and away polarity with a counterclockwise current.
These currents may be explained as due to induced electric fields asso-
ciated with the oppositely moving plasma in the northern and southern
hemisphere polar magnetospheric regions, which arise due to magnetic
stresses of the interplanetary magnetic field azimuthal component on the
magnetic field lines of the polar magnetosphere to which they are con-
nected. Matsushita and Yohsuke Kamide (visitor from Kyoto Industrial
University) have now successfully simulated this effect in a computer
model. This work clearly demonstrates a physical linkage among the in-
terplanetary magnetic field, magnetosphere, and ionosphere.
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The activities of the Solar Atmosphere and Magnetic Field Section
of HAO were concentrated in five areas during 1977: radiative transfer
in spherical expanding atmospheres and in two-dimensional geometries;
network, plage, and flare structure; chromospheric oscillations; obser-
vations of magnetically induced polarization in spectral lines; and
magnetic field dynamics and Alfv6n waves.

Diagnostic techniques in radiative transfer are now well advanced
for plane-parallel, static atmospheres, but they are still in the early
developmental stages for most of the more complex situationso The scale
lengths of the fine features of the solar atmosphere, such as spicules,
magnetic elements in the photosphere, and prominence threads, are small
enough that plane-parallel geometries are invalid. Photon transfer in
at least two dimensions is important. In addition, the fine-scale
features are almost always moving with respect to the mean solar sur-
face, and such motion both modifies the flow of radiation and compli-
cates the diagnostics. An important contribution to the diagnostic
techniques for such problems was made by Dimitri Mihalas working with
Lawrence Auer (HAO) and Barbara Mihalas (University of Colorado). They
developed an efficient computational scheme applicable to two-dimension-
al geometries with internal velocity gradients, The computer program
is documented for library use by other workers. Applications of the
program to idealized prominence models have revealed a number of complex
effects on line profiles that are strongly aspect-dependent, i.e., the
line profiles change markedly with viewing angle. Such effects are im-
portant in deducing realistic physical models from observational data.

Applications of modern radiative transfer techniques to spherical,
expanding stellar atmospheres initiated earlier by Mihalas and his co-
workers at the Joint Institute for Laboratory Astrophysics continued
this year with extension of the computer programs to multilevel atoms
with subordinate spectral lines. The profiles of the subordinate lines
were found to be sensitive to both the gradients in the expansion velo-
city and the total rate of mass loss from the star0 Thus, there is an
indication that careful analyses of the subordinate lines can provide
information on both of these parameters.

The development of practical diagnostic techniques for the analy-
sis of polarized radiation in order to determine magnetic field orien-
tations and strengths has been an important part of HAO's program in
radiative transfer for several years. During the past year Auer,
James Heasley (University of Hawaii), and Lewis House finished develop-
ing a practical program for determining the magnetic field parameters
from observations made with the Stokes polarimeter at Sacramento Peak.
This, together with the operational success of the Stokes and KELP in-
struments, represents a major step ahead in the study of solar magnetic
fields.

A new technique for solving radiative transfer problems of a type
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normally treated by Monte Carlo methods was developed by House jointly
with Lawrence Esposito of the University of Massachusetts. The new
method uses a Markov chain formation and has major advantages over
Monte Carlo and standard "doubling" techniques.

The model of the mean, one-dimensional solar atmosphere is now
moderately well determined though still in need of refinement. What
is not known about such a model is how meaningful it is in terms of
the real sun, i.e., does it adequately reflect the energy and momentum
budget of the atmosphere or are the deviations from the mean so large
that the important physical processes are hidden by the mean modelo
These questions are important in the study of stellar atmospheres as
well as in the solar case, but only in the case of the sun can the ques-
tions be seriously studiedo Much of the effort to study these questions
is invested in space experiments where the extreme ultraviolet and X-
rays are observable. The OSO-8 (Orbiting Solar Observatory 8) experi-
ment flown by a French team from the Laboratoire de Physique Stellaire
et Planetaire (LPSP) was designed specifically to study the spatial
structure and transient phenomena in the chromosphere and chromosphere-
corona transition region on a scale of approximately one arc second.
Andrew Skumanich participated actively in the operation of this experi-
ment for the two years ending in mid-1977. A highlight of this experi-
ment was the observation on 19 April 1977 of a class 2 flare. As a
result of this observation, data are now available for the first time
with high spatial, temporal, and spectral resolution that begin before
the flare onset and extend through flare maximum0 Skumanich, collabora-
ting with Alain Jouchoux of the LPSP team and John Castelli of the Air
Force Geophysics Laboratory, completed a preliminary analysis of the
satellite flare data and supplemental ground-based data. He is continu-
ing a more extensive analysis.

For the past three decades it has been believed quite generally that
sound waves generated in the solar convection zone are responsible for
the heating of the chromosphere and corona. In the University of Colora-
do experiment on OS0-8, of which Ro Grant Athay and Oran Ro White were
co-investigators with Elmo Bruner (University of Colorado), one of the
prime objectives was to study waves in the chromosphere and chromosphere-
corona transition region. After a year of intensive observing, Athay
and White have conducted a detailed analysis of time-series data showing
fluctuations in intensities and doppler shifts in chromospheric emission
lines. During the past year, they have succeeded in showing that sound
waves are indeed present in the middle chromosphere in the frequency
range predicted by theory. However, they have also shown that the ener-
gy in sound waves in the middle chromosphere is insufficient to heat
the overlying layers by a large factor. This surprising result adds
new interest to the alternative of heating the corona by magnetic field
dissipation.

Our conceptual awareness of the importance of magnetic fields to
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the energy and momentum balance in the so-called "quiet sun" as well as
the active sun has grown steadily over the past several years. This
growing awareness of the pervasive role of magnetic fields is reflected
in the increasingly large fraction of our effort devoted to the study
of magnetic field morphology and dynamics.

Efforts to measure magnetic field patterns in the corona using the
polarization of coronal emission lines observed with the HAO KELP coro-
nal emission line polarimeter) instrument at Sacramento Peak Observatory
have reached important milestones this year. Excellent series of obser-
vations over periods of several days have been obtained by Charles Quer-
feld showing clearly defined, systematic polarization patterns over
large areas of the corona as seen at the solar limb. The theoretical
basis for relating polarization to magnetic field direction is well
established by the work of Auer, House, and Heasley referred to earlier.
However, the difficult task of deconvolving the polarization observations
from line-of-sight integration through the corona is still under study.
A satisfactory solution to this latter problem will open the door to
a new era in the study of the morphology and evolution of magnetic fields
in the corona. Even without detailed deconvolution, important new re-
sults have emerged. Polarization patterns from KELP clearly show diver-
gence of the magnetic field lines away from the solar poles toward the
equator. Magnetic arcades spanning the equator and bridging over large
prominences are also clearly observed. Although similar patterns have
been seen in X-rays, these are the first observations that reveal the
magnetic field geometry directly.

Magnetic fields in the photosphere and in prominences imbedded in
the corona are under study by HAO scientists and various collaborators
who are using the Stokes polarimeter located at Sacramento Peak Observa-
tory. Use of this instrument continues to be attractive to both short-
and long-term visitors to HAOo A particularly important new result ob-
tained with this instrument is the successful observation of the Hanle
effect (a polarization effect in the weak-field regime) in the detailed
spectral distribution of lines in prominences and on the solar disk
near the limb by House, Jan Stenflo from Lund University, and Thomas
Baur collaborating with Raymond Smartt at Sacramento Peak Observatory.
The Hanle effect adds considerably to the information that can be de-
duced from the Zeeman effect alone and will form the basis for an ex-
tended study of magnetic fields in prominences and in the photosphere.
Meir Semel(from the French National Observatory at Meudon) observed
plage and quiet-disk magnetic fields in several lines simultaneously to
obtain information on the small-scale structure of these fields.

Instrument modifications made possible a new vector mode of oper-
ation this year. This new mode shortens the observing cycle of the
Stokes instrument and makes possible combined studies using both the
Stokes instrument and KELP instrumentso Thus, the Zeeman and Hanle
effects are being measured in prominences in conjunction with observa-
tions of coronal fields surrounding the prominences. Similar observations
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for active regions are in progress; the Stokes instrument is used to
measure Zeeman and Hanle effects in the active region near the limb,
while the KELP is used to measure overlying coronal field patterns.

Joseph Hollweg has conducted theoretical studies of Alfvdn waves
in the solar atmosphere using the full wave equation in a realistic
model of temperature and density in the solar atmosphere but with mag-
netic fields restricted to vertical flux tubes. His results indicate
that Alfvgn waves may play an important role in accelerating the solar
wind and can give improved agreement with observations at 1 AU over
conventional solar-wind models, provided the energy flux in the waves
is sufficient. Efforts by Hollweg and Querfeld to directly observe
Alfv6n waves in the corona with the KELP instrument are currently under
way.

Yoshinari Nakagawa's study of magnetic field dynamics was continued
in 1977. His work on this important problem suggests that excess energy
is stored in magnetic fields as a result of shearing deformations of the
magnetic field topologyo This effect induces force-free currents along
the field lineso The currents, in turn, are dissipated by ohmic resis-
tance, which is increased by plasma turbulence. Estimates of the rate
of energy build-up and dissipation suggest that this mechanism may be
important in chromospheric and coronal heating.

Members of the Solar Atmosphere and Magnetic Fields Section have
continued their production of bookso Mihalas completed a revision of
his book on stellar atmospheres in 1977, and the new edition appeared
in print early in 1978. White edited an important new volume on The
Solar Output and Its Variation (Colorado Associated University Press,
1977). This book is the first of its kind and will provide an extreme-
ly valuable reference for a wide range of scientific disciplines.
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The broad goal of the coronal physics effort remains that of achiev-
ing an understanding of the physical conditions determining the steady-
state acceleration of the corona and solar wind, the role of magnetic
fields in influencing this flow, and the role of transient disruptions
in both the flow of the plasma and the balance of magnetic flux on the
sun.

Steady State Acceleration of the Corona and Solar Wind

Coronal Heating. Gerald Pneuman and Roger Kopp (Los Alamos Scien-
tific Laboratory) have theoretically investigated downward mass fluxes
associated with the presence of steady downflows on the order of a few
kilometers per second observed in the solar transition region. They
suggest that the downflow represents spicular material returning to the
chromosphere following heating to coronal temperatures. They find that
the enthalpy flux associated with the downflow exceeds the expected in-
ward heat flow by thermal conduction and may constitute a dominant ener-
gy source for the transition region. Simplified analytic models based on
these considerations have been shown to be consistent with the observed
emission measures. Another approach to the coronal heating question is
taken by Thomas Holzer, with visitors Shadia Habbal (University of Cin-
cinnati) and Egil Leer (University of Tromso, Norway), in a study of
heating of coronal loops with fast-mode hydromagnetic waves. Initial
results from this study indicate that these waves may constitute a sig-
nificant process in producing and/or maintaining X-ray loops.

Finally, JoAnn Joselyn (University of Colorado), Holzer, and Richard
Munro are investigating how ionization equilibrium is affected by steady-
state flow in the presence of temperature and/or density gradients. In
particular, they are examining what these flows imply about models con-
structed under the assumption of ionization equilibrium.

The Role of Magnetic Fields. The realization, from previous stud-
ies of coronal holes, that the coronal magnetic-field geometry may be a
dominant factor in influencing the outward flow of the solar wind has
stimulated several studies. Habbal, Leer, and Holzer are extending the
study described above to consider heating in coronal holes and Leer and
Holzer have examined one-fluid coronal expansion (with different thermal
conduction laws but no energy addition) in divergent flow geometries
thought to be typical of coronal holes.

Pneuman has employed the actual magnetic field geometry character-
izing a polar coronal hole (as found earlier by Munro and Bernard Jack-
son) to study the effects of varying the distribution of low-coronal
surface boundary conditions of temperature, density, and magnetic field
strength on the density expansion velocity, and magnetic fields in
coronal holes at all heights above the photosphere. These results, em-
ploying a previously developed solar-wind code, proved to be negative in
the sense that idealized heating in the low corona produced an increase
only in the density at 1 AU; little effect upon the velocity occurred.
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This result strengthens the conclusion that substantial wave fluxes are
required to produce high-speed streams.

Pneuman and Tyan Yeh (unaffiliated visitor) have applied a sheet-
current approach to the coronal modeling question; they argue that the
magnetohydrodynamic (MHD) modeling of coronal structures can be accomp-
lished by ignoring volume currents and considering only the influence of
sheet currents present above closed magnetic regions and between closed
and open regions. They have compared their calculated field-line topo-
logy with an earlier, exact MHD solution and found that the results were
intermediate between the potential-field solution with a source surface
and the exact MHD solution. Thus, the sheet-current approach represents
an improvement over the potential-field approach.

Yoshinari Nakagawa and S. T. Wu (University of Alabama, Huntsville)
and Einar Tandberg-Hanssen (NASA/Marshall Space Flight Center) have also
examined the topological characteristics of global magnetic fields in the
corona; in this case asymmetric force-free magnetic fields characterized
by so-called constant-alpha solutions. These workers demonstrated a
number of significant differences in the topological characteristics
between potential and constant-alpha force-free fields, which include the
influence of electric currents flowing in the coronal wind to sources
other than the solar wind. They find that such constant-alpha global
fields well approximate X-ray structures observed in the low corona dur-
ing the Skylab mission period, and they conclude that electric currents
must be included in any description of the details of the magnetic field
above active regions.

As noted above, coronal holes have provided a new tool for the exam-
ination of the relative roles of magnetic fields and fluid motions in
the low corona. Munro and John Mariska (Harvard/Smithsonian Center for
Astrophysics) have combined EUV and white-light observations of the north-
ern polar hole, made during the period June-August 1973, to produce an
empirical, self-consistent coronal hole model between the base of the
corona and 5 R from sun center. They found that, in the absence of
accelerating f8rces other than those due to gravity and gas pressure,
the derived kinetic temperature of the plasma is consistent with EUV ob-
servations and increases outward from the sun. Pneuman, with Leonard
Burlaga and Kenneth Behannon (NASA/Goddard Space Flight Center), S. Han-
sen and William Feldman (Los Alamos Scientific Laboratory), has studied
the relationship between field strengths measured in the interplanetary
medium and 1 AU and those in coronal holes by inferring the areas of ob-
serving high-speed streams in comparing with those of the coronal holes
where the streams were believed to originate.

Coronal Evolution. The role of long-term evolution in the corona
has been examined in three studies. Arthur Poland has examined varia-
tions in a particular coronal streamer observed with the HAO Skylab
coronagraph and found micro- and macroscopic variations of the density
over a broad variety of time scales. Richard Fisher has examined the
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the evolution of large-scale coronal structures, as revealed through ob-
servations of the Fe XIV (5303 A) line in the period 1973-75, and finds
a long-term decrease in the integrated intensity, accompanied by an evo-
lutionary trend toward a regular, four-lobed appearance of coronal mate-
rial. One interesting implication of this work is that both the solar
rotational periods and the approximate number of active regions on the
disk could have been determined if the sun were observed as a star at
some unique wavelength of coronal radiation. These results suggest that
X-ray or XUV observations of stellar objects could, in principle, be used
to uncover information concerning stellar spot cycles, rotation rates,
and active-region areas.

Finally, Robert MacQueen and Poland have examined in some detail the
evolution of equatorial K-coronal regions during the Skylab period, again
employing HAO Skylab coronagraph data. They find that the coronal radi-
ance mimics variations in low-order photospheric magnetic fields, as
studied through harmonic analysis by Randolph Levine (Harvard/Smithsonian
Center for Astrophysics), very well; and they found the evolutionary
trend during the 1973 period to be one of discrete steps toward a simpli-
fied magnetic ordering of the outer corona consistent with solar minimum
activity.

Experimental Studies. Munro and MacQueen have continued the develop-
ment with NASA sponsorship, of a rocket white-light coronagraph experi-
ment designed to fly with a similar instrument supplied by the Harvard
College Observatory to observe the intensity and profile of the coronal
Lyman-alpha spectral line (1215 A). It is hoped that this dual corona-
graph package will provide new, unambiguous information concerning the
coronal temperature and velocity structure. The HAO instrument is being
constructed by American Science and Engineering in Cambridge, Massachu-
setts; during the past year it was delivered to the observatory for ini-
tial alignment and verification tests. It employs a linear occulting
system designed to be compatible with the detection scheme employed by
the Harvard instrument, and it will be capable of examining the Thompson-
scattered coronal light from approximately 1.5 to 5 Rg (from sun center).
Current plans call for the maiden flight of the dual coronagraph package
in November 1978; subsequent reflights are planned during fiscal 1979,
perhaps in conjunction with the February 1979 eclipse.

When NASA announced opportunities to participate in a Solar Polar
Mission wherein a spacecraft will be propelled over the solar poles in
the middle to late 1980s, Holzer, Hundhausen, Querfeld, and MacQueen
joined with scientists from American Science and Engineering, the Naval
Research Laboratory, and Stanford University in proposing a white-light
coronagraph/X-ray XUV dual telescope package for that mission. After
the evaluation process, NASA informed the experiment team of their ac-
ceptance of the proposed package, and a detailed design phase will begin
during the latter stages of FY 78. The broad objectives of the dual
experiment package are the observation of the three-dimensional struc-
ture and evolution of the solar corona from the solar surface outward,

97



Coronal Physics Section

the study of the evolution of low coronal and chromospheric elements,
and examination of the differential rotation of the sun through examina-
tion of the motions of the chromospheric elements. Current plans for
the mission call for launch in 1983 and an initial polar passage in mid-
to late 1986. A second polar passage would follow approximately six to
eight months later. The HAO scientists are currently involved in the
detailed definition of the experiments (which must occupy considerably
less volume and have much less mass than heretofore employed on satellite
instruments) and in the preliminary development of scientific goals and
observational programs for the mission. Further, they will be involved
in the integrated observing program planning to be carried out by both
NASA and European Space Agency spacecraft on the Solar Polar Mission.

Coronal Transient Activity

General Properties and Associations. A number of studies have con-
tinued on the general properties of coronal transients. Munro has com-
pleted an examination of the associations between coronal transients
observed with the HAO Skylab coronagraph and surface solar phenomena and
finds that 75% of the transients apparently originate in or near active
regions, with transients about equally associated with flares and erup-
tive prominences. Mass-ejection events are directly associated with
mass motions as observed in Ha-emitting material.

Jackson (Skylab postdoctoral fellow) and Ernest Hildner have dis-
covered the presence of faint outer rims of material preceding the more
visible bright transient structures in a number of events. As yet it is
not clear whether this material is additional material thrown from the
lower corona or the compression of preexisting material ahead of the on-
rushing bright white-light structure. The presence of these forerunners
implies that the volume of the corona disturbed at any one time by a
transient is larger than has been thought heretofore and that the distur-
bance associated with the transient reaches a given height earlier than
had been thought. Whether a larger volume of the near-surface coronal
material becomes unstable at event onset or material actually departs
the region near the solar surface at an earlier time than that determin-
ed from bright transient appearance is not yet known.

Stephen Kahler (American Science and Engineering), Mich&le van
Hollebeke (NASA/Goddard Space Flight Center) and Hildner have studied
the association between solar cosmic rays and white-light coronal tran-
sients. They find that each of the 18 prompt solar proton events occur-
ring during the Skylab period was accompanied by a mass-ejection coronal
transient; and they infer that the magnetic field in the near-solar en-
vironment was drastically rearranged in each of these events, permitting
the escape of protons. It is suggested that proton acceleration may not
occur only in the low solar atmosphere but also ahead of the ejected
mass in a transient event.
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With John Gosling, John Asbridge, Samuel Bame, and William Feldman
(all at Los Alamos Scientific Laboratory), Hildner has examined inter-
planetary records for the 1 AU signature of coronal transients mass-
ejection events. The events, labeled noncompressive density enhancements
(NCDEs), show properties of average mass, energy frequency, and duration
similar to those observed or inferred for coronal transients and thus
are leading suspects for the interplanetary manifestations of transients.
But as yet no specific association between NCDEs and a particular tran-
sient event observed in the corona has been possible.

David Sime (visitor from Ecole Polytechnique FMddrale, Zurich) is
examining a number of events with the goal of resolving the question of
the three-dimensional structure of mass ejection transients. By examin-
ing carefully the observed polarization properties of these observations,
Sime hopes to deduce, on a statistical basis, reasons strengthening
either the loop or spherical bubble hypotheses for coronal transient
events.

Specific Events. Work continues on the analysis of observations of
a number of specific examples of coronal activity. Munro and Poland in
collaboration with Thomas Gergely and Mukul Kundu (University of Mary-
land), have examined near-simultaneous decametric radio and white-light
observations of one loop-like event to estimate magnetic field strengths.

Hildner and Edward Schmahl (Harvard/Smithsonian Center for Astro-
physics) have examined an event which includes the passage of eruptive
prominence material to great heights in the corona, and they are able
to trace both the cooler prominence and hot coronal material outward to
3 R0.

Fisher, again employing Fe XIV (5303 R) observations, has examined
the depletion of a region of the corona in association with a particular
slow limb event. His estimates of the number of electrons involved in
the depletion is similar to that inferred from white-light observations.

Modeling. Modeling of idealized geometries of transient events,
toward the goal of understanding the forces present, has continued.
Telemachos Mouschovias (visitor from Princeton) and Poland have explored
the consequences of the assumption that a coronal loop transient is a
twisted rope of magnetic field lines expanding and broadening in the
background corona plasma and magnetic field. They find that the expan-
sion can be accounted for by an azimuthal component of the field, while
the observed broadening of the loop as it moves outward can be accounted
for by a longitudinal field component. The results of their model and
the observed expansion of one obvious loop-like transient event are in
good agreement.

Ulrich Anzer (visitor from the Max-Planck Institut, Munich) has
also investigated the possibility of the magnetic expulsion of loop
transients. He has used a configuration similar to that employed by

99



Mouschovias and Poland, but has dealt with the global field structure
and his models show both the initial phase of large acceleration and a
later phase of almost constant velocity. The models use a simple one-
dimensional ring current subjected to gravitation attraction.

Nakagawa and colleagues Wu and S. M. Han (University of Alabama)
and Murray Dryer (National Oceanic and Atmospheric Administration) have
modeled transients magnetohydrodynamically. They have applied a two-
dimensional, time-dependent, plane-parallel atmosphere, hydromagnetic
model and are studying the dynamic response of the inner corona by in-
troducing impulsive pressure enhancements to the low corona. The effects
of magnetic fields are included in such a formulation; they find that co-
ronal transients observed in white-light are most likely to occur within
essentially radial field topologies. They have interpreted their results
in terms of the anisotropic propagation of fast and slow waves (or shocks)
and have also considered possible consequences of the inclusion of trans-
verse waves in the modeled coronal region.

At present, observations do not permit differentiation between these
two radically different (magnetically or mechanically driven) models of
transients; further observational and theoretical study is needed. Final-
ly, Pneuman is extending his earlier work with Kopp (Los Alamos Scienti-
fic Laboratory) on the role of magnetic reconnection in the corona,
through collaboration with two different groups analyzing soft X-ray
events observed during the Skylab period. The collaborators are Zdenek
Svestka (University of Utrecht), Ronald Moore (California Institute of
Technology), and David Rust and W. J. MacCombie (American Science and
Engineering). Pneuman is studying the time decay of the energy density
of the observed loop system to test the hypothesis that heating at the
top of the system is produced by ohmic dissipation from the reconnection
process that forms the loops. He finds that the calculated energy-density-
versus-time curves compare favorably with the energy density curves in-
ferred from the direct observations.

Experimental Studies. The largest in-house experimental effort ever
undertaken by HAO--the development of the new generation (Mark III) K-
coronameter and prominence monitor instruments--has continued toward
the goal of installation of the two instruments in Hawaii during the next
fiscal year in anticipation of the upcoming solar maximum period. This
experimental effort, led by Fisher, has engaged almost all of the engin-
eering and technical resources of the observatory during the past year.
During this period, final designs, both electronic and mechanical have
been approved for all major subsystems of the two instruments and con-
struction of the actual field hardware begun. Major efforts have been
expended in the completion of the reticon detectors, the double-correlated
sampling scheme, and the development of the analog signal-processing
circuitry. In addition, Poland is leading current efforts centered on
the development of necessary software for the initial analysis of the
polarization brightness measurements from the K-coronameter and for the
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digital processing of the results. When complete, the two instruments
should be capable of rapid coverage of limb prominences and coronal
events out to about 2 R. (from sun center).

The second major element in the program for observations of coronal
activity at the upcoming solar maximum involves the orbiting coronagraph/
polarimeter being constructed for NASA's Solar Maximum Mission. This
effort has involved William Wagner, Hildner, and MacQueen. During the
past year, the instrument hardware program has moved into the final
stages with the delivery of the instrument to NASA for final spacecraft
integration scheduled for early FY 79. The instrument has been construct-
ed by Ball Brothers Research Corporation in Boulder; central efforts of
HAO staff have been in the definition and testing of the optical proper-
ties of the instrument and the development of the necessary software
techniques for processing the telemetered data from the Solar Maximum
Mission spacecraft. Final testing of the instrument will occur in the
observatory clean room/vacuum tunnel facility in the summer of 1978.
In addition to these hardware efforts, the experiment team, which also
includes George Dulk (University of Colorado), Kopp, Hermann Schmidt
(Max-Planck Institut, Munich), and Kevin Sheridan (Commonwealth Scienti-
fic and Industrial Research Organisation, Culgoora, Australia), contin-
ues to be involved in the development of observing plans that will per-
mit the Solar Maximum Mission to operate as an integrated observatory.
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Interplanetary research at HAO covers a broad range of topics, from
the formation of the solar wind in the expanding corona to the propaga-
tion of the wind through the interplanetary region itself to the inter-
action of solar wind particles and magnetic fields with the earth, cos-
mic rays, and the interstellar medium. Much of this work overlaps the
interests of other sections in the observatory and in some cases (noted
below) has been described in other portions of this document. Atten-
tion here will be focused on a number of recent accomplishments central
to the development of interplanetary physics and on our broad future
plans to build upon these accomplishmentso The important role played
by members of the HAO staff in the field of interplanetary physics can
be judged by the preparation of invited review papers by Joseph Hollweg
(on physical processes in the solar wind), Thomas Holzer (on the solar
wind and related astrophysical phenomena, neutral hydrogen in inter-
planetary space, and heliospheric hydromagnetics), Arthur Hundhausen
(an interplanetary view of coronal holes), and Dean Smith (on first-
phase acceleration in solar flares) during the period covered by this
report.

The study of large-scale inhomogeneities in the flow of solar wind
from the corona (for example, the shock waves produced by solar flares,
or the long-lived streams of fast wind emanating from coronal holes) has
been a central theme at HAO for some time° The phenomenological study
of such interplanetary structures and their solar origins, using solar
wind observations from the ecliptic plane and Mauna Loa K-coronameter
observations of the global corona, has led to formulation of a three-
dimensional model of coronal magnetic structure and its interplanetary
extension for the declining portion of the past solar cycleo Attempts
to extend this model over the entire solar cycle and to similar phases
of earlier cycles by Hundhausen, Shirley Hansen, and John Eddy are de-
scribed in the Solar Variability section of this document. This model
invokes a large spatial variation in solar wind speed organized by the
magnetic structure. The absence of evidence for this structure in some
earlier analyses of interplanetary radio scintillation and comet tail
observations may have been explained by Hundhausen, who has shown that
the averaging of data over solar longitude or time in these analyses
severely degrades their ability to detect such spatial variations. The
evolution of speed inhomogeneities in interplanetary space is of inter-
est both as a well-observed natural example of steepening, non-linear
waves and as an effect that must be considered in studying their solar
origin and interplanetary consequences. The success of numerical models
of this "stream-interaction" process has been mentioned in earlier re-
ports. Hundhausen and George Siscoe (University of California at Los
Angeles) are working on the extension of earlier analytic studies of
propagation of small-amplitude waves beyond the orbit of eartho Their
work reveals the necessity of including energy dissipation, as in a
shock front, into models of these waves to prevent unlimited growth
of the wave amplitude, The classical Burger's equation appears to be a
reasonable first approximation to the dissipation process, and produces
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general agreement with the numerical models.

The recognition of coronal holes as the source of the fastest,
most energetic solar wind dictates considerable modification of many
long-held beliefs concerning the formation of the solar windo Holzer,
in collaboration with visitors Egil Leer and Shadia Habbal, is examin-
ing the modifications of quantitative coronal expansion theories when
applied to the rapidly diverging flow tubes thought to characterize
coronal holeso Their efforts are carried out with close attention to
pertinent coronal observations and are described in more detail in the
Coronal Physics Section. Holzer has also worked with JoAnn Joselyn
(National Oceanic and Atmospheric Administration and University of
Colorado) on the effects of rapidly diverging flow upon the escape of
helium and other heavier elements from the corona.

Any success in the quantitative modeling of solar wind formation
must be founded upon an adequate understanding of the microscopic
physical processes occuring in the corona and solar wind. Again, the
physical characteristics of coronal holes and the energetic nature
of the solar wind flowing from them reinforce earlier arguments that
the momentum and energy carried into the corona by hydromagnetic waves
may play an important part in driving the coronal expansion. Hollweg
has continued his extensive studies of several such physical processes--
collision-free heat conduction, wave pressure, and wave damping effects--
in the context of expansion models with rapid flow-tube divergence. Assump-
tion of reasonable coronal boundary conditions leads to models that pre-
dict many of the properties of the solar wind observed at the orbit of
eartho The effects of waves on helium in the solar wind have also been
further explored with James Turner (Morehouse College, Atlanta Univer-
sity Center), leading to an explanation for the surprisingly high
expansion speeds observed for helium ions. All of these efforts raise
important questions concerning the wave fluxes entering the corona from
the lower solar atmosphere. Hollweg has thus worked with Querfeld and
Michael Bird (Radioastronomy Institute, Bonn) in attempting to observe
wave fluxes in the corona, and he has extended his theoretical studies
of wave propagation to the photosphere and chromosphere (see the Solar
Atmosphere and Magnetic Fields Section). Future work toward a self-
consistent "kinetic theory" of the solar wind, based on a set of quasi-
linear equations developed by Hollweg, is planned in collaboration with
George Skadron (Drake University). The existence of waves and instabil-
ities in the solar wind must also be recognized in studies of the inter-
action of the wind with cosmic rays and energetic particles. Smith
has continued his analysis of the generation of Type III radio bursts
by electron streams emitted into the solar wind. His work has also been
extended to consideration of the production of the electron beams in
solar flares; this work was carried out as part of the Skylab Workshop
on solar flareso

The research described above emphasizes the role of the solar wind
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in carrying a "solar influence" through the interplanetary region to
the earth and other bodies in the solar system. The importance of
the solar wind as the most observable example of a stellar wind has
assumed increasing importance at HAOo Holzer has delivered several
review talks on this subject and, in collaboration with Hundhausen,
is pursuing the study of stellar corona and wind models. Some of this
work will focus on applying the lessons learned from coronal hole studies
to stellar wind models.
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CONVECTIVE STORMS DIVISION

INTRODUCTION

Following the decision to terminate the National Hail Research
Experiment (NHRE), plans were formulated by NCAR to continue research
on convective storms. The research would be aimed at achieving suf-
ficient understanding to model, predict, and, if possible, modify
storm-related phenomena such as precipitation, wind, or lightning.
Such work would contribute to the NCAR objective related to improving
prediction of storms and investigating possibilities for storm modif-
ication. It may also be expected to lead toward a better understanding
of the consequences of convection, which will be relevant to other ob-
jectives related to the general circulation, air quality, and climate.
It is obvious that such research is an important part of atmospheric
science, and that the necessary observational data can be acquired only
by means of well-coordinated, multifaceted field programs.

The randomized seeding experiment (RSE) that formed part of NHRE
was described and evaluated in a five-volume final report in December
1976. Since then, some further analyses of the RSE have been carried
out, but the chief remaining task was to report the results of the ex-
tensive physical research that was also a part of NHRE. Work is in
progress on the preparation of "Hailstorms of the High Plains," which
will provide a definitive summary of the National Hail Research Exper-
iment and of current knowledge of storms in the region studied--northeast
Colorado and adjoining parts of Nebraska and Wyoming. In this connection,
continuing analysis of field data obtained in 1976 has been a major task
of the division during the year. Most of the effort has so far gone into
case studies of a few storms for which the best overall data sets are
available, but some studies have also been made of particular phenomena
for which relevant data are available from a larger number of storms.
Examples of both kinds of study are discussed in later sections.

In the meantime, plans have begun to be formulated for the future
work of the Convective Storms Division (CSD). Research within NHRE
naturally placed strong emphasis on understanding the generation of hail,
rather than on other aspects of the overall problem (such as electrical
phenomena) or on the synoptic and mesoscale conditions which lead to
outbreaks of deep convection. It is clear that, initially, research
should build in large measure on current insights, skills, and capabili-
ties, and that these are well adapted to examining the overall question
of the formation of precipitation in storms. Thus, for the present,
the core of our work will continue to lie in the areas of microphysics
and of storm-scale kinematics and dynamics. This has led to a decision
to continue using the NHRE field site at Grover, Colorado. The micro-
physical processes occurring in the storms of this area are relatively
simple; for the most part, droplet coalescence and (probably) ice multi-
plication are inoperative.
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The degree of emphasis to be placed on other aspects of storms is
not clear at this time. Cogent arguments may be adduced for observing
in some detail major products of the storm process such as precipitation,
gust fronts, or electrical activity, since clearly any adequate model
should be able to predict them with useful accuracy. Electrical phe-
nomena have the marked advantage that they can be observed remotely,
and approaches have been made to the group conducting the Thunderstorm
Research International Project (TRIP) in the hope that some of their
future field programs might be collocated with those of CSD.

To allow sufficient time for the analysis of data and for needed
improvements in instrumentation and data systems, it is planned to mount
field programs only in every second year (1978, 1980. . .). Initial
planning has begun for CSD to collaborate in Little SESAME at Norman,
Oklahoma in 1979. We do not plan to become scientifically involved in
this program in a major way, since this would upset the balance between
field and analytical work; our main contribution will be to provide and
help operate the facilities developed by NHRE which make it possible to
acquire well-coordinated sets of measurements.
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HAIL SUPPRESSION

Evaluation of the Randomized Seeding Experiment

Although a comprehensive statistical analysis of the NHRE random-
ized seeding experiment (RSE) was presented in the December 1976 Final
Report (Crow et al., 1976) several of these analyses were continued in
more detail during the period under review, and were presented at the
Sixth Conference on Planned and Inadvertent Weather Modification held
at Champaign-Urbana, Illinois in October 1977 (Crow et al., 1977; Foote
et al., 1977: Summers et al., 1977). The work has now been finalized
and forms a nine-part series being submitted for publication in the
Journal of Applied Meteorology. This represents one of the more com-
plete evaluations of a weather modification experiment and includes
some important new approaches. Full details are given in the papers
referred to above, but the most important findings are summarized below.

Primary Analyses

The primary statistical evaluation carried out by Crow et al. was
based on nine response variables, daily values of which were obtained
from a dense surface network of rain/hail separators, hail pads, and
Belfort rain gages. These variables were: separator hail mass, pad
hail mass, pad hail kinetic energy, pad number of hailstones, separator
area of hailfall, pad area of hailfall, separator rain mass, separator
rain plus hail mass, and Belfort total precipitation mass. The values
of each of these response variables obtained for each of the 27 seed
days and the 30 control days were subjected to a very complete statis-
tical treatment, including an investigation of how to handle days that
were part of a sample but on which no hail actually fell in the target
area.

The major conclusion is that no effect of seeding has been detect-
ed at the 10% significance level. This is true regardless of whether
hail or rainfall response variables are considered, which method of
obtaining daily values for the response variables is used, which fitted
distribution for the variables is assumed, or which estimate of the
ratio of hailfall or rainfall on seed days to that on control days is
used. Even though these ratios are generally larger than unity, the
confidence limits attached to the ratios are so large, because of the
large natural variance in each response variable and the small sample
sizes, that the true underlying seeding effects could in every case have
ranged from moderate decreases to large increases. One result, which
was conclusive at the 10% significance level, was that very large de-
creases in hail due to the seeding could be ruled out. This latter
point is interesting because the initial motivation for conducting the
RSE was the claim, emanating from the USSR in the 1960s, of 60% to 90%
reductions in hail.
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Since the experiment was based on the concept of beneficial super-
cooled competition for water in the cloud, it might be expected that
the effects of seeding should be detectable in the size distribution of
hailstones obtained from the hailpads. A detailed comparison of the size
distributions obtained on the seed and control days, which took into
account the fact that stones falling on an individual pad are not inde-
pendent observations, failed to detect any significant difference,
although the trend was for more large stones on the seed days than on the
control days.

An outcome of these analyses was the development of two new sta-
tistical methods for estimating the ratio of means and the use of con-
fidence limits for seeding effects (Crow, 1977; Crow, 1978).

Ancillary Analyses

As noted above, there was a tendency for more and larger hail on
seed days than on control days, but this tendency did not have statis-
tical significance at a level that would allow a cause-and-effect con-
clusion to be drawn. Two types of ancillary analysis were carried out:
one was to see if a stronger suggestion of a seeding effect could be
detected by means of various data stratifications and the other was to
examine the seed-control draw itself for any suggestions of important
differences between the sample of days. While the selection of a day
as a "seed" or "control" was unbiased inasmuch as the choice was made
using random numbers, there is a chance of having an "unfair draw" in
terms of hail potential, especially in a sample size as small as the
one resulting from the RSE. An examination of the actual "draw" can
thus provide physical insight into the statistical results.

A detailed analysis was made by Summers et al., (1977) of the
environmental conditions existing on each of the declared hail days.
From the many soundings available each day, the one most representative
of the near-storm environment was selected. This sounding was then used
to compute several parameters known to influence hailfall. It was found
that three parameters, all measures of the thermodynamic instability,
had a higher mean value on the seed days than on the control days. In
addition, the surface mixing ratio was substantially higher on seed days.
However, when the "hail potential" is converted into predicted maximum
hail sizes using the lifted moist adiabatic model, the difference is so
small as to have little or no physical significance. However, it may
have significance for hail amount, which was the primary response var-
iable. The synoptic-scale forcing, which may be related to the areal
extent and persistence of hailstorms, shows no difference between the
seed and control days. The representative draw analysis thus reveals
some tendency for higher hail potential on the seed days. If it were
possible to quantitatively correct the statistical results for this
slight bias, it would be in the direciton of lowering the ratio of seed
to control actually found for the various response variables. However,
in view of the very wide confidence limits, it would not likely change
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the ratios sufficiently to alter the conclusion that they were not sig-
nificantly different from unity.

One way in which the data were stratified by Foote et al. (1977) to
seek a seeding effect was to estimate the actual seeding coverage achiev-
ed on each seed day and stratify the days accordingly. The ideal measure
of how effectively the seeding was carried out would be the number of
freezing nuclei per liter actually delivered to the target volume in the
cloud. Clearly, it is impossible to determine this directly and so a
proxy for the seeding coverage was estimated as follows. From an exten-
sive cell-by-cell analysis of the S-band reflectivity on the 27 seed
days, the required seeding period (RSP) was defined as the time during
which a cell had a reflectivity greater than 45 dBZ above the -5C level
in the cloud and was within, or less than 20 min. upwind of, the target
area. Next, the actual seeding period (ASP) was estimated based on the
times during which seeding aircraft were positioned in a location where
the seeding material might reasonably have been expected to enter the
cell updraft. Finally, the normalized seeding rate was defined as the
actual seeding rate divided by the prescribed seeding rate. The seeding
coverage for each cell was then defined as the ASP/RSP multiplied by the
normalized seeding rate. The average seeding coverage for each day was
then computed as the weighted average of all cells for that day, where
the weighting function was the required seeding period. This was equiv-
alent to defining the daily seeding coverage as the sum over all cells
of the product of the ASP and normalized seeding rate divided by the
sum over all cells of the RSP.

As expected, there was a large day-to-day variation in seeding cov-
erage ranging from zero to 100%. The overall average for the RSE was
about 50%. While this number is low, there is no yardstick for compar-
ison since such an analysis has not been conducted for any other seeding
experiment. When only the large cells (diameter >4km) more likely to
produce hail were considered, the overall coverage was improved to 65%.

The seed days were stratified into three ranges of seeding coverage
(<40%; 40-60%;>60%), and only a small and statistically nonsignificant
difference was found between the observed hail mass in each class. This
result was true whether all cells or only the large cells were consider-
ed. This suggests that the seeding rates achieved in the high seeded
coverage cases was still too low, or that the seeding method itself was
inappropriate no matter how well it was executed, or that an effect
existed but the tests were too weak to detect it.

The final expostfacto stratification carried out by Foote et al. was
by storm intensity. Clearly, it was not possible to classify the storms
by one of the variables (such as hail mass or size) which might be ex-
pected to respond to seeding. A classification scheme was therefore
developed that was based on the maximum updraft (Wma x ) predicted by a
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simple steady-state, one-dimensional cloud model, but using a new approach.
It was found that for a given set of environmental conditions the model
predicted a unique relationship between the cloud top and the W over
a wide range of assumed values of cloud base radius (r ) and max
cloud base updraft (W ). Thus using the maximum observed radar echo top
within the target areR it was possible to estimate, for each experimental
day, a unique W that is independent of the choice of r and WO The
obvious advantagein using this approach is that the mode? is "tuned"
to the maximum convection potential actually realized over the target
area out of the total range possible. The seed and control days were
then stratified into three ranges of Wmax (<10 m/s ;10-20 m/s ;>20 m/s).
No hail occurred on days in the lowest Wmax category. The analysis
showed that more hail fell on seed days for storms in the intense class
and less on days with storms in the moderate class, which is consistent
with one simply physical model treating the time dependence of seeding
effects. However, statistical analysis showed that this result could
easily have occurred by chance. Although the variance of the hail mass
occurring within each intensity class was lower than with no stratifica-
tion, the smaller sample sizes after stratification resulted in wider
confidence limits for the ratio of the mean of the seed to control hail
masses. As a result of these wide confidence limits, the results were
far from being statisticlaly significant.

Analysis of Other Projects

Another way of gaining more insight into NHRE results is to carry out
in-depth studies of some of the other hail suppression programs that have
been, or are now being, conducted at various places around the world.
Such a study should emphasize the physical characteristics of the storms
and their environment and compare and contrast these with the situation
in northeast Colorado. This is not easy because of the wide variability
in data availablity and data quality from project to project, and prog-
ress has been slow.

Evaluation of the Nelspruit Program in South Africa

Summers (1978) carried out a reanalysis of the results of the
Nelspruit, South Africa operational project and showed that: 1) the
new response variable (the severity ratio) has no direct relationship
to the economic loss suffered by farmers, 2) the claimed result of a
substantial reduction in severity ratio and area damaged to 100% was
due mainly to the fortuitous selection of a two-year control period, and
3) a more representative nine-year control period was used the apparent
result of seeding was to spread the hail out over a larger area, with
lower intensity but the same total economic loss. This latter result
is scientifically interesting, but needs to be verified by an independent
experiment. If this result is verified, then it could have application
as a viable hail suppression method for crops with a high threshold to
damage by hail.
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Hailstone Embryos

At the present time the most reasonable concept of hail suppression
is that of embryo competition. Artificial embryos are added to those
already present in the cloud, promoting competition for the available
water and resulting in a larger number of smaller stones which melt on
their way to the ground. In order to apply this concept intelligently
in actually seeding hailstorms, one must know how natural embryos form
so as to determine how to seed to increase their number.

It has long been observed that there are two primary types of hail-
stone embryos, graupel and frozen drops, and the first step toward under-
standing is to determine which of these types predominate. Since
hailstorms are extremely variable, observations of stones from many
storms in any given area are required to obtain samples representative
of that area. Nancy Knight has completed this work for three areas:
northeast Colorado, central Oklahoma and the South African Lowveld
(Knight, 1978).

The results show that the embryo type differs in different regions.
In northeastern Colorado 87% of the hailstones contained graupel embryos
(58 storm days, 3660 stones). In Oklahoma 61% of the stones had frozen
drop embryos while only 17% were graupel (22 days, 1028 stones). The
results from the Lowveld of South Africa closely paralled those from
Oklahoma with 62% frozen drop embryos and 23% graupel (18 days, 1318
stones).

These results are important both in terms of fundamental understanding
and because they clearly imply that a technology of seeding for the
mitigation of hail which is successful in one area may not succeed some-
where else.

Seeding Techniques

Many techniques have been used to seed hailstorms over the years,
the most common being releasing silver iodide in the updraft at
cloud-base. This was the technique employed by NHRE. A method of
"on-top" seeding developed in Alberta, and now the basis of the
Nelspruit program appears to have some advantages both logistically and
scientifically. In order to test the feasibility of using such an
approach in northeast Colorado, a simulated seeding study was conducted
by Biter and Solak using the NCAR Sabreliner in the summer of 1976.
Nineteen flights were made on 18 days and the distribution of storm
types and visibility conditions encountered during the field season
are thought to be reasonably representative of the climatological con-
ditions for the region. The major results of the study are as follows:

First, the probability of successfully delivering the seeding mat-
erial in an on-top seeding program is directly related to the pilot's
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ability to recognize the important cloud features at the required
temperature seeding levels. The probability has been estimated in two
different ways. The first estimate, P Z.55, was derived from an analysis
of the actual flight operations and the thunderstorm radar data, and
represents the percentage of time that "simulated" drops were made over
cloud turrets that developed echoes which evolved into high reflectivity
(>.55dBZ) cells at the lowest radar elevation scan. The second estimate
PZ.66, was obtained solely from the radar cells evolved from a discrete
first radar echo. This estimate represents the upper limit of the prob-
ability of treatment since it assumes that all discrete first echoes
occur in visible cloud turrets that can be treated.

These two estimates are in good agreement and suggest that a maximum
of about 60% of the turrets that lead to hailfall in northeast Colorado
can be treated by on-top techniques. The actually realized success rate
would be less than this to an extent that would depend on the area to
be covered and the number of jet aircraft available.

Second, the radar cells were classified according to parent storm
type and treatment success probabilities were calculated as a function
of storm types. As expected, the multicell storms were most amenable
to on-top seeding treatment (PZ.75) followed by single-cell type storms
(PK.66). Cells developing in line-type storms and supercell-type storms
were not amenable to on-top seeding in the small number of cases observed.

The ability to treat cells is also highly dependent on the position
of the turrets with respect to the storm and the wind shear vector.
Turrets that grow on the downshear side are generally obscured by cloud
debris from the parent storm cloud; and those that occur upshear or nor-
mal to the shear vector tend to be well defined.

Hailfall Covariates

The results of NHRE and other experiments on convective storms
indicate an urgent need for the development of covariates which relate
hailfall and rainfall amounts and intensity to measurable environmental
parameters and to storm characteristics. If such covariates can be
found, with a sufficiently high statistical validity, then they can have
very important applications in both the design and evaluation of weather
modification experiments. First, an ability to forecast hailfall accur-
ately would enable the prestratification of experimental units into
more homogeneous sets and thus increase the chances of detecting a seed-
ing response. Also, improved classifications may allow for better dis-
crimination of seeding effects by class. This would be particularly
important if different classes of storms were to respond in opposite
ways to a given seeding treatment.

Modahl and Morgan have been working towards the goal of discovering
effective covariates relating hailfall to various synoptic and mesoscale
parameters. The major findings which have resulted in some improvement
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in the discrimination between hail days and no-hail days are as follows.

On the synoptic scale an increase with time of large-scale warm,
moist southerly flow over the Great Plains has been found prior to hail
days in northeast Colorado. This has been assessed quantitatively on
the local scale and shows up most markedly as a large easterly component
of moisture flux on the afternoons of hail days. Detailed streamline
analyses of the hourly airways weather reports show the presence of meso-
scale lows or wind vortices moving through the area to be associated with
strong convective storms and often hail. Morgan found that a parameter
Ae , based on the difference between the average 0 in the lowest 50 mb
ans the minimum 9e on the sounding aloft, was a useful discriminator
between hail and no-hail days. Based on 59 soundings in northeast
Colorado, his analysis showed that AGe <5 hail did not occur and for
AMe >10 there was an 80% chance of hail. An index has been developed
by Modahl which combines a divergence parameter based on the sum of
the upper level divergence and the surface layer covergence together with
the surface mixing ratio. When this index exceeds 15 there is a 90%
probability of thunderstorms with rain or hail, and when the index is
less than 15 there is only a 10% probability of hail occurring over an
are of 104 km in northeast Colorado, southeast Wyoming, and southwest
Nebraska.

Although useful for discrimination in diagnostic post analysis,
none of these parameters have yet been perfected to a point where they
can be used in the forecasting mode, as would be needed to improve the
power of the statistical design of an experiment.

Hail Measurement and Network Design

Dense networks of rain gages, rain/hail seperators, and hail pads
were operated over an area of about 1600 km2 for four seasons during
NHRE. The main purpose of these was to provide the best estimate of
rain and hailfall parameters for the RSE and, in 1976, for the mature
storm case studies. However, subsequent analyses of these data have
provided useful information on network design for possible future ex-
periments. Crow has developed auto-correlation functions for rain and
hail amounts with distance between stations. Long used Monte Carlo
simulations on the data from 1976 to show that the confidence limits on
the error in estimating the true hail mass for a storm increase approx-
imately linearly with the mean spacing of hailpads. For example, in
the case of the storm of 22 June 1976, there is a 90% confidence that
the true hail mass can be estimated within ±10% for a hailpad spacing
of 1.7 km.

In the summer of 1977, Huggins supervised the operation of a network
of 400 hailcubes, each of which was located adjacent to growing crops
of various types. Insurance adjusters made estimates of the crop dam-
age for each hail occurrence, these estimates are being related to
hailfall characteristics (such as kinetic energy) by Katz in the NCAR
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Environmental and Societal Impacts Group. Improved techniques for esti-
mating the average wind speed and direction from hail cubes were develop-
ed by Long.

The hailpad is still the most commonly used method of measuring
hailfall over large areas in spite of its shortcomings. Five scientists
from NCAR (Long, Morgan, Huggins, Matson, and N. Knight) played an im-
portant role in the First International Workshop on Hailfall Measure-
ments held in Banff, Alberta, Canada in October 1977, presenting their
work related to the use of hail pads and the NCAR rain/hail separator.
This work included an investigation by Matson of several types of styro-
foam with or without aluminum foil covering. The conclusion was that
type SI styrofoam covered with white latex paint and inked after use
provided the most distinct record. In order to resolve a current dif-
ficulty in regard to the calibration of hailpads, a field investigation
has been planned for the summer of 1978 with a mobile unit that will be
directed into storms. Laboratory tests using strobe photography have
been carried out and the field equipment constructed to measure fall
velocities of stones immediately before they hit a hail pad.
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FIRST ECHO STUDIES - THE CASE OF 25 JULY 1976

In the group of investigations termed First Echo Studies, attention
has been concentrated on the initial development of precipitation as re-
vealed by the appearance of a radar echo. The objective of these studies
in the NHRE context was to investigate the origin of hailstone embryos,
with an eye to determining the best way to enhance their number concen-
tration by seeding, so as to induce competition for the liquid water
supply and limit hail size. The information needed for that objective
is the same as that needed to evaluate possibilities of precipitation
enhancement by seeding. The more direct objective was to gather the in-
formation needed to deduce the growth histories--the microphysical events
and the trajectories--of the first precipitation particles that form in
the convective turrets. If the first natural precipitation grows from
the most active ice nuclei that nature provides low in the cloud, the
seeding potential and procedures would obviously be very different from
those obtaining if the natural nucleation events occur at cold tempera-
tures and ice particles are mixed downwards.

The results being obtained in such studies are illustrated by the
following discussion of one particular case, which occurred on 25 July
1976. The work described has been carried out primarily by J. Dye of
CSD, in collaboration with B. Martner of the University of Wyoming and
J. Miller of the Wave Propagation Laboratory, ERL, NOAA. The measure-
ment systems used were the NCAR/NOAA sailplane and the University of
Wyoming Queen Air, NlOUW; the NCAR Queen Airs, N304D and N306D; three
doppler radars (the NCAR/FOF 5 cm and the two NOAA/WPL 3 cm radars); and
the NCAR 10 cm conventional radar.

The observations span the period from 1850 to 2000 MDT starting
at a time when the storm was a cluster of three small cells with radar
tops at about 8 km (MSL) and maximum reflectivity of 25 dBZ, and with
a new discrete echo just appearing on the southwest side of the existing
cluster. The doppler radars made 11 volume scans at five-minute inter-
vals through the storm from 1900 to 1955. The sailplane made two ascents
in the storm, one from 5 to 7 km (-2 to -130C) in the newly forming echo
beginning at 1900 and a second from 5 to 8 km (-2 to -190C) in the more
mature stage beginning at 1920. NlOUW made five passes directly below
the sailplane through the active region of the storm at about 5.5 km
(-4°C) from 1901 to 1932 and two passes at the cloud base, at 4 km
(6°C) from 1940 to 1950. N304D and N306D made continuous passes just
below the cloud base through the inflow and weak outflow of the storm
from 1915 to 1935.

Radar Characteristics of the Storm

When the 10 cm radar first scanned the storm at 1855, reflectiv-
ities of -5 dBZ extended from 5 to at least 7.5 km (MSL), the highest
scan of the radar at that time. The reflectivity intensified at about
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3 dB/min, reaching 30 dBZ. The most rapid intensification occurred at
about 6 km. Although the rate of rise of the radar echo top between
1900 and 1920 was relatively constant at 3 m/s during this period, the
overall growth was a result of successive turrets rising at 5-6 m/s on
the southwest side of the storm with each turret rising higher than its
predecessor. By 1925 and again at 1940 and 1955 individual turrets
extended to 12 km. The maximum reflectivity of the storm also increased
with time, eventually attaining 60 dBZ below cloud base. Although reflec-
tivities did briefly exceed 60 dBZ in the more vigorous turrets, the
regions of reflectivity greater than 50 dBZ were small.

This storm was multicellular, but each new turret grew in very close
proximity to or even through an existing echo, so that after 1920 it was
virtually impossible to distinguish individual cells in the reflectivity
data except near the top of the cloud. The storm remained small, never
exceeding 15 km in maximum dimension, and had updraft regions of about
3 km diameter. Precipitation reached the ground over about a 10 km
diameter region and though some small hail reached the ground before
melting.

Air Motion and Thermodynamic Structure

Both aircraft and triple-doppler radar measurements show the up-
drafts to be consistently on the western side of the storm and associated
with the growing turrets. Updrafts of 2-3 m/s were observed at cloud
base, 10-12 m/s at 5-6 km and about 15-18 m/s at 7-8 km. The doppler
measurements suggest that the updraft was pulsating. This pulsation
reflected the rise of successive turrets in the active region of the
storm. Horizontal flow at 5 km MSL relative to the storm, at 1919-1922
MDT is shown superimposed on the radar reflectivity in Fig. 1. The
region of updraft derived from the doppler radars is shaded and regions
with vertical velocities of 5-10 m/sec are cross-hatched. Note the
tendency for the updraft core to act as an obstacle to midlevel environ-
mental flow. Such flow appears to have caused entrainment of environ-
mental air into the relative downwind side of the updraft. This air was
evaporatively cooled and sank, creating a moderate downdraft.

The up- and downdrafts give the appearance of a closed circulation
pattern, as is evident in the vertical east-to-west cross section
through the core of the storm shown in Fig. 2. (This section is along
Y = 17.5 km in Fig. 1.) As will be discussed later, this is the same
region in which the sailplane and N1OUW found evidence for precipitation
particle recirculation.

Sailplane measurements of Ge are plotted relative to the moving
storm for the time period 1921 to 1927 (5.5 to 7.5 km) as an insert in
Fig. 1. An unmixed region was found near the core of the updraft with
increased mixing (decreased values of Be) found as the sailplane moved
to the north and east relative to the core. Examination of Oe measured
by the four research aircraft at different altitudes and a rawinsonde at
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the surface shows that in the core of the updraft region shown in Fig. 1,
air from the surface ascended unmixed through the cloud base up to at
least 4 km above it.

Microphysical Structure

During the first ascent of the sailplane, early in the history of
the storm, precipitation particles were observed only near the top of
the climb and were almost exclusively ice: predominatly graupel with
a few smaller rimed, irregular particles. However, during the second
sailplane ascent, the particles photographed at relatively low levels in
the cloud included water drops, glistening ice particles which were
probably experiencing "wet growth" (i.e., they were accreting supercooled
water so rapidly that the particle temperature rose to 0OC--some 5°C
warmer than the surrounding air), graupel, and recently frozen drops.
Similarly, observations from NlOUW using the Particle Measuring Systems
2-D probe during this time period showed water drops up to 3 mm diameter
and millimetric ice particles in the updraft.

Calculations of particle growth rates show that neither ice parti-
cles nor water drops found in the observed updrafts could have grown to
the large size detected by the sailplane or NlOUW during the available
transit time from cloud base to the observed altitude. The millimetric
precipitation particles must have grown in a higher region of the cloud,
been carried down in a downdraft and transferred back to the updraft.
Apparently, some of the particles were carried low enough to have melted.
The presence of water drops in this cloud, particularly at these low
levels, is striking in comparison with the more typical of northeast
Colorado clouds which do not contain water drops greater than droplet
size.

Conclusions

The aircraft data show that recirculation of particles must have
been occurring, somewhat as suggested by the apparent closed loop in the
air circulation depicted in Fig. 2. In addition, particle trajectory
computations appear to confirm that particles can be fed back into the
updraft. These calculations are, however, quite preliminary in several
respects: (a) the flow field which was observed over the period 1912 to
1922 was assumed to be invariant, (b) simplified particle growth rela-
tionships were used, and (c) no account was taken of turbulence on scales
smaller than 102 km (which are not resolved in the doppler data), even
though it seems clear that it is very likely to play an important role
in introducing particles into the updraft. The trajectories of individ-
ual precipitation particles must in fact have been quite complex and
variable.

Calculations based on the particle concentrations and sizes observ-
ed from NlOUW and the sailplane show that at least in some cases the
particles that had recirculated into the updraft were large enough and
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25 JULY 1976
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Figure 1. Horizontal air motion at 5 km relative to the storm
motion derived from the 1919-1922 doppler radar scans. The
shaded area shows the updraft region with updrafts of 5-10 m/s
heavily shaded. The box inset shows 0e values determined from
the sailplane measurements. Arrows show the location of the
cross section for Figure 2.
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Figure 2. A vertical west-to-east cross section showing air
motion in the Y = 17.5 km plane for the 1919-1922 volume scan.
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numerous enough to produce the observed radar reflectivities in the high
reflectivity region of the storm. Thus the recirculation observed in
this storm was not just an incidental feature, but was a very important
factor in the formation of precipitation in the region of the storm in-
vestigated by the aircraft. How important it was in other regions of
the storm and in other storms remains to be established; should it prove
to be of general significance, this fact will need to be taken into
account in a realistic modelling of precipitation formation and growth.
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MATURE STORM STUDIES

Preliminary results can be reported from case studies of two in-
tense hailstorms observed during the comprehensive 1976 field experiment:
the cases of 22 June and 22 July. The general goal of the work is to
improve our understanding of natural rain and hail mechanisms in convec-
tive storms, and to evaluate the possibilities for beneficial modification.
In both of the case studies selected for intensive analysis the primary
data set consists of coordinated measurements by the armored T-28 air-
craft (South Dakota School of Mines and Technology), a network of doppler
radars (two from NOAA/WPL, and two from NCAR), and the high resolution
S-band Grover radar (NCAR). A variety of other systems also made impor-
tant measurements: two Queen Air aircraft from NCAR, the University of
Wyoming Queen Air, the Portable Automated Mesonet (NCAR) located within
a larger, conventional mesonetwork, a dense rain and hail network,
upper-air soundings from three sites, and four hail sampling teams from
NCAR and the University of Wyoming. The group of principal participants
in these studies includes most of the scientific staff of CSD, with
collaboration from the above-mentioned institutions.

Analysis of the radar reflectivity measurements for 22 July 1976
indicated that the storm was an evolving thunderstorm system that was
sustained over a 2.5 hr period by ten major convective impulses. These
impulses, or cells, developed initially in the storm's southwest through
northwest flank, but later shifted to the southeast flank when environ-
mental conditions to the southwest became unfavorable. The majority of
these cells were quickly absorbed within the storm's high reflectivity
core. This gave the storm system as a whole a nearly steady appearance
in its low and middle levels over much of its lifetime.

An example of the storm flow fields deduced from triple-doppler
techniques is shown in Fig. 3, along with the radar echo outline and
updraft locations. Two cells are shown in the storm at this time, with
the eastern cell being the more vigorous. The figure shows horizontal
velocities at 6.5 km (MSL), the approximate altitude at which the T-28
made six passes through and around the strong updraft region. The pat-
tern of circulation observed for cells in this storm involves air enter-
ing from low levels on one side of the storm (the southeast), rising
in a single intense updraft, and leaving the st8rm at upper levels, hav-
ing veered through an angle of approximately 90 . Maximum updrafts in
the storm are in the range of 25-40 m/s with reasonable agreement between
the T-28 and doppler estimates. The horizontal flow in the middle levels
(shown in Fig. 3 with respect to a coordinate system moving with the
storm) shows the marked blocking effect exerted by the strong updraft on
the environmental winds, as has been documented many times before. In
the present case a large eddy is also evident downwind of the updraft.

The general pattern of airflow in the storm of 22 July 1976 conforms
very closely to the hailstorm model put forward by Browning and Foote
(1976). In particular the cyclonic flow around the south side of the
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Figure 3. Horizontal velocities from triple-doppler radar observations shown

with respect to the radar echo (labeled in dBZ). Regions of updraft, w, are

indicated by the shading. The outer shaded area corresponds to 10 < w < 20

m/s, and the inner shading corresponds to 30 < w < 40 m/s. The vectors are

scaled such that 10 m/s corresponds to a length oT 2 km along the axes.

10

5

0

-5

I-

E
I

r:

0
z
LJ
0
z

H-
C)
fl

-10

-154
4

128



CONVECTIVE STORMS DIVISION

updraft, seen clearly in Fig. 3, was a major feature of the Browning-Foote
model. They argued that such a flow was capable of transporting hydro-
meteors into the strong updraft in an essentially organized fashion, and
that these hydrometeors were the embryos for hailstones. Preliminary cal-
culations of hailstone growth trajectories in the three-dimensional motion
field of the present storm have indeed shown that such a process can take
place, and present some limits on the size range of particles that can
follow such a path.

A novel feature of the present studies is the availability not only
of the internal storm flow fields, but also of the T-28 measurements of
particle size and habit in various regions of the storm. These measure-
ments were made by a Particle Measuring Systems two-dimensional imaging
probe, a foil sampler, and an optical array spectrometer for measuring
the larger particles ("hail spectrometer"). A composite spectrum from
these three instruments is shown in Fig. 4. Continuous measurements
over such a wide range of particle size and concentration are unprece-
dented, and the consistent results in size categories overlapped by
different instruments give confidence in the data. Perhaps surprisingly,
the power law dependence indicated in Fig. 4 is a rather common feature
of the data. Physical mechanisms responsible for such a spectrum are not
obvious, particularly since many species of particles (ice crystals,
graupel, etc.) are present in the composite distribution.

The T-28 penetrations were primarily in an east-west direction
through the strong updraft and the region of weak echo associated with
it, rather than through the reflectivity core. There is good correspon-
dence between the updraft and the presence of supercooled water, though
entrainment of dry air appears to have limited the liquid water content
on the eastern side of the updraft, where the incursion of air from near
the southern boundary of the storm is evident in Fig. 4. In the forward
overhang on the south side of the storm, roughly between the 5 and 30
dBZ contour, the particles are primarily unrimed single dendrites and
aggregates of dendrites. The low radar reflectivities are consistent
with the absence of large particles in this region. Measurements show
that the liquid water content also tends to be low here, less than
0.1 g/m . In the region sampled by the T-28 the hail is noted primarily
on the western edge of the updraft. At the altitude shown, most of
the hail is presumably north of the T-28 flight track in the reflectivity
core. The hail is descending there, having been carried to a much higher
altitude in the updraft, which had a northward tilt. The concentration
of hydrometeors in the updraft itself is very low, a result of the high
speed of the updraft and the associated short residence and growth times
of particles introduced into it. No large water drops were observed
by the T-28 on any of the passes.

Rimed crystals observed to the west of the updraft can be carried
into an updraft, and are evidently the embryos for further growth into
hail. Thus, embryos for the eastern cell are apparently formed in the
cell to the west, or in cumulus congestus flanking the system.
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Figure 4. Composite particle size spectrum obtained by the 2-D, foil, and
hail spectrometer probes carried by the T-28 aircraft.
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It is apparent that another form of particle recirculation also
takes place in the early stage of growth of those cells that form in the
echo overhang of a preexisting cell, since it seems unavoidable that
ice crystals in this region will be entrained into the growing turret.
Such recirculations have important implications for cloud seeding, with
a variety of ramifications. As an example, most hail suppression theor-
ies depend on increasing the number of embryos in the hail growth region.
In order for natural and "seed" particles to compete for the available
water and so limit their growth they must follow similar growth trajec-
tories. Thus, in the present case it appears that one would have to seed
the upstream, western cell in order to influence the eastern one. In
general, if the embryos for hail in a given cell are not formed in that
cell then the question of targeting seeding material becomes much more
complex.

In discussing hail suppression one must also address the question
of how many particles have to be added to cause growth-limiting competi-
tion. This must depend on how many particles are present naturally,
and the extent to which competition is already taking place. A useful
quantity in considering this question is the depletion time constant, T:
the time taken by hydrometeors to reduce the liquid water to l/e of its
present magnitude. If this quantity is long compared to the cell life-
time or the time to grow hail, then significant depletion is not taking
place and the particle growth rates are not being significantly limited.
If the quantity is short then one can deduce that competition is taking
place naturally. Values of T have been computed from T-28 measurements,
and are on the order of 103 to 104 s in the updraft region. Thus, no
significant depletion of the supercooled water is occurring in this storm
during the time necessary to grow hailstones, and the storm is very in-
efficient in both rain and hail production. This carries the further
implication that a modest increase in embryo concentration will merely
lead to more rather than less hail, since an abundant supply of water is
available for growth.

The storm of 22 June has some interesting contrasts with that of
22 July. It was both more complex and larger, and produced great amounts
of rain and hail (with hailstones as large as 3 cm in diameter). The
storm had an organized structure on two distinct scales: a large and
nearly stationary strong updraft core, and a series of smaller cells
that formed 15-30 km away from this core and moved into or around it
at a speed of 15-20 m/s under the net influence of the low- and middle-
level winds. Both of these scales were evidently related to surface
convergence at or near the inflow-outflow interface. The main updraft
core was marked by a series of transitory radar echo vaults that formed,
collapsed, and reformed again in about the same place.

This type of circulation provides plenty of time for embryos to
form in the cells that feed into the main updraft, and to complete their
growth at the edges of this updraft. Hail growth rates calculated from
T-28 data on ice particle sized and liquid water contents are in
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agreement with radar echo intensification rates. Calculations of the
depletion time constant have not yet been done for 22 June. Analysis
of timed and quenched hailstone collections also confirms the conclusion
that growth is along rather simple trajectories, from subadiabatic
liquid water contents.

As in the 22 July case, some of the convective impulses, or
cells, originated within preexisting, weak echoes. Thus a similar con-
clusion about hail embryos coming from preexisting, precipitation-sized
particles can be made, with similar implications toward hail suppression.
In this case, however, the preexisting echo is clearly not traceable to
another cell, but appears to be a result of shallower, weaker convection
upwind of the main storm.
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ADIABATIC UPDRAFT CORES AND ENTRAINMENT

One of the major results achieved in CSD during the past year has
been an improved understanding of entrainment in vigorous convective cells
in the northeastern Colorado area. These cells often develop into pre-
cipitation-producing storms, and are thought to be sites of hail embryo
formation. The results have been achieved largely by analysis of measure-
ments from the NCAR/NOAA sailplane, spiralling upwards in active updrafts
(to over 20 m/s) within the cells, as well as measurements from the NCAR
and University of Wyoming Queen Airs. The conclusions will be discussed
in two parts.

Heymsfield, Johnson, and Dye have analyzed the 11 best sailplane
cases from 1976, comparing the temperature measured within a cloud to
that predicted by adiabatic ascent from cloud base. They have found that
vigorous cumulus congestus clouds contain undiluted cores that can extend
at least 4.5 km above cloud base. These cores tend to be displaced
toward the upshear side of the cloud, as might be expected. Laboratory
experiments verified that the reverse flow temperature probe on the sail-
plane faithfully measures temperature in supercooloed clouds, and the fact
that the measured temperatures reach just as high as adiabatic but no
higher tends to confirm this conclusion.

While liquid water content measurements are not considered to be
as trustworthy as the temperature measurements, the measured liquid water
contents do confirm the finding of undiluted ascent in these clouds. Ver-
tical velocities measured by the sailplane were about 20% lower than those
calculated by a parcel model assuming no entrainment.

These results have obvious fundamental importance to understanding
all aspects of the behavior of convective clouds. The amount of entrain-
ment influences--often dominates--cloud lifetime, size, and the vertical
velocities achieved. Entrainment also influences production of precip-
itation, both through these effects and more directly by diluting the
cloud, by slowing precipitation growth rate, and possibly by altering
nucleus content.

While this work shows a significant member of these clouds to be
undiluted, much of the cloud volume is diluted by entrainment of outside
air, and an understanding of cloud behavior still requires an under-
standing of the entrained portions. Paluch of CSD is pursuing a
study of the origin of the entrained air, using small-scale variations
in temperature and liquid water content in the mixed regions (Paluch,
1978).

Pressure, temperature, and cloud liquid water content data are re-
duced to parameters which, in the absence of ice and precipitation-sized
particles, are constant during adiabatic ascent and descent. The paramet-
ers computed from data in clouds are compared with the same parameters
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computed from representative sounding data. For cloud regions that con-
tain no ice, the entrainment levels can be estimated using a graphical
method.

One of the parameters used in the analysis is the total mixing
ratio Q, which is defined as the sum of the water vapor mixing ratio
and the liquid water mixing ratio. The other is a temperature parameter
q, that is called the "wet equivalent potential temperature." This
temperature is similar to the conventional equivalent potential temper-
ature ee except that it is more nearly independent of adiabatic altitude
changes than Oe. It is a measure of the total entropy of the air and,
unlike Oe, contains all the terms that involve the cloud liquid water
phase.

When different, discrete air masses mix, the total water substance
is conserved, and thus the Q value of the mixture can be expressed as a
weighted mean of the Q values of the original air masses. q for the
mixture can be expressed as a weighted mean of the original 9q temper-
ature plus a non-linear term. For the data considered it can be shown
that the nonlinear term is sufficiently small to be neglected. The
linear or nearly linear properties of Q and eq mixing make it simple to
estimate the (Q, Oq plots of representative soundings and the sailplane
in-cloud measurements.

Data from several days have been examined and the (Q, e ) plots
from different days and from different parts of the same cloud show
marked similarities. Two of these plots are shown in Fig. 5 for 25
July 1976. The (Q, 0q) points of the in-cloud data typically tend to
fall along nearly straight lines connecting (Q, eq) points of two levels
in the sounding. The lower level, which is frequently but not always
close to the ground, is the level from which the entrained air would
appear to originate. The lines are generally defined by ten consecutive
ls (40 m) averages along the sailplane pass, which lies predominantly
in the horizontal direction. The variability in the data points indi-
cates that the entrained air is mixed inhomogeneously over horizontal
distances of the order of hundreds of meters. The levels from which
the entrained air is estimated to come are above the altitude at which
the cloud air was sampled but are generally below the altitude of the
cloud top at that time. However, since this study deals with newly de-
veloping turrets, the cloud tops should have been at these altitudes
earlier.

The present results are not consistent with the laterally entrail-
ing plume model commonly used in numerical models of cumulus clouds, in
which the rising cloud air is assumed to entrain environmental air from
the sides, which mixes instantaneously and uniformly with the cloud air
across the updraft region.

The present results can be interpreted as showing slow, inhomogen-
eous mixing between cloud and environmental air. When the entrained air
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is mixed with cloud air there can be a significant temperature drop due
to evaporative cooling which can make the mixture negatively buoyant
with respect to the environmental air. If this mixture is not rapidly
diluted it can produce a penetrative downdraft. Such a mechanism has
been proposed by Squires (1958) and developed in more detail by
Telford (1975)2 to explain the observed cloud liquid water distributions
in small nonprecipitating cumuli.

Calculations show that air entrained laterally at or below the
altitudes at which the sailplane was flying can result in cloud
air/entrained air mixtures that are as much as 20 colder than the en-
vironmental air. This occurs when the cloud air is mixed with the en-
trained air in about equal proportions so that the mixture is nearly
saturated. Such mixtures are likely to descend until they reach a
stable level, which typically is found to be below the cloud base. This
may explain why the sailplane, as it circled in the updraft regions, did
not encounter significant amounts of laterally entrained air.

The entrained air encountered by the sailplane was estimated to
come from higher altitudes where the environmental 6q temperatures are
higher. The buoyancy calculations indicate that air entrained from these
levels can indeed penetrate down to the levels where the sailplane was
flying; whereas, air entrained from levels significantly higher than
the estimated level of origin could not penetrate to the sailplane alti-
tude without developing a strong positive buoyancy.

If the cloud tops reach altitudes where the Oq temperatures are
high, air entrained through the cloud tops can penetrate the cloud a
relatively short distance before all possible cloud air/entrained air
mixtures become positively buoyant. For fully developed Colorado cumuli
whose tops reach 10 km (MSL) or higher this distance is typically less
than a kilometer. This may be one reason why these cumuli tend to have
relatively unentrained updraft cores.

If, as seems quite possible, the pattern of mixing implied by the
measurements is of common occurrence, the kind of analysis described
here will be applied to the parameter fields yielded by numberical models
to check whether they reproduce this feature of the mixing process.

Squires, P., 1958: Penetrative downdrafts in cumuli. Tellus, 10, 381-
389.

Telford, J. W., 1975: Turbulence, entrainment, and mixing in cloud
dynamics. PAGEOPH, 113, 1067-1084.
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ADVANCED STUDY PROGRAM

INTRODUCTION

In order to fulfill the two main missions of NCAR, it is clear
that a high level of intimate and long-term interaction between NCAR
and university scientists is essential and that the best scientific
talent is needed. ASP provides a number of visiting and educational
programs designed to promote these interactions and develop this
talent. These include postdoctoral and senior postdoctoral fellow-
ships, UCAR fellowships for graduate students, summer fellowships for
minority students, and summer colloquia and workshops.

Research on problems "of central importance to society" is not
complete without an examination of the impacts of the results of this
research on society--how these results can best be used, how to avoid
misuse, and what future research might yield the most beneficial
future results. ASP is examining some of these impacts through its
Environmental and Societal Impacts Group (ESIG).

The only regular full-time Ph.D. staff members of ASP (outside of
ESIG) are those responsible for running the ASP visiting and educational
programs. These staff members also conduct research on problems of
their own choosing.

POSTDOCTORAL AND SENIOR POSTDOCTORAL FELLOWSHIP PROGRAM

Objectives

The ASP postdoctoral fellowship program is designed to provide a
substantial, flexible opportunity for the best scientists, both new
Ph.D.s and more established scientists (particularly university
faculty), to be exposed to major atmospheric research programs at NCAR,
to interact with these programs and the individual scientists working
in them, and to learn about and use major atmospheric science research
facilities, such as the Control Data 7600/CRAY-1 computer system,
research aircraft, and radar. Most of these Fellows are scientists
already working on atmospheric problems; some are scientists interested
in applying their backgrounds in physics, mathematics, chemistry,
engineering, and, in a few cases, social sciences.

A principal goal is that ASP Fellows will form or enhance long-
term associations with NCAR beyond their fellowship, through:

1) assuming regular appointments to various projects in the
NCAR program

2) assuming or returning to faculty and research positions in
UCAR and other universities doing atmospheric research
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3) collaborative research with NCAR staff, either individually
or as part of large programs

4) continued use of NCAR facilities

5) bringing word of the talents and facilities of NCAR to their
home institution, encouraging their colleagues to take more
advantage of the opportunities that NCAR provides, and
generally identifying positively with NCAR goals and
activities.

In achieving this goal, the fellowship program exploits the
unique educational opportunities provided by the expertise of NCAR's
individual staff members, its large coordinated research projects
not usually found at universities, and its large research facilities.
These opportunities are complementary to the educational activities
in the atmospheric sciences at the universities.

The NCAR experience should therefore help enrich the research
and teaching talent in atmospheric sciences. Conversely, these Fel-
lows influence NCAR scientists, programs, and activities in substantial
ways, through infusion of fresh points of view and new expertise.

It is our conviction, supported by experience, that interactions
while Fellows are here and longer term associations which develop
are best achieved through the identification by the Fellow, after being
fully exposed to the NCAR staff and program, of where his genuine
interests lie, rather than by ab initio assignment of Fellows to projects.
Many Fellows are uncertain as to where their strongest interaction is
likely to be before they arrive, and others change their minds for
good reason after they get here. Some also have specific educational
goals as part of their plans, and other intend to interact in sub-
stantial ways with more than one project. Experience has shown many
times that the direction of research taken by some of our most
successful Fellows would have been very hard to anticipate.

Included at the end of this section are lists of the ASP Fellows
for the academic years 1976/77 and 1977/78. Each group contains
scientists from a wide range of disciplines. The disciplines repre-
sented vary strongly from one year to the next depending on the nature
of the applicant pool. In 1976/77 mesoscale meteorology and climate
were well represented, while in 1977/78 atmospheric chemistry and
turbulence are dominant. No long-term trends in the applicant pool
are obvious, however.

Most Fellows interact with at least one of NCAR's research pro-
jects, although some prefer to work more or less independently.
Space does not allow a comprehensive discussion of the achievements of

144



Advanced Study Program 145

each Fellow. We will mention, therefore, the research of only a few
which we believe is noteworthy.

Steven Esbensen interacted strongly with the GATE project. He
authored one paper on the bulk thermodynamic properties of small
tropical cumuli. Esbensen's results are applicable to parameteriza-
tion schemes in large-scale models. With Vic Ooyama he coauthored
two reports on rawinsonde data quality. He was also an advisor for
a UCAR Fellow who was interested in tropical meteorology.

Walter Berg, Alan Fried, and Barry Huebert have had a major impact
on NCAR's developing atmospheric chemistry program. Berg has developed
and tested a sampling system for determining the total chlorine con-
tent of the stratosphere. Fried, in collaboration with Donald Stedman
(AQD visitor), has been developing an optoacoustic NO2 detector which
is anticipated to be sensitive to concentrations of 0.1 parts per
billion. Huebert has been a major participant in the Global Atmospheric
Measurement Experiment on Tropospheric Aerosols and Gases (GAMETAG).
He is also actively collaborating with Allan Lazrus (AQD) in
planning the Acid Precipitation Experiment (APEX).

In this year's competition we received 97 applications, down
from 123 last year. Of 97 applicants, 31 are senior and 66 have
recently received, or soon will receive, their Ph.D.s. Of the
66 applicants for regular postdoctoral fellowships, 43 are from UCAR
universities, and of these 43, 32 are either from atmospheric science
departments or have been affiliated with atmospheric science programs.
(This includes applicants from astronomy, astrophysics, and space
physics departments.) It appears that we have a good applicant pool
this year. Of the senior applicants, only four are established American
or Canadian atmospheric scientists.

This spring the ASP Advisory Panel will examine the Postdoctoral
Fellowship Program in detail. It appears that the job market and the
supply of young atmospheric scientists are changing. It appears
that ASP Postdoctoral Fellowships might not be as attractive as they
were two or more years ago. People are increasingly interested in
jobs with tenure longer than just one year. People are now applying
for fellowships after their first postdoctoral appointments elsewhere.
We are still not receiving applications from very many established
atmospheric scientists. Suitable responses to these three trends
might well be (1) to lengthen the appointments for regular Postdoctoral
Fellows to two years, (2) to adjust the stipend upwards for Fellows
with one or two years experience past the Ph.D., and (3) to appoint
fewer Senior Fellows. After consideration of these and other ques-
tions, recommendations will be made to management, well in advance
of the next competition.
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UCAR FELLOWSHIP PROGRAM

UCAR provides a limited number of graduate fellowships for study
in the atmospheric sciences leading to the Ph.D. These Fellows spend
their summers in the Advanced Study Program and are supported by it.
During the academic year, the Fellows attend the graduate school of
their choice. They receive a stipend and their tutition is paid by
UCAR. We attempt to support the best students, whether or not they
have had previous training in the atmospheric sciences. The major
concern is that the student be interested in pursuing a graduate
career in the atmospheric sciences, broadly defined, and in addition
have the ability and motivation to reach the Ph.D.

The principal ASP and NCAR objective in participating in the
UCAR Fellowship Program is to expose scientists at an early stage in
their professional careers to the facilities and programs of NCAR.
It is hoped that, just as with the Postdoctoral Fellows, many of these
students will form longer term association with NCAR, through use
of its facilities for their thesis research and beyond, through
participation in NCAR projects when appropriate, and even through being
subsequently hired by NCAR. The Fellows also form an informal bridge
between their advisor and NCAR.

UCAR Fellows learn about NCAR from NCAR project leaders at sem-
inars, by taking special courses such as the Computing Facility summer
course, and through working with individual NCAR staff members on
projects of mutual interest. Often these activities lead to thesis
work, on occasion supervised by an NCAR staff member.

Also included at the end of this section are lists of the UCAR
Fellows for the years 1976/77 and 1977/78. Fellows come from a wide
variety of backgrounds. Of the 13 Fellows listed, four had under-
graduate training in atmospheric sciences. The other Fellows had
undergraduate degrees in physics, chemistry, mathematics, and
geography. The Fellows were interested in diverse topics for their
graduate work. However, climate and dynamic meteorology were of
interest to the largest number. Others were interested in tropical
meteorology, atmospheric chemistry, cloud physics, and air pollution
and public policy.

The form of this program for the next several years is expected
to remain the same, with two exceptions. The number of fellowships
awarded has dropped to five, owing to our inability to raise private
funds. Also, the ASP Advisory Panel will examine the possibility of
not awarding renewal fellowships. Limiting the tenure of the UCAR
fellowships to one year was recommended by the SPEC panel two years
ago. The recommendation was rejected at that time. Now that the
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number of fellowships has been reduced, this matter should be recon-
sidered. A recommendation will be made to management well in
advance of the next competition.

SUMMER FELLOWSHIPS FOR MINORITY STUDENTS

NCAR recognized that far too few ethnic minority members are
presently found in professional positions in the atmospheric sciences
both at NCAR and elsewhere. A large part of the problem is that
not enough minority students have been started through the atmospheric
sciences academic "pipeline." ASP is helping to correct this situation
by running a summer fellowship program specifically for minority
students. Such a program is supportive of NCAR's main objectives
in at least two ways. First, important new sources of talent for
solving atmospheric problems will now be tapped. Second, as a prac-
tical matter, federal funding for atmospheric sciences research
both at NCAR and universities may be threatened by lack of sufficient
attention to an affirmative action program.

Each summer, we bring to NCAR minority students with under-
graduate training in physics, mathematics, chemistry, and computer
science. The students are given a brief, intense course in FORTRAN,
so they can use the NCAR computing system during their visit. They
are also given an introductory course in atmospheric sciences.
Finally, and probably most important, they are assigned to work with
an interested NCAR staff member on a specially selected research pro-
ject. We try to have these projects organized such that the students
feel they have accomplished something by the end of the summer,
rather than just putting the student into some long-term, large-scale
research effort. We hope that the summer experience will be positive
enough that the student will apply to graduate school in the atmos-
pheric sciences.

To find minority students with good technical backgrounds, we
visit each year such predominantly black colleges as Morehouse,
Clark, Spelman, Fisk, Howard, Talladega, Jackson State, and Bishop
College. Since our program is now being listed in several publi-
cations, we are receiving applications from colleges and universities
we have never visited--Beloit College, Le Moyne College, Linfield
College, and University of California-La Jolla, to name several.
We hope to expand our recruiting effort to colleges with significant
Chicano populations next year.

Each year we also ask one or two minority educators to visit
NCAR in the summer. In a few cases, the educator has some experience
in an aspect of atmospheric science research. Mostly, however,
these educators are physics or physical science teachers who are
interested in the atmospheric sciences. Some are planning to
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develop an introductory course for their colleges. Some just
desire the experience of being affiliated with a major scientific
center. We have found that these educators believe their visit to
NCAR to be personally rewarding, and we find that they are quite
helpful in recruiting students for our program in subsequent years.

Listed at the end of this section are the participants in our
program for the summer of 1977.

The success of the ASP summer program for minority students led
to the establishment of a new summer internship program. Four univer-
sities received grants to develop introductory courses designed to
encourage members of ethnic minority groups and women to enter the
atmospheric sciences. The program is being sponsored by UCAR and the
American Meteorological Society. The National Oceanic and Atmospheric
Administration and the Max C. Fleischmann Foundation of Reno,
Nevada, each provided $50,000 to help finance the independent univer-
sity programs for the summers of 1977 and 1978. The universities
that participated in 1977 were the University of Missouri, State
University of New York at Albany, the University of Washington,
and the University of Wisconsin. The same universities will par-
ticipate in 1978. There has been strong interaction among all five
programs, with students referred from one program to another and
with ideas exchanged among the various program leaders. We hope
that the university programs will soon be permanently established
so that full minority participation in the atmospheric sciences will
be speedily accomplished.

SUMMER COLLOQUIUM

Since 1966 NCAR has sponsored or cosponsored summer colloquia
typically for a two-month period on a variety of important atmospheric
science topics of interest to NCAR and universities; topics have
included Thermal Convection; Solar Corona; Acoustic-Gravity Waves;
Solar Magnetohydrodynamics; Dynamics and Microphysics of Convective
Clouds; Planetary Magnetospheres and Aurorae; Dynamics of the Tropical
Atmosphere; Subsynoptic Extratropical Weather Systems; The Stratosphere
and Mesosphere: Dynamics, Physics, and Chemistry; and Weather Fore-
casting and Weather Forecasts: Models, Systems, and Users. These
colloquia have been primarily for university graduate and postdoctoral
students, and have included many principal lecturers and seminar
speakers from universities. Colloquium notes produced from these
summers are widely used as reference materials at NCAR and in uni-
versity courses.

The colloquium clearly represents an important mode of inter-
action with universities which can be used in the future in support
of NCAR's major mission of large coordinated attacks on major
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atmospheric research problems. Specifically, we have had a policy
of choosing many colloquium topics that are aligned with NCAR
research projects. Bringing together students and faculty with NCAR
project staff to review in depth the "state of the art" in a par-
ticular research area that is growing on the NCAR or national scene
should serve to stimulate more Ph.D. thesis work and closer collab-
oration between NCAR and the universities in the particular subject
area.

The colloquium has been criticized in the past for operating
too strongly in the "we-they" mode. "We" (the professors and
scientists) give lectures and talk with each other, and "they" (the
students) take and prepare notes of the lectures and, hopefully,
learn something. Interaction between "us" and "them" has been
lacking. In 1978 we will conduct an experiment. The colloquium
will be on the General Circulation: Theory, Observations, and Modeling.
The participants will help to make its format and effect quite
different. John Wallace (University of Washington) will present
a short set of lectures on his view of what our understanding of
the general circulation is and what we yet need to know. Richard
Lindzen (Harvard) will give two or three lectures on his theoretical
ideas and Brian Hoskins (University of Reading) will present two or
three lectures on his modeling experiments. The rest of the faculty
participants, Robert Gall (University of Arizona), Kevin Trenberth
(University of Illinois) and Isaac Held (Harvard) will present a lec-
ture or two on their present research. However, these lectures will
not be the main part of the colloquium. The main purpose of the
colloquium is research.

There will be 14 graduate students in the colloquium. Each student
will be assigned a research project for the summer by one of the
colloquium faculty participants. The projects will hopefully be small
enough that substantial progress can be made during the summer. Near
the end of the colloquium, each student will give a one hour seminar
on his work. We plan to locate all the faculty participants in a
compact, convenient suite of offices, an area close by which will
allow informal discussions. Interaction between faculty participants
and students will be encouraged.

Due to the space requirements of the GATE workshop, held at NCAR
in July and August, 1977, there was no summer colloquium that year.
Instead, ASP sponsored two conferences. The first one, held in mid-
June, was a three-day meeting on turbulence research, organized by
Jackson Herring of ASP. There were 65 participants from 22 univer-
sities, four government agencies, and six foreign institutions. The
scientists discussed progress that has been made recently toward
achieving both a qualitative physical understanding and a mathematical
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understanding of turbulence, and toward trying to fit that knowledge
into a systematic analytical framework.

In late June, ASP sponsored a conference in collaboration with the
Environmental and Societal Impacts Group (ESIG). It was entitled
Multidisciplinary Research Related to the Atmospheric Sciences and was
coordinated by Michael Glantz of ESIG and Maurice Blackmon, chairman
of ASP. There were some 30 visiting participants, and a number of
NCAR staff members attended the sessions. Among the fields represented
were agricultural meteorology, engineering, economics, sociology, law,
ecology, and biology, as well as atmospheric sciences. A common thread
in the diverse presentations was assessment of the impact of human
activities on the environment (with special emphasis on the atmosphere)
and the impact of the environment on humans.

ENVIRONMENTAL AND SOCIETAL IMPACTS GROUP

The members of the Environmental and Societal Impacts Group
(ESIG) have been active in many areas. Only the most significant
efforts of each scientist are discussed here.

Michael Glantz - Desertification Studies and the Value of an "El
Nino" Forecast

Much of Glantz's research has been related to the process of
desertification, defined generally as environmental degradation in
and around arid lands, regardless of cause. Desertification plagues
more than half the countries of the world. Glantz's research
has stressed the importance of a holistic view of land management in
arid and semiarid areas. Meteorological, climatological, and hydro-
logical factors are an important part of this view. It is necessary
to show how valuable meteorological and climatological information
can be for planning efforts in the developing countries.

Examples supplied by the recent Sahelian drought reinforced the
view that climatic factors have often been ignored by those responsible
for planning and, as a result, in times of climate and weather stres-
ses, the land's resources cannot support its populations. This leads
to widespread death, migrations, and environmental degradation. In
a related study on the social value of a long-range forecast in the
West African Sahel, the research findings suggested that political,
economic, and social factors provide real and potential obstacles
to the realization of any social benefits which might be derived
from information given in a long-range weather forecast. The study
also concluded that one cannot automatically expect that additional
information derived from a yet-to-be developed technological
capability (such as a long-range weather forecast) would be any more
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useful than information which now exists but is not necessarily
used. The latter comment might be directly applied to climatological
information not only in the West African Sahel but in other areas
threatened by the desertification process as well.

The World Meteorological Organization is currently developing
an action plan to assist in combating desertification. Glantz
was invited to participate in a WMO informal planning meeting along
with five others from the international community to assist in defin-
ing the role for the WMO in the overall U.N. General Assembly's call
to combat desertification.

One follow-up study relating to the problem of desertification
is currently in progress. It is concerned with the question of
why solutions to environmental problems such as desertification are
in many instances known but not applied.

Another important project during this period has been "The
Social Value of an El Nino Forecast." In many ways there exist
similarities between the findings of this research effort and of the
desertification and the forecast value studies. El Nino can be
defined as an invasion of warm water from time to time into the
eastern equatorial Pacific, which brings about a sharp decrease in
the biological productivity of the coastal waters of Peru, northern
Chile and Ecuador, one of the most productive fisheries regions
in the world.

There is a major effort in the research-community within the
United States and abroad to develop an El Nino forecast capability.
Each of these research reports has alluded to the great social value
of an El Nino forecast. Glantz's study is an attempt to assess that
value. It appears from preliminary investigations, however, that
the coastal resources have already been mismanaged, in part because
of the lack of interest in (or concern with) the climatological limits
of the coAstal upwelling ecosystem. In addition, it appears that
the El Nino event may be taking all the blame for the sharp decrease
in fisheries productivity, when in fact much of the blame lies with
resource management practices. Again, in this study (as in those
related to desertification) it appears that much climatological,
oceanographic, and fisheries management information presently exists,
which if used could benefit national development planning efforts
as well as the marine environment.

An important follow-up to this study will be an attempt to
bring to the attention of countries in Africa with rich coastal upwel-
ling areas (i.e., Mauritania, Namibia, and Somalia) the importance of
climatological and meteorological factors in the planning and devel-
opment of their fisheries resources. This will hopefully lead to a

151



Advanced Study Program

more rational development of their fisheries-related industries.
There are climatological and meteorological limits to the use of these
marine as well as terrestrial ecosystems and it is important that
decision makers be made aware of them through such examples as the
near-destruction of the Peruvian anchovy fisheries and, therefore,
the fishmeal industry on which their economy so heavily depended.

Richard Katz - Statistical Studies

ESIG has in the past been strongly committed to an assessment
of the impacts of a hail suppression program. Most of those studies
have been completed. Katz is carrying out the one major incomplete
part of the work, which is the determination of crop-hail damage
functions. These functions are statistical models which relate
hail-induced crop damage to certain hailfall parameters. Preliminary
damage functions have been developed using data from the 1976 ESIG
hailcube network. The damage functions are based on the assumption
that a logistic model is the appropriate form of functional relation-
ship. Since these models represent more realistically the nonlinear
relationship between crop damage and hailfall, these models give
more reliable estimates of the impacts on crop yields of a change
in hailfall, e.g., the effects of a hypothetical hailfall suppression
program. Recently, fairly primitive data has become available on
winds during hailstorms. Katz has been incorporating this data into
his models. He is also analyzing the data from the 1977 network.
The models should be determined this summer.

Katz, in collaboration with Allan Murphy, has also been working on
a study of the value of front forecasts to orchardists in the Yakima
Valley of Washington. Preliminary results, based on a two-action,
two-state decision-making situation, indicate that these forecasts
do have substantial value for a wide range of realistic values of
the cost-loss ratio. This study will not only yield quantitative
estimates of the value of weather forecasts; it will also establish
a methodology for establishing the value of weather forecasts which
may be applied to other decision-making situations.

Allan Murphy - Probabalistic Forecasting, Forecast Evaluation, and
Value of Forecasts

Murphy has been engaged in a wide variety of research activities
in the last year, of which only two will be discussed here.

In a recent paper, Murphy, with William Bergen (NCAR), has discus-
sed the economic and social value of short-range forecasts of Boulder
windstorms. Individuals and businesses were surveyed concerning
the benefits of improved windstorm forecasts. Responses revealed
a strong desire for improved windstorm forecasts, although the level
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of desire was found to depend upon the accuracy of forecasts.
Significant increases in the use of a variety of protective actions
would occur if 80% accurate forecasts windstorm forecasts were avail-
able. The results of the surveys and interviews indicated that
accurate forecasts could reduce residential property damage by approx-
imately $200,000 annually and the potential savings to businesses
were estimate to be an additional $150,000. These benefits appear
to far exceed incremental costs associated with formulating and
disseminating the forecasts and any economic losses suffered by
local businesses due to decreased windstorm damage. The residents
expressed a willingness to support financially a local windstorm
forecasting system, but again this was contingent upon having accurate
forecasts.

In another area, Murphy, with Robert Winkler (University of
Indiana), has designed a precipitation forecasting experiment for
National Weather Service forecasters in Tucson, Arizona. This experi-
ment, together with similar previous experiments in St. Louis and Rapid
City, was concerned with forecasting small-scale variations in pre-
cipitation occurrence. At present, precipitation probability fore-
casts consist of a single number which applies to a single point.
These forecasts may not be valid at nearby points, where orographic
or other effects may be important.

The Tucson area seems to contain regions of significantly dif-
ferent precipitation amount. During the experiment, observations
for a network of 20 different rain gauges were used to evaluate the
experimental forecasts. The purposes of the experiment were two-
fold: (1) to investigate the ability of forecasters to differentiate
among different points in the Tucson area with regard to the likeli-
hood of occurrence of measurable precipitation, and (2) to investigate
the ability of forecasters to make point and area precipitation prob-
ability forecasts.

Val Veirs - Denver Air Pollution Study

This year preliminary work has begun on what we hope will be a
major ESIG project. We will attempt to develop a model of the air
pollution in the Denver metropolitan area and its effects. The results
will be used in helping to develop public policy. Val Veirs, an ASP
Senior Postdoctoral Fellow, has developed a statistical model which
uses traffic data, auto emissions data, and projected auto emissions
and meteorological data to predict carbon monoxide concentrations
at hourly intervals for the winter season. Other pollutants such
as emitted hydrocarbons and NO can be included. So far, however,
detailed chemistry is neglected. Other outputs of the modelare energy
consumption and a crude measure of visibility. The parameters that
go into the model are average trip length, average number of passengers
per vehicle, time of day of the traffic load, and other variables.
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The output of this model is used in a separate model developed
by Professor Kenneth Hammond and coworkers at the Institute of
Behavorial Science (IBS), University of Colorado. Their model attempts
to find the relationship between what people value most and the pol-
icies required to produce the desired results. For example, if popu-
lation growth, visibility (seeing the mountains), and health are highly
valued, it is imperative to cut the average trip length of each vehicle
in half and double the average passenger occupancy for each vehicle.
Doubling the bus-riding population, on the other hand, is ineffective
because the buses presently carry only a very small number of people.
(This set of values and policies are hypothetical but reasonable.)
The model allows one to consider many policy options and determine
how well they fit in with values.

Presently the physical model treats only the winter pollution
in Denver. No attempt is made to look at the surrounding area. We
soon hope to be able to describe the summer pollution and to treat
the Denver basin as well as the central part of the metropolitan
area. In addition to winter CO concentrations, health effects, and
visibility, we are considering summer ozone levels, NO levels, effects
of pollutants on chronic diseases (asthma) as well as Acute diseases
(coronary problems), and effects of pollutants on the environment and
on crops in nearby agricultural areas. The scientists at IBS are also
planning to devote a substantial amount of their time on related
policy-value studies. We anticipate that additional professional
staff may be needed in economics, demography, city planning, traffic
planning, or health. Further study is needed before we decide which
aspects of the project need help most.

STAFF RESEARCH

General Circulation Studies--Maurice Blackmon

Blackmon, in collaboration with John Wallace, Ngar-Cheung Lau and
Steven Mullen (all of University of Washington), completed an observa-
tional study of the wintertime circulation of the northern hemisphere.
The data was filtered to separate low-frequency fluctuations (T > 10
days) from high-frequency fluctuations (6 days > T > 2.5 days). Var-
iance and covariance fields of several meteorological variables were
displayed on hemispheric maps at several pressure levels.

The low-frequency fluctuations of geopotential height are largest
near regions of persistent blocking. The amplitude of the fluctuations
increases from the surface to the tropopause. Low-frequency fluc-
tuations in the temperature field have a strikingly different pattern
in that they are largest over continents and largest in amplitude
near the surface.
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The high-frequency fluctuations are identified with storm tracks
of baroclinic disturbances. If maps of meridional heat flux and
poleward momentum flux are compared with a map of the mean zonal
wind, it becomes apparent that mean meridional circulations are
important in the formation and decay of the major jet streams.

Blackmon, in collaboration with Ngar-Cheung Lau (University of
Washington and a UCAR Graduate Assistant), is completing a study of
seasonally averaged statistics of two general circulation models,
one developed NCAR and the other at the Geophysical Fluid Dynamics
Laboratory (GFDL). Using previous observational work for comparison,
they calculated model statistics for various variance and covariance
quantities. Neither model does well with the low-frequency fluctua-
tions. The baroclinic disturbances are more realistic in the GFDL
model, although these fluctuations are too weak in both models.

Blackmon, with John Wallace and David Gutzler (University of
Washington), is also completing a study of the vertical structure
of very low-frequency fluctations (T > 30 days). Maps of geopotential
height fluctuations are plotted at several levels. They seem to have
the same basic structure as those fluctuations with periods nearer
to 10 days. Maps are also plotted for fluctuations of lower tropo-
sphere temperature, surface temperature, and sea surface temperature.
The correlation between sea surface temperature fluctuations and
atmospheric fluctuations is not high. If anything, it appears that
the atmosphere is driving the sea surface temperature fluctuations.

Turbulence Research--Jackson Herring

During this time span, Herring's research efforts focused largely
on two topics: (1) the application of statistical theory of turbulence
to two-dimensional rotating flow above a random topography, and (2) an
examination of a new turbulence theory in which the (Lagrangian) strain
field, instead of the velocity field, serves as the basic dynamical
ingredient. The latter research project is colloborative with Robert
Kraichnan.

The topographic turbulence study used the statistical turbulence
theory (the direct interaction approximation) to extract information
about the time-displaced (or lagged) correlation coefficient of the
vorticity field. Large-scale topography was found to enhance the trans-
fer of vorticity to small scales, while the presence of small-scale
topography tends to produce a flow strongly locked to and correlated
with the topography. The statistical theory was used to give an
analytic framework for these effects. Currently, this effort is being
extended to include effects of stratification.

The Lagrangian strain-based study was undertaken to discover if
the use of the strain instead of the velocity would improve the over-
all agreement of the Lagrangian statistical theory with numerical
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simulations and experiments. The motivation for using the strain field
lies in the fact that this quantity is central to the process of
energy transfer. It would then seem better to estimate it directly
(along Lagrangian trajectories) rather than estimate the velocity field
and then recover the strain by differentiation. The results of the
study indicated that the use of the strain instead of the velocity
considerably improved the overall agreement with both data and
numerical simulation. The comparisons included numerical simulations
in two and three dimensions, the convection of a passive scalar, and
tidal channel turbulence at very large Reynolds numbers.

Other research-related activities include an overview article on
subgrid-scale turbulence methods, conferences at Aspen and Woods Hole,
and collaboration with Gary Newman on a paper on the test field model
as applied to the passive scalar problem, which is as yet unfinished.
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ATMOSPHERIC TECHNOLOGY DIVISION

INTRODUCTION

Of the two missions of NCAR, the mission specifically accom-
plished through the Atmospheric Technology Division (ATD) is to
provide research services and facilities of the outstanding quality
required for effective progress in atmospheric science and to assure
the optimum use of these services and facilities by scientists in the
universities and NCAR.

Through the six facility groups composing ATD, the division makes
available to research programs large and small, to individual scien-
tists, and to multi-institution field programs the advanced, complex
observational systems and high-speed computing power essential to
investigate atmospheric processes. These sophisticated facilities are
used to study such complex and diverse mechanisms as the atmospheric
general circulation and the basis of climate variation, hail and
tornado generation, the chemistry of the upper atmosphere, and boundary
layer processes controlling the dispersion of pollutants.

The ATD support provided to this broad user community includes:
unique capabilities for developing and running large numerical models
and for processing very large data sets made available through the
Computing Facility (CF); diverse aircraft observational capabilities,
using NCAR as well as investigator-supplied instrumentation, made
available through the Research Aviation Facility (RAF); advanced
ground-based observations with Doppler radar, with the computer-
controlled Portable Automated Mesonet (PAM), with lidar and vertical
sounding systems operated by the Field Observing Facility (FOF);
balloon-borne observations on local, regional, and global scales
carried out by the National Scientific Balloon Facility (NSBF) and the
Global Atmospheric Measurements Program (GAMP); and new research tools,
developed by the ATD development arm--the Research Systems Facility
(RSF)--and used by the university and NCAR scientists through the other
ATD facility groups and by national participants in the Global Atmo-
spheric Research Program (GARP).

The operational and development strategies guiding the accomplish-
ment of the ATD mission are necessarily varied, as is appropriate to
the diversity of services provided. These strategies are described in
detail in each facility's report. There are, however, potent external
forces which must be considered and accommodated. These have important
bearing on the overall ATD strategy.

During the past fifteen months the demand for ATD services has
become intense, with a much greater need for quantity of service,
quality of measurements, and additional measurement capabilities than
can be fulfilled. This increasing demand stems from the needs of
individual investigators as well as from those of the many multi-
investigator programs and the major international field programs. The
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GARP Global Weather Experiment and Monsoon Experiment (MONEX) will be
in full swing over the next few years and NCAR aircraft, radar,
dropwindsondes, constant-level balloon systems, and computers will play
vital roles in these experiments. At the same time, multi-investigator,
smaller scale projects such as the Severe Environmental Storms and
Mesoscale Experiment (SESAME), Northern Illinois Meteorological Re-
search on Downbursts (NIMROD), the Thunderstorm Research International
Program (TRIP), the Convective Storms Division field experiments, the
Global Atmospheric Measurements Experiment on Tropospheric Aerosols and
Gases (GAMETAG), the Joint Air-Sea Interaction (JASIN) experiment, and
the Boulder Atmospheric Observatory (BAO) are competing for ATD facility
support while requests from individual university and NCAR scientists
continue at significant levels.

Clearly, the ATD facility groups do not have enough radar, air-
craft, computing, and development capacity or the personnel to satisfy
all of this demand. While it is unreasonable to expect that ATD's
capacity could or should be expanded to meet the total demand, some
expansion has been recommended and is justified. At the same time, we
see an urgent need to optimize the use of our facility support, to
screen requests carefully, to combine closely related field programs,
and, on a national basis, to consider carefully the questions of just
how many field programs are truly justified and how many can the nation
undertake at the same time.

ATD management and the Advisory Panels for RAF, CF, NSBF, and FOF
have felt the impact of this increasing demand over the past year or
two and have responded with special measures. To mention several, the
FOF and RAF panels have met together to consider certain larger field
programs for which a combination of support capabilities requires
special planning and coordination. ATD management has encouraged
longer range planning and earlier requests for facility support needed
on major field programs. The coordination and cooperative planning
between NSF and ATD have increased significantly, and this planning
must be intensified in the future and broadened to include other spon-
sors of atmospheric research field programs.

Our long-range plans and budget requests include projections of
those new and expanded support capabilities which have been urgently
recommended by the atmospheric science community and which are clearly
justified. These projections include a small twin-turboprop aircraft,
needed now to provide the aircraft performance characteristics demanded
by current scientific requirements; an additional Doppler radar; more
PAM stations, permitting better coverage and concurrent service to
several users; and, equally important, the manpower to ensure optimum
field deployment of these important systems.

The ATD facility support has, however, continued to expand and
provide more sophisticated systems at a gratifying rate over the past
fifteen months. Each of the facility reports that follows details
impressive progress in capabilities and volume of support. Additional
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PAM stations have been added, a new airborne cloud physics capability
is now a part of the RAF arsenal, computing capability has expanded
impressively, and massive volumes of observations have been processed
and provided to users on projected schedules.

A significant amount of ATD management's time and efforts over the
past year was devoted to successfully pursuing an innovative and com-
plex method of financing the CRAY-1 computer which has resulted in
substantial savings compared with conventional financing techniques.
Current-year savings are planned to be reprogrammed to meet several
urgent needs, particularly to provide the funding needed to join with
NOAA in creation of the Boulder Atmospheric Observatory, a facility
now available for use by university and NCAR scientists in advanced
investigations of the atmospheric boundary layer.
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RESEARCH AVIATION FACILITY (RAF)

Mission and Goals

This mission of the NCAR Research Aviation Facility (RAF) is to
support the atmospheric science community with a state-of-the-art re-
search capability by means of the development and operation of an
instrumented research aircraft fleet. The performance of this mission
involves the operation of four aircraft which have different operational
flight characteristics and which are equipped with remote and in situ
sensors and data systems that are of general use to scientific programs
but that are also capable of incorporating and interfacing with special-
ized instruments acquired for a specific program. User requests may
require research flights to locations at any point of the globe. Re-
duction of the measurements taken to a data set usable by the investi-
gator is an included RAF responsibility. RAF (in conjunction with the
Research Systems Facility--RSF-- of NCAR) is also charged with playing
a lead role within the atmospheric science community in the development,
improvement, and calibration of aircraft atmospheric measurement instru-
ments and instrument systems. A continuing further goal of RAF is to
provide technical assistance to any users of atmospheric research air-
craft in all phases of development, test, evaluation, calibration and
methods of research application. Success in these varied mission re-
quirements dictates a highly skilled, dedicated, professional staff for
both the flight crew and the technical support engineering group.

Strategies

The strategy of RAF for the near term is to attempt to hold support
flight operations at their present level while working to improve tech-
nical staff and data quality and to increase measurement capabilities.
A concerted program over the past two years has been to increase and
improve technical staff and to ensure that sufficient funds are desig-
nated to purchase required test and calibration equipment. Recent
internal reprogramming of funds within NCAR will substantially aid the
accomplishment of the RAF staff and equipment goals. RAF will continue
with these efforts, although it must be recognized that within fixed
budgets substantial improvements in staff, data quality, or measurement
capability will come only by reducing flight operations.

Three years ago the staff of four programmers assigned to the pro-
cessing of aviation data was augmented by two engineers and three
programmers. A Data Management Group was thus formed and charged with
responsibility for processing of data from the more sophisticated in-
struments and data processing systems being established in the facility.
Within the past two years, a chief engineer has been hired and two staff
members shifted internally to strengthen the Instrumentation Group.
Finally, a Ph.D.-level scientist has been employed to direct the tech-
nical efforts of the facility and two more technical staff members are
being hired. As a result, data processing has been much improved in
quality and more timely processing schedules are in effect. Significant
measurement capabilities have been added as discussed in the next
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section. Modern technology has been added to the inventory. RAF has
made substantial improvements and expansions in its calibration efforts
and has now assigned a technician to full-time instrument calibrations.

With the staff now being hired, RAF strategy is to expand its
instrumentation maintenance, operation, and calibration capability so
that all in-house systems can be serviced with minimal reliance on out-
side sources. Qualified staff will be dedicated to the active develop-
ment of new and improved measurement systems. This has long been recog-
nized as an important responsibility of the facility.

On the long term, at least one major improvement is essential to
the RAF mission of quality support of university and NCAR atmospheric
research. The two Queen Air aircraft must be replaced by modern, im-
proved-performance aircraft. The Queen Airs cannot now carry the pres-
ently requested instrumentation payloads, they do not have the range de-
sired by many investigators, they usually cannot carry more than one
investigator even though multiple investigator programs are common, and
they do not have the required rate of climb and altitude performance.
Moreover, it would be desirable for the facility to acquire an independ-
ent system for the processing of aircraft data. At present RAF uses the
large NCAR computers. A smaller, dedicated system would be less expen-
sive and more flexible and would significantly shorten the time for de-
livery of processed data to the user.

Recent Accomplishments - Capability Development

Demands for new and improved sensors and systems for NCAR's re-
search aircraft have increased greatly during recent years. Cloud
physics, air motion, and air chemistry instrumentation has undergone
major advances with the advent of high-speed digital micro-electronics.
As a consequence, RAF has upgraded its capabilities in a number of areas.

The most significant improvement in RAF capabilities during the
past year was the delivery to RAF of the RSF-developed Airborne
Research Instrumentation System (ARIS IV) for computer-based data dis-
play and recording. This system combines the benefits associated with
real-time display and hard copy presentations of derived scientific var-
iables with the safety of total recording of raw data. This combined
approach allows 1) the recording of all raw variables at sampling rates
sufficient to provide the required spatial resolution, 2) the filtering
of the raw data to remove unwanted high-frequency components, 3) the
real-time display of atmospheric and aircraft variables in scientific
units, and 4) the real-time printout of selected variables for post-
flight review.

The system employs digital display and recording hardware capable
of acquiring and displaying input and computed parameters from up to
40 analog sensors and a variety of digital devices (entered in either
serial or parallel format). Real-time displays of the input and com-
puted parameters can be up to 12 digital words which are computer-
selectable from: raw voltages, octal values, or calibrated variables.
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A number of derived parameters are available on light emitting diode
displays. In addition, a printer can record up to 12 inflight-selected
variables ten times per minute during a flight. This hard copy can be
reviewed and studied in detail prior to the next flight. Finally, up
to four variables can be computer-selected for analog strip chart
recording during flight.

ARIS IV is currently installed in both NCAR Queen Airs and is
scheduled to be installed in the Sabreliner within the next three months.

The cloud microphysics and dynamics capabilities of Queen Air N306D
and the Sabreliner N307D have been substantially upgraded during the
15-month period from 1 January 1977 through 31 March 1978. The major im-
provements on N306D include the installation of particle spectrometers
under each wing tip, the fabrication of a nose boom which houses a
cloud particle camera and supports a deiced gust probe, and a 50% in-
crease in electrical power available for research. Queen Air N306D
can now support a variety of cloud physics and dynamics experiments
which heretofore were outside the RAF's capability. Particle size
spectra from 1 im to 4,500 im can be measured simultaneously with cloud
camera photographs which depict crystal type in the micron range. These
microphysical parameters can be measured and correlated with air motion
measurements made with the deiced gust probe. The combination of these
two measurement capabilities on a light aircraft capable of conducting
research in moderate icing conditions represents a major step forward
for NCAR users.

Cloud particle spectrometers have also been installed on the Sabre-
liner N307D. With these sensors, NCAR can support cloud physics pro-
grams concerning either the liquid water or ice particle phase. The
aircraft cannot, however, be flown into regions of known icing.

Both the Sabreliner and Queen Air particle sensors require high-
speed digital interfaces to permit retrieval of the high volume of data
they produce. Commercially available gear is heavy and requires con-
siderable research power. Because of the ever-increasing demand for
large numbers of sensors, weight and power are critically important
considerations in the instrumentation of light aircraft. For these
reasons, commercial gear has been put aside in favor of a lighter and
more efficient system designed and built at RAF specifically for the
NCAR aircraft. Its lightweight, microprocessor-based design allows
simultaneous use of Particle Measuring Systems probes and a variety of
other sensors necessary for the meaningful study of cloud microphysics
and dynamics.

The construction techniques used for the formatting and display
function detailed above are also the result of an improvement program
which took place in the last 15 months. To streamline re-instrumenta-
tion while saving weight and power, a backplane capable of accepting
six modules in 5-3/4 inches of 19-inch rack space was designed. All
necessary power for digital and analog circuits is present on the
backplane edge connectors to allow any of a variety of signal
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conditioning and processing modules to be installed in a matter of min-
utes. The microprocessor and display units for the particle systems use
only three module locations, which represents a fivefold reduction in
volume and weight.

In the air motion area a number of improvements have been made.
New gust probe vanes for measuring airflow angles have provided im-
proved reliability and greater sensitivity to flow angle variations
while offering a reduced sensitivity to temperature extremes. A hot-
wire anemometer system capable of measuring velocity fluctuations to
several kilohertz allows the investigation of the structure of turbu-
lence for small spatial variations. The development of auto-interro-
gating distance measuring equipment (AIDME), provides a drift-free
measurement of aircraft location suitable for correction of wind speed
errors originating with inertial navigation system (INS) drift. Avionics
and INS test equipment were purchased and installed to enable RAF to
maintain and align the navigation systems which provide necessary data
for air motion measurements.

Air chemistry investigation has become a major area of support
at RAF during the past year. All of the NCAR aircraft have been in-
volved in air chemistry for a significant portion of their flying. De-
velopment in support of this research area includes cooperative efforts
with users in designing and interfacing inlets to the aircraft,
"hardening" of laboratory equipment for airborne use, and designing
and fabricating interfaces for both digital and analog chemical sensors
which allow quantitative data from a variety of chemical sensors to be
recorded concurrently with basic aircraft measurements. These efforts
have been emphasized recently and have paid off for the user by allow-
ing a number of previously impossible measurements to be made aboard
NCAR aircraft.

In data management, examples of new processing techniques are:
1) processor software which enables very exact positioning of the air-
craft using data recorded during flight to measure the distance from
the aircraft to a number of standard navigational stations, 2) software
which prepares the data recorded by the new ARIS IV data system for
processing on the large NCAR computer, and 3) a new processor which is
capable of handling data from a number of particle spectrometer probes
flown simultaneously and displaying them on microfilm in easily inter-
preted histograms.

Recent Accomplishments - Support Operations

During the calendar year 1977 and the first quarter of 1978, RAF
flew missions in support of 21 field experiments. Of these, eight were
flown by Queen Air N304D, five by Queen Air N306D, five by the Sabre-
liner, and three by the Electra.

Queen Air N304D flew a total of 335.1 hours in support of research,
principally within the contiguous 48 states. Two projects were flown
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in other areas: one, a field project in Central America, to investigate
the composition of volcanic plumes; the other, off the southwest coast
of Alaska, to measure the mesoscale flow field resulting from katabatic
flow off the coastal glaciers. Queen Air N306D flew fewer, but con-
siderably longer, programs for a total of 507.5 flying hours. Only
one of the programs took place in a foreign area. This was a study of
the coastal upwelling region off the coast of Peru, which used nearly
half of the total hours flown. The Sabreliner flew 252 research hours
on a variety of programs utilizing its high-altitude flight capabilities.
One particularly extensive program, which used slightly over 100 flying
hours, was a study of the latitudinal distribution of atmospheric trace
gases from the Alaskan arctic to Panama. As a consequence of the
Electra's long range and large load capacity, it was used mainly for re-
search that took place over oceans or foreign countries and that in-
volved the participation of many cooperating scientists. Two major
research programs and a formal testing project were flown for a total
of 259.1 hours. One program was an investigation of the Somali jet over
eastern equatorial Africa; the other was a study of atmospheric trace
constituents over northern North America and the Pacific Ocean.

For purposes of analyzing aircraft utilization, one may define
three broad and somewhat generalized categories of science supported.
These are atmospheric chemistry (including aerosol investigations not
specifically related to condensation and precipitation processes),
cloud and precipitation physics, and turbulence and air motion. In
doing so, one must, of course, recognize that the categories are non-
exclusive and that a great deal of overlap occurs. The principal
scientific objective has been given precedence in assigning a given
project to a given category. In examining the distributions of projects
and research flying time created by this categorization, it is clear.
that turbulence and air motion research consumed the principal part of
the RAF resource. During this period in question, nine of the 21 field
programs emphasized this area of science and accounted for 603.8 hours
of the total of 1353.7 hours flown. Projects in which the dominant
concern was cloud and precipitation chemistry numbered five. For this
category the research hours flown totaled 330.8, roughly half of that
expended in air motion and turbulence investigations. Air chemistry
scientists are rapidly becoming major consumers of RAF flight resources.
Approximately 30% (391.8 hours) of the total research hours flown were
in support of air chemistry as a principal objective. In addition,
because it is often a simple matter to add "piggyback" air chemistry
instrumentation to the aircraft, many other projects accommodated the
interests of air chemistry scientists as a corollary to their main
research purpose.

The list of users at the end of the ATD report contains a summary
of each of the 21 individual flight programs flown. While space will
not permit a detailed description of each, consideration of a few of the
investigations undertaken will provide an insight into both the opera-
tional and scientific aspects of the RAF contribution. Illustrative
examples chosen from each of the scientific categories follow.
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The boundary layer growth experiment of Peter Hildebrand of the
Illinois State Water Survey is an excellent example of recent aircraft
use in the field of air motion and turbulence. Hildebrand proposed to
measure the mean and turbulence structure of the planetary boundary
layer (PBL) at various times of day and to relate these measurements to
the growth of the PBL. Aircraft measurements of the mean and pertur-
bation values of air motion, temperature, and humidity were used to
describe the mean flow and the turbulent fluxes of heat, moisture, and
momentum within and in the vicinity of the boundary layer. The gust-
probe-equipped Queen Air N304D was used, which provided spatial reso-
lution of about 18 meters for the three components of motion. The air-
craft observations were complemented by Doppler radar data derived
through ground radar observations of aircraft-released chaff. A surface
mesonet provided additional data for establishing boundary conditions at
the surface.

Not infrequently, aircraft observations form the principal data
base for verification and improvement of numerical models. An example
of such support was the participation of Queen Air N304D in a study
which was part of the Outer Continental Shelf Environmental Assessment
Program. Both oceanic and atmospheric models were involved. Bernard
Walter Jr. of the Pacific Marine Laboratory of the National Oceanic and
Atmospheric Administration (NOAA) was the principal investigator. His
area of interest was the region off shore between Yakutat and Icy Bay
along the Gulf of Alaska. The data acquired included the thermodynamic
variables, wind and turbulence information, and surface temperature.
The data were obtained for the specific purpose of evaluating mesoscale
models useful in describing the strong drainage winds which flow out of
Yakutat Bay and off of the adjacent mountains and glaciers.

Roscoe Braham of the University of Chicago has been investigating
the physics of snow formation and the effects on precipitation of the
downwind industrial plumes of Milwaukee and Chicago. The observational
platform during his most recent field period was Queen Air N306D, which
is specially fitted for cloud and precipitation physics research.
Measurements included vertical and horizontal winds, thermodynamic var-
iables, and the precise position of the aircraft; the instruments in-
cluded a particle camera and a condensation nucleus counter. The prin-
cipal objective of his study, which also includes the use of ground-
based Doppler radar, is to better understand the relationships of par-
ticulate matter and motion fields as they relate to the interior struc-
ture and the development of winter snowstorms over the Midwest in gen-
eral and Lake Michigan in particular.

The Sabreliner N307D has proven particularly useful in investiga-
tions which must take place at higher altitudes. Its service ceiling
of 45,000 feet MSL causes it to be the logical aircraft for use in re-
search such as that of Melvyn Shapiro and Richard Cadle of NCAR. Their
interest lies in the measurement and definition of the exchange of air
between the stratosphere and the troposphere, particularly in the vi-
cinity of the jet stream and during occasions of tropopause folding,
and the structure of fronts in this region. A number of highly
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successful field studies on this subject have been carried out with
this aircraft, the most recent occurring in late March and April of
1978. An ozone analyzer was carried to supplement the measure-
ments of the motion field and thermodynamic variables measured with
the basic Sabreliner instrumentation. On this occasion nucleus
counters were also carried to determine whether condensation nucleus
concentrations may be useful as tracers for tropospheric air entering
the stratosphere in the vicinity of the jet stream. The common flight
pattern is a vertical cross section perpendicular to the jet stream.

Air chemistry investigations regularly take place on each of the
three types of NCAR aircraft. Queen Air N304D was used in Central
America during February and early March of 1978 to determine the chem-
ical composition of the effluent plume from an active volcano. The in-
formation derived is ultimately used in modeling the global dispersion
of material from erupting volcanoes. The Sabreliner has been used re-
peatedly for grab sampling for later analysis and for in situ measure-
ments. A recent example includes flights in January and February 1978,
which ranged from Canada south to the Canal Zone. William Mankin and
Leroy Heidt participated cooperatively in using the aircraft (as is a
frequent occurrence). Heidt sampled the air at various locations along
the route for laboratory analysis for several trace gases while Mankin
made observations using an infrared spectrometer with the sun as a
source for obtaining absorption spectra of trace gas constituents.
These flights are the latest in a series from which a great deal of
valuable knowledge of the trace gas constituents has been obtained.

The most extensive air chemistry program of the period was flown
on the Electra. The program was guided by an executive committee com-
posed of atmospheric chemists and a meteorologist. Douglas Davis of
the Georgia Institute of Technology served as chairperson, made the
aircraft flight request, and served as the principal representative of

the scientific group in their interactions with RAF. The program, which
is planned to last for seven years, was titled Global Atmospheric
Measurements Experiment on Tropospheric Aerosols and Gases (GAMETAG).
Some 23 investigators participated in the NSF-sponsored program.
Twelve scientists actually accompanied the aircraft. The flight tracks
covered the latitudes lying between the Canadian arctic (70 N) and a
leg south of the Fiji Islands (to 25 S) to sample polar tropical and
transition air masses. Both high- and low-level legs were flown to
provide measurements which varied with altitude as well as latitude.

The aircraft carried its usual full complement of meteorological
instruments, including those to measure wind and turbulence, thermo-
dynamic variables, radiation, and aerosol concentrations. On this
occasion, it carried some 16 additional devices dedicated to air chem-
istry directly, for example, a laser-induced fluorescence system (for
the concentration of hydroxyl free radicals); an ozone monitor; a gas-
liquid chromatograph (for CO, C02 and others); a scanning, high-reso-
lution, UV spectrometer (for NO ); and a "Samovar" sampler (for HNO,
HCL, SO02 H2SO4, and others). Tne stated objectives of the program are
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to acquire knowledge of the importance of the hydroxyl free radical
to tropospheric chemistry; assess the global atmospheric budgets for
halocarbons, ozone, and sulfur, carbon, and nitrogen species; and to
provide an initial assessment of the levels and types of natural trop-
ospheric aerosols.

While data processing is yet incomplete, the GAMETAG scientists
report that the results of the August-September 1977 flight have pro-
vided important new insights into the distributions of the gaseous
species observed. Carbonyl sulfide and sulfur dioxide were measured
for the first time over vast stretches of the Pacific Ocean. Carbonyl
sulfide was found present over the Pacific in levels comparable to
those over continental North America, suggesting either a long lifetime
for the species or extensive natural sources. Sulfur dioxide concen-
trations were found to be much higher in the marine boundary layer than
in the air above. The GAMETAG team indicates that one might tentatively
conclude that tropical ocean waters are, in fact, a source of gaseous
sulfur species. This is in contrast to recent expectations.
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Research Aviation Facility

PRINCIPAL
INVESTIGATOR

Peter Wagner

Richard Cadle and
William Rose

Bernard Walter

Carl Friehe and
Donald Lenschow

John McCarthy and
Peter Ray

Peter Hildebrand

Thomas McKee

William Cotton and
Thomas McKee

Joseph Wisniewski

Roscoe Braham

Lewis Grant

Herman Sievering

D. W. Stuart

Melvyn Shapiro and
Richard Cadle

Gerald Grams

Melvyn Shapiro and
Richard Cadle

William Mankin

Peter Hobbs

John Hart and
Henry van de Boogaard

Douglas Davis

Justin Smalley

INSTITUTION

University of Nevada

NCAR

NOAA

University of California
NCAR ,

University of Oklahoma
NSSL

ISWS

Colorado State University

Colorado State University

University of Virginia

University of Chicago

Colorado State University

Governors State University

Florida State University

NCAR

NCAR
NCAR

EXPERIMENT
LOCATION

California

Central America

Alaskan Coast

Local Area

Oklahoma

Oklahoma

Colorado

Colorado

Virginia

Michigan

Colorado

Lake Michigan

Peru

USA (Midwest)

Alaska

USA (Midwest)

NCAR

University of Washington

Colorado State University
NCAR

Georgia Institute of Tech-
nology

NCAR

Alaska, Panama, U.S.

Coastal Washington

Kenya

North American Pacific
Ocean

Florida

FLYING TIME
AIRCRAFT (HOURS)

N304D 62.3

N304D 59.2

N304D

N304D

N304D

N304D

N304D

N304D

N306D

N306D

N306D

N306D

N306D

N307D

N307D

N307D

N307D

N307D

N308D

N308D

53.9

19.3

47.0

41.0

11.2

41.2

74.3

66.9
43.4

83.8

239.1

15.1

31.4

30.8

102.0
72.7

116.4

115.4

N308D 27.3
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COMPUTING FACILITY (CF)

Mission and Goals

The mission of NCAR's Computing Facility is to provide computing
services to large national and international atmospheric research pro-
grams in which NCAR and university scientists are participating, other
joint research efforts between NCAR and university scientists, and in-
dependent research projects of both NCAR and university scientists.
The nature of these computing services is determined by the Computing
Facility's objectives of providing capabilities for the developing and
running of large numerical models and the processing of very large data
sets.

Among the capabilities required to reach these objectives are very
high-speed computers, software focused on efficient operation of numer-
ical models, the ability to move and manipulate very large amounts of
data, tools and methods for developing and testing large models and
other programs before production runs, a remote job entry system for
university users, and sophisticated consulting support for all users.
In addition, a staff is required that is capable of providing a wide
variety of essential services for handling a large number of users with
diverse requirements.

The Computing Facility (CF) is divided into five sections and vari-
ous staff functions reporting to the CF manager. The University Liaison
and Information Services Section has the objectives of providing con-
sulting support to all university users of the facility, operating the
consulting office and library, and maintaining the program libraries.
The section also produces facility manuals, a monthly newsletter, and a
daily bulletin. In the summer, the section operates a program for
graduate students in the atmospheric sciences who will be heavily
computer-oriented in their future careers.

The Data Support Section has the goal of establishing, maintaining,
and distributing high-quality meteorological and climate data sets to
the atmospheric science community. It is also NCAR's interface to
national and international groups planning the archiving of climate data.

The Applications Programming Section provides program planning, de-
sign, and coding services to ATD's aviation and radar data processing
efforts and to selected projects in NCAR's scientific divisions.

The Systems Section maintains all operating systems and language
compilers within the central Computing Facility. It develops the neces-
sary interface (network) software between elements of the NCAR system.
Where essential for maximum utilization, the section designs, develops,
tests, and documents the appropriate system software.

The Operations Section is responsible for efficient and effective
operation and maintenance of the central Computing Facility. It also
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provides digital data library services, use statistics, microfilm/
microfiche and move capabilities, and unit record and digitizer
services.

Because efficient utilization of the very high speed CRAY-1 and
CDC 7600 computers is so important, the Advanced Methods Group is re-
sponsible for informing users and CF programming staff about advanced
techniques in numerical analysis, data management, and other areas of
computer science. Particular emphasis has been placed upon Poisson
solvers, spectral methods, and elliptic partial differential equation
solvers.

The administrator is responsible for managing the CF budget and
the CF's management reporting system, engaging in short- and long-term
planning, and performing a variety of coordinating and administrative
functions. The Clerical Support Group provides clerical services to
the approximately 100 members of the CF.

Strategies

The atmosphere, by its nature, requires the gathering of large
amounts of data and their use in complex mathematical models. The
central requirement of scientists is to understand systems in which
many individual physical, chemical, and dynamical processes are simul-
taneously at work. This statement applies not only to (a) the study of
large-scale circulations of the atmosphere (leading to improved weather
prediction and understanding of climatic change) but also to (b) model
studies designed to understand and predict severe convective storms;
(c) studies of ocean circulations and their interaction with the atmos-
phere (related to climatic change); (d) studies of dispersal of pol-
lutants; and (e) studies of processes in the solar atmosphere and their
effects on the earth's atmosphere.

In the FY 1976 budget process, it was deemed in the national in-
terest for NCAR to embark on a four year effort to bring the capabili-
ties of the NCAR Computing Facility into line with the needs of the
atmospheric sciences -- particularly the requirements of GARP and other
national programs; the increasing needs of the university atmospheric
sciences for computing resources to develop and test large models
(global circulation, mesoscale, cumulonimbus, oceans, solar atmospheric
processes, and others), and to process large amounts of data generated
by field programs of NCAR, universities, and national research efforts.
UCAR and NSF agreed that NCAR should acquire, on a lease-purchase basis,
a fifth-generation computer and to upgrade the NCAR Computing Facility's
capabilities with respect to input-output devices, on-line data storage,
interactive capabilities, and remote use by university scientists using
terminals on their home campuses.

To these ends, the CF computing capabilities have been grouped into
four subsystems: the CRAY-1 computers, the CDC 7600 computer, the Ampex
TMS-4 mass storage system, and the front-end system. The accompanying
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diagram illustrates the long-term configuration, expected to be achieved
by 1981.
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Acronyms Referenced on Computing Facility
System Diagram

CF Computing Facility

CIU Channel Interface Unit (MSS)

COM Computer Output Microfilm (FES)

DC Data Channel (MSS)

DTM Dual Transport Module (MSS)

FES Front-End System

GT Graphics Terminal (FES)

HAO High Altitude Observatory

I/O Input/Output Interface (FES)

Mesa Mesa Laboratory

MSS Mass Storage System

NCC Network Control Computer

NWP Numerical Weather Prediction Section

RDSS Research Data Support System (FES)

RJE Remote Job Entry System (FES)

SC Satellite Computer (FES)

TD Transport Driver (MSS)
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A substantial increase in computing power has been obtained since
the CRAY-1 computer became operational on 1 December 1977. This computer
has a 12.5 nanosecond cycle time, 8 x 106 bytes of memory, and a 4.8 x
109 byte disk storage system. It is proving to be from two to eight
times faster than the CDC 7600. However, with its current software-
hardware configuration, the CRAY-1 is suitable more for running large
numerical models than for processing large data sets. The 7600 is being
reserved for these tasks such as processing very large data sets acquired
by satellites, aircraft, and radars and generated by large numerical
models. Consequently, significant software development is being carried
on to expand the 7600's data set management capabilities and to integrate
the 7600 operating system with the Ampex Terabit Memory System (TMS),
the CRAY-1, and the front-end system.

The Ampex TMS-4 mass storage system is a videotape-based system
with an on-line capacity of 40 x 109 bytes (expanding to 60 x 109 in
1979) and is now in operational use. The front-end system is a dis-
tributed minicomputer system to be deployed between 1977 and 1981 which
provides the interface between the user and the central Computing
Facility. Manufacturer-supplied software in these minicomputers is
human-engineered to provide efficient and effective tools for the de-
velopment and testing of large programs, the preprocessing of data, and
the analysis and display of computational results and processed data.

Current status of the augmentation is that procurements of all
equipment needed through Phase II (see the diagram) have been completed.
However, it will take 18-24 months to deliver, test, and integrate all
elements. Procurements of Phase III components have not yet commenced.

Accomplishments of Past Year

During FY 1977, the Computing Facility served 197 university users
from 65 institutions. (A detailed list is attached for the period
covered by this report, 1 January 1977 - 31 March 1978.) There were
also 292 NCAR users and 69 joint university-NCAR projects at 34 insti-
tutions. Some 337,000 jobs were run and the CDC 7600 ran at maximum
throughput, logging about 4,000 central processor hours of computation
(averaging about 3 x 106 floating point operations per second). Remote
job entry terminals were operating at 48 universities and the accompany-
ing map gives some idea of their distribution.

This was also a year in which a dozen major numerical models were
moved to the new CRAY-1 computer delivered in July. These included the
NCAR Climate Section'sthird-generation global circulation model, Drexel
University's mesoscale model, cumulonimbus models from Colorado State
University, the University of Illinois, the University of Hawaii, and
NCAR. (Four of the previous five models are built from the same basic
code modules using an advanced language, FLOTRAN, and explore different
regimes of physical interest.) Also, into production on the CRAY-1 were
a solar model and several oceanographic models.
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NCAR REMOTE BATCH TERMINAL NETWORK

1-11 Boulder, Colo. - NCAR
12 Ft. Collins, Colo. - CSU (21
13 Seattle, Wash. - University of Washington
14 La Jolla, Calif. - Scripps Institution of Oceanography
15 College Station, Tex. - Texas A&M University
16 Tallahassee, Fla. - Florida State University
17 Dania, Fla. - Nova University (2)
18 Miami, Fla. - University of Miami
19 Charlottesville, Va. - University of Virginia
20 Boulder, Colo. - University of Colorado
21 Baltimore, Md. - Johns Hopkins University
22 Cambridge, Mass. - MIT
23 Cambridge, Mass - Harvard University
24 Ithaca, N.Y. - Cornell University
25 University Park - Pennsylvania State University
26 Ann Arbor, Mich. - University of Michigan
27 Chicago, II. - University of Chicago (2)
28 Stanford, Calif. - Stanford University
29 Woods Hole, Ma. - Woods Hole Ocean. institution
30 Boulder, Colo. - Joint Institute for Lab. Astrophysics
31 Urbana, III. - University of Illinois (2)
32 Moffett Field, Calif. - NASA Ames Research Center
33 Rapid City, S.D. - South Dakota School of Mines

34 Logan. Utah - Utah State University
35 Pasadena, Calif. - Jet Propulsion Laboratory
36 Philadelphia, Pa. - Drexel University
37 Evanston, III. - Northwestern University
38 Toronto, Ont. - University of Toronto
39 Tallahassee, Fla. - Florida A&M University
40 Albany, N.Y. - SUNY
41 Reno, Nev. - Desert Research Institute
42 Norman, Okla. - University of Oklahoma
43 Saskatoon. Sask - University fo Saskatchewan
44 New Brunswick, N.J. - Rutgers University
45 Salt Lake City, Utah - University of Utah
46 Hartford, Conn. - Center for Environment & Man
47 Newark, Del - University of Delaware
48 Tucson, Ariz. - University of Arizona
49 New York, N.Y, - CUNY
50 College Park, Md - University of Maryland
51 Corvallis, Ore. - Oregon State University
52 Argonne, ill. - Argonne National Laboratory
53 Laramie, Wyo. - University of Wyoming
54 La Jolla, Calif. - University of California at San Diego
55 E Lansing, Mich. - Michigan State University
56 Boulder, Colo. - Cooperative Inst for Research in Environmental Sciences
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On the CDC 7600, considerable amounts of aircraft data (from NCAR's
Research Aviation Facility) were processed, about 80% for university
users. Also, large data sets (several hundred to several thousand
tapes) from experiments flying on such satellites as OSO-8 (University of
Colorado-HAO) and NIMBUS-6 (Atmospheric Quality Division-University of
Wisconsin-NASA). Significant amounts of radar data (for the Field
Observing Facility and the Convective Storms Division) were also pro-
cessed, in addition to data produced by numerical models running on the
CRAY-1 and 7600.

This was also the period during which the Ampex Terabit Memory
System and the CRAY-1 computer were brought through acceptance testing
and into operational use. In the 12 months prior to 31 March 1978, the
mass storage system was accessed over 110,000 times and 7 x 1012 bits
were transferred to and from the system. During the month of March
1978, the first month for which statistics have been formally collected,
the CRAY-1 logged 340 central processor hours and processed 6,000 jobs.

With the installation of the Terabit Memory System, there has been
extensive development of software tools and operational procedures for
the manipulation of very large data bases (X109 numbers). These are now
almost entirely in place. After successfully trapping out and having
Ampex Corporation correct a number of design flaws that appeared under
a heavy operational load, the CF completed a procurement for additional
TMS hardware. This equipment will provide a hardware interface to the
CRAY-1, greater system redundancy, and additional on-line capacity.
Software modifications will be done by CF staff, and the additional
equipment will be operational by the end of 1980.

To bring in the CRAY-1, it was first necessary to construct a 15,000
gross square foot addition to provide space for support equipment (motor-
generator sets, chillers, cooling tower, transformer, etc.) and for
future growth (TMS, front-end system, tape library, engineer and uni-
versity visitor working areas, etc.). Members of the CF participated
extensively in the planning and monitoring of construction of this
addition, completed in July of 1977.

Because software (FORTRAN compiler and operating system) dissimilar
to NCAR's 7600 is used by the CRAY-1, extensive planning for conversion
to the CRAY-1 of large models was done. This planning included a half-
dozen large university-developed models, particularly those of scientists
at Colorado State University, the University of Illinois, Drexel Uni-
versity, and the University of Hawaii. Significant effort was put into
carrying utility (particularly graphics) software from the CDC 7600 to
the CRAY-1, into building a Job Control Language (JCL) translator (so
that users with 7600 JCL could have it translated automatically into
CRAY-1 JCL), and into modifying the 7600 operating system so that it
could pass data and job files between the 7600 and CRAY-1 (necessary be-
cause the CRAY-1 is not designed to operate as a stand-alone system, but
must be "front-ended").
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Consequently, the CRAY-1 passed a very successful acceptance test
in November 1977 and was operating at close to full capacity (80%) by
the first of December.

As part of developing the front-end system, the Computing Facility
completed procurement, installation, and acceptance of a network control
computer (a SEL 32/55) and a host-satellite interface system (using
Network System Corporation's hyperchannels). The system will commence
operation in late 1978 but will not be fully operational until 1979.
Also procured were a microfiche/microfilm unit (two Dicomed Corporation
D48's with PDP 11/34 controller) to replace the CF's aging dd80 micro-
film devices and two satellite computers (PDP 11/70's running a UNIX-
Programmers' Workbench system) for the approximately 60 CF programmers,
the CF's management reporting system, the clerical staff, and a variety
of other uses.

In addition, members of the CF participated in a leadership role
in the FORTRAN standards effort, as a result of which FORTRAN 77 has
replaced the 1966 standard; continued the refining and augmenting of a
high-quality meteorological archive (approximately 250 tapes of data
shipped to requesters); and completed a thorough review of testing and
documentation procedures for the NCAR Software Support Library and
other libraries and substantially implementing those procedures.

The Operations and Systems sections completed a successful reor-
ganization in order to cope with new challenges and substantial in-
creases in staff.

The Applications Section provided the services of approximately 30
Applications programmers in the execution of about 170 projects, pri-
marily within ATD, but including efforts such as initiating and planning
a major revision of data processing tools and archiving procedures for
the third-generation general circulation model.

In summary, this has been a productive and exciting year for the
CF. We have now placed ourselves in a position to provide considerably
more service to our user base over the next several years.
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Computing Facility

This list incorporates all Computing Facility users, both those
who visited NCAR and those who used NCAR facilities through the remote
job entry network. Individuals for whom dates are given in the third
column fall into the former category.
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Jeanne Adams
John Adams
Gary Aitken
Daniel Anderson
Frank Banks
Julia Bartram
Linda Besen
Robert Biro
Gerald Browning
Mary Buck
Jay Chalmers
Beverley Chavez
Betsey Chen
Celia Chen
Bang Yaw Chin
Frederick Clare
Gaynez Connell
Ann Cowley
Sylvia Darmour
Glen Davenport
Astrik Deirmendjian
Cynthia Del Pizzo
Benedict Domenico
John Donnelly
Margaret Drake
Gregory Eitzen
Salvador Farfan
Dean Frey
Karen Friedman
William Frye
David Fulker
Sandra Fuller
Bonnie Gacnik
Shirley Gentry
Nancy Goldstein
Gilbert Green
Kenneth Hansen
Sue Hartter
Lofton Henderson
Stuart Henderson
Michael Hendrickson
Darrell Holley
Roy Jenne
Dennis Joseph
Wanda Keeney
David Kennison
David Kitts

Robert Lackman
Sara Ladd
Richard Lindenmoyer
Stephen Long
Jack Martindale
Amber McEwen
Stan McLaughlin
John Merrill
Jack Miller
Robert Mitchell
Donald Morris
Paul Mulder
Robert Niffenegger
Bernard O'Lear
Barbara Ostermann
Richard Oye
Harsh Passi
Stuart Patterson (Manager)
Kelton Penner
Vickie Pinedo
Russell Rew
Cicely Ridley
Andrew Robertson
David Robertson
Paul Rotar
Richard Sato
Susan Schemel
Eugene Schumacher
Larry Scott
John Snyder
Wilbur Spangler
David Strayer
Paul Swarztrauber
Joyce Takamine
Linda Thiel
Ruth Toutenhoofd
Mary Trembour
Alfonso Trujillo
Robert Ubelmesser
Richard Valent
Colleen Velie
Fred Walden
Jo Walsh
Gregg Walters
Gloria Williamson
Marie Working
Thomas Wright
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ADAMS, J.C.: FORTRAN subprograms for finite
difference formulas. J. Comp. Phys. 26(1), 113-
116, Jan. 1978.

PATTERSON, G.S., Jr.: Prospects for computational
fluid mechanics. Ann. Rev. Fluid Mech. 10, 289-
300, 1978.

POUQUET, A., and G.S. PATTERSON, Jr.: 1978 (See
ASP).

SATO, R.K., and G.L. BROWNING: Description of the
general program structure of the third-generation
NCAR general circulation model. Technical Note
TN-127+1A, NCAR, Boulder, Colo., 48 pp., 1977.

SCHUMANN, U., and G.S. PATTERSON, Jr.: 1978a (See
ASP).

--.- , and ----: 1978b (See ASP).

SIGGIA, E.D., and G.S. PATTERSON, Jr.: 1978 (See
ASP).

SWARZTRAUBER, P.N.: The methods of cyclic reduc-
tion, Fourier analysis and the FACR algorithm for
the discrete solution of Poisson's equation on a
rectangle. Siam Rev. 19(3), 490-501, Jul. 1977.

WRIGHT, T.: Machine independent matacode transla-
tion. Comp. Graph. 11(2), 128-130, Summer 1977.
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FIELD OBSERVING FACILITY (FOF)

Mission and Goals of the FOF

The mission of the Field Observing Facility (FOF) is to provide
surface-based measurements for the atmospheric sciences in support
of experimental meteorological programs throughout the United States
and occasionally around the world. In meeting its mission requirements,
FOF engages in the following major activities:

(1) Operation of advanced remote and immersion sensing systems to
support the research of atmospheric scientists in universities and
NCAR.

(2) Development of new measurement systems, in cooperation with
the Research Systems Facility (RSF), to meet the needs of atmospheric
science.

(3) 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 instru-
ment deployment, data collection methodologies, software development
for data processing, and methods for displaying data.

Although FOF's charter is broad, the emphasis in recent years has
been directed at support to mesoscale and boundary layer meteorology
in accordance with the growing national scientific interests in con-
vective storms, winter cyclonic storms, boundary layer processes, and
air pollution as it is coupled to boundary layer turbulence, transport,
and diffusion.

The instrument systems that FOF operates include two 5-cm Doppler
radars, the Portable Automated Mesonetwork (PAM), a ruby lidar, four
radiosonde systems, and two tethered balloon systems for profiling the
boundary layer. In addition, FOF has a variety of less sophisticated
instruments, such as mechanical chart recording weather stations, rain
gauges, theodolites, and cameras. For calibration and testing, FOF
operates a computer-controlled environmental chamber and a wind tunnel.
All of the field facilities of the FOF are transportable so that they
may be used at locations chosen by the scientific users.

The major FOF systems collect data in digital form. The radars
contain real-time digital processors which rapidly acquire and process
data for storage on magnetic tape. Also available are real-time color
displays of data, which aid in analyzing the meteorological situation
being observed, thus permitting an intelligent selection of various
experimental parameters such as antenna scan volumes and rates.
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The PAM consists of 30 self-powered, automatic, microprocessor-
controlled weather stations which telemeter data (wind speed, direction,
temperature, pressure, humidity, and rainfall rate) upon command to
a central station. The central station logs the data on disc and
magnetic tape. A minicomputer controls the data acquisition and
provides a number of real-time display options. The displays may be
used by scientists for observing mesoscale events of interest to them
and for fine-tuning their observational strategies accordingly. In
addition, the displays provide continuous status information on all
instruments throughout the mesoscale array. Failures are readily
detected, diagnosed, and corrected, thus ensuring a continuous data
set of high quality for each experiment.

Strategies Adopted for Current Operations

In fiscal years 1973 through 1975, FOF's principal strategy was
based upon the need to develop and/or acquire new systems urgently
needed by the atmospheric sciences. As these new systems (the Doppler
radars, PAM, Boundary Profiler, rawinsondes) came on line, it became
appropriate and necessary to change that strategy toward operating
these systems in support of scientific programs. Indeed, it is the
great demand for services that is the principal force directing the
FOF program at this time. In response to this forcing function FOF
is planning for a program of heavy support to mesoscale and boundary
layer science in the years to come. A limited program in equipment
and system development is being continued in conjunction with other
facilities within ATD to provide additional user capabilities.

FOF's schedule for the remainder of fiscal year 1978 is a good
example of the types of scientific programs that will be supported in
the future. In April the PAM system will be used by Joost Businger
(University of Washington) at the Boulder Atmospheric Observatory (BAO)
in his study of airflow over nonuniform terrain. In May and June FOF
will operate two Doppler radars and PAM in support of Theodore Fujita
and Ramesh Srivastava (both of the University of Chicago) in their
study of damaging winds (Northern Illinois Meteorological Research
on Downburst--NIMROD) associated with convective storms. Project
NIMROD will place special emphasis on the strong thunderstorm outflow
or "downburst" phenomenon which has been shown by Fujita to have been
responsible for airliner crashes in New York, Philadelphia, and Denver.

Following NIMROD, Roger Lhermitte (University of Miami) will use
one of the Doppler radars in the Thunderstorm Research International
Program (TRIP). TRIP, which will be conducted at the Kennedy Space
Center in 1978, encompasses the efforts of several scientists from
universities, the National Oceanic and Atmospheric Administration
(NOAA), and other agencies who are working together to learn more
about the origin and nature of atmospheric electricity and its
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relation to thunderstorm kinematics and precipitation. In September,
FOF will provide radar and PAM support for Project Phoenix at the
Boulder Atmospheric Observatory. This program, a joint effort of
university, NCAR, and NOAA scientists, will concentrate on the energet-
ics of the convective boundary layer.

In 1979, FOF anticipates support to Peter Hobbs' (University of
Washington) Cyclonic Extratropical Storms (CYCLES) program, the Severe
Environmental Storms and Mesoscale Experiment (SESAME), the Illinois
State Water Survey (ISWS) and University of Virginia, TRIP, and the
Monsoon Experiment. In later years, FOF will support the major field
programs of SESAME, TRIP, NCAR's Convective Storms Division, programs
at the BAO, and many other studies such as will be planned by individual
investigators.

It is worthwhile to mention that, because of the large demand
for FOF's services, scheduling compromises are invariably required.
Several worthwhile programs were declined radar and PAM support in
1978, and it will be necessary to refuse some requests in 1979 as well.
To assist in meeting the demand, FOF has had, on several occasions,
to negotiate for the use of NOAA's Doppler radars for support of
important programs. Funding for the use of these radars has generally
been provided by NSF.

In fiscal years 1978 and 1979, FOF is faced with a supersaturated
schedule. It will be possible to accommodate only a limited selection
of a number of worthwhile scientific programs. The ATD director
makes the priority decisions as to which programs should be supported
based upon advice from many sources, principally the FOF Advisory Panel.
FOF's strategies in meeting this demand are as follows.

* FOF's staff limitations dictate that only the larger and more
sophisticated systems can be staffed fully. Consequently, radar and
PAM users receive complete operational support which includes an FOF
scientist who is assigned for overall program management. Users of the
rawinsondes and Boundary Profile system do not receive full support.
With these systems, it has been the FOF policy to provide training
assistance to users and to lend the systems to them without operators.
Lesser instrument systems are lent on a first-come, first-served, basis.

* FOF recognizes that its final products are the data delivered
to the user. Consequently, a policy for data processing and software
support services has been adopted that features three levels of service:
archiving, routine processing, and more sophisticated processing.
Archiving services are provided routinely for all users. Further
processing in the routine category may be provided for a user, but the
amount of such processing will be limited and must be approved by the
FOF Advisory Panel. In the case of more sophisticated processing, FOF
provides a software library and consultative services for the user.
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Currently, the majority of FOF's software support services are
directed at archiving and routine processing. Software development
activities have moved slowly due to the lack of sufficient applications
programming staff.

* Although the major systems have now come on-line, they are as
yet incomplete. Thus FOF, in response to user needs, continues to
recommend that the PAM be expanded to the 45 stations originally
planned, and that the 10-cm Grover radar be equipped with a real-time
digital Doppler processor similar to those used with the 5-cm radars.
FOF also strives to ensure that important new features are added to
operational systems whenever possible. Examples of modifications
needed and planned include ground clutter cancellers for the radars
and improved displays for PAM.

* FOF plans for the future needs of atmospheric science through
discussions with the FOF Advisory Panel, university users, NCAR users,
the National Science Foundation, larger scientific planning groups
such as those organized by SESAME and TRIP, special planning groups,
such as that which reviewed PAM and the Scientific Programs Evaluation
Committee panel. Based upon the demand for services now and FOF's
best assessment of the future needs of mesoscale and boundary layer
science, a number of instrument developments and/or acquisitions are
proposed. Among these are a third Doppler radar, a second PAM base
station and more remote stations, an airborne Doppler radar, new
rawinsonde capabilities, and new lidar development.

The need for added radar and PAM support is evident from the
earlier discussion. These are the highest priority items. The air-
borne Doppler radar is urgently needed for high-resolution probing
of severe storms, for accurate vertical velocity measurements in
developing convective clouds and in stratiform precipitation, for
augmenting ground-based Doppler radar networks for improved vertical
velocity estimates in severe storms, and for air velocity measurements
in hurricanes or other over-the-ocean weather systems. New rawinsonde
capabilities are essential if atmospheric research is to progress at
maximum pace. For decades the atmospheric sciences have relied on the
now obsolete and unreliable GMD rawinsonde. A modern, solid-state
system is mandatory for making the soundings that are fundamental to
virtually any experimental meteorological program. Consequently,
several next-generation systems to be added to FOF's instrument
inventory in the early-to-mid-1980 time frame have been recommended.
Probes such as a lightweight, scanning Doppler lidar would be valuable
for measuring air velocity in the optically clear air. Mounted on an
aircraft, the Doppler lidar would be able to make measurements of
airflow in the precipitation-clear regions surrounding convective
storms. Clearly, these capabilities are needed now. Unfortunately
because of funding limitations they will not be available to the
atmospheric sciences for several years.
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* The scientific staff of FOF engages in a variety of technique
development studies aimed at improving the utilization of its systems
and in the interpretation of the data collected. For example, simul-
taneous observations of 5-cm and 10-cm radar reflectivity are compared
in order to determine the conditions under which they differ. FOF
scientists are examining 5-cm absorption in severe storms to try to
develop guidelines for determining when and where the measured 5-cm
reflectivity factors are likely to be in error. FOF personnel have
published papers on the interpretation of Doppler radar data, on
scanning methodologies for multiple-Doppler networks, and on the use
of Doppler radar for measuring the intensity of hurricanes. In the
future, computer simulations will be used to determine how well multiple-
Doppler networks can reproduce known velocity fields.

It is felt strongly that activities such as these are essential
for maintaining scientific vitality within the organization and will
ensure that the users of FOF's systems will derive maximum benefit
from them.

* The FOF staff has been divided for many years. The Marshall
field site is now widely recognized as being sadly lacking as a
laboratory facility for FOF. Plans for new laboratory and office
space at the BAO are now being made and location of the FOF staff there
in 1980 is planned. The efficiencies and improved communication real-
ized by this move will be augmented by FOF's daily access to the best-
instrumented cubic kilometer of the atmosphere in the world. In
addition, because of its BAO location, FOF will be able to provide
the best service possible to scientists engaged in boundary layer
studies at the site. Construction funds have recently been approved
for the BAO laboratory.

Accomplishments of the Past 15 Months (January 1977 - March 1978)

Field Program Support

FOF began calendar year 1977 with radar support in January and
February to Srivastava. The CP-4, 5-cm radar was operated on the south
shore of Lake Michigan and, with the University of Chicago/ISWS radar,
formed a dual-Doppler system for observing the structure and kinematics
of winter frontal storms.

Following the Chicago study, the CP-4 radar and PAM system were
moved to Oklahoma where they were used to augment the National Severe
Storms Laboratory (NSSL) spring program. The PAM was used by J. J.
Stephens of Florida State University and Peter Ray of NSSL for study
of the statistical structure of surface fields in the severe storm
environment. The Doppler radar was part of a four-Doppler radar network
for measuring the three-dimensional wind and reflectivity fields in the
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storms. The May 20 tornado outbreak in and near Oklahoma City was a
particularly interesting case, with several tornadoes passing through
the network and one passing within one-third kilometer of a PAM station.
Real-time color displays on three of the radars clearly indicated the
locations of the mesocyclones which spawned tornadoes. The results of
the 1977 field program have added momentum to the national effort now
under way for the use of operational Doppler radars in a national
severe storm warning network.

In July and August the CP-4 radar was operated at the Kennedy
Space Center and, with the two Doppler radars of Roger Lhermitte,
formed a triple-Doppler array. While the summer was unusually dry
(keeping in step with the trend across the nation) a few good cases
were observed. For the first time, it has been possible to observe
lightning activity and the charges neutralized by individual strokes
simultaneously with the developing kinematic fields and precipitation
structure. Some interesting theories are beginning to evolve. A paper
by Lhermitte et al., presented at the 18th Radar Meteorology Conference
in March 1978, discusses the role that the updraft may play in separat-
ing electrical charge.

Also in July and August, the PAM system and CP-3 radar were set
up in the South Park Area, a high plateau (- 2,700 m) situated between
two mountain ridges some 100 km west of Colorado Springs, Colorado.
This program, called the South Park Area Cumulus Experiment (SPACE),
was directed by William Cotton of Colorado State University. The
purpose of the program was to study the development of cumulus clouds
over the Mosquito Range west of South Park and to observe storms as
they passed onto the plains east of Colorado Springs. Several good
cases were observed.

In November and December of 1977, the CP-3 radar was used to
support Peter Hobbs' CYCLES program, which is a multiyear effort
directed at the study of winter cyclonic storms in the Pacific Northwest.
The CP-3 was located on the west coast of Washington on the southwestern
tip of the Olympic Peninsula. The radar was ideally located for
observing rain band structure well off the coast and for observing
modifications to the bands as they moved inland.

Following CYCLES, the CP-3 radar was used in January and February
with two NOAA radars in the study of wintertime convection on the west
slope of the Sierras. Scientists from the University of Wyoming, NOAA,
and NCAR had as their objectives the study of convection embedded
within the frontal systems that pass through northern California in
the winter. In 1977,severe storms with tornadoes (rarely seen in
northern California) passed through or near the Doppler network on at
least two occasions. Storm features such as the weak echo vaults and
rotating mesocyclones found in midwestern storms were observed on the
real-time displays.
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In February 1978, the PAM was deployed in the mountains near
Steamboat Springs, Colorado. The system deployment served two purposes.
First, it was used by Lewis Grant of Colorado State University in his
study of extended area effects as they might relate to cloud seeding
in the mountains. Second, FOF welcomed the opportunity to test PAM
in a severe winter environment to determine the advisability of
providing wintertime PAM support. Marginal success was realized.
The remote stations in general performed well; however, radio communica-
tions between the repeater and central station were fraught with prob-
lems related to multipath propagation and anomalous propagation due to
the strong and persistent inversion in the valley.

The above represents 15 months of support. We expect equally
heavy schedules during the remainder of FY 1978 and in FY 1979.

Other Accompl i shments

In addition to its program of field support, FOF engages in a
number of other activities that are intended to improve the quality
of service provided. For example, 15 PAM remote stations were completed
(in cooperation with RSF), raising the number of stations to 30. RSF
completed the radio repeater system which was invaluable in the SPACE
and Steamboat Springs programs. Solar panels for powering remote
stations were first tested in Oklahoma and later used during SPACE
at the high, remote station locations with difficult access. It is
worthy of note that during SPACE one station operated reliably
without servicing for a period of six weeks. To assist in transporting
and installing PAM, a 2.5 ton truck with box van was outfitted as a
self-contained vehicle for moving 30 remote stations with all peripheral
equipment, tools, etc., necessary for installing and checking out the
stations. This vehicle, developed with RSF's assistance, has greatly
reduced the costs of transportation, but more importantly has reduced
system installation time by at least a factor of two, thereby increas-
ing the available time for system utilization.

The CP-3 radar was taken out of service for five months for major
modifications and maintenance to the working space and antenna system.
A Doppler calibration test set was added and a new radar data proces-
sing system was partially completed and tested during the SPACE program.

A digital cassette recording ground station for the Boundary
Layer Profiler was completed. These cassettes are then processed post
facto on a graphic processing terminal.

FOF has also been heavily involved in the area of software develop-
ment and data processing. This work has been accomplished primarily
through the assistance of the Computing Facility's applications
programmers who have been assigned to FOF. During 1977, large
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quantities of data have been archived for each radar-supported program
and many days of CYCLES data have been processed further. Software
development and refinement received second priority to processing,
but it has been possible to develop several new programs for processing
single-radar data. Development of a program for dual-Doppler radar
processing has begun, and software under development by the Convective
Storms Division and NOAA for triple-Doppler processing will be modified
for FOF's use. For PAM, a program for reformatting the raw data into
an easily read format using scientific and engineering units has been
developed. Finally, FOF has supported the development of the inter-
active Research Data Support System under development by RSF. This
system will provide exciting new capabilities for displaying meteor-
ological radar data which in turn will add new insight into the struc-
ture of convective storms and other precipitating systems. FOF
scientists and engineers are working closely with RSF during this
development.
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RESEARCH SYSTEMS FACILITY (RSF)

Mission and Goals

The mission of the Research Systems Facility (RSF) is:

(a) To develop new instrumentation and data processing
systems for use by other NCAR facilities and to
meet requirements for special national and
international programs such as FGGE.

(b) To provide engineering services to NCAR through the
machine shop, mechanical design group, and instru-
ment shop.

Through the development of critical observational, measurement,
and data acquisition systems, the RSF supports the research goals of
NCAR as well as those of the atmospheric science community.

The RSF maintains an active scientific and engineering design
capability with emphasis on development of sensor, communication, and
data acquisition systems. It maintains close communication with NCAR
research and facility groups as well as university and federal labora-
tory groups in order to anticipate the needs of the atmospheric science
community and to undertake selected developments as required.

Strategies

In planning for the future, the following strategies are involved
in decisions regarding selection of projects, growth rate, etc.

Orderly Growth. Demands on RSF for new developments always
exceed its capacity. Thus there is pressure to grow. It is felt,
however, that relatively steady, orderly growth will result in work
of higher quality and efficiency. Plans are laid out to be consistent
with moderate growth, with efforts to avoid either rapid buildups or
peaks and valleys. A result is that priority decisions must be made,
and some projects must be deferred.

The following are the most important criteria used in making
priority decisions:

Important, Specific Need. A proposed development, to be selected,
must satisfy an important, specific atmospheric research need. Eval-
uation of this need is based on input such as scientific user requests,
advisory panel review, etc.

Breadth of Use. Higher priority is given to projects which will
serve a large number of university and NCAR scientists through
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established NCAR facilities. As a result, RSF development resources
are not normally available to an individual scientist or program
within NCAR.

Balance of Customers. In recent years, a major effort has been
undertaken to enhance the capabilities of FOF and RAF. During this
period, development resources have been split with roughly 40% to FOF,
40% to RAF, and 20% to others. Now that the initial goals of this
development have been met, the balance may be expected to change some-
what, with a slight, gradual decrease in support to FOF and RAF and a
similar increase in support to others, such as NSBF, for example.

Balance within RSF. It is important to keep balance within RSF
in several respects. Generally RSF can handle only two large projects
at a time, with present staff. An important new project should not
enter its start-up phase until the other is mature. This minimizes
peaks and valleys, while giving proper attention to each. Similarly,
there needs to be a balance between larger projects and smaller proj-
ects and between long-term and short-term projects. Generally, RSF
strives to have three or four smaller projects along with the larger
ones, giving some flexibility in adjusting work loads without excessive
problems of managing a large number of small projects. Finally, RSF
must balance the work with the available skills and, where necessary,
add new staff with special skills which will be needed on future
projects.

Development Lead-Time. One of the most difficult RSF challenges,
shared with the ATD director, is anticipation of future instrumentation
needs. The budget cycle constraints give only limited flexibility
between now and FY 1981. New developments started in FY 1981 will
perhaps be operational in FY 1983 or 1984. On the other hand, the
scientists requesting new capabilities have difficulty specifying
their instrumentation needs more than a year or two ahead -- to 1979
or 1980, for example. Thus there is a three-to-four-year mismatch
between the RSF budget and planning cycle and many scientific requests.
It is important to try to anticipate needs, trends in science, and
changes in technology which will have an impact on science. To this
purpose the Advanced Development Program within RSF comprises several
feasibility studies aimed at advancing the state of the art in areas
where a broad need has been identified, before a specific project
commitment is made.

Accomplishments of the Past Year

ARIS IV. The Research Systems Facility last year completed
development of a new data acquisition system, called the Airborne
Research Instrumentation System IV (ARIS IV), for use on light air-
craft. The urgent need for this system was for increasing and updating
the data system capabilities on the NCAR Research Aviation Facility (RAF)
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aircraft to provide for the increased data requirements which result
from the present RAF light-aircraft instrumentation, and to provide for
better scientific user display, readout, etc. System specifications
had been determined in conjunction with staff of the RAF. Developed
under the leadership of RSF project engineer Michael Duncan, the ARIS
IV system provides a real-time, centralized meteorological and flight
data collection and display facility for the Queen Air and Sabreliner
aircraft operated by the NCAR Research Aviation Facility (RAF). The
computer-compatible output is expected to improve the quality of data
obtained and to simplify the processing of aircraft data.

The heart of ARIS IV is a Digital Equipment Corporation LSI-11
microcomputer with 28,000 words of memory. Data from a variety of
sensors aboard the aircraft can be sampled at ten rates from 1 to
1,000 Hz and recorded directly onto nine-track magnetic tape. The
system is designed to support the complex aircraft and scientific
instruments, such as the aircraft inertial navigation system and the
scientific aerosol measurement probes, as well as the many and varied
instruments with simple or single analog or digital outputs.

ARIS handles as many as 400 parameters, including many parameters
that are now recorded, computed, or displayed that could not previously
be handled until after the flight. These parameters are available as
analog outputs, on a hard-copy printer, or for real-time in-flight
display. Two displays are available, one on the control panel and one
on a hand-held remote unit. Each display shows the time plus four
user-selected parameters such as temperature, humidity, or winds.
The ARIS IV hardware and software designs provide a system that is easy
to learn and easy to operate. Scientists find the displays in scien-
tific units valuable in their own in-flight evaluation of the data,
allowing them to optimize the flight path in order to study specific
phenomena. Additionally, ARIS IV may also be used by the scientist at
any time to replay subsets of previously recorded data by rewinding
the tape to the time of the event of interest.

The ARIS IV system design is similar to the larger data acquisition
system on the NCAR Electra aircraft, but has been scaled down to a
trim 85 kg (190 lb) for use on small aircraft. Installation of the
first system has been completed at RAF and the first use on RAF's
Queen Air 306D was flown in support of a University of Chicago flight
program to study snow physics and inadvertent weather modification in
the Muskegon, Michigan, area. The second ARIS system is now being
installed on Queen Air 304D, and the third system will be delivered to
RAF in late summer, for use on the Sabreliner.

Research Data Support System (RDSS). The analysis of the vast
amounts of data gathered by remote sensors and large research systems
presents numerous problems for investigators. Researchers interested
in mesoscale weather systems, for example, would like to have a way to
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take radar data from the field and subject them to "quick-look" analy-
sis. They would like to be able to replay a storm, stop the action,
edit, view it from another angle, enhance certain features, re-edit,
and so on. RSF staff members Victor Borgogno, Robert Brown, and
Kenneth Norris have recently completed the first phase of construction
of a system that provides those functions with potential for expanded
capabilities in the future.

The RDSS is built around a COMTAL color display system. The
user is provided with the capability of seeing two pictures and of
manipulating them interactively. Additional pictures can be stored
in external memory or on tape. Output can be in the form of color
photographs, video tape, or edited digital tapes.

Initial use of the RDSS is concentrating on radar data analysis.
However, the system is flexible and can be used for other applications
such as satellite photo processing. To meet increased needs, RSF
expects to change to a larger, faster central processing unit next
year and to acquire a large disk file to store several hundred pic-
tures. The new equipment will speed operations, permit the handling
of multiple radars, and provide the tools needed for more complex
processing.

Dropwindsonde. Wind observations in the tropics are particularly
crucial for numerical models to be used with global data sets. The
NCAR dropwindsonde, a unique, NCAR-developed wind-measuring system
first deployed in the 1974 GARP Atlantic Tropical Experiment (GATE),
has been chosen as the key means of wind measurement during the Global
Weather Experiment Special Observing Periods from 5 January to 5 March
and from 1 May to 30 June of 1979. The aircraft dropwindsonde system
is needed for tropical soundings because land areas suitable for
launching balloons that carry conventional radiosondes are separated
by large expanses of ocean.

RSF engineer Justin Smalley has led a program to improve the
dropwindsondes prior to their use in the Global Weather Experiment.
This effort has resulted in sondes that are expected to exhibit higher
reliability, faster temperature sensor response, and better pressure
sensor stability. The sondes are launched by high-altitude aircraft,
and after launch telemeter measurements of temperature, humidity,
pressure, and winds back to the aircraft.

RSF has delivered the drawings and specifications for the sondes
to the U.S. Global Weather Experiment Project Office at the National
Oceanic and Atmospheric Administration (NOAA). NOAA has awarded a
contract to VIZ Corporation of Philadelphia to manufacture 7,500 sondes
for use in the Global Weather Experiment. RSF will provide technical
support to NOAA through the procurement, testing, and initial opera-
tions. Plans for the aircraft dropwindsonde system call for the
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operation of C-141 and WC-135 aircraft (U.S. Air Force) and P-3 and
WC-130 aircraft (NOAA) from three or four bases in the tropics. At
least five daily sorties are planned, with drops every 350 km. The
data tapes from the Global Weather Experiment dropwindsonde program
will be processed at NCAR and sent to Stockholm for archiving.

Major additions to the Portable Automated Mesonet (PAM) were made
during the past year. These included 15 new remote stations, a radio
repeater and improved communications equipment to extend the radio
range, an improved psychrometer (30 units), and, with FOF, the con-
struction of a special truck to aid in PAM deployment.

The new PAM equipment was deployed by FOF last summer in support
of the South Park Area Cumulus Experiment, for Lewis Grant and William
Cotton of Colorado State University. Because of the rugged terrain,
the new radio repeater was essential to the success of this program.

A new differential temperature instrument has been developed in
a project led by Harold Cole as part of the RSF Advanced Development
Program. The instrument, which is compatible with the PAM system,
will be used to measure vertical air temperature gradients, from
which one can estimate heat flux under some conditions.

The key goal of the development effort has been to measure temper-
ature differences to an accuracy of + 0.05°C. Laboratory tests have
verified that the sensors and electronics can achieve this performance.
Four of the new instruments are currently undergoing field tests with
promising results. A key question, yet to be answered, concerns the
minimum power to operate the aspirator with acceptable radiation errors.
Minimizing power is important, of course, because the PAM remote sta-
tions are battery-operated.

Auto-Interrogating Distance Measuring Equipment (AIDME). In a
project led by P.K. Govind, the RSF has developed a new navigation
system for use on aircraft operated by the RAF. Exact position infor-
mation is crucial for scientists and pilots alike on research flights,
which often follow nonstandard air routes. The NCAR aircraft generally
use inertial navigation systems (INSs) on research flights. The INSs
are excellent locators for short flights and do not require radio
equipment and ground stations, but they do require precise initial
coordinates and have a tendency to drift over long periods. Use of
DME allows an independent, absolute position fix and provides an
alternate means of locating the aircraft if the INS is not available.

In the United States, the DME network consists of about 750 ground
stations operating on 126 frequency channels. The density of ground
stations is such that most regions of the country have approximately
ten stations within a 250 km radius. Except in some mountainous
areas in the West, an aircraft at a nominal flight altitude of 4,000 m
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can receive three or more DME channels most of the time.

The AIDME automatically tunes an airborne transceiver to a multi-
ple set of DME ground stations. Distances between the aircraft and
fixed ground stations are obtained by transmitting interrogation pulses
and measuring the time required to receive reply pulses.

Frequency channel selection and tuning in AIDME are controlled by
an Intel 8080A microprocessor in a single board computer. Micro-
processor control permits the equipment to search the 126 channels
automatically, without requiring operator attention. Fast search
and lock minimize the error in computing aircraft position between
distance measurements. Distances to a tuned station are displayed
on a hand-held terminal and are recorded on ARIS IV.

AIDME is presently installed aboard NCAR's Queen Air N306D. The
flight track of the aircraft during the meteorological research
mission is derived after the flight, using a geometric algorithm to
compute aircraft position from the measured (and recorded) distances
to selected ground stations.

Analysis of test flights near Denver and the Great Lakes indicates
position-fix accuracy of 100-300 m. Since the position accuracy for
area navigation using DME is repeatable on successive passes over the
same point in space, independently of the direction of flight, DME
fixes can be used to evaluate drifts in the INS.

A new air motion sensing vane development, led by Paul Johnson,
has been completed, and the vanes are now in operational use by RAF.
The vanes feature much better stability, improved sensitivity, reduced
temperature effects, and frequency response which is well above the
airframe limitations.

The new vane is a key component of the air motion sensing equip-
ment mounted on the nose booms of the RAF aircraft. These instruments
sense the motion of the air relative to the aircraft, so that by
subtracting the aircraft motion one can determine the motion of the
air itself.

The vane is based on a new strain gage beam which is considerably
more rugged than previous sensors--important due to the severe aircraft
environment. The high resonant frequency and high sensitivity of the
vane permit its use in studying small-scale turbulence phenomena.
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GLOBAL ATMOSPHERIC MEASUREMENTS PROGRAM (GAMP)

Mission and Goals

In 1968 the mission of GAMP was to develop techniques and instru-
ments for obtaining atmospheric measurements required for the Global
Atmospheric Research Program (GARP). As GARP has evolved, the GAMP
mission has been modified. The great expectations of the radiometric
satellite and the failure to achieve long-duration balloon flight below
300 millibars reduced the role of the superpressure balloon to a
reference level system - providing one calibration and global truth
level at 200 millibars. The realization of the inability of the radio-
meter to provide useful data in the equatorial regions led to the
development of the Carrier Balloon System, which spawned the Long-
Duration Scientific Ballooning program.

The substitution of an aircraft dropsonde for the Carrier Balloon
System and the abandonment of the reference-level system by France led
to the development of the Tropical Constant-Level Balloon System
(TCLBS).

In recent years the total commitment of GAMP to GARP-related
programs has been abandoned. In a meeting with the Scientific Programs
Evaluation Committee (SPEC) Review Panel, the following mission state-
ment for GAMP was presented:

The primary functions of GAMP are the innovation, develop-
ment, and feasibility demonstration of basic balloon
technology, particularly of superpressure balloons, and
of the associated meteorological sensing systems, and to
cooperate with the atmospheric scientific community in
utilizing these techniques in research endeavors.

Strategi es

The major GAMP activity at present is the development of a balloon
system to be deployed during the two Special Observing Periods of the
Global Weather Experiment in 1979. Three hundred thirty balloons will
be launched in the deep tropics and will be tracked by the TIROS-N
satellite to obtain winds in the high troposphere. Costs for this
program are shared by NSF and the National Oceanic and Atmospheric
Administration (NOAA), with NOAA providing funds for special project
staff, production of flight systems and the logistics costs of
operating launch sites on Canton and Ascension Island. The fixed dates
for balloon launches (January and May 1979) dictate that this Tropical
Constant-level Balloon System (TCLBS) must receive the first priority.

At the conclusion of the TCLBS program, the GAMP staff will be
able to focus a major effort on the development of a capability to
fly a long-lived balloon system in the lower stratosphere as a vehicle
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for measuring stratospheric gases and aerosols. This vehicle, which
will have a latitude-seeking capability, will provide a complementary
capability to satellite and earth-based measurements of importance to
climate and air-quality research.

The third GAMP program is the development of a safe, low-cost,
accurate vertical sounding system (Safesonde) to be used for boundary
layer and severe storm research - and, possibly to replace the present
operational radiosonde system. This development, which has been de-
layed by the dead-line pressures of GARP-related programs, will be
conducted as a joint GAMP - Research Systems Facility (RSF) activity
through the successful demonstration of an operational system and
then transferred to RSF for specific applications.

Accomplishments of the Past Year

The TCLBS experiment calls for the deployment of 330 balloons
from Canton and Ascension Islands during the two Special Observing
Periods of the Global Weather Experiment. The TCLBS will complement
the aircraft-borne windfinding dropsonde by providing data above the
levels which the aircraft can reach.

The project team was assembled within GAMP from the staff which
collaborated with the University of Wisconsin on the successful
Tropical Wind, Energy Conversion, and Reference Level Experiment
(TWERLE). Since the objective of the TCLBS program is to obtain winds
in the upper troposphere of the equatorial regions (where satellite
radiometric data are useless), the pressure and altitude sensors of
TWERLE were deleted; only the temperature sensor was retained. However,
a nighttime transmission capability was added to double the amount of
wind data. The requirement for batteries and thermal control for night-
time operation precluded the development of an electronic package which
would not present a hazard to aircraft. Much of the development program
has been devoted to safety systems to destroy the balloon if it flies
in the airlanes or over those northern hemisphere countries which have
not agreed to permit overflight.

The TCLBS flight system consists of a 4.15 meter balloon, solar
panel, antenna, transmitter, encoder, magnetic cutdown, pressure cut-
down, battery power supply, thermal enclosure, and temperature and
vertical motion sensors. Emphasis throughout development has been on
cost savings by redesign, by in-house fabrication of critical elements,
and by computer-controlled testing of elements and system. The system
design simplifications (by Ernest Lichfield), computerized testing
(Neil Carlson), antenna design (Michael Exner), and cut-down designs
(Chris Roark) have produced sufficient savings to offset the escalating
costs of logistics and materials. New balloon testing procedures
(Sig Stenlund) imposed on the manufacturer have enhanced quality and
reduced testing costs.

The balloons will fly in the equatorial regions at 14.5 km. They
will be located by the French ARGOS tracking system on the TIROS-N
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satellite. Position and telemetry data will be processed at Toulouse,
France, and relayed to NCAR for final processing, quality assurance,
and archiving. Complete system tests were conducted successfully from
Ascension Island in November 1977, using the NIMBUS-VI satellite in
lieu of the TIROS-N, which is not scheduled for launch until July 1978.
The oscillator, transmitter, and modulator were certified for flight
in tests conducted at the Centre National d' Etudes Spatiales (CNES),
Toulouse, in September 1977.

All system elements have been fixed; procurements are on schedule
for transmitter, solar cell supply, and balloon; and in-house fabrica-
tion is in progress on all other elements.

The Safesonde system was designed to meet the accuracy and cost
requirements of major mesoscale and severe storm field programs. The
design premise was that the expendable sonde should be the simplest
possible device if it was to be low-cost and non-hazardous. System
complexities should be kept on the ground. However, complex mechanical
systems are becoming more costly to build and more costly to maintain
while electronic systems are decreasing in price as their capabilities
increase. The system which was designed and tested consisted of four
or more fixed receivers separated by several kilometers which relayed
to a central station the difference in frequency between the sonde
transmitter and a reference transmitter. A central computer deter-
mined the location in space of the sonde at 5 s intervals. This
system was built as a joint NOAA-NSF effort and tested by GAMP in
July and December 1976. The test results showed a system of incompar-
able accuracy but with initialization requirements too severe for an
operational system.

The Safesonde system is now being redesigned by Michael Olson to
overcome this limitation. The most promising modifications are being
tested in computer simulations with only those field tests performed
which are required to confirm critical assumptions.

The majority of modifications add complexity to the sonde. The
most promising configuration is in the form of two long-base-line
interferometers separated by many kilometers from the launch site.
This configuration permits the sonde to remain as a simple transmitter.

GAMP, during the investigation of this approach, joined with the
Convective Storms Division and New Mexico State University to determine
the utility of an interferometer system for multiple aircraft tracking.
The system is now being built by New Mexico State University. The
stations will be positioned in the optimum configuration as determined
by Ranjit Passi's simulations.

Many of the elements of the low-cost, safe, and automated
Safesonde system (balloon, transmitter, and modulation technique)
have been successfully tested. In 1978, the program is being expedited
as a joint GAMP/RSF activity.
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The Long-lived Atmospheric Monitoring Balloon (LLAMB) program is
a research effort to develop a balloon capability for flight in the
lower stratosphere for durations of several years. While the Long-
Duration Balloon Program of the National Scientific Balloon Facility
has as its objective flights of months (with planned recovery) at the
highest possible altitudes to float above the attenuating atmosphere,
the LLAMB program has as its goal flight for years at the lowest safe
altitude above the clouds and the airlanes. Measurement of strato-
spheric gases and aerosols is planned using spectrometric, radiometric,
and in-situ sensors.

GAMP is now convinced that multi-year flights are not feasible
using transparent balloon materials. Degradation of the material by
high-energy protons will cause eventual destruction of materials
strong enough to maintain adequate superpressure. A LLAMB prototype
balloon of 9 meters diameter (designed by Stenlund) was flown to
determine how well a reflecting balloon would perform. The strength
member of the balloon was a woven Kevlar fabric; the gas barrier, a
trilaminate of Mylar, aluminum foil, and Mylar; the reflecting surface,
an aluminized Mylar. It was instrumented by Olson with communication
systems using the NIMBUS-VI and TIROS-N (in case the balloon outlived
the NIMBUS-VI satellite) satellites for telemetry and location. The
balloon was instrumented for controlled cutown if it moved north of
15°N latitude. After one complete orbit the balloon moved north of
the equator where the magnetic cutdown was exercised. A back up
HF command system was used to accelerate gas loss and the balloon
descended in the Atlantic off the coast of French Guiana after 40 days
of flight. Although the unfortunate incursion into the northern
hemisphere forced an untimely termination, the 40 days and nights of
excellent telemetry provided all necessary performance data. This was
the first extended-duration flight of a balloon using a reflective
rather than transparent film. The flight data demonstrated that the
concept is sound and that there are adequate design margins for a
reflecting balloon to remain overpressured on the coldest night and
within safe stress limits on the hottest day.

With the SP-747 aircraft now flying at 14 kilometers, and the
Concorde authorized to fly as low as 15 kilometers, a safe window is
no longer available for LLAMB flights. The flight level must be
raised to 20 kilometers. Although balloon costs are increased, this
higher level permits heavier payloads. The lighter winds at 20 km
make it quite feasible to add a "latitude-seeking" capability to the
platform. A power plant of less than 100 watts suffices to permit
the balloon to fly polar or tropical missions at the appropriate
seasons and will prevent inadvertent crossing of the equator. GAMP
continuing activities on this program will be devoted to vehicle design
and survey of applicable research missions for this Long-lived
Atmospheric Monitoring Airship (LLAMA).

The Carrier Balloon System (CBS) program was completed in 1976,
but a number of useful spin-offs occupied the GAMP staff in 1977 and
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1978. Three of the balloons surplus to the project, as well as a
launch site, launch techniques, and hardware, were provided for a
Utah State University flight program to study cosmic ray and ozone
relationships at 30 km. Flight durations were 31, 84, and 126 days
for the three balloons. Using CBS hardware and software, Olson
conducted a number of surveys to predict Omega wind accuracies in the
Pacific and Indian Oceans during FGGE and MONEX operations. Analyses
were prepared by Olson, Passi, and Aubrey Schumann. Olson acted as a
consultant to the World Meteorological Organization (WMO) and NOAA
on the development of the shipboard sounding system for use during
the FGGE program.

During this past year, GAMP has interacted with a mix of govern-
ment agencies, universities, and program committees. The TCLBS is
being developed and flown under the sponsorship and direction of the
U.S. Global Weather Experiment Project Office. Assistance was pro-
vided to WMO and to the Monsoon Experiment Project Office on Omega
surveys. GAMP flight programs in New Zealand are a joint operation
with the support of the New Zealand Meteorological Service. GAMP
continues to share plans, tracking services, and data with the French
balloon scientists of CNES and the Centre National de la Recherche
Scientifique. Collaboration continues with the University of
Wisconsin on interpretation of balloon flight data, with New Mexico
State University on interferometer design, and with Utah State
University on flight programs.



217ATD/GAMP

Global Atmospheric Measurements Program

*Eileen Borleis

Neil Carlson

*Paul Howes

Vincent Lally (Manager)

Nancy Leach

Ernest Lichfield

*Susan Marshall

*Bernice McCain

Claude Morel

Michael Olson

Ranjit Passi

A. Brewster Rickel

Chris Roark

Aubrey Schumann

Sigvard Stenlund

Jack Tefft

Marcel Verstraete

*William Whelpley

*Special Project Staff



ATD/GAMP

Global Atmospheric Measurements Program

OLSON, M.L.: Central Pacific VLF Signal Survey and
Omega Wind Error Predictions, Technical
Note NCAR/TN-120+EDD, NCAR, Boulder, Colo.,
303 pp., 1977.

PASSI, R.M.: Smoothing improvement factor in Omega
wind errors, J. Appl. Meteor., 16(7),
pp. 735-739, 1977.

: Use of nonlinear least squares in meteor-
ological applications, J. Appl. Meteor.,
16(8), pp. 827-832, 1976.

and V.E. Lally: Statistical analysis of the
errors of a doppler radiosonde system.
Proc. of Fifth Conference on Probability
and Statistics in Atmospheric Sciences,
AMS, 15-18 Nov. 1977, pp. 106-111.

and M.L. Olson: Estimation of wind errors
from Omega navigation system. Symposium on
Meteorological Observations from Space;
their Contributions to FGGE, 8-10 June
1976, Philadelphia, pp. 341-347.

and J. Theibaux: Linear combinations of
dependent meteorological estimates: a
synopsis, Mon. Wea. Rev., 104, pp. 1172-
1174, 1976.

TWERLE Team: The TWERL Experiment, Bull. Amer.
Meteor. Soc., 58(9), pp. 936-948, 1977.

218



ATD/NSBF

NATIONAL SCIENTIFIC BALLOON FACILITY (NSBF)

Mission and Goals of NSBF

The mission and goals of the NSBF are to provide the scientific
community with the most efficient and reliable operational balloon
support possible and to conduct the research and development necessary
to meet the growing and changing requirements of the scientific commu-
nityo

The NSBF supports a broad spectrum of scientific disciplines
including atmospheric science. The use of large balloons as observa-
tion platforms in atmospheric measurement programs has increased
significantly in the past two years, and it is anticipated that support
in this area will reach 30% of the NSBF effort during 1978o

A major effort of the NSBF continued over the past two years has
been the development of a balloon and data retrieval system for long-
duration flights (on the order of 60 to 90 days). These flights will
operate initially in the Southern Hemisphere at an altitude of 30 km
and carry payloads of approximately 250 kgo

Strategies

The NSBF now provides most of the scientific balloon support for
the free world. Minor programs, mostly limited to small balloons, are
conducted by several other countries, but the majority of the scientific
community looks to the NSBF for support, particularly for the larger or
more complicated flights.

Recognition of the NSBF as the leader of national and international
scientific ballooning has resulted in requests for more remote opera-
tions, more demands for increased capabilities, and added impatience
of the scientific community with the relatively slow buildup of the
equipment and manpower resources that are judged necessary to meet the
scientific needs. The NSBF management, however, recognizes the cyclic
or seasonal nature of the workload of the facility and with this
thought in mind the necessary strategy has been to hold the line on
staff increases for the presento Equipment buildup will continue at a
modest rate with the plan to start the process of replacing NSBF
balloon-borne electronics packages in the 1980 time frame.

In 1977, the National Academy of Sciences published a report by
a Balloon Study Committee entitled The Use of Balloons for Physics and
Astronomyo The committee concluded that ballooning has made, and will
continue to make, significant contributions to science. The field was
judged currently vigorous, with excellent future prospects. The commit-
tee recommended that the funding be augmented to an operational level
moderately above that of the past several years and that development
of longer duration flight techniques be aggressively pursuedo
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Recently NSBF management spent several days in meetings with NASA
Headquarters, NASA Centers, Air Force, Navy, and NSF personnel concerned
with scientific ballooning, The consensus appeared to be that, even
with the advent of the space shuttle, the requirements for balloon
support will not diminish and could even show an increase in demand if
funding levels for research improvedo The NSBF does not anticipate a
significant increase in the annual number of requests for flight support;
however, the diversity of requirements of the various scientific dis-
ciplines will continue to tax the resources of the facilityo

The more taxing demands are expected to be equally divided among
heavy-payload, extreme-altitude, and long-duration flightso Requests
for remote UoSo and world wide operations are increasing, principally
as a result of the increase in atmospheric sampling flights. The
relatively high failure rate in certain classifications of large,
expensive balloons requires immediate attentiono

The scientific community is faced with the difficult task of
assigning priorities among the above major categories of support be-
cause of the need for effective planning within limited resourceso In
the R & D area, the facility is committed to a first priority of com-
pleting the development of the long-duration system , Solving the
heavy-load large-balloon problem is second in priority, but an effec-
tive response will be dependent on additional R & D funding from
outside sourceso Operations is expected to give increased support to
remote programs through better utilization of present staff and equip-
ment and more effective scheduling,

The present airborne telemetry and command system (a consolidated
instrument package, or CIP) is outmoded and needs replacement. It is
planned to develop a second-generation CIP which will be lighter and
more flexible and which will offer increased command and data handling
capabilityo This system will be configured in a way similar to the
long-duration system, with the goal of using the TDRSS satellite
communications for the great majority of all balloon flightso

The NSBF will continue to develop a down-range telemetry link.
Experiments have shown that data can be transferred at 10 kbps with
a bit error rate of 10- ' The use of a microprocessor down range is
being investigated with the expectation that the bit rate can be re-
duced by stripping nonessential data prior to data transmission.

Operations

To meet ever greater demands on the facility, within the limits
of present and anticipated funding, the NSBF has streamlined operational
support to allow the maximum possible utilization of available staff and
equipment, Communication with experimenters and agencies has been im-
proved to allow early liaison for planning joint operations, Remote
operations are staffed with minimum crews and equipment during the
preparation stages; full crews are airlifted to the site as launch
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readiness is approached. During peak load periods, such as the spring
and fall wind reversals, management, engineering, and maintenance staff
assume operational duties. Flight scheduling is conducted with strong
emphasis on efficient use of resources to meet the overall scientific
requirements, although the scheduling at times may be less convenient
for the individual experimenter.

To improve the efficiency of remote operations, NSBF will select
two locations, one in the northern U.S. and one in the central U.S., as
the locations for the majority of remote-site launches. Expeditions
will be limited to one to the high-latitude site, made in the fall,
and one to the midlatitude site, made in the spring. This will enable
the balloon launch team to become completely familiar with the opera-
tional peculiarities of each location. This strategy has been endorsed
recently by the NSBF Advisory Panel.

Development

The NSBF engineering staff consists of only five (5) engineers:
two electronics, two aerospace, and one mechanical. The time of this
group is apportioned between about 60% R & D and 40% operations
support. To compensate for the lack of manpower in the R & D area,
NSBF relies heavily on the wealth of expertise available at modest
cost in the university community and, in this way, is able to stay
abreast of the demand for improvements.

The long-duration development was initially scheduled for comple-
tion at the end of FY 1977; however, the schedule has been delayed
to the end of 1978 because of delays in contracts and delivery of
material and delays originating during flights for proof-test of the
Sky-Anchor concept. Two additional long-duration tests are planned
in 1978, one in early fall and the second in late fall or early winter.
These tests also will carry scientific experiments.

The system will utilize the SMS and GOES satellites for command
and telemetry until the TDRSS satellite is available in FY 1981. The
interim system is limited to a telemetry rate of 100 BPS. The TDRSS
will offer rates of 1 kbps to 10 kbps, depending on system configura-
tion.

Accomplishments of Past 15 Months (1 January 1977-31 March 1978)

During this period NSBF flew a total of 78 flights: 64 in direct
support of scientific experiments and 14 in support of development and
training. A total of 19 U.S. universities and government institutions
and 11 foreign groups representing six countries were supported during
the year.

Twenty flights were flown from remote locations. Five of these
were flown from Australia; three from New Zealand; three from Malden,
Missouri; six from Aberdeen, S. D; and one each from Page, Arizona;
Grenada, Mississippi; and Pierre, S. D.
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The average balloon volume increased to a new record of 366,738 m3
The average payload was 934 kg, slightly below last year's record high.

The three balloon flights from New Zealand were of particular
interest. The durations for these superpressure balloon flights were
84, 31, and 121 days. Each carried a payload of 20 kg at 27 km. Data
retrieval and position information were obtained through the Nimbus
satellite. These flights proved the feasibility of light-load, long-
duration scientific flights.

Due to difficulties with low-level winds, both at Palestine and at
remote sites, NSBF has initiated a program of low-level wind soundings
from the surface to 610 m. Members of the operations team have been
trained in the techniques of taking these soundings and evaluating
the data. Besides the obvious observational help, it is anticipated
that these soundings will assist the meteorologists in forecasting
wind phenomena.

The operational aspects of a dual balloon system, such as the Sky
Anchor, now planned for use in the long-duration program, are quite
complicated. To assist in Sky Anchor launches, the NSBF has designed
and built a new spool vehicle which has a low profile and is trans-
portable. Preliminary tests have shown this vehicle to be most useful.

Additionally, a surplus crane vehicle has been acquired and is
being converted into a medium-load launch vehicle. This transportable
unit should prove most valuable for remote launches.

The electrical helium valve used on certain flights is now being
manufactured by the NSBF rather than procured from the balloon manu-
facturer. This has resulted in a savings of approximately 60% on
each valve.

The NSBF staff has initiated a system of flight readiness reviews
prior to each flight. These reviews normally are held within 24 hours
of expected flight time and are primarily for operations personnel, but
occasionally are attended by members of the scientific team. The
meetings have provided a consistent and systematic approach to flight
readiness.

A simple ranging system has been placed into operation. This
system requires a start pulse from the PCM command encoder to a time
interval counter and a stop pulse from the command decoder "verify
circuit," received via telemetry. The time interval is then used to
calculate the horizonal distance in miles; the azimuth reading is
obtained from the telemetry dish antenna. Accuracy to within ten miles
or less has been obtained. Modifications are under way to improve
this system further.
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All digital tapes are now standard nine-track 800 BPI units.
The alignment for data recording has been changed from that used on
seven-track units.

The new PCM terminate command decoder was made fully operational
in January 1977. Because of the high reliability of these units a
backup timer is no longer flown on a routine basis. Two independent
decoders with minimum altitude circuits are used, eliminating the
problems associated with resetting timers or setting timers for
forecasted float winds.

An additional Omega receiver/processor has been placed in operation
which can be used to support launches from remote sites or to support
two flights in progress at the same time from Palestine.

An MPS-19 auto-track radar unit has replaced the M-33 radar for
tracking of flights on ascent. This radar also will be used for wind
soundings in place of the GMD-1 radiosonde.

Work continued on the development of the long-duration flight
system. Seven test flights were conducted during the year for testing
both component system parts and the complete systems. A closed-circuit
television, with a special NSBF-designed camera, was used during the
system tests to visually monitor the behavior of the superpressure
balloon.

An in-depth study of design and materials of heavy-payload balloons
was initiated in conjunction with the Texas A & M Aerospace and Materials
groups. The goal of this study is to improve the reliability and
performance of extremely large polyethylene balloons carrying payloads
in excess of 1,590 kg.

Technicians and engineers from Canada and Argentina were trained
by the NSBF Operations Group in all phases of flight operations and
balloon electronics systems.
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