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The National Center for Atmospheric Research (NCAR) is dedicated to the advancement of the
atmospheric sciences for the benefit of mankind. It is operated by the University Corporation for
Atmospheric Research (UCAR), a private, university controlled, nonprofit organization, and is sponsored
and principally funded by the National Science Foundation.

NCAR shares with other atmospheric research groups four interrelated, long-range objectives that
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* To ascertain the feasibility of controlling weather and climate, to develop the techniques for
control, and to bring about the beneficial application of this knowledge;

* To bring about improved description and prediction of astrophysical influences on the atmosphere
and the space environment of our planet;

* To bring about improved description and prediction of atmospheric processes and the forecasting
of weather and climate;

* To improve our understanding of the sources of air contamination and to bring about the
application of better practices of air conservation.

The research and facilities operation of NCAR are conducted in four organizational entities:

The Laboratory of Atmospheric Science
The High Altitude Observatory
The Facilities Laboratory
The Advanced Study Program
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FOREWORD

Our eighth Annual Report of Research and Facilities Programs at the National Center for Atmospheric
Research describes a year of activity and progress in wide-ranging programs of research in the atmospheric
sciences, in programs to develop new techniques for observing atmospheres, and in our interactions with
universities and other groups.

A large number of sections in the report focus upon research and support activities in the field; some of
these sought to improve the available description of atmospheric processes and others to answer particular
questions whose importance became evident during the construction of numerical models. Our field
activities included management of an experiment in Venezuela, participation in the Barbados Oceano-
graphic and Meteorological Experiment, measurement of air motions around jet streams, radar observa-
tions of hailstorms, and sampling of air composition at various locations. In addition, we made prepara-
tions for an intensive winter study of air motions induced by the Rocky Mountains, for an expedition to
Mexico to observe the solar corona and interplanetary dust during total eclipse, and for an expanded hail
experiment in northeastern Colorado.

The report's emphasis on field work reflects our increasing interest in the problems of measurement--
and our trend toward design and deployment of systems to measure atmospheric processes on the scales at
which they occur. In many instances we are led to complex field operations, combining many techniques,
as well as to a fusion of efforts among NCAR programs and to collaboration with other groups. We foresee
a continuation of these trends as our ability to design and carry out large operations grows. The needs of
both the atmospheric sciences and those who look to the atmospheric sciences for solutions to pressing
problems require us to confront the atmosphere on a scale equal to the dimensions of its phenomena.

W. Firor
Director
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PREFACE

The 1969 Annual Report of NCAR Research and Facilities Programs resembles the arrangement of
previous Annual Reports, with sections devoted to each major division: the Laboratory of Atmospheric
Science, the Advanced Study Program, the Facilities Laboratory, and the High Altitude Observatory.
Tables of contents precede each of these sections. The report does not describe activities of NCAR
administrative and supporting divisions.

In the text NCAR staff members and visitors are cited by last name, except where it is necessary to
distinguish between duplicate last names. Full names of staff are listed at the end of each section. The
visitors list this year includes dates of NCAR visits, fields of interest, and home affiliations. NCAR
casual employees who are mentioned in text are identified by full name, but are not included in the
personnel listings. Non-NCAR scientists who collaborated in research with NCAR staff are cited by full
name and home affiliation. Scientists who did not collaborate but are mentioned as contributors to a
certain field are cited by last name and without affiliation, except where first names or initials are
necessary to insure identification, or where acknowledgment of affiliation contributes to the sense of
discussion.

A list of the visitors who worked at NCAR for one month or more, and of publications by NCAR
staff members during calendar year 1969 follow the main sections of the report. Because of normal time
lags in scientific publication, much of the work described in the Annual Report will not enter the
scientific literature until calendar year 1970.
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Instruments on nose boom of NCAR Buffalo aircraft
measure air motion, temperature, and humidity in
combination with outputs of an inertial platform.
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INTRODUCTION

The Laboratory of Atmospheric Science (LAS) is a
group of scientists and engineers, with their assistants,
dedicated to improving man's description and under-
standing of the complex atmosphere in which he
lives--and with more than a passing interest in the
atmospheres of the sun and the other planets. The skills
and tools of this group are those of meteorology,
physics, chemistry, mathematics, and engineering. Our
particular advantage is that we can combine forces to
work on problems that involve several disciplines, and in
atmospheric science many challenging problems require
just such a multidisciplinary approach.

The versatility of our scientists and the flexibility of
our organizational structure have enabled us to shift the
thrust of our research effort as new opportunities have
arisen, although our staff size has remained constant (at

110) for the last three years.

The two department heads, Richard Cadle for the
Chemistry and Microphysics Department and Cecil Leith
for the Dynamics Department, share responsibility with
me for guiding the overall direction of LAS research.
However, management (and budgeting) of the research
itself is primarily in the hands of our Program Scientists
who have considerable latitude in pursuing their respec-
tive programs.

This relatively decentralized scheme undoubtedly
owes much of its success to the fact that after years of
close association with each other the various programs
have found it both desirable and convenient to cooper-
ate on some of our larger research goals. In the reports
below and in the publications list, where many instances
of shared authorship are cited, our deep involvement in
these larger joint research projects will be apparent.

We also include groups from universities and govern-
ment laboratories in several of our joint efforts; and
where field work is involved (as it almost invariably is),
we lean heavily on the Facilities Laboratory for support.

The internal communication necessary to conceive,
plan, and carry out these projects is achieved by formal
and informal seminars, often with the participation of
visitors. In some cases we designate individual scientists
to act as project leaders.

We held our annual LAS Retreat in October at
Bailey, Colorado. The main theme for the meeting was
the next decade in atmospheric science--what could we
expect the major issues to be? It is too early to say
precisely what we concluded, since we are continuing to
discuss and distill the ideas that were generated; we can
nevertheless clearly perceive how most of the LAS
scientists view the future of their field. Recognizing that
the atmosphere is one of the most important parts of
man's environment (a word that cannot be avoided these
days), we feel strongly motivated to make our research
more relevant to the problems of the real world (a
familiar but increasingly meaningful phrase). We think
we see several ways of directing our future efforts to
achieve a relevance even greater than that already
inherent in our research.

Philip Thompson, who has recently headed our
Dynamics Department, returned in September to his
former post as the Director of the Advanced Study
Program, and Cecil Leith assumed the position of
Dynamics Department head. William Swinbank, who
worked closely with LAS from his position on the
ASP staff, assumed an independent NCAR post as
Scientific Director of the Northeast Colorado Hail
Experiment (NECHE). Our close collaboration with him
will continue through that program.

The NCAR prize for the outstanding scientific paper
published between November 1968 and November 1969
was awarded to Edward Zipser. His paper, "The Role of
Organized Unsaturated Convective Downdrafts in the
Structure and Rapid Decay of an Equatorial Disturb-
ance," appeared in the Journal of Applied Meteorology,
October 1969. The annual award was established in
1967 by Walter Orr Roberts, former NCAR Director,
and now President of UCAR.

In the reports that follow, the various achievements
of LAS scientists in both individual research and joint
projects will speak for themselves.

William W. Kellogg
Director, LAS



Atmospheric Dynamics

Research in the Atmospheric Dynamics Department
covers the full range of scales of motion found in the
atmosphere and ocean. In the atmosphere this range
extends from planetary-scale waves to centimeter-scale
motions of turbulent boundary layers. Indeed, our
principal goal is to understand the ways in which these
different scales interact.

Planetary-scale motions of the atmosphere are large
enough to be measured by the conventional synoptic
meteorological network and to be simulated by numeri-
cal models of the general global circulation. With such
models we can examine the complex interrelations
between heating, surface topography, and dynamics that
determine our climate. At the same time we attempt to
simplify these concepts, and during the past year we
spent much effort in formulating a linear wave analysis
of the atmosphere and in approximating the atmospheric
dynamics by a simple nonlinear two-dimensional turbu-
lence theory.

The planetary-scale motions of the ocean are much
slower, and few measurements exist apart from time-
averaged currents. We must, however, include the ocean
as a part of the fluid envelope of the earth, and we are
constructing numerical models to simulate its dynamics
and its interaction with the atmosphere.

Mesoscale motions range in extent from
~ 10 to 500 km, and include such phenomena as severe
convective storms, tropical cloud clusters, hurricanes,
mountain lee waves, and frontal disturbances. These

motions are too small to be resolved in the standard
synoptic network or to be described in the global
numerical models; yet they not only constitute the
sensible weather that we would like to forecast, but
they also can transport vast quantities of heat, water
vapor, and momentum, and can strongly influence the
dynamics of planetary-scale motions.

At present mesoscale motions are studied largely by
the traditional techniques of synoptic meteorology
applied to regional mesoscale networks; an important
new observational tool is the satellite.

We are using numerical models of mountain lee waves
and frontal systems, and we expect to construct models
for other mesoscale systems as we acquire more data.
Since the models must be as complex for mesoscale.
systems as tor the general circulation, their preparation
demands a great deal of preliminary theoretical explo-
ration in addition to the programming and computer
time required.

Our investigations of convection and turbulence have
involved theoretical, analytical, and numerical ap-
proaches, as well as airborne atmospheric measure-
ments and laboratory experiments. These finest scales of
atmospheric motion are ultimately responsible for
kinetic energy dissipation and frictional interaction with
the earth's surface. It is fair to say that they are the
most difficult kinds of motion to understand and to
deal with quantitatively.



PLANETARY-SCALE MOTIONS

GLOBAL CIRCULATION
NUMERICAL EXPERIMENTS

Climate Simulation Experiments

Kasahara and Washington continued to refine the
NCAR general circulation model (GCM). The basic
dynamical formulation of the model did not change
from that discussed in last year's Annual Report; how-
ever, the method of incorporating mountains was
improved. Although many studies will still be needed to
evaluate the role of mountains in the large-scale flow,
the geographical positions of low and high pressures in
the climate simulation experiments become more real-
istic when the dynamic effects of the earth's orography
are included.

Washington and Kasahara completed work on the
simulation of January climate using the version of the
model with two 6 km thick layers. However, most of
their experiments used the version of the model with six
3 km thick layers, giving a model atmosphere height of
18 km. Both models have a horizontal longitude and
latitude resolution of 5°. After comparing many experi-
ments, they concluded that the results of both climate
simulation and short-range, real-data forecasts are con-
sistently superior with the six-layer model.

In climate simulation experiments for January and
July, Kasahara and Washington specified the sun's
declination, the distribution of ocean-surface tempera-
tures, and the earth's albedo, as determined by the
latitudinal distribution of zonal mean cloud amounts.
Although these simulations are adequate for many
features of the climatology of each month, there remain
certain deficiencies. For example, the northern hemi-
sphere temperatures continue to rise in the July simu-
lation; this may suggest a need to take into account
seasonal transitions. In another example, the baroclinic
activities that form highs and lows in the southern
hemisphere are generally underestimated; there is some
evidence that this may result from using a climatological
average sea-surface temperature which comes too close
to being a zonal distribution. For simulation experi-
ments, Kasahara and Washington concluded that they
need more detailed structure in the distribution of

sea-surface temperatures than is inherent in a climato-
logical mean. Since an ocean circulation model that can be
coupled with the atmospheric model is not yet available,
they began an analysis of the global distribution of
monthly mean ocean temperatures for each month of
the year, using a variety of data sources, based on
monthly climatological temperatures. The inclusion of
the results of this analysis in the model will permit the
simulation of seasonal changes for an entire year.

Stratospheric Simulation Experiments

In order to study lower stratospheric motions,
Kasahara and Washington developed a new version of
the GCM with six 6 km thick layers. The top of the
model atmosphere is set at 36 km, where the pressure is
S5 mb. The two lowest layers represent the tropo-
sphere, and the remaining four layers represent the
lower stratosphere. To this model they added a heating
term describing the absorption of solar energy by ozone
in the stratosphere. In the January simulation they
specify the ozone distribution from the observed
January mean. In future work they hope to incorporate
photochemical processes and to predict the ozone distri-
bution as well. Even with the coarse vertical resolution
of the model atmosphere, they were able to find a clear
separation of the tropospheric westerly jet from the
polar-night jet in the northern hemisphere. The latitude
dependence of tropopause height is well simulated in the
temperature and vertical motion fields. The simulation
of tropospheric motions is, incidentally, much improved
by placing the upper boundary of the GCM at such a
high level.

New Computer Program of the Model

The original GCM computer program was a "research
code" which grew each time new physical formulations
were added. Finally no room was left to add new
physics or to improve the vertical and horizontal grid
resolutions. Oliger, Wellck, Helgason, and DeSanto (all
of the Computing Facility) wrote a new version of the
GCM code, and began writing an operating manual to
describe the physical processes involved and the linkages
between the main dynamics program and the subpro-
grams. The new code has the following advantages:



1. It runs 50% faster, performing one-day forecasts in
one hour, instead of the two hours required by the old
code.

2. It frees one-half the memory of the Control
Data 6600, instead of using the entire memory as
required by the old code.

3. It coarsens the mesh near the poles in a manner
such that the longitudinal mesh distance stays more
nearly constant than was possible using the old code.

4. It fills only a fraction of a mesh volume with
mountains instead of using a full mesh volume as
required by the old code.

5. It separates various physical processes from the
basic dynamics as modifiable subprograms, an option
not available using the old code (see Fig. 1).

Fig. 1 The new GCM code is a system of modifiable
subprograms, each of which represents a physical
process that interacts with the basic atmospheric
dynamics. The formulation of each physical process
can be checked with the forecasts using real data.

REAL-DATA FORECASTING

Climate simulation experiments can tell us about the
performance of the GCM in describing such statistical
features of atmospheric motions as momentum, heat,
and energy balances. However, a successful model must

also be capable of predicting actual day-to-day weather
changes using real data.

Baumhefner and Takigawa (visitor from the Japan
Meteorological Agency) worked on the analysis of real
global data, and Baumhefner experimented with these
data as initial conditions for the GCM. Three global data
sets are currently in use: a January 1958 case for a
period of five days was analyzed; a March 1965 case for
a single day was acquired from the Geophysical Fluid
Dynamics Laboratory, ESSA; and considerable progress
was made with a December 1967 case. Tom Orton,
Diane Wagener, and Deborah Wilcox (all NCAR casuals)
tabulated grid values, and Orton prepared global, satel-
lite nephanalyses to aid the analyses of wind and
pressure fields.

Current experiments with real-data forecasts use the
six-layer version of the GCM, which includes explicit
moisture prediction. The initial data are adjusted using a
balance equation code for the six-layer model prepared
by Browning and Miller (both of the Computing
Facility). Williamson began studying an initialization
method that uses iterations with the model itself to
identify and remove high frequency motions created in
the initial adjustment process.

Another study examined the influence of meteo-
rological data in the southern hemisphere on weather
predictions in the northern hemisphere by comparing
the results of two forecasts. One is a global forecast
starting from global real data. The other is a northern
hemisphere forecast for the same period in which a solid
wall was inserted at the Equator and the southern
hemisphere ignored. Preliminary results indicate that
above 20ON the influence of the southern hemisphere is
relatively small in the northern hemisphere for predic-
tions of up to one week, but becomes significant for
predictions beyond one week.

RADIATION BUDGET
OF THE ATMOSPHERE

Solar radiation received on the earth is transformed
into sensible heat, latent heat, and kinetic energy of the
atmosphere and ocean, and is ultimately emitted to
space as terrestrial radiation. The rate of change of the
total energy in the atmosphere-earth system is equal to
the net radiation budget at the top of the atmosphere.



In recent years the global radiation budget has been
directly measured by satellite as a function of time,
latitude, and longitude; within the accuracy of these
measurements, the theoretical view that the annual mean
energy of the earth is unchanged over many years has
been confirmed. However, considerable difference be-
tween observation and calculation was found in terms of
each component of solar and terrestrial radiation. For
example, Julius London (University of Colorado) deter-
mined the planetary albedo to be 36% for the northern
hemisphere, whereas Thomas vonder Haar (University of
Wisconsin) computed it to be 29% from the satellite
measurements.

Sasamori, Hoyt (HAO), and London made a detailed
calculation of the global radiation budget using radiative
transfer equations that take into account absorption,
scattering, emission, and reflection by the atmosphere-
earth system. Based on climatological data given by van
Loon and Jenne (Computing Facility) for the southern
hemisphere and by London for the northern hemisphere,
the radiation budget was calculated for four seasons at
every 5° of latitude. The results averaged over a year are
summarized as follows:

Net absorption Emission of Mean
of solar terrestrial albedo
radiation radiation
(cal/cm 2 min) (cal/cm2 min)

Northern 0.347 0.344 0.306
hemisphere

Southern 0.338 0.332 0.324
hemisphere

Global 0.342 0.338 0.315

The small global imbalance, 0.004 cal/cm 2 min, may
be due to truncation error in the calculation. The
calculated albedo is less than that of past calculations
but still larger than that of the satellite observations as
evaluated by vonder Haar.

NUMERICAL MODEL OF THE
BOUNDARY LAYER

Knowledge of what happens in the first hundred
meters above the earth's surface is very important in

accounting for the sources and sinks of energy for the
atmosphere. Therefore, many physical processes occur-
ring in this atmospheric boundary layer must be prop-
erly included in the general circulation models.

Sasamori continued work on the development of a
numerical model of the atmosphere-ground boundary
layers in order to help "parameterize" boundary layer
processes. One of the important variables is the tempera-
ture of the earth's surface, which can be determined by
the balance of energy flux at the surface. In the balance
computation the least known quantity is the amount of
heat conducted into the ground. Sasamori's calculations
showed that the heat flux into the ground is comparable
to the sensible heat flux from the ground to the
atmosphere. He also found that the sensible and latent
heat fluxes from the ground vary considerably from
place to place depending on the characteristics of the
soil, its moisture content, and the ground albedo.

A three-dimensional numerical study by Deardorff to
describe the boundary layer complemented Sasamori's
work. Hopefully, the two studies will suggest an
improved formulation for treating the boundary layer in
the GCM.

FINITE-DIFFERENCE
INTEGRATION METHODS

An important aspect of atmospheric modeling is the
design of accurate finite-difference schemes to obtain
numerical solutions for the atmospheric equations. Gary
(Computing Facility) completed a comparative study of
the finite-difference scheme used for the NCAR general
circulation experiments and the scheme being developed
by Kurihara at the Geophysical Fluid Dynamics Labora-
tory, ESSA. The two schemes appear to have almost the
same accuracy for the same amount of computing time.

Williamson developed a finite-difference scheme for a
spherical geodesic grid consisting of nearly equilateral
spherical triangles with nearly equal areas. Test integra-
tions showed that the variation of the grid interval
introduces an unexpected problem in that the schemes
which are second order when applied to a uniform grid
become first order when applied to such a nonuniform
grid. However, the errors decrease with decreasing grid
size, and with a 2.5° grid the geodesic schemes are at
least as good as those now used for spherical models,
and result in a slight saving of computer time.



INTERACTIONS BETWEEN TROPICAL
AND MID-LATITUDE CIRCULATIONS

Dickinson has previously worked on the vertical
propagation of planetary waves, and many of his con-
cepts prove to be equally applicable to the study of the
horizontal propagation of waves from a source region at
one latitude to a sink region at another. It is important
to note that planetary waves can transfer energy and
momentum in opposite directions.

Dickinson derived an analytic solution in which the
energy produced by a continuous spectrum of planetary
wave disturbances in mid-latitudes is absorbed at critical
lines in a region of decreasing wind in the tropics. There
is an associated tropical momentum divergence. This
clarifies the dynamics of the similar, somewhat more
elaborate numerical model of Mak at MIT. Absorption
by dissipation will somewhat modify this picture, but it
is clear that mid-latitude planetary wave sources can
produce only momentum divergence in the tropics and,
consequently, should produce an eddy flux of momen-
tum from the summer to the winter hemisphere.

The observation of large momentum fluxes passing
from the winter to the summer hemisphere makes it
apparent that there must be some mechanism, centered
in the summer hemisphere tropics, acting to produce a
momentum convergence of magnitude comparable to
the momentum divergence produced by mid-latitude
planetary wave sources. Dickinson's analysis indicated
that the mechanism involved is the production of quasi-
stationary planetary waves by zonal asymmetries of the
intertropical convergence zone (ITCZ).

Tropical sources of stationary planetary waves may
be as important in determining the mid-latitude climate
and long-period variations as are mid-latitude sources
such as large-scale topography and land-sea thermal
contrasts. Planetary wave numbers one, two, and three
would be most important, since planetary waves with
the longest longitudinal wavelengths most easily propa-
gate latitudinally as well as vertically. It is clearly
desirable to obtain more complete tropical data coverage
in order to define the role of the tropics in determining
mid-latitude weather and climate.

Horizontally propagating planetary waves are neces-
sarily accompanied by eddy transport of momentum,
and thus are important in determining the structure of
mean zonal winds and mean meridional circulations.

Dickinson developed a simple model of the symmetric
circulation in the tropics. The thermal forcing used in
the model is an idealized version of latent heat release in
the tropical upper troposphere by tall cumulus towers in
the ITCZ. The momentum forcing was based on the
observations of momentum transport by Kidson, Vin-
cent, and Newell at MIT. Some of Dickinson's results
for the annual mean and first harmonics were interestr
ing: (1)a cold equatorial tropopause is produced when
the thermally driven vertical motion overshoots the
source region; (2) the maximum westerly flow is close to
the Equator when only a thermal drive is considered;
(3) the maximum westerlies are displaced outward to
mid-latitudes by horizontal eddy momentum transports;
and (4) the computed zonal winds are markedly sensitive
to the assumed strength of the linear frictional drag.

SEMIANNUAL CIRCULATION CYCLES

Van Loon and Jenne (Computing Facility) nearly
completed a description of the first and second harmon-
ics in the annual march of pressure, temperature, and
geostrophic zonal wind below 100 mb in middle and
high southern latitudes. To investigate more closely the
half-yearly cycle in the tropics, they used data from the
Indian Ocean, where the cycle is most noticeable, and
extended the description into the northern hemisphere.
The second harmonics in the tropics and subtropics
proved to be symmetrical about a point a few degrees
north of the Equator; they also accounted for a much
larger portion of the total variance of temperature in the
outer tropics of the southern than in the northern
hemisphere, since the first harmonic is much larger in
the northern subtropics. In addition to the half-yearly
cycle in the zonal wind above 500 mb in the tropics
with maxima near the first of May and November (see
1968 Annual Report), they found another equally dis-
tinct cycle in both hemispheres closer to the Equator
and in the lower half of the troposphere. The cycle's
maxima occur early in February and August--that is,
its phase is the reverse of the cycle above 500 mb.

Van Loon and Jenne suggest that the equatorial
temperature variations are linked to the twice-yearly
approach of the rising branch of the Hadley circulation.
In the troposphere, where ascent occurs in moist air, the
latent heat release will be greatest at these times, causing
a second harmonic in the annual course of the tempera-
ture. At higher levels, ascent in dry air with cooling
results in a second harmonic of temperature of opposite
phase, as is observed above ~ 150 mb.



The seasonal movement of the axis of the subtropical
jet stream over Australia has a strong half-yearly com-
ponent which brings it nearest to the Equator in May
and November. This offers a clue to the nature of the
second harmonics in the outer tropics and subtropics. It
is well known that the temperature gradients are steep
in the middle and upper troposphere below the sub-
tropical jet stream with warm air on the side toward the
Equator. The temperature gradients in the lower strato-
sphere above the jet stream are equally steep but of the
opposite sign, with the warm air on the poleward side.
It is logical that a second harmonic in the latitudinal
movement of the jet stream and the accompanying steep
temperature gradients must be associated with a second
harmonic in the temperature of a place within reach of
the system, and that the phase of the harmonic must
reverse upward, at the axis of the jet stream, where the
latitudinal gradient in the temperature changes sign.

Dickinson began working with Chiusano (visitor from
the University of Wisconsin) on a theoretical model of
the structure of the semiannual oscillation observed by
van Loon and Jenne. They are seeking to explain the
following features of the semiannual oscillations of
winds and temperatures in the tropics which are evident
from May through November: maximum westerlies in
the upper troposphere and maximum easterlies in the
lower troposphere; maximum temperature in the upper
troposphere at the Equator and a minimum temperature
both in the lower stratosphere at the Equator and in the
subtropical troposphere.

These features were reproduced by Dickinson and
Chiusano's model with a semiannual thermal source.
They identified the required semiannual periodicity of
latent heat release in the tropics with the seasonal
excursions of the ITCZ about the Equator. The small
semiannual oscillation of eddy momentum flux observed
by Newell's group at MIT appears to be less important
as a driving mechanism, and is possibly the result of
planetary waves interacting with the semiannual zonal
winds.

PREDICTABILITY

Early experiments with general circulation models
showed that an error introduced into the initial state
grows exponentially, but with a doubling time of a few
days; these experiments thus gave hope that two-week
forecasts might become feasible. In 1967, G. D.
Robinson (Travelers Research Corporation) suggested

that this hope was ill-founded, and used ideas from
turbulence theory to show that errors grow explosively
and limit the prediction of large-scale motions to only a
few days. In 1968, E. Lorenz at MIT used a more
refined model and showed that Robinson was essentially
correct if one assumed a -5/3 power energy spectrum
for the smaller planetary scales of motion. There is
increasing evidence, however, that the energy spectrum
in such scales in both the real atmosphere and the
general circulation models follows the -3 power spec-
trum predicted by the two-dimensional turbulence
theories of Kraichnan and Leith.

Leith applied both Kraichnan's Lagrangian history
direct-interaction theory and the simpler eddy-damped,
quasi-normal theory to two-dimensional turbulence. He
found in both cases that errors grow exponentially, yet
slowly enough to restore optimism about the predict-
ability of the atmosphere.

KINETIC ENERGY SPECTRA

Julian, Washington, Louis Hembree, Jr. (University of
Texas), and Cicely Ridley (NCAR casual) calculated the
spectrum of large-scale atmospheric kinetic energy.
Because of its important implications for predictability
(discussed in the previous section), they wished to
confirm Wiin-Nielsen's (University of Michigan) earlier
computations that had given a -3 power spectrum.
They divided analyzed wind fields of the northern
hemisphere into two parts, one containing a denser data
network than the other, and computed separate spectra
for each part. Thus, they could test the extent to which
data density might artificially influence the spectra. They
also obtained a spectrum as the transform of a wind-
correlation function, thereby avoiding any effects of the
analysis scheme on the spectral density distribution. The
higher wave number side of each computed spectrum
was close to the -3 power law, thus supporting the
earlier results.

TWO-DIMENSIONAL TURBULENCE

Lilly and Fulker (Computing Facility) continued
numerical simulation studies of idealized two-
dimensional turbulence (1968 Annual Report), placing
increasing emphasis on applications to large-scale atmo-
spheric dynamics. Over a three-octave spectral range they
generated the -3 power energy spectrum that was
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predicted by Kraichnan, Leith, and Batchelor, and that
has been observed generally in large-scale atmospheric
motions. In subsequent experiments they added a
Hooke's Law drag term to the vorticity equation to
simulate qualitatively the effect of boundary layer fric-
tion and energy dissipation. This allowed development
of a statistically steady-state model maintained by large-
scale random forcing that exhibited an energy spectrum
apparently similar to that of the large-scale atmosphere
described in the previous section.

These results appear to demonstrate that the large-
scale atmosphere behaves in some important respects
like a two-dimensional fluid, and that some of its
fundamental characteristics can be explored with very
simple models. One such characteristic of great practical
importance is the theoretical predictability of the flow
field (discussed under Predictability)--that is, the period
of time before random errors in an initially prescribed
flow field grow as large as the difference between two
randomly chosen fields.

Lilly and Fulker conducted predictability experiments
for two-dimensional turbulence by comparing the
numerically predicted evolution of a statistically steady-
state model with a model integrated from slightly per-
turbed initial conditions. Lorenz predicted that if a
-5/3 power spectrum exists and if the initial errors are
mainly in the high wave number components of the
flow, then the loss of predictability will advance with
time through the energy spectrum toward larger scales.
The results of Lilly and Fulker's experiments with a
-3 power spectrum show a different behavior. An
error energy spectrum quickly develops and grows
exponentially in a shape-preserving manner. The error
energy spectrum is similar in shape to the total energy
spectrum at scales substantially smaller than the forcing
scale, and therefore the entire high wave number part of
the flow becomes unpredictable almost simultaneously.
For scales of nearly the same size or larger than that of
the forcing function, however, the loss of predictability
does propagate toward larger scales, as predicted by
Lorenz.

NUMERICAL MODELS
OF OCEAN CIRCULATIONS

With our successful development of the atmospheric
GCM, the need to combine an ocean circulation model
with the atmospheric model and to treat the two models
as a simultaneous system has become increasingly clear.

in the past few years at NCAR, the study of physical
oceanography has placed special emphasis on the design
of ocean circulation models. Several factors distinguish
ocean circulation from atmospheric circulation. The
character of their motions and time scales is quite
different. Major mass transports of water are concen-
trated in narrow jet-like streams, and fine resolution of
the computational grid is needed to describe the
behavior of the motions. At present the detailed study
of ocean circulations is hampered by inadequate observa-
tional data, particularly for the large body of the
oceans.

The Pacific Ocean

The numerical model of the North Pacific Ocean that
O'Brien (visitor from The Florida State University) had
previously developed (1968 Annual Report) has now
been extended to include the South Pacific. His model is
based on the barotropic shallow water equations with
external forcing due to the atmospheric wind stress, and
all major known currents in the North Pacific are more
or less successfully simulated. A numerical experiment is
planned with the extended model, using wind stress data
taken from the atmospheric GCM.

The Antarctic Circumpolar Current

Since the Antarctic Circumpolar Current is not
included in O'Brien's ocean circulation model, Schulman
is developing a separate numerical model of this current.
The Antarctic Circumpolar Current is a jet-like zonal
flow which travels in a complete circuit around Ant-
arctica. One of the major ocean current systems of the
world, this stream has a transport exceeding that of the
Gulf Stream, and provides a coupling between flows in
the South Pacific and South Atlantic ocean basins
through the Drake Passage between Cape Horn and
Antarctica.

Previous work on this subject has dealt mainly with
the linear response of the ocean on a beta-plane with
flat topography between two closely spaced latitudes; it
has ignored the influences of variable topography and
nonlinear terms, which become especially important in
the Drake Passage. Schulman's numerical model includes
nonlinear and topographic contributions on a rotating
sphere. The barotropic circulation system is driven by a
zonal wind stress, and bottom friction is the dominant
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dissipative mechanism. If the basin is extended to 15°S,
the north-flowing Falkland Current and the south-
flowing Brazil Current become evident.

Schulman's results show strong topographic effects on
the path of the current. The computed transport is
- 200 X 106 m3 /sec, which is remarkably close to the
observed estimates. Upon passing through the Drake
Passage, a large portion of the Antarctic Current is
deflected sharply to the north into the Falkland Cur-
rent. The Brazil Current, the South Atlantic analogue of
the Gulf Stream, is produced by the main wind gyre and
flows south until it meets the Falkland Current at about
350S, where the two streams merge and separate from
the continent. Thus, the basic features of the southern
oceanic circulation are well accounted for by the model.

Effects of Bottom Topography

The North Atlantic Ocean is characterized by (1) a
mid-oceanic ridge which is equidistant from the conti-
nents, and has a height about one-half the maximum
depth of the ocean; (2) a continental shelf and rise along
the western edge of the ocean; and (3) the Blake
Plateau, a narrow, flat prominence which lies just east of
the continental slope, and at about one-fourth the depth
of the main ocean basin. Schulman and Pearn Niiler
(Nova University) completed an extensive program
(see 1968 Annual Report) investigating the effect of
such bottom topography on the wind-driven ocean
circulation.

Earlier theories of the circulation, which assumed
either level topography or infinite ocean depth, showed
large, closed gyres in the interior which followed the
distribution of wind stress curl, and a western boundary
layer with intense meridional current having maximum
velocity along the western wall. In this study Schulman
and Niiler showed that the above topographic features
strongly affect the streamline pattern and that the
computed flow is considerably different from that
derived by assuming a flat bottom.

Although the fluid is driven by surface stress and is
dissipated by bottom friction, the calculations indicate
that there is a great tendency for the ocean to conserve
potential vorticity. On crossing the mid-ocean ridge, the
streamlines of the Gulf Stream are deflected first to the
south, until the apex of the ridge is crossed, and then
back to the north to approximately the original latitude.

If the magnitude of bottom friction is small, the flow
approaches the inviscid solution except along the west-
ern edge of the basin.

Summer Symposium on Physical Oceanography

There was great progress in the general theory of
ocean circulation during the late 1950s and early 1960s,
notably through the exploitation of the Navier-Stokes
equations of motion applied to a rotating sphere. Many
of the simpler, linear problems were solved and seemed
to yield satisfactory agreement with observations. Thus,
such important oceanographic phenomena as the Gulf
Stream and the thermocline were given a physical, albeit
heuristic, explanation.

Those few oceanographers doing work today on
general circulation theory have taken apparently
individual and unique directions, each concentrating on
some aspect of the problem he considers crucial. This
may have marked a turning point in the development of
the theoretical approach. Since several oceanographers
had been invited to spend the summer at NCAR, a
symposium was conducted to gain a unified view of
current research activities. Douglas Davison and Kenneth
Denman (both from the University of British Columbia),
Michael Hantel (University of Miami), Roy Herndon
(Nova University), Stanley Jacobs (University of Michi-
gan), Dennis Moore and Pearn Niiler (both from Nova
University), James O'Brien (The Florida State Univer-
sity), and Peter Rhines and Harold Solomon (both from
MIT) visited for extended periods and participated in
the symposium. In addition, Kirk Bryan (ESSA), Walter
Munk (University of California, La Jolla), Owen Phillips
(The Johns Hopkins University), Robert Reid (Texas
A & M University), and Allan Robinson (Harvard Uni-
versity) each spent several days at NCAR discussing their
recent work and ideas.

MODELS OF THE THERMOSPHERE

An understanding of neutral motions of the thermo-
sphere (the atmosphere above ~ 80 km) is essential to
an understanding of the ionization, chemical, and elec-
tromagnetic processes in this region. Several scientists at
NCAR have been working on a basis for a hydro-
dynamic description of planetary-scale motions of the
thermosphere.
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Effects of Viscosity and Conductivity

Dickinson began collaborating with Ridley to develop
a hierarchy of models for the steady circulation of a
nonrotating, viscous, heat-conducting atmosphere. The
cornerstone for this work is a completed study giving a
detailed analytic solution for the simplest linear model
in this hierarchy, and the accuracy of each model is
checked by reference to the previously developed model
of known accuracy.

The solutions illustrate the vertical coupling between
motions and the temperature field in a stratified fluid;
the coefficients of kinematic viscosity and thermal con-
ductivity increase exponentially with height. They show,
for example, that heat sources at relatively low levels
can produce temperatures and circulations at high levels
that are inverse to the directly driven temperature and
wind oscillations.

Dickinson and Ridley subsequently developed finite-
difference models that allow inclusion of ion drag,
Newtonian cooling, and static stability as arbitrary
functions of the vertical coordinate. They included
horizontal molecular viscosity and heat conduction in
these models, and have begun inclusion of time depen-
dence and nonlinearities, as well as extension to a
rotating sphere.

Adiabatic Heating and Cooling
by Vertical Motions

Dickinson also began a study with Roble (ASP
visitor from the University of Michigan) of the motions
and temperature perturbations consequent to steady
heating of the neutral atmosphere in the F-region due to
the energy deposited in forming a stable mid-latitude red
arc. The adiabatic cooling by upward motion in the
source region at about 50° geomagnetic latitude greatly
reduces the amplitude of the maximum temperature
response from that predicted when a one-dimensional,
heat-conduction model is used. The return subsidence
has a horizontal scale exceeding the source scale by an
order of magnitude. The resulting adiabatic warming
carries the temperature perturbation and geopotential
height gradients (and hence horizontal winds) out to a
great distance beyond the source region.

Diurnal Circulation

The diurnal oscillation in the thermosphere may be
regarded as the dominant feature of its general circu-

lation. Lagos (visitor from MIT) began developing a
numerical model to study this phenomenon. He com-
pleted a simple version of the model describing the
coupling between the equation of motion and the
thermodynamic equation on a spherical earth. In this
system the equation of motion is replaced by a balance
equation between pressure gradient forces and ion drag,
known to be approximately valid in the middle thermo-
sphere. Solar heating, infrared cooling, and heat con-
duction are included in the thermodynamic equation.
The results give a good description of the role of vertical
motion in the dynamic processes in the thermosphere,
and further confirm the fact that adiabatic heating and
cooling by vertical motion is the "second heat source"
postulated by Harris and Priester to explain diurnal
changes in atmospheric densities at satellite altitudes.

THEORY OF ACOUSTIC-GRAVITY WAVES

Transports of Energy and Momentum
by Wave Motions

In order to understand the mechanism of upper
atmospheric circulations, atmospheric dynamicists have
given special attention to the problem of transports of
energy and momentum by gravity waves from the
troposphere into the stratosphere, mesosphere, and
thermosphere. In the past, Walter Jones has worked on
the transport of energy by internal waves; his efforts in
1969 were centered on momentum transport processes.

If we create a "wave packet" in a fluid by some
means, and if it propagates to some far region where it
is dissipated, it will transport both energy and momen-
tum from the source region to the sink region. If the
medium is nonuniform in its propagation characteristics
(possessing, for example, a time- or space-varying mean
motion), a number of interesting effects such as partial
reflection and scattering can occur. Even within the
simplified approximations of geometrical optics, the
wave packet may be deflected and exchange both energy
and momentum with the medium. Several authors have
recently contributed to the understanding of these
exchange processes, notably Whitham, Bretherton, and
Garrett.

We may write a generalized conservation equation in
terms of the four-dimensional, time-space divergence of
an energy-momentum tensor whose components are the
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energy and momentum densities and fluxes. If a
Lagrangian density is available for a system we may
derive the energy-momentum tensor from it by classical
variational techniques. However, if a Lagrangian density
is not available, what we may do is to define one based
on first-order, wave-perturbation quantities and then
perform the classical manipulations on it. We refer to
the resulting tensor as the wave energy-momentum
tensor in that it defines wave energy and wave momen-
tum. These definitions and the resulting conservation
equation are consistent with linear theory, but their
relation to physical energy and momentum is somewhat
nebulous.

Alternatively, we may derive the individual com-
ponents of the energy-momentum tensor from the
fundamental equations. Although the derivation is
tedious and there are numerous subtle pitfalls, this
approach is closer to the physics of the problem, and it
is easier to interpret the physical significance of the
results. Jones completed such an analysis for momentum
density and momentum flux with the following results:

1. Momentum density and flux may each be divided
into two parts, one attributable to correlations between
wave perturbation quantities and the other to a mean
state existing in the presence of the wave.

2. If the approximations of linearization and geo-
metrical optics are made, the correlation quantities are
equivalent to the wave momentum density and flux
derived from the variational principle.

3. Under these approximations the wave momentum
density is equal to the wave energy density divided by
the wave phase velocity measured relative to the
medium. The wave momentum flux is equal to the
dyadic product of group velocity and wave momentum

density. This generalizes a result well known for sound
and water waves.

Normal Modes of Oscillation
and Ducted Waves

The normal modes of oscillation of the fluid motion
are obtained by solving the homogeneous linearized
governing equations with the boundary conditions of the
problem. If we take functions of the height coordinate
alone as parameters of the model, then we find certain
specifiable relationships between horizontal wave num-
bers and frequencies of the normal modes; these form
surfaces in wave number-frequency space. Jones began
working on the character of such normal mode surfaces
with the hope that it might help to clarify the inter-
action between different classes of wave modes.

There is one immediate application relevant to the
ionospheric oscillations whose relation to thunderstorms
has been shown by Georges and by Baker and Davies
(all from the ESSA Environmental Research Laborato-
ries). These oscillations have periods of - 3 min, and
may represent an interaction between the fundamental
and first acoustic modes of oscillation. At short periods
the fundamental mode is concentrated in the tropo-
sphere, while the first acoustic mode is predominantly in
the mesosphere and lower thermosphere; at longer
periods the reverse is true. At periods of - 200 sec both
modes are nearly the same wavelength and extend from
the lower to the upper atmosphere. At this frequency
these modes are excitable at the tropopause and observ-
able at ionospheric heights. At other frequencies the
modes are either hard to excite low down or do not
penetrate far up. We thus arrive at a reasonable expla-
nation of the observation simply from considering
normal modes in wave number-frequency space.
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MESOSCALE MOTIONS

TROPICAL CIRCULATIONS

Mesoscale Convective Systems

Lack of understanding of the interactions between
the convective and synoptic scales is one of the central
problems of tropical meteorology. This problem centers
about two questions. Given a certain large-scale initial
condition, can we predict or at least comprehend the
nature of the convective clouds and mesoscale systems
that result from forcing by motions on this large scale?
Conversely, given a certain distribution of convective
clouds and mesoscale systems, can we comprehend or
predict the feedback from these systems to the larger
scales? This mutual interaction is to some extent under-
stood for the case of the tropical cyclone, but in the far
more common tropical disturbances that never become
tropical cyclones it is not. Collectively, these sub-
hurricane cloud systems are vital links in the energetics
of the tropical atmosphere as a whole, and must ulti-
mately be accounted for in some way in any global
model of the general circulation.

Using satellite and conventional data from the 1967
Line Islands Experiment and from the 1968 Barbados
experiment, Zipser continued his analysis of tropical
disturbances. One common type of interaction between
the convective and synoptic scales over tropical oceans
takes the form of squall systems, and is in many ways
similar to mid-latitude squall lines and to disturbance
lines over tropical Africa. An important element of the
interaction is the formation of massive unsaturated
downdraft systems, in which dry mid-tropospheric air of
low equivalent potential temperature is brought down
into low levels. This greatly enhances the air-sea temper-
ature and dew-point contrasts. Therefore, the warm-
updraft, cool-downdraft systems not only transfer
energy through a deep layer of the atmosphere, but also
increase the rate of heat and water-vapor transfer from
sea to air in the region affected by outpourings of cool
unsaturated air from the downdrafts (as suggested by
Riehl and Malkus). The obvious parallels with mid-
latitude squall lines suggest that comparative studies may
be profitable. Zipser's initial results indicate that the
water and energy budget of both updraft and downdraft

cycles in a mesoscale tropical system compare rather
closely to a strong midwest squall line ~ 300 km in
length.

By creating a layer of potentially cool air extending
over a large region at low levels, the above process also
destroys the potential for new convective clouds. New
cloud growth is then restricted to the flank of the
downdraft air, and rapid decay of the entire disturbance
can result from the absence of buoyant convection in its
interior. An important corollary finding is that some
disturbances are ineffective in producing these large-scale
downdrafts. Their absence can allow new convective
growth to continue in the general rain area, ultimately
warming the atmosphere in this region and permitting
the type of convective interaction that leads to tropical
cyclone development (as described by Yanai and
modeled by Ooyama). Zipser analyzed one such case
from the 1968 Barbados flights, and he expects data
from the 1969 Barbados Oceanographic and Meteo-
rological Experiment (BOMEX) to provide several cases
of both contrasting types of convective behavior.
Studies of this kind, in addition to their intrinsic
interest, may yield information useful in planning the
more extensive GARP tropical experiments.

Another important type of interaction that requires
study is that between the deep tropics and the sub-
tropics. Specifically, we need to learn what is responsi-
ble for the formation and dissipation of the intertropical
convergence zone (ITCZ) on a day-to-day basis. Data
from the Line Islands Experiment contain several cases
in which major changes in the location and intensity of
the ITCZ appear to be related to processes in the
subtropics of both the northern and southern hemi-
spheres. Although these interactions are complex, we are
beginning to make some progress in describing them,
and it now appears that the remarkable wind structures
in the equatorial regions, described below, are related to
weather systems in the subtropics of both hemispheres
and that changes in wind structures are also related to
the important variations in the ITCZ. (See also Inter-
actions between Tropical and Mid-Latitude Circulations,
and Semiannual Circulation Cycles, under Planetary-
Scale Motions.)
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Near-Equatorial Wind Structure

To improve computations of low-level winds from the
Line Islands Experiment we have added a considerable
amount of information to the original rawinsonde data
set. Madden, working with Joseph (Computing Facility),
has made some 15,000 additions and corrections to this
data collection, thus making available one of the most
carefully processed short-term records of the upper-level
winds near the Equator. Madden computed power
spectra of the meridional winds. These show tendencies
for high frequency (4-5 days) in the low troposphere,
low frequency ( > 10 days) in the middle and upper
troposphere, and high frequency again in the lower
stratosphere. Madden and Joseph began to amass evi-
dence to interpret what these spectra mean in the
synoptic sense.

With Zipser, Madden investigated the structure of the
Line Islands winds and was able to show by both time
cross sections and vertical correlations that the winds
near the Equator are considerably more complex than
the winds over the subtropical locations of Johnston
Island or Hawaii. Over Canton Island (20S) and over the
Line Islands (2-6°N) the winds show a persistently
layered structure with the meridional component on a
given sounding changing sign as many as eight times
below 20 km. As an outgrowth of this study, extremely
large vertical shears (up to 45 m/sec in just over 2 km)
were discovered and investigated over the Line Islands.
Richardson numbers are often considerably less than one
( < 1) over relatively large vertical depths and for
periods up to 48 hr. These regions may therefore have a
high probability of containing clear air turbulence and
represent significant energy sinks in the large-scale circu-
lation near the Equator.

Robitaille undertook a detailed examination of the
behavior of the winds in the lowest 2,500 m during the
Line Islands Experiment. By classifying the winds
according to surface speed and direction, he found
regimes of systematic veering and backing with height.
The thermal wind in the vicinity of the Line Islands,
due primarily to the substantial sea-surface temperature
gradient with cooler water near the Equator, appears to
act in the proper sense: on the average, the strongest
veering is at Palmyra (warm-air advection) and the
strongest backing is at Christmas (cold-air advection).
The effect of stability variations on the winds in the
Ekman layer appears to be of second order.

Disturbances over the Tropical Atlantic

Both van de Boogaard and Zipser participated in the
summer 1969 field observation program of BOMEX.
With M. A. Estoque (University of Miami) and
H. Hawkins (National Hurricane Research Laboratory,
ESSA), van de Boogaard began a study of tropical
synoptic-scale perturbations. This included selected dis-
turbances occurring between the African West Coast and
the Caribbean during the fourth phase of BOMEX in
which three well defined disturbances were successfully
explored. Detailed reanalysis of weather charts is being
undertaken at Miami. Computer plotting of all relevant
upper-air data, as well as wind computations from some
of the aircraft flight data, are being undertaken at
NCAR. Objectives include determination of the three-
dimensional structure of wind, temperature, and
moisture fields; analysis of the dynamics of the distur-
bances with particular reference to vorticity, momentum,
and energy; and a study of relationships between the
mesoscale and large-scale synoptic patterns.

Southwest Monsoon
over the Afro-Indian Region

In collaboration with P. Koteswaram (India Meteoro-
logical Department), van de Boogaard continued a study
of the monsoon circulations (see 1967 and 1968 Annual
Reports). Although preliminary results based on a 5°
grid were encouraging, they felt that finer resolutions of
data input and computation in certain geographic
regions were essential to provide the correct synoptic-
dynamic interpretation of the Southwest Monsoon.
Accordingly, a 2.50 grid not incorporated in the earlier
computation has been employed in computing the
orographically induced vertical velocity at ground level.

Inclusion of the mountains also necessitated adjust-
ment of the wind field in the neighborhood of the
mountains during analysis of the large-scale flow pattern.
Where the mountains intersect a particular pressure
surface, only the wind component tangential to the
mountain is retained; this procedure brings a definite
improvement to the realistic aspects of flow around the
mountains such as the Himalaya Massif. A computer
program developed to perform objective streamline
analyses, with the aid of the graphic display unit of the
computer, proved particularly useful in assessing input
and output data. When analyses of the three-dimensional
wind field are in final form, van de Boogaard and
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Koteswaram will begin computations of the budgets of
momentum, water vapor, and energy. They began
gathering data for a similar treatment of the Northeast
(January) Monsoon, to provide insight into the charac-
teristic difference of the opposing seasonal circulation
patterns. Van de Boogaard also served as a member of a
working panel for the U.S. Navy Weather Research
Facility in a study of the Northeast Monsoon. During
1969 the Weather Research Facility published two
studies on the diagnosis and prediction of the monsoon
in Southeast Asia.

CONVECTIVE STORMS

Fankhauser applied objective data reduction and
analysis techniques to synoptic data from the ESSA
National Severe Storms Laboratory (NSSL) meso-
network of rawinsonde stations; these techniques have
produced estimates of air motion and energy exchange
processes that proved to be physically acceptable when
tested in a selected thunderstorm situation. Sounding
frequency and spacing (90 min and 40 n mi) do not
permit resolution of individual convection circulations,
but comparative energy estimates related to sensible heat
and 'water vapor fluxes indicate that transfers of energy
by thunderstorms are effectively represented when
integrated over the region encompassing active con-
vection. Further diagnostic studies were initiated to
appraise the role of organized convection in transporting
sensible heat, water vapor, and momentum and to learn
how thunderstorm transfer processes feed on and inter-
act with the atmospheric general circulation. Preliminary
estimates by Newton indicate that these transfers are
quantitatively significant. A well developed squall line
may transfer heat upward in amounts comparable to the
vertical energy transfer in an ordinary cyclone, and
angular momentum downward in situations in which the
eddy momentum transfer by non-convective vertical
motions would probably be upward.

In order to define the manner in which individual
convective circulations interact with their immediate
surroundings, it is necessary to rely on more detailed
observations by instrumented aircraft, dense arrays of
surface recording equipment, and calibrated weather
radar. Finer scale resolution from these sources, when
interpreted within the framework of the rawinsonde
network, permits analysis of the mechanisms that govern
thunderstorm growth, evolution, and movement.
Fankhauser began combining results from two field

experiments, conducted with NSSL's full complement of
observing facilities, in order to summarize the behavior
of large cumulonimbus clouds that form in typically
sheared wind regimes.

RADAR AND DROPSONDE PROGRAM

Radar Detection of Hail

Bushnell carried out radar probing of convective
storms with particular emphasis on hail detection.
During the summer excellent reflectivity records were
collected as part of the Joint Hail Research Project in
northeastern Colorado. These records are best inter-
preted in combination with simultaneously collected
data from hail catchers installed in the study area
by Byron Phillips (ESSA Environmental Research
Laboratories).

Two radar wavelengths (92 and 35 mm) were used;
meaningful comparison of measurements on two wave-
lengths requires radar stability and careful calibration.
For the 92 mm radar Bushnell stabilized the transmitted
power to a variation of ~ 0.5 db. The gain and trans-
mitter power are measured and reset each hour during
operation. The antenna gain is stable enough so that the
attenuation due to oxygen in the atmosphere can be
detected. Some difficulties remain with the gain of the
35 mm radar, which changes with temperature changes
during the day. Working with the 35 mm radar, Robert
Fischer (graduate student from Colorado State Uni-
versity) concluded that the shorter wavelength is so
strongly attenuated by precipitation particles in a well
developed storm that it is not feasible to use the
comparison of the two reflectivities to estimate hail size,
as claimed by Sulakvelidze and others in the Soviet
Union.

Although direct radar observation of the effects of
seeding was to be a major part of the Joint Hail
Research Project, no seeding was done in 1969 because
the Federal Aviation Administration (FAA) did not
authorize firing of seeding rockets.

Dropsonde Development

The NCAR dropsonde, under development for several
years by Bushnell, Glover, and Chu, is intended to
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measure the wind field inside a severe convective storm,
especially a hailstorm. Reliable observations of the verti-
cal motion in the hail-forming region of a thunderstorm
have never been obtained in a systematic way, though
this is a crucial element in any theory of hail formation.

The principle of the NCAR dropsonde is to combine
a pitot-static measurement of relative airspeed with the
absolute motion of the sonde in space (see 1968 Annual
Report for details). Bushnell and his staff improved the
treatment of corrections of the telemetered pressure
signals, improved the airborne tracking receiver, and
solved problems associated with the high-speed release of
sondes from the Sabreliner research jet aircraft.

Although preparations were made for full operation
in northeastern Colorado in 1969, complexities involved
in assuring the safety of the system with respect to
normal air traffic delayed the start of the operation
until 1970.

FRONTAL ZONES•

Shapiro carried out diagnostic studies of upper-level,
jet-stream-related frontal zones and evaluated the
various processes which give rise to momentum changes
within these zones. He began an attempt to determine
the effect of upper-level, frontal-scale processes upon
synoptic-scale cyclogenesis. An interesting example is an
observed tendency for frontal-scale shear zones to
organize themselves barotropically into synoptic-scale
vortices. In particular, he began to evaluate quantita-
tively the sensitivity of high-resolution, limited-area
weather forecasts to the inclusion or exclusion of
frontal-scale processes in the description of the initial
state.

MOUNTAIN LEE WAVE

Our observational, analytical, and theoretical studies
of mountain lee flow continued, with emphasis on
dynamic interpretation of previously obtained data.
Vergeiner (visitor from the Institute for Meteorology
and Geophysics, Innsbruck) reduced and evaluated
mountain wave data obtained from balloons and NCAR
Queen Air aircraft in 1966- 67 (see 1967 and 1968
Annual Reports). The data show a variety of flow
features anticipated by theory; these include more or
less regular lee waves, long waves associated with
windiness on the Great Plains, hydraulic jump flow, and
supercritical as well as subcritical flow.

Vergeiner, and Danielsen and Bleck took two separate
approaches in developing numerical methods for
modeling linearized steady-state gravity waves with
arbitrary upstream and topographic conditions. Com-
parison with observational data obtained in recent years
shows that both models are able to yield fairly accurate
quantitative predictions. On some occasions the model
results seem to be extremely sensitive to small differ-
ences in the upwind sounding, implying a similar sensi-
tivity in the atmosphere's own response.

Under Lilly's direction plans were formulated for a
new cooperative program to measure lee wave wind-
storm characteristics and clear air turbulence, principally
in the Boulder area, in early 1970. NCAR, the ESSA
Environmental Research Laboratories, and the Air
Weather Service will be the major participants, with
cooperative services provided by several other groups.
This is expected to be the first major program for the
NCAR-Desert Research Institute Buffalo aircraft. The
Buffalo is equipped for high-accuracy turbulence mea-
surements, and is intended to contribute to the GARP
program of measurements of clear air turbulence (see
Airborne Turbulence Measurements under Convection
and Turbulence).
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CONVECTION AND TURBULENCE

CONVECTIVE INSTABILITY
IN SHEAR FLOW

Newton, Ludlam, Browning, and others have often
pointed out that a large cumulonimbus is almost always
found to be upright or even slanting into the prevailing
wind. Yet the results of many numerical experiments by
various researchers on thermal convection in a shear
flow show that convection cells tilt downwind with
height, and that vertical shear tends to suppress the
development of convection. In order to investigate this
discrepancy between observations and computations,
Asai (visitor from the University of Kyoto) undertook a
theoretical study of the characteristics of three-
dimensional thermal convection. Past numerical com-
putations of thermal convection have used a two-
dimensional configuration; however, studies of
two-dimensional turbulence by Leith and Lilly have led
us to expect that the characteristics of three-dimensional
convection might be very different from those of two-
dimensional convection. (See Predictability; Kinetic
Energy Spectra; and Two-Dimensional Turbulence, under
Planetary-Scale Motions.)

Asai studied the stability properties of small-
amplitude perturbations superimposed on an unstably
stratified, plane-parallel flow with vertical shear, and
found that the vertical shear of the basic flow generally
has a stabilizing effect. This is particularly significant for
transverse perturbations--those whose wavelengths are
much longer in the direction perpendicular to the basic
flow. However, the vertical transfer of horizontal
momentum is closely related to the flow pattern of
perturbations. For transverse perturbations this transfer
occurs upward against the shear of the basic flow, and
transforms the kinetic energy of perturbation into that
of the basic flow. For longitudinal perturbations, how-
ever, the vertical transfer of horizontal momentum
occurs downward and transforms the kinetic energy
of the basic flow into that of the perturbations.
Thus, Asai's study showed that longitudinal perturba-
tions develop most easily, and that these tend to
form three-dimensional motions consistent with the
observations.

NUMERICAL SIMULATION
OF BUOYANT CONVECTION

Fox developed a numerical model of a fully three-
dimensional buoyant convection element. The model,
following earlier work of Lilly and Deardorff, uses a
dynamic stretching of the coordinate system so that a
steady-state solution in the stretched system corresponds
to a similarity solution in physical space. The present
model is limited in resolution and assumes constant
viscosity coefficients. This assumption appears to be
adequate to represent low Reynolds number thermals,
and is being compared with existing analytic solutions
for this regime. At higher Reynolds numbers, Fox's
model is able to simulate interesting ring vortex phe-
nomena; however, it is limited in simulating thermals by
the available computer capacity. Fox is considering a
re-programming procedure that would remove these
limitations.

AIRBORNE MEASUREMENTS
OF TURBULENT CONVECTION

Lenschow continued analysis of some of the airplane
turbulence measurements that were obtained in a con-
vective boundary layer over a flat surface during April
1968. The results showed clearly that the heat-
transporting eddies, or thermals, were elongated along
the direction of the wind. The average lengths of the
thermals intersected by the airplane were at least twice
as great for flights parallel to the wind as for flights
perpendicular to the wind. Estimates of the terms in
turbulent kinetic energy indicated that energy
dissipation was almost constant with height in the
convective layer, while the buoyancy generation term,
which is the only significant generation term above the
surface layer, decreased almost linearly to a slightly
negative value close to the top of the boundary layer.
Therefore, at the top of the convective boundary layer
the vertical transport of turbulent energy approximately
balanced the energy dissipation.
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LABORATORY STUDIES
OF THERMAL CONVECTION

Willis and Deardorff continued to explore the first
oscillatory motion that occurs in parallel-plate Rayleigh
convection. With smoke as a tracer, convection in air
can be viewed from above through a glass plate of
controlled temperature. The oscillation occurs along the
edges of convection rolls, and is often some combination
of a standing, traveling, or developing wave. At relatively
small Rayleigh numbers the oscillatory motion is inter-
mittent; at higher Rayleigh numbers it is quite prevalent.
The bursting of rolls undergoing large-amplitude oscil-
lations appears to be one of the mechanisms for tran-
sition to turbulence. Willis and Deardorff have observed
similar oscillations comprising the first unsteadiness in
silicone oil; the main differences appear to be associated
with the much greater Rayleigh number required to
induce oscillations in the much more viscous fluid.

They also continued to search for an explanation of
the discrete heat-flux transitions. Recent photographic
evidence strongly suggests that these transitions are
associated with variations in the rate of change of roll or
cell diameter with Rayleigh number.

AIRBORNE TURBULENCE MEASURING
SYSTEM

The measurement of air motions from an airplane
at wavelengths longer than 1 or 2 km has remained an
elusive goal. Lilly and Lenschow, together with James
Telford (Desert Research Institute) continued to develop
a measuring system for the NCAR Buffalo aircraft that
should eventually be capable of measuring the velocity
of the air with an accuracy of 10 cm/sec for the
duration of a flight. A key instrument necessary to
achieve this goal is an inertially stabilized platform. The
Litton LN - 15 - D inertial reference system was installed
and is expected to be capable of measuring the velocity
and orientation of the aircraft consistent with the
required accuracy.

Most of the external air motion sensors were
mounted on the Buffalo nose boom and flight tested.
These include sensors to measure the angles between the
airstream and the aircraft, true airspeed, and tempera-
ture. Hopefully, with the addition of hot-wire ane-
mometry it will be possible to measure air velocity
fluctuations of very short wavelengths, perhaps as small

as 1 cm. Several research programs are planned which
will make use of the completed Buffalo system (see
Mountain Lee Wave under Mesoscale Motions).

NUMERICAL STUDIES OF TURBULENCE

Deardorff compared results of a detailed three-
dimensional numerical model of turbulent shear flow
without rotation against laboratory measurements at the
highest available Reynolds numbers. The comparison was
favorable in almost all respects, and indicated that the
relatively simple numerical representation used for the
sub-grid scale turbulence was satisfactory.

Deardorff later added rotation so that the model was
applicable to a neutrally stratified planetary boundary
layer. Comparison of the results against the famous
Leipzig wind spiral showed that the frictional cross-
isobaric flow is considerably less in the model. This
result is interpreted as being due to the stable stratifi-
cation in the Leipzig atmosphere. A much better picture
now exists of the structure of the turbulent eddies,
which are believed to carry momentum downward in the
lowest 1-2 km. These eddies appear to be similar in
many respects to those of nonrotating turbulent shear
flow. In order to study convective layers of the sort
measured by Lenschow (see Airborne Measurements of
Turbulent Convection), Deardorff re-programmed the
model to allow the existence of temperature fluctuations
and heat flux, and to allow an increase of up to seven
times in horizontal resolution.

TURBULENCE THEORY

Orszag (visitor from MIT) began giving a series of
lectures based on a monograph he is writing to record
progress in the theory of turbulence in the last decade.
The existence of an ergodic system with quadratic
nonlinearity is an important basis for the fundamental
ideas of the theory of turbulence. Orszag constructed an
ergodic 5-mode dynamical system and showed other 4-,
5-, and 18-mode dynamical systems to be non-ergodic.
In other work, he made numerical studies of Burgers'
model turbulence at infinite Reynolds number, and
verified a theoretically predicted t - 2 /3 law of decay
with time. His study of the intermittency of turbulence
showed that a log-normal distribution of energy dis-
sipation implies that the initial values of moments of all
orders do not determine the values of moments at a
later time.



20

Atmospheric Chemistry and Microphysics

The research of the Chemistry and Microphysics
Department during 1969 proceeded to a large extent
along the lines described in the 1968 Annual Report. In
that year we concluded a number of activities and began
several large field studies that cut across program and
division lines and are expected to last for several years.
However, our research during 1969 answered several
important questions concerning the atmosphere.

A major goal of the Department is to achieve better
understanding of processes leading to precipitation in
convective clouds. This is a broad goal, involving theo-
retical, field, and laboratory studies, and requiring
studies of processes in clouds other than those formed
by convection. For example, one of our joint field
activities is the use of lenticular, or mountain wave,
clouds for cloud physics experiments. One set of experi-
ments demonstrated that the rate of evaporation of
droplets on the downwind side of such clouds can be
greatly decreased by the introduction of certain types of
vapor on the upwind side. This technique provides a
tracer for the cloud droplets as they migrate to the
stabilized part of the cloud, which streams out down-
wind. The phenomenon of retarded evaporation supports
the theory that impurities adsorbed on the surface of
cloud droplets may affect their lifetimes.

One of our approaches to the problem of the
cumulus cloud or storm has been to develop a computer
model that numerically represents the physical processes
involved. During 1969 we made progress on several
important parts of a cumulus cloud model, but our goal
of developing a wholly satisfactory model is still several
years in the future. (Some aspects of this are also
described under Atmospheric Dynamics.)

The Joint Hail Research Project in northeastern Colo-
rado, involving scientists from several NCAR Programs,
ESSA, and Colorado State University, continued during
the summer. Aircraft, radar, and ground observations
were obtained in an area of 35,000 km 2 . A hail
forecasting capability was developed, based both on
meteorological forecasts from the National Meteoro-
logical Center and on computations of cumulus cloud
characteristics using an improved model.

We began experiments to measure electric fields in
thunderclouds using instrumented rockets. We are par-

ticularly interested in learning how growth of electrifi-
cation compares with growth of precipitation during
early stages of cloud development. We also wish to learn
how strong the electric fields can be in clouds, and over
what volume of cloud they extend.

Results obtained from a worldwide network of sam-
pling stations showed a simultaneous occurrence of
peaks in the concentrations of micron-size magnetic
spherules. Analysis indicated that the particles were of
extraterrestrial origin, and that the peaks were related to
specific meteor showers. The time lag between maxi-
mum meteor stream activity and the arrival of spherules
at the earth's surface coincided with increased rainfall
frequency in Minnesota, where the rain samples showed
a high spherule content.

Studying the nature of large-scale atmospheric
motions by determining relative concentrations of minor
atmospheric constituents continued to be a major part
of our Departmental program. In the spring of 1968, we
undertook the first phase of a field study designed to
trace the exchange of air between the stratosphere and
troposphere in the vicinity of jet streams. Both strato-
spheric and tropospheric air were sampled for a number
of trace constituents, using the NCAR Queen Air and
Air Weather Service RB-57F aircraft. We obtained evi-
dence that tropospheric air was moving upward into the
stratosphere on the anticyclonic side of the jet stream
and downward in tropopause "folds." Subsequently we
developed humidity and ozone analyzers to be flown on
the RB-57Fs. In the spring of 1969 we began the second
phase of the field study. A rather surprising mesoscale
structure of the tropopause fold was revealed by the
ozone and radioactivity measurements; radiosonde data
were not adequate to resolve this structure.

We began monitoring the layer of particles that exists
over most of the earth at an altitude of - 18 km, using
filters carried by RB-57F aircraft. The results reaffirmed
that the particles are largely sulfate--a supposition
widely held, but recently disputed in the literature. The
results also indicated that the layer is highly structured.
Since the most likely mechanism for the layer's
formation is the oxidation by atomic oxygen of sulfur
dioxide and hydrogen sulfide entering the stratosphere
from below, and since volcanoes at times eject vast
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amounts of such compounds into the upper troposphere,
we hope by monitoring this layer to obtain information
concerning the exchange of air between the stratosphere
and troposphere, especially in the tropics.

We also monitored this layer using lidar during a
four-month period from April to July. The altitude of
maximum concentration oscillated between 19 and
20 km. Gross changes such as bifurcation were observed
during a single night. Scattering layers were also
frequently observed between 30 and 40 km.

Investigation of the chemistry of natural and con-
taminated atmospheres continued to be another of our
major activities. Some of the results provided infor-
mation concerning atmospheric transport, and several of
the studies were directly or indirectly concerned with air
pollution.

Our study of tropical jungles as sources and sinks of
minor atmospheric constituents continued. We con-
cluded the field work in Panama, but have obtained
permission from the Brazilian government to check some
of the unusual Panamanian findings at a jungle location
much farther inland.

For
studies
with a
effects

several years we have conducted intermittent
to determine how reactions of atomic oxygen
series of aldehydes contribute to the noxious
of photochemical smog. This work reached a

stage that allowed several conclusions to be drawn.
Although reactions of atomic oxygen with aldehydes
may be important in smog, the main role of the
aldehydes may be to absorb and transfer solar energy to
molecular oxygen. The results thus emphasize the need
to limit emissions of aldehydes into the atmosphere.

An important part of the atmospheric sulfur cycle is
the oxidation of sulfur dioxide to sulfuric acid aerosol
droplets. We determined the rates of homogeneous
photooxidation by conventional static photochemical
techniques. The observed rates appear to be much too
slow to account for the actual atmospheric oxidation
rates and indicate that non-photochemical processes,
such as surface-catalyzed oxidation involving aerosols of
metal compounds, may be mainly responsible for the
oxidation of sulfur dioxide.

The use of laser Raman backscatter is a new tech-
nique for atmospheric analysis developed largely at
NCAR. The method was used to determine water vapor
concentrations to altitudes of 3.3 km, and good corre-
lations were obtained with radiosonde data.

In 1968 we succeeded in obtaining a large, repre-
sentative air sample near the stratopause with the
rocket-borne cryogenic sampler. Analysis of this sample,
which has required extraordinary care, continued
throughout 1969, and we obtained final or nearly final
results.
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PRECIPITATION FROM CONVECTIVE CLOUDS

CUMULUS CLOUD MODELING

Cumulus clouds are responsible for much of our
weather. We depend on rain and snow from cumuli for
agriculture and replenishment of water reserves; but as
thunderstorms, cumuli also produce violent winds, and
hail and lightning. The investigation of how cumuli
develop and organize into storms is an important part of
NCAR's atmospheric research.

An effective means of studying cumulus clouds is to
develop a computer model representing in detail the
physical processes involved. When complete, such a
model will enable us to make numerical studies of the
importance of various factors influencing cloud and
precipitation development; it will also allow us to make
numerical investigations of methods suggested for modi-
fying clouds, such as hail suppression by cloud seeding.

Full development of a numerical cumulus cloud
model is still several years in the future. Requirements
for computer storage and speed far exceed the capabili-
ties of present machines, and much research remains to
be done on the details of how such a model will be put
together. However, in 1969 we made progress on several
important components of a model. Fox and Deardorff,
whose work is described under Atmospheric Dynamics,
investigated three-dimensional fluid mechanics, an
essential development which will form the basic frame-
work for the cloud model. Drake studied numerically
the development of two-dimensional dry convection
using an anelastic hydrodynamic model that permits a
number of contiguous convective cells to be followed
simultaneously. He obtained good examples of pene-
trative convection produced by the organization of
thermals that began as random ground-temperature
fluctuations. One purpose of these numerical experi-
ments is to provide a framework in which models of
cloud microphysical processes can be tested. Another
purpose is to study the interaction of groups of growing
cumuli with their environment, thus providing infor-
mation that will be useful in general circulation models.
Bleck and Danielsen developed and began testing a
height- and time-dependent cumulus model which
includes both condensation and water drop and hail
growth. At each time step, the coalescence equation is
solved numerically to determine the evolution of the

water drops and ice particles. The method Bleck
developed to solve the coalescence equation is numeri-
cally stable, conserves mass, and is sufficiently fast for
use in a real-time prediction model.

Just as individual clouds are sub-grid scale phenomena
in a general circulation model, microphysical processes
are sub-grid scale in a cloud model. We have thus
undertaken a major effort further to clarify cloud
microphysical processes and to develop ways for
modeling their interactions with cloud fluid motions. We
still lack sufficient understanding of how the droplet
condensation process creates size spectra broad enough
for coalescence growth to begin. Davis and Kornfeld
(ASP visitor from Tel-Aviv University, Israel) made a
theoretical study of droplet condensation in an effort to
isolate factors that might be responsible for broadening
the size spectrum. They concluded that fluctuations in
the updraft velocity would not be an important factor.
However, the mixing of populations of droplets that
originated on different aerosol populations might be
effective if the mixing occurs after an initial growth
period. Davis and Paluch began studying the effect of
inhomogeneities in water vapor or aerosol populations
assuming that after droplet growth has begun, mixing
will occur by vertical sedimentation. This mechanism
seems probable. In related work, Davis and Miller (Com-
puting Facility) began examining the effects of turbulent
mixing on droplet populations.

INSTRUMENTED ROCKET MEASUREMENTS
OF ELECTRIC FIELD

During the summer, C.B. Moore (New Mexico
Institute of Mining and Technology) and Winn initiated
a program of experiments to measure electric fields in
thunderclouds with instrumented rockets in an attempt
to answer some of the long-standing questions about the
electrical nature of thunderclouds. They are particularly
interested in finding out how the growth of electrifi-
cation compares with the growth of precipitation during
the early stages of cloud development. They believe such
experiments will help determine to what extent con-
vective motions in thunderclouds are responsible for
electrification, and to what extent precipitation (either
as water or ice or both) is required for full-scale
electrification.
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They are also interested in finding out how strong
the electric fields can be in clouds, and over what
volume of cloud these fields extend. This knowledge
will advance understanding of the initiation and growth
of lightning discharges, and will help to assess the role
of electrification in increasing the probability of co-
alescence between cloud droplets, which is an important
factor in the rate of formation of rain.

Moore and Winn made their electric field measure-
ments at the Langmuir Laboratory, an extensive facility
for studying thunderstorms, which is located near the
highest peak in the Magdalena Mountains west of
Socorro, New Mexico. During the last two weeks in
July, isolated thunderclouds form directly over the
laboratory an average of once daily.

The summer program was very successful. Moore and
Winn solved the numerous technical problems associated
with the use of instrumented rockets (e.g., rocket sta-
bility, telemetry, and expendable electronics), received
approval from the Federal Aviation Administration
(FAA) for launching them, and obtained some inter-
esting and highly significant data about electric fields in
thunderclouds.

From the viewpoint of what was learned about
electrification in relation to cloud dynamics, the most
interesting results were obtained when the vertically
scanning radar showed a strong bright band, indicating
the melting of snow, but revealed little convective
activity. Earlier radar scans showed that there had been
convective turrets. There was moderate rainfall but little
lightning. However, measurements of electric fields with
rockets which penetrated the melting layer showed that
the cloud was highly electrified. Fields of ~ 600 V/cm
were observed. This example of electrification is inter-
esting because it occurred during a time of minimal
convective activity, and is a point in favor of theories
which suppose precipitation to be the cause of electrifi-
cation. The findings are not conclusive, however, since
the turrets which occurred earlier could have been
responsible for the electrification that was observed.

THE NIWOT RIDGE FIELD STATION

The original purpose of the Niwot Ridge Field Sta-
tion was to check the previously reported correlation
between the occurrence of solar flares and subsequent
changes in the fair weather electric field and conduc-
tivity during the four days following major solar flare

activity. Analysis of the Niwot Ridge data shows that
this correlation is probably due to the necessity of using
only observations made during fair weather. Further
analysis of our data does, however, confirm observations
made elsewhere, indicating that the electrical behavior of
the atmosphere is affected on days when major solar
flare activity occurs; we plan to implement other analy-
tical techniques to explain these effects. In addition to
continuing our atmospheric electricity measurements on
Niwot, we will maintain the instruments there as a
self-recording meteorological station, a weather fore-
casting aid for our local field projects, and a data source
for a number of NCAR scientists and outside agencies.

JOINT LAS WAVE CLOUD EXPERIMENT

The Cloud Physics group, with Sartor and Touten-
hoofd as coordinating scientists and Breyfogle as project
engineer, worked with a number of other groups to
make studies of wave clouds in the lee of the Rocky
Mountains in the vicinity of NCAR. (This experiment is
distinct from the mountain lee wave experiment,
another joint effort with emphasis on studies of the
dynamics of mountain waves. See Mountain Lee Wave in
the Dynamics section.) The purpose of the experiment
was to gather specific scientific data for several research-
ers, to test the overall feasibility of using the mountain
wave clouds as steady-state aerosol and cloud physics
laboratories, and to determine the capability of the
available aircraft for flying in and around the more
isolated wave clouds in order to make the prescribed
measurements. For these purposes it was necessary for
the aircraft to fly upwind of the xvave cloud for
sufficiently long periods to obtain a representative aero-
sol sample and then to maneuver to the downwind side
at a corresponding meteorological level in order to
collect samples outside the cloud's downwind boundary.
On some days when the wave clouds could be reached
by aircraft, the clouds were found to be sufficiently
stable for one type of experiment but restrictive for
others, especially when prolonged aerosol sampling was
necessary, as in aerosol experiments by Blifford.

Results of the experiment to test the general feasi-
bility of aircraft operation and to examine the steady-
state characteristics of clouds were positive. The air-
borne measurements of pressure-altitude and tempera-
ture made it possible to identify the potential tempera-
ture during upwind sampling and to find and maintain
nearly the same potential temperature on the downwind
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side of the cloud. Excellent results were obtained in
Danielsen and Bleck's studies to identify the meteoro-
logical conditions favoring wave cloud formation. These
results provided not only a positive or negative forecast,
but an estimate of stability and of the trend toward
better or worse conditions.

In late 1968, Goetz suggested to Lodge and to
Helmut Weickmann (ESSA) that certain compounds of
silicon should be active as droplet evaporation inhibitors.
Weickmann's staff determined by laboratory tests that
this was the case, and that methyltrichlorosilane was a
very active inhibitor. Lodge proposed to Sartor that a
field test be made by injecting this material into a wave
cloud. Wartburg designed a dispensing device, and on
two occasions a 50% solution of 100 gm of the silane in
toluene (which promptly evaporates) was released from
an aircraft flying in the upwind portion of a mountain
wave cloud. In both cases no visible train appeared when
the plane was flying in clear air, but subsequently, when
the chemical was released inside the cloud, a clearly
visible train resembling a jet contrail emerged from the
cloud's downwind side. This train persisted for minutes
as it was carried into drier air. Thus the silane does not
itself form a cloud, but protects existing cloud droplets
from evaporation; it provides at the least a useful
technique for marking an air volume in a cloud, or for
determining whether a given air parcel enters a cloud.

Disturbance of the free airstream in the vicinity of
externally mounted airborne probes is caused both by
the aircraft and by the probes and their mountings. In
order to compute this disturbance accurately, Drake
derived equations of motion for the flow about several
complex geometrical shapes with interacting flow pat-
terns. He began work on the numerical solutions
required by these equations, and was assisted by William
Briggs (NCAR casual) on mathematical details, program-
ming, and cloud droplet trajectory calculations. The
solutions are sufficiently general to be applied to calcu-
lations of droplet trajectories about test probes observed
in our particle motion control chamber. Although the
actual conditions of aircraft flight in the free atmo-
sphere cannot be simulated in the chamber, the theoreti-
cal solutions can be made to apply equally well to
various conditions in the chamber. If verification is
obtained under these conditions, considerable credibility
can be given to the general calculation scheme. The

most important aspect of the calculations, however, is
that they provide a means of understanding the aero-
dynamic behavior of the probes where it becomes
critical for their operation as cloud sensors.

We directed considerable effort toward verifying the
usefulness of the MIT-AFCRL electrostatic probe for
in-flight measurements of cloud droplet size distribu-
tions. Although we observed breakup of droplets as
small as 5 radius in the inlet orifice, the resulting
fragments were shown to produce a pulse amplitude
proportional to the square of the original droplet radius,
thereby providing a usable calibration curve for drops
having radii of 5 - 50 p.

We adapted two such probes for aircraft use; one is
mounted on the instrument pod forward of the wind-
screen on the NCAR Queen Air, and the other on a
boom projecting from the nose of a Schweitzer 2-32
sailplane instrumented for cloud physics research. We
designed and constructed a 10-channel, pulse height
analyzer for each probe to permit rapid reduction of the
vast amounts of collected data. The output of the
analyzer is a histogram of the drop distribution obtained
during each second of sampling. This output is recorded
either with the ARIS system aboard the Queen Air or
telemetered from the sailplane to ground recorders in a
mobile van.

Analysis of early data indicated that our knowledge
of the collection efficiency of the probe was inadequate.
To correct this deficiency we began using streak and
multiple exposure photography to trace the trajectories
of drops of known size as they approach the probe
mounted in the particle control chamber.

DROP COLLISION AND COALESCENCE

The observation that not all drop collisions result in
coalescence prompted us to conduct experiments to
examine details of this selective process and to deter-
mine its effect on computations of droplet growth,
which had previously assumed a coalescence efficiency
of 100%. We examined rebounding collisions between
drops having radii in the 200 - 1,000 p range, and deter-
mined, as a function of drop radii and relative velocities,
the electric fields or charges necessary to then initiate
coalescence.

Although our measurements indicated the electrical
conditions required to cause coalescence, we could not
locate clearly defined limits on the relative velocities
necessary to permit rebound of electrically neutral
drops. We expect to resolve this question through
experiments conducted in the particle control chamber,
where relative velocities can be precisely controlled,
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LABORATORY STUDIES OF HAILSTONES

Abbott and Helen Cooper (NCAR casual) in coopera-
tion with C. Knight conducted an experiment to ascer-
tain the effects of drop size, temperature, accretion rate,
and electrical environment on hail growth. Drops of
uniform size were produced at a predetermined rate and
then cooled during their fall in the cold room. The
drops froze upon striking an ice substrate which could
be placed in electric fields as large as 6 kV/cm. A variety
of specimens containing clear or cloudy ice was grown
simply by varying drop size or drop rate. Electric fields
as strong as 6 kV/cm were found to have no effect on
ice grown in this manner from drops of 200 -400 p
radius that were not in thermal equilibrium. They plan
to continue the experiment using the particle control
chamber as a still air column; this will eliminate some of
the difficulties encountered in the cold room, such as
the relatively short fall time available for the drops to
reach thermal equilibrium, and the vibration and air
currents generated by the condenser fans.

C. and N. Knight continued their routine recording of
hailstone structures using high quality photography of
thin sections; certain generalizations are beginning to
emerge. It appears that hailstone embryo formation may
often occur in a type of environment that is different
from any growth environment the hailstone encounters
later. If this finding continues to be supported, it will
lead to the interesting conclusion that hail formation
may be a two-step process in a sense that has not been
suspected.

They found that hailstone embryos usually form at
temperatures above (probably considerably above) -20C,
with further growth usually occurring at lower tempera-
tures. Final growth, in the case of giant hailstones, is
usually very spongy. A simple up-and-down trajectory
with minor variations can explain most structural
evidence.

A study of hailstone growth features and growth
symmetry provided very strong evidence that most hail-
stones larger than - 2 cm diam tumble very rapidly as
they fall. The tumbling symmetry gives rise to the
common oblate spheroidal shape (strictly speaking, hail-
stones are usually more or less triaxial) found in
medium to large hail. If this conclusion is correct, it
implies that the terminal vertical velocities deduced from
drag coefficient measurements may be too high. The
conclusions on tumbling are supported by a sky diver's
observations of free-falling oblate spheroids.

THE JOINT HAIL RESEARCH PROJECT

The cooperative hail project conducted by CSU,
ESSA, and NCAR continued during the summer in
northeastern Colorado. Goyer coordinated the planning
and execution of the project and is continuing in this
role during the period of data analysis. The project
started 7 June and ended 15 August, spanning a total of
70 days of field observations. Aircraft, radar, and
ground observations were obtained over an area of
~ 35,000 km2 . Additional ground data, collected by a
surface network of 142 sampling stations, by 4 mobile
ground crews, and by telephone surveys, were gathered
in a smaller area of 7,500 km2 within 50 km of New
Raymer, Colorado.

Danielsen and Haagenson developed a hail forecasting
method based not only on the standard meteorological
forecasts available from the National Meteorological
Center, but on computations of cumulus cloud character-
istics with an improved numerical cloud model. Daily
rawinsonde soundings made at 0600 and 1100 at Ft.
Morgan by a U.S. Army team from Ft. Huachuca,
Arizona, were used in the daily numerical modeling,
resulting in the forecasts of cloud characteristics and hail
probability in the operational area. Hail occurred on
65% of the days for which it was predicted and on only
one day when it was not predicted; however, continued
work is needed to improve hail forecasting.

Radar observations were gathered from both Greeley
and New Raymer. NCAR and CSU personnel again used
the Colorado Air National Guard radar facility at
Greeley--comprising FPS-8 (PPI) and FPS-6 (RHI)
radars--for aircraft tracking and control, and for storm
surveillance. Over 250 echoes, tracked within 160 km of
Greeley, will be used to analyze the radar climatology of
the storms in summer 1969; this analysis will help in
planning future operations. RHI observations of the
growth, collapse, and pulsations of storm towers were
obtained on several storms and were useful in evaluation
and improvement of cloud models. The combined radar
observations were also used in real time for selection of
storms and for guidance of ground teams and aircraft to
the precipitation shaft.

Bushnell and his NCAR team obtained quantitative
radar data at New Raymer. (See also Radar and Drop-
sonde Program under Mesoscale Motions in the Dynam-
ics section.) These data, obtained at 10 and 3 cm, are
used for accurately describing the reflectivity profile of
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storms as a means of evaluating proposed theoretical
models. Real-time maximum reflectivity measurements
were also used in conjunction with the Greeley data to
guide hail-chasing crews.

In an effort to improve correlation of precipitation at
the ground with radar data, Goyer and the NCAR crews
collaborated with ESSA in the operation of a network
of 142 ground sampling stations spaced at 0.8 km
intervals on three north-south roads to the north of New
Raymer. Each station consisted of a rain gage, a hail
sampler, and hail pad. A total of 260 data points were
collected for an overall point hailfall frequency of 1.75,
and 26 pairs of corresponding data from hail pads and
hail samplers were obtained. These data are essential for
evaluation of the hail pad with natural hailstones,

NCAR also maintained two mobile ground teams in
the field to map hailswaths, to evaluate hailfall, and to
sample hailstones; they established and operated a tele-
phone system to provide real-time verification of the
nature of precipitation in the radar echo. These com-
bined observations are necessary to correlate in both
space and in time the location and intensity of radar
echoes with the appearance of hail at the ground in an
effort to identify "hailers" from radar measurements.

The surface-based program also included the continu-
ous recording of freezing and condensation nuclei, and
of temperature, pressure, wind direction, wind velocity,
and rainfall rates at New Raymer.

The Research Aviation Facility's Queen Air aircraft
was used for atmospheric temperature soundings, for
comparison of temperature sensors, and for cloud-base
measurements of updraft diameter, velocity, and tem-
perature. The latter measurements were used to verify
cloud characteristics predicted by Danielsen and Haagen-
son's numerical model of cumulus clouds. In addition,
the U.S. Army Atmospheric Sciences Laboratory, Ft.
Monmouth, New Jersey, supplied a Barnes PRT-5 infra-
red radiometer and operating personnel for airborne
mapping and evaluation of hailfalls. Because hailstorms
occurred infrequently in the period when the aircraft
was available, only one hailfall could be studied from
the air. However, this occasion provided an excellent
test of the technique.

Thirteen days of hail in the experimental area gener-
ated substantial data. When data reduction and analysis
are complete, the results will contribute to: (1) the

improvement of the numerical model of the hailstorm;
(2) the description of the radar reflectivity profile to
improve the evaluation of theoretical hailstorm models;
(3) the correlation of hail observations at the ground
with radar echo characteristics (maximum reflectivity
and echo tops) to identify hailers; and (4) the develop-
ment of airborne techniques to evaluate hailfalls. These
were the goals of the joint project for the summer 1969.

THE ROLE OF AIRBORNE PARTICLES
IN PRECIPITATION FORMATION

Scavenging

Rosinski and Kerrigan carried out a numerical experi-
ment on the scavenging of larger aerosol particles in
storms typical of Colorado's eastern plains. They showed
that particles > 75 p diam acted as scavengers for cloud
droplets, thus forming large raindrops at the leading
edge of a storm; the particles also caused the formation
of transparent hailstones under certain conditions.
Rosinski and Kerrigan modeled distribution patterns of
various sizes of particles in the ascending region of the
cloud, This work has interesting applications to models
of hailstorms, and will be pursued further in cooperation
with Danielsen.

Rosinski, Langer, and Nagamoto studied the scaveng-
ing of particles by snow in an area near Fraser, Colo-
rado. This study included gathering data on the shapes
and falling speeds of snowflakes. Flakes were sublimed
and the residues examined for ice nucleation ability. In
most cases the residue consisted of particles smaller than
those in rain and hail residues; many of the particles
were hygroscopic. The residues did not nucleate ice by
vapor condensation until temperatures of -18C or
below were reached. Seeded snow showed more nucleat-
ing activity. These data are in qualitative agreement with
simultaneous meastirements of ice and cloud condensa-
tion nuclei activity.

Using this technique they also examined ice nuclei in
residues from hail and rain samples. If a hail slice is
sublimed so that the particles do not migrate, the radial
distribution of nuclei can be determined. The distribu-
tion is correlated with the different ice crystal structures
within the stone--a fact that is of special interest to
hail modification experiments. Langer has shown that
some of the particles act as contact nuclei only, espe-
cially at warmer temperatures.
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For the first time Rosinski and his colleagues
obtained data on the scavenging of dust particles by
cirrus clouds. They found that particles up to 70 p diam
were common, and that some ranged up to 125 p diam.
The total number of particles found was large; in some
cases a good portion of the particles were magnetic
particles and magnetic spherules, strongly suggesting that
extraterrestrial particles are removed during cirrus cloud
formation.

Sources of Ice-Forming Nuclei

Rosinski continued his studies of ice nucleus distri-
bution in remote areas; a topic related to the global
spread of air pollution. Indications are that local sources
of nuclei are developing at many locations. Langer did
more work on nuclei emanating from the Denver-
Boulder area. These nuclei are closely related to the
occurrence of automobile exhaust accumulation and its
exposure to sunlight. Similar effects are now being
observed in other areas.

The process of ice nucleus generation from exhaust
was studied in the laboratory. When the gasoline addi-
tive lead bromide is exposed to ultraviolet light, it
becomes an active ice nucleant at -18C. Workers at the
University of Washington have shown that ultraviolet
light liberates bromine from the surface of lead bromide
particles, probably leading to the formation of the
oxide. Langer began work to examine aerosols in fresh
automobile exhaust.

In connection with the study of hailstones, Rosinski
began examining the role of soil particles as ice-forming
nuclei in severe storms. The approach includes fraction-
ating the samples according to size. Tentative results
indicate that a large percentage of the soil particles are
active at temperatures below -10C, and that a clear size
effect exists.

Instrument Development and Evaluation

As in the past, our research on atmospheric aerosols
and on freezing and sublimation nuclei has required us
to develop new instrumentation. In analyzing the radial
distribution of particles in hailstones, we have en-
countered difficulties caused by migration of particles
while a hail slice is being sublimed. This led to the
development of an x-ray technique to locate particulate

matter in situ. This approach was originated by Prodi in
Italy (currently an NCAR visitor), and he and Nagamoto
began attempts to perfect the technique.

Another approach to the analysis of particle distri-
bution is to remove particles from successive ice layers;
the particle suspension immediately flows to an opti-
cal particle counter. Preliminary tests in collaboration
with A. Lieberman at Royco Instruments, Inc., showed
promise.

Langer's evaluation of the NCAR ice nucleus counter
at low. temperatures (i.e., ~-20C) did not require
much further work. Our experience and that of other
users of the instrument established satisfactory correla-
tions with other counting techniques. The next step is
to evaluate and improve the device for counting at
higher temperatures.

The NCAR ice nucleus and condensation nucleus
counters operated continuously and without problems
for two months during the Joint Hail Research Project.
The results are being examined in relation to the
characteristics of hailstorms that passed over the site.

Utah State University at Logan used two of our ice
nucleus counters in a seeding experiment along the
Wasatch Range during winter 1968 -69. Our common
interest in this continuing effort is to learn more about
background nucleus counts and the fate of the seeding
agent.

A pressurized NCAR cloud condensation nucleus
counter was constructed this summer for use in Shed-
lovsky's cumulus cloud study. The instrument was not
ready in time for flight use, but ground tests at eleva-
tions up to 12,000 ft gave good results. Using salt
aerosols, we compared this counter against a thermal
gradient diffusion counter, and obtained the same
counts at ~ 2% supersaturation. The object of the work
is to develop a system for regulating the supersaturation
in the NCAR unit.

For in situ studies of ice nuclei, Langer developed an
ice nucleus analyzer. In this device a membrane filter or
some other ice nucleus collecting surface is placed on a
cooling block. Air at the desired humidity and tempera-
ture is passed over the nuclei while they are observed
through a microscope. Water drops can be frozen to
study the effectiveness of suspended particles as nuclei,
and snowflakes or hail slices may be sublimed for
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residue study. A fine cloud of water drops can also be
introduced upon the nuclei. The chief result from this
work was that it showed that the large fraction of AgI
particles act as contact rather than as sublimation nuclei.

Sampling Magnetic Spherules and Their
Possible Relation to Rainfall Frequency

The question of whether extraterrestrial particles
might initiate rainfall has been the subject of much
discussion. In the past, Rosinski has studied this ques-
tion from the standpoint of ice nucleus transport from
the stratosphere into the troposphere. He has verified
that extremely high concentrations of ice-forming nuclei
reside at certain times in the troposphere but that the
nuclei are of terrestrial origin.

In 1969 Rosinski set up sampling stations at widely
separated locations in the northern hemisphere to learn
more about the influx of meteoritic material. He col-
lected daily high-volume aerosol samples for several
months, extracted the fraction of magnetic material, and
counted and sized spherules within this fraction. The
results showed that magnetic spherule concentration
peaks appeared simultaneously at widely spaced loca-
tions and that size distribution patterns were similar.
Electron probe analysis of individual spherules showed a
similar composition in spherules collected during a
certain peak period throughout the hemisphere. How-
ever, he found marked differences for some other peaks,
presumably representing different meteor showers.

The time lag between maximum meteor stream influx
and the arrival of spherules 7-9 p diam at the earth's
surface coincided with increased rainfall frequency in
the Minnesota region, where several rainfall samples
showed high spherule content. We began to collect more
rain and snow samples in Minnesota (in cooperation
with the University of Chicago) and at NCAR.

The question of how particles of meteoritic origin
might increase the probability of rain or the quantity of
rainfall is still open. One suggestion is that they stimu-
late cirrus activity which in turn affects surrounding
systems--a suggestion in agreement with observations
by Braham.

Heterogeneous Nucleation

The classical theory of heterogeneous nucleation
largely ignores the presence of layers of water molecules

adsorbed on a solid surface and considers only the
interactions of small caps of bulk liquid water or ice
with the substrate. The properties of the adsorbed layer
may be quite different from that of the bulk. Plooster
and Gitlin's primary goal is to gain better understanding
of the effect of the surfaces of nucleating particles on
the structure and properties of adsorbed layers of water
molecules, and consequently on the ice nucleation ef-
ficiency of these particles. They began investigating sub-
stances exhibiting both high and low efficiencies as ice
nucleating agents.

The structure of adsorbed layers is studied by infra-
red spectroscopy. The frequency at which the funda-
mental stretching vibrations of OH groups in water
molecules absorb radiation is strongly affected by phys-
ical adsorption and hydrogen bonding with neighboring
water molecules and OH groups. Since the magnitude of
the frequency shift with respect to that of a freely
vibrating OH group can be related to the intermolecular
separation, a better understanding of the structure of
adsorbed layers can emerge from these studies.

Thermal analysis is another effective tool for studying
the properties of adsorbed water layers. This method
measures the rate of change of temperature of a powder
sample containing known quantities of adsorbed water,
and reveals the temperature at which phase transitions
occur in the adsorbed water layers during heating and
cooling.

Plooster and Gitlin devoted much of the year to
acquiring and constructing apparatus for the experi-
mental program, and began studies of silica powders,
which in general are poor ice nucleants. (They have been
unable to reproduce Zettlemoyer's results concerning the
enhancement of the nucleating properties of silica by
alteration of its water adsorption properties.) Although
infrared studies of water adsorbed on these powders
were just begun, thermal analysis has already shown that
the influence of the solid surface on the structure of the
adsorbed phase may, in this case, extend to much
greater distances from the surface than would be
expected from consideration of the normal range of
intermolecular forces. Adsorbed water layers up to 30
molecular diameters in thickness (over 50A) show
properties markedly different from those of bulk water.
Phase transitions in layers of this depth or less take
place at temperatures several degrees below zero centi-
grade, The addition of more water shows an apparent
coexistence of two adjoining water "phases" with a
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fairly narrow boundary zone: normal water which melts
at zero, and the adsorbed phase which melts at the
lower temperature. If these observations are confirmed
by further work, they can be explained only as the
result of an upward propagation of the structure
imposed by the silica surface through many layers by
the strong tendency of the water molecule to form
highly oriented hydrogen bonds with its neighbors. It is
still not known whether this ordering influence is pri-
marily felt in the high-temperature, liquid-like phase, in
the low-temperature, solid phase, or in both.

While continuing to study silica-water systems,
Plooster and Gitlin began developing techniques for
studying effective ice nucleants such as AgI and PbI 2.

Silver Iodide Particle Detection

C. and N. Knight continued work on a highly sensi-
tive method for detecting AgI particles in precipitation
from seeded storms. Particles of AgI are grown selec-
tively to visible size by exposure to a supersaturated,
complex silver iodide solution (AgI-KI-H 2 ). The
method detects individual particles < 1 p diam, but has
not proved to be completely consistent. It now appears
that some organic contaminants may interfere with
crystal growth, and they began exploring this possibility.
The method is to be used for detecting AgI in hailstones
from seeded storms and for correlating its presence with
hailstone structure (particularly crystal size) in order to
evaluate the effectiveness of seeding.
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ATMOSPHERIC TRANSPORT

Methods for studying the motions of the atmosphere
on various scales include direct measurement, theoretical
description, and numerical modeling. Another and very
effective method is the determination of variations in
the concentration of minor constituents throughout the
atmosphere, which depend on the locations of direct
sources and sinks on the one hand and on atmospheric
motions on the other. Well known examples of such
atmospheric tracers are natural and man-made radio-
active nuclides, and ozone. The application of this
technique to the study of atmospheric motions on
various scales is a major activity of the Chemistry and
Microphysics Department.

TRACE CONSTITUENTS NEAR
JET STREAMS

A long standing atmospheric problem has been the
need to understand the mechanisms responsible for the
exchange of air between the stratosphere and the tropo-
sphere and for the rates at which this exchange occurs.
An important mechanism for flow from the stratosphere
to the troposphere in mid-latitudes is the development
of tropopause folds on the cyclonic side of jet streams.
In the spring of 1968 we undertook the first phase of a
field study designed to answer some of the major
outstanding questions about the processes which accom-
pany such folding. The NCAR Queen Air and Air
Weather Service RB-57F aircraft were used to gather
both stratospheric and tropospheric air filter samples for
analysis of a number of trace constituents. Radioactivity
intensities and sulfate concentrations indicated that air
was moving upward from the troposphere into the
stratosphere on the anticyclonic side of the jet stream as
well as downward in the fold. Since then we have
developed humidity and ozone analyzers to be flown on
the RB-57Fs in addition to the filters.

In April four RB.57F aircraft obtained simultaneous
measurements of radioactivity and ozone in the lower
stratosphere and upper troposphere where a folded
tropopause structure was predicted. With numerous
"point" samples of radioactivity and continuous mea-
surements of ozone, it was possible to show, for the
first time, a positive correlation between the two tracers
on both the macro and mesoscales. A rather surprising

mesoscale structure of the fold was revealed. The poten-
tial vorticity, obtained from computer-produced isen-
tropic analyses of the standard radiosonde observations,
had the same macroscale distribution as the radioactivity
and ozone, but we found that the radiosonde data
cannot adequately resolve the mesoscale structure unless
there are large variations in the vertical derivatives of
temperature and wind.

THE STRATOSPHERIC SULFATE LAYER

An interesting feature of the stratosphere, possibly
having important implications concerning the exchange
of air between the stratosphere and the troposphere, is
the layer of particles over most of the earth at an
altitude of ~ 18 km. The layer seems to be higher and
to have a greater concentration of particles in the
tropics than at other latitudes. There appear to be very
large fluctuations in particle concentrations with respect
to both altitude and time, the latter perhaps being
associated with large volcanic eruptions in the tropics.

Several important questions, such as the composition
and source of the sulfate layer, have received conflicting
treatment in the literature. We began attempts to obtain
more precise answers to these questions and to increase
our knowledge of the rate of exchange between the
tropical troposphere and stratosphere through a coopera-
tive program with the U.S. Air Force Air Weather
Service. RB-57F aircraft began obtaining filter samples
of the particles in this layer on a continuing basis in
both the tropics and mid-latitudes. In the future we may
also obtain samples in polar regions. Our chemical
analyses of the filters -showed that most of the particles
were sulfates, in agreement with the results of one other
set of workers. Relatively small amounts of Si, C1, Na,
K, and Mn were also found. The small concentration of
Si shows that only a small proportion of the particles
could have consisted of volcanic ash at the time of
sampling. However, volcanoes may have made an impor-
tant contribution either directly, by emitting sulfuric
acid droplets in the "fume," or indirectly, by emitting
SO2 which is oxidized in the stratosphere by atomic
oxygen and then reacts with water vapor to form
sulfuric acid droplets. This finding also seems to rule out
any extraterrestrial source of the particles. In fact, these



31

results, together with those from other studies we have
made of sulfur compounds in the stratosphere, indicate
that oxidation of SO2 (and possibly H2 S) is the most
important source of the stratospheric sulfate particles.
During every flight we found large concentration varia-
tions even at a single altitude. Earlier investigators have
found large fluctuations with changing altitude and have
suggested a multi-layered structure.

LIDAR DETECTION OF AEROSOLS

The object of much of the year's lidar work by
Schuster and Frush was to study the variation of the
sulfate layer and to examine the tropopause for anoma-
lous aerosol concentrations. During four months (April
through July) of lidar operation at Boulder, the sulfate
layer's scattering maximum oscillated between 19.0 and
20.0 km altitude, with a scattering amplitude value
ranging from 40 to 70% above that expected for a
purely molecular atmosphere. In addition, gross changes,
such as a bifurcation, could be observed in a single
night. Many of the variations were made manifest by a
technique developed to display the data in the form of
time-lapse motion pictures.

The data in the region of the tropopause indicated no
clear correlation between excessive scattering (presumed
to be caused by aerosols) and the temperature profile.
The lapse rate at the tropopause ranged from a definite
and dramatic inversion to an indeterminate tropopause
consisting of an isothermal layer several kilometers in
thickness, with a slight inversion above.

Schuster and Frush routinely observed the presence
of several significant but quasi-stable scattering layers
between 30 and 40 km. The detection of layers in this
region confirms the observations reported in the 1968
Annual Report.

In August they conducted a joint experiment with
Murphy Landry (Sandia Corporation) and Freeman Hall
(Douglas Advanced Research Laboratory) to determine
the reality of the fine structure observed in individual
lidar returns. The NCAR and Sandia lidars were installed
within a few meters of each other and both receivers
were oriented to observe the backscattering return from
one transmitted pulse. The dual signals from gross
scattering regions, such as tenuous clouds, are in com-
plete consonance. Data from clear regions of the atmo-
sphere show little correlation of the fine structure.

These results warrant further investigation. The Sandia
group began modifying a receiver to permit the collected
radiation to be monitored by two matched photomulti-
plier tubes. Schuster and Landry will use this receiver to
determine an upper limit on the frequency and a lower
limit on the signal strength of signals that can be
correlated. (See Aerosol Modification for a description
of an independent experiment by Blifford and Warren
Johnson [Stanford Research Institute] in which lidar
observations and direct aerosol sampling were performed
simultaneously.)

Computer Cinematography

Blifford and J. W. Burgmeier (University of Vermont)
extended their computer method for providing visual
analysis of atmospheric radioactivity data. They put into
computerized form all data available from the IGY
World Data Center for Nuclear Radiation, and nearly
completed a computer program that will display these
data superimposed on the northern hemisphere 500 mb
weather map. The initial impression derived from the
few maps that have been produced is that large-scale
variations in fission product radioactivity distribution are
related directly to large-scale wave phenomena.

A by-product of this work was the writing of a test
program to analyze the effect of sampling-station distri-
bution on the reproducibility of large-scale concentra-
tion patterns. If the variation of concentration in time
and space can be specified as a mathematical function, it
will be possible both to determine whether a given
station pattern can reproduce this function and to show
the effect of random variations in station location.

RADON DAUGHTERS
AND ATMOSPHERIC AEROSOL AGES

It is well known that the radioactive daughter prod-
ucts of atmospheric radon attach themselves to atmo-
spheric aerosols, and that the ratios of the daughter
products provide an index to the average time the
aerosol particles spend in the atmosphere. Assuming
steady-state conditions, the activity of each radioactive
daughter, B, is related to that of its parent, A, by the
relation NAXA = NB (XB+XR), where XR is the
exponential removal rate due to precipitation scavenging,
sedimentation, and other particle deposition processes.
The apparent mean residence time of atmospheric aero-
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sols, TR, the reciprocal of XR, is thus determined by the
measured activity ratios.

Poet, Martell, and Moore (Arkansas State University)
extended investigations of long-lived radon daughters
(Pb 2 10 , Bi2 10 , Po2 10 ) and Sr90 in the atmosphere by
carrying out additional vertical profile measurements,
investigating diurnal variations, and collecting and mea-
suring radon gas.

Values of apparent aerosol ages, TR, obtained from
measured Bi2 1 0 /Pb 2 10 activity ratios, were only a few
days or less for aerosols in surface air and at cloud
levels. Po 2 1 0 /Pb2 10 ratios for these tropospheric aerosol
samples corresponded to much longer apparent aerosol
ages, indicating a large excess of Po2 1 0 in the lower
atmosphere that must come from either stratospheric,
biological, or pollutant sources.

Measurements of Sr90 /Pb 2 10 /Bi 2 1 0 /Po 2 10 ratios for
stratospheric and tropospheric aerosol samples collected
over Colorado indicate that Pb2 10 and Bi 2 10, mixing
down from the stratosphere, do not contribute signifi-
cantly to the Pb2 1 0 and Bi 2 1 o observed at tropospheric
levels, and that stratospheric Po 2 10 can account for only
a small portion of the excess Po 21 0 in the troposphere.

The observations are best explained either by the
existence of an independent atmospheric polonium
source or by the surface generation of atmospheric
aerosols containing Pb 2 10, Bi 2 10, and Po2 10 at or near
equilibrium levels. It is quite possible that the release of
Po 2 10 into the atmosphere by fossil fuel combustion
and by various industrial activities can account for its
excess in the atmosphere. Its release from the biosphere
by natural processes and by human activity can also be
an important source for the excess. Poet, Martell, and
Moore continued investigation of these possibilities by
measuring Rn22 2 , Pb 2 10, Bi2 10, and Po 2 1 0 in selected
polluted and natural environments.

The main conclusion that can be drawn from these
results is that, contrary to a view widely accepted
among atmospheric chemists, the mean residence time of
tropospheric aerosols is only a few days. This conclusion
has great significance with respect to the atmospheric
redistribution of natural and pollutant aerosols, includ-
ing radioactive fallout.

The occurrence of a variable and often large excess of
atmospheric Po 2 10 derived from sources other than its

growth from atmospheric Rn 2 2 2 has other important
consequences. It raises serious doubts about the validity
of Po2 1 0/Pb 2 10 ratio data in previous atmospheric
tracer applications which have been discussed in numer-
ous published reports. In addition, it may alter the
significance of present levels of Po2 1 0 alpha radio-
activity in the biosphere and in man. Thus, the large
contribution of Po 2 10 to total skeletal and tissue radia-
tion doses in man, usually attributed to the natural
radiation environment, may include a substantial contri-
bution of Po 2 1 from pollutant sources.

ISOTOPIC TRACERS
AND TRACE GAS STUDIES

Ehhalt, Scholz, Heidt, Leiker, and Martell began using
mass spectrometric and gas chromatographic techniques
in a number of atmospheric tracer applications to study
the atmospheric hydrogen and carbon cycles, and to
analyze trace gases in air samples collected by balloon
and rocket sampling techniques.

Tritium and deuterium studies by Scholz and Leiker
measured T/H and D/H ratios to define the desorption
and recovery of water vapor from the cryogenic rocket
sampler. Results of this experimental work made it
possible to distinguish wall water from water vapor
collected at high altitude in the September 1968 rocket
sampling flight, and to determine a stratopause water
vapor concentration of 3 to 10 ppmv.

Ehhalt completed the measurement and evaluation of
D/H ratios in water vapor and rain samples collected
simultaneously from Hurricane Faith (1966) by H.G.
Ostlund (University of Miami). The results show sys-
tematic variations in horizontal profiles across rainbands
and provide insight into the pattern of vertical motions
and the altitude of droplet formation. In vertical profiles
the D/H ratios decrease more steeply with altitude inside
than outside rainbands. In both cases the decrease
exceeds that predicted by Rayleigh condensation. Ehhalt
interpreted the D observations on the basis of a model
which assumes that the rainband is inclined at some
angle to the wind direction. He began related studies of
T and D in water vapor profiles.

Heidt made significant progress in improving tech-
niques for balloon-borne air sample collection and gas
chromatographic techniques for measuring CH 4 , H2 ,
NzO, and CO 2 in air samples. The new balloon-borne
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sampler is designed to collect eight 4-liter samples and
one much larger sample in evacuated stainless steel
vessels through motor-driven bellows valves. This system
will be used for air sample collections at Palestine,
Texas, in the summer of 1970 and in the proposed
southern hemisphere ballooning expedition during 1971.

Heidt completed preparation of absolute gas standards
and calibration of the RF chromatographic detector for
quantitative measurements of atmospheric H2 and CH 4

samples. His results are being used to correct all H2 and
CH4 data for samples recently collected by aircraft and
balloons.
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ATMOSPHERIC CHEMISTRY

Although much of the research undertaken by the
Department as a whole could be broadly termed "atmo-
spheric chemistry," it is useful to apply the title specif-
ically to our research on the sources, sinks, and chemi-
cal reactions of both natural and man-made atmospheric
constituents. Our air pollution research is included in
this category but is not discussed as a separate topic,
since a major part of our atmospheric chemical research
relates directly or indirectly to the problems of air
pollution.

PHOTOCHEMISTRY

We devoted much of our photochemical research
during the year to laboratory studies of isolated ele-
mentary reactions that contribute to the overall complex
development of polluted environments. These laboratory
studies were designed to provide fundamental kinetic
parameters (rate constants and activation energies) for
the reactions. By applying these parameters to data on
the concentrations of reacting species in the real atmo-
sphere, it is possible to estimate the relative contribution
of each process to the overall evolution of intense smog.
Such studies are invaluable for describing the actual
dynamic system and for predicting the accumulation of
hitherto unidentified toxic materials. Our reasons for
emphasizing this research are based on the immediate
national concern over the steady poisoning of the atmo-
sphere on a global scale, and the increasing awareness
that strict control and the eventual elimination of
defined contaminating sources are the ultimate solutions
to this social problem. Our studies are necessarily part
of a long-term effort because of the large number of
possible processes that might.be involved. The majority
of these processes have not yet been subjected to
detailed experimental scrutiny.

On theoretical grounds, aldehydes present among the
organic vapors and gases in smog might be expected to
initiate chemical reactions leading to the formation of
noxious substances in smog. (Aldehydes themselves are
unpleasant pollutants.) The limited reasearch that has
been undertaken to clarify their role in photochemical
smog indicates that they are quite effective in initiating
such reactions. There are two likely mechanisms for

such triggering. One involves the reaction of aldehydes

with atomic oxygen produced by the photochemical
decomposition of NO 2 ; the other involves electronic
excitation of the aldehydes by sunlight. Both mecha-
nisms probably occur to some extent; depending on
which predominates, practical measures with regard to
control of emissions to the atmosphere can follow.

Cadle and Allen determined the rate constants and
products of the reaction of atomic oxygen with three
aldehydes found in smog: acetaldehyde, propional-
dehyde, and acrolein; data regarding a fourth aldehyde
(formaldehyde) are already reported in chemical litera-
ture. They compared these rate constants, as well as
corresponding values for various hydrocarbons, with the
smog-forming effectiveness of the aldehydes and hydro-
carbons. The results show that rates of the atomic
oxygen-aldehyde reactions are much too slow to account
for the experimentally determined smog-forming action,
and that electronic exictation may be controlling. It
follows that decreasing the emission of nitrogen oxides
into the atmosphere will not decrease the smog-forming
capabilities of the aldehydes. Emission of the aldehydes
themselves must be controlled.

Allen and Englert continued to study the reactions of
free radicals with the oxides of nitrogen using the static
photolysis method described in the 1967 Annual
Report. This method yields information on the conver-
sion and scavenging mechanisms of nitrogen oxides by
hydrocarbons, the accumulation of organic nitrogen
compounds which are potentially health hazards, and
the stability of these product compounds against further
reaction. In addition to following the formation of
organic compounds, they extended the method to
include measurements of inorganic gases (H2, 02, N2 ,
NO, CO, and CO2 ). Material balances can now be
performed as a quantitative check on the mechanistic
interpretation of the data. Relative rate constants for
several elementary processes were derived from the
organic analyses. The quantitative measurement of inor-
ganic gases affords a calibration on these derived rate
constants, and provides quantitative information on the
onset of new competing processes that occur as the
reactants are depleted and the products accumulate.

Allen and Englert completed their study of the

photolysis of NO2 in the presence of acetaldehyde.
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Previously they had shown that the highly toxic organic
nitro compounds are produced; they are now examining
the stability of organic nitrites against photodissociation
by solar radiation in urban air. Preliminary data show
these nitrites to be inefficiently removed by photolysis;
therefore, if they are produced at a significant rate, they
should accumulate rapidly. Whether organic nitrites are
in fact produced efficiently in smog is debatable. Since
organic nitrites have powerful physiological and toxi-
cological properties, an answer to this question is
urgently needed. If they are produced efficiently in
smog, they should be monitored together with other
contaminants.

An important process in the atmospheric sulfur cycle
is the oxidation of SO 2 to sulfuric acid aerosol via the
intermediate hydrophilic SO3 molecule. Sethi (visitor
from New York University), Cadle, and Alien studied
the rate of photooxidation of SO2 by conventional
static photolysis techniques. They used several analytical
methods to monitor the progress of the reaction; these
included mass spectrometry, matrix isolation infrared
spectrophotometry, and pressure change and photo-
metric observations. Only the latter method yielded
reliable results for the depletion of SO 2 as a function of
time. They observed a major discrepancy when quantum
yields for the photooxidation of SO2 for monochro-
matic radiation (3130A) were compared with those
obtained using a broad range of wavelengths
(2900-4200A). In the latter case they determined a
conversion efficiency of one molecule per thousand SO 2
molecules oxidized per hour. This rate is sufficiently
slow compared to the real atmospheric oxidation rate to
indicate that heterogeneous non-photochemical pro-
cesses, such as surface-catalyzed oxidation by aerosols
containing metal compounds, may be mainly respon-
sible for conversion of SO2 to SO3 . McQuigg (visitor
from Ohio Wesleyan University) began investigating
other techniques for following the reaction to determine
whether the quantum yield discrepancy is real. McQuigg
and Allen began investigating the possibility that photo-
sensitization by additives may be an important contrib-
uting factor to the observed rapid rate of oxidation of
SO2 in ambient polluted air.

McKenzie (visitor from the University of Cambridge,
England) and Allen continued investigations of atomic
and radical reactions with a fast-flow system using
electron spin resonance detection. An analog computer
was adapted for incorporation into the signal display
system to provide an output proportional to the con-

centration of the absorbing species. This refinement
eliminated the tedious manual calculation associated
with first-moment summation or double-integration
techniques. They assessed the performance of the appa-
ratus by measuring the homogeneous recombination rate
constant for hydroxyl radicals at room temperature.
Their value was in good agreement with published
values. During this investigation, they found the maxi-
mum attainable pumping speed to be an order of
magnitude too slow for the study of fast hydroxyl
radical reactions. Reaction times were too long and the
corrections for secondary reactions unnecessarily large.
While awaiting installation of a high-capacity pump, they
were able to use the lower pumping speed to study
slower reactions in which a longer duration was necessary
for measurable conversion. They completed a study of
three-body (pressure-dependent) reactions of hydrogen
atoms with 02, NO, and CO. The reaction with 02 is
the primary removal process for hydrogen atoms pro-
duced in polluted atmospheres and in the stratosphere
and mesosphere. Photochemical equilibrium studies
require detailed information on the formation and sub-
sequent destruction of the hydroperoxy molecule pro-
duced by this reaction.

Allen and Kitzsteiner (student visitor from Kala-
mazoo College) continued investigations of alkali metal
atom emissions produced by atom recombination
on the surfaces of salts. They showed that both Li and
K could be seen in emission on exposure of the sulfates
of these alkali metals to atomic nitrogen. These studies
were performed to gain insight into possible atmospheric
processes producing alkali metal atom emissions in the
night airglow and the twilight sky.

OZONE DETERMINATIONS
BY ULTRAVIOLET TECHNIQUES

The backscattered ultraviolet (BUV) experiment
scheduled to be carried by the Nimbus D satellite in
1970 (see 1968 Annual Report) is a joint NCAR-NASA
Goddard Space Flight Center (GSFC) project, with
NCAR scientists responsible for analysis and interpre-
tation of the data. Mateer (now with the Canadian
Meteorological Office) will continue as one of the
principal investigators in this joint experiment.

Attention was given to two outstanding problems
associated with the estimation of the total amount of
ozone and its vertical distribution at low levels (surface
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to 10 mb) from the BUV experiment. Significant errors
in the determination of the total amount of ozone can
arise if proper corrections for surface reflectivity are not
applied to the measured intensities. An ultraviolet reflec-
tivity experiment had been previously conducted on
NASA's CV-990 jet aircraft to provide information for
evaluating how, and to what extent, corrections for
surface reflectivity should be applied to the satellite data
when they become available. Furukawa's treatment of
the CV-990 data was described in the 1968 Annual
Report, but the data were subsequently discarded
because of uncertainty about whether the two instru-
ments had a common field of view. We plan to repeat
the albedo measuring program early in 1970 using
NCAR's Queen Air aircraft. The same instruments lent
to NCAR by GSFC will be used but with modification
for installation in the smaller aircraft.

Yarger (summer visitor from Iowa State University)
and his assistant Larry McMillin considered the problem
of using the satellite data to measure vertical distri-
bution of ozone between ground level and 10mb.
Mateer had developed several methods for determining
high-level (above 10 mb) ozone distribution from the
satellite data, but had not covered this lower region. The
mathematical inversion process, which is common to all
indirect sensing methods, contains a fundamental insta-
bility which generally limits the resolving power of
indirect soundings. Yarger concluded from error con-
siderations that the inversion technique applied to the
low-level ozone problem should include corrections for
polarization and multiple scattering in the numerical
formulation. Incorporation of these refinements converts
a linear matrix equation to a nonlinear form. He investi-
gated three different approaches for recovering the verti-
cal ozone distribution from BUV measurements. Basi-
cally these involved: (1) recovering the ozone mixing
ratio as a function of vertical position; (2) recovering
the amount of ozone in preselected pressure increments;
or (3) recovering the pressure increments corresponding
to preselected ozone amounts. In principle the inversion
techniques were successful; in practice, however, they
may have limited utility since they add little infor-
mation to existing ozone data. Further analysis will be
performed to supplement these preliminary results.

In addition to assisting Yarger in these studies,
McMillin completed work on his study of scattering by,
and absorption cross sections of, quartz aerosols in the
8-12 a atmospheric window region.

In a study related to the interpretation of the BUV
satellite experiment, Furukawa continued a literature
survey into past investigations on ultraviolet solar radi-
ation. The object of his investigation is to compare the
composite, high-resolution solar spectrum developed at
NCAR with the results of other investigations. Because
the greatest uncertainties and experimental differences
occur in the ultraviolet region, the data will be
examined in an attempt to find reasons for the dis-
crepancies and where possible to determine the most
valid results.

The NCAR ultraviolet double monochromator,
designed and fabricated by Shelden with the assistance
of Crooimans, was completed except for final alignment
and calibration of the optical system. In preparation for
the instrument's use DeLuisi developed a system of data
evaluation programs. These programs apply instrumental
calibrations to convert raw data to fundamental quanti-
ties of intensity, wavelength, and solar zenith angle, and
to interpret these quantities for both directly trans-
mitted and diffusely transmitted (scattered) solar radi-
ation. The programs also include correction methods to
compensate for error in ozone absorption and Rayleigh
scattering coefficients when measurements are made of
directly transmitted solar radiation at large solar zenith
angles near the wavelength range limit.

DeLuisi also completed the development of a physical-
statistical inversion technique to obtain the vertical
distribution of ozone from zenith sky ultraviolet mea-
surements. Development of the technique required com-
plicated calculations of intensities and their first order
derivatives for secondary scattering in a spherical atmo-
sphere. Comparison of the results with the intensities and
derivatives for all orders of scattering for an approxi-
mated spherical atmosphere, calculated by Mateer's
method, showed good agreement for secondary scat-
tering but not for higher orders of scattering.

One technique for estimating vertical ozone distri-
bution from ground-based ultraviolet measurements
requires computations of intensities and derivatives of
intensities with respect to ozone concentration at
selected levels of the atmosphere. For a spherical atmo-
sphere, computations are possible for primary and sec-
ondary scattering, but require excessive amounts of
computer time for higher orders of scattering. Mateer
developed a method that combined a spherical atmo-
sphere for primary scattering with a plane-parallel atmo-
sphere for higher orders of scattering. His method
requires only a moderate amount of computer time and



37

gives significantly more accurate intensities and deriva-
tives for secondary scattering than those calculated for a
spherical atmosphere. The accuracy is especially
improved for intensities at large solar zenith angles and
for derivatives below the ozone maximum.

DeLuisi performed a theoretical investigation of the
"anomalous transparency effect" studied almost exclu-
sively in Russia. His investigation showed that the effect
is probably due to a much more rapid decrease in
directly transmitted solar radiation than in radiation that
is multiply scattered by the atmosphere toward the
viewing direction of the instrument.

LASER DETERMINATION
OF WATER VAPOR

Continuing the laser Raman backscatter work
described in the 1968 Annual Report, Cooney, assisted
by Wyman, measured water vapor (absolute humidity)
profiles to 2.5 km altitude at the Marshall Field Site
from March through May. The good correlations with
the water vapor profile obtained from the radiosonde
data at the Denver Weather Bureau prompted a some-
what more controlled experiment at Wallops Station,
Virginia, during September and October. Independent
profiles of absolute humidity were made by radiosondes
flown on balloons and on a helicopter to 3.3 km
altitude. Controlled experiments showed that downwash
problems could be avoided by suspending the radiosonde
200 ft below the helicopter.

The radiosonde and laser profiles were made at the
same place and more or less simultaneously. Hopefully
this will provide a rigorous test of the accuracy of the
laser technique for measuring absolute humidity profiles;
data reduction from this phase of the experiment has
begun.

FIELD STUDIES IN THE TROPICS

Our field study of the trace chemistry of tropical
atmospheres continued in Panama and to a lesser extent
in Barbados. The purpose of this study is to characterize
chemically the atmosphere of the moist tropics, and
especially to determine the amounts and variability of
constituents in the atmospheric nitrogen and sulfur
cycles. Data collection ended at both sites; computer
processing of both chemical and meteorological data
began under the direction of Lodge and Pate.

LaHue simplified a method for N2 0 analysis origi-
nally developed by Christian Junge (Max Planck Insti-
tute for Chemistry, Mainz). Applied to the tropical
samples, LaHue's analyses revealed higher and more
variable concentrations than those found by Junge,
suggesting the existence of both sources and sinks of
N2 0 in the study areas.

Based on the findings from Panama, studies will be
conducted in an area near Manaus, Brazil, during April
and October 1970. Lodge and Cadle selected this area as
a representative moist and tropical environment differing
from the two previous areas in being far removed from
the ocean. Pate will again supervise the operation in the
field, supported by Wartburg, Sheesley, LaHue, and
others.

PARTICLE FORMATION IN SMOG

Following a period of exploration, the "synthetic
smog" system developed by Goetz (while at the Cali-
fornia Institute of Technology) was used in a lengthy
series of experiments to delineate the effects of NO 2
concentration, olefin concentration, ultraviolet light, and
mixing sequence on particle formation in photochemical
smog. Sturdy and Dale Austin (Atmospheric Research
Group, Pasadena) collaborated in these experiments fol-
lowing a design by Goetz and Lodge. Statistical analysis
of the data is not yet complete, but preliminary results
suggest some important conclusions. Goetz had already
shown that different results were obtained depending
upon whether the nucleating particles were first mixed
with olefin or with NO 2 . It is now felt that the mixing
sequence controls not only the amount of the reaction
but also the way the reaction product is distributed on
the particles. Under some conditions the additional
deposition of material on the particles occurs uniformly
so that all particles grow at once; under other conditions
some particles grow while others remain unchanged.
Thus, in the first instance the particle size distribution
remains about even, while in the second instance it
broadens markedly. It also appears that the amount of
growth is generally more sensitive to olefin concen-
tration than to NO2 concentration, provided the latter is
present at all. These and other questions will be resolved
by multiple regression analysis.

MECHANISM OF AEROSOL FILTRATION

Collaboration continued between Lodge and
Kvetoslav Spurny, of Prague, Czechoslovakia (NCAR
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visitor 1966 to 1967). Spurny is attempting to refine his
theory describing how a filter changes its characteristics
as it collects more and more particles. Sheesley worked
with members of the Computing Facility to plot graphs
of filter behavior from Spurny's equations. Frank
examined Spurny's filter samples in the electron micro-
scope and sent the resulting micrographs to him.

DEVELOPMENT OF ANALYTICAL
TECHNIQUES

Measurement of many minor atmospheric constitu-
ents in regions remote from the sources is often ham-
pered or rendered impossible by the lack of suitably
sensitive and specific analytical techniques. This lack is
an acute hindrance to attempts to determine the extent
of worldwide atmospheric pollution. The development
of analytical methods is an important part of our
chemical research, and techniques that we have previ-
ously developed are now being used by scientists in
many parts of the world.

Frank began testing a new nitrate reagent developed
by W. I. Stephen, University of Birmingham, England.
There are very few insoluble nitrates, and the few that
are known are all organic. Several years ago, Lodge
showed that very large (> 2-3 p) particles of sodium
nitrate collected on membrane filters will react with a
compound called "nitron" to form characteristic
reaction spots which can be identified and counted
under the polarizing microscope. However, large nitrate
particles are rare in the atmosphere and smaller particles
cannot be detected by the nitron reaction. In 1969
Stephen visited NCAR and brought enough of his new
reagent for evaluation. He also described a sulfate
reagent still under study which Frank will evaluate when
it becomes available.

During a semester as affiliate professor at Louisiana
State University, Lodge suggested a new approach to
ozone measurement. Under the joint direction of Lodge
and Philip West of the LSU faculty, a postdoctoral
student began evaluating and optimizing the technique.

Axelrod completed his studies on the measurement of
H2 S by fluorescence quenching, and explored a promis-
ing method for measuring SO2 by the same technique.
He also found what appears to be a highly sensitive
method for determining nitrate, and began following up
this lead.

COMPOSITION AND RADIOACTIVITY
OF THE UPPER ATMOSPHERE

Using the rocket-borne Enclosed Cryocondenser Air
Recovery (ENCAR) sampler developed with NASA
support by Denton and Martell, we were successful in
obtaining a large and representative air sample near the
stratopause in September 1968 (see 1968 Annual
Report).

During 1969, Martell, Ehhalt, Scholz, and Heidt
carried out a detailed analysis of trace gases and water
vapor in the high-altitude air sample. Their nearly final
results include: the concentration and isotopic compo-
sition of C0 2 ; the concentration of water vapor, H2,
and CH4 ; and the T and C1 4 concentrations. Other
analyses include inert gas measurement by Rudolph Bieri
(University of California, San Diego) and determinations
of radioactive aerosol concentrations by Poet, Pollock,
Shedlovsky, and Martell.

Ehhalt, Heidt, and Scholz began developing tech-
niques for fractionation of the high-altitude air sample
which will allow separation of H2 for isotopic analysis,
recovery of Kr for radioactive Kr 8 5 measurement, and
enrichment of several trace gases including CH4 for
improved sensitivity of measurement. Among the more
significant results which they obtained for the high-
altitude air sample are (1) the absence of detectable CH4
(<0.05 ppmv compared to 1.5 ppmv in the tropo-
sphere), indicating essentially complete oxidation of
CH4 at lower stratospheric levels; (2) a water vapor
concentration between 3 and 10 ppmv, of which 3 ppmv
must be the product of CH4 oxidation, indicating a very
dry upper stratosphere and mesosphere; and (3) concen-
trations of T and C1 4 from thermonuclear tests substan-
tially higher than those in the lower stratosphere, indicat-
ing a slow rate of exchange between the upper and
lower stratosphere.

Denton and Lueb redesigned the ENCAR sampler to
allow use of liquid neon in place of liquid hydrogen as
the cryogen, to allow bakeout of the sample chamber
walls at temperatures up to 450C, and to provide better
insulation and a number of structural improvements,

CHEMICAL ANALYSES OF AEROSOLS

One of the least known aspects of the omnipresent
tropospheric aerosol is its chemical composition. From
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large-volume collections by a two-stage impactor
installed on NCAR aircraft, Blifford measured the air
concentration of Si, S, K, Ca, and Ti at Scottsbluff,
Nebraska, and near the Pacific Coast to 10 km altitude.
He used x-ray spectrometry for direct measurement of
samples deposited on thin films of Mylar in the
impactor. A backing filter of purified polystyrene fibers,
made by Shedlovsky, was used to check the impactor's
overall collection efficiency; the filter sample was mea-
sured by the x-ray technique after solution in purified
toluene and pressure filtration onto a membrane filter.
Although Blifford's results indicate that the impactor
does not perform according to the design and calibration
specifications, he was able to obtain a number of
elemental profiles of both the large particle component
and the total aerosol. Satisfactory agreement was found
when the experimental method was checked against
Shedlovsky's neutron activitation results and Lazrus'
atomic absorption technique.

AEROSOL MODIFICATION

Various physical processes are either known or postu-
lated to be effective in modifying the natural atmo-
spheric aerosol size distribution. Some of these effects,
such as coagulation, have been studied separately by
other investigators. We are attempting to show the
relative contributions of various individual processes
to the overall modification of a given size distribu-
tion in order to gain insight into the importance of
condensation-evaporation cycles, chemical growth, and
particle attachment to cloud drops and vegetation. We
have designed computer models which we feel appro-
priately describe processes in both the troposphere and the
boundary layer. During the summer Blifford spent three
weeks at the Max Planck Institute for Chemistry in
Mainz, attending to final details of these computations
which were carried out in collaboration with Christian
Junge and with J. W. Burgmeier (University of
Vermont). The theoretical computations indicate that

leaves of trees and other obstacles efficiently remove
particles from the airstream. This mechanism, usually
called impaction, is the physical principle upon which
most methods of filtration and jet impaction are based.
In the summer of 1968 Blifford took advantage of the
presence of the NCAR aircraft in Barbados to take
aerosol samples over the Orinoco Delta region of
Venezuela. This area is heavily forested and relatively
level, and the prevailing wind blows inland from the
ocean. He was able to follow the maritime aerosol at six
points separated by ~ 30 km along a path parallel to the
wind direction at an altitude of ~ 300 m. He found
significant changes in size distribution and chemical
composition as the path crossed the coastline and pro-
ceeded over the jungle. The experiment was repeated in
1969 during the Barbados Oceanographic and Meteoro-
logical Experiment (BOMEX) with a somewhat different
set of sampling points.

It is now fairly well established that very high dust
concentrations which occasionally occur at Barbados
originate in the Sahara region of Africa. This situation
affords an opportunity to observe modification processes
over relatively long ocean paths. In the past two
summers we have made several aerosol profiles to the
windward of Barbados, and have observed particle con-
centrations higher than any we have previously measured
in "clean" atmospheres.

We also cooperated with Warren Johnson (Stanford
Research Institute) in making direct aerosol observations
during BOMEX. By communicating directly with Ramey
Air Force Base in Puerto Rico, we were able to carry
out a few simultaneous flights with NCAR and Air
Force aircraft carrying an SRI lidar. The NCAR aircraft
attempted to sample aerosols at the same altitudes and
locations from which lidar returns were received. We are
hopeful that a knowledge of the directly observed
aerosol size and number distributions will enable the
lidar information to be interpreted in terms of size
distribution.
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THE HISTORY OF SOLAR FLARE ACTIVITY
FROM APOLLO 11 SAMPLES

Measurements of the concentrations of short- and
long-lived radionuclides in meteorites have been useful in
unraveling the history of the high energy radiation
which produced them, and of the target objects them-
selves, Similar studies on lunar surface materials have the
same potential usefulness, but with some special advan-
tages. The "fossil record" of solar flare effects can be
studied more easily in lunar surface materials because
these effects occur only in the top centimeter and are
not subjected to ablation as they are on the meteorites
falling to the earth. Since the longest half-lives of
radionuclides in meteorites are less than three million
years, and since bombardment ages of the lunar surface
are generally much longer than this, the lunar samples
appear to represent relatively fixed targets.

Shedlovsky, in cooperation with James Arnold (Uni-
versity of California, San Diego) used Apollo 11 rock

and soil samples to study the high energy activity of the
sun on a time scale up to millions of years. Measure-
ments of radioactivities in various sections of a single
lunar rock showed that the rock's top surface contains
significantly greater amounts of radioactivities than its
interior. The effects of a well documented solar flare
that occurred on 12 April 1969 are also apparent in the
rock's top surface, as shown by the 77-day Co 5 6

radioactivity. This is the first conclusive evidence that
solar flare particles do indeed produce radioactivities on
the lunar surface.

The long-lived radioactivities that Shedlovsky and
Arnold measured are present in amounts at least as great
as expected when compared to the short-lived activities.
This implies that the mean solar particle flux appears to
have been comparable to or perhaps greater than that
observed at present,
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INTRODUCTION

Since its inception in 1964, the NCAR Advanced
Study Program (ASP) has had the threefold objectives of
(a) increasing the number of Ph.D. level scientists enter-
ing atmospheric research fields from the parent disci-
plines of applied mathematics, physics, and chemistry:
(b) stimulating efforts in those branches of the atmo-
spheric sciences that are developing rapidly or that are
vital to the future development of the atmospheric
sciences as a whole; and (c) promoting the exchange of
ideas, methods, and results through personal contacts
and collaboration.

During the past year we pursued these objectives

through (a) continuing programs of one-year post-
doctoral appointments and appointments of varying
lengths to visiting senior scientists; (b) seminars and
lectures on subjects of special interest to the post-
doctoral appointees or on subjects designed to give a
broader view of the atmospheric sciences; and (c) the
1969 summer colloquium.

The permanent staff of ASP has been kept small to
allow for a maximum number of visiting scientists and
postdoctoral appointees. Our primary functions are to
advise and direct younger scientists and to pursue indi-
vidual research objectives.

SEMINARS AND LECTURES

Regular seminars and occasional short lecture series
brought members of ASP into contact with a broad
range of problems in atmospheric dynamics, atmospheric
physics, and atmospheric chemistry, emphasizing the
body of theory common to many fields. Our own
permanent and visiting staff conducted these seminars
and lectures except for several (particularly those dealing
with experimental problems) given by members of LAS
and HAO.

Beginning in the spring we initiated a series of
informal seminars on the statistical theory of turbulence.

Leith briefly introduced the theory of random variables
and then reviewed recent fundamental theories of turbu-
lence that have been proposed by Kraichnan, Orszag,
and others. Participants in the seminars were Lilly,
Deardorff, and Fox of LAS, Peskyn (LAS visitor from
Rutgers), Duncan (visitor from the University of Essex),
and Benton and Thompson. Following the seminars,
Orszag (LAS visitor from MIT) began a regular course of
lectures in which he presented a systematic and unified
survey of modern turbulence theory. (See Turbulence
Theory in the LAS Atmospheric Dynamics section on
Convection and Turbulence.)
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SUMMER COLLOQUIUM

Again in 1969 we organized a summer colloquium
with the Astro-Geophysics Department of the University
of Colorado. The colloquium topic was solar magneto-
hydrodynamics, with emphases on turbulent convection,
theory of differential rotation, and wave propagation in
magnetic fields. This topic was chosen for its timeliness
and relevance to progress in the atmospheric and space
sciences. In addition to the six-week course of daily
lectures by Roxburgh and Meyer, seminars on special
aspects of the field were given by invited experts.
Thirteen graduate students, five postdoctoral students,
NCAR staff members, and scientific visitors attended the
colloquium.

Participants in the colloquium are identified in the
visitors list; the lecturers and their seminar topics are
listed below:

Martin Altschuler (HAO): Coronal Magnetic Fields
Ulrich Anzer (Max Planck Institute, Munich): Solar

Flares (a review)
Victor Barcilon (Massachusetts Institute of Technology):

Rotating, Stratified Fluids
Jacques Beckers (Sacramento Peak Observatory): Sun-

spots, Active Regions, and Fine Structure
Edward Benton (ASP): MHD Spin-Down
Friedrich Busse (Max Planck Institute, Munich): Thermal

Convection and Differential Rotation
Sydney Chapman (ASP): Solar Wind and Magnetosphere

(a history)

Alfred Clark (University of Rochester): Statistical
Theory of Solar Magnetic Field Amplification by
Supergranulation; Solar Spin-Down

William Curtis (HAO): Research Activities at HAO's
Climax Observing Station

Peter Gilman (University of Colorado): Rossby Wave
Dynamo for the Sun

Robert Howard (Mt. Wilson and Palomar Observatories):
Large-Scale Velocity and Magnetic Fields on the Sun

Roger Kopp (HAO): Hydromagnetic Structures in the
Corona

Douglas Lilly (LAS): Two-Dimensional Turbulence
David Loper (The Florida State University): Ekman-

Hartmann Layers on a Sphere
Friedrich Meyer (Max Planck Institute, Munich): Selected

Topics in Solar MHD
Yoshinari Nakagawa (HAO): Selected Topics in Solar

MHD
Ludwig Oster (Joint Institute for Laboratory Astro-

physics): Research Activities at JILA
Paul Roberts (University of Newcastle upon Tyne):

Hydromagnetic Dynamos (a review); Nearly Sym-
metric Hydromagnetic Dynamos

Ian Roxburgh (Queen Mary College, University of
London): The Future of the Sun

Juri Toomre (Goddard Institute for Space Studies):
Nonlinear Thermal Convection

James Warwick (University of Colorado): Radio Physics
of Flares

Tyan Yeh (University of California, San Diego): Recon-
nection of Magnetic Field Lines and Flare Theory
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APPOINTMENTS FOR POSTDOCTORAL
AND VISITING SENIOR SCIENTISTS

Postdoctoral appointments are usually given to sci-
entists who have recently received the Ph.D. degree.
Appointees may have limited acquaintance with the
atmospheric sciences, but must have sufficiently broad
backgrounds in mathematics, physics, and chemistry to
enter the new field without further basic education.
Some appointments are made to people who completed
doctorates five to ten years ago but whose teaching
duties may have limited their time for original research.
We are particularly anxious to attract teaching faculty
from undergraduate colleges, since their students may
not otherwise gain exposure to the atmospheric sciences.

During their time with ASP, participants are encour-
aged to pursue research individually or in collaboration

with members of the NCAR permanent staff. This year
their research covered a wide range of subjects including
numerical analysis and fluid dynamics, solar convection,
cosmic ray origins, cloud physics, plasma physics, atmo-
spheric dynamics, geomagnetism, and isotope chemistry.
The names and areas of scientific interest of the post-
doctoral and visiting scientist appointees are included in
the visitors list at the end of the Annual Report.

Each postdoctoral participant, except those for whom
a second year with ASP would be especially valuable, is
expected to seek a position in a university or some
other research organization after a year of study and
research. We neither plan nor expect that a significant
number of participants in ASP will remain at NCAR.

UCAR FELLOWSHIP PROGRAM

The fellowship program was established by the Uni-
versity Corporation for Atmospheric Research (UCAR)
to attract outstanding students into graduate study in
the atmospheric sciences and related fundamental disci-
plines. UCAR Fellows in 1969 were:

Thomas J. Beasley, University of Colorado
John T. Berg, Drexel Institute of Technology
Thomas W. Schlatter, St. Louis University
James D. Thompson, The Florida State University
William F. Weigle, University of Michigan
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STAFF RESEARCH

Our main research activities during the past year are
outlined below:

Benton investigated the hydromagnetic spin-up prob-
lem, which arises from considerations of geomagnetic
secular variation and Dicke's recent theories of solar
rotation. Benton began this work with Gilman (visitor
from the University of Colorado) and continued it with
Loper (visitor from The Florida State University). The
problem involves a Laplace transform study of time-
dependent linear spin-up for a viscous, electrically con-
ducting, incompressible fluid contained between infinite,
flat, insulating disks in the presence of an imposed
uniform magnetic field. The fluid dynamics are inter-
esting because of the existence and interactions of a
hydromagnetic version of the Ekman boundary layer
(termed an Ekman-Hartmann layer), a magnetohydro-
dynamic boundary layer, inertial oscillations, and Alfv6n
waves. In addition, Benton worked with George W.
Platzman (University of Chicago) on a review and
systematic tabulation of the Cole-Hopf solutions of the
one-dimensional Burgers equation. Benton joined the
staff of the University of Colorado in August.

Chapman devoted his main effort to studies of daily
solar and lunar geophysical effects on the atmosphere,
including the solar thermal and lunar gravitational
atmospheric tides. In cooperation with Malin (visitor
from the Royal Greenwich Observatory), he made the
first valid determination of a lunar diurnal atmospheric
tide, using barometric data taken over a period of
27 years at Hongkong; this tide arises from the 01 term
in the lunar gravitational potential. In collaboration with
Richard S. Lindzen (now of the University of Chicago),
Chapman wrote a monograph on atmospheric tides,
which constituted one issue of Space Science Reviews
and will appear as a book with supplementary references
and indexing. He also extensively revised Mathematical
Theory of Non-Uniform Gases by Chapman and
Cowling. The revision contains several new sections,
including a chapter dealing with multiple mixtures which
have an important bearing on gas phenomena in the
ionosphere and at higher atmospheric levels. Working
with Kendall (visitor from the University of Sheffield),
Chapman continued his studies of geomagnetism. The
daily geomagnetic variations are due primarily to circula-
tory motion of the ionosphere produced by solar

thermal or lunar tidal action. This ionospheric motion
acts as a dynamo to produce varying magnetic fields. A
secondary geomagnetic variation results from electrical
currents induced in the land and oceans by the iono-
spheric magnetic fields. It has lately become clear,
however, that there is a minor but significant third
source of geomagnetic variation, namely the electrical
currents induced in the oceans by the dynamo action of
their tidal movements. To infer the ionospheric move-
ments from the daily geomagnetic variations, these
oceanic effects must be estimated and allowed for.

Fogle continued his studies of the composition and
mechanism of formation of noctilucent clouds, and the
nature of their associated wave motions. He began an
investigation of ways to estimate the possible effects of
volcanic efflux and water vapor at altitudes from 30 to
100 km.

Haurwitz, working with Fogle, completed a study of
wave forms in noctilucent clouds and began an investi-
gation to explain the scarcity of such clouds over
northern America, Europe, and Asia during 1969.
Assisted by Cowley, Haurwitz studied several aspects of
the lunar tide in the earth's atmosphere. First he carried
out a spherical harmonic analysis of the lunar atmo-
spheric tide at the earth's surface to determine its global
distribution and annual variation. Next, using data from
two stations with unusually long records of observation,
he analyzed the local semidiurnal wind variations at the
surface resulting from the lunar atmospheric tide. This
analysis revealed that the observed wind vector rotates
in the direction opposite to that predicted by theory
throughout the tidal period. To clarify the nature of this
basic disagreement, Haurwitz then began an analysis of
the semidiurnal wind variations both at the surface and
aloft, using data from the same two stations. During the
spring quarter Haurwitz gave a course on geophysical
fluid dynamics at Colorado State University.

Leith investigated an approximation in which the
turbulent nonlinear interactions were modeled by
suitably chosen random linear interactions. Although
this approximation is good when applied to a simple
nonlinear system, an extension to the three-dimensional
turbulence problem reduces it to a simpler, but as yet
unsolved, linear problem. Leith also examined various
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turbulence theories for describing the statistics of two-
dimensional flow. Kraichnan's direct-interaction approxi-
mation does not predict the observed -3 power spectrum
unless arbitrarily forced to satisfy a Kolmogorov "local-
ness" hypothesis. Leith determined that calculations
with such a modified or cutoff direct-interaction
approximation could not be made to agree in detail with
Lilly's two-dimensional calculations, but he found that
Kraichnan's more complex Lagrangian-history, direct-
interaction approximation gives a more reasonable two-
dimensional theory. Leith developed a simpler theory
that seems equally valid, based on a modified version of
the quasi-normal approximation, in which triple
moments are damped by eddy viscosity rather than by
molecular viscosity. Leith became head of the Atmo-
spheric Dynamics Department of LAS in September.

Swinbank completed a study of the relationships
between the pressure gradient, vertical wind structure,
and shearing stress in the planetary boundary layer. In

July Swinbank became director of the Northeast Colo-
rado Hail Experiment, working from the office of the
NCAR Director.

Thompson spent much of the year on the design and
planning of GARP, principally in connection with
numerical experiments to isolate the dependence of
prediction accuracy on various engineering characteristics
of a global observing system. As an outgrowth of these
studies, he proposed a method whereby incorrect analy-
ses at two successive times may be optimally adjusted to
maintain dynamical consistency with a given prediction
model. Thompson also investigated the economics and
inherent limitations of the most promising subsystems of
a potentially workable global observing system and is
serving as scientific co-investigator for the Nimbus F
Tropical Wind Measurement Experiment. In addition, he
continued his earlier studies of irreversible nonlinear
transfer processes in turbulent flow.
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ADVANCED STUDY PROGRAM PERSONNEL

DIRECTOR

Bernhard Haurwitz (to September)
Philip D. Thompson (from September)

ASSISTANT DIRECTOR

Edward R. Benton (to August)

PROFESSIONAL

Benson Fogle
Bernhard Haurwitz (from September)
Cecil E. Leith (to September)
William C. Swinbank (to July)

SUPPORT

Susan Atkinson
Ann D. Cowley
Pamela Weigle (from June)
Betty Wilson

Sydney Chapman
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Cylindrical balloon launch, Johnston Atoll
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INTRODUCTION

The Facilities Laboratory (FAL) continued to provide
four joint use facilities to serve both NCAR and the
wider community of atmospheric scientists: the
Research Aviation Facility, the Scientific Balloon Facil-
ity, the Computing Facility, and the Field Observing
Facility. We also continued both the Global Atmo-
spheric Measurements Program, which develops new oper-
ational systems for global data collection, and the
Design and Prototype Development Facility, which pro-
vides engineering and systems design for NCAR pro-
grams and for joint programs involving NCAR and other
institutions. During the year we terminated our Program
on Applications Analysis; the photometers and associ-
ated equipment that had been designed and built for the
"sky brightness project" are now being used by HAO
for related studies.

We made a number of important additions to our test
equipment inventory, and completed construction proj-
ects at our Palestine, Texas, Scientific Balloon Flight
Station and at the Marshall Field Site near Boulder; the
building additions give us much needed test, assembly,
and storage areas. An increasing shortage of office and
laboratory space at the Mesa Laboratory prompted
NCAR to lease a part of Physical Sciences Research
Building No. 2 on the University of Colorado campus
for FAL. During late summer the Research Aviation,
Scientific Balloon, and Field Observing Facilities, GAMP,
and the Director's Office moved to the leased quarters;

the Computing and the Design and Prototype Develop-
ment Facilities remained at the Mesa Laboratory since
they depend on permanently installed equipment.

The Evaluation and Goals Committee of the UCAR
Members' Representatives concentrated its 1969 study
on the FAL, examining for the first time an entire
NCAR division. The Committee concluded that greater
attention should be paid to long-range planning, that
apportioning of funds must adequately serve R & D
needs as well as immediate operational needs, that
assignment of priorities within the R & D programs
should be more clearly defined, and that more effective
use should be made of our advisory panels. We are now
considering the most effective ways to implement these
recommendations.

In order to be able to devote my attention to policy
and planning problems, I have appointed Charles A.
Palmer, Jr., as Deputy Director; his responsibilities
include all aspects of directing daily operations of FAL.
He assumed this position after serving as Acting Director
from January to September--a period during which I
served as Visiting Professor of Meteorology at the Uni-
versity of Hawaii.

Daniel F. Rex
Director
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RESEARCH AVIATION FACILITY

The Research Aviation Facility provided 1,041 flight
hours in support of 28 research programs, including the
Barbados Oceanographic and Meteorological Experiment
(BOMEX), and the Venezuelan International Meteoro-
logical and Hydrological Experiment (VIMHEX). In sup-
port of these research programs we operated the NCAR
Beechcraft Queen Air A80 for the entire year and a
leased Queen Air A80 from March to September. We
continued instrumentation of the Sabreliner jet aircraft
through April; during May and early June we conducted
sensor and systems flight tests, and in late June began
research support flights. The de Havilland C8A Buffalo
was modernized and further modified during the spring;
we installed and tested the inertial navigation platform
and other airborne research systems by the end of June.
However, the aircraft was not available for support of
research programs because of problems with spare parts
and delays in acceptance of the inertial system.

The Research Aviation Facility Advisory Panel con-
vened in April and November. Reviewing 16 university
requests for flight support, the panel recommended
approval of eleven and denial of four; one request was
tabled until additional information could be supplied.
The panel reviewed the 1969 Graduate Student Summer
Training Program and recommended that the program be
expanded to accommodate ten students in 1970. The
panel agreed there was a need for a 70 mm photometric
camera capability. It asked us to plan a national seminar
on Remote Sensing of the Atmosphere from Aircraft. In
response, we established a program committee to plan
such a symposium, to be held in Denver 28-30 April
1970. A call for papers appeared in the December 1969
issue of the Bulletin of the American Meteorological
Society.

DEVELOPMENT, EVALUATION, AND TEST

Optical Hydrometeor Sampling

We continued flight tests of Knollenberg's optical
hydrometeor sampling probes. During these tests a phase
discrimination problem became apparent in cases of
split-phase (binodal) distributions of both large ice crys-
tals and water droplets which are much smaller. We
therefore incorporated phase discrimination into the

system by developing a cloud droplet sampler from the
earlier precipitation particle sampler. To date we have
designed, built, and tested two precipitation probes, two
cloud droplet probes, and a combination probe, each
with associated electronic logic, for use on the
Sabreliner.

ARIS

We designed and built a new high capacity Airborne
Research Instrumentation System (ARIS II); after initial
flight tests, we built two additional units. ARIS II
systems are now installed in all our aircraft. We modi-
fied the ground station to enable processing of magnetic
tapes from ARIS I or ARIS II. The original ARIS I
recording system was incorporated into the permanent
ground station to provide more flexibility in the conver-
sion of analog data into computer-compatible tapes. We
also designed and began building a portable ARIS II
playback station; this equipment will enable us to make
daily analyses of research data in the field.

Reverse-Flow Temperature Probe

We compiled results from wind tunnel and flight tests
of our reverse-flow temperature probe, Results showed
that (1) an aircraft-mounted, reverse-flow temperature
probe is significantly warmed by dynamic heating
(~ 2.8C at 200 kt); (2) the applicable recovery coeffi-
cient for the probe is 0.72 -0.76C/100 kt for an air-
speed range from 100 to 200 kt; and (3) reverse flow
into the temperature probe housing is measurably
affected by the aircraft angle of attack.

Inertial Systems

Early in the year we obtained two prototype ASN-57
analog inertial systems from the Naval Air Development
Center, Johnsville, Pennsylvania, and began to use these
two-axis (horizontal components only) systems as
training devices to familiarize personnel with inertial
systems. Late in the year we obtained a prototype
three-axis digital system from the Navy's A7 program.
This system will be used as an operational flight system
when the necessary test equipment has been acquired.
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Radar

We concentrated radar development efforts in two
ateas. (1) We updated the helical-scan, side-looking,
X-band research radar with a pressurized receiver/
transmiittr unit for. high altitude use, providing high
receiver sensitivity to 45,000 ft for the Sabreliner. This
system is our second complete airborne weather radar
system; the other is a forward-looking 1200 sector-scan
system. Both systems provide time-lapse data recording
on 35 mm film. (2) We obtained a modified GPL-153(V)
doppler radar from the Navy's A7 aircraft program. This
radar has a sufficiently high-power magnetron and
adequate receiver sensitivity to operate reliably up to
50,000 ft. We improved the drift angle resolution by a
factor of two, and modified the ground speed output to
provide high resolution digital data. An interface unit
enables direct recording of doppler output data by the
ARIS system.

OPERATIONS

Search for Lost Aircraft

A renewed search was conducted on Lake Superior
during September and early October for wreckage of the
NCAR Queen Air N303D, lost in October 1968. A 60 ft
boat equipped with side-looking sonar and underwater
television was used, and although twelve targets were
located and investigated, no major components of the
aircraft were found.

Flight Services

In providing support to research programs we con-
ducted flight operations in eleven states, in Canada and
Venezuela, and over the Caribbean Sea and the Atlantic
and Pacific Oceans. Among the topics studied in these
programs were:

* Atmospheric composition (aerosols, particulate mat-
ter, gases)

* Thunderstorm electric field measurements

* Thunderstorm structure

* Lake surface temperatures and vertical water vapor
distribution

* Hailstorm environment and indirect sensing and map-
ping of the associated hailswath

* Use of wave clouds as model steady-state laboratories

* Air motions in convective clouds and raindrop spectra
as a function of altitude and cloud life cycle

* Atmospheric interchange between the stratosphere
and troposphere in jet stream regions

* Air-sea interaction in tropical and mid-latitudes

* Structure and dynamics of the tropical atmosphere

Hours flown in support of research programs for
universities, NCAR, and other users are summarized
below. Totals include test and ferry time as well as
research hours. Not included in the tabulation are
145.9 hr flown for pilot proficiency and maintenance tests.

FLIGHT SUPPORT, 1969

Research Flight Time Total Flight Time

Organization (hr) (%) (hr) (%)

Universities 417.5 68.0 658.3 63.5
NCAR (LAS) 171.6 27.0 234.1 22.0
NCAR(FAL) 24.6 5.0 98.5 9.5
Joint NCAR/ 50.1 5.0

University -

Total 613.7 100.0 1041.0 100.0

During May, June, and July we flew the Queen Air
N304D on 102 BOMEX missions totaling 304 hr. Of
these flights two-thirds supported university and overall
program objectives, and one-third supported NCAR
objectives.

During the last two weeks of September and the first
week of October we made 15 flights totaling 47.1 hr in
support of VIMHEX. This was the Sabreliner's first
major program outside the continental United States,
and its performance exceeded our most optimistic
expectations.
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Aircraft Modifications

We made numerous modifications to the Sabreliner
and Buffalo aircraft to accommodate installation of
flight and research equipment. We contracted for design
and fabrication of an external pod to dispense radio
dropsondes from the Sabreliner. The pod is mounted
under the fuselage and measures 60 X 25 X 12 in.; it
carries ten sondes, provides heat and power, and incor-
porates an ejection system that subjects the sondes to
accelerations no greater than 10 g. We tested the pod
operationally during June and July, and requested a
Supplemental Type Certificate from the Federal
Aviation Administration. We began to install a side
escape hatch in the Sabreliner, and designed and con-
structed racks to provide 15 ft3 of space for research
equipment in the cabin. We also designed and con-
structed an instrumentation display console providing
flight parameter data, ARIS controls, and data displays
as well as space for doppler, inertial navigation, and
computer control panels.

On the Buffalo we installed and flight tested both a
15 ft nose boom capable of carrying an inertial platform
in its base and 35 lb of sensors at its tip, and a 5 ft
wing-tip boom to carry static and pitot pressure sensors.
We installed an observer's station in the top of the
fuselage, an APN-153 doppler radar in the bottom of
the fuselage (under the cabin floor), and an APN-22
radar altimeter in the tail section. In the cabin we
installed a power distribution system for research instru-
mentation which provides both 28 V dc and 115 V ac
power; the latter has options for 60 and 400 Hz and for
1- and 3-phase power. We fitted the cabin floor with
mounting rails for instrument racks and other equip-
ment; on the rails in the forward cabin section we
installed two 19 in. standard instrument racks to provide
space for panel-mounted equipment.

Operations Base

We made progress with plans for a new hangar at the
Jeffco Airport near Boulder. This facility will include

offices, shops, and development and instrumentation
laboratories in addition to 15,000 ft2 of hangar space.
We plan to install a wind tunnel, an environmental
chamber, and inertial test equipment in the laboratories.

At our present operations base we installed a new
antenna that provides worldwide, high frequency, single
side-band (SSB) communications with our aircraft. The
SSB radio equipment will be installed in the new hangar,
but can be taken into the field when it is needed to
support field programs.

In December we completed arrangements with the
Denver Airmotive Co. (DACO), the fixed-base operator
at Jeffco Airport, to obtain government contract (GSA)
fuel for our aircraft. DACO will deliver fuel to our
aircraft as required; at our projected level of aircraft
operation, the contract will save at least $2,400
annually.

Staff Training

Four NCAR pilots and one contract mechanic
attended a five-day ground refresher school on the
Sabreliner, conducted by Remmert-Werner, Inc.,
St. Louis, Missouri; the pilots also completed three days
of flight refresher training. Another contract mechanic
attended a three-week training program on the Buffalo's
GE T-64 engines at the Naval Air Maintenance Training
Detachment, Santa Ana, California.

Student Training

We conducted our annual Graduate Student Summer
Training Program from 16 June to 22 August. This year
it was, for the first time, a joint NCAR-Colorado State
University program. Instructors invited by CSU to teach
the two five-week sessions were Ray D, Booker (Weather
Science, Inc.), Paul B. MacCready (Meteorology Re-
search, Inc.), and Charles E. Anderson (University of
Wisconsin). Five students from four universities and the
High Altitude Observatory took part; two of the stu9
dents received graduate credit.
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SCIENTIFIC BALLOON FACILITY

The Scientific Balloon Facility conducted 69 balloon
flights in support of scientific research and 8 flights in
support of developmental efforts in scientific ballooning.
The flights served 35 scientific groups from 25 institu-
tions and 7 countries; they were launched at Palestine,
Texas; Roswell, New Mexico; Dowagiac, Michigan;
Broomfield, Colorado; and Parana, Argentina. Of these
flights, 84% flown by the NCAR crew were oper-
ationally successful, compared to 81% last year.

The Advisory Panel on the Scientific Use of Balloons
met in March and October. It reviewed facility activities
and operations at the Palestine flight station, and dis-
cussed the facility's five-year research and development
plan. The panel recommended that a study of low-
pressure launch vehicles be initiated, that the possibility
of providing helicopter recovery service be explored, and
that a critical evaluation of Palestine as a year-round
launch site be made.

The Scientific Ballooning Standards Committee, com-
posed of representatives from industry, government, and
NCAR, met twice during the year. It urged preparation
of a safety manual, discussed terminology standards for
various aspects of ballooning, and suggested that further
work is needed before the recommended standards are
accepted for promulgation....

DEVELOPMENT AND TEST

Facilities

A 24 X 43 ft prefabricated steel building was com-
pleted at NCAR's Marshall Field Site near Boulder. The
building provides a flight staging area close to the NCAR
Mesa Laboratory, and provides a storage area for equip-
ment needed at Boulder but not used daily. The equip-
ment flown on the joint NASA-NCAR OPLE and IRLS
flights was prepared and checked in this building,

At one end of the operations building at Palestine we
added a lean-to for our, small Tenney Environmental
Chamber. In the space formerly occupied by the Tenney
Chamber we installed a larger and more versatile
chamber.

Electronics Support Systems

We assembled an ultra-high frequency (UHF) telem-
etry system and found its performance to be satisfac-
tory in both laboratory and flight tests. The system will
expedite our telemetry frequency changeover when it
becomes necessary, sometime before January 1973. We
built and began evaluating a new PCM command system;
other components developed for the flight system and
partially or fully tested were a versatile digital timer
which can be reset during flight, an expendable light-
weight timer, a ballast monitor, a full-range pressure
gage circuit for use with Rosemount transducers, PCM
command noise-rejection circuits, and other special inter-
face circuits. We awarded study contracts for a con-
solidated flight package for an OMEGA navigation
system applicable to ballooning use. We completed pre-
liminary work on an updated PCM telemetry system
using higher bit rates, real-time data display and
recording, and computer-controlled readout and tape
operation control. ,

Balloon Design and Dynamics

We continued development work on a large, high-
altitude, polyethylene superpressure balloon. Experi-
mental balloon models confirmed the validity of the
concept and demonstrated the need for special pre-
cautions to insure leak-tight fabrication. Considerable
analytical work resulted in what we believe to be an
optimum design; fabrication was started on one 4.5 mil-
lion ft3 polyethylene superpressure balloon to the new
design specifications.

We continued our theoretical study of partially
inflated balloon shapes by the finite element analysis
method, and made some progress toward understanding
the three-dimensional aspects of the problem. We
developed a method for handling a combination of
triangular and linear elements, and began to examine the
problem of film buckling. In a second theoretical study
we developed equations of motion to describe a
dynamic launch. These equations have been programmed
for numerical solution, but the program has not yet run
satisfactorily. - •
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We conducted two experimental balloon flight tests.
One sought to evaluate a balloon fitted with a cone top.
The test was partly successful, but operational difficul-
ties during the flight prevented a conclusive evaluation
of the effectiveness of a cone top, in producing even
deployment of balloon film. The second test flight was
conducted to determine the reliability of an 11.1 mil-
lion ft3 balloon fabricated by Raven Industries, Inc. The
balloon flew well, and its ascent rate was so nearly
uniform that we surmised that the film used by Raven
responds more favorably than other polyethylene films
to incident radiation.

A comprehensive series of tests of polyethylene seal-
ing methods indicated that, when properly made, both
hot jet seals and band seals are adequate for balloon
purposes. Our contracted R&D work on balloon film
properties continued. Studies were completed on the
effects of thermal cycling on biaxially stressed films and
their behavior under repeated load applications, as well
as on the impact toughness of films, and on a system
for balloon strain relief.

Ballooning Systems and Techniques

Our in-flight deployment system continued to show
excellent promise. The most critical component, the
energy absorber (brake), performed well in laboratory
tests; a prototype of the entire system was built and
prepared for flight testing.

We obtained excellent results in laboratory and field
tests with a prototype of a restraining device (reefing
collar) for a single-cell balloon. Reefing collars can
now be designed and fabricated for a wide range of
maximum inflations with assurance of satisfactory
performance.

In February we tested the new cryogenic hydrogen
inflation system, and found it to be unsatisfactory;
however, after redesign by the contractor, we obtained
excellent results in laboratory tests. We have accepted
the system and will use it in the field after we develop
methods to insure operational safety.

We continued wind tunnel studies to evaluate the
aerodynamic and structural characteristics of wind
screens. Preliminary results indicated that a V-shaped
screen with 50% porous walls would provide satisfactory
protection for balloon inflation in a wind of 20 kt. A

prototype transfer fitting for tandem balloons was
designed, manufactured, and prepared for testing. This
fitting will enable the launch balloon to be jettisoned at
a predetermined altitude during ascent.

We used the best available equations of state for
helium and hydrogen in a computer program designed to
provide rapid and accurate calculation of the lift of gas
in storage containers as a function of temperature,
pressure, and container volume; the program takes into
account the container's own change in volume caused by
changes in temperature.

OPERATIONS

Palestine Flight Station

The NCAR Scientific Balloon Flight Station at
Palestine, Texas, remained the principal center for our
balloon launches, and was the site for 74 flights during
the year. Favorable late spring weather enabled us to
launch 11 flights in April (3 more than any previous
April) and 14 flights in May (2 more than any previous
May). We also launched 9 flights in November (2 more
than any previous November). However, from January
through March and July through October we launched
fewer flights than in previous years.

Scientists flying experiments on balloons continue to
require higher flight altitudes and heavier payload
capabilities. As a result, the number of large balloons
flown is increasing annually. In 1969 we flew three
balloon systems of 18.5 million ft3 or larger. One of
these, a tandem system consisting of a 27 million ft3

polyethylene main balloon and a 0.108 million ft3 poly-
ethylene top balloon, failed in flight. Oscillation of the
system during launch or a too-rapid ascent rate may
have caused damage; we were unable to determine
whether the top balloon or the main balloon failed. In
general, however, large balloons have shown encouraging
performance. During 1969, groups elsewhere flew seven
balloons larger than 10.6 million ft3 ; three 30.2 mil-
lion ft3 balloons, two of which were flown by Aus-
tralian crews, flew successfully.

Thoughout our summer operations, in particular, we
noticed the trend toward heavier payloads. From July
through September the average payload weight was
1,612 lb, an increase of 600 lb over the 1968 average
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and of 1,000 lb over the 1965 average. The heaviest
load, and our record to date for flight on a polyethylene
balloon, was 4,228 lb. In addition to being heavier,
payloads have become more complex and difficult to
disassemble in the field for transport after recovery. In
1965 the tracking aircraft was able to return most
payloads to Palestine; in 1969, neither the aircraft itself
nor a pickup truck was able to carry many payloads. To
handle such heavy and ungainly loads we have been
using a larger truck equipped with special booms and a
winch.

Requirements for services have also increased.
Whereas in 1965 we provided no in-flight telemetry, in
1969 we provided telemetry for 75% of all flights. The
increase in demand for remote radio control of payload
equipment is nearly as great. Careful checks of the
electrical and mechanical interfaces between the scien-
tific equipment and our equipment have become crucial:
radio interference between the two systems has occa-
sionally caused failures during flight, and subtle flaws in
mechanical interfacing have caused various problems.
Experience has shown, for example, that we cannot use
the load attachment points provided for a piece of
equipment without performing our own tests of their
adequacy. Frequently the orientation of payloads must
be changed during flight; this requires a payload suspen-
sion system designed to avoid natural oscillatory periods
which are not within the tolerance limits of the control
equipment.

The launch pad at Palestine showed signs of signifi-
cant deterioration. It has been in continuous use since
1962. We made emergency repairs to certain areas, and
attempted to restore and reseal the asphalt topping. To
reduce pressure on the pad surface, we are replacing the
launch vehicle's single rear wheel with a double wheel.

Operations from Other Sites

In January our operations crew flew two balloons
from Roswell, New Mexico. This or another New
Mexico site may be better suited for winter launches
than a site in Arizona, but we have not yet selected a
permanent winter site.

We assisted the Global Atmospheric Measurements
Program in launching seven superpressure balloons from
Ascension Island, and supervised two flights launched by
other organizations. In September, Winzen Research,
Inc., flew an experiment from Dowagiac, Michigan, for
Barringer Research, Ltd., of Canada. Kubara planned
and supervised ballooning aspects of the operation. The
experiment was designed to test satellite equipment to
be used in solar ultraviolet measurements of NO 2 and
SO 2 concentrations near the earth's surface. To test the
equipment properly, the balloon had to pass at close to
noon over the Chicago-Gary area, where the concentra-
tions of the pollutants were monitored concurrently by
other means. The flight (the first for the Barringer group
and for the equipment) was highly successful. Failure of
the flight termination mechanism caused some anxiety,
but the equipment was recovered in excellent condition
in Arizona.

In November an inexperienced Argentine crew,
directed by Shipley, successfully launched a 6 million ft3

hydrogen-filled balloon from Parana, Argentina--an
achievement notable for its success despite the lack of a
launch vehicle. The scientific load, including the NCAR
control and telemetry equipment, weighed 519 lb. The
experiment was conducted jointly by Horacio Bosch of
the Argentine Institute for Aeronautical and Space
Investigation, and Robert Haymes of Rice University.
The experiment successfully fulfilled its objectives of
exploring a new x-ray source in southern skies, and
viewing other astronomical objects not visible in north-
ern skies.
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COMPUTING FACILITY
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Sne Lomputing racility completec its tourtn year
using the Control Data 6600 computer. Our average
monthly workload was as follows: 11,000 jobs sub-
mitted, of which 40% required magnetic tape use;
240,000 pages printed; 210,000 cards punched; 220,000
frames of microfilm produced. We assigned the first shift
to short jobs, the second shift mainly to somewhat
longer jobs, and the third shift to the General Circu-
lation Model (GCM) programs and other large-scale "
computations.

Figure 1 shows Central Processing Unit (CPU) use for
each month of the year. The computing time by division
was: LAS, 72%; HAO, 8%; ASP, 3%; FAL, 9%; non-
NCAR and sponsored non-NCAR users, 7%; adminis-
tration, summer student projects, and use by Control
Data Corporation, 1%.

Hours in month

Power off

Scheduled maintenance

Emergency maintenance

Non-overlapped PPU time
and unused time

CPU time

6600 use during 1969, monthly

Hours available J
to NCAR

Fig. 1 Control Data
totals.

It also strongly urged procurement of a computer in the
class of the Control Data 7600 or IBM 360/195. The
panel recommended revision of our application form for
non-NCAR users, and suggested that we maintain a
record of problem histories.

HARDWARE

We installed one Control Data 853 disk drive to be
used with the new operating system for local storage of
reader, printer, and punch information. We ordered a
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The sponsored non-NCAR users category was added
this year. Under its provisions an NCAR scientist may
sponsor the research of a non-NCAR scientist with
whom he collaborates or whose work is of direct use to
his own research; 17 sponsored non-NCAR projects used
~37 hr of CPU time. Regular non-NCAR use totaled
429 hr (63 hr more than last year), and 31 new non-
NCAR users received grants of time.

Hildebrandt, formerly of Kansas State University,
became Head of the Computing Facility in August; he
replaced Gary, who began a year's leave of absence from
NCAR to study and teach at the University of Illinois.
In July, Gustafsson (visitor from the University of
Uppsala) began a study of numerical analysis techniques
applicable to programming problems. We consolidated
machine room, microfilm, and keypunch operations
under a single supervisor.

The computer room was prepared for installation of
an automatic fire detection system and a CO2 fire
extinguishing system.

The NCAR Computing Facility Advisory Panel met in
May and October to review our recent operations and to
act on requests from seven non-NCAR users. The panel
urged us to add research numerical analysts to our staff
to study and develop efficient numerical methods and
programming techniques for multi-dimensional problems.

- v
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Control Data 821 disk file with 8.5 billion character
capacity, which will provide semi-permanent storage for
many user programs and .data, as well as for the
contents of our most frequently used tapes. This should
improve machine, operation by reducing both the
number of cards that must be read and the number: of
tapes that must be handled each day. We also ordered a
Control Data GRID system (an interactive graphics
terminal); it will be used on-line with the 6600 to
permit dynamic interaction with programs. We pur-
chased a Data Devices tape cleaner and began to clean
older tapes and tapes which showed excessive errors.
Cleaning has reduced the number of tape errors
encountered.

SOFTWARE

Our systems group continued working on a new
operating system. This monitor will be a CPU routine, in
contrast to. the current monitor which resides in the.
Peripheral Processing Unit (PPU). The design of the new
system will facilitate its modification for use with a
Control Data 7600, if such a larger machine is acquired.
Our initial goal was to produce both monitors simul-
taneously; however, when possible acquisition of a
larger machine was delayed, we concentrated on the
6600 version and maintained only overall logical consis-
tency with the 7600. Our efforts during the year included
the design, coding, and check-out of the packages that
control the system's operation. Among these is a central
control routine which interprets input/output calls,
sends them to appropriate devices, and handles core
allocation and job sequencing. The drivers for all input/
output devices have been completed. None of these
packages is in final form, but all were run extensively on
a simulator that checked their operation, both as indi-
vidual entities and in combination with the rest of the
monitor. Actual machine tests were made to check the,
accuracy of the simulated results.

SMuch effort went into the problem of "dead-starting."
the machine, At start time the operating system must be
loaded from a. tape and the subroutines linked together;
these must then be sent to appropriate areas of CPU
core, the PPUs, and the drums. When loading has
progressed to the point that the monitor can handle
input/output calls, the monitor itself is used to complete
the system-loading procedure. This system start-up
scheme is part of a package that permits system changes
and additions, with a choice of writing a system tape at

the end of the editing, or of merely simulating the
modified system.

'At the heart of the CPU monitor is an instruction
called exchange jump (EJP). This switches control of the
CPU from one program to another. When the monitor
resides in the PPU, the EJP execution is slow. However,
when it resides in the CPU, rapid switching from
monitoring to object or to user programs is required. In
1966 this instruction did not function rapidly enough
on the machine to allow a CPU-resident monitor. Now,
as a result of recent engineering changes, our tests show
that it operates at an increased rate. This is a key item
in the design of the new monitor.

Two other design features of the new operating
system depart from current practice and depend on
favorable hardware behavior. One is our new tape driyer
which will handle records of any length up to CPU core
size. (Our current tape driver can normally handle
records no ,longer than the PPU core size.) We incorpo-
rated the Control Data 853 disk drive in the design of
the reader/printer/punch station. This device passes data
correctly, but must ultimately provide sector "look-
ahead", information. The Control Data reference manual
indicates that this information is available, but final
success with the disk drive awaits tests of this feature.

Several months of work remain to be completed
before the new operating system can be put into use.
We have converted the SY2 compiler, assembler, loader,
and FORTRAN library to run on the new system, but
must still check these packages thoroughly. Some
sections require more design.. and coding, and. simulation
has shown some design weaknesses that will need
correction.

DATA SYSTEMS AND PROJECTS

Climatology of the Southern Hemisphere

The first of four atlas volumes on the climatology of
the southern hemisphere was published. We added to the
set of microfilm analyses and grids, and Jenne is
including these in a report on computer methods and
data availability. We completed a 26 min computer-
generated movie entitled "A Selected Climatology of the
Southern Hemisphere," which is available for loan or
purchase.
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Northern Hemisphere Climatology Project

We continued working with Harold Crutcher of the
National Weather Records Center (NWRC), to refine
northern hemisphere analyses and to prepare a tape
(available through NWRC) containing the grid-point
data.

Library Project

Joseph altered the data processing programs for the
NCAR Mesa Library so that they could be run on the
6600. Previously the library programs were run at the
National Bureau of Standards in Boulder.

Data for NCAR Projects

We calculated daily wind values from selected
National Meteorological Center (NMC) grids over a five-
year period, and provided raob data to enable Washing-
ton and Julian (both of LAS) to analyze the wave-
lengths in the data in connection with a question related
to GARP. These data were supplemented by tropical
grid wind data obtained from NMC. We supplied clima-
tological grid and station data for use in projects by
members of the LAS, ASP, and FAL staff; we also
helped prepare the one-day global analyses from the
Geophysical Fluid Dynamics Laboratory (ESSA) for use
as initial conditions in the NCAR GCM.

Non-NCAR Data Requests

We furnished grid analysis data to the Boeing Co.,
Colorado State University, the University of Colorado,
the University of Michigan, the University of Minnesota,
the National Weather Records Center, New York Uni-
versity, St. Louis University, and the University of
Wisconsin. We furnished Line Islands data to the
Imperial College of Science and Technology in London,
and to the University of Wisconsin; and we furnished
sea-surface data to The Florida State University.

ILLIAC IV LIAISON

Hildebrandt replaced Gary on the ILLIAC IV
Advisory Committee, and Oliger continued to provide
liaison between NCAR and the ILLIAC IV applications

group at the University of Illinois. Before Gary's leave
of absence, he and Oliger visited the University of
Illinois to follow the ILLIAC IV software development,
and to inform the applications group of NCAR's prob-
able software requirements. They also examined the
progress of the computational core of a preliminary
version of the NCAR ILLIAC IV benchmark, coded in
TRANQUIL by the University of Illinois group. David
Kuck, James Madden, and Michael Sher of the Uni-
versity of Illinois visited NCAR briefly during the year
to continue discussions.

NUMERICAL ANALYSIS

GCM and Related Work

Oliger completed development of generalized algo-
rithms to handle the irregular mesh and orographical
boundary problems of the GCM. He and Wellck com-
pleted the expansion of the ILLIAC IV benchmark code
to the GCM, achieving a savings of ~ 50% in storage
requirements and 40% in execution time. The smaller
core requirements allowed the GCM code to be
expanded to a horizontal resolution of 2.5° for a few
resolution experiments on the 6600, The computing
time required by this version is - 8 hr/model day. Oliger
began investigating the stability of the time-differencing
schemes for hydrodynamics problems with smooth solu-
tions, particularly as stability is affected by the
boundary conditions and by calculations at the singular
point in polar coordinates.

Sun Model

Swarztrauber and Fabec began working with
Nakagawa (HAO) to develop a three-dimensional hydro-
magnetic model of the sun; this model will be an
extension of an axisymmetric model developed pre-
viously. The three-dimensional model presents certain
numerical problems in addition to the problems of
storage and computer time. The spherical coordinate
system results in certain vector quantities being
undefined at the pole; this problem was overcome by a
shift of coordinates before calculating these quantities at
the pole. The present formulation consists of a differ-
ence approximation to the primitive equations. The fluid
is assumed to be incompressible, thus requiring the
solution of Poisson's equation at frequent intervals;
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several techniques are under consideration to provide
these solutions.

SUBROUTINE LIBRARY

We added several programs to our computer sub-
routine library. Among these is a package consisting of
the cubic, bicubic, and least squares spline routines,
which solve a variety of interpolation problems. The
cubic spline has several options on boundary conditions,
allowing, for example, specification of the derivatives at
the end points or a periodic boundary condition. The
bicubic spline will interpolate a two-dimensional field of
data to yield continuous partial derivatives of the first
and second order. The program is useful in graphic
displays, since it can interpolate sparse data to produce
smooth contour plots. The least squares spline provides
a good global representation of noisy data, avoiding
many of the difficulties encountered with the standard
least squares fit.

In the area of partial differential equations we added
XYPOIS, a program to solve Poisson's equations on a
rectangle. It uses Buneman's technique to convert a
two-dimensional array of M-by-N charges into the cor-
responding array of potentials (M and N are assumed to
be powers of 2). Buneman's technique is a cyclic reduc-
tion as applied to vectors, and has an operation count of
2MNlog2 N. The program assumes Dirichlet boundary
conditions.

Other programs added to our subroutine library
include spline integrations, associated Legendre functions
and a continued fraction expansion for the evaluation of
Bessel functions Jn(x), In(x) for large n.

TRAINING

6600 Training

We offered an introduction to FORTRAN in the
spring and again in the fall. The courses were primarily
for NCAR staff members not employed in the Com-
puting Facility, and covered both basic programming
techniques and tape handling. In the fall we offered a
new introductory section for electronics technicians,
emphasizing interface problems with the 6600. Tape
handling and tape formats were the major topics, and
basic FORTRAN was presented only incidentally.

During the fall, we held a weekly seminar series at
the intermediate level dealing with special topics in 6600
programming. The series was open to all staff members,
and individual seminars of special interest could be
attended without loss of continuity. Some of the topics
presented were Numbers, Expression Evaluation by the
SY2 FORTRAN Compiler, Computer Graphics, and Large
Computer Program Design.

Summer Program

Our Summer Work-Study Program in scientific com-
puting was attended by eight graduate students in
astro-geophysics and one UCAR Fellow. Since most of
the students were already familiar with FORTRAN, the
seminars on computing were conducted at an advanced
level. We presented three concurrent seminars covering
advanced programming techniques, assembly language
programming, and large-scale meteorological problems.
Each student programmed a problem for an NCAR
scientist during the summer. Some of the topics were
Analysis of NCAR Ultraviolet Double Monochromator
Capability, Simple Nonlinear Model of Upwelling, and
Numerical Cloud Model. Summary reports describing
each student project are available.

Time-Sharing Classes

We held a number of classes on time sharing to
introduce NCAR staff members to languages offered for
the SDS940 at ESSA in Boulder. The classes covered
BASIC, conversational FORTRAN, and the list-
processing language, SNOBOL. A time-sharing terminal,
linked to a nationwide computer network of the General
Electric Co., was installed at FAL's 30th Street location,
and the vendor gave a one-day introductory FORTRAN
class. In November we installed a time-sharing terminal
linked to an IBM 360/50 at Optimum Systems, Inc., in
Palo Alto, California. This terminal offers APL facilities.
(A Programming Language was developed and presented
in a book by Kenneth Iverson in 1962. Interactive
systems using this language have recently become avail-
able.) APL is easy to use and emphasizes the develop-
ment of functions as operators. It is particularly good
for problems involving arrays. An introduction to APL
and to the use of this terminal was given to Computing
Facility professional staff and to other interested users.
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DESIGN AND PROTOTYPE DEVELOPMENT FACILITY

The Design and Prototype Development Facility con-
tinued to provide engineering, machine shop, and glass
blowing services in support of a wide variety of research
requirements. To increase our effectiveness in systems
engineering we established the position of chief engineer;
under his supervision our engineering specialists and
personnel from other NCAR divisions can unite their
skills in response to large engineering and development
requirements. This ability to borrow the expertise
required for specific tasks greatly enhances our engi-
neering support capabilities. Such a team was formed to
specify and price a data selection and processing system
to be used with films returned from the HAO white
light coronagraph experiment that will be flown on the
Apollo Telescope Mount.

The Machine Shop maintained a full schedule of
fabrication services throughout the year. We devoted
much effort to designing and constructing equipment for
the Field Observing and Research Aviation Facilities; in
the late spring we experienced the usual seasonal
increase in requests for equipment for both LAS and
FAL. We experienced a greater demand for the construc-
tion of parts from special materials than in previous
years, and we found it necessary to broaden our capa-
bility in materials finishing and cleaning. As a first move
toward replacing some of our machines, we acquired a
new milling machine with considerably greater capability
than the older model.

We provided both engineering and machine shop
support for the preparation of ENCAR II, the second
sampler in the rocket-borne air sampling program under
the direction of Martell (LAS). The ENCAR II sampler
is similar to ENCAR I but uses liquid neon as its
refrigerant.

The electronic barometer that we designed and fabri-
cated for use in the Barbados Oceanographic and
Meteorological Experiment functioned successfully in
that program. We subsequently lent the instrument to
the National Bureau of Standards for one of its research
projects.

We continued development of the infrared absorption
hygrometer that we had begun in 1968. This project has
required more laboratory work than we anticipated, but
we expect to begin flight testing during 1970.

We agreed to supply an engineer to the meteorology
team of the NASA Viking project. His function will be
to advise on matters pertaining to the development of
meteorological instrumentation for the unmanned Mars
lander.

Other programs within NCAR to which we gave
major support during the past year included:

* Instrumentation and modification of a sailplane for
the LAS Cloud Physics group. We worked on an aerosol
probe, a mirror rotator and sailplane airfoil (for a
particle photography system), a camera pacer, instru-
mentation racks, and the installation of batteries and a
humidity probe.

* Modification of an impaction probe for LAS air
sampling.

* Design of a boom laser for the Research Aviation
Facility. The laser, part of Knollenberg's fiber optics
particle counting system, was redesigned to fit into the
nose probe of the Queen Air aircraft.

* Design of a radar mount for the Research Aviation
Facility. The mount was designed to carry a variety of
instrumentation in the nose radome of the Sabreliner
aircraft.

* Design of a moisture spin scanner for the Research
Aviation Facility. The scanner is part of an optical
counting system that was used in building a liquid water
measuring system.

* Completion of various projects for the Research
Aviation Facility's Buffalo aircraft.

* Design of a tracking antenna drive for the Field
Observing Facility. The 2-axis servo drive system with
tower will be used for automatic satellite tracking.

* Construction of a wind tunnel for the Field Observ-
ing Facility. The tunnel will be used for calibration of
wind sensors.

* Design and fabrication of a load cell system for the
Global Atmospheric Measurements Program. The system
will be used for weighing superpressure balloons during
inflation at Ascension Island.
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FIELD OBSERVING FACILITY

Throughout 1969 we gave attention both to the
demands for current services and to improvement of our
capabilities for future services. Early in the year we
emphasized research and development; by April our
engineers and technicians began to leave for field assign-
ments, and by late October we had logged a total of 36
man-months in the field. Research and development
slowed during the summer but resumed in the fall. We
concentrated on completion of a coherent radar, an APT
system, a rainfall network, and a calibration facility. The
average value of equipment lent in support of research
during the summer was $387,000/month; the average
was $195,000/month for the whole year.

The FOF Advisory Panel met in May and September.
It acted on requests for support to non-NCAR insti-
tutions and reviewed evaluation reports on programs
previously supported. The panel also reviewed our sup-
port to NCAR programs such as the HAO Eclipse
Expedition to Mexico and the LAS Mountain Wave and
Joint Hail Suppression programs.

Although negotiations for purchasing the Marshall
Field Site were not concluded, we undertook significant
improvements, including grading and additional paving
near the main building to reduce the amount of mud
during wet weather. Much work was required to repair
the extensive damage sustained during the January wind
storm; this experience led us to develop better methods
of securing vans and antennas and bracing the balloon
inflation shelter. We completed a plan for development
of the Marshall Field Site over the next five years to
meet the needs of all users. Other users of the site
include HAO, the Scientific Balloon Facility, the Global
Atmospheric Measurements Program, NCAR Security,
and individual scientists from LAS and ESSA who base
radars there.

We supported 12 field programs at locations ranging
from Barbados to northern California. Our role in the
Barbados Oceanographic and Meteorological Experiment
(BOMEX) was minor, but we assumed major manage-
ment responsibility for the Venezuelan International
Meteorological and Hydrological Experiment (VIMHEX).
We also made many of the logistic support plans for
HAO's 1970 Eclipse Expedition to Mexico.

DESIGN AND DEVELOPMENT

APT Systems

We had planned to install an APT system at the Mar-
shall Field Site and at some later date either to build or to
buy a portable system for field use. However, in Febru-
ary we purchased a portable system from the Electro-
Mechanical Research Corp. (EMR) to meet an urgent
need for the VIMHEX program. By fall Saum, McKay,
and Johnson (Design and Prototype Development
Facility) had designed and built our own portable
system, and by year's end had begun testing it. This
system has 18 db more sensitivity than the purchased
EMR system; its antenna drives can operate in winds up
to 60 mph, whereas the EMR antenna can operate only
in light to moderate winds.

Coherent Radar

Late in 1968 we decided to construct a coherent
radar for use in the Northeast Colorado Hail Experiment
(NECHE). We had hoped to have it in operation in time
for Anderson (visitor from the University of Wisconsin) to
carry out special studies during the 1969 summer hail
experiment, but unavoidable delays in delivery of com-
ponents and in construction postponed its completion
until late fall. Our system uses many components from
the surplus Air Force FPS-18 radar (in particular, the
liquid-cooled VA-87 transmitting tube that is still a
catalog item); most of the other components are com-
mercially available. The system operates on a 60 Hz
power instead of the 400 Hz power required by the M33
system.

The radar antenna is a 10 ft diam, mesh-surface,
parabolic dish with a focal-length-to-diameter ratio of
0.4. It has a circularly symmetric center feed and is
mounted on a modified Nike Ajax pedestal. Preliminary
measurements made on a similar antenna indicate that
this antenna will have a gain of 34 db and an attendant
beam width of ~3°. The antenna has full servo control,
including handwheel positioning, and rate scan or
manual sector scan on both azimuth and elevation axes.
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The transmitter for the system is capable of 2 MW
peak power and 2 kW average power output, but the
radiated power will be held to ~ 35% of these values.
The transmitted pulse has a frequency of 2,790 MHz
with a pulse width of l sec, and a pulse repetition
frequency (PRF) of 750 pps. The transmitter's line-type
modulator was modified to allow variations of the PRF
up to 2,000 pps; this feature anticipates adding doppler
capability, since a radial velocity of 50 m/sec requires a
PRF of at least 2,000 pps.

The receiver is generally standard except for a tunnel
diode preamplifier which has a gain of 15 db and a noise
figure of 4.5 db. This preamplifier establishes the overall
system noise figure. Among other features, the receiver
includes one linear and one logarithmic channel of I.F.
amplification; these channels can either be recorded
simultaneously on tape or be shown alternately on the
display system.

The radar's control console has all solid-state timing
logic and display circuitry. The 12 in. PPI/RHI main
display has 10, 25, 50, and 100 km selectable ranges
with a choice of range marks at 1, 5, 10, or 50 km, and
an angle mark at every 100. The resolution of the
antenna position angle readout is to 0.10. A separate
display console is used for recording PPI/RHI, antenna
position, time of day, and auxiliary data on film.

Rain Rate System

Beginning in May, Pike devoted much of his time to
a rain rate system, developed for studies of areal pre-
cipitation characteristics on the mesoscale. All data are
recorded on a common recorder in a form that allows
full computer processing. Tipping bucket gages
(MRI 300 series) that tip for each 0.01 in. of rain are
used, and precipitation rate is precisely determined from
high resolution measurement of the time between tips.

Up to 12 gages can be used, and data are transmitted
via FM radio from each gage. When a bucket tips it
activates an audio-frequency tone and turns on a radio
transmitter for an instant. The tone bursts from each
sensor are coded uniquely by their audio frequency, and
are recorded on a stereo tape recorder which also
records a high resolution time base; the recorder auto-
matically operates only during precipitation periods.
Receiving equipment includes a decoder for readout and
an event recorder for data overview and time-of-day
information.

All data processing circuits and radio equipment are
solid state, built largely from off-the-shelf components,
and capable of battery operation. The gage transmitter
draws power only during tone-burst transmission and
can report over 40 in. of precipitation on a single
battery charge. In our system tests, telemetry signals
were successfully received at a distance of 10 mi in
mountainous terrain over two 500 - 1,000 ft ridges, at
10 mi over flat or rolling terrain (not on line of sight,
and without high-gain antennas and towers), and at
60 mi line of sight. The system will undergo its first
field use during the summer of 1970 near Rapid City in
support of a study by the South Dakota School of
Mines and Technology.

Wind Direction Sensor
for Boundary Profile System

Our attempt to design and build a wind direction
sensor for the tethered sounding system met with less
success. The work began late in 1968 and continued
through May 1969. Historically, wiresondes and other
balloon-borne systems have lacked a wind direction
sensor, but not for any lack of effort to build one. Our
Boundary Profile (BP) System is a case in point: the
direction sensor, proposed in the original design and
developed under a research contract, was a failure. An
improved version was no better.

Wind vanes operate by measuring the angle between
the vane and the vane housing, which is aligned with
true north and clamped in position. In the case of a
tethered sounding system, a dirigible-shaped lifting
vehicle can serve as a vane. The reference direction must
be magnetic north, and there must be some way of
locating this direction. A magnetic compass needle will
remain stationary if some way can be found to isolate it
from all the motion of the instrumented package.

Pike used a five-bit optical shaft encoder to deter-
mine vane angle with respect to the magnetic compass
needle. Elimination of all mechanical coupling to the
compass needle reduced the friction to that present in
the bearings and pivots of the compass. Laboratory tests
of the optical shaft encoder, with its associated circuits,
showed the feasibility of this new approach. However,
the problem of virtually eliminating friction at the
compass pivots ultimately became a stumbling block.
Early in the year jewelled bearings and specially ground
pivots were ordered, and Pike concentrated on attempts
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to obtain very low and repeatable levels of friction. (The
test for friction consisted of observing the time required
for the needle to come to rest after being displaced a
few degrees from magnetic north:: a long time indicated
low friction.) .Unfortunately, the quality of the bearings
and pivots proved to be variable; when given the addi-
tional polishing needed to provide acceptably low
friction the pivots were no longer rugged enough to
withstand normal field use, and were adversely affected
by fine dust.

We finally conceded that all avenues had been
explored and that further efforts could not be justified.
However, we see promise for later success through the
use of new solid state components that are sensitive to
the earth's magnetic field. As manufacturers improve
these devices, an all-electronic direction sensor with no
moving parts may become feasible.

In its present configuration the BP system measures
temperature, humidity, pressure, and wind speed.
Improvements to the circuits, calibration, and packaging
were begun during the summer by Soo (visitor from the
University of Michigan) in preparation for use of the
system next summer by Danielsen (LAS) in NECHE,
and by M. A. Estoque (University of Miami) in a study
on Grand Bahama Island.

Calibration Facility

Our environmental chamber was installed at the
Marshall Field Site in late February. The vendor com-
pleted initial check-out of the system in March. Within
the 27 ft3 of working space, temperature can be varied
from - 73 to + 93C, pressure from 1.5 to 1050 mb, and
humidity from 10 to 95% with frost points as low as
-42C.

The chamber enables us to confirm that sensors and
various devices will function mechanically and electri-
cally over the ranges of temperature, humidity, and
pressure given above. Although able to execute the
programmed environment, the sensors that were
delivered with the chamber are not of calibration
quality. We therefore decided to obtain calibration
instruments of the requisite quality, with digital electri-
cal output so that calibration data can be stored in
computer-compatible form. Platinum resistance thermom-
eters for temperature and frost-point hygrometers for
humidity are available, and we continued to work
toward selection of a suitable pressure standard.

The Design and Prototype Development Facility built
a wind tunnel for calibration of wind sensors. It will be
located at PSRB-2 until a calibration building can be
constructed at the Marshall Field Site. It is based on a
design by Gerald Gill (University of Michigan), but
incorporates several new fabrication techniques. The
tunnel is of the open return type, is 24 ft long with a
working section 5 ft long and 35 in. diam, and is
designed to achieve wind speeds up to 60 mph.

Final assembly of the tunnel began in late December;
power will be applied early in 1970. Design specifi-
cations call for a Dwyer pitot tube and hook gage as the
primary speed sensor. After calibrating the tunnel we
plan to incorporate dial speed selectors--one for the
speed- unit (mph, kt, or m/sec) and a second for the
scalar value. The helicoid propellor and electronic com-
ponents to provide the servo feedback to the motor
controller have been ordered.

OPERATIONS

Our support to field programs ranged from assistance
given by a team of two for a two-week program in
Colorado, to a team of four for a six-month program in
Venezuela. Two of the more significant programs are
described below.

VIMHEX

Herbert Riehl and Daryl Simons of Colorado State
University were scientific co-directors of the Venezuelan
International Meteorological and Hydrological Experi-
ment. The major goal was to develop a model of
weather disturbances over tropical land with relatively
flat topography. Other objectives included expressing
the mesoscale weather structure in terms of the
synoptic-scale envelope and forming methods for pre-
dicting stream runoff, ground-water variations, and
ground trafficability.

FOF undertook management services for the pro-
gram, including arrangements for diplomatic and
customs clearances, airlift of all equipment by the Air
National Guard, food and lodging for all personnel,
truck and car leases, and liaison with Venezuelan hydro-
logical and meteorological agencies. In addition we pro-
vided an APT system, a GMD system, assorted smaller
sensors, and three equipment operators.
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After attending to most of the advance preparations,
Records left for Venezuela in April with the first group
of FOF personnel, and managed the program from the
installation and build-up phase through the first few
months of data gathering. Sanborn assumed management
responsibility from late July until the program's com-
pletion in October.

During peak VIMHEX activity there were ~50
people at the field site near Anaco, Venezuela. The
airlift from the United States consisted of three C-124
flights, two C-119 flights, and one C-121 flight. An
additional flight was made from Barbados to Venezuela
at the termination of BOMEX. A total of ~ 101,000 lb
(14,000 ft3 ) of equipment and supplies were airlifted to
Venezuela; 90,000 lb were returned to the United
States after the experiment.

Operational problems included some equipment fail-
ures attributable to the tropical environment, inadequate
communications between Anaco and Boulder, and a
multitude of minor difficulties attributable to the lan-
guage barrier. Neither illness nor accident marred the
expedition, and the CSU scientists obtained most of the
data they sought.

South Dakota Hail Study Program

We again supported a summer field project by the
South Dakota School of Mines and Technology to study

Great Plains hailstorms. Our support staff arrived at
Alliance, Nebraska, with the radar equipment approxi-
mately ten days ahead of schedule. We quickly estab-
lished a close working arrangement with the School of
Mines personnel; our equipment operated successfully
for a large portion of the program, and we collected
data on 17 days.

The program involved radar observations of hail-
storms at two wavelengths, ground observations of hail
by Chadron State College, Nebraska, and aircraft obser-
vations by the University of Wyoming. A principal
objective of the project was to distinguish between the
characteristics of hail- and non-hail-bearing clouds.

Radar crews operated the NCAR M33, 10 cm surveil-
lance radar on the 60 n mi scale and obtained time-lapse
motion pictures of storm echoes. The 3 cm tracking
portion of the M33 recorded storm heights; both this
radar and NCAR's 10 cm, 10 ft dish, non-coherent radar
which was slaved to it, recorded radar reflectivities.
Slaving allowed synchronous operation of the radar
transmitters and identical positioning of the antennas in
azimuth and elevation. Both radars were fitted with
logarithmic I.F. strips and identical sample-hold ampli-
fiers; digital voltmeter readout provided numerical
values which were recorded manually and used in com-
puting radar reflectivity. The M33 tracking range gate
was manually positioned over the maximum 3 cm echo
intensity before each reading.
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GLOBAL ATMOSPHERIC MEASUREMENTS PROGRAM

The Global Atmospheric Measurements Program :is
responsible for developing techniques and instruments to
obtain worldwide atmospheric measurements. During
1969 our activities were again concentrated on the
GHOST program, in which small superpressure balloons
carrying lightweight electronics packages are used to
track horizontal air movements.

EXPERIMENTAL OPERATIONAL PROGRAM

In March Region V members of the World Meteoro-
logical Organization (WMO) met in Melbourne, Australia,
to discuss the possibility of establishing an operational
constant-level balloon program in the southern hemi-
sphere for forecasting purposes. The participants agreed
that such a program should be undertaken as soon as
practical, and the WMO Executive Committee endorsed
this decision in June. The plan calls for 50 - 100
balloons at the 200 mb level and a small number at
50 mb in flight at any one time, to provide useful
operational data until this system can be replaced by a
balloon-satellite location system. Initially, wind data
averaged over 6 hr would be made available.

The basic method for locating the experimental
GHOST balloons is telemetry of sun-angle measure-
ments, but a second method will be needed to meet the
requirements of the Experimental Operational Program
(EOP). Early in 1969, our GHOST Flight Station staff
at Christchurch, New Zealand, began evaluating a pre-
viously developed radio-frequency, direction-finding
station. However, we abandoned this evaluation in favor
of a more promising technique. Following a suggestion
by Pierre Morel (National Science Research Center,
France) that the vertical component of the earth's
magnetic field could be used in conjunction with sun
angles to establish location fixes, we developed and
flight tested a simple lightweight vertical magnetometer.
The magnetometer can measure the vertical magnetic
field of the earth to an accuracy of 0.002 gauss; since
the lines of constant vertical magnetic intensity are
generally parallel to lines of latitude, this value repre-
sents ~ 0.20 of latitude. Because the sun angle and
magnetic lines can be determined simultaneously, the
technique is independent of balloon velocity.

We also began work to develop a more accurate
sun-angle sensor, which will give positive indication of
the occurrence of selected sun angles. The accuracy of
the new device will enable longitudinal fixes to ~0.20
to be made.

Our work on a GHOST digital telemetry transmitter
neared completion. The transmitter will make it possible
to receive accurate magnetometer and sun-angle sensor
data at the ground receiving sites for the EOP.

We successfully flight tested an evaluation model of a
radio altimeter developed by Nadav Levanon at the
University of Wisconsin. We plan to add this sensor to
the EOP package to provide pressure-height data to
supplement the wind data.

BALLOON TESTS

GHOST balloon flights have shown that in the strato-
sphere, at 100mb and above (- 53,000 ft), super-
pressure balloons are capable of flying for average
periods in excess of six months. The longest flight to
date has been 441 days. At 200 mb ( -40,000 ft), the
average life for balloons tested in mid-latitudes is five
months and the record flight has been 351 days. We do
not expect to achieve an average life of this duration
over the tropics. When balloons are equipped with
metalized top caps, the average life at 300 mb
( 30,000 ft) exceeds 30 days. At levels below 300 mb
and above the freezing level, average life is one to two
weeks. Eight balloons flown in June at 400 mb
(-25,000ft) had average lives of seven days; this
duration was much below the average of 20 days for
400 mb flights during the southern hemisphere summer.
Balloons with metalized top caps performed no better
than uncapped balloons. There are no apparent solutions
to the problem of increasing the life expectancy of
balloons in this region without the addition of complex
mechanisms which might prove a hazard to aircraft.

In the Nimbus test flight series, we flew nine balloons
in January from Ascension Island. Three balloons flew
at 30 mb with average lives of 80 days; five balloons
flew at 50 mb with average lives of 119 days; the ninth
balloon burst during ascent. In August we conducted seven
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more flights in the Nimbus series. The performance of the
30 mb balloons was disappointing. One balloon showed
leakage on the first day. The remaining balloons stayed
aloft an average of 45 days, except for one which was
still flying after 109 days. One of the 50 mb balloons
remained aloft after four months. We surmise that
ultraviolet degradation of the Mylar film or the adhesive
limits balloon survival at 30 mb to three months and at
50mb to five months. The shorter durations of indi-
vidual flights were undoubtedly caused by damage
during ascent or by manufacturing defects. (We attribute
an earlier flight of longer duration at 50 mb to the fact
that the balloon spent four months in the Antarctic
winter with no ultraviolet input.)

In other developments, eight 900mb (-3,200 ft)
flights were launched from Johnston Atoll in November
to evaluate a water-repellent balloon coating. Post-flight
analysis of the wax coating showed that it was only 30%
as effective as the original test batch. A development
program will thus be necessary to obtain a satisfactory
and reproducible coating. We do not have adequate data
at 900 mb to estimate probable flight duration, although
we know that balloons will not survive if the temper-
ature at this level is below freezing.

MOTHER GHOST

The GAMP group has developed a new concept for
obtaining wind data in the tropical troposphere. The
technique involves the flight of a "mother" balloon in
the high stratosphere; dropsondes are released on com-
mand and relay the 13.6 kHz signals from OMEGA
navigation stations through the mother balloon to a
synchronous satellite for transmission to the ground.
The concept provides the only presently feasible means
of obtaining detailed wind data over the tropical oceans

at reasonable cost and is now a significant element in
GARP plans. A complete system demonstration is
scheduled for 1970.

JET AIRCRAFT IMPACTION TESTS

Through the cooperation of the Federal Aviation
Administration, three tests were made of the impact of
a jet aircraft and an inflated GHOST balloon. The
aircraft flew into balloons that were tethered at 200
and 1,500ft, and into a free floating balloon at
30,000 ft. In all cases the balloon shattered harmlessly.
In additional tests, two GHOST electronics packages
were ingested by operating jet engines of the kind used
on commercial airplanes. Neither visual nor audible
changes in engine performance were noted, and the
monitoring gages showed no indication of abnormal
performance. Inspection of the engines revealed minor
damage to fan blades, but this damage was of the type
that normally occurs in routine operation of jet engines
when, for example, they ingest runway detritus. It was
concluded, therefore, that the GHOST package does not
present a hazard to jet engines.

ELECTRONICS

In addition to the magnetometer, the fixed sun-angle
sensor, and the digital telemetry transmitter, we com-
pleted a new pressure-subtracting hypsometer for ground
station use, and developed an experimental model of a
simpler hypsometer for use as a balloon-borne sensor.

The New Zealand Meteorological Service assigned one
of its research specialists, D. Thompson, to work
with our GHOST Flight Station personnel on air tempera-
ture sensor evaluations. Computing procedures were
developed for the calibration of these sensors.
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Preparation for the 1970 eclipse occupied many HAO
staff members during the past year. Jack Gosling and
Roger Kopp make adjustments on their coronal emission
line profile experiment.
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INTRODUCTION

In writing this review of the research activities of the
High Altitude Observatory (HAO), we have departed
somewhat from the style of previous Annual Reports by
including research highlights rather than brief summaries
of all our research activities. We hope the change will
present a clearer profile of our work and its significance.
Naturally, this approach leaves much unsaid for any
given year. Continuing programs described in detail in
previous Annual Reports may not be mentioned, and
investigations begun this year but not likely to mature
for one or more years may not appear unless the
initiation itself is noteworthy.

One effort, which occupied many of the staff for
much of the year but receives only limited mention in
the body of the report, is preparation for the 7 March
1970 solar eclipse. Although sophisticated apparatus
allows for study of the solar atmosphere at fixed
observatories, measurements during total eclipse still
form a vital part of solar research. We plan to perform
the following experiments at our site near Quiechapa,
Mexico:

1. Examination of the fine structure of prominences
and spicules in the light of several spectral lines of
widely differing excitation. The goal is to learn more
about prominence structure and how these objects con-
dense from the corona.

2. Polarimetry measurements of the white light co-
rona out to 4 solar radii. The goal is to investigate the
role of magnetic fields in determining the structure of
the corona and to acquire background data for the other
coronal experiments.

3. Cinematography of the white light corona. The
goal is to obtain high temporal and angular resolution
observations which can be examined for the presence of
transient and wave phenomena in the corona.

4. Determination of the profiles of the 5303 and
6374A lines at several locations in the corona. The goal

is to obtain profiles with high angular and spectroscopic
resolution to determine the coronal temperature
distribution.

5. Assessment of the polarization of the major emis-
sion lines in the corona. The goal is to use the variation
of polarization from line to line to help identify coronal
lines, to clarify the excitation of coronal ions, and to
determine the magnitude and direction of coronal mag-
netic fields. (This work is in collaboration with the
Sacramento Peak Observatory.)

6. Investigation of the intermediate infrared spectrum
of the T-corona. The goal is to examine the spectrum of
the thermal radiation of the T-coronal evaporization
zones as a means of identifying the composition of
interplanetary particles.

Studies of the circulation of matter within the inte-
rior of the sun and its consequences in the observable
solar atmosphere continued to be an important part of
our research effort. Circulation models have become
increasingly sophisticated as increasing realism has been
sought.

The apparently conflicting information on the tem-
perature minimum region and on the dissipation of the
heat in the low chromosphere seems to have been
reconciled. New observations and theoretical interpreta-
tions currently give values for the temperature minimum
differing by less than 50K.

The study of magnetic fields in the corona has led to
the conclusions that at least the inner corona is current-
free, and that the shapes of coronal structures largely
follow those of the fields. However, present models of
the interaction of the corona and magnetic field have
revealed that an important discrepancy between the
observed and calculated densities can occur during co-
ronal supersonic expansion. The resolution of this dis-
crepancy may help to clarify the equally important
subject of the extent of coronal heating.

Magnetic fields clearly play an important role in the
formation and support of prominences as well as in
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other fundamental processes that occur in sunspots,
plages, flares, and all other forms of solar activity. HAO
is still the only laboratory devoting a major portion of
its observing resources to the measurement of promi-
nence magnetic fields.

Even in the earth's upper atmosphere magnetic fields
play an important role. Much of the year's work in
solar-terrestrial physics has been devoted to the study of
high altitude tidal winds and their interaction with the
earth's magnetic field.

Gordon Newkirk, Jr.
Director
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THE SOLAR INTERIOR

The general circulation of material within the solar in-
terior is a problem of continuing challenge. It is natural to
ask whether the techniques which led to a successful de-
scription of the circulation of the terrestrial atmosphere
might also be used to develop a realistic solar model.
Hopefully, two of the more obvious unexplained conse-
quences of general solar circulation--differential rotation
in the photosphere, and solar activity--would arise as
natural consequences of the model. However, the great
depth of the "circulating atmosphere," the major role
played by convection in transporting energy from the in-
terior, and the presence of a magnetic field combine to
put the complete solar model beyond the capabilities of
present computers. Nevertheless, progress is being made
by examining separate aspects of the overall problem.

ROTATION AND CONVECTION

Durney, in collaboration with Werner (Computing
Facility) expanded his study of the interaction of con-
vection and solar rotation in a convective spherical shell
surrounding a solid core. This work significantly
extended his previous axisymmetric model by including
non-axisymmetric circulation. The improved model
yields a more realistic, qualitative description of the
interaction of convection and rotation, even though the
complete dynamical equations of such a shell with real
physical characteristics of the sun's convection zone
cannot be solved. The major conclusions are:

1. The most unstable modes of convection (those
that maximize the heat flux) correspond to cells stretch-
ing from pole to pole and covering - 36° in longitude.
Howard, at the Mt. Wilson Observatory, recently de-
tected similar giant convective cells by precise velocity
measurements of photospheric spectral lines.

2. If convection is non-axisymmetric (as in the most
unstable modes), the zonal pattern of motion must
slowly drift in longitude. Calculations suggest that it
would require ~ 50 years for the system of convection
currents to travel once around the sun. Since such giant
convective cells have but recently been detected, this
secular drift remains to be confirmed.

3. Calculations of the Reynolds stresses show trans-
port of angular momentum toward the equator. That is,
differential rotation sets in with equatorial acceleration
as a natural consequence of the interaction of con-
vection and rotation.

4. Convective heat transport is maximum at the
equator. This gives rise to an equatorpole flux differ-
ence and implies that the apparent solar oblateness
reported by Dicke and Goldberg is, in fact, due to the
interaction of convection and rotation, as suggested
earlier by Durney and Roxburgh (visitor from Queen
Mary College, England). The small values of the pole-to-
equator temperature difference (20K) and of the magni-
tude of the meridional circulation velocities in the
photosphere ( 4 m/sec) pose a considerable challenge
to the observational astronomer.

The description of the motion as Rossby waves
exemplifies a somewhat different approach to the prob-
lem of the interaction of convection and rotation. In
meteorology, horizontal planetary waves characterized
by a close balance between the Coriolis force and the
pressure gradient are known as Rossby waves. Shoji
Kato (visitor from the University of Tokyo) has dis-
cussed the possible identifcation of such waves with
large-scale, nearly horizontal, over-stable convective
motions in the solar atmosphere. As an extension of this
study, Nakagawa and Kato considered the Rossby-type
waves which can be excited in the solar convection
zone; they showed that the observed solar differential
rotation might be maintained by such waves through
conversion of the potential energy stored in the unstable
convection layer into the kinetic energy of the mean
rotational motion. Their approach, however, does not
demonstrate the inevitability of differential rotation as
observed; polar acceleration could result as an equally
valid solution to the equations. Kato and Nakagawa also
examined the manner of excitation of Rossby-type
waves in the presence of a general, toroidal, solar
magnetic field. Their results suggest that the observed
large-scale magnetic field pattern can be interpreted as
perturbations of the general, toroidal magnetic field by
Rossby-type waves.
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HYDROMAGNETIC MODEL OF SOLAR CYCLE

The 22-year cycle of solar magnetic activity repre-
sents a major unexplained phenomenon. Several years
ago Babcock hypothesized that the cycle was due to an
interaction between solar differential rotation and an
initial dipole magnetic field. However, his study did not
include any quantitative hydromagnetic analysis. Using a
quantitative model Nakagawa and Swarztrauber (Com-
puting Facility) showed that some basic features of the
solar cycle, such as the drift of the region of sunspot
activity toward the equator and the law governing the
polarity of sunspots, could be reproduced by an axisym-
metric incompressible model through the numerical
integration of the basic hydromagnetic equations (1968
Annual Report). Such an axisymmetric model cannot be
expected to reproduce the observed "regeneration" of
the solar dipole field since this property appears to be
caused by the fragmentation and poleward drift of the
strongly non-axisymmetric fields present in active
regions. Nakagawa, with the assistance of Swarztrauber
and Fabec (Computing Facility), began extending the
analysis to the non-axisymmetric configuration. This
study closely resembles the general circulation model of
the atmosphere undertaken by LAS, and requires a large
amount of programming and computer time.

OSCILLATIONS OF ROTATING STARS
WITH MAGNETIC FIELDS

Many magnetic stars show periodic variations of their
fields, presumably as a result of the oscillation of the

entire star. Nakagawa and Trehan (visitor from Panjab
University, India) analyzed the axisymmetric oscillations
of a differentially rotating fluid shell with a toroidal
magnetic field. Their analysis showed that stable oscil-
lations result only if the surface rotation increases
toward the equator, as observed on the sun, and that
the frequency of oscillations decreases in the presence of
such a differential rotation.

They also examined the more complex problem of
general (rather than axisymmetric) oscillations of differ-
entially rotating stars with toroidal magnetic fields. As
expected, the frequency of stable oscillations depends in
a complex manner on the differential rotation and the
field. However, if either the differential rotation or the
energy density of the magnetic field should exceed
certain critical limits, the oscillations would become
unstable and the star could not survive. This result has
major implications for our ideas concerning the forma-
tion of stars. Since stars are believed to have condensed
from clouds of material in the galaxy, it is necessary to
examine the consequences of the concentration of the
magnetic field and the angular momentum of the
galactic material during its collapse into a star. A simple
calculation shows that extremely high fields and angular
velocities would result if there were no dissipation.
Nakagawa and Trehan's calculation both establishes a
new and more restrictive limit on the field and rotation
of a star during its formation phase, and tightens the
restrictions on the mechanisms which must dissipate
field and angular momentum.
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THE PHOTOSPHERE AND THE CHROMOSPHERE

TEMPERATURE MINIMUM

The solar chromosphere and corona are believed to
be heated by mechanical energy generated in the sub-
photospheric convection zone. Our understanding of the
solar atmosphere would be greatly advanced if we could
properly identify and describe the processes by which
this mechanical energy is generated, propagated through
the photosphere, and eventually dissipated as heat in the
chromosphere and corona. Although much progress has
been made toward solving each of these problems during
the past few years, our understanding of the physical
processes remains insufficient.

The amount of mechanical energy required to heat
the chromosphere and corona is still uncertain, particu-
larly in the region of temperature minimum, where the
density is sufficiently high that a small increase in
temperature would require a considerable deposit of
mechanical energy. The energy required to maintain a
given temperature in the region of temperature
minimum is proportional to Tr, the optical depth in the
continuum, and to the difference between T, the
observed temperature, and TR, the temperature that
would exist if the atmosphere were in radiative equilib-
rium and no mechanical heating were present. As an
example of the importance of the problem, at Ts = 10-3

(temperature minimum region) a sustained difference
between T and TR of only 100K would require as much
mechanical heating as the remainder of the chromo-
sphere and the corona combined.

Studies of the temperature minimum require a unique
combination of observation and theory. Clearly, T must
be determined empirically by spectroscopic measure-
ments of the radiation originating from the temperature
minimum region or by analysis of strong spectral lines
whose profiles are determined by conditions in this
layer. The value of TR can only be obtained from
accurate theoretical models of radiation transfer out of
the solar atmosphere. A major problem in these models
has been a precise evaluation of the effect of the
"blanketing" produced on the temperature structure of
the atmosphere by spectral lines.

A major step was accomplished when both the
Harvard experiment in the far ultraviolet conducted by

Parkinson and Reeves, and the HAO infrared experi-
ments conducted by Eddy and MacQueen (1968 Annual
Report) indicated that the minimum solar temperature is
~4300K and is located near Ts = 10- 4 . This result has
several important implications. The previously accepted
value of TR at TS = 10- 4 had been - 4600K. Thus, the
temperature minimum appears to be a region where
energy is removed rather than deposited. Furthermore, if
the temperature minimum occurs at TS = 10- 4 , a given
difference between T and TR requires only one-tenth of
the energy required at 75 = 10- 3 . Unless we were willing
to hypothesize some energy sink in this region, a careful
reexamination of the models yielding TR 4600K
would be required.*

Surface cooling caused by the blanketing by
Fraunhofer lines could reduce the values of TR to below
4600K. However, earlier calculations of the blanketing
produced by strong lines formed in non-LTE (including
departures from Local Thermodynamic Equilibrium)
suggested that for the sun such a surface cooling effect
is negligible. A more detailed study by Athay and
Skumanich (1968 Annual Report) of the non-LTE blan-
keting effect, which included surface cooling, cast strong
doubt on the validity of these arguments, and led these
authors to suggest that solar surface cooling might not
be negligible after all.

Athay carried out extensive computations of the
non-LTE solar blanketing effect using a simulated solar
spectrum composed mainly of Fe I and Ti II lines plus
the strong lines of H, Ca II, Mg I, Mg II, and Na I. The
computations were made by assuming a temperature
model, T1 , and computing the blanketing effect for this
assumed model. The computed blanketing effect was
then used to construct.a new model giving TR. Experi-
mentation with the blanketing implied by several initial
models of T1 finally yielded a consistent, blanketed

*The value of T ~4300K at Ts = 10- 4 is supported by
the interpretation of the profiles of the H and K lines of
Ca II and Mg II by Athay and Skumanich (1968 Annual
Report) and Dumont of the Paris Observatory. However,
the Bilderberg continuum model of the solar atmo-
sphere, which was adopted in 1968 as a standard refer-
ence atmosphere, opposes this interpretation, and places
the minimum temperature at 4600K and near r s = 10 3 .
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model. Interestingly, this model gave TR = 4330K ± 150
at T5 = 10- 4 , in excellent agreement with the newer
empirical data (see Table 1). Contrary to previous suppo-
sitions, the surface cooling effect is pronounced even in
non-LTE. Furthermore, the primary cooling is caused by
lines on the shoulder of the curve of growth rather than
by the much stronger lines with well developed wings.
This is also contrary to prevailing opinion.

Although the observationally determined value of T
and the theoretical value of TR are both subject to
considerable refinement, their present agreement makes
it seem probable that at 75 = 10- 4 , improved values of
T and TR will not differ from each other by more than
200K. This, in turn, indicates that there is relatively
little dissipation of mechanical energy in the tempera-
ture minimum region. Since there is good reason to
believe that the dissipation increases outward, there is
no reason to suppose that much dissipation occurs in
the upper photosphere and the very low chromosphere
(Ts > 10-4). Thus, large energy dissipation in the region
of temperature minimum no longer seems to be present,
and the total energy required to heat the chromosphere
and corona is now reduced to a value of ~ 2 X 106
erg/cm 2 sec as compared to the previous estimates by
Athay of 5.6 X 106 erg/cm 2 sec and by Osterbrock of
4 X 107 erg/cm 2 sec. The smaller value now proposed
fits comfortably with theories of energy generation in
the convection zone and the propagation of this energy
outward into the chromosphere and corona; the former
values were uncomfortably large.

The need to consider not only line blanketing effects
but also possible departures of the continuum states of
H- (the major source of continuous opacity in the solar
atmosphere) from LTE demonstrates the great com-
plexity of the temperature minimum problem.
Skumanich, following earlier work by Cayrel, confirmed
that, in the absence of spectral lines, departures from
equilibrium in the H- continuum states can lead to a
"surface" temperature higher (~ 15%) than that deter-
mined for a model with H- in equilibrium. The magni-
tude of the effect in an atmosphere with spectral lines is
unknown.

MACROSCOPIC MOTIONS

Since the mechanical energy that heats the chromo-
sphere and corona is believed to be propagated by waves
in the photosphere, it is logical to suppose that these
waves might manifest themselves as fluid macroscopic
motions in the photosphere and chromosphere. The
spectroscopic discovery of oscillatory cells in the photo-
sphere and chromosphere has prompted speculation that
we are indeed observing the propagation of mechanical
energy through these layers. It becomes of paramount
importance, therefore, to determine the exact nature of
these oscillatory motions.

Considerable research has been devoted to the study
of the period and velocity amplitude of these oscil-
lations in lines formed in different layers, in the hope of
determining the structure and propagation of the waves

Table 1

Upper Photospheric Temperature Models in Radiative Equilibrium,
Showing that Blanketing Produces a Temperature Minimum Near the

Empirically Determined Minimum (- 4300K at r5 = 0.0001)

Optical Depth (Ts)

Temperature (K) 0.1 0.03 0.01 0.003 0.001 0.0003 0.0001

Initial T1  5030K 4800K 4720K 4550K 4520K 4390K 4350K
Blanketed Tb 5030 4810 4730 4570 4510 4370 4330

T1 - Tb 0 -10 -10 -20 10 20 20
Unblanketed Tn 4940 4780 4710 4690 4680 4670 4660
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throughout the solar atmosphere. A velocity deduced
spectroscopically is valid, however, only if it is constant
through the region of line formation. This presents a
serious difficulty because the doppler core of a strong
line may form in a layer in which the density varies by
a factor > 10 3. Current theories indicate that relatively
large changes in velocity would occur over such density
ranges. Thus, we must question the meaning of the
spectroscopic velocity measurements.

To test the possible effects of velocity gradients on
the "measured" velocity, Athay computed theoretical
profiles for strong Fraunhofer lines for the extreme case
where only a specified layer of the atmosphere was
moving. The thickness of the moving layer was restricted
so that the density changed by a factor of ~ 10. Thus,
the moving layer was about one-third as thick as the
line-forming layer. The theoretical profiles for these
differential motions were determined by the standard
techniques used to obtain a measured velocity, which
could then be compared to the actual velocity. From
this study Athay found that, in those parts of the
spectral line ascribed to the moving layer, the measured
velocity was usually less than half the actual velocity,
and that, in those parts of the line ascribed to the
stationary layer, the measured velocity was often a
sizable fraction of the actual velocity in the moving
layer,

On this basis, it appears that when an appreciable
velocity gradient is present, the standard measuring
techniques are simply not reliable at any depth. The
actual velocities could be much larger or smaller than
the measured velocities.

The K2 emission features in the Ca II K line provide
a good illustration of the wide range of possible inter-
pretations of velocity measurements. Characteristically,
the violet K2 is brighter than the red K2 and the
stronger violet peak is nearer line center. These effects
have commonly been attributed to upward moving
matter in the low chromosphere with velocities of the
order of 2 km/sec. However, Athay showed that it is
also possible to explain these effects by postulating the
presence of downward moving matter in the high
chromosphere with velocities between 10 and 25 km/sec

(see Fig. 1). Similar, though less striking, alternative

explanations are possible for velocity effects observed in

other strong lines. Clearly, we need to develop more

reliable techniques for measuring the velocity of

macroscopic elements in the solar atmosphere.
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Fig. 1 Three profiles of the inner Ca II K line showing
enhanced violet K2  emission (ordinate) at
AX = - 0.2A (abscissa). The dashed vertical lines
show the doppler displacement of the center of
the line in the moving layer; y is the ratio of the
wavelength displacement from line center to the
doppler width of the absorption profile
( AX/AXd). The dashed horizontal lines show the
intensity of the red K2 emission for comparison.
Velocities in the moving layers are given in
parentheses. Notice that the shift in position of
the K2 emission is only a small fraction of the
shift indicated by the dashed vertical lines.

Additional information about motions in the solar
atmosphere comes from the broadening of spectral lines
by microscopic mass motion on a scale too small to be
resolved with present observing apparatus. Such infor-
mation is obtained by fitting the profiles of spectral
lines to theoretical models based on various hypothe-
sized laws of microscopic motion. The broadening
motions, like the oscillatory motions, are found to
increase with height in the atmosphere. However, the
amplitude of the microscopic motions generally exceeds
by a large factor those currently inferred for the oscil-
latory motions. Thus, most of the mechanical energy
may be contained in small elements moving with rather
high velocity.
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Workers at the Laboratory for Atmospheric and
Space Physics (LASP) of the University of Colorado
have acquired line profiles for lines formed high in the
chromosphere and in the corona; these profiles promise
to add greatly to our knowledge of motions at these
levels. An analysis by Athay and Canfield (visitor from
the University of Colorado) of the resonance lines of O I
at 1304A observed at LASP indicates broadening veloci-
ties of 7-8 km/sec in the high chromosphere. The O I
line is formed in approximately the same layers as the
resonance lines of Ca II and Mg II, and the required
broadening velocities are consistent with those inferred
by Athay and Skumanich (1968 Annual Report) from
these latter lines.

Ionized Barium in the Chromosphere

Even though barium is little more than a trace
element in the sun, the resonance lines of ionized
barium are easily visible in the chromospheric spectrum.
In the lower chromosphere there is enough ionized
barium to reveal evidence of self absorption in the K
line at 4554A and in the H line at 4934A. The ratio
K/H of the intensities of these lines is considerably less
than 2.5, the theoretical upper limit for optically thin
lines. For spectra from higher and higher parts of the
chromosphere, the ratio K/H increases and reaches the
optically thin value at ~ 800 km above the photosphere.
But at still higher altitudes the ratio continues to
increase and exceeds the upper limit of 2.5 at heights
above ~ 1,000 km. Spectra from both the 1952 and the
1962 eclipses show this curious effect.

To explain this anomalous behavior, Tandberg-
Hanssen and Smythe have studied the excitation and
ionization equilibria of barium under chromospheric
conditions. The H and K lines originate from two
closely coupled atomic levels in the barium ion, and the
ratio of their intensities depends on the radiative and
collisional cross sections as well as the chromospheric
density and temperature. They found that the appar-
ently strange K/H ratio is due to a combination of two
effects, namely, a weak collisional coupling between the
atomic levels, and the high temperature (~ 20,000K) of
the chromospheric plasma at heights above 1,000 km.
The collisional coupling is an order of magnitude smaller
than had previously been assumed.

GEOMETRICAL SCALE
OF THE CHROMOSPHERE

The initiation of x-ray and extreme ultraviolet obser-
vations of the sun has made it increasingly important to
establish a consistent geometrical scale of the solar atmo-
sphere from the upper photosphere to the chromosphere-
corona interface. All too frequently we find that the
analysis of spectra of a given group of ions gives a
self-consistent model of the chromosphere which,
because of the lack of angular resolution in rocket and
satellite observations, is difficult to fit to the model
derived from some other group of ions. Direct measure-
ment of the geometrical scale from disk spectra is
impossible because the natural variable used to interpret
line profiles and limb darkening observations is the
optical depth--a dimensionless quantity. Thus, the
geometrical scale is best obtained by observations made
tangent to the chromosphere (at the limb). Here the
high angular resolution obtainable by ground-based tele-
scopes during both eclipse and non-eclipse conditions is
essential.

White analyzed such a series of high resolution limb
spectra recorded at Sacramento Peak Observatory for
Ha, and Ca II K and H lines. The spectra show charac-
teristic "bows" or "arches" which cross the line cores
and are convex with respect to the solar limb (Fig. 2).
These arches result directly from wavelength variation of
emission and absorption in the spectral line, and are a
spectroscopic picture of the coarse emission network
that outlines the supergranulation cells. White's analysis
of the spectra showed that the inhomogeneity producing
an arch is a bright vertical structure imbedded in an
obscuring gas. The mean height of the emission column
is O 2,500 km measured directly from the plates.

CHROMOSPHERIC EMISSION
-CONTINUUM LIMB

SSPECTROSCOPIC ARCH

- SPECTROSCOPIC ARCH

Fig. 2 Ha spectrogram made with a radial slit across the
limb to show the bright arches in the line core.
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Figure 3 gives sketches of a limb spectrum showing a
spectroscopic arch and of an atmospheric cross section
showing how the arch is produced by an emission
column protruding through an obscuring layer. Identifi-
cation of spectroscopic features with ordinary optical
features of the chromosphere, such as spicules, has
produced confusion in solar physics in the past; we will
therefore await further analysis before identifying this
emission column as a spicule.

Fig. 3 Sketch showing how a bright vertical inhomogene-
ity produces a bright spectroscopic arch in a limb
spectrum. The vertical structure is only visible at
those heights and wavelengths where the opacity
of the obscuring layer is low enough to allow the
column's radiation to escape.

The characteristic heights derived from these limb
spectra, as well as the heights of He I emission maxima
in the chromosphere, lead to the conclusion that the
coronal-chromospheric interface is irregular and lies
between 1,500 and 2,500 km.

CHROMOSPHERIC AND PHOTOSPHERIC
FINE STRUCTURE

As mentioned above, cross identifying various fea-
tures seen in various spectral lines and in the continuum
is a more complex problem than it would first appear,
and the question of which features of the photosphere
(granules, intergranule spaces, etc.) underlie which fea-
tures of the chromosphere (spicules, dark fibriles, etc.)
continues to stir controversy. This question must be
answered if a coherent picture of the solar atmosphere is

to be obtained. In an attempt to elucidate some features
of the photosphere and chromosphere, White and
Bhavilai (visitor from Chulalongkorn University,
Thailand) obtained simultaneous spectroheliograms of
high spectroscopic and angular resolution at Sacramento
Peak Observatory. The observations cover a selected
series of band passes in both the Ha and Ca II K lines
and should allow a level-by-level dissection of the fine
structure of the solar atmosphere.

Solar photospheric granules are frequently thought to
represent convection cells with an upflow at their bright
centers and a horizontal outflow away from these
centers. Only the upflow has been established obser-
vationally. While still at Sacramento Peak Observatory
and in collaboration with Capt. Roger Morrison (Air
Force Institute of Technology), Beckers devised an
ingenious technique to determine the average flow
pattern within a granule. Simultaneous photographs of
the granulation near the solar limb were taken in
opposite wings of an absorption line. Intensity differ-
ences between the two images, caused by doppler shifts
from point to point in the photosphere, were then
reduced to produce a "velocity-gram." Although the
velocity error at any one point is relatively high, the
average of the velocity structure for 1,100 observed
granules yields a picture of the flow pattern accurate to
S20 m/sec. Since the granules studied were 0.8 solar
radii from the center of the solar disk, the line of sight
is inclined to the photosphere, and comparison of the
averaged doppler velocity in the four quadrants of the
granule allowed separation of the vertical, horizontal,
and vortex motion of the material (Fig. 4). No vortex
motion within the granule could be detected, but the
existence of the outflow was clearly established. Maxi-
mum outflow value, after correction for telescope
resolution and seeing conditions, is 0.3 km/sec as com-
pared to a 0.5 km/sec upflow.

SPICULES

Pneuman developed a theoretical model attempting to
explain the origin of spicules. The model is based upon
the interaction of convection with the concentrated
magnetic field believed to exist at supergranulation cell
boundaries. As the magnetic flux tubes are agitated by
the convective motions, magneto-acoustic waves travel
upward through the chromosphere along the magnetic
field lines. As a result of the change of temperature and
density with height in the chromosphere, motions trans-
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Vortex Velocity

X - Axis

Fig. 4 The intensity and the doppler velocities due to the vertical, horizontal, and vortex velocity of an average photo-
spheric granule. Contour interval is 20 m/sec. In the velocity maps the solar limb is upward and solid contours
represent motion toward the observer. Each diagram corresponds to solar area 3,200 X 4,800 km.

verse to the field are damped while motions along the
field are amplified enormously. Thus, material velocities
on the order of 0.1 km/sec at the top of the convection
zone increase to 20-40 km/sec at the levels of
observed spicules. Depending on the frequency of the
exciting oscillation, one of two types of spicule motions
will occur. If the exciting frequency is below the critical
frequency of the atmosphere (the critical frequency is
the reciprocal of the time required for a sound wave to
travel two scale heights) the only possible waves are
standing waves, and the spicule merely rises and falls
with the exciting frequency. If the exciting frequency is
above the critical frequency, an outward-propagating
disturbance results, and the spicule rises and disappears.

However, it is not evident that this latter type of wave
will eventually change. into a shock wave, as is the case
for ordinary acoustic waves in the absence of a magnetic
field.

MATHEMATICS
OF RADIATIVE TRANSFER

A complete interpretation of the spectrum emerging
from a particular region in the solar atmosphere requires
an exact and intimate knowledge of radiation transfer
through this atmosphere. The general techniques for
handling this problem for a stratified but laterally
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homogeneous medium are well understood, although
unexpected interpretations of apparently simple obser-
vations still occur (see Macroscopic Motions). However,
the solar atmosphere is not laterally homogeneous, and
until recently our mathematical tools have been inade-
quate to examine its influence on the emergent spec-
trum. One technique of solving this problem, developed
by Jones and Skumanich (1968 Annual Report), in-
volves solving the radiative transfer equations with a
large but finite set of simultaneous linear equations at
suitably chosen grid points in the atmosphere.

For such objects as prominences and spicules the
radiative transfer problem is particularly unmanageable.
The object has a complex geometry, its optical depth
varies from complete opacity in the strongest resonance
lines to nearly complete transparency in the weaker
lines, and it is likely to be threaded by a magnetic field
arbitrarily oriented to the line of sight and to the solar
vector. Important questions regarding the support and
stability of prominences (see Solar Activity) cannot be
answered without information on the magnetic fields in
these objects. However, the present interpretation of
Zeeman splitting and polarization measurements in
prominences is greatly oversimplified.

To provide a more secure basis for the interpretation
of such observations, which would ideally include the
variation of all the parameters of linear and circular
polarization across the profile of a prominence line,
House performed a detailed analysis of the complete
radiative transfer problem of resonance scattering. This
required development of the theory from the basic
quantum electrodynamics point of view to describe
accurately the influence of "coherency" in the fre-
quency, direction, and polarization properties of the scat-
tered radiation. Such coherency effects arise because the
weak magnetic fields frequently encountered in promi-
nences fail to split the magnetic sublevels of the radi-
ating atoms completely. House used the Monte Carlo
method to follow individual quanta, described by their
direction and polarization properties, from their en-
counter with the prominence slab through their various
absorptions and reemissions to their ultimate escape
from the prominence. The addition of many such trajec-
tories gives a complete description of the emergent
intensity.

Although the method can be used to describe the
radiation produced by any dipole transition between any
pair of atomic J levels, House, with the assistance of

Cohen (Computing Facility), gave special attention to
the resonance line 4227A of Ca I and to the line
10747A of Fe XIII. The Ca I line occurs in prominences
and is one of the few moderately strong lines derived
from a simple energy-level configuration. Thus, analysis
of this line appears to be the best method of obtaining
more information about prominence magnetic fields
from spectro-polarimetric observations. The 10747A line
of Fe XIII occurs only in the solar corona and promises
to give information on the direction of coronal magnetic
fields which is presently unobtainable. Observations of
the linear polarization of this coronal line by Eddy,
Firor, and Lee (1967 Annual Report) confirmed that
the line is, indeed, linearly polarized. However, the
variation of the degree and orientation of observed
polarization throughout the corona is so complex that it
has defied interpretation. It will now be possible to
analyze these earlier results in detail.

STELLAR CHROMOSPHERES

Although comparisons of different areas on the solar
disk (e.g., plages vs normal chromospheric areas) yield
information about the effects of different physical con-
ditions on the structure of the overlying chromosphere,
the range of solar "experiments" is limited. The only
way to "vary" conditions over wider ranges is to look at
other stars. An analysis of the chromospheric emission
(as represented by measurements of emission reversal in
the Ca+ doublet resonance line) from a variety of stars
should help to elucidate the properties and relevant
parameters that govern the existence of a chromosphere.
Indeed, in comparison to many stars the sun has an
insignificant chromosphere (Fig. 5).

Observations of Ca + emission reversals in dwarfs were
made available to Skumanich by Wilson of the Mt.
Wilson and Palomar Observatories. These data were
partly reduced to a form suitable for analysis with the
scaling laws which model the effect of such physical
parameters as the thickness of the chromosphere on the
strength of the Ca+ emission reversal (see 1968 Annual
Report).

The most exciting result of this analysis was a
qualitative confirmation of Wilson's hypothesis (see
1964 Annual Report) that chromospheric activity de-
creases with the age of a star. From his examination of
the Ca+ spectra of main sequence stars, including those
of the Hyades cluster which have an age approximately
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Fig. 5 A comparison of the spectra of several stars having extensive chromospheres with that of the sun in integrated light.
The weak emission of the sun in the Ca+ lines demonstrates that the sun has a comparatively thin chromosphere.

one-tenth that of the sun, Skumanich concluded that
integrated Ca+ emission varies inversely as the square
root of the age of the star. Since the presence of a
stellar chromosphere depends on the strength of con-
vection within the interior of a star, this result can be
interpreted as evidence for changes in the role played by
convection in the energy transport within the star as the
star evolves. Skumanich, in collaboration with Arthur
Vaughn (Mt. Wilson and Palomar Observatories), began

extending this analysis to red giant stars whose vastly
extended chromospheres are, like the solar wind, rapidly
expanding.

APPLICATION OF FOURIER TECHNIQUES
TO SOLAR DATA

The correction of line profiles and limb darkening
curves for instrumental and atmospheric smearing is an
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important problem in observational solar physics. How"
ever, no truly satisfactory numerical technique has yet
been developed because of convergence problems in the
numerical inversion of the convolution integral. The
development of the Fast Fourier Transform algorithm
and the application of optimum filter techniques now
permit a "best" numerical solution to the correction
problem for real data.

In collaboration with James Brault (Kitt Peak Ob-
servatory), White applied this Fourier transform ap-
proach to noisy (i.e., real) solar data, As a result we can
now specify constraints on the data collection process to
insure that the Fourier representation of the data is
accurate enough for good recovery of the true profile.
Their method also permits construction of the optimum
numerical filter from the data.
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THE CORONA

DENSITY STRUCTURE

The intricate density structure of the solar corona is
apparent in any eclipse photograph. Although the gen-
eral density decrease with distance from the sun and its
variation with solar cycle have been documented by
numerous eclipse observations and 13 years of nearly
continuous K-coronameter measurements (see 1968
Annual Report), the three-dimensional distribution of
coronal material above the solar surface remains largely
unknown. Knowledge of this density structure and its
temporal variation is essential to the examination of
such topics as the association of coronal streamers and
condensations with underlying solar activity, the in-
fluence of magnetic fields on the structure of the
corona, the evolution of coronal features, and the
connection of the corona to the solar wind and geomag-
netic activity.

Synoptic observations of the corona are a vital
requirement for determining the three-dimensional den-
sity structure. Although such observations are ideally
made by satellite-borne coronagraphs, ground-based
K-coronameters will continue to furnish data unparal-
leled in continuity and detail.

Since 1963, R. Hansen and Garcia have made daily
measurements of the white light (K) corona, using
coronagraphs located originally at Mt. Haleakala
(10,000 ft elevation) on the island of Maui and presently
at the Environmental Science Services Administration's
Mauna Loa Observatory (11,150 ft elevation) on the
island of Hawaii. Conditions are extremely favorable for
this work at the Mauna Loa site for several reasons. The
low latitude (190 45') and high elevation result in a
relatively small amount of intervening atmosphere, and
the barren lava slopes support no sources of light-
scattering particles such as seeds, pollen, and insects.
Hansen and Garcia have found it possible to make
observations 225-250 days/yr, and often to heights of 2
solar radii from the center of the sun. This unusually
complete chronology of the behavior of the sun's white
light corona has already been analyzed to document the
long-term variation of the density and the differential
rotation of the corona (1967 and 1968 Annual
Reports).

S. and R. Hansen began examining this wealth of
data to determine the life histories of particularly well
observed solar regions. Such an analysis should show the
stages of active region development during which the
coronal condensation forms, the times at which the
region is crowned with a coronal streamer, and the
response of the corona to the slow decay of the region,
as indicated by the development of stable filament
prominences.

The Mauna Loa measurements are a prime source of
direct information on the electron density structure of
the inner corona, and continue to be used extensively in
corroboration of other observations, including direct
eclipse photographs, the Harvard ultraviolet spectrohelio,
grams made from OSO satellites, and the Australian
80 MHz radioheliograms. An important example is the
analysis of the 1966 eclipse observations by Newkirk,
Altschuler, Edward Schmahl (University of Colorado),
and Deupree, in which the K-coronameter data were
crucial in giving three-dimensional information on the
density structure of the corona (Fig. 6).

As amply demonstrated by the analysis of the
November 1966 observations, development of three-
dimensional models for even two coronal streamers is
extremely laborious. The usual technique is to fit a
parametric model of the density structure to the obser-
vations by trial and error. Altschuler and R. Michael Perry
(NCAR casual) formulated a computer program that
derives a three-dimensional model of electron density dis-
tribution of the corona directly from observations. The
program analyzes 14 consecutive days of K-coronameter
data under the assumption that all time changes seen
against the plane of the sky arise from the rotation
of an inhomogeneous corona. Such a program not only
allows the development of models for many coronal
regions but also permits an appraisal of whether a model
is uniquely determined by the observations.

During the year we improved the K-coronameter at
Mauna Loa by installing a new electro-optic modulator
and a new photomultiplier tube, and by modifying other
electronics components. The new modulator is capable
of full modulation without safety limitations on input
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Fig. 6 A comparison between contours of the intensity
of the corona inferred by the K-coronameter and
the position of one major streamer 8 (shown as
crosshatched area) determined from the polari-
metric observations of the 12 November 1966
eclipse. The distribution of coronal material
around one solar hemisphere is shown, with
higher density indicated by darker shading. The
visible hemisphere is to the left, with the west
limb of 12 November shown as a dashed central
meridian. The polarimetric analysis required that
the streamer 6 be in front of or behind the west
limb, as indicated by the two alternate positions.
The ambiguity is resolved by the K-coronameter
data. (Alpha and gamma designate other coronal
enhancements present at the time.)

voltage. The new photomultiplier tube was selected for
high quantum yield and low noise at the new wave-
length of operation ( 6200A). Signal-to-noise ratios
were substantially improved by these changes.

CORONAL STRUCTURE
AND MAGNETIC FIELDS

Our study of the relationship between magnetic fields
and coronal structure continued along two major lines.

The semi-empirical approach involves an examination of
the correlation actually existing between the two at any
one time, with the hope of learning more about their
physical connection. The theoretical approach begins
with necessarily idealized models of the field and the
corona, and uses the laws of motion of the coronal
plasma to infer their interaction. An intensive dialogue
among investigators pursuing the two approaches is
essential for an ultimate solution of the problem.

Altschuler and Newkirk completed their semi-
empirical analysis of the connection observed between
solar magnetic fields and coronal structures at the time
of the November 1966 eclipse. Although the major
conclusions of this work were described in the 1968
Annual Report, two additional results should be
mentioned. First, they found very satisfactory agreement
between the fine-scale structure of the corona, as evi,
denced by arches, rays, and plumes, and the shape of
the magnetic field lines calculated to include the cor.
rections required for sunspots and the solar wind. This
agreement indicates that the corrected potential mag-
netic field model is reasonably valid in the lower corona
(r < 2.5 solar radii) and that the density structure of the
lower corona consists of magnetic tubes filled with
varying amounts of coronal plasma. Second, they found
that the presence of high magnetic fields in the photo-
sphere somehow generates elevated densities in the overr
lying corona, and that the geometry of the field
then determines the exact shape taken by the density
enhancement.

An accurate and valid program for calculating mag-
netic fields in the corona permits a wide variety of other
investigations. A comparison of the coronal magnetic
field with the structure of the corona during other parts
of the solar cycle is of particular interest. To this end
Trotter, Altschuler, and Newkirk, in collaboration with
Robert Howard (Mt. Wilson Observatory), began study-
ing the development of the magnetic field in the solar
corona from 1958 to the present, Photospheric magnetic
data from Mt. Wilson and the Crimea, digitized by
Trotter, are used to produce three-dimensional magnetic
maps of the field to be compared with various eclipse,
balloon, rocket, and K-coronameter observations. Study
of long-term changes in the magnetic field may also give
valuable information on the solar magnetic cycle and the
development of active coronal regions.

Trotter, Altschuler, Newkirk, and Howard also began
a cooperative study with J. P. Wild (CSIRO, Australia),
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whose new radio interferometer can resolve the motions
and shapes of radio bursts in the plane of the sky. Thus,
the coronal magnetic maps will allow examination of the
propagation of radio burst exciters through the magnetic
field and the storage and acceleration of high-energy
particles in the corona.

Kopp and Pneuman concluded their theoretical inves-
tigation of energy transport in a simple two-region
model of coronal streamers (1968 Annual Report).
Although this study shed considerable light on the
physical agents at work in forming streamers, it also
revealed that the densities actually observed in streamers
are too high to be incorporated into present theoretical
models. The problem is similar to that encountered in a
corona with spherical symmetry by Parker, who found
that the supersonic solar wind is choked off when
coronal densities exceed some critical value.

Several modifications could be made to the present
theory to alleviate this "high-density problem." For
example, it may be that the dense central regions of
streamers expand subsonically, rather than supersonically
as assumed in Kopp and Pneuman's study. Alternatively,
the corona may be heated to a great height beyond its
base. Using the Kopp-Pneuman model for a streamer
produced by the interaction of the magnetic field and
the solar wind, Newkirk and Deupree investigated the
first of these alternatives. They attempted to fit the
density and temperature observed in the November 1966
streamers to the theory for a subsonically expanding
streamer surrounded by a supersonic background corona.
They interpret their lack of success in producing a
realistic model streamer as evidence that streamers are
not in subsonic expansion. The consequences of ex-
tended coronal heating have yet to be explored.

Kopp and Pneuman continued their study of coronal
structure by numerical techniques. In the absence of the
corona, the magnetic field would be a potential field
corresponding to the solution of Laplace's equation for
the specified boundary conditions of the field at the
solar surface. However, in the presence of the highly
conducting coronal plasma, significant volume currents
might arise which would produce departures of the
magnetic field from the potential configuration.
Altschuler and Newkirk's potential field model (with a
zero potential at 2.5 solar radii) and Kopp and
Pneuman's two-region streamer model give crude ap-
proximations of the effect of these volume currents on
the field. The latter investigators, assisted by Werner

(Computing Facility), began generalizing their model to
a multi-region model. At present the computer program
is capable of treating only axisymmetric field
distributions.

The calculation consists of a two-step iteration. First,
the field configuration for a known distribution of
volume currents (which are initially set equal to zero) is
found by solving a Poisson-type equation (corresponding
to Ampere's law) for the vector magnetic potential.
Second, the dynamical state of the coronal gas is
calculated in this derived field-line geometry for a
known pressure distribution at the coronal base by
integrating the fluid equations of motion upward along
the field lines. If a particular field line returns to the
sun, thereby forming a closed loop, the gas along that
field line is assumed to be stationary and the pressure
there is given simply by hydrostatic equilibrium relative
to the pressure at the line's feet. On the other hand, if a
field line, upon leaving the sun, extends to infinity, the
gas through which it threads must be expanding outward
to satisfy the applied boundary condition of vanishing
pressure at infinity. The pressure and velocity distri-
bution of the gas thus derived from the solar wind
equations, when inserted in that component of the
steady-flow momentum equation which is perpendicular
to the field lines, yields a new distribution of volume
currents, thus completing one iteration. This process is
repeated until the field configuration ceases to change
with subsequent iteration.

CORONAL ROTATION

Recent spectroscopic observations by Livingston have
revived interest in the somewhat surprising phenomenon
of atoms in the photosphere having increasing angular
velocity with increasing height. R. Hansen noticed a
similar increase in the angular velocity of coronal con-
densations with height (1968 Annual Report). Both of
these observations are clearly contrary to what would be
expected from conservation of angular momentum in a
simple evaporating atmosphere. Pneuman investigated
the problem of the rotation of coronal structures in the
presence of closed magnetic loops using a simple model
in which the field is assumed to be axisymmetric and
one foot of a given flux tube is fixed in the photosphere
at a higher latitude than the other. As a consequence of
differential rotation, the lower latitude foot of the
tube rotates at a faster rate than the higher latitude
foot. Solution of the pertinent equations showed that
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the angular velocity increases monotonically along the
loop from its value at the higher foot to the value at the
lower foot. The variation of angular velocity along the
field, however, depends upon the field configuration
only and is not related to the variation of angular
velocity on the solar surface under the loop. Thus,
under certain conditions, determined by the positions of
the feet and the maximum height of the loop, the
angular velocity will increase with height. The maximum
angular velocity achieved along the loop is, of course,
always less than the value of the lower latitude foot of
the configuration.

CORONAL TEMPERATURE STRUCTURE

The distribution with height of coronal heating and
the nature of the heating mechanism remain unsolved
problems of solar physics. A knowledge of the vertical
temperature distribution is essential to a solution of
these problems, but has not yet been attained. The
observed half-widths of coronal emission lines have
long been used as a probe of coronal temperatures. Past
studies of line-width temperatures, however, have re-
sulted in conflicting or inconclusive results. Coronagraph
measurements of the green line of iron (5303A) require
large corrections for the superposed Fraunhofer spec-
trum and do not extend far out in the corona. Eclipse
observations have rarely been made with sufficient spec-
troscopic resolution. Moreover, the contribution of mac-
roscopic (nonthermal) motions to the observed line
broadening is unknown.

In the hope of improving these basic observations,
Kopp and Gosling designed a telescope-echelle spectro-
graph system for recording simultaneously the profiles
of the red and green forbidden lines of iron (6374A of
Fe X and 5303A of Fe XIV, respectively) as functions
of height above the solar limb during the eclipse of
7 March 1970. The instrument (constructed in HAO's
machine and electronics shops) was designed to achieve
a spectroscopic resolution of about 60,000 and to be
limited in height discrimination by seeing conditions.
These capabilities represent a considerable improvement
over those of previous eclipse experiments. Because of
the high spectral dispersion required to achieve this
resolution, the system is inherently slow. In order to
reduce exposure times, the spectrograph uses a recently
declassified Westinghouse image-intensifying tube and
thus has an effective gain of ~ 40 in brightness over a
conventional spectrograph of comparable dispersion.

An eclipse provides a unique opportunity to record
emission line profiles free from the scattered photo-
spheric light present in coronagraphic observations. This
is particularly important for the green line since corona-
graph spectra show a strong Fraunhofer absorption line
in the violet wing of the emission line and thereby
introduce a spurious asymmetry in the apparent line
shape. Nevertheless, coronagraph observations of emis-
sion line profiles offer the advantage of a higher com-
bined spatial and spectroscopic resolution than a porta-
ble eclipse instrument can achieve. With this in mind,
Gosling and Kopp also began measuring emission line
profiles at 5303 and 6374A with the 16 in. coronagraph
(spectroscopic resolution 300,000 at 5000A). As with
the eclipse program, the goal is to derive accurate line
profiles in various coronal regions in order to recognize
temperature differences between regions and tempera-
ture variations with height in each region.

THE F-CORONA

Typically, three components of radiation from the
solar corona are recognized: the K-corona is caused by
photospheric radiation scattered by free electrons; the
E-corona represents the emission spectrum of highly
ionized atoms present in the coronal plasma; and the
F-corona (zodiacal light) is caused by the scattering of
photospheric radiation by solid particles orbiting be-
tween the sun and the earth. We ignore for the moment
the energy emitted by the corona at radio wavelengths.
Recently, a new component, with the suggested name of
the T-corona, has been identified. This component repre-
sents the thermal radiation from F-coronal particles
heated by photospheric radiation and vaporized near the
sun.

The existence of a particle-free cavity about the sun
was suggested many years ago but not confirmed until
the 1966 eclipse observations by MacQueen (1967
Annual Report) and by A. W. Peterson, now at the
University of New Mexico. Theoretical calculations by
Christopher Kaiser (Gordon College and Divinity School)
suggested that the positions of the observed vaporization
zones required that the F-coronal particles be made of
"dirty" quartz, and that the quartz reststrahlen bands
should appear in the infrared spectrum. Identification of
these bands would provide an invaluable clue to the
composition of the interplanetary particles (1967
Annual Report).
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To follow the earlier investigation at the 1970
eclipse, MacQueen and Mankin (visitor from the Uni-
versity of Massachusetts) constructed a telescope-
spectrometer to observe the spectrum of the T-corona in
the 7-13 p region where the reststrahlen bands of
quartz-like minerals should appear. Although the tele-
scope is conventional the spectrograph uses the tech-
nique of Fourier-transform spectroscopy in which the
spectrum itself is not observed. Instead, the photo-
multiplier output at various separations of the interfer-
ometer is recorded as an interferogram; the spectrum is
recovered from the Fourier transform of the interfero-
gram. The advantage of this apparently obtuse technique
is its large efficiency for weak intensities.

This experiment is our second application of small
computers to control experimental equipment and to
perform real-time data analyses. In this case, the com-
puter controls the interferometer, processes the data,
calculates the Fourier transform, and plots out the
spectrum.

CORONAL INTENSITY SCALE

The establishment of a uniform intensity scale for
coronal measurements is a difficult but important task.
The large difference in intensity (10- 6 to 10-10) be-
tween the solar disk, used as a standard, and the corona
constitutes the major difficulty. Individual pieces of
equipment are usually calibrated with opal-glass or
neutral-filter attenuators whose transmissions are de-
termined in the laboratory. Since this requires a long
sequence of dependent measurements, errors of
10-50% in the fainter standards may accumulate. One
way to check the consistency of the calibration of
separate instruments is to compare simultaneous obser-
vations of the corona.

Using data from the 1966 eclipse, Newkirk,
R. Hansen, and Deupree made such a comparison and
found that the K-coronameter and eclipse-camera scales
differed by ~40%. To investigate the origin of this
rather disturbing discrepancy, Eddy, Elmore, and Streete
(visitor from Southwestern at Memphis) developed labo-
ratory apparatus to recalibrate completely the funda-

mental photometric reference standards that HAO has
used for practically all its coronal observations in the
past decade. These include the absorbing filters with
transmission 10- 3 to 10- s used by Hansen in Hawaii,
and the attenuated opal-glass diffusing filters used in
past eclipse and balloon coronagraph work. They found
that the original calibration of the K-coronameter filters
(by Newkirk and James Axtell of the University of
Colorado in 1956) was too high by 40%. Although the
discrepancy appears resolved, the electron density
models based on K-coronameter observations must be
revised. Curtis finished his assessment of the calibration
procedure used in the coronal emission data taken at
Sacramento Peak Observatory and the Climax Observ-
ing Station. He was also involved in the work leading
to the routine reduction of Sacramento Peak Observa-
tory coronal data with the reconditioned HAO
microdensitometer.

ORBITAL CORONAGRAPH

Our annual reports since 1964 have contained de-
tailed descriptions of the development of a coronagraph
to be carried aboard the Apollo Telescope Mount (ATM)
as part of the NASA Apollo Applications Program. Since
this program has continued for many years and has
involved several staff members (Eddy, Gosling, Keas,
MacQueen, Newkirk, and Ross), the delivery of com-
pleted instruments is a notable event.

The design verification unit, a full-scale, working
model of the coronagraph, was deliverd by the Ball
Brothers Research Corp. to HAO in June 1969. With
this model one of the most critical functions of the
coronagraph--its ability to reject instrumentally scat-
tered light--was extensively evaluated and found to be
fully satisfactory. The ATM coronagraph has a scattered
light level ( ~ 3 X 10- 1 0 times the brightness of the
solar disk) well below that of previous instruments, and
should make possible the desired coronal observations
without difficulty. The prototype unit, one of two
coronagraphs to be qualified for orbital operation, was
delivered by Ball Brothers to HAO in October. The
prototype can be used if the flight instrument is dam-
aged, and will be sent to NASA in the spring of 1970.
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SOLAR ACTIVITY

PROMINENCES AND MAGNETIC FIELDS

Prominences, although almost always present in the
corona, seem to contradict the laws of physics. These
dense, cool clouds are suspended above the photosphere
in apparent defiance of gravity and are imbedded in a
corona whose temperatures are ~ 2 million degrees
Kelvin. Clearly, magnetic fields are the key to the
support, long-term stability, and insulation of prominen-
ces; hence, the need to understand and describe the role
they play has increasingly occupied our attention.

We continued to make magnetic field measurements
of the prominences at Climax throughout the year and
obtained high quality data in the Ha line of hydrogen,
in two helium lines (D3 at 5876 and 4471A), and in
three metal lines (DI and D2 of sodium, and b1 of
magnesium). Quiescent filaments and several types of
active region prominences were observed. Last year
Tandberg-Hanssen reported preliminary data on the mag-
netic fields in prominences, based on measurements of
the Zeeman effect in several spectral lines. Using the
new data, he has been able to formulate a more
complete description of the magnetic field in different
types of prominences. In long-lived quiescent prominen-
ces the field strengths are typically 5-15 G. Except for
a tendency toward stronger fields in the higher parts of
the prominence, as was shown by Anzer (visitor from
the Max Planck Institute, Munich) to be required for
stability, the fields are nearly uniform within a given
prominence. The same conclusions resulted from
measurements with both hydrogen and helium lines,
indicating that these long-lived prominences are close to
equilibrium. Apparently, any variations in temperature
or magnetic field which may be involved in the for-
mation of the prominence are finally smoothed out.

The picture is less clear-cut for active prominences. In
some instances, but with no clear pattern discernible,
the helium lines indicate field strengths substantially
different from those indicated by the hydrogen and
metal lines. However, active prominences sometimes
change significantly during the observation period, and
for the most rapidly changing prominences, apparent
changes in magnetic field may simply result from suc-
cessive observations of different parts of the active

prominence. Even so, it seems that magentic fields of
different strengths pervade active prominences.

The basic structure observed in quiescent prominen-
ces is a series of regularly spaced arches and columns.
Nakagawa and Malville showed that the regular spacings
between arches could be identified with the most un-
stable wavelength of the interface between a plasma
(prominence) and a magnetic field supporting the promi-
nence against gravity. They also suggested that the
observed spacings require the presence of a supporting
magnetic field nearly perpendicular to the long axis of
prominences. Nakagawa extended this study of dynami-
cal stability to include thermal effects, namely, the
heating of prominences by shock waves and cooling by
radiative loss. His analysis shows, in agreement with
observation, that arch-like structures can develop only
in prominences of lower temperature (i.e., quiescent
prominences).

Malville analyzed high resolution filtergrams of disk
and limb prominences and found that a number of
quiescent prominences display helical structures before
developing into eruptive prominences. Among the promi-
nences showing helical structure, eruptive prominences
show the greatest degree of twist as they begin their
gradual rise and expansion into the corona. Malville
suggests that in quiescent prominences the energy of
differential rotation is gradually transferred into the
energy of twisted force-free fields. Eruption occurs when
the structure supporting the force-free field is no longer
able to contain the twist energy which is thus released,
He found the kinetic energy of the rising matter in
eruptives to be approximately equal to the energy stored
in the helical field at the start of the eruptive stage. This
suggests that a prominence may be a combination of the
force-free, helical field and a field nearly perpendicular
to the prominence axis which shields and supports the
helical field.

This evolutionary scheme suggests that young promi-
nences should have a structure closely approximating
that of a potential field in which the field lines are
nearly perpendicular to the boundary between regions of
different longitudinal magnetic polarity. As the promi-
nence ages and is stretched by differential rotation,
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electrical currents build up and increase the strength of
the helical component.

Anzer and Tandberg-Hanssen's analysis suggests that
some helical structure should be present in any quies-
cent prominence. Their model, which also contains a
horizontal supporting magnetic field, demonstrates that
under the influence of gravity a current is generated
along the prominence axis. The resultant combined
magnetic field will be a helix.

Certain flares are known to be caused by material
falling from the prominences. Nakagawa and Charles

Hyder (Sacramento Peak Observatory) began a study of
the hydrodynamics of this problem and showed that a
shock wave must develop ahead of the material stream
falling into the lower corona and chromosphere. Their
identification of the optically detectable flare with the
response of the chromosphere to the impact of the
shock wave successfully explained some of the quanti-
tative aspects of optical observations. For example, the
Ha flash phase followed by a slow decay was identified
with the initial excitation of the chromosphere by the
shock and the spread and decay of the excitation
through radiation.
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SOLAR-TERRESTRIAL PHYSICS: GEOMAGNETISM,
AERONOMY, AND MAGNETOSPHERIC PHYSICS

The earth's high atmosphere is the meeting ground
for many problems of solar and terrestrial physics and
for various phenomena of geomagnetism and aeronomy.
One of the most interesting and important subjects for
investigation is the problem of dynamic, electro-
magnetic, and hydromagnetic interactions between
regions of the high atmosphere and between these
regions and the low atmosphere and the solar wind.

DYNAMO CURRENTS AND WINDS

Geomagnetic quiet daily variations and lunar tidal
variations are caused mainly by electric currents flowing
in the lower ionosphere (90-150 km). Since the pro-
duction of these electric currents has been explained to
some extent by the principle operating in the electric
dynamo, the currents have been called dynamo currents.
External equivalent electric currents deduced theo-
retically by analyzing geomagnetic variations at the
earth's surface present a fairly accurate global pattern of
the dynamo current system (1968 Annual Report).
Although the altitude of the currents cannot be de-
termined by this deduction, considerations of electric
conductivity in the ionosphere assist in making an
altitude estimate. Rocket observations during the past
several years have, in fact, detected such currents at the
estimated height.

The dynamo theory states that winds, which are
probably of tidal origin, traverse the earth's main mag-
netic field and induce electric currents in the conducting
region of the atmosphere. However, a major problem
with this interpretation has been the unknown nature of
the wind field. Since both tidal theory and rocket
observations indicate that the wind vector changes
rapidly with height, the exact system of winds responsi-
ble for the observed changes in the surface magnetic
field has been difficult to identify. After examining
various wind models, Tarpley, under the direction of
Matsushita, finally solved this question by showing that
the fundamental solar-diurnal tidal-wind mode, with a
maximum speed of 130m/sec, generates an electric
current system resembling the solar quiet dynamo cur-
rents. Moreover, the lunar tidal-wind mode, with a
maximum amplitude of 7.5 m/sec and a vertical wave-

length of 85 km, produces a current pattern similar to
the lunar dynamo currents.

DYNAMO REGION AND MAGNETOSPHERE

Recently many researchers have been interested in
electrical interactions between the dynamo region and
the magnetosphere. In most cases, however, they have
investigated magnetospheric effects on the dynamo
region during disturbed periods. Matsushita and Tarpley
have studied instead the dynamo-region effects on the
magnetosphere during quiet periods. Using the dynamo
wind model mentioned in the preceding section, they
estimated reliable distributions of electrostatic fields in
the dynamo region on quiet days during equinoctial
months. These electrostatic fields produced in the
dynamo region may be communicated to the mag-
netosphere along the earth's magnetic lines of force
without appreciable attenuation. The communicated
static field distribution on the magnetospheric equatorial
plane is presented in the left-hand diagram of Fig. 7.
The field intensity is ~ 1 mV/m in the volume between
the earth's surface and a distance of 2 earth radii. Drift
velocities of magnetospheric plasma particles caused by
the coupling of these electric fields with the earth's
main magnetic field are exhibited in the right-hand
diagram of Fig. 7. At a distance of about 4 earth radii
there is outward drift in the daytime and inward drift at
night with a speed of several hundred meters per second.
This result agrees with the drift motion estimated by
whistler measurements.

By applying the principle of dynamo electric-field
effects to the ionospheric F2 -layer, Anderson began
investigating height and density variations of the
F2 -layer. At an altitude of 400 km an upward drift of
~ 20-30 m/sec occurs around noon and a downward

drift of 15-30 m/sec occurs around midnight.

HYDROMAGNETIC MOTIONS

To explain damped-type geomagnetic pulsations asso-
ciated with the initial stage of geomagnetic storms,
Namikawa and Matsushita studied the conditions suf-
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Fig. 7 Left: Distribution of electrostatic fields (produced in the dynamo region and communicated to the magnetosphere
along geomagnetic field lines) in the magnetospheric equatorial plane on quiet days. Right: Distribution of
electromagnetic drift velocities of magnetospheric plasma particles caused by the coupling of the static field
and the geomagnetic main field. Dotted circles represent projection of the earth's latitudes 10-80Q on the
magnetospheric equatorial plane (centered dipole). The drift is outward from the earth during the day
(0600-1800) and inward at night (1800-0600).

ficient for the hydromagnetic stability of the mag-
netospheric cold plasma in the presence of an external
magnetic field. Based on theoretical estimates, they
interpreted the damped-type pulsations as an interaction
between hydromagnetic oscillations and magnetospheric
motions caused by solar winds.

Matsushita completed studies of possible hydro-
magnetic coupling between the perturbations of the
neutral and ionized atmosphere. (Begun last year with
NCAR visitors Susumu Kato of Kyoto University and
C. A. Reddy of Andrha University, the preliminary work
was described in the 1968 Annual Report.) The study
introduced a source function in the equations governing
the movement of ionization irregularities. This source
function was assumed to vary harmonically in time and
space and thus to represent the excitation of the
atmosphere by a gravity wave. The air motion associated
with the wave perturbation drives an electric current
which in turn produces a hydromagnetic force causing a

convergence or divergence of ionization. The photo-
ionization and loss rates are also perturbed by the wave
motion, and these are taken into account in the analysis.

Kato and Matsushita also investigated the effect of
the hydromagnetic force caused by the electric current
and the geomagnetic field on the tidal wave trans-
mission. The force is effective in producing major
positive modes of the diurnal and semidiurnal tides.
These tidal oscillations, which are excited in the lower
neutral atmosphere, cannot be transferred beyond the
dynamo region. Thus, it is likely that the diurnal wind
oscillation in the thermosphere is excited by solar
radiation and not by transmission from the lower
neutral atmosphere.

AERONOMY

Eddy and MacQueen completed their quantitative
analysis of the far infrared airborne solar measurements



99

described in the 1968 Annual Report. Their work
included a detailed analysis confirming the radiometric
accuracy of the temperature minimum determination at
a wavelength of 300 #, and a study of the implications
of the derived solar temperature structure. They also
completed a quantitative study of the telluric absorbers,
including a determination of both the total precipitable
water above the aircraft, and the total ozone from the
Q3, Qs, and Qs branches of the ozone molecule at

22.00, 34.35, and 52.75 cm-'. The observations were
further used to identify 19 regions of low atmospheric
absorption, at least I cm ' 1 wide, in the 30-150 cm-1

portion of the spectrum (wavelengths of 66-300 p) for
potential use in far infrared astronomy. Transmissions
were calculated for each of the bands for various
amounts of precipitable water vapor, and included the
effect of collisioniinduced absorption by oxygen and
nitrogen molecules.
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LABORATORY ASTROPHYSICS

VACUUM ULTRAVIOLET
AND X-RAY SPECTROSCOPY

Wagner completed his doctoral thesis under the direc-
tion of House. The thesis, entitled "A Theoretical and
Experimental Study of Coronal Visible Lines from the
3p 3d Configuration of the Argon I Isoelectronic Se-
quence," was in part described in the 1968 Annual
Report. The work sought to identify some of the
unidentified visible lines of the solar corona with mag-
netic dipole transitions that occur in the elements Fe IX
and Ni XI of the argon sequence. Since magnetic dipole
forbidden lines are not directly observable in the labora-
tory, it was necessary to identify electric dipole tran-
sitions in the ultraviolet between the configurations
3p 3d and 3p 4f in order to determine empirically the
energy levels. Using these observations together with a
theoretical Hartree-Fock calculation, which both aided
in identification of the laboratory lines and permitted
prediction of the wavelengths of the visible lines, Wagner
found that seven magnetic dipole transitions in Fe IX
and four in Ni XI give lines of appreciable strength in
the 3000-4800A regions. Of these predicted lines, the
six strongest appear to be associated with coronal visible
lines. The suggested identifications are listed in Table 2.

Table 2

Suggested Identification of Some Coronal Lines

Wavelength (A) Iron Transition

3021 Ni XI F3 1D2
3167 Fe IX F2 - 1F3
3534 Fe IX 3F2 -3D2

3643 Fe IX 3 F3 - 1D2
3801 Ni XI 3F 2 - 1D2
4359 Fe IX 3 F2 - 1D2

House and Wolfe abandoned their attempt (1968
Annual Report) to observe Ka x-ray satellite transitions
below 30A. Observation of these lines, using the high
density plasma focus as a light source and the x-ray
spectrometer in a double-slit collimator mode, was
handicapped by insufficient spectroscopic resolution and
source intensity, and would have required extensive
construction of new equipment.

The various experiments carried out in the vacuum
ultraviolet x-ray laboratory have largely been brought to
successful completion. The goals of this program were to
produce and identify in the laboratory ultraviolet and
x-ray transitions of astrophysical interest. In attaining
these goals three doctoral candidates completed their
theses (William Deutschman, 1967; Richard Blake, 1968;
and William Wagner, 1969).

PLASMA SHOCK WAVES

The study of temperature relaxation behind a shock
wave provides a basis for quantitative examination of
the efficiency of the shock heating of stellar atmo-
spheres. Nakagawa and Wisler continued the spectro-
scopic study of this effect, using the high-Mach-number,
plane shock waves produced by a coaxial plasma acceler-
ator. R. J. Wolf (University of Colorado) described a
method for producing such plane shock waves in his
doctoral thesis. Nakagawa and Wisler's study included
the examination of the reflected shock waves, since the
reflected shock provides the reference of an LTE (Local
Thermodynamic Equilibrium) plasma for the spectro-
scopic analyses. Simultaneously, to clarify the non-LTE
behavior behind the incident shock wave, they began a
search for numerical solutions of the time-dependent
rate equations which govern the time variation of
observed optical emissions.
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CLIMAX OBSERVING STATION

INSTRUMENTATION

Large Dome

We installed no major instrumentation during the
year; instead, we devoted a strong effort to improving
the extant equipment. Persistent work by Curtis and
Rush finally eliminated the astigmatism present in the
final image plane of the coronagraph (1968 Annual
Report), but only after the optics had been dismounted
from the telescope and reassembled at the laboratory.
Our Climax team also began work to eliminate the
atmospheric distortion which appears to originate within
the instrument.

The production of accurate, scatter-free spectrograms
of various solar phenomena can be enhanced by two
techniques: the use of double pass in the spectrograph,
and the rapid photoelectric scanning of a small portion
of the spectrum. The modification of the large spectro-
graph for double-pass mode was described in the 1968
Annual Report. White and Curtis subsequently began
assembling photon-counting equipment to enable use of
the full capability of this spectrograph.

Small Dome

The new optics for the 5 in. coronagraph entered the
final stages of fabrication and testing, and should be
installed early in 1970.

OBSERVING PROGRAM

Observing activities centered on the magneto-
graph which operates in conjunction with the 16 in.
coronagraph-spectrograph. Since the eclipse-making capa-
bility of this instrument is ideally suited for the study of
limb features, we applied most of the observing time to a
study of magnetic fields in prominences, surges, and
flares, using a variety of emission lines to probe differ-
ent parts of the object under study. The lines of
hydrogen (6563A), sodium (5889 and 5896A), mag-
nesium (5184A), calcium (4226A), helium (4771 and
5876A), and iron (5169A) were most frequently used.
Concomitantly with the magnetic observations, spectro-
scopic studies were made of these features with the 5 in.
coronagraph. During the few days of excellent sky

conditions we took measurements of coronal magnetic
fields in the Fe XIV (5303A) line.

In the fall Curtis and Claude Morel (University of
Colorado) began using the magnetograph as a doppler
recorder in an attempt to detect mass oscillations in the
corona by recording the motion of the green coronal
emission line. If successful, this program will provide
unique data on an important aspect of the coronal
heating mechanism.

We began a program using the large coronagraph to
gather high dispersion spectra of the green coronal line
for the line profiles-temperature study (see Coronal
Temperature Structure).

We used the 5 in. coronagraph not only for supple-
menting other observations, but also for independent
spectroscopic studies of limb features, corona, and
spicules. Spectroscopic studies of prominences and other
limb features cover the Balmer lines of hydrogen, the H
and K lines of calcium, the D lines of helium and
sodium, and other metallic lines of varying intensities.

Our work with the 5 in. coronagraph received added
impetus from the possibility of making simultaneous
observations of the corona in the ultraviolet and x-ray
and visible regions, in cooperation with other institutes.
Of particular interest is the comparison of the visible
and near infrared forbidden iron lines (Fe X to Fe XV)
with the short-wavelength permitted lines from similar
ions. Poor weather frustrated our attempts at making
joint coronal observations with the Harvard OSO experi-
ment, but we were successful in providing observations
to accompany the rocket flight data of American
Science and Engineering, Inc.

We continued to gather spicule spectra for R. J.
Bessey (University of Wyoming). From 24 February to
12 March Robert Deuel (IIT Research Institute) used the
large coronagraph part time for photoelectric measure-
ments of the profiles of the 5303A coronal line.

Bhavilai (visitor from Chulalongkorn University,
Thailand) received a Zeiss monochromatic filter to be
installed eventually in the new solar telescope being
constructed outside Bangkok. Auxiliary equipment was
constructed and tested at Climax under the supervision
of Curtis.
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LOCAL SITE SURVEY

Malville terminated his visual survey program in May
after 24 months of operation. Results of the survey were
anticipated in the 1967 and 1968 Annual Reports.
Average daytime seeing at the ground, as monitored
visually with a Questar telescope, improves steadily with
increasing distance from the mountains. The best site
surveyed, the Horse Creek Reservoir dam, ~ 40 mi east
of Boulder, was developed modestly during the spring
and summer. The station consists of a small instrument
shelter and observing deck built on the dam 15 ft above
the high water level at the northern edge of the reservoir.
Emerson continued to test the station's characteristics
by operating a 6 in. telescope equipped for photography.
The telescope has an air-cooled focal-plane aperture and
an enlarging lens system that yields a 12 in. diam solar
image. During the summer and fall Emerson took photo.
graphs through 100A band-pass interference filters; these
photographs showed features of the umbras and
penumbras of sunspots down to the resolution limit of
the telescope.

The firm of Boiler and Chivens completed con-
struction of a 10 in. white light telescope designed by
Malville to be installed at the Horse Creek Reservoir
Observing Station. This telescope will allow definitive
testing of the seeing conditions and continuation of the
studies of the fine structure of sunspot umbras and
penumbras that were begun with the 6 in. system. The
new 10 in. system consists of Cervit Cassegrain optics
with an enlarging lens system yielding a focal ratio of
300, The entire instrument, with camera, is - 5 ft long;
it is mounted on a modified Carroll spar, and has front
and rear openings to permit its evacuation to 1 mm of
Hg. The focal-plane aperture is water-cooled. Interfer-
ometer tests of the system, which show a total rms
wave-front distortion of - X/20, indicate that the. tele-
scope should perform close to its resolution limit of
< 0.4 arc sec.

SPECIAL CONFERENCE AND COOPERATIVE PROGRAM

A special conference on the Chromosphere-Corona
Transition Region, sponsored by HAO and the Sacra-
mento Peak Observatory, was held in Boulder from 25
to 28 August. The conference brought together 46
astrophysicists from around the world to discuss various
aspects of this important region of the solar atmosphere.
The collected papers presented at the meeting are avail-
able from HAO.

Athay, Beckers, Kopp, Rush, and White collaborated
with R. N. Thomas of the Joint Institute for Laboratory
Astrophysics, R. B. Dunn of the Sacramento Peak

Observatory (SPO), and E. N. Benton of the University
of Colorado, in starting a summer training program at
SPO. Eleven graduate students were employed by the
Air Force as research assistants to individual SPO staff
members for ten weeks. This initial experiment, which
will continue in 1970, appears to have succeeded both
in providing astronomical observing experience, not
readily available in Boulder, and in completing research
projects at SPO. Two of the students subsequently
began observational thesis projects, and two more began
employment in current HAO research projects.
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Edward W. Walbridge
0. Richard White (from January)

CLIMAX STAFF

G. William Curtis, Scientist-in-Charge
Charles D. Evans (to May)

1 Helen P. Glasco
7Ivan A. Lee
/David M. Lesh
- Werner H. Lindscheidt
i Gerald E. Ohde

Patricia Rogers
T Stephen R. Rogers

Angelina Sanchez
" Juan F. Sanchez

Maggie M. Singley (from October)

Ernst F. Baumann (to April)
Harriet R. Bribitzer (to May)
Karen S. Canfield (to February)
John Costa, Jr. (from October)

' ~Robert G. Deupree (from March)
Giles R. Frazier (June to September)
David T. Fullaway (to August)

T Charles J. Garcia
F Marjorie E. Gay
T John E. Goff

F F Shirley Hansen
Albert A. Honda (from October)
James H. Kato (to August)
Lois H. Kawabata (to September)

"4 Elizabeth L. Kimura
f Dale W. King

Gregory J. Mangan (June to September)
F Rebecca S. Marshall

Jay B. Mather (to May)
i Elaine L. Miller (from November)

SB. Jean Munford
Priscilla D. Panilo (to July)
R. Michael Perry (July to September)

R John C. Preston
T William H. Ragland, Jr.

Eugene G. Roybal (June to August)
8 Rodney B. Schultz (from February)

Palmer M. Simpson, Jr. (June to August)
T Charles M. Smythe
-, William H. Spangenberg (from June)

Joanne K. Spencer (to September)
ýVI Mary Ann Steckling (from September)

Gary Sturm (January to April)
• Victor P. Tisone

Ivajean G. Valle (to August)
.KR Stuart R. Winston (from September)
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GRADUATE ASSISTANTS

Frank J. Accurso (to June)
David N. Anderson
Lorne W. Avery (to February)
Robert G. Deupree (to March)
Benedict A. Domenico
David F. Elmore (from August)
John W. Harvey (to February)
Ernest G. Hildner
Douglas V. Hoyt (from September)
Harrison P. Jones (to September)
Bruce W. Lites
Jean-Francois Louis
Victor Pizzo (from September)
Steven A. Schoolman (to February)
Rodney B. Schultz (to January)
J. Daniel Tarpley, Jr. (to July)
Daniel J. Vasicek
Douglas C. Wilson (to February)
David C. Wisler

ENGINEERING AND INSTRUMENTATION

Paul D. Balbin, Jr.
Morris G. Ellis (from May)
Gary P. Emerson
Richard R. Euchler
George N. Gooras, Engineer-in-Charge,

Electronics Shop
Robert G. Hanson
Dean M. Keas (from May)
Alexander Koran

Philip S. Kuhn (to March)
Leon B. Lacey, Engineer-in-Charge,

Machine Shop
Loren D. Laramore
Robert H. Lee, Chief Electronics Engineer
Frank L. Melchior, Jr.
Andrew W. Robertson

A• Charles L. Ross
Bryan B. Southward
William R. Welsh (from September)
Robert F. Wendler
Bruce E. Westmoreland (to April)
Werner J. Windbergs
Charles P. Wolfe
William O. Zelt (from July)

ADMINISTRATION, OFFICE,
AND MAINTENANCE STAFF

Clara G. Callahan
Diana M. Cummings
Sylvia A. Dickerson
Karen A. Dominguez (from June)
Patricia P. Faulkner
Doris G. Fisher
Ruby L. Fulk
Darlene A. Hulett (to May)
Carmen R. Kerner (from June)
Nadine K. Kurokawa (to September)
Florence C. Lister, Librarian (to February)
Callie E. MacBride (January to August)
Karen V. Purdy (from September)
Kathryn A. Strand, Librarian (from April)





106

GARP Conference, October 1969

NOTE

Scientific visitors and students who spent one month or more at NCAR are listed, together with their
home affiliations, their NCAR Affiliations, the dates of their visits, and their fields of interest.
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NCAR VISITORS

Anderson, Charles E.: University of Wisconsin; FAL,
June to July 1969; aviation training program
instructor.

Anderson, Lawrence S.: University of California, Berke-
ley; ASP, July to August 1969; predoctoral collo-
quium participant, magnetohydrodynamics.

Anzer, Ulrich: Max Planck Institute for Physics and
Astrophysics, Munich, Germany; HAO, September
1968 to September 1970; magnetohydrodynamics.

Asai, Tomio: Kyoto University, Japan; LAS, December
1968 to October 1969; convective modeling.

Avery, Lorne: University of Colorado; ASP, February
1969 to February 1970; postdoctoral appointee, radi-
ative transfer.

Baum, Peter J.: University of California, Riverside; ASP,
July to August 1969; predoctoral colloquium partici-
pant, magnetohydrodynamics.

Beasley, Thomas J.: University of Colorado; ASP, June
to September 1969; UCAR Fellow; physical
chemistry.

Bennett, John R.: University of Wisconsin; ASP, July to
August 1969; predoctoral colloquium participant,
magnetohydrodynamics.

Berg, John T.: Drexel Institute of Technology; ASP,
June to September 1969; UCAR Fellow; severe
storms research and hail suppression.

Bhavilai, Rawi: Chulalongkorn University, Bangkok,
Thailand; HAO, November 1968 to October 1969;
solar chromosphere.

Brazier-Smith, Peter R.: University of Manchester,
England; ASP, October 1969 to October 1970; post-
doctoral appointee, cloud physics and droplet
mechanics.

Canavan, Gregory H.: Kirtland Air Force Base; ASP,
July to August 1969; postdoctoral colloquium partici-
pant, magnetohydrodynamics.

Canfield, Richard C.: University of Colorado; HAO,
January 1968 to February 1969; radiative transfer.

Chang, Ming-Shun: New York University, Bronx; ASP,
August 1968 to August 1969, postdoctoral appointee,
continuum mechanics.

Chen, Tan Sun: University of Oklahoma; FAL, June to
August 1969; aviation training program participant,
airborne experimentation.

Chen, Yud-ren: University of Rochester; ASP, July to
August 1969; predoctoral colloquium participant,
magnetohydrodynamics.

Chiusano, Dale A.: University of Wisconsin; FAL, June
to September 1969; computer work-study program
participant, scientific programming.

Clark, John: The Florida State University; ASP, August
1969 to August 1970; postdoctoral appointee, strato-
spheric dynamics.

Cuny, Yvette: Observatory of Paris, Meudon, France;
HAO, June to September 1969; radiative transfer.

Davies-Jones, Robert P.: University of Colorado; ASP,
August 1969 to August 1970; postdoctoral appointee,
solar convection.

Davison, Douglas S.: University of British Columbia,
Canada; LAS, July to August 1969; ocean circulations.

Day, John A.: Linfield College; LAS, July 1969; pre-
cipitation nuclei.

Denman, Kenneth L.: University of British Columbia,
Canada; LAS, June to August 1969; ocean circulations.

Duchon, Claude: University of Oklahoma; FAL, June to
September 1969; airborne systems evaluation.

Duncan, lain B.: University of Essex, England; ASP,
July 1968 to July 1969; postdoctoral appointee,
theory of turbulence.
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Eddy, Amos: University of Oklahoma; FAL, August
to September 1969; ecological systems analysis;
BOMEX.

Fishman, Frank J.: Adrian College; ASP, July to
August 1969; postdoctoral colloquium participant,
magnetohydrodynamics.

Fransioli, Paul M.: Desert Research Institute; FAL, June
to August 1969; aviation training participant, air-
borne experimentation.

Gaalswyk, Arie: Augustana College; ASP, September
1969 to September 1970; cloud physics.

Gall, Ruth: National University of Mexico, Mexico City;
ASP, September 1968 to September 1969; origin of
cosmic rays.

Gebhart, Reiner: Technische Hochschule, Munich,
Germany; ASP, July to October 1969; radiative heat
transfer and ozone production.

Gedzelman, Stanley D.: Massachusetts Institute of
Technology; ASP, July to August 1969; predoctoral
colloquium participant, magnetohydrodynamics.

Geisler, John E.: University of Miami; LAS, June 1969;
ocean circulations.

Gilman, Peter: University of Colorado; ASP, August
1969 to August 1970; solar dynamics.

Giorgini, Aldo: Purdue University; ASP, July to August
1969; theory of turbulence.

Gustafsson, Bertil: University of Uppsala, Sweden; FAL,
July 1969 to July 1970; numerical analysis.

Hantel, Michael: University of Miami; LAS, June to
August 1969; ocean circulations.

Hartunian, Nelson S.: Brandeis University; ASP, July to
August 1969; predoctoral colloquium participant;
magnetohydrodynamics.

Hejtmanek, Johann: Atominstitut, Vienna, Austria;
HAO, July to August 1969; mathematical physics,
reactor theory.

Hembree, Louis A. Jr.: University of Texas at Austin;
FAL, June to August 1969; computer workrstudy
program participant, scientific programming.

Herndon, Roy: Nova University; LAS, June to August
1969; ocean circulations.

Hochrainer, Dietrich: University of Vienna, Austria;
LAS, March 1967 to March 1969; aerosol physics.

Holmstrom, Ingemar: Swedish Meteorological and
Hydrological Institute, Stockholm; LAS, May to
September 1969; short-range numerical prediction.

Hyde, Robert S.: Pennsylvania State University; ASP,
July to August 1969; predoctoral colloquium partici-
pant, magnetohydrodynamics.

Jacobs, Stanley; University of Michigan; LAS, July to
August 1969; ocean circulations.

Kao, S.-K.: University of Utah; ASP, August 1969 to
August 1970; large-scale turbulence and energy
transfer.

Kato, Shoji: University of Tokyo, Japan; HAO, Septem-
ber 1968 to August 1969; magnetohydrodynamics.

Kendall, Peter: University of Sheffield, England; ASP,
July to September 1969; magnetospheric dynamics.

King, G. A. M.: Geophysical Observatory, Christchurch,
New Zealand; LAS, July to December 1969; iono-
spheric storms.

Kornfeld, Pnina: Tel-Aviv University, Ramat-Aviv, Israel;
ASP, October 1968 to October 1969; postdoctoral
appointee, cloud physics.

Kreitzberg, Carl: Pennsylvania State University; LAS,
June to August 1969; convective transport in
cyclones.

Lagos, Pablo: Massachusetts Institute of Technology;
LAS, August 1969 to February 1970; motions of
neutral gas in the thermosphere.

Lamb, Donna V.: University of Washington; ASP, July
to August 1969; predoctoral colloquium participant,
magnetohydrodynamics.
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Latham, John: Manchester University, England; LAS,
July to September 1969; atmospheric electricity.

Lee, Kai Fong: The Catholic University of America;
ASP, June 1968 to June 1969; plasma physics.

Lieberman, Sidney: Queens College of the City Uni-
versity of New York; ASP, August 1968 to August
1969; magnetohydrodynamics.

Loper, David: The Florida State University; ASP, July
to August 1969; magnetohydrodynamics.

Lyons, Lawrence R.: University of California, Los
Angeles; FAL, June to August 1969; computer work-
study program participant, scientific programming.

McKenzie, Alan: University of Cambridge, England;
LAS, February 1968 to December 1969; atomic and
radical photochemical reactions.

McQuigg, Robert D.: Ohio Wesleyan University; LAS,
September 1969 to September 1970; sulfur dioxide
photochemistry.

Malin, Stuart R. C.: Royal Greenwich Observatory,
Sussex, England; ASP, April to October 1969;
geomagnetism.

Mankin, William G.: University of Massachusetts; HAO,
September 1969 to September 1971; infrared
astronomy.

Meekins, John F.: U.S. Naval Research Laboratory; ASP,
July to August 1969; predoctoral colloquium partici-
pant, magnetohydrodynamics.

Metcalf, James I.: University of Chicago; FAL, June to
August 1969; computer work-study program partici-
pant, scientific programming.

Meyer, Friedrich: Max Planck Institute for Physics and
Astrophysics, Munich, Germany; HAO, June to Sep-
tember 1969; principal ASP colloquium lecturer,
magnetohydrodynamics.

Moore, Dennis W.: Nova University; LAS, June to
August 1969; ocean circulations.

Moore, Howard: Arkansas State University; ASP, Sep-
tember 1968 to September 1969; postdoctoral
appointee, isotope chemistry.

Moss, Michel S.: The Florida State University; FAL,
June to August 1969; aviation training program par-
ticipant, airborne experimentation.

Myerscough, Valerie P.: Queen Mary College, University
of London, England; ASP, July to August 1969;
postdoctoral colloquium participant, magnetohydro-
dynamics.

Namikawa, Tomikazu: Osaka City University, Japan;
HAO, November 1968 to October 1969; magneto-
hydrodynamics.

Nerney, Steven F.: University of Colorado; ASP, July to
August 1969; predoctoral colloquium participant,
magnetohydrodynamics.

O'Brien, James J.: The Florida State University; LAS,
June to September 1969; ocean circulations.

Omoto, Yukio: National Institute of Agricultural
Science, Tokyo, Japan; LAS, July to September
1969; weather modification.

Orszag, Steven A.: Massachusetts Institute of Tech-
nology; LAS, September 1969 to September 1970;
turbulence theory.

Osborn, Hayward A. L.: University of Hawaii; FAL,
June to August 1969; computer work-study program
participant, scientific programming.

Oyster, Thomas J.: Ripon College; FAL, June to August
1969; aviation training program participant, airborne
experimentation.

Parton, William: University of Oklahoma; FAL, August
to September 1969; ecological systems analysis.

Pearson, Robert A.: University of Miami; FAL, June to
August 1969; computer work-study program partici-
pant, scientific programming.

Perkey, Donald J.: Pennsylvania State University; FAL,
June to August 1969; computer work-study program
participant, scientific programming.
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Peskyn, Richard L.: Rutgers - The State University;
LAS, January to June 1969; turbulent dispersion and
related processes.

Poland, Arthur I.: Indiana University; HAO, June 1969
to June 1971; radiative transfer.

Prodi, Franco: Monte Cimone Laboratory, Bologna,
Italy; LAS, September 1969 to July 1970; particu-
lates in hailstones.

Raadu, Michael: University of Manchester, England;
HAO, October 1969 to October 1970; magneto-
hydrodynamics.

Rhines, Peter B.: Massachusetts Institute of Technology;
LAS, June to September 1969; ocean circulations.

Ritter, Z. W.: Scientific Department of the Ministry of
Defense, Haifa, Israel; ASP, September 1969 to Sep-
tember 1970; numerical analysis and fluid dynamics.

Roble, Raymond G.: University of Michigan; ASP, July
1969 to July 1970; postdoctoral appointee, meso-
spheric physics and dynamics.

Rodenhuis, David R.: University of Maryland; LAS,
June to August 1969; tropical dynamics.

Roxburgh, Ian: Queen Mary College, University of
London, England; ASP, July to October 1969; princi-
pal colloquium lecturer, magnetohydrodynamics.

Saucier, Walter J.: University of Oklahoma; ASP, June
to September 1969; synoptic meteorology.

Schlatter, Thomas W.: St. Louis University; ASP, June
to August 1969; UCARJFellow; computer work-study
program participant; dynamical meteorology.

Scholz, Traugott G.: University of Heidelberg, Germany;
LAS, August 1967 to August 1970; isotope
geophysics.

Sethi, Dhanwant S.: New York University; LAS, Febru-
ary 1968 to June 1969; sulfur dioxide photochemistry.

Sgro, Anthony G.: Columbia University; ASP, July to
August 1969; predoctoral colloquium participant
magnetohydrodynamics.

Snyder, Howard A.: University of Colorado; LAS, June
to August 1969; fluid dynamics.

Soo, H. K.: University of Michigan; FAL, May to
September 1969; boundary profile system.

Stein, Robert F.: Harvard University; ASP, July to
August 1969; postdoctoral colloquium participant,
magnetohydrodynamics.

Streete, Jack: Southwestern at Memphis; HAO, June to
July 1969; optics.

Suess, Steven T.: University of California, Los Angeles;
ASP, July to August 1969; postdoctoral colloquium
participant, magnetohydrodynamics.

Takigawa, Yuso: Japan Meteorological Agency, Tokyo;
LAS, July 1968 to July 1969; real-data prediction.

Tarpley, Jerald D.: University of Colorado; ASP, July
1969 to July 1970; postdoctoral appointee, iono-
spheric dynamics.

Thompson, James D.: The Florida State University;
ASP, June to September 1969; UCAR Fellow; severe
storms research.

Trehan, S. K.: Panjab University, Chandigarh, India;
HAO, March to July 1969; magnetohydrodynamics.

Trenberth, Kevin E.: Massachusetts Institute of Tech-
nology; FAL, June to August 1969; computer work-
study program participant, scientific programming.

Uchida, Yutaka: Tokyo Astronomical Observatory,
Japan; HAO, August to October 1969; solar
chromosphere.

van der Reijden, Willem R.: Queen Mary College, Uni-
versity of London, England; July to August 1969;
predoctoral colloquium participant, magnetohydro-
dynamics.

Vergeiner, Ignaz: Institute for Meteorology and Geo-
physics, Innsbruck, Austria; LAS, September 1968 to
May 1970; mountain lee waves.

Verrier, Paul J.: Queen Mary College, University of
London, England; ASP, July to August 1969; predoc-
toral colloquium participant, magnetohydrodynamics.
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Vickers, Glenn T.: Queen Mary College, University of
London, England; ASP, August 1969 to August 1970;
postdoctoral appointee, stellar convection.

Warren, F.W.G.: Imperial College of Science and Tech-
nology, London, England; ASP, July 1968 to July
1969; propagation of acoustic-gravity waves.

Weigle, William F.: University of Michigan; ASP, July
to September 1969; UCAR Fellow; dynamical
meteorology.

Wilkening, Marvin H.: New Mexico Institute of Mining
and Technology; LAS, December 1969 to February
1970; natural atmospheric radioactivity.

Wilson, Charles R.: University of Alaska; ASP, June 1968
to June 1969; aeronomy, propagation of infrasonic
waves.

Wu, Shi Tsan: University of Alabama; ASP, July to
August 1969; postdoctoral colloquium participant,
magnetohydrodynamics.

Yarger, Douglas N.: Iowa State University; LAS, June to
August 1969; atmospheric ozone.

Yeh, Tyan: University of California, San Diego; ASP,
July to August 1969; magnetohydrodynamics.
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Mesa Library

NOTES

Publications of both staff and visitors that appeared during the calendar year are listed, together with the
author's NCAR affiliation; an asterisk following an author's affiliation indicates that the author is no longer
with NCAR.

Informal papers, internal reports, abstracts, and papers presented at meetings are not included in this list.

Theses based on research performed in cooperation with NCAR are separately given following the formal
publications list.
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NCAR PUBLICATIONS

Abbott, C. E. (LAS): Production of isolated pairs of water
drops having unequal radii. Rev. Sci. Instr. 40 (9),
1227-1230, 1969.

Adams, J. (FAL), and L. Cohen (FAL): Time-sharing vs.
instant batch processing; an experiment in programmer
training. Computers and Automation 18 (3), 30-34,
1969.

Altschuler, M. D. (HAO): Atmospheric electricity and
plasma interpretations of UFOs. In Scientific Study of
Unidentified Flying Objects, E. U. Condon, ed., E. P.
Dutton & Co., New York, pp. 723-755, 1969.

---- and G. Newkirk, Jr. (HAO): Magnetic fields and
the structure of the solar corona. I. Methods of calculat-
ing coronal fields. Solar Phys. 9 (1), 131-149, 1969.

Angevine, J. M. (FAL), J. W. Sparkman (FAL), and D. W.
Fulker (FAL): Design of the Stonehenge Launch
System. Technical Note, NCAR-TN-40, 89 pp., 1969.

Anzer, U. (HAO): Stability analysis of the Kippenhahn-
Schluiter model of solar filaments. Solar Phys. 8 (1),
37-52, 1969.

Athay, R. G. (HAO): Theoretical line intensities. VIII.
Comment on the effectively thin approximation.
Astrophys. J. 157, 281-285, 1969.

--------- : Boundary conditions on model solar chromo-
spheres. Solar Phys. 9 (1), 51-55, 1969.

---------- and R. C. Canfield (HAO): Computed profiles for
solar Mg b - and Na D - lines. Astrophys. J. 156,
695-706, 1969.

---------- and A. Skumanich (HAO): Theoretical line intensi-
ties. VII. Wavelength and depth dependence of line-
blanketing effects for pure absorption and non-
coherent scattering. Astrophys. J. 155, 273-294, 1969.

Avery, L. W. (ASP), and L. L. House (HAO): A
solar spicule model based upon Calcium II K line
radiative transfer studies. Solar Phys. 10 (1), 88-103,
1969.

---------- , --------- , and A. Skumanich (HAO): Radiative
transport in finite homogeneous cylinders by the
Monte Carlo technique. J. Quant. Spectrosc. Radiat.
Transfer 9, 519-531, 1969.

Axelrod, H. D. (LAS), J. H. Cary (LAS*), J. E. Bonelli
(LAS), and J. P. Lodge, Jr. (LAS): Fluorescent
determination of sub-parts per billion hydrogen sulfide
in the atmosphere. Anal. Chem. 41 (13), 1856-1858,
1969.

Baumhefner, D. (LAS): The real-data forecast project at
NCAR--a progress report. InProc. 5th Air Weather
Service Technical Exchange Conf. (Colorado Springs,
Colo.), Air Weather Service Technical Report 217,
123-137, 1969.

Baynton, H. W. (FAL): The ecology of an elfin forest in
Puerto Rico. 3. Hilltop and forest influences on the
microclimate of Pico del Oeste. J. Arnold Arboretum
50 (1), 80-92, 1969.

Benton, E. R. (ASP), and D. E. Loper (ASP): On the
spin-up of an electrically conducting fluid. I. The
unsteady hydromagnetic Ekman-Hartmann boundary-
layer problem. J. Fluid Mech. 39 (3), 561-586, 1969.

Blifford, I. H. (LAS), and L. D. Ringer (LAS): The size
and number distribution of aerosols in the continental
troposphere. J. Atmos. Sci. 26 (4), 716-726, 1969.

Blumen, W., and W. M. Washington (LAS): The effect of
horizontal shear flow on geostrophic adjustment in a
barotropic fluid. Tellus 21 (2), 167-176, 1969.

Bojkov, R. D. (ASP*): Computing the vertical ozone
distribution from its relationship with total ozone
amount. J. Appl. Meteorol. 8 (2), 284-292, 1969.

---------- : Differences in Dobson spectrophotometer and
filter ozonometer measurements of total ozone.
J. Appl. Meteorol. 8 (3), 362-368, 1969.

---------- : Ozone distribution over Mediterranean, Central
and Southeast Europe during the International Quiet
Sun Year (1964- 1965). PAGEOPH 74 (3), 165-185,
1969.
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------- and J. E. Lovill: Comments on Berson's "Spring
warming transfer processes in the lower antarctic
stratosphere." Tellus 21 (2), 284, 1969.

Brown, J. A., Jr. (LAS*): A numerical investigation of
hydrodynamic instability and energy conversions in the
quasi-geostrophic atmosphere. I and II. J. Atmos. Sci.
26 (3), 352-375, 1969.

Brown, P. M. (LAS): A modification of the Bausch and
Lomb aerosol dust counting system to automatically
measure aerosol size distributions. Environ. Sci. Tech-
nol. 3, 768-769, 1969.

Cadle, R. D. (LAS): Discussion (of "Environmental
appraisal: oxidants, hydrocarbons and oxides of nitro-
gen," by J. N. Pitts, Jr.). APCA Journal 19 (9),
668-669, 1969.

---------- and W. O. Roberts (UCAR): In pursuit of
atmospheres. Chemistry 42, 7-11, 1969.

---------- , A. L. Lazrus (LAS), and J. P. Shedlovsky (LAS):
Comparison of particles in the fume from eruptions of
Kilauea, Mayon, and Arenal volcanoes. J. Geophys.
Res. 74 (13), 3372-3378, 1969.

------ R. Bleck (LAS), J. P. Shedlovsky (LAS), I.H.
Blifford (LAS), Jan Rosinski (LAS), and A. L. Lazrus
(LAS): Trace constituents in the vicinity of jet
streams. J. Appl. Meteorol. 8 (3), 348-356, 1969.

Canfield, R. C. (HAO): Reversals of selected Ce II solar
lines. Astrophys. J. 157, 425-437, 1969.

Chapman, S. (ASP): Early theoretical work on atmo-
spheric ozone. In Symp. sur l'Ozone Atmospherique
(Monaco), A. Vassy, ed., Centre National de la
Recherche Scientifique, pp. 35-36, 1969.

---------- : Tropical auroras; true reports and doubtful,
unauthenticated or incomplete reports. Progress of
Mathematics 2 (1), 1-10, 1969.

------- : The lunar and solar semidiurnal variations of
barometric pressure at Copenhagen, 1884-1949 (66
years). Quart. J. R. Met. Soc. 95 (404), 381-394, 1969.

---------- : Auroral science, 1600 to 1965; towards its golden
age? In Atmospheric Emissions, B. M. McCormac and
A. Omholt, eds., Van Nostrand Reinhold Co., New
York, pp. 11-25, 1969.

---------- and J. C. Gupta (ASP*): Notes on the computation
of the solar and lunar daily magnetic variations of X
and Y from hourly or bihourly values of H and
declination. Gerlands Beitr. Geophys. 78 (2), 103-114,
1969.

Coffey, H. E., and P. A. Gilman (ASP): Sunspot motion
statistics for 1965 - 67. Solar Phys. 9 (2), 423-445,
1969.

Curtis, G. W. (HAO), and H. De Mastus: Sacramento
Peak-Climax Filter Calibration. Sacramento Peak
Observatory Solar Research Note No. 28, 17 pp., 1969.

Dascher, A. J. (FAL): ARIS, a high-flying data link. IEEE
Student Journal 7 (5), 18-21, 1969.

Davis, M. H. (LAS): Electrostatic field and force on a
dielectric sphere near a conducting plane--a note on
the application of electrostatic theory to water
droplets. Am. J. Phys. 37(1), 26-29, 1969.

------- : The slow translation and rotation of two unequal
spheres in a viscous fluid. Chem. Eng. Sci. 24 (12),
1769-1776, 1969.

Deardorff, J. W. (LAS): Similarity principles for numeri-
cal integrations of neutral barotropic planetary
boundary layers and channel flows. J. Atmos. Sci.
26 (4), 763-767, 1969.

------- : Numerical study of heat transport by inertial
gravity waves above a growing unstable layer. Phys.
Fluids 12, Suppl. II, 184-194, 1969.

----- , G.E. Willis (LAS), and D. K. Lilly (LAS):
Laboratory investigation of non-steady penetrative
convection. J. Fluid Mech. 35 (1), 7-31, 1969.

DeLuisi, J. J. (LAS): A study of the effect of haze
upon Umkehr measurements. Quart. J. R. Met. Soc.
95 (403), 181-187, 1969.

Dickinson, R. E. (LAS): Theory of planetary wave-zonal
flow interaction. J. Atmos. Sci. 26, 73-81, 1969.

---------- : Vertical propagation of planetary Rossby waves
through an atmosphere with Newtonian cooling.
J. Geophys. Res. 74 (4), 929-938, 1969.
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------- : The steady circulation of a nonrotating, viscous,
heat-conducting atmosphere. J. Atmos. Sci. 26 (6),
1199-1215, 1969.

---------- : Propagators of atmospheric motions. 1. Excita-
tion by point impulses. Rev. Geophys. 7(3), 483-514,
1969.

-.------ : Propagators of atmospheric motions. 2. Excita-
tion by switch-on sources. Rev. Geophys. 7 (3),
515-538, 1969.

Drake, R. L. (LAS), F. Molz, I. Remson, and A. Fun-
garoli: Similarity approximation for the radial
subsurface flow problem. Water Resources Res. 5 (3),
673-684, 1969.

Durney, B. (HAO): Decrease in the period of Pulsar PSR
0833-45. Nature 222, 1260, 1969.

-------- and I. Roxburgh (ASP): Model atmospheric
calculation of the solar oblateness. Nature 221, 646,
1969.

Eddy, J. A. (HAO), and R. M. MacQueen (HAO): Infrared
scattering observations in the upper atmosphere.
J. Geophys. Res. 74 (13), 3322-3330, 1969.

---------- , P. J. L6na (HAO*), and R. M. MacQueen (HAO):
The far infrared transmission of the upper atmosphere.
J. Atmos. Sci. 26 (6), 1318-1328, 1969.

- , -- , and - : Far infrared measurement of
the solar minimum temperature. Solar Phys. 10 (2),
330-341, 1969.

Emmanuel, M. B. (LAS*), and P. Squires (LAS*):
Absolute calibration of a photoelectric condensation
nucleus counter at low values of nucleus concentration.
PAGEOPH 72 (1), 268-283, 1969.

Evans, J. W., R. B. Dunn, J. W. Firor (NCAR),
L. Goldberg, W. Neupert, G. A. Newkirk (HAO), A. K.
Pierce, E. M. Reeves, and H. Glaser: Solar space
astronomy and a solar space program. In A Long-Range
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