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Research

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, non-profit 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 provide justification for major
expenditures of public and private funds:
* 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 operations of NCAR are conducted in
four organizational entities:
The Laboratory of Atmospheric Sciences
The High Altitude Observatory
The Facilities Laboratory
The Advanced Study Program
All visiting scientist programs and joint-use facilities of NCAR
are available to scientists from UCAR-member and non-member institutions
(including private and government laboratories in the United States and
abroad) on an equal basis. The member universities of UCAR are:
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University of Arizona

University of Hawaii

Pennsylvania State University

University of California

The Johns Hopkins University

Saint Louis University

University of Chicago

University of Maryland

Texas A & M University

Colorado State University

Massachusetts Institute of Technology

University of Texas

University of Colorado

University of Michigan

University of Utah

Cornell University

University of Minnesota

University of Washington

University of Denver

New York University

University of Wisconsin

FOREWORD
NCAR's Annual Report of Research and Facilities Programs, issued now for the sixth
year, grew originally from a need for an internally useful summary of the work going on at
NCAR. It soon proved to be a convenient document also for orienting new staff members
and for reporting informally to colleagues on the status of NCAR research.
During 1967, several trends established during previous years were apparent in our
work. Prominent among these are:
* An increasing integration of effort in our two research laboratories, the Laboratory
of Atmospheric Sciences and the High Altitude Observatory, in areas of critical research
interest.
*

Increased activity in the Facilities Laboratory in support of NCAR and other
scientists. This was shown especially well by our first large joint-research effort, the Line
Islands Experiment, which involved cooperation with eight university groups, seven
government agencies, and a number of private research groups.
*

A vigorous flow of visitors, centered about the Advanced Study Program, which
conducts summer seminars and brings postdoctoral and senior scientific visitors to NCAR.
*

A closer connection with international research efforts, with major emphasis on steps
leading to the Global Atmospheric Research Program (GARP) proposed for the 1970s.
GARP, which will be similar in scope to the International Geophysical Year, is now being
planned by ajoint committee of the World Meteorological Organization and the International
Council of Scientific Unions. This committee is working also with planning groups of the
various nations that will participate.
In the pages that follow, these trends will be discussed further and described in some
detail. NCAR's individual scientists, working separately or with each other, continue to
participate in national and international efforts$to advance our knowledge of the atmosphere,
in the conviction that they may help to satisfy human desires for improved forecasting
techniques and for control over some elements of weather and climate.
We at NCAR welcome the addition of the 24th member university, the University of
Maryland, to the University Corporation for Atmospheric Research.

Walter Orr Roberts
Director
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INTRODUCTION
A review of the activities of the High
Altitude Observatory (HAO) during 1967 reveals
increased emphasis on studies of coronal structure
and motions, continued efforts to combine
proper models of the lower solar atmosphere with
theories of radiative transfer to reproduce observed strong Fraunhofer lines, measurements of
magnetic fields in prominences and flares, and
continued attempts to understand various
features of geomagnetic field changes and ionospheric effects, including pulsations, hydromagnetic waves, conjugate behavior, and ionospheric winds.
Much of our work on the solar corona
remains in a descriptive stage: we hope to
produce accurate and useful descriptions of
physical conditions in the corona and how they
change with time. It will be seen from the reports
that follow that we are approaching the problem
of describing the corona and understanding the
processes occurring there from a number of
different points of view. For instance, at eclipse
we see and study the streamers, helmets, plumes,
and other well known structures - all of which
are variations in the density of the corona. And
then we compare these structures with magnetic
fields determined from magnetic measurements in
the photosphere; in addition we try to deduce
structures, crudely but more often, from observations made photoelectrically with the koronameter.
As in 1966, we have attempted also to
improve our knowledge of the magnetic fields in
the solar atmosphere. Successful operation of our
emission line magnetograph at the Climax Observing Station has shown us that we have a powerful
tool for outlining the fields occurring in promi-

nences and solar flares. Correlations have been
discovered between the strength of these magnetic fields and the classification and motion of
related prominences, and these correlations can
be shown to have physical meaning. Although we
have succeeded in measuring the field associated
with a solar flare, the short time available for
measurements on flares and the nature of the
spectral lines available for such measurements
render careful description of the magnetic field in
flares a difficult task. Deciphering the relationship
of the magnetic fields to flare energy source is a
problem for the future. We continue, of course,
to pursue, as vigorously as our instruments and
imaginations will allow, various indirect means for
determining the magnetic field above the solar
surface and away from prominences in the solar
corona.
In the 1966 Annual Report, we described
in some detail our efforts to produce a radiative
transport theory for the solar atmosphere that
would be useful in reproducing the profiles of the
observed calcium II H and K lines. Again we will
describe our efforts in this direction, and this year
we can report some progress. But it is a difficult
and complicated task to work backward from
measurements of the profiles of a few Fraunhofer
lines, center-to-limb variations of the intensity of
the continuum and lines, and measurements made
of the chromosphere at solar eclipse. Many
different parameters are involved as information,
and many different characteristics are desired in
the atmospheric model being deduced. Throughout our work on models of the chromosphere we
have stressed the development of techniques to
increase our own understanding and "feel" for
the processes involved; we hope eventually to be
able to chose wisely which approximations and
models to emphasize.

An equally complex problem is that of
understanding the earth's upper atmosphere and
magnetosphere. During 1967 much of our work
emphasized the importance of electrostatic fields
in the ionosphere and above, and we attempted to
use available measurements to deduce the value
and influence of these fields. We are searching for

simplifying ideas in crucial measurements which

will help us in finding our way through this
difficult area.

John W. Firor
Director

THE CHROMOSPHERE
H AND K LINE THEORY
Throughout 1967, Athay and Skumanich
continued their theoretical work on the formation of spectral lines in the solar and stellar
atmospheres, concentrating on the resonance
doublets of Ca II and Mg II. Central disk profiles
observed from rockets for the Mg II doublet and
from the ground for the Ca II lines were fitted
with the chromospheric temperature distribution
and macroscopic velocity distribution as adjustable parameters. Chromospheric electron densities, which also influence the profiles, were
adopted from models derived from eclipse data.
Both the Ca II and Mg II profiles were found to
be strongly dependent upon temperature and
macroscopic velocity distribution. This means,
fortunately, that analysis of these lines can, in
principle, yield a useful measure of both temperature and macroscopic velocities in the low and
middle chromosphere.
Detailed analysis of the central disk profiles
using a two-level atom approximation (i.e., ignoring all atomic energy levels other than the two
involved in the line transition) gives strong indication that the temperature minimum in the solar
atmosphere is located near a continuum optical
depth of about 10- 4 . This finding agrees with

other recent studies but is in opposition to the
much larger value indicated by previous HAO
models of the low chromosphere. In the chromosphere, at heights of about 500-1000 kin, temperatures deduced from the Mg II and Ca II profiles
are in good agreement with models derived earlier
from HAO eclipse data by R. N. Thomas of JILA
and Athay. The major change, therefore, is in the
location of the temperature minimum.
A major difficulty resulting from this
analysis is the absolute value required for the
minimum temperature. The observed radiation

temperature for the profile formed in the temperature minimum is 42000 + 100, for both Ca II
and Mg II. The theory indicates that the kinetic
temperature in this region is equal to or less than
this value. Continuum data obtained from rocket
observations in the far ultraviolet indicate, however, that the kinetic temperature does not drop
below 4600°. Although this represents only a
10% error in the temperature, it is sufficient to
produce a factor-three change in intensity at the
wavelength of the Mg II lines and a factor-ten
change at the wavelength where the continuum
spectrum arises in the temperature minimum. It is
necessary, therefore, to resolve this disagreement.
Analysis of the Ca II and Mg II lines is continuing,
a primary aim being to improve the theory so as
to resolve the discrepancy at the temperature
minimum.
Analysis of the central disk profiles,
although sensitive to the chosen distribution of
macroscopic velocities, gave only approximate
values for the magnitude and gradient of the
velocities. Much more specific information comes
from analysis of the center-to-limb behavior of
the profiles. Data for such an analysis are available for Ca II profiles but not for Mg II profiles.
Because features in the profiles affected by the
velocity field are much more pronounced in Mg II
lines than in Ca II lines, it is very important to
obtain center-to-limb profiles for Mg II lines with
high spectroscopic resolution and reasonable
spatial resolution (of the order of 10 sec of arc).
Center-to-limb analysis of Ca II profiles
adds no new knowledge of the temperature
distribution but reveals several important features
of the macroscopic velocity distribution:
* Macroscopic velocity increases strongly
with height beginning at the same optical depth as
the temperature minimum (i.e., the rise in macro-

scopic velocity coincides rather closely with the
rise in temperature).
* Macroscopic and thermal velocities increase
from near the thermal value at the temperature
minimum at r c = 10- 4 to a value about ten times
larger at r c = 10-10, where the center of the Ca II

K line is formed.
* Since the thermal component increases at
most by a factor of two in the adopted temperature distribution, the required macroscopic velocity exceeds the thermal velocity at r c = 10- 10 by
about a factor of ten.
* The velocity
anisotropy.

field has no pronounced

There is a second fundamental difficulty
with the analysis of the Mg II and Ca II profiles.
One can advance strong physical arguments
against any model in which isotropic macroscopic
velocities are in excess of thermal velocities, i.e.,
in which there is a type of superthermal turbulence. But our analysis leads to just such a model.
Evidently the theory used for these lines still
needs improvement. We are seeking ways to
improve the theory and to find temperature and
macroscopic velocity distributions that are more
compatible physically.
The widths of chromospheric Ca II K line
emission cores in late-type stars correlate with the
absolute magnitude of the stars but not with the
intensity of their emission. The emission intensity, however, diminishes with stellar age. We have
investigated the dependence of the K line width
and intensity on several chromospheric parameters, including density, temperature, opacity,
and macroscopic velocity, The width of the
emission core depends particularly upon opacity
and macroscopic velocity, and also upon density
(through the collision-damping parameter). Only
the macroscopic velocity, however, produces
broadening that does not correlate with intensity.

We conclude, therefore, that correlation between
width of the emission core and absolute magnitude results primarily from changes in macroscopic velocity. It follows that chromospheric
opacity is roughly constant from star to star;
otherwise a correlation between intensity and
width in the emission core would be found.
Furthermore, the diminishing intensity of the K2
emission with stellar age reflects a diminishing
supply of energy with age. As noted by O. C.
Wilson, this conclusion suggests that chromospheric activity on the sun is age-dependent, and
that the sun was once a much more intense source
of ultraviolet radiation than it is now. Energetic
particle radiation may also decrease with age,
since increased flare and coronal activity would
be likely to accompany increased chromospheric
activity.
CURVE-OF-GROWTH

THEORY

Inasmuch as curve-of-growth analysis of
stellar spectra provides most of the basic information about stellar abundances and macroscopic
velocities (even though theoretical curves of
growth leave much to be desired), Athay and
Skumanich computed curves of growth for
Milne-Eddington atmospheres allowing for
mixtures of non-coherent scattering and pure
absorption in the line source function. Our
computed curves of growth differ appreciably
from similar curves computed by Wrubel for
mixtures of coherent scattering and pure absorption. They also differ from the completely pure
absorption and pure scattering cases. The differences are such as to seriously influence conclusions about macroscopic velocities. Conclusions
about abundances would be relatively unchanged,
however.
LINE-BLANKETING THEORY
One of the most challenging questions in
solar physics is the nature and intensity of the
non-radiative energy propagating through the

photosphere and low chromosphere. It is this
energy that ultimately produces all the phenomena of the chromosphere and corona. In order to
deduce the nature and intensity of this energy we
must know what the temperature structure of the
solar atmosphere would be in the absence of the
non-radiative energy. The most serious shortcoming of theoretical solar models based on
radiative equilibrium is the incompleteness of the
theory of line blanketing.
The presence of spectral lines forces a
redistribution of photon energy within the
spectrum and provides an unbalanced flow of
energy between the thermal reservoir and the
photons, through the so-called non-local thermodynamic equilibrium (non-LTE) nature of the line
transitions. This unbalanced energy flow in the
lines must be counteracted by an equal and
appropriate imbalance in the energy exchange
between the thenmal reservoir and the total
photon field. The combined effect of this process
and the forced redistribution of photons in the
spectrum comprises the full blanketing effect of
the lines. The net result is a change in the
temperature gradient in the photosphere and an
associated change in the boundary temperature.
The amount of non-radiative energy dissipated in the low chromosphere, as inferred from
the actual temperature structure, depends critically upon bbth the determination of the radiative equilibrium boundary temperature and the
actual minimum temperature observed.
Line-blanketing theory is still at a rudimentary stage and has been treated by rather gross
approximation only. The theory of line formation
under investigation by Athay and Skumanich
permits a detailed study and evaluation of the
line-blanketing effect. Such a study, initiated over
two years ago, was brought to partial fruition this
year.
The study already goes far beyond previous

work on the underlying physical processes, but it
is still restricted to cases where interlocking
effects between spectral lines are neglected.
Among other things, the study has shown that
energy interactions resulting from the presence of
spectral lines are much more complex than had
been supposed. The blanketing effect of a line
depends markedly, for example, upon the location of the line in the spectrum and upon the
variation of the line absorption coefficient with
depth. This dependence carries over to the point
of reversing sign from one end of the spectrum to
the other and between the Milne-Eddington and
Schuster-Schwarzschild approximations to the
depth dependence of the line absorption. Details
of this initial study, which was largely completed
by the end of 1967, are too numerous to review
completely in this report. Thus only two points
will be discussed.
* The strong influence of the depth variation
of line opacity on the blanketing effect has not
been adequately treated in previous work on this
problem. It is, however, of major importance. We
find, for example, that in the extreme cases a line
at, say, 4000A, may produce a flattening of the
temperature gradient and a raising of the boundary temperature, if treated by the SchusterSchwarzschild approximation, but may produce
the opposite effects, i.e., a steepening of the
temperature gradient and a decrease in the boundary temperature, if treated by the MilneEddington approximation. This is illustrated in
Fig. 1, in which e/WHo measures the fraction of
the equivalent energy "blanketed" by the line,
c
where W is the equivalent line width and Ho is
the continuum flux extrapolated to line center.
This is the energy transformed into "total"
continuum flux, He, where He includes continuum extrapolated across the line. Thus,
e= dHc /drc. The quantity ro is the ratio of
continuum opacity to line opacity; m is an
arbitrary parameter chosen to illustrate the influence of dro/d7, upon e. The quantity e is a
measure of the relative importance of collisional

The quantity e is composed of two separate
physical processes in the case of the two-level
approximation for the atom. These separate
processes have been studied in detail. They
sometimes reinforce each other and sometimes
strongly cancel each other in giving rise to the
total result. This study is continuing and is being
extended to multilevel atoms.

e
c

WH 0

DIFFERENTIAL ROTATION
OF THE CONVECTIVE ZONE

I
c

Fig. 1. Fraction of the equivalent energy WHo
"blanketed" by an absorption line. Here
c
W is the equivalent line width and Ho
the continuum flux extrapolated to line
center.
processes. The larger value of e essentially produces the limiting case of LTE, and the smaller
value is a typical solar value for a resonance
line. The parameter P = (1/B) dB/drc measures
the net continuum flux at the line. B is the Planck
function. A value of 0 = 4.5 corresponds to about
4000A in the solar case. The quantity a is the
Voigt parameter in the line absorption coefficient. Note that for m = 0, e> 0 at all rc, and for
m > 1 and e = 102, e < 0 at all Tc . The former
case (m = 0) is the Milne-Eddington case, and
m = 1 is a typical Schuster-Schwarzschild case.
* A second effect shown in Fig. 1 is that
there is surprisingly little difference between the
cases for e
TC

=

102 and e = 10- 4 , particularly for

2 0.5. At small

Tc

the difference in the two

cases may be large, as for example in the m = 3

case. The details of a plot such as that shown in
the figure vary markedly with P (i.e., with
wavelength) and with the strength of the line ro.
They are relatively insensitive to changes in a.

Durney has been studying the problem of a
rotating and convective spherical shell in the weak
coupling approximation in order to understand
some dynamical properties (differential rotation)
of the convective zone of the sun.
The stable convective cell for a given
rayleigh number and no rotation was determined
by integrating the equations in time as an initial
value problem. Starting with this solution, the
time-independent and axially symmetric equations for a rotating shell were solved by gradually
increasing the magnitude of the rotation. The
theory shows clearly the stabilizing effect of
rotation on convection. For high enough values of
angular velocity, convection is suppressed everywhere except near the poles. If angular velocity is
increased still further, convection stops completely and rotation becomes uniform. Work is in
progress to solve the time-dependent equations
when axial symmetry is not present.
CHROMOSPHERIC ABUNDANCES
Evidence that the abundance of iron relative to oxygen is much larger in the corona than
in the photosphere is increasing. It is therefore of
interest to determine the relative abundances in
the intervening chromosphere. Athay has developed a method for estimating chromospheric
abundances from emission line intensities observed at eclipse. He has applied this method to
1952 HAO eclipse data for 0, Mg, Cr, Ni, Mn, Fe,

Table 1
Chromospheric Abundances Relative to Fe
Tion
O/Fe
Mg/Fe
Cr/Fe
Mn/Fe

Ni/Fe
H/Fe

5000°
350
28
0.3
0.02

0.4
2.2x10 6

60000

8000°

100000

Corona

250
8.3

190
3.7

180
2.5

5
0.6

0.3
0.03

0.4
5x10 5

0.2
0.05

0.5
IxlOs

and H. The method necessitates assuming an
ionization temperature, Tion, which should be
near 6000° in the middle chromosphere. Results
are given in Table 1 for different assumed values
of Tion. At Tion = 6000°, the derived abundances
are all close to the photospheric abundances
(except for Cr, whose photospheric abundance is
poorly determined) and distinctly different from
abundances derived for the corona by Pottasch.
Athay concluded from this analysis that if coronal abundances do, in fact, differ from those in
the photosphere the difference arises in the
chromosphere-corona transition region.
SPICULES
Kuperus and Athay, after trying repeatedly
and unsuccessfully to explain the chromospherecorona transition, offered a new concept of this
region that relates spicules to the energy
discharged through the transition region by
thermal conduction. One of the more curious
features of the transition region is that one
recognizes two major energy transport mechanisms - thermal conduction downward due to
the sharp temperature gradient, and kinetic
energy transport upward due to spicule upheavals.
Both energy fluxes are of the same order of
magnitude and, in turn, of the same order of
magnitude as the radiative flux from adjacent
layers in the upper chromosphere and low corona.

0.2
0.07

0.7
4x10 4

-

.09
1xl0 4

Photosphere
250
6.8
0.06
0.02

0.2
2.5x105

Previous models of the transition region
have considered conduction and radiation transport of energy but have ignored kinetic energy
transport. Kuperus and Athay have argued that
the approximate equality between the conduction
energy carried into the upper chromosphere and
the kinetic energy flux carried upward by spicules
leads to a basic inconsistency with the concept of
a temperature rise brought about by the dissipation of mechanical energy, unless one also
includes the kinetic energy flux. They suggest a
picture in which the energy carried downward by
conduction rapidly heats a shallow layer at the
top of the chromosphere. This layer develops a
pressure disequilibrium and discharges into the
corona overhead through a Rayleigh-Taylor type
of instability. The radiation energy is balanced, in
this picture, mainly by the dissipation of mechanical energy from below. Kuperus and Athay
suggest that spicules formed by such a mechanism
will exhibit the right characteristic growth rates
and energies and that they will occur preferentially where the magnetic field is vertical, as is
observed.
EMPIRICAL ANALYSES
OF 0, Ce II, AND H
Three students working under Athay have
completed Ph.D. theses during 1967 (or early
January 1968). Their work includes analyses of
photospheric and low chromospheric oxygen
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lines, Ce II lines observed at Sacramento Peak and
Kitt Peak Observatories, and hydrogen Balmer
and Paschen lines observed in the chromosphere
at the 1962 eclipse.
The oxygen analysis by Altrock showed
clear evidence of non-LTE in the high-excitation
subordinate lines of oxygen, and LTE in the
low-lying forbidden lines. The departure from
LTE for the subordinate lines (all in the red end
of the spectrum) was shown to be in the sense
that the line source function is less than the
Planck function as predicted by theory for this
region of the spectrum. Altrock's work also
resulted in an improved abundance determination
for oxygen.

Canfield's work on Ce II lines (all in the
blue-violet regions of the spectrum) showed
unmistakable evidence of departures from LTE,
with the line source function exceeding the
Planck function, again as predicted by theory for
this region of the spectrum. The Ce II lines are
notable (as are other rare-earth lines) in that they
change from absorption lines to emission lines
inside the solar limb. Canfield's work clearly
established this point for the first time; although
such an effect had been suggested earlier there
were not sufficient observations to verify the
suggestion.

The distance inside the limb at which the
Ce II lines first appear in emission varies inversely
with wavelength. This fact, together with the
observed line profiles, is consistent with the
departures from non-LTE inferred from the
center-to-limb variation of the absorption
profiles. All of these effects appear to be explainable in terms of a rather strong influence of
scattering.
Both Altrock and Canfield postulated
macrcoscopic velocities for the region near the
solar limb and found velocities near 2 km/sec.
This is in general agreement with other studies of
weak lines in chromospheric and photospheric
spectra, but in disagreement with some recent
work on strong lines.
Henze's work on 1962 eclipse data
removed a long-standing discrepancy between the
Balmer and Paschen lines and reduced the estimated opacity of the chromosphere in the Balmer
lines by about an order of magnitude. After some
three decades of study, there now appears to be
reasonable agreement between the hydrogen data
and a model chromosphere. The model inferred
by Henze gives approximately the same temperature distribution as the previous HAO model but
reduces all densities by a factor of about two.
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THE TRANSITION REGION
Rocket and satellite observations of the
solar ultraviolet emission line spectrum contain,
among other things, the only direct information
available at present about the thermal structure of
the narrow transition region which separates the
chromosphere and corona. Published analyses of
these data have been carried out under the
assumption that the transition region can be
represented by a plane-parallel model atmosphere.
One of the chief results of these studies is that
they indicate that the temperature gradient in the
interval 10 < T < 106 degrees spanned by the
transition region must be very large, to the extent
that thermal conduction is expected to play an
important role in determining the atmospheric
structure.
The solar atmosphere is pervaded at all
heights by nonuniform magnetic fields. These
fields significantly influence chromospheric structure, as is apparent from the coincidence of the
bright chromospheric network with regions of
enhanced field. Likewise, the filamentary structure of the corona is very suggestive of the
importance of magnetic effects there. Magnetic
fields must be present in the transition region,
too, but their effects on the structure of this
region are difficult to infer from observations.
Kopp and Kuperus studied the combined
influence of thermal conduction and magnetic
fields on the temperature structure of the transition region. The gases in the relevant layers are
highly ionized, so any flow of heat by conduction

is directed along the ambient magnetic lines of
force. Kopp and Kuperus showed that the energy
conducted downward from the corona is effectively "channeled" into magnetically enhanced
regions of the chromospheric network. It is from
these same regions that spicules are observed to
rise into the corona. An important consequence
of the magnetic channeling effort is that the
transition layer is much thicker over regions of
low chromospheric emission (that is, interspicule
regions) than over the network itself. The intensity of a spectral line emitted by the transition
layer is roughly proportional to the thickness of
the layer. Thus it follows that nearly all of the
solar ultraviolet radiation in spectral lines of ions
of intermediate ionization potential must originate in interspicule, rather than spicule, regions.

Magnetic channeling of the conductive heat
flow in the transition region also resolves certain
paradoxical results of the extreme-ultraviolet
analyses based on a plane-parallel atmosphere. An
example is the apparent rapid disappearance of
the downward conductive flux in layers below
105 degrees; an energy sink of the magnitude
required to produce this disappearance does not
exist in these layers. In the transition-region
model proposed by Kopp and Kuperus, this is
accounted for by the deflection of conductive
flux out of the spectroscopically observed interspicule regions; the effect becomes very important at the low-temperature end of the transition
region.
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THE CORONA
Not surprisingly the same questions posed
last year still form the basis for many of our
coronal investigations. These are as follows:
* What is the three-dimensional structure of
coronal streamers?
* What connection exists between such
streamers and more obvious surface features such
as plages?
* How do magnetic fields at the surface
interact with the solar wind to mold the streamers
into the forms we observe?
* How does the solar wind vary from place to
place in the corona?
* What is the causal connection between
structures visible in the corona, the solar wind far
out in interplanetary space, and geomagnetic
activity?
CORONAL OBSERVATIONS
Although the ultimate goal of continuous
observation of the solar corona has still not
been realized, progress has been made toward
improving the quality and coverage of coronal
observations.
Engineering development of the Apollo
Telescope Mount (ATM) coronagraph, which is to
be flown as part of NASA's Apollo Applications
Program, has continued through the tests of the
thermal-mechanical model of the instrument. This
model - as like as possible to the real apparatus in mechanical structure, weight distribution,
electrical power consumption, etc. - is to be
subjected to the high vacuum thermal environment and extreme vibration that the coronagraph
must survive. Although the tests are still in

progress, the model of our ATM coronagraph has
so far withstood the various tortures which NASA
and our sub-contractor, Ball Brothers Research
Corporation, have devised.
Since the orbiting of any large instrument
is a very time-consuming and expensive enterprise, every effort is made to ensure the proper
operation of all final components. Thus, in
addition to the thermal-mechanical model, the
sub-contractor is building three other units, the
flight verification unit, a prototype unit, and a
flight unit. The flight verification unit is a
completely working coronagraph, whose various
functions may be tested exhaustively. The prototype unit is largely to serve as a fully tested spare.

Since the quantity of sunlight which will be
scattered in the instrument remains one of the
uncertainties in the design of a satellite coronagraph, two extensive photometric tests are to be
performed. The first test will measure light
scattered in the 100-ft vacuum tunnel at HAO.
This tunnel contains a synthetic sun of the
appropriate angular diameter, at one end, and a
"laboratory" chamber 10 ft in diameter at the
other. The coronagraph can be placed in the
"laboratory" and the scattered light measured,
without contamination from light diffused by the
air between the "sun" and the instrument. The
influence of various misalignments can also be
determined, so that the astronauts, who will be
operating the coronagraph for 56 days, can be
supplied with a compilation of diagnostic photographs to help them analyze any misalignments
which may occur.
Upon completion of the scattered-light
tests in the vacuum tunnel, the flight verification
unit will be mounted on the old StratoscopeCoronascope gondola, and will be carried to
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about 115,000 ft by balloon. This near-space
flight will secure observations of the corona, from
1.5-6 solar radii, continuously for a period of
about 10 hr, and will permit a realistic evaluation
of the measurements of instrumentally scattered
light previously made in the tunnel.
Although the Apollo capsule fire and other
vagaries have delayed launch of the first ATM to
mid-1970, we look forward to nearly two months
of photographic coverage of the corona out to 6
solar radii. This coverage will enable us to detect
rapidly developing, transient phenomena as well
as the slow evolution and changing aspects of the
corona.

The unique coronal data from the ATM
coronagraph will of course be restricted to an
observing period of only two solar rotations.
Coverage of something like a year would enable
us to examine more details of the evolution of the
corona and its connection with underlying
surface features and the structure of the interplanetary medium. To this end we hope to fly an
unmanned coronagraph during the declining
portion of this sunspot cycle, when the presence
of only a few active regions will avoid the
confusion caused by many interrelated centers of
activity. With NASA support, HAO will study
two alternate engineering approaches to this
problem. One would be a coronagraph occupying
the entire capability of an Orbiting Solar Observatory (OSO); the other would be a coronagraph
satellite to be launched by the relatively inexpensive Scout Rocket. Both would have as their goal
a year's uninterrupted observation of the corona,
and both would use existing hardware and
techniques to reduce cost. Upon completion
of the studies of the engineering feasibility, the
better of the two approaches can be chosen for
development.
Richard Hansen continued the program of
synoptic mneasurements of the white light corona
with the koronameter at our field station on

Mauna Loa, Hawaii. Observations were made on
about 200 days during the year, out to a distance
of 1.5 solar radii from the solar limb andwith lesser frequency and reliability - to 2.0
solar radii. This body of data constitutes a
major reservoir of information about the solar
corona of 1967, and we found ourselves frequently called upon by colleagues who required
corroboration for their own experiments. Among
these were NRL rocket observations of the outer
K-corona, Harvard spectroheliograms of ultraviolet coronal lines from OSO IV, Johns Hopkins
stratospheric balloon measurements of thermal
emission from the outer corona, and University of
Leicester rocket observation of solar x-ray flux.
Hawaiian koronameter data for 1965 were pooled
with data from a number of worldwide observatories in an extensive intercomparison of solar
phenomena as a program of the International
Quiet Sun Year (IQSY).
By the end of 1967, solar activity had
become well advanced. We are now able to trace
the development of the K-corona through a
substantial part of this solar cycle, starting at the
minimum of 1964 -1965. It is generally believed
that the corona becomes brighter and changes in
form as solar activity increases, although there is
not complete agreement on these points from the
several studies based on photometry of natural
eclipses. Because of the infrequency of solar
eclipses, eclipse observations alone can give but a
coarse description of the cyclic variation of the
corona; interpretation of eclipse data is further
complicated by difficulties in resolving the effects
of projection of coronal streamers from in front
of or behind the solar limb onto the plane of the
sky. But the sequence of almost daily observations with the K-coronameter is well suited for
study of coronal cyclic changes, in spite of the
fact that data are limited to the inner regions.

The evolution of the K-corona during this
cycle is shown by Fig. 2, a superposition of
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Fig. 2. Superposition of intensity plots of the K-corona at 1.125 solar radii for the month of July for
each year, 1964-1967.
intensity plots at 1.125 solar radii for the month
of July for each year 1964-1967. About 25 days
of observations are overlaid for each month.
Clearly the corona does increase in overall brightness. By comparison of half-yearly average intensities it is found to be 1.8 times brighter at the
end of 1967 then during the minimum years and,
by extrapolation, we estimate that at a major
maximum of solar activity the corona would be 3
times brighter. The general increase is seen to be
due to the appearance of discrete coronal features
with intensities as much as 2-4 times greater than
the quiet corona. These features are located
predominantly in two latitude zones centered at
30 and 60°. Also the development of the corona

in the northern hemisphere is seen to have
preceded that in the south by one year; this
confirms observations made at two eclipses and
the asymmetric concentration of chromospheric
activity. As the next stage in the analysis, Richard
and Shirley Hansen are trying to associate coronal
features with other activity, including plages and
prominences.
Continuing efforts are being made to
improve our ability to detect the K-corona from
ground-based observatory sites. As an example,
soon after moving to Mauna Loa, Richard Hansen
and Charles Garcia realized that while the entire
mountain is typically free of clouds early each
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morning, the formation of orographic clouds
toward midday seems to follow preferred patterns
with the developments being stronger on the west
or leeward slopes of Manua Loa. Considering the
vast size of this mountain, and that more than
100 sq mi of its surface is above 10,000-ft
elevation, it is perhaps not surprising that there
might be some difference in the cloud distribution. Examination of cloud photographs of the
island made from the Nimbus satellite tends to
confirm the first-hand impressions. In order to
develop more exact information on small-scale
cloud distribution, Hansen and Garcia have established a network of silicon-cell pyranometers and
hygrothermographs at various points around the
mountain. Records from these instruments should
answer many questions about relative frequency of
clouds, their seasonal changes, and their association with more general meteorological patterns
such as wind flow around the island.
CORONAL STRUCTURE
AND MAGNETIC FIELDS
It has become increasingly evident that the
primary agent which molds the corona into the
structure we see is the solar magnetic field. In the
lower corona the field may be of sufficient
magnitude to completely contain the coronal
plasma, while in the outer corona the solar wind
is capable of unraveling the magnetic fields and
carrying them out into the interplanetary
medium. Altschuler, Newkirk, and (in early stages
of the investigation) Harvey, have tried to determine whether a correlation does in fact exist
between coronal magnetic fields and visible structures at one particular time- November 1966.
This time period was chosen not only because detailed observations of the corona of 12 November
1966 were available, but also because good
measures of the surface magnetic fields could be
obtained from Mount Wilson Observatory.

Their attack is twofold. First, using the
eclipse observations of intensity and polarization
in the corona, they determine the threedimensional location and form of the various
streamers, rays, and other structures present at
the time. A vital portion of this analysis is a
comparison with synoptic koronameter observations. This comparison will, they hope, remove
ambiguities inherent in the interpretation of the
eclipse data, as well as give information on the
evolutionary stage at which the photograph of 12
November 1966 was obtained.

Second, they calculate the magnetic field in
the corona so that the configuration of field lines
actually present may be compared with the
structure of the visible corona. Using line-of-sight
fields measured at Mount Wilson Observatory
over a period of about a month centered about
the eclipse date, it is possible to construct a
three-dimensional map of the magnetic field over
the entire solar sphere. They must assume that
the fields have not varied significantly during the
observing period, and that the low corona is free
of large-scale electric currents. The magnetostatic
equations may be solved in the corona by
expressing the field in terms of Legendre polynomials with the surface fields as a boundary
condition. Altschuler and Newkirk are examining
several computer methods which attempt to
reconstruct the coronal magnetic field structure
from line-of-sight magnetic field data. (A movie
based on one of these computer methods was
made recently.) With a large computer such as our
Control Data 6600 it is possible to trace the field
lines from the surface out into the corona and to
present a picture of these lines as seen from any
point above the sun. The success of this technique
may be judged by comparing the shape of the
magnetic fields and the corona as displayed in
Fig. 3.
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ratio made at a height in the corona. At heights
above approximately p = 1.5 solar radii the
excitation of the line X5303 is largely due to
radiative processes for which the appropriate rates
are much better known than the corresponding
collisional processes. Using measurements made at
a height of p = 1.75 solar radii, they obtained a
lower limit to the abundance of iron relative to
hydrogen of 4 X 10- 5 . Such a value is greater
than the iron abundances typical for the photosphere, by a factor of ten.

Fig. 3. Magnetic fields and corona,
12 November 1966.
Altschuler and Newkirk conclude from this
work that the bases of coronal streamers form in
arcades of loops of magnetic field lines, while
"open" field lines channel the coronal material
into the gently curved rays. There is also striking
correspondence between magnetic field line loops
and similar structures in the corona.
Continuation of this work requires comparison of the corona and magnetic field configurations in three dimensions rather than simply
in projection, and will involve study of the
unraveling of these field lines by the solar wind,
and their expected arrangements in interplanetary
space.
CORONAL ABUNDANCES
AND EMISSION LINES
Malville and Schmahl completed an analysis
of observations of the green coronal line from the
1966 eclipse in Bolivia. They were primarily
interested in determining the abundance of iron
using measurements of the line-to-continuum

Malville and D. R. Bochonko, a graduate
student at the University of Michigan, analyzed
the coronal lines appearing in the 1946 outburst
of the recurrent nova T Coronae Borealis. The
appearance of coronal lines outside of an eclipse
requires that the lines have intensities comparable
to the intensity of the stellar continuum, and
indicates the existence of an extraordinarly large
corona surrounding the nova. In the case of T
Coronae Borealis, the observed equivalent widths
of the coronal lines indicate that several days
after the outburst the nova was surrounded by a
corona with a mean electron density of 3-5 X 107
cm - 3 and a radius of 3 X 10 1 4 cm. The
resonance transitions of the coronal ions must
have large optical depths in such a circumstance.
Malville and Bochonko estimated the extreme
ultraviolet transitions of Fe XIV had optical
depths of 103 at the time of appearance of the
coronal lines.
THE CORONA ABOVE
VERY ACTIVE REGIONS
One of the functions of international scientific organizations such as the International Astronomical Union (IAU) is to foster cooperative
studies which concentrate the efforts of many
observatories, using different observing techniques, on a single phenomenon. HAO cooperated
in one of these - the study of the proton flare
region of July-September 1966. Observations of
the region in integrated light and Ha, of radio
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bursts, of surface magnetic fields, of the particle
and x-ray fluxes, and of the associated interplanetary magnetic field were gathered from
around the world and presented at a symposium
in Budapest, Hungary in September 1967.
Newkirk and Richard and Shirley Hansen contributed a detailed analysis of the coronal electron density structure of the proton flare region,
based upon an unusually complete series of
koronameter observations. Their data will supplement the many other observations and will assist
in a greater understanding of the phenomena of
proton flares and the corona above active regions.

CORONAL GASES
AND MAGNETIC FIELDS
Kopp and Pneuman have begun an investigation of the complex interplay between gas and
magnetic fields in the corona. A computer program is being developed whereby the magnetostatic equations for an axially symmetric, isothermal corona can be numerically integrated
outward from the base of the corona, assuming
arbitrary gas and field distributions at the base.
The magnetostatic, pressure-balanced approximation should be a reasonable one out to a
distance of several solar radii. (Beyond this
distance, momentum transport by solar wind
becomes important.) The approximation should
therefore yield a good description of the basic
structural features of the inner and middle corona
seen at eclipses. In particular, two questions to be
investigated are:
* Does the form of an idealized minimumtype corona imply the existence of a general
dipole-like solar magnetic field distended by the
pressure of coronal gases?
* Can large helmet and open streamers be
constructed as quasi-static, rather than dynamic,
phenomena near the sun'?

WHITE-LIGHT
CORONAL ATLAS
Eddy, working with Goff and Gay, has
started to compile an atlas of the white-light
corona as recorded in current and historic eclipse
photographs - a project mentioned in the 1964
Annual Report. Gay has collected a vast and
growing file of the persons, places, and particulars
of eclipse observations of the corona as far back
in history as data exist, both photographic and
hand-drawn. The photographic file begins at 28
July 1851, when the first successful photograph
of the corona was obtained at Kbnigsberg with an
84-sec exposure on a daguerreotype plate.
Eighty-eight eclipses later are photographs taken
at the 12 November 1966 eclipse. Between are
115 years of data which have never been brought
together as a usable set, and this is the aim of the
project. Eddy and Goff have secured special
printing equipment and have conducted many
tests in its use, experimenting chiefly with HAO
eclipse photographs of 1963, 1965, and 1966.
They are obtaining permission from individual
holders of the many other extant eclipse plates to
make modern improved copies for inclusion in
their atlas. Yerkes and Lick Observatories have
already offered to make their valuable coronal
plates available, and the work of copying is about
to begin.

THE FAR INFRARED
The infrared, and particularly the region
beyond the atmospheric window at 20 p
wavelength, remains the last frontier of the solar
spectrum, for in contrast to all other regions of
the solar radiation spectrum, it is still almost
totally unexplored. There have been no published
radiometric studies of the sun in the region
between 20 and 1000 puand no spectral observations with resolution sufficient to allow identification of any but the major telluric absorptions.
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This was joined to the gyroscopically guided
infrared telescope which Eddy and Firor had used
in the 1966 airborne eclipse experiment. Observing time on the Convair 990 scientific aircraft was
made available by the Airborne Science Office of
the NASA Ames Research Center. Observations
were made in August and October of 1967 at
altitudes of about 40,000 ft. Separate spectra
were taken of the sun and of the sky through
special aircraft windows of high-density polyethylene and polypropylene. Spectral resolution

The reasons for this lag are several; most important is the voracious absorption of atmospheric
water vapor in this region, so severe that in a few
meters path at sea level the solar signal is reduced
to essentially zero. As seen from any accessible
station on the surface of the earth, the sun is an
extremely faint object in the far infrared, and
may be observed only through weak and highly
variable windows at 345, 440, 590, 710, and
810 p. The most transparent of these, 345 p,
admits less than 5% of the expected incident solar
flux at even the driest mountaintop station.

was about 2 cm - . These spectra were calibrated

with reference to a thermal source of known
temperature and emissivity. Solar spectra are of
the integrated solar disk, with no attempt at
angular resolution.

In 1967 Eddy and Firor, in collaboration
with H. A. Gebbie of the National Physical
Laboratory of England, succeeded in a pilot
attempt to record photometric spectra of the sun
from about 100-700 p from a high-altitude jet
aircraft. Gebbie, whose far infrared spectrum of
the sun in 1957 was the first ever published, made
available to HAO an interferometric spectrometer
of the Michelson type fitted with a Golay cell.
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Sample spectra of the sky and of the sun
are shown in Figs. 4a and 4b, which were taken
from the first reductions of the Fourier data.
Evident in the sky spectra are rotational water
vapor bands at the expected wavelengths. A first
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Fig. 4a. Interferometer output signals from the sun and the sky. The large deflection at zero path
difference is to the right of the center of this section of the record.
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filtergrams of the
narrow-band near-infrared
corona, taken in different polarizations at two
different wavelengths: the X 10747A emission
line of Fe XIII, and the nearby continuum at
X 10625A. Their analysis yields a map of the
amount and direction of polarization and the
total intensity at each point in the corona to a
radial distance of about 1.5 solar radii. The line
polarization was studied to investigate the mechanisms and regimes of the excitation of the
X 10747A line and to study the coronal iron
abundance. A possible measurement of the
coronal magnetic field was also anticipated, since
its effect would be to alter the field-free, radial
polarization direction. Continuum exposures were
taken to provide a control on the polarization
determination in the line and to permit subtraction of the continuum component in emission
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Fig. 4b. The emission from the sur1modified by
atmospheric absorption, and the emission from the sky (plotted inverted) for
wavelengths from 1 mm ( I = 10 cm-1)
to 100 i (V = 100 cm-1).
photometric reduction of the solar data indicates
that the apparent brightness tempe;rature of the
sun in the 100-700 p range is mu(ch lower than
the blackbody Rayleigh-Jeans pre diction for a
6000° source, and suggests that th e far infrared
solar radiation originates at or n ear the solar
temperature minimum. Possible interplanetary
attenuation may also play a role in these results,
NEAR INFRARED CORONAL
POLARIZATION
The first-order reduction of emission line
and continuum coronal polarizat :ion measurements obtained at the 1966 ecli pse has been
completed by Eddy and Firor. The data are

I

At the previous eclipse, in 1965, Eddy and

Malville measured polarization in X 10747A in a
single scan near the solar equator. They found the
amount and approximate direction of polarization to be consistent with resonance polarization
in the ideally suited magnetic fine structure of the
line (3 P1 - Po). But they were unable to determine the direction of polarization beyond the
fact that the radial E component exceeded the
tangential. The 1966 results permit this determination throughout the corona and add much
that is new. Obviously, the emission line polarization apparent in the corona is more complicated
that the simple picture used to interpret the 1965
result. The direction of line polarization is found
to vary considerably from radial through the
corona, except at the pole. The amount of
polarization increases outward, as expected, and
has direction that is more or less uniform along
any one radius. The E vector can be nearly
tangential in more active coronal regions. These
results are based on the analysis of about 100
points through the corona. A more thorough
study now underway will include many more data
points and a correction for instrumental polariza-
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tion which was omitted in the preliminary
analysis. The average emission line polarization
for the first 100 points is shown in Fig. 5, as
compared with Malville's predictions for the
collision excitation strength (f2) and the theoretical maximum polarization curve as determined
by Hyder. The observations are the double circles,
which seem to fit a collision strength of about
2 = 1/30. Also shown (small circles) are the
data points from the one reduction made at the
solar pole. Here collisions and line-of-sight integration should be least, and the polarization
should be nearly maximal, as it is.
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The continuum polarizations measured at
X 10625A verify that the continuum corona is
indeed polarized with E vector entirely tangential
to the limb, thus lending confidence to the line
measurements. An interesting side result of the
continuum data is the evidence for a more rapid
fall-off of polarization with radial distance in the
near infrared than is measured in the visible. The
polarization of the continuum corona is known to
maximize in the visible at about 1.5-1.6 solar
radii, then fall off due to the increasing importance of the Fraunhofer corona. At X 10625A
Eddy and Firor find that the fall-off occurs at
about 1.3 solar radii. The effect can be explained
in terms of a reddening of the F corona with
respect to the K corona or the photospheric
spectrum: more of the continuum corona is due

20

10

0
R/R e

Fig. 5. Emission line polarization as a function
of distance from the center of the sun.
to the F corona in the near infrared than in the
visible. This conclusion is borne out by a comparison of the coronal radiance measurements at
X 10625A with those at X 06500A obtained by
Newkirk at the same eclipse.
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SOLAR ACTIVITY
SUNSPOTS
On the solar surface, sunspots appear as
cool regions of strong magnetic field. The magnetic field distribution generated by sunspots
affects the behavior of all solar activity. Because
a sunspot arises from roots planted deep
within the photosphere, most of its structure is
unobservable.
The theoretical approach to the sunspot
phenomenon is based on the equations of magnetohydrodynamics. Unfortunately, although these
equations are easily written down, they have no
general analytic solutions; the nonlinear nature of
MHD equations is the primary obstacle to development of a theory of sunspots.
A second difficulty is the extremely large
value calculated for electrical conductivity of the
photosphere. The value of conductivity estimated
by Cowling in 1952, on the basis of a fully
ionized plasma, implied sunspot decay times of
about 300 years instead of the observed value of
about ten days. Investigations of partially ionized
plasma, whose nature more accurately represents
photospheric and umbral conditions, revealed
that electrical conductivity, and consequently
theoretical sunspot decay time, should be
decreased by a few factors of ten. This decrease
in decay time is still not sufficient to bring
theory and observation into even approximate
correspondence.
A few years ago, E. H. Schroeter pointed
out that better sunspot observations consistently
indicate lower umbral temperatures, so that the
visible umbral layer has an electrical conductivity
nearly 104 times less than that determined by
Cowling. From this result, Schroeter estimated a

sunspot decay time of about ten days, in agreement with observation. To check this conclusion,
Altschuler carried through a numerical computation of the diffusion of a magnetic field
in a medium of variable electrical conductivity - low values in the thin umbral layer,
higher values in the surrounding plasma.
Altschuler's calculation showed that low values
and large gradients of electrical conductivity in
the vicinity of sunspot umbras cause electrical
currents in the umbra to drift, in periods of a few
hours, to more highly conductive regions. Once
the currents are embedded in regions of high
electrical conductivity, the sunspot magnetic field
will decay extremely slowly. Altschuler concluded that Cowling's objection to magnetic
diffusion of a sunspot was still valid, and that the
agreement of Schroeter's estimates with observation was fortuitous.
If sunspots do not decay primarily by
magnetic diffusion, it is necessary to consider
nonlinear interactions of magnetic and velocity fields. As a first attack on nonlinear aspects of solar magnetohydrodynamics, Altschuler,
Nakagawa, and Lilliequist examined the time
development of a simplified sunspot model. They
were primarily concerned with effects of strong
nonlinear coupling between magnetic and velocity
fields. Magnetic forces accelerate fluid, and the
fluid motion transports and distorts the magnetic
field. Temperature gradients and compressibility
of the plasma medium were neglected in the
model. At the initial time, the sunspot magnetic
field was simulated by that of an azimuthal ring
of electric current, and fluid velocity was everywhere set to zero. When the MHD equations were
iterated simultaneously on the computer, an
Evershed type of flow pattern evolved. Moreover,
the ensuing velocity field dissipated the magnetic
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field pattern coherently but in a relatively short
time. From the results of this calculation, it was
concluded that:
* The Evershed motion is probably the result
of magnetic forces which are radial to the axis of
the sunspot in the photospheric region.
* The Evershed flow is probably perpendicular to the direction of the magnetic field near
the edge of the sunspot and parallel to the magnetic field near the sunspot axis.
* The Evershed flow may be the most important factor in the decay of sunspots.
PROMINENCES AND FLARES
Active Prominences
Malville, in continuing his studies of active
prominences, has studied in detail material
streaming at 50 km/sec along field lines nearly
parallel to the line of sight away from the
preceding spot of a bipolar group toward the
following spot. A field of 80 G was measured;
several hours later, yellow line emission and well
defined sunspot loops appeared.
Prior to the flare-induced eruption of the
filament, the magnetic field and electron density
in an activated filament were enhanced by factors
of approximately 4 and 10, respectively. Yellow
line emission was also present, although the line
widths were characteristic of quiescent prominences. A possible sequence in the development
of a quiet filament into such an activated filament
is a field amplification associated with compression and condensation of coronal material.
Tandberg-Hanssen has been studying the
interaction of dark active filaments and flares.
The flare of 20 September 1966 formed the basis
for the study (1967), as discussed in the 1966
Annual Report. A new aspect of the study

indicates that a flare mechanism is intimately
linked with the existence of small, dark, "active
filaments" in the flaring region. In the case
studied here such active filaments were present
between two flare knots. Matter is generally seen
to stream along the filaments between the two
active regions (spot or plages) that are linked by
the active filaments. The filaments can be considered as magnetic channels along which material
is allowed to flow, and the brightening of the
flare knots at the extremities of the filaments can
be understood in terms of the released energy as
matter streams from the active filament down
into the flaring region. This role of active filaments may be fundamental in certain types of
flares.
Quiescent Prominences
As noted in the 1966 Annual Report,
Malville found an apparent suppression of the
internal motions of prominence material with
increasing strength of the magnetic field of a
prominence. He suggests that the irregular
motions in quiescent prominences are driven by
photospheric horizontal convection coupled by
the prominence magnetic field. For a balance of
the energy gains and losses in a prominence, B, v,
and F (the flux of Alfven waves in the corona
driven by convection of the photosphere) are
related in the corona approximately by
F
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where e is a damping efficiency, -qthe coefficient
of viscosity, zo the length over which shear exists
in the surrounding corona, and vA the Alfven
velocity. The observed variation of v and B is in
agreement with the above expression for
F = 3 X 105 ergs cm - 2 sec - 1 (approximately the
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radiative energy losses of the corona over active
regions) and e 10-2.
The visible edge of a quiescent prominence
often corresponds to a weak magnetic field and
correspondingly large internal motions. Since the
role of the magnetic field in a quiescent prominence appears to be both the support against
gravity and the containment of internal motions,
Malville suggests that a prominence ends where
the magnetic field is no longer able to contain the
internal random velocity field.
Kuperus and Tandberg-Hanssen also
studied the nature of quiescent prominences, and
tried to explain the formation of such objects in
terms of a theoretical model. They showed that
the neutral sheet between two regions of oppositely directed magnetic fields is thermally unstable, a situation which gives rise to compression
and cooling of coronal material to prominence
material in a characteristic time of the order of
one day for a field strength of 0.5 G in the lower
corona. Kuperus and Tandberg-Hanssen assumed
that, because of the finite electrical resistivity of
the plasma, filamentary structures are formed by
the "tearing-mode" resistive plasma instability.
These structures are thermally insulated from the
hot surroundings by the newly formed closed
azimuthal magnetic field configuration. It is
shown that for fine structures with a diamater of
300 km the growth rate of the tearing-mode
instability is of the same order as the cooling
time. The occurrence of fine structures within the
prominences is of vital importance for their
origin.

order of 108 ergs cm 2 sec 1', and if a substantial
fraction of this energy is carried in the form of
Alfv6n waves, then the rate of dissipation of the
waves is slower than the rate at which energy is
injected. Since Alfven waves, as well as slow-mode
magnetoacoustic waves, must propagate along the
magnetic field and cannot reenter the photosphere, they must remain within the plage. Hence,
the magnetic and kinetic energy in small-scale
motion (either waves, turbulence, or high-energy
particles) must increase with time, eventually
causing disruption of the confining volume when
the small-scale energy density exceeds the energy
density of the mean field. It is believed that the
unusually broad wings in the emission lines
represent evidence of this phenomenon.
The accumulation of waves is manifested as
a resonance which occurs initially only at discrete
locations in the magnetic field configuration, but
later is expected to involve the whole flare
volume. Pneuman, through use of the virial equation, investigated the response of a typical volume
of flare dimensions due to trapping of normal
wave supply. For magnetic fields typical of a
plage, the region expands in a time scale of
102-103 sec, with a velocity in the neighborhood
of 10-20 km/sec. Small-scale velocities, however,
have reached 100-300 km/sec, indicating that
almost all the energy of the flare resides in
small-scale forms. The energy density of the flare
region exhibits a behavior much more explosive
than the expansion rate. There is a rapid rise to
maximum in 102 sec or less, and a slow subsequent decline taking about 103 -10 4 sec due to
the dilution of energy caused by expansion of the
region.

Solar Flares and Helmets
Pneuman has recently studied the hypothesis that solar flares may be caused by a
choking-off of the normal energy flux to the
upper chromosphere and corona by the strong
closed magnetic fields of a plage. If the energy
flux into a plage from the photosphere is of the

The predicted temporal behavior of the
energy density coincides qualitatively with the
light curves observed during flares, suggesting that
the rise and decline of the energy density is to be
associated with the optical flare. The total flare is
defined as the time required for the chromosphere and corona to return to the pre-flare state.
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During this time (about one hour) a large flare
can derive the necessary 1032 ergs from normal
photospheric energy output.
Pneuman has also completed an analysis
outlining some gross properties of coronal helmet
streamers. Observational estimates of the thermodynamic properties of these structures reveal that
the temperature difference between the helmet
(closed field) region and streaming region is
usually quite small. However, the density in the
helmet may be as much as ten times that outside.
This implies a strong lateral pressure gradient
from the axis of the streamer outward. This
outward pressure gradient is presumably balanced
by an inward gradient of the pressure exerted by
the magnetic field. Consequently, the magnetic
field must be strongest at the edges of the helmet
and relatively much weaker inside. This type of
field distribution is confirmed by magnetograph
maps of the photospheric field distribution,
which, when matched with the location of helmet
streamers, show that the helmet is generally
confined between patches where the emerging
field lines are more concentrated than elsewhere.
A helmet configuration is therefore visualized in
this analysis as a region of dense gas supporting a
strong, constricting, external magnetic field. The
observed strong outward lateral pressure gradient,
and magnetograph observations of the photospheric field at the base of these structures,
suggest that it is the open region where the field is
strongest, and that relatively weaker fields inside
the helmet perhaps play an insignificant role in
the determination of the overall structure.
In this analysis, Pneuman has applied the
relevant conservation equations to averaged physical quantities in both the helmet region and open
region. The solution of these equations yields
estimates as to the density differences to be
expected between the two regions, variation of
the solar wind velocity and magnetic field
strength in the open region with height, and
pertinent geometrical properties of the configura-

tion such as helmet height and shape.
Although Pneuman's analysis is limited to a
discussion of the averaged properties of helmet
regions and streaming regions, and yields no
detailed information as to the lateral distribution of velocity, density, or magnetic field
strength within a particular region, several conclusions can nevertheless be made concerning the
gross properties of helmet streamers. Some of
these conclusions can be compared with present
observations and, where this can be done, the
agreement appears to be good. Some pertinent
conclusions are listed below.
* The extension of the helmet into the
corona is limited. For coronal temperatures above
1.0 X 106 degrees, the maximum height above the
limb is 3 solar radii. For temperatures in excess of
1.5 X 106 degrees, it is about 1.6 solar radii. In
general, the maximum distance which a helmet
can extend from the solar center is half the
distance to the critical point (where the solar
wind velocity passes through the speed of sound).
For this reason, the properties of the helmet are
determined essentially by magnetostatic considerations with the adjacent flow having little influence upon the overall structure.
* If the temperature inside the helmet is
equal to that outside, the height of the helmet as
well as its shape are much more dependent upon
the photospheric field distribution than upon its
strength. The flow velocity outside the helmet,
and the rate of decline of the field strength, are
also independent of the magnitude of the photospheric field. Increasing the magnetic field
strength merely produces a corresponding
increase in the density enhancement, with no
resulting change in other properties.
* The density enhancement is a strong function of the photospheric magnetic field strength
and increases as the square of this quantity. Also,
for the same field strength, the density ratio
decreases with increasing temperature.
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* The density enhancement is preserved out
to the top of the helmet. The densities inside and
outside the helmet decay approximately according to the condition for hydrostatic equilibrium,
maintaining a constant ratio.
* Both domed and cusped helmets are
possible in the solar corona, with the former
occurring at low temperatures and the latter at
higher temperatures. Cusped helmets, however,
are expected to be relatively less common since
they occur only over a very narrow temperature
range.
* For given base dimensions, there is a
maximum temperature for which a helmet
streamer can exist. If the temperature exceeds
this value, the streamer must presumably be open.
Therefore, the absence of helmet streamers over
young active regions may be attributable to the
higher coronal temperatures over these regions.
* If helmet streamers evolve through stages
of increasing temperature, then one expects them
to be domed in the beginning, to proceed through
a stage where they become more and more
sharply cusped, and then to open quickly. This
entire process takes place for relatively small
changes in temperature.
* The expansion velocity outside the helmet
is higher than that predicted by radial flow but
increases outward more slowly.
* The average magnetic field strength
decreases outward proportionally to the square
root of the density and inversely proportionally
to the velocity, with the ratio of magnetic
pressure to gas pressure remaining constant out to
the top of the helmet. The field declines outward
more rapidly than a radial field but does not
decay as a potential field. The magnetic field is
clearly being stressed outward by the gas in the
helmet, with the radial variation of field strength
being determined by the temperature.

Plasma Acceleration Mechanisms
The acceleration of plasma by magnetically
active regions is a fundamental solar problem.
Observations of surges and eruptive prominences
indicate that plasma may be accelerated as a
coherent blob. Although theoretical models have
been discussed for the acceleration of individual
charged particles, little progress has been made
with models of coherent plasma acceleration. The
simultaneous nonlinear MHD equations cannot be
solved analytically, and the high electrical conductivity of the solar plasma indicates long time
scales for the reconnection and diffusion of
magnetic field lines.
Recently
Altschuler, Lilliequist, and
Nakagawa have examined a nonlinear mechanism
by which plasma of high electrical conductivity
and macroscopic dimension may be accelerated in
short time scales. They found that electric current
loops in a highly conducting plasma accelerate
one another by means of velocity fields created
by J X B forces. Computer calculations concerned
with the interaction of two coaxial current loops
in an incompressible conducting fluid indicate
that under suitable conditions plasma in the form
of a vortex ring might be expelled at the Alfven
velocity. This acceleration mechanism lies somewhere between the melon-seed hypothesis of
Schluter and the nonlinear Alfven wave pulse
(plasmoid) of Bostick and Wells.
To achieve a systematic study of the
problem of solar plasma acceleration, Altschuler,
Bussian, Hildner, and Tandberg-Hanssen are critically reviewing previous literature; an extensive
bibliography has been completed.
Ca II Emission in Disk Flares and Plages
The resonance lines of ionized calcium, the
H and K lines, show characteristic double-peaked
emission cores in plages. The profile develops a
single central emission peak in the core as the
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plage develops into a large flare. Over sunspots,
the Ca II lines exhibit narrow emission cores,
whether single-peaked or not.
Malville, Tandberg-Hanssen and Zei are
studying in more detail the relationships between
the characteristic profiles in flares, plages, and
sunspots. They have analyzed a series of plage and
flare spectra from Climax. One question of
interest is whether or not it is possible to
differentiate between bright plages and faint
flares through the profiles of the Ca II lines. The
existence of a new type of profile of the H and K
lines has been established by this study; it consists
of a triple reversal and appears to be a hybrid of
flare and plage. Such a complex profile may
reflect a particular distribution of doppler widths,
temperature, and density in the flaring chromosphere, or may arise from a superposition of
simpler profiles or unresolved emission elements.
Magnetograph Observations
Tandberg-Hanssen, working with Climax
magnetograph observations, obtained data on
various aspects of solar activity. Schoolman
finished collecting data on young plages for his
Ph.D. thesis. The study of magnetic fields in
active prominences was partly done by Harvey,
who also intends to use the data for a Ph.D. thesis.
The three projects below also used magnetograph
data.
Magnetic Fields Measured with the
He I, 5876A Line

There are a number of reported magnetic
field measurements in prominences, observed by
the Zeeman effect on hydrogen lines, and at
Climax we also generally use Ha. It is of
considerable interest to study prominence magnetic fields using lines of other elements, both to
compare with the hydrogen observations, and to
observe the field in other parts of the prominence
plasma. Helium is of special importance because
its spectrum exhibits lines that give information

from a relatively high-excitation plasma. Harvey
and Tandberg-Hanssen accordingly studied the
Zeeman effect in prominences with the line
5876A of He I, the D3 line, and reported the first
such measurements with the Climax instrument.
A number of prominences on the limb were
selected for the study. The results show that
within the precision of the measurements the
longitudinal magnetic field is often the same
when measured with the D3 , Ha, and Hg lines.
But the interpretation of the measurements is not
simple. Harvey and Tandberg-Hanssen observed
the magnetic field with a 10 X 10 sec aperture.
Their observations were averaged over several
minutes of time. The vast amount of fine structure visible in prominences under good seeing
conditions is circumstantial evidence for fine
structure in the magnetic field on a scale far
smaller than the magnetograph observations. One
cannot a priori know the field structure, except
that to a good approximation it must be forcefree. If many locally strong, twisted fields exist in
prominences, in observations they would all be
averaged to the roughly 10-15 G fields found by
Harvey and Tandberg-Hanssen. Therefore, the
fields in the D3 and Ha parts of the prominences
cannot really be compared, for there may be a
large difference in these fields, which still would
average to about the same value if the spatial
structure of the D3 and Ha parts of the prominence were similar. If the prominence magnetic
field is not twisted locally, then the measurements imply that the field is fairly uniform in
different excitation regimes of prominences, and
in regions of differing optical depths, since the D3
line is optically thin in most prominences of the
types studied. The early Balmer lines, on the other
hand, often show considerable optical depth.
Development of Magnetic Fields
in Active Regions

Tandberg-Hanssen and Porter studied the
changes in the longitudinal component of the
magnetic field in plages, and found that there are
at times significant changes during periods of
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several hours. The changes pertain either to
variations in the magnetic field intensity, or to
changes in the distribution of positive and negative magnetic fields. However, Tandberg-Hanssen
and Porter caution against attributing all the
changes in the observed longitudinal component
to real changes in the magnetic field. An
unknown amount of change in the observed
longitudinal field (using the H. line) may be due
to a temporal change in the Ha source function.
A certain change in temperature or density of the
plage plasma may occur without a change in the
magnetic field. A thorough study of the H.
transfer problems in magnetic plages must therefore precede any final interpretation of the
changes observed in the longitudinal component.
Magnetic Fields in Flares and
Active Prominences

To make as efficient use as possible of the
optical and magnetograph instruments at Climax,
Malville and Tandberg-Hanssen have consolidated
their programs in the spring of 1967 in an effort
to get data on complex active regions. The first
months of operation resulted in simultaneous
observations with the magnetograph and the 5-in.
spectrograph of a number of sunspot regions with
large flares. A particularly interesting sequence
was obtained from 21-25 May, when disk magnetograms in H1 with resolution varying between 6
and 16 sec of arc were obtained each day. During
the same period four major flares of importance 2
and 3 occurred. Direct measurements of the field
of the importance-2 flare of 21 May were
obtained while this flare was in emission. Detailed
comparisons of the magnetograms with Climax and
Lockheed filtergrams have allowed the mapping
of flares, fibrils, and active region filaments with
respect to the longitudinal component of the
field.
Throughout the summer and fall of 1967
magnetograms were made of promising active
regions. One sequence in August, obtained as part
of a cooperative venture with Lockheed Solar

Observatory and Mount Wilson Observatory, gives
us excellent coverage of an active region with
large-scale filtergrams and magnetograms of both
the low chromosphere and the photosphere.
Tandberg-Hanssen and Malville's continuing
program on magnetic fields of active prominences
has yielded magnetic field measurements of a
large number of such prominences, and has
provided us with a surge containing the strongest
magnetic field yet measured at Climax: 250 G.
THE SOLAR WIND
The solar wind, as observed at one astronomical unit, shows large variations in bulk
velocity, density, temperature, and particle content. The origin and evolution of this structure
has been an intriguing problem for a number of
years. Of particular interest are high-velocity
streams which often exhibit a 27-day periodicity,
and which are roughly correlated with geophysical disturbances such as magnetic storms. Suggestion as to the solar source of these streams have
generally fallen into one of two groups. One
school of thought holds that high velocity solar
wind streams originate over active regions. The
other school contends that the streams originate
in areas between active regions. In an attempt to
resolve this problem, Gosling and Hansen have
been collaborating with colleagues at Los Alamos
in a study utilizing Mauna Loa koronameter data
and Vela satellite observations of the solar wind.
Connecting a given measurement of the
solar wind with a region at the proper longitude
on the sun is perhaps the most difficult part of
the study. Since the solar wind velocity, v, is a
monotonically increasing function of distance
from the sun, it is necessary to evaluate
one astronomical unit
_dr
JD v(r)
solar radius
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to obtain an accurate estimate of the time delay
from the sun out to one astronomical unit.
Gosling and Hansen have used Parker's isothermal
model for the radial expansion of the corona in
determining TD. For velocity peaks at one astronomical unit in excess of - 600 km/sec, they
have found that TD is insensitive to the exact
lower bound of the integral, and they can
extrapolate back to the sun with confidence as
long as they assume that the solar wind striking
the earth is emitted at central meridian passage

of the solar region. The result of this extrapolation is that velocity peaks in the solar wind do
not appear to be correlated with the dense regions
in the corona which generally overlie active
regions on the solar disk. There is a slight hint
that the velocity peaks are anticorrelated with
these structures in the corona. The study is being
extended to include the 9.1-cm radio measurements of the sun as well as visible features on the
sun's surface.
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LABORATORY STUDIES
VACUUM ULTRAVIOLET AND
X-RAY SPECTROSCOPY
The HAO theta-pinch plasma machine,
which serves as a light source for vacuum ultraviolet and x-ray spectroscopy programs under
House, has proven now to be a reliable operational device. The conversion from ignitron to
three-element spark-gap switches by Wolfe,
described in the 1966 Annual Report, now allows
a sequence of the order of 4000 discharges of the
capacitor bank to be accumulated before major
switch overhaul is required. (This is in contrast to
only a few hundred discharges with the ignitron
switches before an overhaul.) The theta-pinch was
used during the year in conjunction with the
grazing incidence spectrograph to obtain data on
Si I and Ar I isoelectronic sequences. Analysis of
the silicon sequence is only in the beginning
phase; Wagner's work on the argon sequence will
be described below.
Although the HAO theta-pinch machine
produces temperatures in the range of 200 to
300 eV (2.3-3.3 X 106 degrees), from recent solar
x-ray observations it is apparent that we need
laboratory data on stages of ionization generated
at even much higher temperatures. Again taking
the cue from controlled fusion technology, Wolfe
is constructing a new light source called a high
density plasma focus. The device should allow
production of temperatures in the range 3-30 keV
(30-300 X 106 degrees). A light source such as
this, successfully operated, should produce
spectra up to the hydrogenic type in iron. The
plasma focus is basically a coaxial plasma gun
(similar to that described in previous Annual
Reports). The discharge of a capacitor bank
across the inner (6 cm ID) and outer (10 cm ID)
conductors forces a plasma to be driven down the
length (45 cm) of the gun. As the plasma
collapses off the end of the gun, a dense high

temperature "fire ball" is formed. The coaxial
plasma gun will be powered by the same capacitor
bank as used for the theta-pinch machine. With
approximately one day down time, the operation
can be converted between the theta-pinch and the
plasma focus equipment.
During 1967, we have had the Scylla I
theta-pinch machine on loan from Los Alamos
Scientific Laboratory, Project Sherwood. This
machine has been used by Blake in his thesis work
on x-ray spectra. Scylla I was being sent to the
Smithsonian Museum as a display of one of the
first controlled-fusion machines. It was temporarily loaned to our laboratory for two reasons:
First, because of its long history of reproducible
operation, we knew it would be usable as a light
source for our photoelectric recording x-ray
spectrometer. Although the HAO theta-pinch
machine serves well as a light source when used
with photographic recording where shot-to-shot
variability is not bothersome, it could not be used
in conjunction with the photoelectric spectrometer. Use of Scylla I allowed Blake to proceed
on his thesis work without prolonged delay.
Second, we planned to compare the two thetapinch devices. Some argued that because Scylla I
was operated at a higher voltage (85 kV) compared to the HAO machine (17 kV), higher
temperatures and more reliable operation would
be obtained. We have found that we do obtain
essentially the same electron temperatures, and
we believe the reproducibility is essentially a
function of the background impurity level. A
certain threshold level of impurity masks the
interaction of the plasma with the walls of the
discharge tube. At the higher voltage, the plasma
in Scylla I interacts very strongly with the walls
and maintains a relatively high impurity level in
the plasma, whereas in the 17-kV operation of the
HAO theta-pinch machine, interaction with the
walls is weak and the variability is easily
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recognized. As a result of this comparative study
we believe the HAO theta-pinch operation can be
properly controlled to be usable with photoelectric instruments. Comparison of the two
devices will continue.
Observations of solar x-rays by the Naval
Research Laboratory (NRL) prompted current
work using the Scylla I theta-pinch machine. NRL
solar observations led them to suggest that a line
at 1.91A resulted from an unusual type of x-ray
transition. They believed that this line, 0.03A
short of the well known, characteristic x-ray line
in iron, resulted from an x-ray transition in iron
where some outer electrons had been removed,
reducing the shielding and therefore causing the
x-ray transition to shift toward shorter wavelengths. In particular, a line at 23.28A, which had
been observed for several years in the solar
spectrum, has now been observed by Blake in the
Scylla I machine. Coupling this laboratory work
with theoretical energy-level predictions by
House, using a Hartree-Fock self-consistent field
calculation, Blake and House have identified the
23.28A as a K. type transition occuring in the
configuration of 0 III (1s2s 2 2p 3 - 1s2 2s 2 2p 2 ).
Blake and House suggested identification of additional lines of this same type. Observations of this
oxygen line, and interpretation of the formation
of iron and oxygen lines in the solar spectrum, form the major portion of Blake's thesis.
The results of his analysis are best explained
by non-thermal streams of electrons in the
10-30 keV range to produce the oxygen lines and
10-100 keV range to produce the iron lines in the
solar atmosphere. Energy densities of high-energy
electrons, based on observed solar intensities,
apparently contribute significantly to the
coronal-chromospheric energy balance.
Motivated by solar laboratory observations
of the unusual x-ray lines, House has further
extended the theoretical calculation of wavelengths of these types of transitions to cover all
the elements from carbon to copper through all

stages of ionization, except those containing
electrons beyond the 3d shell. Theoretical energy
levels (and hence wavelengths), and absolute line
strengths have also been calculated for all these
lines. For neon and lighter elements, it was found
necessary to take into account the multiplet term
structure. In oxygen, for example, the details of
the theoretical term structure can successfully be
compared with laboratory observations.
William Wagner, on a North American
Aviation fellowship at the University of Colorado,
has been investigating the argon isoelectronic
sequence in his thesis work with House. Very
little is known about this sequence beyond Ca III.
Analyzing the possible configurations in this
sequence indicates that in stages of ionization
that are abundant in the solar corona, for
example Fe IX, it appears there could be many
possible visible forbidden lines produced within
excited configurations. Wagner has used the
Hartree-Fock calculation, loaned to us by Dr.
Charlotte Froese (University of British
Columbia). Taking into account configuration
interaction and intermediate coupling, he has
attempted to predict the location of the ultraviolet lines to aid in the laboratory identification.
From measurements of the transition in the
ultraviolet spectrum, splittings can be determined
so that wavelengths of forbidden transitions can
be identified. To date it has not been possible to
identify in the laboratory ultraviolet transition
arrays between the 3p 5 4p and 3p 5 3d configurations. Current work on transitions 3p 5 4f- 3p5 3d
will hopefully yield to laboratory analysis. In
addition to laboratory and theoretical work on
wavelengths, transition probabilities of the
possible forbidden lines have also been computed.
RADIATION TRANSPORT
Avery and House have been working on
problems of radiation transport using the Monte
Carlo technique. In these "computer experiments" the physics of the atomic system and the
medium are cast in terms of probabilistic laws,
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and "photons" released from either internal or
external sources are traced in their life history as
they diffuse through the atmospheric volume.
The determination of such parameters as distance
to interaction, frequency and direction change at
scattering, and possibility of conversion to the
thermal field, are all established by comparing
random numbers with the probability distribution
function describing each process. After processing
a sufficiently large sample of photons, one can
construct line profiles and source functions as
well as other parameters of interest. The principal
advantages of this type of calculation are that
complex finite geometries may be treated with
ease, and the physics of the problem is introduced
in direct analog to the real physical event.
One problem analyzed was that of photon
diffusion through a purely scattering atmosphere
under the assumptions of (1) complete redistribution and (2) coherent scattering in the rest frame
of the atom with partial coherence in the external
frame. Application was made to Lyman-a
photons diffusing through low density nebulae.
The mean number of scatterings to escape,<N>,
were computed for both assumed scattering laws.
For partial coherent scattering <N> is found to
be much greater than under redistribution. In
addition, it was found that partial coherence
causes photons to diffuse more easily in space,
but less easily in frequency. Thus for complete
redistribution the photons are more likely to
remain in the vicinity of their origin until they
escape from the atmosphere as a result of a single,
large frequency shift.
Avery is applying the Monte Carlo method
to the problem of line formation in spicules. As a
preliminary problem, he studied the radiation
transport in finite homogeneous cylinders with an
internal thermal source of emission. His main
purpose was to investigate the significance of
considering cylindrical geometries rather than the
well known slab configuration. Through computations for various combinations of radial and axial

optical depths, he delineated the situations under
which treatment of a cylinder gives results significantly different from those obtained by assuming
a plane parallel atmosphere. He is now considering refinements more closely approximating the
spicule. These include introducing limb-darkened
radiation field incident upon the outer surface of
the spicule and allowing the cylindrical volume
to have an inhomogeneous temperature and density structure. Attempts will be made to compare
theoretical line profiles with observed Ca II H
and K profiles.
House is using the Monte Carlo technique
to treat the problem of resonance line polarization in a multiple scattering atmosphere, a
problem of importance in the transport of polarized radiation in quiescent prominences. The
prominence is assumed to be represented by a
finite two-dimensional region which is threaded
by a horizontal uniform magnetic field and
illuminated on the lower surface by unpolarized
photospheric radiation. A model atom with
energy levels representing a normal Zeeman triplet
is used, requiring the Monte Carlo process to
follow transport of both nr and a states of
polarization of the photons. The intensity of the
scattered radiation field and degree of polarization are determined as functions of frequency and
angle of viewing the prominence, for the two
extreme cases of no field and a strong field.
House will make additions to the calculation
taking into account the Hanle effect, which is
important at intermediate field strengths. It is
hope that the Ca I resonance line 4227A, as seen
in quiescent prominences, can be compared with
the computations.
HYDROMAGNETIC STUDIES
Nakagawa and other members of the Shock
Group
have made a number of hydromagTube
netic studies of various solar phenomena, such as
differential rotation, large-scale dynamical
behavior of the solar atmosphere, solar wind, etc.
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Some of these phenomena, particularly those
occurring in the upper atmosphere of the sun
where the gases are ionized and collision between
the particles is infrequent, have been studied as
within the context of plasma physics.
Specific problems investigated during 1967
are the relaxation mechanism in a weakly ionized
rarefied gas, the stability of an interface between
a plasma flow and a magnetic field, and differential rotation in the presence of a magnetic field.
The study of relaxation mechanisms in
rarefied ionized gases is basic to the understanding of heating of the chromosphere and corona.
Nakagawa and Wu have pursued a theoretical
study of this problem based on the multifluid
kinetic theory, including radiation. (A multifluid
is a fluid consisting of different temperatures and
mean velocities for each constituent species.) The
results of this study have been partly summarized
in a model of radiative shock structure in hydrogen gas, proposed by Nakagawa and Wu. However, this study was interrupted after the departure of Wu (February 1967), partly because
the importance of "plasma turbulence" as the
thermalization mechanism in rarefied ionized
gases was questioned, and partly because the visit
of Trehan (May-August 1967) aroused new interest in the problem of solar differential rotation in
the presence of a magnetic field.
Wolf's continued effort to improve performance of the coaxial accelerator resulted in
the observation of a phenomenon called the
"dense plasma focus" near the front end of
the accelerator - a phenomenon also noticed at
several other laboratories. It has been found that
in the "focus" region the temperature and
number density of plasma are approximately
3
100 eV (106 degrees) and 101 9 particles/cm , respectively. This discovery led to the collection of
the hot thermal plasma into a small-diameter tube
in an effort to produce a stable plane shock wave.
This attempt was successful, and a stable plane

shock wave was obtained which propagates in the
small tube with Mach number up to 100 in
hydrogen gas. Physical characteristics of this
stable plane shock wave have been examined by
Nakagawa and Wolf, who showed that the observed stable plane shock wave represents a plane
blast wave.
The study of dynamical behavior of the
interface between a plasma flow and a magnetic
field represents another basic study pertinent to
understanding the formation, maintenance (stability), and dynamical behavior of the solar prominences, flares, plumes, and other structures, and
of the magnetopause, the interface between the
geomagnetic field and solar wind. Nakagawa and
Trehan examined theoretically the stability of the
interface between a plasma flow and a magnetic
field, when the plasma flow is supported by a
magnetic field in the direction of the flow against
gravity. They have found that under such circumstances the interface is always unstable, and the
maximum growth of the perturbations occurs
when the wave number is approximately g/2V2,
where g is the acceleration of gravity and VA is
the Alfven velocity. Vasicek has extended this
study (which is also applicable to interpretations
of experimental results), including the effect of
the curvature of plasma flow. The geometry
closely corresponds to a simplified magnetopause
or a prominence. During 1967, no experiments
were performed on this problem because the
coaxial accelerator was under continuous study
relating to improvements in its performance.
In studying differential rotation in the
presence of a magnetic field, another problemi of
basic importance, Nakagawa and Trehan have
examined possible steady-state solutions of the
differentially rotating sun in the presence of a

magnetic field. The study has been made within
the context of incompressible axisymnmetric
hydromagnetics of an inviscid medium of infinite
electrical conductivity. In the study it is assumed
that the fluid motions are confined within a

33

spherical shell and that the inner surface of the
shell rotates with a constant angular velocity. It is
also assumed that the inner surface is the locus of
magnetic lines of force. An analytical solution,
with a quasi-dipole poloidal magnetic field and
purely toroidal (azimuthal) fluid motions, has
been obtained, even though the solution was
required to satisfy the observed differential rotation of the solar surface. It has been shown
further that the core (inner sphere) must rotate
more slowly than the outer surface for such a
solution to exist.

obtained so far have shown the presence of a
meridional circulation centered around the heliographic latitude 30°, and a strong toroidal magnetic field with the maximum near the heliographic latitude 400. These features agree with
those of the average state of the sun, as the
position of the strong toroidal magnetic field is
close to the latitude where the sunspots emerge,
and the equatorward direction of meridional
circulation near the surface coincides with the
direction of the drift of sunspots.

The extension of this study under more
general circumstances, including a toroidal magnetic field and also poloidal (meridional) fluid
motions, has been undertaken by Nakagawa and
Swarztrauber. Preliminary numerical solutions

Nakagawa has also participated, in association with Altschuler and Lilliequist, in the examination of fluid motions near a sunspot. This study
was completed in July, by means of numerical
integrations of the hydromagnetic equations.
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THE SOLAR SYSTEM
QUARKS: THE MOUNT EVANS EXPERIMENT
Bussian continued to work on the Mount
Evans cooperative experiment to study particle
physics utilizing cosmic rays as a "beam." The
quark search experiment begun in 1966 was
completed. No evidence was found for the postulated fundamental particle. During 1967 the quark
search experiment was extensively modified and
enlarged for measuring total and differential
proton-proton cross sections at energies above
100 GeV. Significant changes to the equipment of
the quark experiment include an enlarged total
absorption spectrometer, two wide-gap spark
chambers, and improved electronics providing
magnetic tape data recording.
Early in 1968 the system will be used to
collect data, with carbon as the target. After a
few months of running time a liquid hydrogen
target will replace the carbon.
Cross-section measurements from these
experiments should help to answer some fundamental questions as to what happens to protonproton and proton-nucleus cross sections as one
approaches infinite energies. These will be the
first direct cross-section measurements at ultrahigh energies.
LUNAR PHYSICS
In 1967 Walbridge took up the study of the
lunar photoelectron plasma. When solar photons
fall on the lunar surface, photoelectrons are
ejected from that surface leaving it positively
charged. In the steady state as many electrons are
pulled back to the surface by the electric field as
are ejected (per cm 2 per sec).
It has been suggested that this electric field
could facilitate the motion of charged dust

particles from high ground to lower ground on
the lunar surface. Previous research by Singer and
Walker suggested that this electric field was about
20 V/m, and that the electron distribution
extended to about 3 cm above the lunar surface.
Walbridge found that these values were based on
the use of an incorrect boundary condition. With
the correct boundary condition the electric field
was found to be 10 V/m and the electrons were
found to extend to 12 cm.
In addition to correcting the steady-state
photoelectron plasma (PEP) theory, Walbridge
has been examining dynamic PEP phenomena. He
has been trying to discover whether or not PEP
waves can exist. Up the the present the existence
of dynamic PEP phenomena has not been investigated. However PEP waves are of interest for
several reasons:
* Fluctuations in the solar wind could excite
PEP waves, which might then be monitored to
study the solar wind.
* PEP waves could possibly be used for
communication between lunar stations.
* These waves might help to locate the
source of lunar volcanic activity, since waves
might be radiated out from the center of such
activity.
Also, the physics of a non-neutral plasma
have been little studied and are not well understood. One problem is the detection of PEP
phenomena. It appears feasible to examine the
PEP steady-state electron distribution by an
electron probe soft-landed on the moon. PEP
waves could perhaps be detected by a magnetometer. The photoelectron plasma is just a plasma of
electrons, hence any motions of it constitute
currents and produce magnetic fluctuations.
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Walbridge has begun to study PEP waves by
considering only fluctuations perpendicular to the
lunar surface, with electron motions restricted to
the vertical direction perpendicular to the lunar
surface. Within the limit of small amplitudes, a
procedure has been developed for linearizing the
equations of the system. This procedure is analogous to an approach used in solid-state theory.
There, the wave function solution for a nonvibrating crystal is "stretched" to obtain a
zeroth-order wave function for a crystal which is
vibrating and hence changing slightly in length
with time. Similarly this stretching idea is used
for obtaining the zeroth-order time-dependent
solutions for the PEP oscillations. Upon substituting in the zeroth-order solution it is found that
there are five linear, coupled equations for the
first-order perturbation solution. Decoupling
these equations leads to a second-order equation
similar to Bessel's equation.

the sun, and thus the location in the solar system
where it will evaporate, is strongly dependent
upon particle size. Large particles behave as black
bodies, and are expected to evaporate at ~ 12
solar radii, while small particles of quartz-like
materials are refrigerated by their ability to
radiate efficiently in the infrared. Thus, small
(radius - 0.3-10 p) particles penetrate closer to
the sun and their evaporation shell is of smaller
radius. By comparing his calculations with
MacQueen's observations, Kaiser concludes that:

Walbridge has also made progress in developing a formalism for finding one-dimensional
PEP motions for arbitrary amplitudes and arbitrary initial conditions. This formalism involves
first transforming the equations to Lagrangian
coordinates and then making a further coordinate
transformation.

* The optical and thermodynamic properties
which are required to fit the calculations with the
observations of the thermal radiation of the
F-corona are similar to those found for such
natural minerals as olivine and pyroxene.

INTERPLANETARY DUST
AND THE F-CORONA
Kaiser, under the guidance of Newkirk, has
completed an analysis of the interaction of
interplanetary dust particles with the radiation of
the sun. He has compared his analysis with the
observations made at the 1966 eclipse as well as
those from a balloon-borne coronagraph in
January 1967. Two mechanisms dominate the
behavior of the interplanetary grains - their spiraling into the sun under the influence of
Poynting-Robertson drag, and their evaporation
close to the sun as a result of the high density of
radiation. Kaiser found that the equilibrium
temperature of a grain at a given distance from

*

The peaks in thermal at -

9 and 4 solar

radii are due to the evaporation of a single
quartz-like mineral dust in interplanetary space.
* The double character of each of the peaks
at 9 and 4 solar radii is due to the presence of two
types of the basic mineral with slightly different
sublimation properties.

* Spectroscopic observation of thermal radiation at wavelengths other than 2.2 p should reveal
the presence of reststrahlen bands. These should
allow the composition of the interplanetary
medium to be determined.
COSMIC RAYS
Search for Lunar Effect on Cosmic Rays
Bussian and Gupta have almost completed
an investigation of the moon's effect on cosmic
rays. Two suggestions have been made concerning
the origin of such an effect. Duperier in 1946
reasoned that the moon, by altering the height of
the layer in which mesons are produced, should
affect the intensity of cosmic rays as measured at
the surface of the earth. Later, in 1964, Dorman
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suggested that tidal oscillations of the interplanetary plasma, at distances of several earth radii,
similarly affect cosmic ray intensity. In view of
the high conductivity of the plasma, geomagnetic
lines of force will be frozen into it, leading to a
change in field intensity at large distances. This
change, in turn, will give rise to periodic changes
in the geomagnetic cut-off which will manifest
themselves in the form of cosmic ray variations.
As well as reviewing other work describing
evidence for a lunar effect, Bussian and Gupta are
applying modem numerical filtering techniques
and the Tukey power-spectrum method to data
from the neutron monitor, muon telescope, and
ionization chamber. So far there appears to be
little experimental support for a lunar modulation
of cosmic rays.
Diffusion Model of Solar Flare Cosmic Rays
In 1956, Parker and his colleagues at the
University of Chicago suggested a diffusion model
for the propagation of energetic particles. The
assumptions of the model are:
(1) Particles diffuse through a medium of
static, infinitely heavy scattering centers.
(2) Scattering is isotropic.
(3) The dimensions of the injection region
are small compared to the distance from the
source to the observation point.
(4) The injection time is short compared
to the transit time to the observation point.
(5) Times of observation are appreciably
longer than the rectilinear travel time from source
to observation point.
The simplest model assumes a constant
diffusion coefficient. Then one must solve:
-

at

= DV

2

p

where p = density of particles, and
D = diffusion coefficient
This model does not adequately describe measure-

ments made during the decay phase of a solar
cosmic ray event.
Krimigris (1965) found excellent agreement with the 28 September 1961 event by
assuming that the diffusion coefficient has the
form D = MrO, where r is the distance from the
sun and M and 3 are independent of r but may
depend on energy. However Krimigris does not
find agreement for the first half hour (approximately) of the event, perhaps because of early
anisotropy and possible delays in escape from the
sun's influence.
Bussian believes that the lack of agreement
during the first half hour may be a limitation of
the simple diffusion equation; it may be that the
equation does not hold for times close to the
occurrence of any sudden change in concentration. Thus assumption (5) does not hold at times
close to the occurrence of particle injection by a
flare. It is found from kinetic theory that a more
exact equation for diffusion is:

ap

at

= DV 2 p

D a2 p
c2 at 2

where c = the speed of the particles
This equation takes into account the finite
velocity of the particles, where in the simple
diffusion equation it is assumed the particles

travel with infinite velocity. The initial injection
of particles by the sun is therefore more like a
damped wave propagating with speed c; after the
wave has damped out, the diffusion process
follows in its wake. Thus, for long enough times
the solution of the exact equation reduces to the
solution of the simple equation.
Bussian has begun a study of the exact
equation, as applied to solar cosmic rays. In
particular, he wishes to determine whether the
early phase of a cosmic ray event can be
explained by diffusion, and to study the limitations of the simple equation as applied to the
solar cosmic ray problem.
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THE UPPER ATMOSPHERE:
THE IONOSPHERE,

GEOMAGNETISM,

AND MAGNETOSPHERE

Matsushita and a number of visiting scientists at HAO have used measurements of varia-*
tions in the earth's magnetic field and ionospheric
observations for deducing the physical state of
the upper atmosphere and the magnetosphere.
The group works closely with the ESSA Boulder
Laboratories.
The earth's upper atmosphere - the mesosphere, dynamo region, ionosphere, exosphere,
and magnetosphere - raises many problems of
solar-terrestrial physics and of the various phenomena of geomagnetism. Of the many subjects
for investigation in these fields, one of the
most interesting and important is the problem of dynamic, electromagnetic, and hydromagnetic interactions between different height
regions of the upper atmosphere on geomagnetically quiet and disturbed days.
On quiet days, electric currents in the
dynamo region (90-140 km) can be estimated
indirectly from ground-based observations of geomagnetic variation fields, and directly by rocket
measurements of the geomagnetic main field. The
major electric current systems are called Sq (solar
quiet) and L (lunar) currents. The electrostatic
fields responsible for these currents may be
"conducted" along geomagnetic field lines.
Coupling of these electric fields with the magnetic
field causes electromagnetic drift motions of
plasma at various levels, such as in the ionospheric
F2 and the low magnetospheric trapped regions.
Thus, the electrostatic fields estimated from the
current systems can be checked by plasma variations in the F2 and the trapped regions. Also,
some sporadic E (Es), as well as smaller scale
irregularities, seem to be caused by plasma instabilities due to electric field fluctuations.

.
If the dynamo theory is correct, wind
motions are the main cause of the Sq and L
current systems, and the averaged wind patterns
can be estimated from the current systems. The
wind patterns obtained should be verified by
ionospheric motions observed by radio waves and
by motions of rocket-released chemiluminescent
clouds. Furthermore, winds in the dynamo region
need to be investigated theoretically, taking into
consideration coupling with motions in the exosphere and the mesosphere. The blanketing Es in
middle latitudes provides information on winds,
since it seems to be formed mainly by wind
shears.
Another way of coupling in different levels
by hydromagnetic waves can be noticed in geomagnetic pulsations, Pc. From the study of Pc,
hydromagnetic behavior of the upper atmosphere
can be deduced, as discussed below.
Even on quiet days in middle latitudes, the
dynamo region in high latitudes is disturbed by
incoming particles and by hydromagnetic waves
from the magnetosphere. On stormy days these
incoming agencies severely disturb the upper
atmosphere at all latitudes. The detailed interactions are not fully understood. There also
remains a question of the mechanism of the F2
density increase in low latitudes on stormy days.
Pi pulsations, irregular pulsations which often
occur at night during disturbed periods, seem to
be caused by ionospheric disturbances due to
particles and to hydromagnetic waves from the
neutral sheet in the magnetospheric tail.
All these upper atmospheric phenomena on
both quiet and disturbed days can be interpreted
as being the roles played by dynamic, electro-
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magnetic, and hydromagnetic interactions, and
can be studied by using the data of apparently
different research fields, such as measurements of
ionospheric currents, F2, Es, geomagnetism,
and micropulsations.
IONOSPHERIC CURRENTS
AND ELECTRIC FIELDS
In the last few years Matsushita has made a
study of the geomagnetic solar quiet daily variation field, Sq, and the responsible current
systems, for three longitudinal sectors during each
of three seasons, using IGY data obtained at 69
stations. He has also completed a study of the
geomagnetic lunar daily variation field, L, and the
responsible current systems in each season, using
all available results of lunar analysis of geomagnetic data from 37 stations.
However, since the electric conductivity in
the dynamo region is very low at night on quiet
days, the ionospheric current at night may be
almost zero. During 1967 Matsushita computed
the Sq current systems based on this idea, using
the previously obtained current system, and
shifting the datum line. He also computed lunisolar current systems (or L current systems for
new moons) from the previous results by adopting a parameter estimated from the solar daily
variation pattern of the electric conductivity. On
the basis of these newly obtained current systems,
and on estimated distributions of the anisotropic
electric conductivities, Matsushita then calculated
distributions of electric fields for the Sq and L
currents in three longitudinal sectors for each of
three seasons. Results of these studies may be
useful for comparison with direct observations of
the electric fields, made elsewhere by using
barium clouds released from rockets, and with
future direct observations of the fields by satellites and rockets.
Ionospheric current patterns in high latitudes on days of low magnetic activity (low Kp

days) have been investigated from all dependable
IGY geomagnetic data-data obtained at 21
stations in the northern hemisphere and 12
stations in the southern hemisphere - with
respect to different coordinate and time systems.
Modified geomagnetic time and latitude show
current patterns most closely in accord with
theoretical current systems.
From all these newly obtained results,
Matsushita reviewed various ionospheric current
systems on both quiet and disturbed days, and
emphasized the important role played by the
electric fields.
BLANKETING SPORADIC E
AND IONOSPHERIC WINDS
In a study aimed at establishing the nature
of the sunspot-cycle dependence of blanketing Es
at middle latitudes, Reddy and Matsushita have
found that (1) monthly mean values of the
blanketing frequency, fbEs, as well as percentage
occurrence of the larger fbEs values (e.g., > 4.0
MHz) show clear positive correlation with sunspot
activity; and (2) the occurrence of smaller fbEs
values (e.g., < 3.0 MHz) shows negative correlation with sunspot activity. This contrasting
behavior of the larger and smaller fbEs values,
probably the root cause of conflicting and inconclusive results obtained in two decades of research
on Es solar-cycle dependence, has been brought
out clearly for the first time. Reddy and
Matsushita offer a logical explanation, in terms of
the wind-shear theory of Es, for this apparently
queer behavior of Es occurrence. It is hoped that
their results may solve the long-enduring puzzle
of the absence of a solar-cycle dependence for Es.
Using equations of wind-shear theory and
experimentally measured values of foE and fbEs
at nine temperate latitude stations, Reddy and
Matsushita deduced the daily, seasonal, and solarcycle variations of neutral wind shears in the E
region of the ionosphere. In spite of some
unavoidable uncertainties in the interpretation of
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the deduced wind shear variations, many interesting features of the variations - such as the
latitudinal shift in the occurrence times of
maximum wind shears - have been brought out
in this study.
Reddy has completed one part of a study
concerning the significance of the widely used Es
parameters, fbEs, fEs, and foEs, in relation to
physical characteristics of Es irregularities. With
the collaboration of Rao, he has analyzed some
rocket data on sporadic E ionization, and has
shown that (1) the blanketing frequency, fbEs,
corresponds very closely to the maximum plasma
frequency (fp) in Es, and (2) neither of the other
two parameters, fEs and foEs, can be a correct
indicator of fp or any other single physical
property of Es. Reddy is making a further
theoretical study of this important aspect of Es.
The temporal and latitudinal patterns of Es
occurrence at auroral latitudes have been obtained
separately for quiet and disturbed conditions.
These patterns nearly coincide with similar patterns of auroral occurrence. This indicates clearly
that the same "soft" component (< 10keV)
of the precipitating particles which produce
the aurora is also responsible for auroral E region
ionization at night.

be highly correlated. To study this correlation,
four approximately conjugate pairs of ionospheric
stations (Maui-Rarotonga, Bogota-Concepcion,
Paramaribo-Sao Paulo, and TamanrassetLeopoldville), and three supplementary pairs
(Delhi-Cocos Island, Kokubunji-Townsville, and
Adak-Godley Head) were selected. Except AdakGodley Head, almost all the pairs are in the zone
between 1.1 and 1.25 of the L-shell value.
Matsushita has examined foF2 hourly values for
the monthly median at all these stations, on
individual days during the period from IGY
through IQSY.
Contrary to expectation, the monthly
median foF2 values showed poor conjugate correlations at all selected pairs of stations (even at
the best pair, Maui-Rarotonga), during equinoctial
months. However, deviations from the median
values, AfoF2, on individual days exhibited positive conjugate correlations in all seasons for both
geomagnetically quiet and disturbed periods.
Furthermore, a negatively correlated temporal
variation of AfoF2 was discovered between the
equatorial zone (L < 1.09) and the low latitude
zone (1.1 < L < 1.3). All these results indicate
strong diffusion effects along field lines and
electromagnetic drift motions.

While at HAO as a summer visitor, Rao
initiated an -analysis of the results from seven
rocket flights into the auroral E region. This
analysis has been completed recently by Reddy
and Matsushita, and very useful conclusions have
been obtained regarding the changes of ionization
and its structure in the E region during different
levels of magnetic activity.

In cooperation with W. H. Campbell of
ESSA, Matsushita obtained world maps of conjugate coordinates and L contours, which indicate
the location and L parameters of field sites geomagnetically conjugate to all world positions (Fig.
6). Although the general computational problems
had been formulated by several workers some
time ago, world maps of this convenient type
have not been available before.

F2 CONJUGATE BEHAVIOR
AND IONOSPHERIC MOTIONS

In reading Fig. 6, note that the E-W
directed, curved, solid lines indicate conjugate
latitude, + for °N, - for °S;

Because of strong geomagnetic control of
the F2 layer, the temporal variations of foF2 at
conjugate places in low latitudes are expected to

the N-S directed,

curved, solid lines indicate conjugate longitude,
+ for °E, - for °W. For any geographic location

these curved coordinates, read from the map, will
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give the approximate geographic latitude and
longitude for the conjugate site. The dashed
contour lines give the L parameter at the location.
For example, the geographic position 55°N, 79 W
near Great Whale River, Canada, occurs at the
intersection of the -80° and -120° curved grid
solid lines and an L of about 7 or 8. The
approximate conjugate location in geographic
coordinates is therefore (80 S, 120 0 W) Byrd
Station in Antarctica with an L parameter
between 7 and 8.
Kato and Matsushita studied the dispersion
of space charge waves in a partially ionized
plasma, mainly for transverse propagation to both
applied electro- and magnetostatic fields, Eo and
Bo respectively. The waves consist of six modes,
of which five are damped and only one increases
with time. The wave of this mode at low
frequency travels approximately as fast as the
electron drift and causes a two-stream instability,
which may explain the equatorial Es. Generally,
the movement of irregularities in the ionosphere
may also be interpreted in terms of this drift wave
at the low frequency limit. Further, in the
presence of a static charge-density gradient
orthogonal to Bo, a drift instability is induced by
the space charge wave of this mode. The simple
relation of the velocity of this drift wave to Eo
suggests a fascinating possibility for finding Eo by
tracking the movement of irregularities such as
meteor trails or artificial Ba+ clouds released from
rockets.
GEOMAGNETIC PULSATIONS
AND HYDROMAGNETIC WAVES
Damped-type geomagnetic pulsations associated with storm sudden commencements (ssc's)
and with sudden impulses (si's) have been studied
by Saito and Matsushita for 388 events which
occurred during seven years, from 1956 through
1962. Since the pulsations associated with ssc's
and with si's usually showed similar behavior,
they are combined under the notation, psc.

These psc's are classified into four groups
according to period ranges, as are pc's: psc 1, 0*2-5
sec; psc 2-3, 5-30 sec; psc 4, 30-150 sec; psc 5,
150-600 sec. Predominant psc's in middle and low
latitudes, the sub-auroral region, and the auroral
zone are psc 2*3, psc 4, and psc 5, respectively.
Morphological behavior of psc's, such as
daily variations of their amplitudes and periods,
and patterns in their dynamic spectra are remarkably similar to those of corresponding periodrange pc's. However, the psc's show an interesting
dependence on the range and duration of accompanying ssc's.
Rapid-run magnetograms of more than
6000 pi 2 events generally associated with bay
disturbances observed at Onagawa, Japan and
Fredericksburg, Virginia from 1956 through
1966 have been analyzed by Saito and Matsushita
in searching for solar-cycle effects. Yearly occurrence frequency of the pi 2s, including not only
large amplitudes but also medium and small ones,
showed an inverse relation with solar activity. The
local time of the maximum occurence of pi 2
changed, from year to year, between 2200 and
0100 LT. The daily occurrence frequency of pi 2
seemed to have a systematic recurrence tendency
caused by solar rotation. The pi 2 period
decreased from 1957 to 1960 and increased from
1962 to 1965, depending on the magnitude of the
accompanying bay disturbance. In relation to
these solar-cycle variations of pi 2, an occurrence
mechanism of magnetic field oscillations at the
time of pi 2 events, based on data from 14 worlddistributed stations, has been discussed in relation to an instability of the magnetospheric tail.
Saito studied the dynamic spectrum of
long-period geomagnetic pulsations and obtained
the following characteristics of the spectrum in
the pc 4,5 range:
* The spectra are very similar between the
nearly conjugate stations at Great Whale River,
Canada and Byrd, Antarctica.
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* The dynamic spectra show microstructure
consisting of a series of discrete patches of about
10 min duration.
* These patches are similar to those appearing in the dynamic spectrum of a damped pc 4,5

associated with ssc.
With these results Saito discussed possible excitation processes of the pc 4,5 caused by hydromagnetic waves.

43

CLIMAX OBSERVING STATION
THE SKY-WATCH PROGRAM
The sky-watch program is aimed at establishing as complete a record as possible of
observing conditions at the Climax site. This
record will serve as a basis of comparison for
coronal and disk work now being investigated for
other sites.
Under this program measurements of sky
brightness are made on the average of six times a
day. Evans sky photometer readings are logged,
along with the following information:
Wind velocity
Wind direction
Percentage cloud coverage
General direction of cloud drift
Behavior of contrails
Sol-a-meter reading
Visual measurements made with a Questar
Figures for 1967 show that January was
our worst month for observations, with a daily
average of 0.75 hr of "usable sky" - during
which some kind of observing can be done. The
best months, September and October, each
offered a daily average of 4 hr of usable sky. The
yearly average is 2.62 hr of usable sky per day.

observing progam is applied. The magnetograph
quickly measures all accessible points in the
region, selects the brightest one, and monitors it
for field changes. The flare patrol operates as a
limb patrol with frequent visual checks. Graded
height spectra (2300-km step) are taken continuously in the following spectral regions:
5303-5694A
Ho-HT
Balmer continuum to 4300A
If the limb region does produce an active event,
the magnetograph makes continuous measurements of the bright features while the spectrograph concentrates on the X3800-4300A spectral
region.
A similar program is in effect to study
active regions on the disk. However, in this
program the spectral regions of interest are the H
and K and H. regions.
From January to October two graduate
students had access to the magnetograph for
one-third of the time. Their observing programs,
the time history of small regions, and observations of active limb prominences, will lead to
doctoral dissertations in the Department of
Astro-Geophysics at the University of Colorado.

OBSERVING PROGRAMS

Early in 1967 we decided to operate the
16-in. coronagraph-spectrograph combination
exclusively with the magnetograph. As a consequence of this decision the whole observing
effort at Climax is now directed toward magnetic
and spectroscopic studies of active regions on the
disk or at the limb.
To any limb region showing signs of
unusual activity that may culminate in a flare, an

The remaining observing time was devoted
to the following studies:
* A cooperative green-line survey program
with Sacramento Peak Observatory. When sky
conditions at both sites are excellent and a strong,
green, coronal region was observable at the limb,
both stations simultaneously took graded height
spectra of 5303A. Data, once reduced, will be
used to correlate calibration and observing techniques of both sites.
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* A study of the lifetime and structure of
spicules. In this study, undertaken by R. J.
Bessey of the University of Wyoming, early hours
of good seeing were used to gather H. spicule
spectra.
* An observing program to detect extended
wings, up to ±40A, in loop prominences, as
indicative of fast non-thermal protons streaming
along magnetic lines of force.
* A program to observe doppler shift in H
and K lines as a means of searching for cyclic
variations in the velocities of prominence emission knots.
* A program to observe Paschen lines in limb
flares.
INSTRUMENTATION
A vigorous and continuous program was
started to evaluate the quality of our instrumentation, and to determine some of its most relevant
parameters.
The optic of the 5-in. coronagraphspectrograph was completely realigned and
cleaned. The performance of the instrument was
then checked against theoretical expectation. The
field lenses at the occulting disk location were
changed, as they appeared to be definitely substandard. Additional changes in the secondary
optic would bring additional improvements, but
the cost would be considerably higher than that
of replacing the field lenses; Rush is evaluating
improvement vs cost.
The optic of the flare patrol telescope was
found to be inadequate. A new system designed
by Rush will be installed in February 1968. A
new Halle Ha filter was purchased to replace the
OPL filter which had been sent to the factory for
repair and has now been returned to HAO.

The wavelength dependence of the focal
length of the primary objective of the 5-in.
coronagraph-spectrograph was accurately measured. A special (Evans-type) focusing eyepiece is
being built for the small coronagraph. With the
help of this eyepiece an observer will be able to
bring both spectrograph and occulting disk into
focus for any wavelength in the visible.
Programs have been initiated for measurement of instrumental polarization in both domes.
Also measurements have been started which
may lead to the determination of instrumental
profiles.
A new exit port equipped with a small
35-mm camera is being installed on the large
spectrograph. It will allow spectral photography
in the double-pass mode.
During the months of November and
December the large dome was closed for repair.
Some of that time was used for the training of
observers and technicians in the use of the new
digitized magnetograph. A carefully organized
program of training sessions, in Boulder, appears
to have reduced the difficulties customarily
attending the installation of new instrumentation.
PERSONAL WORK
In 1967, Curtis analyzed the sodium D line
data of Waddell, in cooperation with J. T.
Jefferies. O. R. White, of Sacramento Peak
Observatory (SPO), and Curtis are now actively
engaged in the reduction of limb-darkening observations of the sodium D lines and magnesium
lines. Curtis is involved also with the green line
cooperative program with SPO, and is resuming
work on the coronal data reduction program.
During 1967, Climax hosted two visiting
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observing teams. H. A. Gebbie of the National
Physical Laboratory in London used the Climax
site to test an earthbound version of his IR
instrument, which was to be flown on a NASA
plane later during the summer. Michael Simon

(now at California Institute of Technology) and
a colleague came to Climax, at the request
of Thomas Gold of Cornell University, to
make special moon observations with the 5-in.
coronagraph.

LOCAL SITE SURVEY
Malville has initiated a survey of possible
sites for the location of a modest observing
facility in the vicinity of Boulder. The most
important aspect of such a facility is rapid
accessibility to the instruments to allow close
contact between staff members and certain
observing programs and to assist in the development of new instrumentation. The primary
consideration in the survey has been solar image
quality. A team of observers has been in the field
with Questar telescopes since May 1967, visiting
14 sites less than an hour's drive from HAO,
rating them against a ten-step scale measuring
image sharpness and steadiness. The preliminary
results of the survey are as follows:
* There is a systematic improvement in image
quality when the sun is viewed over the small
bodies of water in the neighborhood of Boulder.
* Image quality is clearly degraded during the
high winds common in Boulder, though such
degradation is less in the plains east of the
mountains than in Boulder.

* There is a general improvement of image
quality during both calm and windy days as one
proceeds eastward away from the mountains.

* There is an increase in the number of hours
per day of sunshine as one moves eastward away
from the common afternoon cloud buildup near
the mountains.
The two locations which appear most
promising at present are the north shore of
Boulder Reservoir (although the water level fluctuates and the available land is restricted) and the
featureless, flat farmland in the vicinity of Ft.
Lupton and Hudson, some 20-40 mi east of
Boulder.
An optical laboratory, long needed at
HAO, has been developed by Rush in the NCAR
Laboratory building. This facility is equipped for
research and development work, and will also
provide services for the Climax station.
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INTRODUCTION
The Laboratory of Atmospheric Sciences
(LAS) is a group of scientists, engineers, and
technicians devoted to improving man's understanding 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 tools this group uses are those of the
meteorologist, the physicist, the chemist, the
mathematician, the engineer. Their particular
advantage is that they can combine forces to
attack scientific problems that involve many
disciplines, and in atmospheric science many challenging problems require just such a multidiscipline approach.
In the six years of its existence the LAS
has developed from an assemblage of more or less
independent scientific programs to an entity
which can, in the words of our UCAR Committee
on Evaluation and Goals (report of March 1966),
effect "major research achievements on the crucial
scientific problems encountered in the atmosphere. Of special importance are those problems
of large scale requiring investments of research
talent and facilities beyond the capacity of
individual scientists," and "possible only through
creating and maintaining a research staff which
sets a new high standard of quality in the atmospheric sciences."
During the past year the problems that we
should concentrate on have emerged more clearly,
as a result of a running debate (at times heated)
and a conviction that we must select and define
them in order to focus our efforts more effectively. Although LAS has over one hundred members,
it is clearly not capable of undertaking an attack
on all fronts simultaneously, so decisions must be
made on which things to emphasize and which
things to reduce or eliminate entirely. This effort
to be selective about major objectives has been
made in the face of some pressure from within

LAS, and even more from without, to move into
some new areas and to spread ourselves thinner.
The creation of two departments in LAS
has been a great help in the evolution of major
joint objectives. In the two sections that follow,
each department will define its purposes, and the
reports of the individual research programs will
demonstrate their interrelationships and the larger
context in which many of them must be considered. Nevertheless, it will be useful to point out the
major thrusts of the LAS program here, at the
risk of some repetition.
The Atmospheric Dynamics Department,
headed by Philip D. Thompson, has for some
time emphasized two major classes of problems:
* The general circulation problem, which
includes problems of extended-range prediction
and some of the causes of climatic change. (This
is the area also covered by the Global Atmospheric Research Program, or GARP, a projected
international effort that is receiving considerable
attention now.)
* The problem of cumulus convection, which
includes not only the dynamics but also the microphysical effects that govern precipitation.
Highlights of the general circulation GARPrelated work are the development of an operating
six-level numerical model, use of real data inputs
to the earlier two-level model to study the differences between the behavior of the model and
the real atmosphere, and the successful operation of the Line Islands Experiment in the
tropical Pacific. The Line Islands Experiment
was a joint venture in which the LAS, NCAR's
Facilities Laboratory (FAL), and a number of
government agencies and universities banded together to conduct an intensive observational
operation. This "task force" achieved several
"firsts," and produced results that are expected
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to yield scientific benefits for some time to
come. One of the major purposes of this experiment (and of others that will follow) is to define
the interactions between the cumulus-scale motions that transport heat and moisture vertically
and the large-scale motions in the tropics that
are a part of the ever-changing general circulation
pattern.
The dynamics of cumulus convection has
been studied by numerical models, laboratory
experiments, and field experiments. It is estimated that the requirements for theoretical advances
and computer capacity for a complete threedimensional numerical model of a cumulus cloud
will be at least as great as for the general circulation models of the future. Such a model must
include the microphysical effects within the
cloud, and in this phase of the dynamics work the
goals are shared with the Chemistry and Microphysics Department.
In the Atmospheric Chemistry and Microphysics Department, headed by Richard D. Cadle,
there are also two major objectives or problem
areas that have been identified:
* The problem of the formation of precipitation in convective clouds.
* The problem of the large-scale transport
of natural and artificial trace constituents of the
atmosphere, and the related task of determining
atmospheric mixing and exchange rates from
coordinated measurements of the concentrations
of these constituents in space and time.
The physics of precipitation is being
studied through a set of parallel programs, under
way for some time, which are now being more
closely coordinated under the leadership of George
Hidy. In the past year, 1967, there has not yet
been a very visible effect of this coordination
and planning of joint experiments, but firm plans
have been made for implementation in 1968. The

precipitation process is indeed complex, for it
starts with the action of microscopic nuclei that
serve to initiate the growth of tiny cloud droplets,
it continues with growth to raindrop size by
collisions between cloud droplets (a process
greatly affected by electric fields), and it even
leads in some cases to the formation of hailstones.
During precipitation growth, the motions inside
the cloud are vital, and so the studies mentioned
earlier of the dynamics of cumulus convection
are clearly pertinent.
Coordinated studies of the large-scale
transport of atmospheric tracers were not started
in 1967, though here again firm plans were
prepared for 1968. Many separate studies of
concentrations of aerosols and trace gases have,
however, been going on in LAS for several years.
Sophisticated sampling techniques are now available for this work, and a good background of
knowledge about average concentrations and their
variations has been obtained. Perhaps the most
significant advance in this area is the inclusion of
a meteorological team in the joint experiment,
so that composition measurements can be made
with some knowledge of the history of the air
masses being sampled, and so that some important questions concerning atmospheric transport
and diffusion on a large scale can be sharply defined and (hopefully) answered by the observations.
The annual LAS retreat was held this year
in Breckenridge in early December; the main
subjects for discussion were the question of LAS
major joint objectives, and the even more basic
question of the degree to which scientists should
be influenced to work on such joint objectives.
The discussion failed to settle all the issues, but
it did serve very well to indicate the need for
defining joint objectives very carefully, with
consideration of inputs from all the principals
who would be involved.
In the normal ebb and flow of life in
LAS the seminars, colloquia, and study groups
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play a vital role in keeping us abreast of new
developments and ideas. The somewhat-less-thanweekly seminars in the Atmospheric Dynamics
Department have been organized by Douglas
Lilly and Walter Jones, and the seminars in the
Atmospheric Chemistry and Microphysics Department have been organized by Julian Shedlovsky.
In addition, of course, hardly a week passes without at least one special lecture by a visitorusually several. Classes in Russian meet regularly
during the noon hour, and Walter Jones has
started a bi-weekly class on the fundamentals of
meteorology for NCAR's non-meteorologists, seasoned with a sprinkling of "guest Lecturers" from
LAS to talk on their specialties in a nonspecialized way.

In summary, 1967 has been an active and
productive year in many ways, and the evolution
of our thinking about how the LAS research
program should shape itself has passed through a
critical stage. We have defined several important
joint objectives and joint experiments, but we
have also reaffirmed our belief that our real
strength lies in the individual talents of our
scientists, engineers, and technicians, regardless
of whether or not they are working on these
major projects. In the reports that follow the
work of these individuals will speak for itself.

William W. Kellogg
Director, LAS
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Atmospheric Dynamics
During 1967 the research of the Atmospheric Dynamics Group has followed substantially
the same general course as in the two or three
previous years. With the exception of some few
completely new studies initiated in 1967, the
maturing of efforts barely begun in 1966, and
conscious integration and reinforcement (or occasional de-emphasis) of some major undertakings,
most of the research of the past year is a continuation of work begun earlier in pursuit of rather
broad long-term objectives. These are described in
the NCAR Annual Reports for 1965 and 1966.
One of the most significant developments
in the research program of the Dynamics Group
over the last year has been a deliberate and natural movement to focus its efforts on two major
classes of problems:
* The so-called "general circulation problem," together with related problems of extendedrange prediction and dependence of climatic
change on varying external conditions or longterm internal lag effects.
* The problem of cumulus convection under
natural conditions, including the effects of largescale motions of the environment, nucleation,
condensation and evaporation, coalescence, entrainment and radiation.
In each instance, a combination of different
approaches and types of competence have been
brought to bear on a single large problem consisting of several sizeable (but life-size) subproblems.
A prime example of this kind of activity
is the cooperative effort of about ten scientists
to deal with some of the most important facets
of the general circulation problem. (Not all of
those ten people are working exclusively on

general circulation, but each has made significant
contributions to the whole.) Individual efforts
range from the basic numerical modeling studies
of Kasahara, Washington, and Houghton, to
Brown's purely theoretical studies of hydrodynamic instability and "vacillation," Sasamori's
calculations of radiative and boundary layer
transfer, the studies of tropical circulations carried out by van de Boogaard and Zipser, and the
synoptic analysis of the general circulation in the
southern hemisphere carried out by van Loon and
Taljaard.
Recognizing that turbulent and convective
exchange between the atmosphere and underlying
sea surfaces is a major factor in the global heat
and moisture budget, the Dynamics Group deliberately fostered studies of ocean circulations and
air-sea interactions. Among these studies are the
numerical simulation of ocean current systems by
O'Brien, Saunders' theoretical studies of the
radiative properties of the sea surface, Deardorff's
field observations of frictional and form drag at
the air-sea interface, and Hidy's experimental
studies of turbulent transfer over a wavy surface
produced in a combination of flume and wind
tunnel (carried out in cooperation with Eric Plate
of Colorado State University).
Similarly the program of research in cumulus convection and cloud dynamics has gained
intensity and breadth of attack. During the past
year it consisted of experimental studies of
penetrative convection by Deardorff and Willis,
Deardorff's numerical modeling experiments, a
purely theoretical treatment of penetrative convection (under a stratus layer) devised by Lilly,
Newton and Fankhauser's synoptic studies of
mesoscale convective systems, and Bushnell's
program of field observations of convective mo-
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tions using dropsonde instruments. Although it
may not be fully apparent from the discussions
below, research in cumulus convection has also
become closely tied to another major segment of
NCAR research, the work directed toward a fuller
understanding of precipitation microphysics.
An important (though smaller and less
highly organized) part of the Dynamics Group's
research lies in fundamental studies of the problem
of fully developed turbulence. This problem
pervades virtually all branches of atmospheric
science and, for that matter, most of hydrodynamics. During 1967 encouraging advances in the
study of turbulence were made by Lilly and Leith
(a visiting senior scientist) through related numerical and theoretical studies of the spectrum of
nonlinear energy transfer, and by Thompson,
who has proposed a statistical theory of nonhomogeneous turbulent Couette flow.
Other topics of research have arisen from
recognition of the probable importance of dynamic interactions between the lower and upper
regions of the terrestrial atmosphere. A fuller
understanding of the fundamental physical mechanisms of vertical energy transfer appears essential
to the proper formulation of the upper boundary

conditions in numerical models of the large-scale
circulations. For this reason, conscious efforts
have been made to encourage studies of the
vertical and horizontal propagation of energy of
various types of wave motions-obliquely propagating acoustic-gravity waves and long planetary
(Rossby) waves. Examples of such studies are the
recent work of Walter Jones and of Lindzen.

Certain problems have become attractive
because of NCAR's rather unique situation at the
eastern foot of the Rocky Mountains. Lilly has
initiated a field project to observe the structure of
transmountain flow under lee-wave and "chinook"
conditions. In collaboration with J. Fromm of
IBM Palo Alto, Lilly is also carrying out numerical experiments to study certain characteristic
and apparently important nonlinear effects that
are not explainable on the basis of earlier theories.
Intimately related to the latter is the recent
research of Kasahara and Houghton on the
conditions for stationary and propagating discontinuities in flow over a barrier.
The remainder of this section is given over
to detailed accounts of the work summarized
above.
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GENERAL CIRCULATION AND RELATED STUDIES
Studies of the general circulation comprise
a large segment of the Atmospheric Dynamics
Group's total research effort, and deal primarily
with the following subjects:
* Numerical simulation of large-scale dynamics and heat transfer processes.
*

Radiative and boundary layer transfer.

* Baroclinic instability and nonlinear
vacillation.
*

Description of the general circulation.

GENERAL CIRCULATION
NUMERICAL EXPERIMENTS
Akira Kasahara and Warren Washington
have continued working on the development of
the NCAR general circulation model mentioned
in the 1966 Annual Report. A description of the
basic framework of the NCAR model has been
published (Washington and Kasahara, 1967).
There are now two working versions of the NCAR
model, both based on the primitive equations of
motion-the two-layer and six-layer versions. Both
have the same horizontal grid increments of 5°
in longitude and latitude. The two-layer version
has a vertical increment (Az) of 6 km and the
height of the model atmosphere zr extends to
12 km, whereas the six-layer version has Az = 3 km,
and z, = 18 km.

The Two-Layer Model
Simulation experiments with the twolayer version are essentially completed, and the
results are being reported by Washington and
Kasahara. In this particular experiment, the orography and calculation of surface temperature over
land and ice were neglected. The January mean

sea-level surface temperature distribution was
prescribed over the entire globe. This surface
temperature distribution reflected the thermal
effect of continents, i.e., the continental areas
are relatively cold compared with ocean areas in
the northern hemisphere, and relatively warm
compared with ocean areas in the southern
hemisphere. Even without orography, it was
possible to simulate successfully many features of
northern hemisphere January climatology. The
zonal distribution of wind, temperature, and
pressure in the northern hemisphere agreed well
with observed data. However, the southern hemisphere was not so well simulated. The reason for
the discrepancy is now being investigated; some
possible reasons may be:
* Antarctica may have a strong orographical
effect upon southern hemisphere climatology.
* The radiation budget of the southern
hemisphere summer may be different from what
we know about the northern hemisphere budget.
(An answer to this question awaits results of a
radiation study of the southern hemisphere, planned by Takashi Sasamori and Harry van Loon.)
The angular momentum balance, surface
stress, and heating and cooling rates from all of
the nonadiabatic processes and the atmospheric
energy balance have also been computed. Again
for the northern hemisphere the agreement is
good; for the southern hemisphere there are
marked differences from the observed climatology.
Investigation of problems connected with simulation of the southern hemisphere circulation will
continue in 1968.
Orography and Surface
Temperature Calculations
The two-layer model discussed above has
two artificial constraints in addition to the lack of
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dynamical effects of the earth's orography. One is
that the sea-level temperature over the mountains
is an artificial variable, since some means must be
assumed to deduce a sea-level temperature from
the surface temperature. The other is that there is
little interaction between the supply of sensible
heat from the ground and the atmosphere above
it. Kasahara and Washington have designed a
scheme to incorporate orography and surface
temperature calculations. This scheme is different
from the method of incorporating orography
through use of the a coordinate system suggested
by N.A. Phillips (1957), which may create some
difficulties over steeply sloping terrain. The present approach is to block a part of the integration
domain whenever mountains occupy a given level.
A distinguishing feature is that the slope of the
horizontal flow over mountains is reduced as the
vertical increment of the grid mesh decreases,
whereas the conventional scheme using a a coordinate does not have this important property. The
surface temperature of the land masses is computed with the assumption that there is no net heat
flux through the atmosphere-ground interface.
The ocean surface temperature is prescribed using
observed data. Numerical experiments with orography and surface temperature calculations are
being conducted with the two-layer model.

of Control Data 6600 time to compute the cooling
rates for one instant in time. It would be prohibitive to compute the radiation for each time
step; once or twice a day is sufficient for
most experiments.

The Six-Layer Model

In 1967 the NCAR general circulation
model underwent significant programming evolution. Several factors motivated an attempt to
develop and put into operation more efficient
computer routines. Approximately 65% of the
available machine time has been used by general
circulation experiments, and more than 65% of
this time was spent doing Input-Output (I/O).
The central processing unit was not used during
I/O operations.

A major undertaking in 1967 was the
development of the six-layer model by Washington
and Kasahara. Extension of the vertical grid from
the previous 12-km upper limit to 18 km allows
improved treatment of motions and physical processes in the upper troposphere and lower stratosphere; however, it is still inadequate for studies
of the upper stratosphere and higher levels. The
improvement in vertical resolution required an
improvement in the long-wave radiational cooling
rate calculations within the model. This was accomplished by adapting the radiation computer
program prepared by Sasamori. The radiation
computer program requires almost three minutes

Several long-term experiments (in excess
of 100 days) have already been performed with
the six-layer model. In comparison with the twolayer model the following differences appear:
* The baroclinic disturbances are much
more intense and appear to have a smaller scale.
This result is in agreement with a study by John
Brown (1968) on barotropic and baroclinic instability, which shows that an increase in vertical
resolution causes shorter horizontal wavelengths
to be unstable. (This is further discussed below,
in the section on Hydrodynamic Stability of the
Westerlies.)
* The six-layer model allows a much more
detailed delineation of vertical structure of atmospheric motion, and permits the study of those
weather features that extend into the lower
stratosphere.
Computer

Programming

The old five-latitude line-buffering scheme
was eliminated from the two-layer model and a
new three-line scheme incorporated. Paul Rotar
and Bernard O'Lear wrote a special set of programs
in machine language, which utilized buffering
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techniques and certain features of the 6600 drums.
With these programs, and by redesigning the data
flow in and out of the machine, I/O time can now
be completely lapped with central processor
compute time. This feature alone reduced the
overall running time of the two-layer model by a
factor of about four. Also a new feature was
incorporated in the SAVE routine which allowed
the model to run with one less tape and thereby
freed a tape unit for other jobs. The amount of
core that the two-layer model required was significantly reduced, allowing the model to run with
other jobs in the machine.

Baunhefner has prepared real data for the
two-layer and six-layer models, based on data for
15-19 January 1958. Data for the two-layer model
are pressure distributions at sea level and at 6 and
12 km, and horizontal wind fields at 3 and 9 km.
The 200 mb height analyses were made between
15°N and 15'S to connect the previously obtained
analysis of the northern hemisphere with analyses
by van Loon for the southern hemisphere. This
work, together with other pressure analyses at 6and 12-km levels which had to be tabulated,
completes a global analysis of the pressure at the
surface and at 6 and 12 km.

A six-layer model was then built from the
new two-layer model. Due to the anticipated increase in logic for such a model, another system
modification was incorporated: Rotar modified
the NCAR loader to handle an OVERLAY feature. The OVERLAY provides the capability of
handling programs which are too large to fit in
core, by maintaining parts of the program on the
drum as routines and calling the routines into the
central processing unit to be executed as they are
needed. The OVERLAY can deal with an almost
unlimited amount of computer program. Using
OVERLAYS, the six-layer model was written so
that new additions to the model can easily be
incorporated. Several output programs written by
Joyce Takamine compress vast amounts of data
into special formats required for various analyses;
these programs range from processors which
give brief looks at the data, either in the form of
zonal averages or horizontal fields, to programs
which generate movies in three colors.

It is characteristic of any "primitive equation" model (Eulerian hydrodynamic equations
modified by the assumption of hydrostatic balance) that the model is very sensitive to initial
fields of wind and pressure. Unless these fields
are suitably adjusted to each other, the forecast
pattern may contain excessive noise in the form of
high-frequency gravity-inertia waves which obscure
meteorologically significant patterns. Houghton
has worked on the computation of balanced wind
fields at 3 and 9 km from the pressure distributions at the surface and at 6 and 12 km. He
designed and tested various schemes in spherical
coordinates covering the entire earth. As a result
of the study of the balance equation on the
spherical coordinates, Houghton (1968) reexamined the elliptic condition which sometimes has
been incorrectly stated in the past.

Real Data Forecasting
To check the forecasting capability of the
NCAR general circulation model, David Houghton
and David Baumhefner are working in collaboration with Washington and Kasaharaon the use of
real data for initial conditions in the NCAR general circulation model and the verification of forecast patterns with observed patterns.

Because in the tropics the geostrophic
approximation is less valid and the observed
wind fields are more accurate than the pressure
fields, it is possible to use observed wind fields
as input data and compute balanced pressure
fields. With this motivation, a tropical wind
analysis project was initiated by Baumhefner to
obtain the wind field around the globe from 25 N
to 25° S. All available wind soundings for the
period 15-17 January 1958 were taken from the
IGY microcards. A computer program was developed to average the wind soundings in the vertical.
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Gaps in the data were filled by space and time
averaging. Streamlines and isotachs were analyzed
from the processed winds, and tabulated values
at grid points were put on punched cards. Placido
Jordan helped in the acquisition of wind soundings from the microcards. The tropical wind
analysis project is nearing completion at this
time. Another wind analysis program, which has
just begun, will construct the streamlines and
isotachs over the entire globe for the same period,
15-17 January 1958. The data are being processed
in the manner described above. Also a new case
study is being considered which would use current
satellite coverage and other available global weather data. The long-range goal of this phase of work
is to obtain approximately two weeks of pressure,
wind, and moisture analyses over the globe.

With the two-layer model, nearly 20
experimental four-day forecasts were performed
in order to test the effects of initializing schemes,
diabatic heating, and finite differencing. Five
different initializing methods were tried, using
the global pressure analysis as input. These
schemes included the geostrophic initial state and
four variations of the balance equation: (1) complete balance equation, (2) balance equation
modified with the geostrophic wind in the beta,
spherical, and Jacobian terms, (3) linear balance
equation, no Jacobian term, and (4) linear balance
equation with divergent component added. One
additional method was tried in which the midlatitude nondivergent wind was obtained from
the linear balance equation and the tropical
stream function was derived from the observed
vorticity. The tropical pressure distribution was
then calculated from the inverted balance equation. Other experiments were conducted in order
to check certain internal characteristics of the
NCAR general circulation model. The diabatic
effects on the real data forecast were investigated,
including tests on no latent heat release and
completely adiabatic conditions.

A method was devised by which the data
for the two-level model were interpolated and
extrapolated to obtain information for the sixlevel model. The intermediate levels below 12 km
were interpolated with the hydrostatic equation.
The stratospheric levels were also calculated with
the hydrostatic equation using various forms of
temperature lapse rates to conform to the slope
of the tropopause with latitude. The analysis of
the real data for the six-layer model is in the planning stage.
Baumhefner and Takamine wrote several
computer programs to test the results from the
real data forecasts. Three verification parameters,
which are the root mean square or standard error,
the S score or the skill score, and the correlation
coefficient of the pressure change field, were
calculated for various regions over the globe.
Values for these three parameters were obtained
for the pressure and geostrophic wind speed and
direction at all levels.
A Grid System over a Sphere
The advent of large, fast computers has
made it possible to treat meteorological problems,
including both analyses and forecasts, over the
entire earth. A basic problem which naturally
arises is the definition of the grid points on the
sphere at which data are given and finite difference equations are to be applied. Various grid
systems over a sphere, and accompanying difference schemes for the general circulation
experiments, have been suggested and tried with
varying degrees of success. Results of comparative
integrations with a barotropic model performed
by John Gary point out a need for further study
in the design of a suitable grid system over a
sphere.
One grid property desirable for problems
dealing with phenomena of uniform scale is
homogeneity. In spherical coordinates, equal in-
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crements of longitude result in the reduction of
geographical distances in the longitude near the
poles because of the convergence of the meridians.
Therefore, the use of an equal longitude and
latitude grid system results in the increase of grid
point density from low to high latitudes.
David Williamson (1968), a summer student visitor in the Dynamics Group, completed
the work of defining a quasi-homogeneous grid
system over a sphere for numerical integration of
meteorological equations. The grid is patterned
after Buckminster Fuller's geodesic domes
(McHale, 1962). An icosahedron is expanded
into 20 spherical triangles, which are then subdivided to form a grid of almost equal-area,
equilateral spherical triangles covering a sphere.
As a test of the usefulness of the spherical geodesic
grid, a finite difference equation for the barotropic vorticity equation is integrated numerically
for initial conditions with a known analytic
solution. Smallness of errors in the numerical
solution indicates the usefulness of the grid
system for the general circulation experiments.
Williamson is at present working toward formulating finite-difference schemes for the primitive
equations.
NUMERICAL MODEL OF THE
ATMOSPHER E-G ROUND
BOUNDARY LAYER
In the NCAR general circulation model
the effect of the planetary frictional (Ekman)
layer has been included by introducing the
vertical eddy (subgrid scale) exchange processes
for momentum and heat. The effects of the
surface boundary (Prandtl) layer are simulated
by the lower boundary conditions in order to
evaluate surface stress and sensible heat at the
earth's surface. However, the interaction of the
atmosphere with the earth's surface must be taken
into account in more detail by including the
energy transformations, the phase transformation
of water at the boundary, and the subsequent

transport of sensible heat and moisture into the
atmosphere. Therefore, Sasamori has initiated a
study of the boundary layer with dual purposes:
to design a more realistic numerical model of the
boundary layer for application to the NCAR
general circulation model, and at the same time
to study the properties of the boundary layers
both above and below the atmosphere-ground
interface.
The numerical model which has been
developed over this past year is similar to that
of Estoque (1963), but differs in two ways:
A definite physical basis is given to the constancy
of the fluxes of momentum, heat and moisture
in the lowest layer near the boundary; the height
of the constant flux layer is then determinable
as a function of the diffusion coefficient in the
layer and of the representative time scale of the
problem with which we are concerned. A constant flux layer is also defined in the soil for
sensible heat and liquid water, and the transport
of water is then determined both in the atmosphere and soil, giving the rate of evaporation
from the soil to the atmosphere.
From a preliminary study Sasamori drew
the following conclusions:
* For a moderate wind, the lowest layer is
quasi-stationary by virtue of eddy diffusion.
Thermal radiation transfer and molecular diffusion are far less important with respect to the
response to the changing boundary conditions.
* In very calm conditions both the molecular
diffusion and thermal radiation are important
with respect to the response to the changing
boundary conditions.
* The height of the constant flux layer
could be determined by zc = V/2K At, where
K is the mean diffusion coefficient in the layer,
and At is the time increment adopted in the
numerical integration.
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Nine equations are used to obtain the
vertical distributions of the wind speed, temperature, and moisture in the constant flux layer both
in the atmosphere and in the soil: three equations
for universal wind profile, atmospheric temperature, and atmospheric moisture by Yamamoto
and Shimanuki (1966); two equations for heat
flux and moisture flux in the soil by J.R. Philip
(1957); a heat flux budget equation at the airsoil boundary; the mass conservation equation of
water at the air-soil boundary; temperature continuity at the air-soil interface; and the Kelvin
equation for thermodynamic equilibrium between
the liquid and vapor phases of water.
The unknown quantities to be determined
in the constant flux layers are friction wind
velocity, friction potential temperature, friction
mixing ratio in the atmosphere, soil surface
temperature, surface mixing ratio, sensible heat
flux in the atmosphere, sensible heat flux in the
soil, water flux in the soil, and liquid water
content of the soil at the ground surface. Because
the equations involve the unknown variables in a
very complicated way, numerical methods must
be used to obtain the solution. Prescribed quantities are the solar incoming radiation, downward
thermal radiation, roughness height of the surface, wind velocity, potential temperature, and
moisture at the top of the constant flux layer.
Sasamori is, continuing to extend the present
theory to include the effect of the Ekman layer
for future application to the general circulation
experiments.

Infrared Visibility and
Atmospheric Turbulence
There have been many applications of the
infrared technique to obtain detailed information
about atmospheric temperatures and heat radiation from the earth's surface. A number of
instruments have been developed for thermal
analyses of the land, sea, and atmosphere. How-

ever, the detectability of small temperature contrast is generally degraded by virtue of atmospheric absorption and scattering.
In addition to atmospheric extinction,
noise radiation inherent in temperature fluctuation by atmospheric turbulence possibly influences visibility, especially of infrared radiation.
During the past year, Sasamori has investigated
thermal radiation noise influenced by atmospheric
turbulence. The variance of radiation noise was
expressed in terms of the noise power spectrum
of the temperature and a filter function, which
is given by Fourier transformation of the atmospheric transmission function. The filter functions
were evaluated for the gray, line, and band
absorption models. The result shows that the
relative scale of the atmospheric turbulence with
respect to the inverse of the absorption coefficient is an important factor in determining the
total variance of the noise radiation. This work
involves interesting problems of the basic interaction of radiation and fluid motion, and relates
also to practical applications such as remote
detection of clear-air turbulence.

HYDRODYNAMIC STABILITY OF
THE WESTERLIES
One of the important processes concerning
the mechanism of the atmospheric general circulation is the transformation of available potential
energy of the atmosphere into the kinetic energy
of atmospheric motions. One way to study the
nature of this process is to investigate the hydrodynamic stability of the large-scale atmospheric
motions. John Brown (1968) has been working
on the hydrodynamic stability of linearized quasigeostrophic disturbances in zonal basic flows
containing both vertical and lateral shears through
use of finite differences. The numerical technique
used to obtain the phase velocities, amplification
factors, and wave structures for given static
stability and zonal wind profiles differs consider-
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ably from the usual eigenvalue approach. This
numerical procedure is an initial-value-problem
technique which is capable of resolving the most
unstable mode of the quasi-geostrophic system
of equations very effectively when the perturbation amplification rate is large. The feasibility of
the technique was tested in cases of baroclinic
or barotropic instability in which analytical solutions are available.
Certain zonal flows containing both vertical and lateral shears of geophysical properties
were found to be unstable with respect to the
large-scale quasi-geostrophic disturbances Meridionally symmetric, jet-type westerly currents
which contain absolute vorticity maxima and
typical vertical wind shears were found to be
capable of amplifying perturbations of particular
scales through a dominating baroclinic mechanism,
and perturbations of other scales through a
dominating barotropic mechanism. For such flows
the unstable perturbations of relatively short zonal
wavelength convert zonal available potential energy into perturbation energy and simultaneously
strengthen the zonal kinetic energy of the basic
flow. On the other hand, the unstable perturbations of relatively long zonal wavelengths reduce
both the zonal kinetic and available potential
energies of the basic flow, with the zonal kinetic
energy reduction dominating. For some flows the
two mechanisms produce two distinct wavelengths
of maximum instability. Similar flows which,
however, contain no vanishing meridional gradient
of absolute vorticity, are found capable of producing baroclinically unstable perturbations with a
tendency for barotropic damping. In these cases
the lateral shear of the basic flow acts as an
effective increase in the planetary vorticity
gradient.
The existence of vertical walls at the
northern and southern boundaries of the fluid,
which were used in specifying the lateral bound-

ary conditions, was found to have a tendency to
suppress instability of a barotropic nature and to
have little influence on the baroclinically dominated waves. Furthermore, the walls were found to
have little effect on the westward wave progressions. The inclusion of small-scale eddy momentum and heat diffusion processes (with a zero of
meridional gradient of absolute vorticity) was
found to inhibit instabilities of all zonal wavelengths. The major damping effect was noted
for the short, shallow waves. The lateral diffusion
effects were found to be small relative to the
vertical diffusion effects. For the short waves
which were significantly affected, it was found
that the effects of drag at the ground dominated.
The behavior of a hydrodynamically unstable wave interacting with the zonal current
was obtained through nonlinear numerical calculations. The state which was approached in the
presence of a time-independent heating differential vacillated about a steady state. That is, the
various energy conversion rates varied in time in
such a way as to minimize the time rate of change
of the various types of energies-zonal and eddy
available potential energies and zonal and eddy
kinetic energies. The numerical calculations indicate that the equilibrium energy levels are governed by the required baroclinic processes, and the
barotropic mechanism dictates the resulting period
of the vacillation.

THE GENERAL CIRCULATION
To supplement theoretical and numerical
studies of the general circulation, several synoptic
studies have been carried out to provide more
detailed knowledge of circulations over those
regions where regular observations are conspicuously lacking-particularly over the tremendously
large oceanic expanses in the southern hemisphere,
and also in the tropics.

65

Tropical Circulations
Field observations under the first
TROMEX operation, the Line Islands Experiment,
were conducted in the central equatorial Pacific
from February through April 1967. A large

number of cooperating organizations were involved. Edward Zipser served as scientific coordinator
for NCAR, with the collaboration of Henry van
de Boogaard; Frank Robitaille and Ralph Coleman
also participated in the field program and in the
subsequent data reduction and analysis.
During and after the field observation
period, data were organized and partially reduced
at the University of Hawaii, largely under the
direction of Colin Ramage and Ronald Taylor.
A data catalogue will soon be published by
NCAR; checking and processing of much of the
data are still in progress.

Studies of tropical circulations of this
portion of the equatorial trough zone have been
initiated, and will utilize ground-based observations and Advanced Technology Satellite (ATS)
photographs. One of the striking features discovered has been analyzed in a preliminary
fashion, and was reported by Zipser at the Fifth
Technical Conference on Hurricanes and Tropical
Meteorology, at Caracas, Venezuela in November.
This feature,appeared on successive ATS pictures
as a thin cloud line, which emanated from the
vicinity of a large convective system and moved
away from it over a distance of several hundred
kilometers. On at least one occasion, adequate
soundings are available to show the character of

this phenomenon, indicating that it marks the
edge of a massive downdraft spreading outward
from the large convective agglomeration, in a
manner somewhat similar to meso-systems over
land areas. Observations of this type are obviously
significant in regard to the processes of vertical
heat transport in the tropical zone.

With Roland Madden and Robitaille,
Zipser will further investigate the structure and
mechanics of disturbances in the winter equatorial trough zone, including the role of convection. Emphasis will be directed toward establishing the time and space scales of various phenomena, with an ultimate aim to do this also in a
different environment such as the west Atlantic
in summer. Van de Boogaard plans to study the
high-tropospheric wind field over the Line Islands,

and hopes to tie it in with the overall flow patterns of the Pacific, with special emphasis on a
period when very strong upper winds were
observed over Palmyra.
In furtherance of the study of upper-air
circulations over the tropics, van de Boogaard and
John Masterson have cooperated with NASA and
ESSA in the planning of constant-level balloon
flights in low latitudes, as part of the Nimbus-D
project. They originally planned to release balloons into the tropical easterly jet over the SE
Asia-Africa sector. Synoptic investigations were
made as to probable trajectories, partly to avoid
flights over undesirable areas, and partly to estimate the longevity of balloon residence in the
tropical flow patterns. This plan is being tested
with flights at the 25-km level (quasi-biennial
stratospheric oscillation) from Ascension Island.
Present plans also call for flights at the 16-km
(100 mb) level in the southern hemisphere in
summer, with probable releases from Darwin,
Australia in February 1969.
Panchedi Koteswaram, a summer visitor
from the India Meteorological Department, collaborated with van de Boogaard in an investigation of the circulation over the SE Asia-Africa
region. Their main objective was to obtain a
better quantitative understanding of the physical
processes underlying the strong seasonal changes
in this region. Mean wind data for July, representing the southwest summer monsoon, was
analyzed.
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Charts at various levels, and vertical sections, have been analyzed using the dd80 computer display, for various quantities such as the
total wind and its components, and divergence and
vertical velocity. These show the following principal features:
* A well-defined SW wind regime, shallow
over Africa but reaching a depth of 7 km over
central India, overlain by easterlies.
* The principal tropical easterly jet stream,
centered near 15°N and sloping upward toward
the north, between about 50 and 150 mb, with
lowest elevation and greatest strength over India.
A separate easterly jet appears near 20 mb just
south of the equator.
* A pattern in the meridional and vertical
velocity components, showing a reversed Hadley
cell circulation in the "entrance region" of the
jet east of India, and a circulation in the normal
sense of the Hadley cell in the "exit region" to
the west.
Data are being collected for January
(winter northeast monsoon), and for the transitional months April and October, covering a
region from 45 0 N to 40 0S and 20°W to 150°E.
Similar studies for these months will be carried
out in collaboration with Koteswaram. These
will include analyses of temperature and moisture
fields, and computations of momentum and
energy balance over the region.

Southern Hemisphere Circulations
Johannes Taljaard , a visitor from the
South African Weather Bureau, and Harry van
Loon continued the analysis of data for various
levels in the troposphere and lowest stratosphere
of the southern hemisphere. This work was done

in collaboration with Roy Jenne of NCAR's
Computing Facility and Harold Crutcher of ESSA.
The analyses will also be used in a study of the
heat balance of the southern hemisphere, under
the direction of Julius London (University of
Colorado). The results will be published as atlases
showing climatological charts of pressure, height,
temperature, dew-point temperature, and zonal
and meridional geostrophic winds.
Another study is underway which will
use this map series to establish the half-yearly
component in the annual march of sea-level
pressures, 500- and 200-mb heights, zonal geostrophic winds, and temperatures, on a broader
basis in time and space than was possible in the
earlier investigation published by van Loon
(1967a).
The second part of a climatological study
of the atmospheric circulation in the southern
hemisphere during the IGY was completed (van
Loon, 1967b). One part of the study examined
how certain seasonal variations, which have been
observed in long-term averages, appeared in an
individual year. Another part dealt with a comparison between the zonally averaged standard
deviations of daily sea-level pressures and 500-mb
heights in the two hemispheres, and with the
average 24-hr displacement of lows in the southern hemisphere during the IGY.
Statistics of the development, distribution,
and movement of lows and highs in the southern
hemisphere during the IGY were compiled by
Taljaard (1967). His study reveals that:
* Comparatively few highs occur between
45 and 65°S.
* Equatorward migration of polar highs is
infrequent.
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*
Although lows in the west wind belt
generally move eastward with a poleward component, the average angle of intersection with the
latitude circles being about 250, there are regions
where equatorward components are frequent,
such as, for example, near Drake Passage.
Broadly related to this is a study of the distribution, movement, and magnitude of 1000-500 mb
thickness anomalies from the zonal mean, begun
by Taljaard. Preliminary results show that, in
general, cold anomalies initially move northeastward toward lower latitudes at a large angle across
the latitude circles, then eastward, and finally
east-southeastward in the decaying stages. Warm
anomalies follow approximately the same paths
as the cyclones with which they are associated.
A study of the standard deviations of
daily sea-level pressures and 500-mb heights
over the southern hemisphere during the IGY
was carried out by Taljaard (1968). He found that
the standard deviation of the pressure increases
from about 2 mb at 15°S to an average of about
12 mb at 55-60 S. At 500 mb the corresponding
mean extremes are 20 and 120 gpm. Meridional
profiles of zonally averaged standard deviations
are remarkably similar in the two hemispheres in
winter, but in summer in the northern hemisphere values are appreciably lower than those in
the southern hemisphere in the zone of prevailing
westerlies.

and mean virtual temperature between 850 and
500 mb over the north Atlantic Ocean. He concluded that the existence of two widely separated
wind maxima in the troposphere over the eastern
north Atlantic in winter can, to a great extent,
be traced to features of the temperature distribution in the ocean's surface, which depend on the
peculiarly oceanic trait of decreasing annual
range with increasing latitude. A similar behavior
of the ocean temperatures is observed in the
southern hemisphere; the causes of this have been
discussed by van Loon (1966).
Climatic Change
Paul Julian's study of statistical problems
of relating tree-growth indices to observed climatic
parameters, outlined in the 1966 Annual Report,
has been largely completed. An extension of the
study is underway, in an attempt to build up a network of sampled tree sites throughout mountainous portions of western North America. This
network is intended to provide tree-ring indices
which will enable assessment in quantitative terms
of changes in the related climatic parameters over
broad horizontal scales for the few hundred years
previous to recorded meteorological history.
Julian's work is in cooperation with H.C. Fritts
and others at the Tree-Ring Laboratory of the
University of Arizona.
Synoptic Aerology

Temperature Ranges over the
North Atlantic
Van Loon investigated the annual range of
surface water temperature, surface air temperature,

During a short visit in November, Erik
Palmen (Academy of Finland) collaborated with
Chester Newton on the final aspects of a book,
Atmospheric Circulation Systems.
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AIR-SEA INTERACTIONS
Closely related to NCAR's research on the
general circulation problem are several studies of
the processes of exchange between the atmosphere
and oceans, and the dynamical response of the
oceans to varying conditions in the overlying air.
These studies are concerned specifically with:
* Numerical simulation of wind-driven
oceanic circulations.

irregularly shaped basin. The numerical program
for the model has been written, and O'Brien
plans to investigate the response of a basin shaped
like the north Pacific to the climatological zonal
wind stress. This problem, besides being interesting and unexplored, provides the incentive to
consider the difficulties which must be overcome
if we are to attempt a completely coupled
atmosphere-ocean fluid model on a sphere.

Seventy per cent of the earth's surface is
covered by the oceans. It has been recognized by
many investigators that ocean circulations play
an important part in influencing motions in the
atmosphere through interactions between the
atmosphere and ocean waters. The NCAR general
circulation model must eventually include the
three-dimensional, time-dependent response of
the ocean. As is well known, there are critical
differences in the character of motions and time
scales between the two geophysical fluids; thus
the coupled-fluid problem will be difficult.

O'Brien is also working on the nonlinear
response of a baroclinic ocean to time-dependent
mesoscale atmospheric circulations such as hurricanes, midlatitude cyclones, stationary anticyclones, frontal zones, etc. In particular, he investigated an intense upwelling of cold water induced
by momentum transfer to the ocean beneath the
center of a hurricane (O'Brien and Reid, 1967;
O'Brien, 1967), and showed that the structure of
the cold wakes behind hurricanes can be explained
by the upwelling of cold water. An interesting
practical application of this research was reported.
The water motion induced in the ocean by a
hurricane introduces significant errors into the
position and wind measurements taken by doppler radar on board hurricane research aircraft
(Black, O'Brien and Lewis, 1968). The error
has been accurately determined for a few storms
by using position fixes from conventional islandbased weather radar. O'Brien's theoretical model,
together with data from other sources, has been
used to explain 80-90% of the observed error.

James O'Brien is working on the development of an ocean circulation model with the
intention of combining it with the NCAR general
circulation model in the future. As a first step,
O'Brien has developed (in collaboration with
Kasahara) a simple, barotropic, nonlinear ocean
model for studying the response of the external
model of the wind-driven ocean. The model is
similar to that of Bryan (1963) but includes
spherical geometry, bottom topography, and an

O'Brien has also worked with Koji Hidaka,
a visitor from Japan, in developing a numerical
model of the Cromwell equatorial current near
118 and 140'W. They are attempting to use
measurements of the mass distribution along the
two meridians 118 and 140°W to determine the
nonlinear velocity-mass balance across the equator.
A preliminary result indicates that there does not
appear to be a steady-state solution for the nonlinear problem. At present, they are solving the

* Experimental measurement of mechanical
exchange of momentum and energy at a wavy
water surface.
* Radiative and optical properties of the
sea surface.

OCEAN CIRCULATION MODELS
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linear problem for the given data and have obtained qualitative agreement with independent
velocity measurements. The results support the
controversial view (put forward by Hidaka several
years ago) that the vertical velocity near the
Cromwell current is quite high (in the order of
10-1 cm/sec), causing intense upwelling near the
equator. This upwelling must markedly affect
air-sea energy exchanges and the biological population balance in this region of the globe.
O'Brien and Roy Jenne are collecting
global climatological data to specify atmosphereocean boundary conditions in the NCAR general
circulation model. For example, they have obtained data on seasonal wind stress distributions over
the oceans, and have taped information on bottom
topography of the ocean, to be used in the largescale ocean circulation experiments.

EXCHANGE OF MOMENTUM
AND ENERGY AT THE
AIR-WATER INTERFACE
Knowledge of exchange processes occurring in fluid layers adjacent to an air-water
boundary is of crucial importance to a complete
understanding of atmosphere-ocean interaction.
To clarify the basic mechanisms of mechanical
energy exchange across an agitated water surface,
George Hidy 7 is continuing a joint experimental
program with E. J. Plate at Colorado State
University.
Observations of surface waves initiated
by airflow in the CSU tunnel have indicated
that three different regimes of wave development
exist. At constant airspeed, these regimes are
strikingly apparent in the variations of amplitude
spectra with fetch. First, a zone containing
microscopic disturbances appears, exhibiting randomly spaced groups of waves with a broad,
ill-defined spectrum. Farther downstream an intermediate regime develops in which waves grow

exponentially, but the amplitude spectrum retains
a nearly constant frequency where maximum
energy lies. Finally, a developed spectrum forms
in which individual components of the wave train
saturate, or no longer absorb energy. Energy is
still transferred to the agitated surface, but
contributes to growth of lower and lower frequency components in such a way that the variance of
surface displacement follows a power law. In the
high frequency range, the developed regime yields
wave spectra that follow the envelope given by a
universal spectrum O(n) = pg 2 n- (n = frequency,
p = constant, g = gravitational constant)(O.M.

Phillips, 1966).
Recent experiments on wave growth indicate that Phillips' (1966) mechanism for initiation
of waves by resonance between the fluctuating
pressure field in the air and the water surface
is too weak to cause the appearance of the
microscopic disturbances in the first regime of
wave development. It is more likely that other
processes, including vibration of the tunnel, induce
the first surface waves.
The growth rates of small wind waves were
found to be predictable qualitatively by the shearing flow mechanism of Miles (1961). Attempts
to make these earlier experiments more quantitative have not led to closer agreement between
theory and observation, but better agreement has
been obtained with the experiments by modifying
Miles' model of shearing flow instability to include
the effect of the drift current in the water using
the calculations of Drake (1967).
Investigation of the influence of wind
waves on the wind field overhead has indicated
that, at short fetches, the airflow over water is
equivalent to flow over a smooth solid surface,
provided the variance of the undulations does not
exceed 0.04 cm 2 . For larger waves, the air motion
changes very sharply to that for an aerodynamically rough solid surface (Plate and Hidy, 1967).
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As found by Dale Hess (1968), a graduate student
from the University of Washington working at
CSU under Hidy's supervision, the principal
effect of the waves on the turbulence structure
in the airstream appears to be on the variance of
vertical velocity, and on the Reynolds stress.
These effects cannot be predicted quantitatively
from linear theories such as Miles' (1961), suggesting the possible importance of partial separation of airflow over the waves. Further study of
the nature of the air motion near the waves has
been undertaken by Po Chang, a graduate
student at CSU working under Hidy's direction,
using an oscillating probe to follow the larger
waves at a constant height.
Nondimensional spectra of turbulent energy in the longitudinal component of the airstream,
u, are the same as those found over a solid surface
or over ocean waves. That is, no perturbation due
to the action of the waves on the air can be
determined within the limits of the experimental
equipment. In fact, the coherence between u
and the surface displacement r7, or between
u and the surface slope, ar7/at is found to be
insignificant to the 95% level (Hess, 1967).
Abnormally larger dissipation rates are observed
in the airflow over the small waves which cannot
yet be explained theoretically.
Fast-Response Hygrometer for
Laboratory Measurements of
Water Vapor Flux
To measure either gradients or turbulent
fluctuations in humidity in thin boundary layers,
it has been necessary to develop a very small
sensor. Comparable in size to a hot-wire anemometer, a tiny electrical hygrometer using aluminum
oxide films was designed at NCAR and built by
Thermo Systems, Inc. This sensor is cylindrical,
with a diameter of about 0.015 cm and a length
of 3 mm. The cylinders are mounted on supports
normally used for a hot-wire anemometer. Performance tests of this device, as reported by

Juey-Rong Lai and Hidy, indicate that the sensor's
impedance is quite sensitive to relative humidity
above about 30% at room temperature. Furthermore, the oxide sensor was found to be a firstorder device whose time constant is 0.05 sec at
25°C. With this range of response time, this unit
could be used to measure humidity fluctuations
in a turbulent medium up to at least 20 Hz. This
frequency response would make the device suitable for such measurements in atmospheric boundary layers, but severely limits its capabilities in
the laboratory. To test the humidity sensor in the
atmosphere, Lai worked with Paul Frenzen at
Argonne National Laboratory for a few days.
These preliminary experiments, which were designed to look for the similarity range in the
frequency spectrum of humidity fluctuations,
were of only limited success because of instrument
difficulties; the experiments will be repeated at
NCAR in 1968.
Because of the microsensor's limitations
as a fluctuation meter, Lai will use this device
principally as a means of measuring average
gradients in humidity near the water waves generated in the CSU tunnel. The measurements will
be used to examine evaporation rates from the
agitated surface, in an effort to determine heat
and mass transfer in the manner in which we have
treated the case of momentum transfer to water
waves (Plate and Hidy, 1967).

Other Studies
While James Deardorff was visiting the
Department of Atmospheric Sciences of the
University of Washington, during the 1966-1967
school year, he continued his studies of air-sea
interactions. Much of his research concerned the
drag coefficient of the wind over the sea and the
associated growth of ocean waves (Deardorff,
1967a), and was directed toward determining
what portion of the total drag coefficient is
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caused by form drag of growing ocean wavesthe waves which contain most of the height
variance in the absence of swell. A simple theory,
together with a representative observation of wave
height at a particular fetch, showed that the
portion absorbed by these waves is only about
20% of the skin drag (the drag upon the wind in
the absence of any waves). A measured drag
greater than 1.2 of the known skin friction thus
indicates the percentage of momentum being
balanced by the form drag of superimposed small
wavelets. The theory predicts the observed growth
rate of the dominant waves with either fetch or
time when wave speeds are not too large, and
assumes that the fraction of the total momentum
transferred to the water and absorbed by the
dominant waves is constant as the waves grow.
This analysis clarifies the relationship between
form drag and R.W. Stewart's wave-drag coefficient, and shows how the dominant-wave form
drag must vary with wave height if either O.M.
Phillips' (1966) or J.W. Miles' (1967) wave
generation mechanisms actually occur.
Deardorff also investigated the quantitative effect of air-sea temperature differences upon
the coefficients for wind drag, heat transfer, and
evaporation; a bulk Richardson number was
found to describe their behavior. The results are
of practical importance, as this bulk parameter
is much more easily measured than either the
local Richardson number or the Monin-Obukhov
scale.

SEA-SURFACE OPTICS, RADIATION
PROPERTIES, AND HEAT BALANCE
During a one-year visit to NCAR from
the Woods Hole Oceanographic Institution, Peter
Saunders made considerable progress toward an

understanding of the optics of a roughened sea
surface; his studies should improve our formulation of both the short- and long-wave radiation
terms in the heat budget of the oceans.

Initially an investigation was undertaken
to explore the effects of roughness on thermal
emission of the ocean in connection with estimates of surface temperature from satellites
and aircraft. This topic can now be said to be
well understood, and theoretical results have been
closely verified by observations (Saunders, 1967b,
1968). Employing geometrical, optics and a statistical description of slopes on the surface it is
shown that the (unpolarized) thermal emission
from the ocean is essentially independent of
roughness when the surface is viewed from above,
but that as viewing becomes oblique (nearer the
horizon) surface emissivity and reflectivity become increasingly dependent on roughness. In
this latter case the far sides and deep troughs of
waves are unseen by the instrument or observer
so that the surface has an apparent slope which
differs from zero and increases with wave steepness; these changes in slope alter the optical
properties of the surface. At the horizon itself,
the most dramatic change is apparent: a smooth
water surface has no horizon as seen in the infrared; the brightness of the sea and sky merge
continuously into one another. We believe that
Saunders (1967c) has given the first quantitative
description of this phenomenon.
Accurate estimates of the sea-surface
temperature by remote (infrared or microwave)
methods require not only an understanding of the
optical properties of the ocean but also of the
transmission properties of the atmosphere. It is
fair to say that the translucent or window regions
of the atmosphere are far less well understood
than the regions of strong absorption which have
received more attention. Observations of the
emission from clear atmospheres in one window
region, that at 8-12 p, do not conform to any
previously proposed models (Saunders, 1968).
They do confirm, as some other workers have
suggested, that at high temperatures and vapor
pressures this particular window (and probably all
others in the near and far infrared) are less
transparent than previously believed. Careful de-
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finitive observations are needed; their particular
importance for tropical observations is clear.
A simple theory has been proposed relating
the temperature at the interface between the
ocean and atmosphere (the radiometric temperature of the ocean) to the dip bucket value
(Saunders, 1967a). It is argued that turbulent
processes become inefficient in transporting heat

in the ocean in the very thin layer at the surface,
so that a region exists there within which molecular transport processes dominate over turbulence.
Determination of the thickness of this region, in
the cases of forced and free convection, yields
estimates of the temperature drop across it.
These are shown to be commonly 0.1 or 0.2°C
but in conditions of very vigorous exchange may
reach 1C.
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THERMAL CONVECTION AND CLOUD DYNAMICS
The NCAR research program on the
dynamics of convection is probably most notable
for its combination of experimental, theoretical,
field, and descriptive approaches to a single system
containing many interacting dynamical and thermodynamical components. During the past year,
this program included studies of problems relating to:

make observational studies of these phenomena
from the proposed Cloud Physics and Atmospheric Dynamics (CPAD) aircraft.* The instrumental
development program for measuring turbulent
fluxes from an aircraft is described in the final
part of this section.

*
Penetrative convection in a stably stratified fluid.

During 1967, Willis performed experiments on the penetrative convection of an unstable layer of water upward into an overlying
stable region. A similar phenomenon occurs
nearly every morning in the lower atmosphere
above the ground, although a mean wind shear
is usually present under natural conditions. A
cylindrical container 55 cm in diameter and
35 cm high, filled with water, was initially
stably stratified and had a constant density
gradient. When heat was applied to the entire
lower boundary, convective motions ensued. The
objectives of this experiment were:

*
Discrete transitions in moderately turbulent convection.
*
Synoptic analysis of mesoscale convective
systems.
*
Field observation of motions in convective
clouds.
PENETRATIVE CONVECTION
A common feature of fluid motions in the
earth's atmosphere, the oceans, and the atmosphere of the sun and probably of several planets
is penetrative buoyant convection: that is, convection bounded on one or both horizontal
boundaries by a stabilized fluid. Over the past
year three scientists attached to the Turbulent
Interactions Program have made contributions to
knowledge in this field. In the laboratory Glen
Willis has investigated the developing flow produced by heating the bottom of an initially
temperature-stratified liquid. These experiments
are being simulated numerically by Deardorff,
whose results have led to some insight into the
motions in the overlying stable layer. Concurrently
Douglas Lilly has developed a theoretical model
of an atmospheric example of penetrative convection of somewhat greater complexity than the
laboratory experiment. For the future Lilly and
Donald Lenschow are now formulating plans to

Experimental Investigation

(a) to measure the heat flux and relate it to
the temperature difference between the lower
boundary and the mixed region (providing an
additional evaluation of a universal constant
relating the two),
(b) to examine the mean thermal structure
and its relationship to the local temperature
structure, especially at the level of the interface
separating the mixed region from the underlying
stable region,
(c) to relate the rate of rise of the interface
to the surface heat flux, and to the initial stable
temperature gradient,

*NCAR's proposed new aircraft will be devoted
almost exclusively to studies of cloud physics
and dynamics.
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(d) to examine the extent of the downward
heat flux near the interface, in comparison with
the upward flux below,
(e) to examine, using dye, the shape of the
interface, its mechanism of entrainment, and
the maintenance of the sharp interfacial discontinuity, and,
(f) to examine the internal gravity waves
which are excited by the underlying convective
motions.
These objectives have mostly been met.
Results of objectives (a), (b), (c), (e) and (f)
appear applicable on a geophysical scale. Objective (a) generally confirmed the universal constant
found by Townsend (1964) while (e) confirmed
the entrainment mechanism reported by Rouse
and Dodu (1955).
An unexpected finding, explainable by
simple dynamic considerations, is that the nondiffusive internal gravity waves transport significant amounts of heat downward when their
amplitudes change with time. This non-turbulent
heat transport partially accounts for a cooling
just above the interface and, in turn, causes the
inversion just above this level to become more
intense than initially.
Future plans are to improve the use of
dyes in order to obtain a high quality movie of a
penetrative convection experiment, and to examine the mean temperature profile in the lowest
centimeter to see whether or not a "Priestley
regime" occurs.
Numerical Study
Deardorff initiated a two-dimensional numerical study to investigate certain aspects of
the experimental study. A grid network of 48 X 82
points was used, with initial conditions similar
to those in one of the experiments. Small-scale

eddy coefficients were formulated to depend upon
local stratification in such a way that the boundary
heat flux approximately duplicated that of the
experiment. At neutral stability the coefficients
had the formulation and magnitude recommended
by Lilly (1967a) for the three-dimensional case.
The results simulated the experimental
findings quite closely, especially in the stable
region. In the convective region the assumption
of two-dimensionality was rather damaging: because too much energy became concentrated in
the larger horizontal scales, eddy dissipation
was underestimated; too much energy was consequently available near the interface to transport
heat downward. Nevertheless, the results showed
beyond doubt that internal gravity waves of
changing amplitude transport significant amounts
of heat. The model correctly predicted that the
period of the motions which first occur in the
stable region is longer than the Brunt-Vaisala
period. These waves must theoretically have a
vertical structure which is sinusoidal in character
as opposed to the exponential height decay of
forced motions of shorter period. Hence the
latter motions do not become evident at a given
level in the stable region until the interface has
approached it very closely.
Theoretical Model of a Layer
Cloud under an Inversion
Lilly (1968) completed the first phase of
a theoretical study of a shallow cloud layer under
a strong inversion. His models are intended
principally for the study of the stratus or
stratocumulus layers typically existing off the
west coast of California and in similar climatic
regions in the northern and southern hemispheres;
they can probably also be applied with minor
variations to other examples of non-precipitating
cloud layers.
Lilly shows that radiative flux upward
from the cloud layer top is a sufficiently strong
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cooling mechanism to produce convective overturning within and beneath the cloud layer and
to maintain the layer against subsidence of warm
dry air from above. Under a set of modeling
hypotheses believed to be consistent with both
laboratory results and existing field observations,
the theoretical problem is reduced to a system of
budget equations relating the fluxes of moisture
and heat through the lower surface and inversion
base. For closure of the system it is necessary
to specify the fraction of the kinetic energy
produced by convection that is available for
doing work in the stable environment, the remainder being removed by turbulent diffusion and
eventual dissipation. As it turns out, the steadystate model predictions are not sufficiently different at even the extreme mathematical limits of
the energy fraction to allow a clear discrimination
using existing data. However, it is likely that
future applications of the model to unsteady
cases (with diurnally periodic or strong surface
heating) will require a determination of the
energy partition. Willis and Deardorff's experimental and numerical results and field observational data from the CPAD aircraft can probably
settle the question adequately.
In the meantime there are, of course,
strong motives for attempting to extend the
models to non-overcast cumuliform convection
ensembles, since these are of at least equal
prevalence, and of more importance in the heat
and moisture budgets of tropical regions. Although
Lilly's study provides a criterion useful for
determining when layer clouds are no longer
possible, his techniques may not be readily
applicable to the inhomogeneous case.
Work by Tomio Asai and Akira Kasahara
(1967) has shown some promise in this area.
Future plans include a numerical simulation
model for predicting the development of cloud
ensembles and their interactions with their largescale environment.

Airborne Turbulence
Measurement System
Donald Lenschow has continued the development of an airborne system for measuring
air velocity and temperature fluctuations over a
bandwidth broad enough to allow measurement
of vertical turbulent heat and momentum fluxes
in the planetary boundary layer (see Lenschow
and Johnson, 1968). A fixed-vane gust probe
was installed and tested on the CSIRO* Radiophysics Laboratory airplane in Australia. After
modification of the sensors, the probe was able
to measure the airplane angles of attack and
sideslip and longitudinal velocity fluctuations
of the air at frequencies of up to 100 Hz,
corresponding to wavelengths of less than 1 m.
Temperature was also measured at these high
frequencies. A preliminary analysis of measurements taken under unstable conditions at altitudes
of less than 100 m indicates that little correlation
exists between temperature and velocity, and
that the spectral density of temperature fluctuations cannot be described adequately by a 5/3
power law at wavelengths between 0.1 and 10 m.
The gust probe and two fast-response
thermometers are being mounted on a boom in
front of one of the NCAR Queen Air aircraft.
A gyro-stabilized platform is being constructed
for an accelerometer. The vertical velocity of
the airplane can then be obtained by integrating
the acceleration, and the airplane pitch and roll
angles can be obtained from the two-axis gyro
used to stabilize the platform. This system,
which should be operating by early 1968, will
allow us to measure vertical velocity and sensible
heat flux to wavelengths as long as 2 km. The
stabilized platform will be replaced by an inertial
navigation system in the CPAD aircraft, in order
to increase the accuracy of the airplane velocity
and attitude angle measurements.
*Commonwealth Scientific and Industrial Research Organization
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NUMERICAL STUDY OF
CONVECTION AT LOW
RAYLEIGH NUMBERS
During the development of the numerical
model of penetrative convection, Deardorff calculated two-dimensional rayleigh convection between rigid horizontal boundaries to see if the
heat flux agreed with calculations of others
(which it did), and to investigate the linear,
segmented relationship between heat flux and
rayleigh number discovered by Malkus and confirmed by Willis and Deardorff (1967), but
still unexplained. When these numerical results
are added to those of Plows (1967), they show
that the segmented relationship cannot be obtained within the assumptions of the model. If
the fundamental mode of motion were the only
mode present, the heat flux would indeed increase
linearly with rayleigh number. However, higher
modes do exist; these "scavenger" modes were
found to contribute little to the heat flux, but
they do require that the fundamental mode
yield an enhanced heat flux to support their
dissipation. Hence the calculated heat flux increases with rayleigh number more rapidly than
linearly. Furthermore, the calculations demonstrate that the second vertical mode does not
contribute positively to the flux for rayleigh
numbers up to at least 17,000 even though the
first supercritical transition was found by Willis
and Deardorff (1967) to occur at 8,200. This
mode had previously been supposed by Malkus
and Veronis (1958) and by Catton (1966) to be
responsible for the first supercritical transition.
Deardorff's study shows that any correct
explanation of Malkus' heat-flux segments must
allow for horizontal modes with greater wavelength than the fundamental, critical mode. Previous work by Deardorff and Willis (1965) indicates
that this will require allowance for threedimensionality, since motions which are artificially
constrained to be two-dimensional were definitely

found to maintain the critical wavelength up to
very large rayleigh numbers.
MESOSCALE CONVECTIVE
SYSTEMS
In recent years it has become widely
recognized that the circulations of convective
clouds are strongly influenced not only by
temperature and humidity stratification, but also
by vertical distribution of the horizontal wind,
and by synoptic- and sub-synoptic-scale divergence and other properties of the environment.
Conversely, there has been enhanced emphasis
on the ways in which convective clouds modify
their environment. Uncertainties due to inadequate sounding networks have hampered attempts
to study these interactions. In an attempt to
reduce these uncertainties, the ESSA National
Severe Storms Laboratory (NSSL) has operated
a 10- or 11-station rawinsonde network, within a 200 X 200 km area surrounding its other
facilities in Oklahoma, during the past two
severe thunderstorm seasons.
James Fankhauser has been analyzing
the data from this network. As a tool in precise
analysis, he has developed a computer program
which gives a synoptic portrayal of sounding
data, allowing for rawinsonde balloon drift from
the point of release and taking account of
non-simultaneous releases.
Fankhauser is closely examining spatial
and temporal variations of various kinematic
properties, in order to establish the level of
reliability in rawinsonde soundings taken at the
near mesoscale. Once the threshold of confidence in the observations is defined, he will
devote special attention to the continuity of air
and water substance in a number of cases when
convective storms were active within the field of
observation. His investigations are intended to
provide a framework within which more detailed
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measurements obtained from radar, meteorologically instrumented aircraft, and mesoscale surface
stations may be viewed. The ultimate objective
of the analysis program is to define the internal
flow patterns of cumulus convection and to
establish with greater certainty the nature of interactions of thunderstorms with their environments.

Chester Newton (1967) has presented
a general review of the processes involved in
convection, from synoptic-scale motions that
influence the cloud environment, down to the
motions and thermodynamic processes within
the cloud. Other aspects of thunderstorm research
are described under Chemistry and Microphysics.

Certain storm models suggest that the
vertical transport of horizontal momentum causes
a vigorous up- and downdraft couplet, which
acts as an obstacle, causing the broad-scale
flow to partly deviate around a cumulonimbus.
At the same time, potentially cold and dry
air must be ingested in middle levels, to account
for the downdraft properties. Using the NSSL
rawinsonde data as background material,
Fankhauser has analyzed trajectories of chaff
dropped at 18,000 ft across the upwind side
of a mature thunderstorm. His analyses indicate
that to some degree both the above hypotheses
are satisfied: chaff packets that were released
on the upwind flanks of the storm tended to
deviate around the storm and to accelerate
relative to the precipitation radar echo, while
packets dropped immediately upwind eventually
became absorbed by the precipitation echo.

FIELD OBSERVATION OF
MOTIONS IN CONVECTIVE
CLOUDS

Fankhauser (1967) estimated that during
its persistent stage a giant cumulonimbus cloud,
in order to have its moisture requirements satisfied, must be drawing water vapor from a region
five times larger in areal extent than the storm
itself. For a given dynamic and thermodynamic
air-mass structure, therefore, a definable limit
may exist for the size and number of storms that
can be sustained. Fankhauser will attempt to
study the moisture and energy budgets in relation
to this size spectrum as determined from NSSL
radar and surface data. His results should contribute toward an understanding of how individual
clouds and groups of clouds transfer properties
relevant to the general atmospheric circulation
(see also 1966 Annual Report, pp. 57-59).

A continuing and substantial part of
NCAR's overall program in cloud physics has
been the development of a reliable and effective
dropsonde, a simple device which can be parachuted into the top of a convective cloud and
which, during its free fall, can telemeter its
pitot airspeed to a receiver outside the cloud.
Dropsonde airspeed and ground speed (as established by ground tracking) are at least indicative
of the magnitude of vertical motions within
convective clouds that cannot be penetrated
safely by manned aircraft.
During 1967, 30 more dropsondes were
delivered by ARF Products, Inc. These have
been tested, calibrated, and made ready for
flight, along with 24 that were previously used
and repaired. The 30 new sondes contained
numerous small changes to improve stability and
accuracy; they showed better performance in the
calibrations. The hysteresis of the dynamic pressure and the rate of pressure change transducers
have met specifications.
The drag chute design was considerably
simplified. With satisfactory performance of the
special landing parachute, the drag top area was
reduced by one half to bring the fall speed up to
the design value, 30 m/sec. Dummy dropsondes
were used to test the new design; there were only
3 drag opening failures in 73 drops, all due to
handling errors.
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A Queen Air dropped 54 dropsondes
from 8900 m in northeast Colorado during July
1967. (This altitude, about 400 m higher than
last year, was made possible by careful work by
the Aviation Facility and by operating a month
earlier, when air temperatures were lower.) Fifty
of the dropsondes have been recovered; 40 readable records were obtained.
The operations covered a larger area than
during previous years. Part of this area lies in a
federal airway, but with good cooperation from
the FAA, there was only one day (out of seven)
when FAA traffic occasioned a delay, despite
the fact that the FAA did not reroute any
aircraft for our operations.
So far, soundings from one day-18
July 1967-have been completely reduced. On
that day nine sondes were dropped in a row,
about 700 m apart. The vertical wind structure
data were coherent, showing considerable correlation among the individual records, and downand updrafts reaching 3 m/sec were recorded
during a shower, which was decaying at the time
of the drops.
A device for measuring water content of
cloud droplets was developed from a laboratory
model and put into three dropsondes in place
of the pitot tube. This device consists of a porous
metal plug 1 mm in diameter, mounted at the end

of a tube extending down from the lower end of
the dropsonde. Behind the plug is a pipe connected to a flexible chamber completely filled with
water. Droplets landing on the porous plug
coalesce into the water, increasing the volume.
This causes a small motion of the end of the
chamber which is measured and telemetered to
the ground. Three of these devices were dropped
in the 1967 operations, but with no success, for
bubbles of air appeared in the water chamber.
While it is not entirely clear what the problem is,
it is related to the purity of the water used and to
dissolved air.
The radar equipment used last year, operating at 3.4 and 8.8 cm, was used again this year
at New Raymer, Colorado. Increasingly extensive
calibrations showed that the receiver scale factors
change with temperature, and that even more
calibration effort is required. Both radars were
calibrated using two aluminum sphere flights
on balloons.
Radar data on severe storms were again
collected at the two wavelengths 3.4 and 8.8 cm.
Robert Fischer, a student at CSU, collected and is
analyzing the 3.4-cm data. Additional calibration
of the 8.8-cm radar has covered the strong signal
strengths in the echoes received from the larger
storms. Data are being used for studying various
features of thunderstorm models as well as for describing the storms in which dropsondes were used.
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THEORETICAL AND NUMERICAL
STUDIES OF TURBULENT FLOW
Elsewhere in this report, and in previous
reports and published papers by NCAR scientists
and many others, there are numerous accounts
of attempts to simulate fluid motions by numerical calculation. Although many of these simulation experiments have been successful in explaining and partly duplicating fluid behavior, few if
any can be said to exhibit turbulence as defined
by any commonly accepted criterion. This is
mainly because the models were two dimensional,
or of very low resolution, or both. The needs of
the atmospheric sciences and the performance
of existing and planned computers are increasing
rapidly, and more ambitious kinds of simulation
experiments are under development. These include
simulation of large clouds and cloud ensembles.
It thus becomes even more essential to understand
the inherent possibilities, limitations, and optimal
methods of computer simulation of threedimensional flow.
For the past few years Lilly and Deardorff
have been wrestling with several aspects of these
problems. Lilly (1967a) has outlined a proposed rationale for joining the scales of motion calculated
explicitly by the computer with an assumed inertial
subrange of motions having the Kolmogoroff
energy spectrum. Studies of this and related
theoretical problems were discussed at an informal
colloquium held in Boulder in May 1967, attended
by R. Kraichnan, P. Nakayama, J. Hering, and
members of the NCAR staff. This group adopted
in principle a competitive and cooperative experiment involving two proposed methods (Lilly's and
an adaptation of Kraichnan's LHDI* approximation) but this experiment may not prove feasible
until the next generation of computers is available.

* Lagrangian history, direct interaction.

As a further outgrowth of this meeting
Lilly began a numerical experiment designed to
test the hypotheses of Kraichnan (1967) and
Leith (unpublished) regarding the energy spectrum of driven two-dimensional "turbulence."
This hypothesis indicates that, if energy is introduced into a two-dimensional fluid regime (e.g.,
a square with periodic walls) at a given scalar
wave number, ks, a continuous energy spectrum
develops, consisting of a high wave number
branch k> ks, having E (k) ~ k- 3 , and a low
- 5
wave number branch k < k s, with E (h) ~ k "
where E (k) is the scalar energy spectrum of
scalar wave number k. Although full numerical
verification of the hypothesis would require a
nearly infinite computer, several predictions leading from the hypothesis can probably be tested
with a model having

10 4 mesh points. Lilly

hopes that this study will produce conclusions
that apply to real quasi-two-dimensional fluids,
such as the large-scale atmosphere, and to the
various attempts in recent years to simulate
three-dimensional flows with two-dimensional
models.
THE DIFFUSION HYPOTHESIS
In a more theoretical vein, Cecil Leith,
visiting NCAR from the Livermore Laboratory,
proposed a simple hypothesis relating the nonlinear transfer of energy to and from any particular spectral region to local scalar wave number
and other statistical characteristics of isotropic
homogeneous turbulence. This relationship, diffusive in form, is chosen to be conservative of
total energy, dimensionally correct, reducible
to the Kolmogoroff law in the inertial subrange,
and consistent with Lee's exact equilibrium solution. Even with constraints of dimensionality
and reducibility, there is still some degree of
arbitrariness in the consistent assignment of
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dimensions to a "diffusion coefficient" and in
the quantity that is "diffused" in wave-number
space.
Despite the fact that Leith's hypothesis
in the sense that universal
"fundamental"
is not
constants are not determined within the framework of the theory, the predicted shape of the
energy spectrum is comparable with that obtained
from the modified Obukhov hypothesis. Other
interesting conclusions, derived from the application of the diffusion hypothesis to two-dimensional turbulence, have been at least partially verified
by Lilly's numerical experiments.

FULLY DEVELOPED TURBULENT
COUETTE FLOW
In an effort to deal with nonisotropic,
nonhomogeneous shear flows, Philip Thompson
has developed a simple statistical theory of
highly turbulent couette flows, in which eddy

kinetic energy is continually generated by a forced
average shearing motion and removed at the same
rate by viscous dissipation. Under the hypothesis
that the eddy energy spectrum has a universal
shape at high Reynolds number (i.e., is invariant
with respect to length-scaling in units of eddy
microscale), the conditions for stationarity of
average velocity, total eddy kinetic energy, variance of vorticity, and net momentum transport
can be combined with kinematic constraints to
determine the bulk statistical properties of the
turbulent motion.
According to Thompson's theory, the
dimensionless eddy microscales should vary as
the minus one-half power of the Reynolds number, the wall-shear should vary as the two-thirds
power, and the total eddy kinetic energy as the
minus one-third power. All of these conclusions
appear to be borne out, directly or indirectly,
by the laboratory measurements of Reichardt
and G. I. Taylor for plane and curved Couette
flow and by Laufer for channel flow.
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DYNAMICS OF THE UPPER ATMOSPHERE
There may be significant coupling between motions in the high stratosphere, mesosphere, and thermosphere and the large-scale
"meteorological" circulations of the troposphere.
With this realization, the Dynamics Group has
undertaken several theoretical studies of wave
phase propagation, energy propagation, and "trapping" in the upper atmosphere. Although these
studies do not yet comprise a major fraction of
the total research program, it is planned and
expected that they will receive increasing emphasis and support.
ATMOSPHERIC TIDES
Atmospheric tides are oscillations of the
atmosphere with known periods excited by the
gravitational fields of the sun and moon and the
radiational heating of the sun. Richard Lindzen
has continued working on solar and lunar atmospheric tides, and with D.J. McKenzie has investigated the effect of infrared cooling rates on such
tides (1967). Lindzen and McKenzie rederived
the equations of tidal theory to include Newtonian
cooling - radiative cooling which is proportional
to some function of space (emissivity) multiplied
by the temperature deviation. They showed that
the inclusion of Newtonian cooling affects both
the altitude distribution of the amplitude and
phase of all tidal fields, and the relative phase
between the tidal temperature and velocity fields.
Lindzen also examined the effects of varying basic
temperature profiles, infrared cooling rate distributions, and excitations of the diurnal and
semidiurnal components of the atmospheric tide
(1968a). He found, for example, that the semidiurnal surface pressure oscillation is approximately the same for widely differing basic temperature profiles. He also found that the diurnal
thermotidal field became unstable above 85 km;
the breakdown may account for the apparent
turbulent nature of the upper atmosphere, in

which case it should be possible to calculate the
diurnal contribution to the spatial distribution
of vertical velocity (and hence mixing), and to
use this information to estimate a lower bound
for the turbopause.
Lindzen considered the question of energy
sources for the region above 70 km, together with
the necessarily concomitant questions of energy
transmission and conversion (1968b), and described in detail the energy carried to the upper
atmosphere by advection in the mean field and
by vertically propagating waves. He examined
the explicit excitations of gravity waves, planetary waves, and thermal and gravitational tides
and the factors influencing their transmission to
the upper atmosphere. His estimates show that
the upward flux of energy due to the diurnal
tide is 7 ergs cm

-2

sec -

1

at the equator, which

is about 2.5 times the downward solar flux in
bands absorbable in the thermosphere (1967a).
Unless the waves are dissipated very rapidly, the
thermotidal waves will give rise to larger exosphere
temperatures than are presently believed to exist.
(This will happen if the tidal energy flux reaches
the thermosphere, which is, in fact, unlikely for
the diurnal thermal tide because of the abovementioned possibilities of instability.)

Bernhard Haurwitz and Sydney Chapman
(1967) described the discovery, analysis, and
distribution of the lunar semidiurnal air tide.
There is, in addition to lunar semidiurnal excitations, a small lunar diurnal gravitational excitation. Although there must be some atmospheric
response to this excitation, it has not yet been
found in the data. Lindzen (1967b) presented an
analysis of the response of the atmosphere to
the diurnal component of lunar gravitational
potential. He showed that there should be a wind
oscillation with an amplitude of 0.64 cm/sec all
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over the globe, and that the amplitude should,
moreover, be independent of altitude. The detection of such an oscillation might be barely
possible with a wind data series of over 64 years.
Such data are now being processed by Lindzen.

PLANETARY WAVES
As discussed above, atmospheric tidal
motions, relatively unimportant in the troposphere, are the predominant factor in upper
atmospheric circulation. Rossby-Haurwitz waves
are the essential mode of oscillation in the
troposphere, where the major weather phenomena
occur. In the past, methods of investigating
these two types of atmospheric oscillation were
somewhat different and relationships between the
two types of motions were left unclear. Of course,
the solutions for Rossby-Haurwitz waves must
undoubtedly be contained in Laplace's tidal
equation. However, difficulties in solving Laplace's
tidal equation for arbitrary periods and wave
numbers in general have prevented an insight
into the relationships of the two types of motions.
Lindzen (1967c) attempted to clarify this question
by investigating the problem of linearized oscillations of the gaseous envelope of a rotating
sphere using a beta-plane approximation. He
used two particular beta planes - one centered
at the equator, the other at a middle latitude.
With both'beta planes, he obtained simple relationships which approximate with fair accuracy
almost all results available at present from analyses of Laplace's tidal equation. In particular, he
showed that the equatorial beta plane provides
good approximations to the positive equivalent
depths of the solar diurnal oscillations, while
the midlatitude beta plane provides good approximations to the negative equivalent depths. The
two beta planes are also used to describe RossbyHaurwitz waves. While waves of a given period
and zonal wave number may not be able to

propagate vertically in accordance with the analysis of Charney and Drazin (1961), they can
always propagate at the equator in the form of
internal gravity waves.
Lindzen (1968c) found that planetaryscale easterly waves in the lower stratosphere,
discovered by Yanai and Maruyama (1966), obey
the dispersion relation for equatorial planetaryscale gravity waves discussed earlier. This implies
that the observed equatorial stratospheric waves
will share the known features of gravity waves.
They will carry energy and momentum upward
(Eliassen and Palm, 1960). Moreover, as shown
by Booker and Bretherton (1967) when these
waves encounter a level where the mean zonal
velocity equals their horizontal phase velocity,
they will be absorbed, their momentum going
into the mean flow at that level. The deposition
of momentum by an upward propagating wave at
a critical level must, by virtue of the alteration of
the mean field, cause that critical level to move
downward. In cooperation with J. Holton of the
University of Washington, Lindzen is looking into
the interaction of the equatorial gravity wave with
the mean zonal flow as a mechanism for explaining the quasi-biennial oscillation in the equatorial
stratosphere.
Lindzen, E.S. Batten, and J.-W. Kim
(1968) have investigated the behavior of planetary waves in numerical models. It is known that
various multi-level numerical models for planetary
waves do not correspond precisely to the real
atmosphere, especially as concerns vertical resolution and the upper boundary. Lindzen and his
co-workers compared solutions of free and forced
oscillations in an infinitely high atmosphere with
those in a bounded atmosphere. The results show
that the behavior of planetary waves in bounded
atmospheres should be interpreted with caution,
because vertical truncation may introduce spurious
oscillations in the solutions.
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Lindzen (1968a) also investigated the
effect of zonal flows on planetary waves. The
effect of a constant zonal basic flow in the
wave equation is primarily to "doppler-shift"
of the wave's frequency. However, an important
non-doppler effect enters into the wave's lower
boundary condition; the lower boundary condition determines the free oscillations' equivalent
depths which now depend on the zonal basic
flow. Thus a constant zonal flow causes free
Rossby waves of different wave numbers to have
different vertical structures.
TRANSPORT PROPERTIES OF
INTERNAL GRAVITY WAVES
The study of transport properties of
internal gravity waves is important in understanding the dynamics of equatorial planetary-scale
waves in the stratosphere; gravity waves play
important transient and long-term roles in the
circulation at that level. Atmospheric tides may
also play an important role; the directional
sense of their momentum transport is clearly
defined. Walter Jones has continued studying
the transport properties of internal gravity waves,
including atmospheric tides, devoting particular
attention to energy and momentum transport
in atmospheres with vertically varying mean wind
structure. Jones is also investigating the stability
of such atmospheres with both destabilizing wind
shear and a stable density stratification.
One of the most important questions in
the problem of wave transport is the behavior of
waves at a so-called critical level. A critical level
occurs when the horizontal phase velocity of a
wave equals the mean fluid velocity of the
medium, when the frequency of the wave, as
observed by a moving fluid particle, goes to
zero. As shown by Bretherton (1966) and by
Booker and Bretherton (1967), very little of
the energy of an internal gravity wave is transmitted through such a level if the Richardson
number of the mean flow is of order unity or

larger. (The Richardson number measures the
ratio of static stability to shear destabilization.)
In fact, very little is reflected; the wave "accumulates" in the vicinity of the critical level,
leading to energy densities which blow up as
time approaches infinity.
Booker and Bretherton neglected system
rotation, not a priori an obviously valid approximation, since the doppler-shifted wave frequency
goes to zero at the critical level, and in this region
Coriolis terms of any size ultimately become
significant. Jones (1967) has investigated the
influence of rotation on wave behavior. Near the
critical layer, wave behavior is profoundly modified; however, transmitted and reflected waves
far from the critical layer are essentially unmodified so that Booker and Bretherton's results are
indeed valid for slowly rotating systems. Jones'
study also shows that the vertical transport of
angular momentum by an internal gravity wave
in a rotating, shearing, nondissipative fluid is a
constant, except at singular levels. This is the
counterpart to an already known theorem on the
transport of linear momentum in non-rotating
systems, a theorem which, however, breaks down
with the inclusion of rotation (Eliassen and
Palm, 1960).
David Houghton and Jones have undertaken a numerical study of waves near critical
levels. Their model is linear and assumes periodic variations in the east-west direction and no
variation in the north-south direction. Rotation
may be present. All five hydrodynamic equations
are considered, so that sound waves as well as
gravity waves are included. Since only one space
variable, height, is involved and the system is
linear, they could develop a well-posed centered
numerical scheme, and could obtain information
concerning the numerical stability of the complete
set of equations. Detailed understanding of the
numerical scheme may permit some quantitative
contributions to the theory of gravity-wave propagation in a shear flow. Well behaved solutions
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up to 28,000 time steps have already been
obtained, and the blockage due to a "critical
layer" has been observed. Preliminary results
seem to confirm Booker and Bretherton's theoretical expectations.
Colin Hines of the University of Toronto,
and C. Abhirama Reddy (1967) have pointed
out certain disadvantages of the pressure-velocity
correlation as a measure of the energy flux of an
internal gravity wave. In a fluid with spatially
varying mean flow this flux is not constant,
reflecting in part the fact that, by transporting
momentum from one region to another, the
wave can exchange kinetic energy with the mean
flow of the fluid. Hines has privately suggested
the necessity of going to higher order approximations to the wave in order to assess properly the
role of waves in the total energy budget.
Jones completed an analysis of energy
propagation, drawing heavily on comparisons
with turbulent transport. In part the difficulties
are semantic: one must distinguish between "wave
energy transport," the transport of a quantity
known as "wave energy," and the transport of
energy by something known as a wave. These
are not the same in shearing or dissipative
fluids. A report now being prepared shows that
first-order wave perturbation approximations are
adequate to describe both transports.
At low Richardson numbers (below onefourth), a wave encountering a critical layer
shows rather different behavior. A substantial
amount of wave energy is reflected back toward
the wave source; indeed the reflected wave energy
flux may be greater than the incident wave
energy flux. This anomaly arises from the ability
of the wave to extract energy from the shearing
mean flow.

If the wave is being generated by a turbulent layer, there may be a net flow of energy
back into the turbulence at some scales and
frequencies. In short, we have a new concept of
the way in which turbulence extracts energy
from a shearing mean flow. This concept may be
very useful in that it points out the non-local
nature of the process. Turbulent energy extraction may depend not only on atmospheric conditions in situ, but on the wind and thermal structure at points appreciably removed from the
point of observation. This distinction should be
most important in the so-called "buoyant subrange" of turbulence which couples most efficiently to propagating gravity wave modes.

At low Richardson numbers the atmosphere may be linearly unstable as well. Jones
has just completed a numerical study of normal
mode instabilities, which has brought to light
some interesting results. A common approach
to this problem is to look for singular neutral
modes (an eigenmode of neutral stability involving a singular or critical layer). Domains of
instability are bounded by singular neutral modes,
which are plotted as curves on a two-dimensional
Richardson-number/wave-number plane, and taken
to separate domains of stability and instability.
(John Miles pointed out in 1961, however,
that while a stability boundary must be a singular
neutral mode, the converse is not necessarily true.)
Jones' study shows that instability domains should
be represented as sheets or surfaces in a threedimensional region, with either real frequency
or real trace velocity as a third dimension.
These domains are indeed bounded by singular
neutral modes, now three-dimensional curves.
But it is not necessary that the projection of
the instability surfaces on the Richardson-number/
wave-number plane be bounded by the projection
of the singular neutral modes.
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LEE WAVES AND DOWNSLOPE WINDS
Airline pilots and forecasters know that
the Front Range of the Colorado Rockies produces some of the strongest lee waves in the
United States. An apparently related phenomenon
is a powerful and gusty downslope wind pattern
occurring frequently during the winter and early
spring along the eastern edge of the Front Range
foothills. It was perhaps inevitable that a large
national meteorological laboratory located in
close proximity to such dramatic phenomena
would ultimately mount an observational investigation. In retrospect there seems to have been little
reason for hesitation, since some of the existing
NCAR facilities and capabilities are admirably
suited for such a study. From just one winter of a
relatively small observational program, the results
appear to be equal in quality to those of the famous Sierra Wave Project. Much greater potential
is present and some significant and fundamental
scientific problems have already emerged.
At Lilly's instigation, a mesoscale network of about ten recording anemometers has
been operating for two years in the lee of the
Front Range near Boulder. In the winter of 19661967 about thirty days of "strong" winds (with
gust peaks over 50 mph on relatively slow
response instruments) were recorded in Boulder
Valley; three of these strong winds included
gusts over 80 mph. Analysis of these wind storms,
as yet incomplete, appears to bear out several
previously suspected relationships of the wind
structure to geographical features. In particular
it is clear that both peak gusts and sustained
winds are most closely related to the mountain
obstacles perpendicular to the wind flow rather
than to canyons parallel to it. On the other hand
the suspected frequency maximum at night was
not clearly borne out by the data.
During the winter of 1966-1967 about
50 constant-volume Mylar pillow balloons were

launched from a site upwind from the Continental Divide and tracked as they passed across
the mountains, foothills, and western plains by a
radar set located near Boulder and operated by
the NCAR Field Observing Facility. Although
balloons were successfully tracked on several
good wave-producing days and the resulting data
are usable, this part of the program was disappointing and was abandoned in February after
it became clear that airplane flights were more
profitable. Electronic failures with the balloon
transponder system used in tracking probably
caused some failures, but the principal difficulty
was in failure of the balloons to pass through the
icing cap cloud typically present in strong westwind conditions.

An NCAR Queen Air aircraft, fitted with
doppler navigation, wind-measuring equipment,
and temperature and pressure sensors, was available for flights in lee wave conditions during
about ten days of the winter of 1966-1967.
The flights were made using the constant-powersetting constant-pitch angle procedure; data were
recorded by the ARIS system. Although Lilly's
analysis of the whole sample is incomplete, the
results on several flights appear to be of sufficiently high quality to allow determination
of quantitative statistics such as momentum
flux, and fairly detailed x-z profiles of streamlines. The principal limitation is probably nonstationarity, since it took one airplane 3-4 hr
to complete a flight. In addition, the Queen
Air was incapable of obtaining data at altitudes
above 26,000-27,000 ft. For the 1967-1968
winter season both of these limitations may be
partially overcome by the availability of additional aircraft: a small aircraft from the White Sands
Missile Range (plus rawinsonde support), a jet
trainer instrumented and flown by the Canadian
Research Establishment, an Air Force U-2, and
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an ESSA B-57. All of these will participate in the
program during February.
Related theoretical studies have proceeded along two lines, both involving numerical
simulation. David Houghton has integrated models
of one and two layer fluids over obstacles with results exhibiting jump-like properties. Very recently a cooperative program was started with J.
Fromm of the IBM Research Laboratory, San
Jose, California. Fromm is integrating a twodimensional non-hydrostatic model of a continuously stratified fluid passing over realistic mountain obstacles. Although only preliminary results
are available, they appear to show the importance
of nonlinear features in mountains of the scale
of the Front Range. The ultimate goal is to
predict the observed lee wave phenomena from
given upstream properties. An apparently critical
feature is the frequent disappearance of the typically short (10-15 km wavelength) resonance
waves. Instead, on some occasions a very long,
probably single wave occurs with a length of 50150 km. This feature is apparently associated with
the strong surface winds in the foothills and
plains areas, so that prediction of its occurrence
is of great importance to both science and the
public.
Working in parallel with Lilly and Fromm,
Houghton is continuing the study of nonlinear
mountain "flow in collaboration with Akira
Kasahara and Eugene Isaacson (Courant Institute
of Mathematical Sciences). The work on a onelayer model, discussed in the Annual Report for
1966, has been completed (Houghton and
Kasahara, 1968). To investigate the effects of
density stratification and horizontal wind shear
on hydraulic jumps, and also to study the vertical
extent of jumps associated with a mountain ridge,
Houghton and Isaacson are currently working to

obtain analytical solutions of a two-layer model
with the presence of discontinuities (hydraulic
jumps) and finite amplitude rarefaction waves.
The analytical solutions were constructed by
matching steady-state flow over the mountain
to the conditions away from the mountain.
These solutions were compared with numerical
results obtained by the Lax-Wendroff method.
Results of the two-layer model are qualitatively similar to those for one layer. However,
characterization of the flow patterns is far more
complicated because of the larger number of
independent parameters in the initial state (shear
and stability), and because two wave modes
(internal and external) are generated. In this case,
it was not possible to find an asymptotic solution
for all possible initial states. The asymptotic
state was related to the initial shear and stability
by using a linear analysis which defines the
limiting case for nonlinear flow (mountain height
+0). The results of the two-layer model are being
satisfactorily compared with mountain flow features observed in Lilly's program.
In order to answer the question of how
valid the hydraulic jump analogy is to real
atmospheric features where rotation is present,
Houghton made a study with a one-layer "shallow
water" model. In this simple case it was possible
to make analytical as well as numerical calculations. The theoretical analysis was made by
combining a linear solution including rotation
effects with a nonlinear solution excluding rotation effects, for a wave traveling into a region of
rest. In general terms the study shows that the
rotation delays the formation of a jump by an
amount exponentially dependent on the product
of the length scale and rate of rotation, and
inversely proportional to the square of the
amplitude of the wave.
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Atmospheric Chemistry and Microphysics
Activities within LAS involving atmospheric microphysics and chemistry have to a large
extent developed along three lines:

* Investigations of processes leading to the
formation of precipitation in convective clouds.
*
Investigations of large-scale atmospheric
motions by the use of minor atmospheric constituents (natural or man-made).

* Investigations of the chemistry of natural
and contaminated atmospheres, particularly as related to the ecology of man.

This development has been a natural one
and constitutes a response by LAS scientists to the
recognition of a number of major questions concerning the nature of the atmosphere. Each of
these lines of research involves several programs.
Furthermore, each involves, to a greater or lesser
extent, participation by NCAR scientists primarily
concerned with atmospheric dynamics, as well as
those concerned with microphysics and chemistry.
Of course, the microphysics and chemistry activities are by no means restricted to these three lines
of research, although almost any study of the atmosphere bears at least an indirect relationship to
one or more of them. The activities are described
in the paragraphs that follow, separated (in some
cases rather arbitrarily) according to the three categories described above plus a few additional ones.
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PRECIPITATION

FROM CONVECTIVE

CONDENSATION NUCLEI AND
ICE-FORMING NUCLEI
All atmospheric processes producing hydrometeors start by the condensation or freezing
of water vapor on microscopic particles. Almost
any particle consisting of more than a few atoms
or molecules can under certain conditions serve as
a condensation or ice-forming (freezing) nucleus.
However, particles present in the atmosphere are
effective in varying degrees; only those that are
effective in forming or modifying clouds in the
atmosphere are actually called condensation or
ice-forming nuclei, and these more active particles
are usually but a small fraction of the total aerosol
population.
In spite of the large amount of research on
such particles, the fundamental mechanisms of
condensation or sublimation of water vapor on
nuclei are not well understood. Much remains to
be learned concerning the nature, concentrations,
and sources of nuclei in the atmosphere, and their
variations with time, place and altitude.
Worldwide Measurements of Condensation
and Ice-Forming Nuclei
In 1938, W. Findeisen suggested that
meteoritic material may contribute to atmospheric
freezing nuclei. This suggestion has remained
highly controversial. As part of an effort to determine its validity, Jan Rosinski has collected measurements of ice-forming nucleus concentrations
from many places in the northern hemisphere.
E.G. Bowen in 1956 suggested the existence of a
30-day time lag between meteor showers and days
of maximum rainfall. Measurements in Hawaii (at
Mauna Loa and Hilo) and in Bemidji, Minnesota,
do not support Bowen's hypothesis, nor does statistical analysis of rainfall data for the continental
United States (initiated at NCAR) show relation-
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ship with so-called Bowen's rainfall anomalies
(rainfall peaks derived from 70 years of worldwide statistics). However, analysis of data from
the Rocky Mountain region during the past four
years, obtained by sampling freezing nuclei at
different altitudes in the troposphere and at different positions relative to the jet stream core,
revealed that high concentrations of freezing nuclei have existed during certain periods of every
year, the periods corresponding to Bowen's rainfall anomalies.
Data from selected locations are being
analyzed statistically to supplement the search
for a physical correlation between ice-forming nucleus concentration and rainfall. The results of
this analysis are incomplete and will be reported
later.
Further studies of this extremely complex
problem are contemplated. Results to date make
highly questionable the proposition that there is a
significant relationship between periods of intense
rainfall and the occurrence of meteor showers.
Preliminary analysis of data from Monte
Cimone, Italy, reveals that during two periods an
unusually high concentration of ice-forming nuclei
was associated with an influx of radioactive debris
identified as originating from Chinese detonations.
This discovery would indicate that the ice-forming
nucleus population was brought down with stratospheric air; it does not necessarily mean that the
ice-forming nuclei were of extraterrestrial origin.
It is more probable that aerosol particles of earth
origin were injected into the stratosphere during
the explosion. Analysis of air trajectories for this
case is still under way.
An important criticism of the Findeisen
and Bowen suggestions is that only a small proportion of ice-forming nuclei seem to be extraterres-
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trial in origin. (Kumai, 1961, showed that approximately 85% of snow crystals had terrestrial clay
particles as nuclei.) Rosinski is undertaking airborne and ground-based collection of ice nuclei of
extraterrestrial origin. Low concentrations of calcium in particles, and their association with radioactivity and high atmospheric sulfate concentration, indicate extraterrestrial origin. The recognition and separation of all extraterrestrial material
would be extremely difficult, so only magnetic
black spherules are used as a tracer for such material. High concentrations of ice nuclei and magnetic spherules at the same time would indicate
that both types of particles came from the stratosphere and may be of extraterrestrial origin. Of
course, there are sources of magnetic spherules
other than meteoroids, but in the absence of obvious other sources there is a high probability
that such spherules are of extraterrestrial origin.
The aerosol samples are collected on filters
which are soluble in chloroform, and the magnetic
particles are separated from the other particles
magnetically. Numbers of spheres and non-spherical particles among the magnetic particles are then
determined microscopically. Sampling was carried
out daily from 1 August to 31 October 1967 at
the following locations:
College, Alaska, 65° N
Bemidji, Minnesota, 47.50 N
Boulder, Colorado, 400 N
Mauna Loa, Hawaii, 19.50 N

Kericho, Kenya, 0
The separations and counts are now being made
and will be reported later. According to Bowen's
hypothesis, the concentrations of extraterrestrial
ice-forming nuclei (and therefore spherules) should
rise and fall at all of these places simultaneously,
so the results of this study should furnish another
test of his hypothesis.
A closely related study by Rosinski involves the systematic collection of cirrus cloud

particles. Cirrus ice crystals are collected by means
of a cyclone in a Queen Air aircraft and then analyzed for particulate content. Some of the aerosol
particles present probably served as the original
nucleating agents for the cirrus ice crystals. However, there is usually more than one particle per
crystal, indicating that perhaps some scavenging
mechanism is operating. There is also the possibility that at the time of the cirrus formation the
original crystals contained one particle per crystal,
and that collected crystals are actually agglomerates of many primary crystals. Aerosol particles
in the crystals consist of clay particles and magnetic spherules, suggesting that they are a mixture
of particles from the earth's surface and particles
of extraterrestrial origin. Cirrus clouds therefore
may serve as collection filters for particles of extraterrestrial origin. The very small size (2-p diam)
of many of these spherules indicates that they
were brought through the tropopause by a transport process, not by sedimentation.
The results obtained from studies of iece
forming nucleus concentrations depend upon the
instrument used for measuring the concentrations.
Extensive calibration of the NCAR Ice Nucleus
Counter is being continued with artificial and
natural ice-forming nuclei. An international meeting for calibration of this and other instruments
for measuring atmospheric nuclei was held at
Lannemezan, France in September 1967, but an
insufficient amount of time was available for a
complete evaluation. In addition, a membrane filter technique is being improved to secure reliable
data from remote areas. The results of assessment
of ice-forming nucleus concentrations in different
parts of the world are being critically evaluated.
Simultaneous measurements of condensation and ice-forming nuclei were performed in
1967 in many locations (Colorado, Nebraska,
Minnesota, Hawaii, and Kenya). Condensation nucleus concentrations were measured by means of
the type CN small-particle detector (Gardner Associates, Inc., Schenectady, N.Y.) at its lowest ex-
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pansion of 5 cm Hg. Values thus obtained are in
excess of the concentration of cloud condensation
nuclei as measured by the Squires thermogradient
diffusion chamber, by a factor of 7 to 12, but they
correspond more closely to the Squires diffusion
chamber figures than to values measured at higher
expansion ratios.
Similar to the need for a continuous iceforming nucleus counter was the need for a continuous cloud condensation nucleus counter. The
NCAR Ice Nucleus Counter has been modified by
Gerhard Langer for this purpose. The air sample
is cooled as it flows through the cloud chamber
(which can have a smaller volume than required
for the ice nucleus counter). However, most of
the incoming air is filtered so that the proportion
of condensation nuclei is reduced. Water vapor in
the cloud chamber condenses therefore in relatively large drops, which are counted by the acoustic sensor. A unit has been flown in an aircraft and
is ready for extensive flight testing after laboratory
evaluation. Laboratory testing is limited to comparison against a Rich Counter until a thermalgradient type of cloud condensation nucleus
counter becomes available.
A positive correlation between concentrations of condensation and ice-forming nuclei was
found during thunderstorms over the ColoradoNebraska border. The majority of aerosol particles
were of local soil origin. A positive correlation was
also found with airborne equipment in very clean
areas. It seems that this relationship has gone unnoticed by other workers because it does not exist
in the presence of pollution, especially from large
cities.
Detection of Silver Iodide in Snow
Specific problems exist with the use of
silver iodide as an ice-forming nucleating agent.
The use of silver iodide in cloud seeding and hail
suppression always requires some kind of proof
that the silver iodide actually entered the precipi-

tation. In many instances, it would be desirable to
answer this question during the actual seeding.
A field technique for detecting silver iodide in snow has been developed by G.M. Morgan
(CNR-CENFAM, Verona, Italy) and Rosinski
(1967). The technique consists of collecting snow
during a snowstorm, forming liquid drops by melting pellets made from the snow, and refreezing the
drops. A histogram of frequency of drop freezing
plotted against temperature indicates the presence
or absence of silver iodide in the snow. The method will be applied to hailstones collected during
hail suppression experiments. The technique must
eventually be supplemented by neutron activation
analysis for quantitative mass determination of
silver.
Non-Polar Gases and Polymers as
Freezing Nuclei
Farn Parungo, before leaving NCAR, prepared several papers completing her contribution
to ice nucleation (Parungo and Lodge, 1967a,
1967b; Parungo and Wood, 1968). She showed
clearly that dissolved non-polar gases exhibit a
substantial nucleating effect, in the direction predicted by gas-hydrate theory (i.e., that nucleation
temperature increases with gas-hydrate stability
up to the point where the size of the gas molecule
forces a change in hydrate structure from hexagonal to other less ice-like forms). She also showed
that, although certain hydrocolloids give ice-like
nuclear magnetic resonance (NMR) patterns, the
water structure in them is insufficiently similar to
ice to cause nucleation at elevated temperatures.
Even dry, these polymers are poor ice nuclei.
Dynamic Nucleation of Freezing
in Supercooled Water
As described in past annual reports, Guy
Goyer and his colleagues Sonia Gitlin, Myron
Plooster and Burton Schuster have been investigating the ways in which freezing can be stimulated
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by mechanical disturbances. Their primary goal
has been to ascertain whether shock waves from
lightning discharges can significantly affect the
composition of a cloud by triggering freezing of
supercooled hydrometeors. Their investigation has
followed three lines of attack:
* Delineation of the circumstances under
which mechanical disturbances can bring about
nucleation of supercooled water.
* Determination of the physical processes
responsible for nucleation.
* Estimation of the magnitude of the shock
created by lighting discharge as a function of
distance from the discharge.
The investigation is essentially complete; the
conclusion drawn is that it is improbable that
lightning-generated shock waves create significant
increases in ice crystal concentrations in supercooled clouds.
In the laboratory, dynamic nucleation has
been observed only in supercooled bulk water
samples, never in free droplets. Nucleation
in bulk samples has been in practically all cases
attributable to one of two causes: generation and
collapse of cavitation bubbles, most often a result
of movement of solid objects through the water;
or production of ice crystals in the gas phase from
rapid adiabatic cooling of moist air inside bubbles.
Since entrained large solid objects or gas bubbles
are unlikely in water droplets in the atmosphere
or the laboratory, it is not surprising that no evidence was found for dynamic nucleation of freezing in droplets. A discussion of the results of the
laboratory investigation follows.
Freezing of Supercooled Water in Bulk

Sonia Gitlin has completed an investigation
of the correlation between cavitation and nucleation resulting from rapid movement of solid ob-

jects through supercooled water, primarily to clarify the interpretation of previous shock-tube experiments (reported in the 1966 Annual Report).
Using high-speed motion pictures, she observed
the phenomena accompanying rapid withdrawal
of a rod from a tube of supercooled water. If the
rod surface was hydrophobic, cavitation occurred
at its surface at relatively low velocities, and the
sample invariably froze. A rod with a hydrophilic
surface, on the other hand, could often be accelerated to higher velocities without causing cavitation or freezing. In the previous shock-tube experiments, the sensitivity of water to nucleation by
shock waves depended on the presence of a thermocouple used to measure the temperature of the
sample, and indeed upon the manner in which the
thermocouple was cleaned prior to immersion.
The present results confirm the hypothesis that
the nucleating event resulted from a mechanical
displacement of the thermocouple by the pressure
wave, and not from any direct influence of the
pressure wave upon the sample itself.
Thus, a strong correlation between cavitation and freezing in supercooled bulk water has
been firmly established. The basic mechanism relating these two phenomena has not yet been clarified. The effect of large cavitation pressures on
water-ice phase equilibrium has been studied by
Plooster, and the nucleation of ice crystals in the
gas phase within a rapidly expanding cavitation
bubble has been studied by Schuster.
Use of a formulation to evaluate the temperature drop and consequent nucleation of the ice
phase in a rapidly expanding bubble proved unsuccessful. The theoretical model, based on effusive transport of mass and energy and utilizing
measurements from successful bubble nucleation
experiments, did not verify the hypothesis of ice
nucleation from the gas phase. The energy input
of this model was arbitrarily reduced in order to
determine the model's sensitivity to this parameter. The results indicate that less energy input, i.e.,
a slower transport process, will provide an envi-
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ronment hospitable to ice nucleation from the gas
phase. These results strongly indicate that a model
based on diffusive transport should be employed.

cant numbers of ice crystals by homogeneous
nucleation.
Pressure Waves from Lightning Discharges

Freezing of Supercooled Droplets

Since the influence of container walls and
other foreign objects can apparently contribute
markedly to the nucleation process, it is necessary
to study unconfined droplets to evaluate the significance of dynamic nucleation in atmospheric
processes. Plooster has studied the shattering of
supercooled droplets by shock waves to see whether ice crystals are created in the process, as suggested by Koenig (1965). The results are essentially
negative. Shock waves with overpressures of up to
1.7 psi were used to shatter 3-mm droplets at
temperatures as low as -80 C. The number of fragments formed from a single droplet in this process
is of the order of 5000. Statistically, if only one of
these were frozen, on the average, it would have
been detected. Since no freezing was observed,
it was concluded that, under these experimental
conditions, droplet shattering is not effective in
inducing nucleation.
Goyer and Plooster (1968) have studied
the effect of shock waves on a cloud of very small
supercooled droplets in the laboratory. A cloud
generated by condensation of water vapor in a
coldbox was unaffected by shock waves produced
by a sudden release of pressurized air or nitrogen.
However, widespread nucleation was observed
when the expansion of the pressurized air reduced
its temperature to -370 C or below,which is about
the temperature at which homogeneous nucleation
of freezing occurs. Vonnegut and Moore (1965)
proposed that, in the pressure wave from a lightning discharge, cooling by adiabatic expansion
may momentarily produce temperatures this low.
In a numerical study of the pressure wave from
lightning, however, Plooster has shown that the
maximum cooling to be expected is of the order
of -50 C, which is far too small to produce signifi-

The strength of pressure waves from lightning as a function of distance is an interesting subject in its own right, aside from the possible effects
of these waves on nucleation phenomena. Theoretical and experimental estimates of the strength
of such shock waves vary in the literature by more
than two orders of magnitude. In 1967, considerable progress was made in studying shock waves,
especially with regard to the rate at which shock
strength decays with distance from the discharge.
Collaboration between D. L. Jones, of the
Plasma Physics Laboratory of ESSA, Goyer, and
Plooster has resulted in the establishment of a
simple expression for the decay of the shock wave
from a line source of energy. The equation agrees
with theoretical predictions of shock behavior at
both very small and very large distances from the
discharge, and for the first time describes the transition between strong and weak shock wave regimes. Plooster's experimental measurements of
the pressure wave from long explosive charges are
in excellent agreement with the theoretical curve.
Thus, it is now possible, from a measurement of
shock strength at one distance, to estimate accurately the strength of the shock wave at any other
distance from the source.
Plooster has developed a computer program
to integrate equations of motion of gas dynamics, allowing determination of the state of the
atmosphere at all points behind the shock front,
as well as the shock strength itself. This program
was used to predict the degree of cooling, by adiabatic expansion, of the atmosphere near a lightning
stroke. In Plooster's numerical model, the shock
wave strength, as a function of distance, agrees
quite well with that predicted by the equation of
Jones, Goyer, and Plooster. The remaining primary
unknown is the quantity of electrical energy re-
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leased in a typical lightning stroke. Work is continuing on a numerical model to allow an estimate of
this quantity.
Small Nuclei
In connection with Hidy's previous survey
of techniques for atmospheric simulation (1966),
some exploratory cloud chamber experiments
were undertaken this fall with Father Paul Luger
of Seattle University. Father Luger's cloud chamber, which he brought with him on his visit to
NCAR, is a continuous diffusion chamber about
1 m square by 30 cm deep. Temperature profiles
in the chamber, and photographs of nucleation
phenomena of methanol and ethylene-glycol water
systems, were used to obtain some intriguing qualitative results, which appear to be consistent with
theoretical ideas of nucleation by ions or other
foreign nuclei. Father Luger's chamber provided
a beautiful visual demonstration of the powers of
tiny, subatomic nuclei (produced, for example,
by cosmic radiations) in perturbing supersaturated
vapors. The variety of optical effects associated
with the cloud formations in the chamber during
its operation interested many of the NCAR staff.
Explosive Generation of Condensation Nuclei
The need to generate freezing or condensation nuclei directly, inside clouds, has become
quite obvious in recent years. We reported in 1964
and 1965 on the evaluation of an explosive silver
iodide generator of high output. A similar generator of condensation nuclei, consisting of an explosive cord containing about 6 gm NaCl per
meter, was calibrated at the International Workshop on Cloud Nuclei in Lannemezan, France.
The results showed an output of 7.5 x 108 NaCI
nuclei per gram in the diameter range 2-10 i, a
range of sizes which is of considerable importance
in cloud physics applications.
The overall results of this laboratory evaluation show that the NaCl explosive cord should be

a convenient means of generating, in warm clouds,
large concentrations of NaCl nuclei in a size range
comparable to that of the natural giant sea-salt
nuclei. Practical evaluation of this new generator
will, however, result only from well designed field
experiments.
GROWTH OF DROPLETS AND
ICE CRYSTALS
Appreciable precipitation from convective
clouds can occur only if there is rapid growth of
the drops and/or ice crystals making up the clouds.
The growth can occur by condensation, sublimation, or particle interaction.
Numerous important questions remain
concerning the growth of droplets and ice crystals. One of these, for example, concerns the efficiency of the collection of small droplets by falling larger droplets. (Collision efficiency may be defined as the ratio of the capture cross section to
the cross-sectional area of the larger collecting
drop.) Solution of the question involves an understanding of the role that electrical forces play in
particle interactions and precipitation growth and,
in turn, the role that particle interactions play in
the subsequent development or rearrangement of
charges in the cloud, such charges producing electric fields.
Growth of Cloud Droplets in Non-Turbulent
Homogeneous Air
The initial stages of cloud growth by coalescence have been studied fairly extensively by members of the Cloud Physics Program. M.H. Davis
(1966), prior to joining the program in June 1967,
calculated collision efficiencies for drops of 1-30 p
radius, using the hydrodynamic solution suggested
by Stimson and Jeffery (1926). Simultaneously,
Doyne Sartor and J.S. Miller (1965) obtained new
values for the collision efficiencies by extending
the solutions given by Hocking (1959) to a sufficient number of terms to obtain calculational sta-
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bility. Both approaches gave almost identical collision efficiencies, seemingly within the range of
computational error. Values lower than those of
Hocking were obtained in the radius ratio range
around 0.5; higher values were obtained at lower
and higher ratios. More importantly, the Davis and
Sartor (1967) collision efficiencies show finite values for cloud drops with radii below 19 ý/, the
size "cut-off" considered so important in modification and cloud physics research programs over the
past eight years.
Two-body calculations of cloud drop collisions have been confined to Reynolds numbers
that are small with respect to one. This limits calculations to cloud droplet radii below 40 p. Calculations made now seem to be as accurate as is
possible without further extension of the basic
hydrodynamic theory, which does not appear to
be feasible in the near future.
Significance of Improved Collision Efficiencies

Michael Warshaw (The RAND Corporation)
has shown that if the initial cloud droplet population grown entirely by condensation contains a
significant number of drops greater than 19 p/
(radius), the rate of growth is not greatly altered
by the new collision efficiencies (1967). However,
in the early life of a convective cloud, many (or
possibly most) cloud droplet populations cannot
grow a sufficient number of drops greater than
19 p by condensation alone. The new collision
efficiencies allow for the possibility of collisioncoalescence growth among a population of droplets all less than 19 p radius, and therefore can act
importantly to spread out the droplet distribution
and thereby start the precipitation growth. The
NCAR Cloud Physics Program has close working
relationships with Uri Shafrir (visiting the University of Wisconsin from Tel Aviv), with Warshaw,
and with Edwin Berry (University of Nevada) in
these studies of the integrated growth problem, on
which they all are actively working.

By multiplying the natural concentrations
of a pair of interacting droplets of a certain size
by the collision cross section and the relative
velocity, one obtains a term which is similar to
the "collision kernel" of the growth equations of
Berry (1967) and Warshaw (1967). This term
represents, in effect, the collision rate per unit
volume. It may be significant in the early stages
of cloud growth, where the important problem
is to spread out the droplet distribution rapidly
so that subsequent growth by the larger particles
of greater size differences can become effective.
By plotting this term for different sizes of drops
below 20 g, versus droplet radius ratios, Sartor
has shown that for the Diem (1948) cloud droplet distribution, the number of collisions per unit
volume per second, in the range of radius ratios
greater than 0.5, is greater for 8/ particles than
for 19 p particles, in spite of the fact that their
relative velocities are much less. This large proportion of collisions of small particles is, of course,
due to their greater concentration.
Electric Fields and Charges

Estimates of the elapsed time between initial formation of cloud drops and appearance of
precipitation on the ground can be computed from
the cloud circulation model of Newton (1966)
and have been made for a large number of convective storms by Muchnik (1965). These estimates suggest that on the average, in a convective
storm, cloud droplets develop into precipitation in
7 min. It is well known that the time required for
precipitation growth in the early stages is more
like 20 or 30 min. For continued precipitation in
a mature storm, then, coalescence growth must
proceed at an even more rapid rate than that indicated by the 7-min estimate. Since these storms
are highly electrified after the initial appearance
of precipitation, the calculations must take account of an environment which is pervaded much
of the time by strong electric fields and in which
there are high charges on the particles.
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Once precipitation particles have been
formed in convective clouds, one can assume the
existence of high electric fields and correspondingly high charges on the particles. Davis and
Sartor have recently shown that the collision rate
per unit volume for cloud droplets is increased
more than an order of magnitude by thunderstorm
fields and cloud drop charges.
In recent months, calculations of collision

efficiencies have been extended to larger drops
including raindrops, primarily for the purpose of
estimating the effect of charge transfers between
charged drops on the electromagnetic radiation

temperature of terrestrial clouds. William Atkinson
and Ilga Paluch (1968) attempted to define three
regimes for the total collision-coalescence process
from the earliest formation of cloud drops to the
large raindrop range, incorporating electric fields
and charges on the drops. This research will be
continued in a more classical vein to obtain collision efficiencies, collision rates, and collision rates
per unit volume for larger particles and for hail.
Fortunately, it appears that the choice of
the hydrodynamic theory does not give vastly
different results in the larger drop regime. It has
been important in other cloud physics work, where
electromagnetic emission from sparking drops has
been evaluated in terms of radio noise from clouds
in order to estimate the rate of collision between
the large drops. For this purpose, the drag coefficient observed for spheres has been used together
with expressions for gravity and the electrostatic
forces. The addition of electrostatic forces, even
for these larger drops, gives considerably different
collision efficiencies and relative velocities, and
provides new quantitative information for the rate
of interaction between charged drops. The results
appear interesting, predictable, and reasonable.
One of the main problems is to find a suitable
means of presenting the results so that they have
some intuitive meaning for the reader while providing usable data for the researcher attempting

to estimate the rate of growth of precipitation
under realistic cloud conditions.
Precipitation Growth in Inhomogeneous Media
When expressed in terms of rate of change
of mass, the rate of growth of small droplets in the
absence of electric fields and charges remains disappointingly slow, as we have indicated. It must
be pointed out, however, that the conditions under
which these calculations have been made are those
of a quiescent atmosphere with no turbulence or
inhomogeneities. Inhomogeneities on a large scale
are known to exist in clouds, but have not been
investigated extensively.The effects of strong electric fields and charges on drops have been considered. These can, at best, be applicable only to late
stages or continued growth of precipitation and
do not enter significantly, according to our present understanding, into the earliest stages of particle growth in a developing cloud.
Turbulent inhomogeneities on the scale of
ten to hundreds of meters have been considered in
calculations of condensation growth. The results
appear to allow much more rapid growth than that
indicated by previous studies. The new collision
efficiencies described above should be incorporated in calculations, but a test of any theory will require more complete observations of motions and
droplet sizes in real convective clouds.
CPAD Aircraft Instrumentation
In order to obtain vital information on
drop and particle size vs charge as a function of
time and space in clouds, and companion data on
turbulent air motions and the electrical environment, we have placed increased emphasis on the
development of aircraft instrumentation. In particular, the CPAD (Cloud Physics and Atmospheric
Dynamics) aircraft, projected for use in the Turbulent Interactions Program and the Cloud Physics
Program, will be instrumented for in situmeasure-
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ments of drop size vs charge and particle size
distribution.
William Winn and Louis Breyfogle are developing the instrument to measure drop size vs
charge. This instrument will measure charge on
drops going cleanly through an induction ring and
approaching a high voltage probe. The probe senses
discharges or capacity changes (functions of the
drop size) between itself and the drops.
A particle-size camera that uses macroscopic photographic techniques to isolate and
photograph cloud particles in a known volume of
minimally disturbed space is under intensive development by Theodore Cannon. It is anticipated
that with this instrument it will be possible to
identify various types of cloud or precipitation
particles, and to determine changes in their distribution over distances through the cloud as small
as tens of meters. Actual field use has been made
of this instrument in studies of large particles at
Yellowstone Park, near Old Faithful geyser, in the
winters of 1966-67 and 1967-68
Electric-field and conductivity probes will
be modifications of the radioactive and Gerdian
tube instruments used for our surface measurements. Master timing circuits and time-lapse cameras have been developed here and will require
little modification for aircraft use.
Cloud Physics Rooftop Observatory Studies
During 1967 (our first year in the new
NCAR Laboratory) the rooftop observatory has
been used for cloud physics studies and for testing
field instrumentation. Although representative
measurements cannot always be made with field
instruments from the rooftop, due to local sources
of air pollution, instruments can be placed outside the enclosed space for performance tests.
Visual and photographic observations from
the rooftop are valuable for a number of studies.

Since the move into the NCAR Laboratory, almost continuous time-lapse photographs have
been taken in a fixed direction. These photographs
will aid in choosing suitable seasons of future
years for certain research projects. The photographs have, incidentally, clearly shown the remarkable stability of mountain wave clouds during certain periods of the year.
Wind speed, wind direction, and temperature are measured from a telemetry antenna on
the top of the penthouse. These measurements
supplement Niwot observations and are used by
several of the scientists at NCAR.
The Electrification of Convective Clouds
The possibility that electric fields and
charges have a strong influence on collision efficiencies has been demonstrated by Sartor (1960),
Atkinson and Paluch (1968), and others, e.g.,
Krasnogorskaya (1965) and Semonin and Plumlee
(1966). The rate of growth of electric fields and
charges in clouds must be considered in order to
determine when they become effective in changing the rate of growth of droplets and rate of precipitation. Parameters that affect the rate of
growth of an electric field due to particle interactions in an initial electric field are the same
parameters that affect precipitation growth
equations.
Chronologically, in the history of a convective cloud, electrical changes start when the
convective motion of the air rearranges the "fair
weather" distribution of charges and electric
fields. This process has been discussed by Grenet
(1959), Vonnegut (1954) and Sartor (1954,
1967c). The convective process that produces
vertical lifting of a parcel of air of about 1 km
radius can, because of a concentration of positive
charges due to the surface electrode effect, produce fields of around 6 V cm? 1 at cloud levels
where the field is normally an order of magnitude
less. It has also been pointed out (Chalmers, 1957)
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that the fair weather field can produce enhanced
fields in clouds of considerable horizontal extent
due to the trapping of charge at the upper and
lower boundaries by the relatively immobile cloud
droplets.
Thus, all convective thunderstorm charging
mechanisms use some aspects of the fair weather
electric field as a starting point. Sartor (1967c) has
devoted considerable attention to the role of particle interactions in the redistribution of electric
charges and the enhancement of the electric field
in convective clouds. His work shows that the
charging of cloud and precipitation particles by
induction, starting with a small initial field,
can mask and override charging due to the
freezing process or to other more basic charging mechanisms.
There have been indications for some time,
particularly from the observations of Reiter (1964)
in Bavaria and Cobb (1966) in Hawaii, that there
are important variations in the fair weather field
that are correlated with solar activity. These variations could be due to worldwide changes in thunderstorm activity, if the thunderstorm activity
could be affected directly by solar perturbations.
But a more likely link seems to be through changes
in atmospheric conductivity at high altitudes due
to ultraviolet and x-ray emissions from storms on
the sun. From the standpoint of thunderstorm
electrification mechanisms, which use as a starting
point the electric field of the uncloudy atmosphere, it is important to keep track of variations
in the initial electric field, particularly those that
appear to have correlations with other parameters,
including solar emissions. This is being done by the
Cloud Physics Program with automated stations at
high elevations in the Rockies. High-altitude stations are operated at Niwot Ridge, west of
Boulder, on Lee Hill, north of Boulder, and on
Chalk Mountain, just above the Climax Molybdenum Mine near Leadville. From Niwot Ridge a remote wind-powered observation station telemeters
atmospheric data to NCAR. All systems operate

unattended for many months. The sensing instruments there give continuous information on the
electric field, polar conductivities, sunshine intensity, wind speed and direction, and temperature.
Radio communication (144 MHz) is available for
emergencies or for field-to-laboratory tests. A remotely activated cloud particle camera of the type
under development by Cannon will be added as
soon as possible.
At Lee Hill there are a continuously operated automatic time-lapse camera for photographing clouds over Niwot, and a relay station for the
Niwot telemetry. A partially equipped trailer is
available for line-of-sight observations of both the
NCAR Laboratory and Niwot during the thunderstorm season.
Chalk Mountain and Climax provide continuous measurements of the atmospheric electric
field and polar conductivities for Colorado State
University. Standard meteorological measurements
are made by CSU. Occasional joint field programs are planned. Data from the three stations
are being used by a number of NCAR and other
investigators.
Droplet Interactions in Different
Electrical Environments

Much effort has been devoted, during the
past three years, to studies of the electrical interaction of charged drops. William Atkinson has
studied the charge transfer that results in electromagnetic emission. The charge neutralization has
been determined to be almost complete between
drops of nearly equal size. The work will now tend
toward studies of the amount of charge transferred in various interactions, especially in interactions involving drop disruption or bounce in
electric fields.
Just recently, Charles Abbott extended
studies of charge transfer to uncharged drops in
an electric field. For a given size of drop, the
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strength of the field that first produces a transfer
between the drops follows very nearly the curves
developed from the discharge potentials between
solid spheres. The transfer of charge below the
sparking mode will be considered in future studies
of droplet interactions.

Electromagnetic Emission from Sparks
between Drops for Remote Sensing

Atkinson, Abbott, and Paluch have made
extensive studies of the electromagnetic emission
from discharging charged drops. Using the information obtained about the power spectrum, that
its peak occurs somewhere in the microwave
region above areas that can now be measured in
the laboratory, they have used low frequency
theory to estimate the quasi-thermal noise from
terrestrial thunderstorms. Sartor and Atkinson
(1967) recently made estimates of the addition to
the apparent microwave temperature due to discharges to be expected from typical distributions
of drops and charges. It appears that it should be
possible, with suitably designed equipment, to
observe the apparent thermal radiation due to
discharging drops in a highly electrified thunderstorm.

Sartor and Abbott have observed the fast
discharge mode from the electrostatic interaction
between uncharged drops in strong electric fields.
The electromagnetic radiation from these events
has not been studied. From the results of emission
from discharges between charged drops it should
be possible to infer the charge transfer between
uncharged drops in electric fields, but it is not
planned to pursue this problem further. It is,
however, significant that this charge transfer, both
by the sparking mode and by the slower conduction mode, does indeed occur between uncharged
drops in electric fields. This discovery has implications for both radio emission and charge rearrangement in thunderstorms.

HAIL RESEARCH

Research on hail has been undertaken for
a number of reasons. The most obvious, perhaps,
is that ultimately it may lead to suppression or
modification of hail so as to render it less destructive. Studies of the nature of hail also furnish
clues to the processes occurring in storms, to the
scavenging of small particles by large ones, to the
nature of freezing nuclei, and to the physics and
physical chemistry of phase changes in water.
Basic Research
Charles Knight has continued hailstone
structure studies, assisted by Nancy Knight. He
has completed studies of hailstone structures,
with a view toward trying to use hailstones themselves as indicators of growth conditions - that
is, as indicators of physical conditions within
severe storms. A great many problems remain.
Many structural features of hailstones are not
understood, and work toward understanding them
is continuing. Knight developed theoretical methods for recognizing a number of hailstone features
that may be used as indicators of spongy growth.
He also examined natural hailstones and concluded that, at least among those studied, spongy
growth does not occur at large diameters, though
it occurs often at diameters up to approximately
1.5 cm (Knight, 1968; Knight and Knight, 1968a,
1968b).
Studies of the contact angle of water on
ice were continued. A firm value was not obtained
(Knight, 1967a), although it seems certain that it
is not zero. Implications of these studies to nucleation of supercooled water drops were examined in
terms of the classical theory. Results indicate
that the nucleation of supercooled water drops is
usually heterogeneous (except perhaps at very
small drop sizes), with the water-air interface as
the nucleation site. The importance of this effect
depends upon the actual value of the contact angle,
and cannot be assessed adequately at present.
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Research has been started on determining
the equilibrium form of ice in air by making and
annealing negative crystals, and an effort has been
made to determine the equilibrium form of ice in
water, using pressure differences to maintain uniform supercoolings of the order of 0.0010 C, and
studying free growth at these supercoolings.
Knight has completed some work on the
origin of spiral air bubbles in ice which may
have some relevance to crystal growth (1967b).
In collaboration with E.R. LaChapelle (University of Washington) he is also studying ice crystal
growth features within a temperate glacier. Temperate glaciers provide a nearly perfect isothermal
environment, much better than any that can be
maintained in the laboratory, and therefore offer
very desirable conditions for the study of ice
phenomena.

Heat Transfer to Hailstones
during Melting and Freezing
There are still unanswered questions concerning the rate of growth of natural hailstones
and the mechanism for removal of the heat of fusion of accreted water. Several promising hailstorm
models, including the Russian model (Sulakvelidze, 1966), predict rapid growth of hailstones
in a region of high liquid water content. "Hail tunnel" experiments indicate that such rapid growth
should produce "spongy" ice, i.e., a matrix of
small ice crystals with substantial amounts of
liquid water in the interstices. Field measurements
of the liquid water content of fresh hailstones over
the past three summers, however, show that 90%
of the hailstones examined contained less than 4%
liquid water. Guy Goyer, assisted by Sonia Gitlin
and San San Lin, has, therefore, instigated a laboratory investigation of the rate of freezing of artificial spongy hailstones in free fall, to see whether the excess water content could be converted to
ice in a hailstone falling through cold clear air outside the accretion zone of a hailstorm.

Artificial spongy hailstones (snowballs saturated with ice water) were placed in a divergent
vertical jet of cold air, so that they remained suspended at the point where the airflow velocity
equaled their terminal fall velocity. The amount of
liquid water remaining after a known time under
these conditions was measured calorimetrically,
as in the field observations. From these data, the
rate of heat transfer from the freezing hailstones
was obtained.
Most previously reported measurements of
heat transfer to hailstones have been carried out
by melting ice spheres in a stream of warm air.
Under these conditions, a film of liquid water of
uncertain thickness forms between the ice surface
and air stream. There has not been universal agreement as to the effect of this layer upon the rate
of heat transfer. Therefore, Gitlin and Lin have
also carried out ice-sphere melting experiments in
the same apparatus used for freezing, to give for
the first time a direct comparison of the rates of
heat transfer to wet and dry ice surfaces.
Heat transfer in the experiments takes
place by two mechanisms: conduction across the
temperature gradient between hailstone and air
stream, and transfer of latent heat by evaporation
or sublimation. Determination of the heat transfer
rate during freezing experiments is complicated
by non-steady boundary conditions: the changing
surface temperature of the hailstones and the movement of the freezing boundary into the hailstone.
Myron Plooster has developed a computer program
to solve the heat conduction equation with these
non-steady boundary conditions. The agreement
between experimental results and the numerical
model is quite good. Moreover, it appears, although
data analysis is not yet complete, that the surface
heat transfer rate in both melting and freezing experiments is given by the same expression and
that, within the experimental error, this rate
agrees with other measurements of the rate of
heat transfer to spherical hailstones. The derived
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expression, confirmed by these laboratory measurements, can thus be used to evaluate the mass
of liquid water that can freeze, under certain
trajectory conditions, before a spongy hailstone
reaches the ground.
An interesting by-product of this investigation resulted from observation of the internal
structure of totally frozen hailstone models.
When the model contained more than 40% liquid
water and was frozen at temperatures below
-100C, the air bubbles were distributed in welldefined concentric rings in layered structure very
similar to that found in natural hailstones. Apparently air desorbed from water in the freezing
process is swept ahead of the ice-water interface
moving toward the center of the model. When
internal pressure, produced by expansion of the
freezing water, is suddenly released by cracking of
the ice shell, air bubbles nucleate at the interface
and are trapped by the advancing freezing front.
The process repeats itself until the internal pressure builds up sufficiently to crack the ice shell
once again, and generates successively small concentric rings of air bubbles. This observation suggests that the frequently reported layered structure of natural hailstones does not necessarily
imply large variations in their growth environment,
as has been generally assumed.
PARTICLE SCAVENGING
AND COAGULATION
A number of NCAR scientists and visitors
have studied aerosol coagulation and the scavenging of particles by hydrometeors, phenomena
which may affect concentrations of condensation
and ice-forming nuclei.
Deposition on Flat Surfaces
Rosinski and Langer have completed some
experiments on deposition of aerosol particles on
various surfaces. The studies were initiated to increase our knowledge of aerosol transport and

sampling, and to gain a better understanding of the
capture of aerosol particles by different forms of
precipitation. Deposition of aerosol particles on
flat metal and plastic plates mounted parallel to
airflow was studied with three airspeeds (125,
390, and 1730 cm/sec)(Rosinski and Langer, 1967).
Uneven deposition (differences of four orders of
magnitude) and particle size separation were observed on the collecting surfaces. The results of
experiments with untreated surfaces and surfaces
coated with adhesive and antistatic fluids indicate
that electrostatic effects play an important role in
controlling deposition on both upper and lower
surfaces of test plates. Electrostatic effects appear
to dominate deposition even at relatively high
velocities.
This study of deposition on metal and
plastic surfaces indicates some of the difficulties
that can be encountered when performing experiments with aerosols in plastic chambers, or even
in metal chambers equipped with plastic windows.
It also explains why transfer with plastic syringes,
especially of submicron aerosols, can give spurious
results in spite of precautions taken during
sampling.
Impaction on Falling Drops Particle Trajectories
The collection of particles by falling drops
is a special case of impaction on spheres. There
are three important factors in determining the collection efficiency of a falling drop: the field of
airflow or velocity distribution around a drop,
the aerosol particle trajectory, and the adhesion of
a collected aerosol particle upon contact with a
drop. Evaluation of equations of the trajectory of
an aerosol particle has proven impossible except
when simplified models for the field of flow and
limited boundary conditions are assumed.
Some years ago Rosinski found that the
angle between the trajectory of an aerosol particle and the surface of an obstacle during particle
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capture can be determined experimentally. The
determination of the angle of approach is based
on the area density (coverage) of a collector by
deposited aerosol particles. The area density is a
function of the final part of a particle trajectory.
Results from experiments on deposition of
aerosol particles on flat surfaces inclined at different angles have always shown higher densities of
deposit than predicted by theory. During 1967,
Rosinski and Church derived a correction for the
equation and successfully explained the discrepancies in the experimental results (1968). Their
study also suggested that normally unnoticeable
distortions in the aerosol stream can be detected
by studying the area densities of deposited aerosol
particles.
Gunter Zebel, a visitor from the Silicosis
Research Institute at Bochum, Germany, carried
out some interesting calculations of charged particle deposition on larger electrically charged
spheres (1968). Zebel's theory predicts the particle trajectories around a sphere under limiting
conditions where the ratio of particle radius to
sphere radius is very small. Taking brownian
diffusion into account, the efficiency of collection of small particles by the larger body is predicted for conditions where the uncharged or
charged particles are falling by gravity in a vertically oriented electrical field. Using boundary
layer theory, Zebel's results are given in terms of
the Peclet number, RUoo/D, and the velocity
ratio, G = Eooq B/Uoo. Here R is sphere radius,
Uoo is the free stream velocity around the sphere,
D is the brownian diffusivity of small particles,
Eo is the field strength, q is the electrical charge on
the small particles, and B is the particle mobility.
Several interesting possibilities for particle
motion near the sphere evolve from the theory.
As expected, in the absence of electrical effects
deposition occurs primarily at the forward stagnation point of the falling sphere. However, if the
velocity ratio G < O (repulsion of impinging

particles, at least over a portion of the polarized
sphere), a "dust-free space" may be found on the
forward side, but deposition may occur on the
leeward side. The theory also predicts conditions
where a dust-free space exists all around the
sphere, with closed particle trajectories at an azimuthal angle of 90° from the forward stagnation
point. All of these different configurations of
particle movement have been observed in the analogous case of flow around a cylinder for cylinder
Reynolds number less than unity. These experiments have been undertaken by Dietrich Hochrainer, a Public Health Service Postdoctoral Fellow
visiting NCAR from the University of Vienna. The
experiments using the cylinder analogy have
proven very successful in providing a qualitative
confirmation of Zebel's theory. Zebel and Hochrainer hope that quantitative studies can be made
shortly.
Coagulation
Experimental study of the coagulation of
aerosols by brownian motion has progressed considerably. Our needs for producing monodispersed
aerosols of high number concentration (106 - 107

particles/cm 3 ) have been met through the design
and construction of a modified LaMer generator
by Paul Brown and Hochrainer. This unit allows
an aerosol output two to three orders of magnitude greater than that achieved with atomizing
latex suspensions. The use of the LaMer generator
to form dioctyl phthalate aerosols offers an additional advantage in that the particles have very
low charge in contrast to the latex spheres. This
improvement is of considerable importance for
testing the coagulation, theory of uncharged
particles.
The survey of sampling techniques for
coagulating aerosols has continued. The crude
method using a four-stage impactor has proven
inadequate, because this device required too large
a sampling volume and caused unwanted disturbances in the aerosol chamber (see 1966 Annual
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Report). To improve our sampling capabilities,
Hochrainer developed a thermal precipitator which
can be used to obtain, simultaneously, aerosol
deposits for examination by optical microscopy
and electron microscopy. Brown built a different
type of thermal precipitator, which can take ten
or more deposits in a time sequence without removal from the aerosol chamber.

An optical counter also has been built
after a design of Derjaguin and Vlasenko (1962),
with the aim of detecting light scattered from
single particles in the submicron range of size.
Preliminary tests were promising, but further
work has to be done before this instrument will
be operational.

Brown and Hochrainer found that more
than an hour is required to bring the aerosol cloud
to conditions of uniform concentration in the
aerosol drum. After reaching such a spatially uniform state, the aerosol concentration decreases to
less than 104 cm -3 , even with the output of the
LaMer generator. Therefore, they have designed a
continuous flow aerosol column 6.2 m high and
10 cm in diameter to follow the coagulation of
small particles over relatively short residence
times. This aerosol "reactor" is constructed so
that samples may be taken at intervals along the
tube, and deposition on the tube walls may be
measured independently. The reactor will allow
study of coagulation at concentrations provided
by the aerosol generator.
A number of fundamental aspects of the
theory of aerosol dynamics have been reviewed by
George Hidy (1967). His study indicates that, because the theory of aerosols idealized as hard
spheres suspended in an un-ionized gas is relatively
complete, more attention will be devoted in the
future to the physical chemistry of aerosol systems
to explain departures from the idealized "kinetic"
picture.

Scavenging of Aerosol Particles
by Precipitation
Concentrations and size distributions of
solid water-insoluble particles present in different
forms of precipitation were determined. Jan
Rosinski and Gerhard Langer initiated these
studies to determine whether it is possible, through
the study of different mechanisms of scavenging
of aerosol particles by precipitation, to contribute
to the description of the history of the growth of
a hailstone, and its trajectory formation of raindrops through the ice phase, and environmental
conditions under which a given precipitation was
formed. They continued their analyses of distribution patterns of solid particles in hailstones and
supplemented them by isotopic analyses.
Determination of D/H ratios in different
sizes and types of ice crystals and graupel pellets
gives additional information about environmental
conditions of the formation of precipitation,
e.g., the origin of precipitation water and
the water condensation-evaporation cycle within
clouds. Results confirm previous findings that
there is an effective mechanism of removal (probably Stefan flow) of micron-size particles by the
ice phase during its formation within a cloud. It
was found by Rosinski that the concentration of
1.5-3 p diam particles is 100 times higher in small
milky hailstones and in graupel than in transparent
hailstones. High concentrations of these particles
in raindrops collected during severe thunderstorms
suggest they originated from melted graupel. Low
concentrations of particles in clear hailstones suggest that they were formed from liquid cloud
droplets. Another finding of this study is that
there is a definite cellular character in thunderstorms from the viewpoint of in-cloud scavenging.
The enhanced removal of aerosol particles
by growing ice crystals in a cloud should modify
the cloud particle population at the time of appearance of the ice phase. The cloud population
(aerosol particles and cloud droplets) should

108

diminish, and further condensation of water vapor
should take place on the remaining cloud droplets
(new cloud droplets will not form in the presence
of ice phase), which consequently should increase
in size. This hypothesis is a direct result of scav-

enging studies and should be tested experimentally
and by calculation of cloud droplet growth by
collection (stochastic process) combined with
diffusional growth (Rosinski, 1967c).
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ATMOSPHERIC

TRANSPORT

Much LAS research concerned with the
identities, concentrations, and chemical properties
of the variable constituents of the atmosphere has
been undertaken for more than one reason. It all
furnishes information concerning atmospheric geochemistry in general, but some also provides
information concerning large-scale atmospheric
motions or air pollution. The selection of material
included under the heading of atmospheric transport is especially arbitrary.

In addition to this experimental work,
Martell has completed a critical evaluation of the
1958 HARDTACK radioactive tungsten tracer
experiment (1968), and has discussed the factors
that are involved in the transport of radioactive
aerosols in the stratosphere and the consequent
limitations of aerosols as stratospheric tracers
(1966, 1968).

AEROSOLS, RADON DAUGHTERS,
AND STRONTIUM-90

Julian Shedlovsky has continued his aerosol studies during 1967, in close cooperation with
Irving Blifford. As part of a continuing program
concerned with atmospheric aerosols-their composition, concentration, and origin-he has established vertical profiles of atmospheric aerosols
collected by filter techniques from NCAR and
Air Force RB57F aircraft. After a thorough
knowledge is gained of some of the basic physical
and chemical properties of atmospheric aerosols,
we will be in a better position to understand the
mixing properties of the atmosphere, residence
times of atmospheric particles, baseline concentrations of pollutants, influx rates of micrometeorites, etc.

In a program initiated in November 1966,
Stewart Poet and Edward A. Martell are investigating the application of the long-lived radioactive daughter products of radon and Sr 9 0 as

atmospheric tracers. Radon, emanating from continental surface materials, and its long-lived daughters (22-yr Pb210, 5-day Bi 21 0 , and 138-day
Po 210) provide tracers for identifying continental
surface air. In addition, the daughter products become attached to atmospheric aerosols and thus
the daughter ratios and concentrations indicate the
age and origin of the aerosols. Vertical profiles of
such measurements should give information on
atmospheric residence times, exchange rates, aerosol coagulation times, and other features.

During 1967, preliminary measurements
were made on precipitation samples and surface
air filters. The techniques of Po 210 separation
chemistry and of polonium counting by a-spectroscopy also have been worked out. Measurements of Pb 2 0 , Bi 2 10 and Sr 9 0 are nearly completed on two vertical profiles of filter samples
from ten altitude levels up to 20 km, collected
from NCAR aircraft and Air Force RB57F (Air
Weather Service) aircraft. Some of these collections, and future samples, will be subjected
to Po 2 10 assay as well.

AEROSOLS, COMPOSITION AND
RADIOACTIVITY

Radioactive measurements of Be7 and
Cs

137

have been made on samples collected dur-

ing one year at Scottsbluff, Death Valley, and over
the eastern Pacific Ocean to 9 km. The highlights of
results from these measurements are summarized
as follows:
The relative concentrations of Be7 and
Cs1 3 7 in any one profile are constant within 20%
at altitudes to 9 km.
*

* Within any profile the mixing ratios of
these radioactive elements generally increase with
altitude, but not always in a smooth way. In a
few profiles, however, mixing ratios decrease
with altitude.
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* The Cs 13 7 /Be 7 ratio appears to fluctuate
annually, with the maximum in the winter and
the minimum in summer. This pattern is similar
to northern hemisphere fallout variation and suggests that the Cs 1 3 7 stratospheric reservoir is at a
higher altitude than the maximum Be7 cosmic ray
production region, 15-20 km, at 30-40 0 N.
* Measurements of tritium in water vapor by
D. H. Ehhalt (a visitor from Heidelberg) in the
same profiles show that the onset of downward
mixing of stratospheric T, Be7 , and Cs1 3 7 occurs
at the same time, December. The shut-off also
occurs at the same time, in late June. The onemonth lag in fallout of tritium compared to that
of other particles is thus not explained by different
exchange processes from the stratosphere into the
troposphere. It might be due to a re-evaporation
process in the troposphere.
* A one-year collection of data, including T,
Be 7 , Cs 1 3 7 , 03, temperature, wind speed and
direction, relative humidity, total particle concentrations, and particle concentrations over four size
ranges has been correlated. High positive correlation coefficients are found between Be7 and
Cs 1 3 7 . Non-significant correlation coefficients are

generally found between Be' and Cs 1 3 7 and any
of the other parameters, although there are some
exceptions.
The neutron generator has been installed
and is now operational. A few changes are still to
be made; these include installation of a new acceleration tube. Shedlovsky is at present determining sensitivities for a number of elements, including sulfur. As soon as the new tube is delivered, he will begin running some RB57F profiles to
20 km for S mixing-ratio determinations.
ALKALI AND ALKALINE EARTH
METALS IN THE D-REGION
Alkali and alkaline earth metals, such as
sodium, potassium, lithium, magnesium, and cal-

cium, are found in the D-region of the ionosphere.
They have been detected by mass spectrometry
from rockets and by measuring the radiation they
emit as a result of excitation. Their sources and
the chemistry of this region are highly controversial. Sodium is particularly prominent, and numerous sources have been suggested, the most likely
candidates being sea salt and extraterrestrial
particles. It is not at all clear how the sodium
compounds are converted to atomic sodium.
Furthermore, if the source is found to be sea salt,
vertical transport in the stratosphere and mesosphere must be more rapid than has been considered likely (Junge, Oldenberg and Wasson, 1962).
During the last two years Keith Schofield,
a visiting scientist who is now at the Cornell
Aeronautical Laboratory, Eric Allen, and Richard
Cadle have been investigating the sources and
chemistry of sodium and other alkali and alkaline
earth metals in the D-region. They are seeking
answers to the following questions:
* What are the most likely mechanisms for
the formation of free sodium from sea salt or from
silicates?
* What are the most likely mechanisms of
sodium atom excitation in the night airglow?
* Do reactions of any of the metallic atoms
with atomic oxygen produce ionization?
* Is there any basis in their chemical properties for an indication as to whether sea salt or
extraterrestrial particles constitute the main source
of the uncombined alkali metals?
A possible mechanism of liberation of
sodium from its salts (or at least the first step in
such a mechanism) is reaction with one of the
atomic species in the D-region, such as O, N, or H.
To investigate this question, the atomic species
were produced with the microwave discharge
system previously used at NCAR for investigating
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other reactions involving atoms. No reaction could
be observed between any of these atoms and sodium chloride, the main constituent of sea salt.
Furthermore, irradiation of sodium chloride with
ultraviolet light of wavelengths that occur in the
D-region liberated no sodium or chlorine, as
measured with the mass spectrometer. These results indicate that the sodium chloride in unchanged sea salt is probably not the source of the
sodium.

on exposure to the active nitrogen for several
hours. This blue color may be due to either free
Na atoms or electrons trapped in the crystal lattice. Electron paramagnetic resonance techniques
will be used to characterize the species responsible for this coloration, which is likely to be
paramagnetic. These studies are being extended
to include other sodium salts either present in sea
salt (bromide and iodide) or produced by atmospheric reactions (nitrate, nitrite and sulfite).

However, sea salt undergoes changes in
composition in the lower atmosphere, the major
change being to produce anhydrous sodium sulfate. Also, of course, sea salt contains substances
other than sodium chloride. Atomic oxygen did
not react with sodium sulfate. When molecular
nitrogen was passed through a microwave discharge, producing mainly atomic nitrogen and
vibrationally excited molecular nitrogen, it imparted a blue-green glow to anhydrous sodium
sulfate. The spectrum of the glow contained not
only the lines producing the blue emission, but
also the yellow and green lines produced by excited atomic sodium. When vibrationally excited
nitrogen was removed by passing the discharged
gases through a glass wool plug, the sodium lines
and most of the blue glow disappeared. Titration
of N with NO to give O and vibrationally excited nitrogen upstream from the sodium sulfate,
quenched emission from the sulfate as well.

Samples of stony, iron, and stony-iron
meteorites have been obtained, and studies will
soon be started of the effects of atoms, ultraviolet
radiation, and heat on these substances. The ratios
of sodium to potassium emissions, if these occur,
will be determined and compared with those observed in the atmosphere.

The results suggest that the reaction of
vibrationally excited nitrogen (which must be
produced in the atmosphere by a number of types
of collisions) with anhydrous sodium sulfate may
be at least partially responsible for the production
of sodium vapor in the D-region. The possibility
has not been completely eliminated that atomic
nitrogen, which is probably present at a concentration of about 106 cm -3 at 85 km, also participates. Judging from the spectrum, the lines producing the blue glow result from excited N + ,
which must be produced at the sodium sulfate
surface. The sodium sulfate acquired a blue color

Using two different approaches, Schofield
made several attempts to measure rate constants
for the reactions of atomic and molecular oxygen
and ozone with sodium vapor. His experiments
failed for several reasons. However, he was able
to observe excitation of the sodium vapor to produce its yellow doublet by vibrationally excited
nitrogen. Cadle and Frank Grahek, in the
meantime, have been constructing a more sophisticated system for determining these rate constants; this third approach will soon be tried. In
Schofield's two methods, reactions occurred
at room temperature; Cadle and Grahek's system will operate at temperatures up to 300 0 C,
and the difficulty of sodium vapor condensing in
the system, which was partially responsible for the
previous difficulties, will therefore be avoided.
The course of the reaction will be followed by
measuring sodium vapor concentrations by absorption spectrophotometry, using the sodium D
doublet produced by a resonance lamp of the
Wood type.
As part of the investigation of the chemistry of alkaline earth metals in the D-region,
Schofield critically re-evaluated and reworked all
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available data concerning dissociation energies of
the oxides of these metals (1967). The updating
process, which now makes the data strictly comparable, includes the use of the most reliable
thermodynamic data available at present, the
standardizing of emission studies to a common set
of f-values, corrections for dihydroxide formation
in flame studies, and the use of improved collision
cross-section data for mass spectrometric work.
As a result of this reanalysis it has been possible
to recommend values for the bond strength of the
oxides and for their previously uncertain heats of
sublimation.

* During cyclonic disturbances accompanying jet streams, is there often a high concentration
of freezing nuclei in the vicinity of the jet streams?
Is this related to the injection of stratospheric air
into the troposphere? These questions are extensions of work by Rosinski which showed that high
concentrations of freezing nuclei do exist at
times in the vicinity of jet streams.

TRANSPORT IN THE VICINITY
OF JET STREAMS

* Does the tropospheric break at midlatitudes actually consist of horizontal tropospheric
foldings, so that the tropical and polar tropospheres are essentially connected by a multiply
folded tropopause?

Two meteorologists, Rainer Bleck and
Philip Haagenson, have been added to the staff
of the Chemistry and Microphysics Department of
LAS to aid in planning field experiments and in
interpreting the resulting data. They are at present
helping to design a field experiment using the
model of tropospheric folding suggested by Edwin
Danielson (University of Hawaii) and Richard
Reed (University of Washington) and elaborated
by others. However, the experiments are designed
not primarily to test the model but to answer
questions such as:
* Is the injection of air from the stratosphere into the troposphere in the vicinity of jet
streams accompanied by a flow of tropospheric
air into the stratosphere on the other side of the jet
stream? Or does a general return of tropospheric
air to the stratosphere occur in the tropics?

* Are the particles in the injected air
strictly of stratospheric and extraterrestrial origin,
or are a large percentage of them brought into the
stratosphere by the recirculation mentioned above?

Attempts will be made to answer these
questions by simultaneous extensive sampling in
both tropospheric and stratospheric air in the
vicinity of the northern midlatitude jet stream.
Emphasis will be on obtaining a large number of
simultaneous measurements rather than sampling
over extended periods of time. The sampling,
which will lie largely in a plane at right angles to
the northern polar fronts, should employ several
aircraft, specifically two of the NCAR aircraft and
RB57s furnished and flown by the Air Force.
Typical measurements will be of ozone, water
vapor, freezing nuclei, and total aerosol concentrations. Lidar measurements will be made from
the ground.
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In addition to the water-insoluble organic
material, some water-soluble, optically isotropic
material was present which separated as dendrites
when water in which it was dissolved evaporated.
The material had about the same refractive index
as benzene and did not melt or decompose upon
heating at 360°C. It was probably inorganic,
could not have been ammonium sulfate or bisulfate, and may have been sodium chloride.
Volcanoes at times have been important
sources of fine particles in the atmosphere. Violent eruptions emit finely divided lava, other types
of particles, and gases into the atmosphere. Nonviolent eruptions may also be very important contributors to the particle content of the atmosphere. This is probably especially true of the
Hawaiian and Icelandic (rift) types of eruptions.
At times in the earth's history such eruptions
have poured out tremendous quantities of lava;
they must also have emitted huge quantities of
"fume." Humphreys (1964) made an extensive
study of the possibility that volcanism has affected and can change the earth's climate. He
concluded that a major eruption could produce a
temperature decrease over much of the world of
1°C or more. This is sufficient to shift isotherms
on the earth's surface by 160 mi and so influence
the latitude regions within which certain crops can
be successfully grown.
Great gaps exist in our knowledge of the
nature of particles formed by volcanoes, especially in the fume of eruptions of the rift and
Hawaiian types, which are very similar. During
1965 and 1966, Cadle, Arthur Wartburg and
Evelyn Frank obtained a number of samples of
fume from Halemaumau crater of Kilauea Volcano
in Hawaii, which was then quiescent. Particles
from the fume were found to consist largely of
sulfuric acid droplets partially neutralized with
ammonia (Cadle, Wartburg, Frank and Lodge,
1967).

The November 1967 eruption of Halemaumau crater gave an opportunity to sample
fume coming directly off the lava fountains. Cadle

and Frank Grahek sampled the particles in this
fume with a modified Unico four-stage impactor
operated with a Gelman battery-powered, portable
pump. Particles were collected directly on uncoat-

ed microscope slides, and on electron microscope
grids mounted on slides. Electron microscope examination revealed that most (> 95%) of the particles were droplets in the submicron diameter
range that produced the pattern characteristic
of sulfuric acid droplets. Some ammonium ion was
present as revealed using Nessler's reagent. A few
needle-shaped forms were present. Several other
particle types have been tentatively identified as
ammonium sulfate, calcium sulfate, and sulfur.
The fume as it first came off the fountains
was brownish by scattered light. It quickly turned
blue and became much denser. Perhaps the sequence of events is as follows. At the temperature
of the fountains (about 11000C) no sulfuric acid
is present but gaseous sulfur trioxide will be present (Naughton et al., 1963). The brown color of
the fume may be due to particles of lava which are
large relative to the wavelength of light, and
rapidly settle out. As the fumes cool, sulfur trioxide reacts with the water vapor in the fume to
form fine sulfuric acid droplets, which scatter
blue light more effectively than that of longer
wavelengths. Consistent with this hypothesis is
the observation that fume from cracks in the
solid, black crust over molten lava near the fountains was blue by scattered light as it emerged.

The chief difference between the particles
collected from fume from the lava fountains and
those collected from fume from the crater floor
during 1965 and 1966 is the very much lower
concentration of ammonia in the particles from
the fountains.
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Meinel and Meinel (1967) suggest that the
phenomenon of volcanic dust sunsets is produced
by a very marked enhancement of the sulfate
layer at about 20 kmn. They suggest that volcanic
sulfur dioxide is oxidized and hydrolyzed to sulfuric acid in the stratosphere. Sulfuric acid droplets developing directly in the eruption clouds
probably also contribute to the sulfuric acid content of the sulfate layer.
AEROSOLS, SIZE AND NUMBER
DISTRIBUTION
In January 1967 Irving Blifford completed
his study of a series of 23 tropospheric collections of atmospheric aerosols at Scottsbluff,
Nebraska. Samples were, taken with an impactor
collector at eight altitudes to a maximum of
9 km. In the fall of 1967, similar sets of aerosol
measurements were completed over the Pacific
Ocean 150 mi west of Santa Barbara, and over
Death Valley. In addition, several aerosol profiles
were obtained from the central Pacific in the
vicinity of Palmyra Island during the Line Islands
Experiment (March and April 1967). Air mass
trajectories for some of the collections have been
made by Chester Newton. These trajectories, along
with ozone and radiosonde information, have been
evaluated also.
Samples suitable for analysis by x-ray
fluorescence techniques were obtained simultaneously with most of the above collections. Blifford's
x-ray equipment has been calibrated for most of
the light elements (Al-V), and the analysis of the
elemental composition of the samples as a function of particle size is proceeding.
During his visit here, Kvetoslav Spurny
measured the efficiency of the impactor used in aircraft collections. Some discrepancies have appeared
between these measurements and the original
calibration work done by General Mills. To eliminate these discrepancies, an aerosol generator
similar to one used by Christian Junge at the

Johannes Gutenberg University of Mainz has been
set up. With this generator, Blifford should be
able to perform essential efficiency calibrations,
using a new method for producing tagged aerosols
which can be detected by x-ray and nuclear
methods.
In an effort to obtain insight into the dynamics of aerosol behavior, Blifford is repeating
some of the extensive computations made previously by Junge. The problems were discussed at
length during Junge's visit this summer, and a
number of modifications in the original formulation have been worked out. It is hoped that the
computations can be modified to allow their application to some specific climatic regimes, as
well as to increase their generality.
Generalized data analysis techniques have
been developed by Blifford to display complex
information from a data network. He has produced a movie using dd80 computer output to show
the time variation of the concentration of fission
products over the United States, obtained by a
national network of monitoring stations. Test
programs for certain "reasonable" synthetic functions give good reproducibility of these functions.
Standard weather maps have been superimposed
on the concentration data, and it is hoped that
this new technique may aid in interpretation of
certain statistical analyses that have been worked
out for these data.
ELECTRON MICROSCOPY FOR
IDENTIFYING PARTICLES
Studies of the use of the electron microscope in identifying fine particles have continued.
Over 90% of the particles in collections from
Panama, Hawaii, and other unpolluted sites are
being routinely identified. Procedures used have
been described by Evelyn Frank and James Lodge
(1967), and a report on particles collected by
Fischer in Antarctica will appear shortly (Cadle,
Fischer, Frank and Lodge, 1968). Frank has been
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especially successful in identifying the material
collected by Cadle and Grahek from the November
1967 eruption of Halemaumau crater. Interaction
between Cadle's light microscopy and micrurgy
and Frank's electron and light microscopy has
been especially fruitful in this work.
Other research has offered opportunities
for acquiring additional particulate samples. For
example, Frank collaborated with Rosinski and
his group in studies in Hawaii, and obtained a
group of samples from Mauna Loa. Such material,
gathered at minimal cost, is being accumulated
for later interpretation. The largest single source
of particulate samples is the study in Panama,
discussed below.

LIDAR AS AN ATMOSPHERIC PROBE
During the last few years, lidar (laser
radar) has become an important instrument for
probing the atmosphere. So far it has been used
mostly for detecting dust layers at various altitudes, but it may also be useful for studying water
droplets and other atmospheric species (Young,
1964).
During the past year, Burton Schuster has
modified the NCAR lidar system extensively.
The geometry of the laser transmitter has been
changed to permit operation with the transmitted
beam propagating either coaxially or paraxially
with the receiver. In the former case, the entire
range of near-field (less than 10 km) scattering
may be observed, and in the latter case, scattering
above 10 km may be detected, without having
subjected the photomultiplier tube to the very
intense near-field primary scattered signal which
causes the tube to become noisy for several milliseconds. This procedure eliminates complications
introduced by a receiver shutter; instead, two
transmitting prisms are used. The near- and farfield signals overlap at some given altitude and
hence provide normalization for continuity.

The passive shutter, conceived by Schuster
and Robert Watson, for attenuation of the fluorescence associated with lasing, will soon be operational. The fluorescence has been attenuated by
65% with only a 10% loss in total energy and no
measurable loss in peak power of the laser pulse.
The receiver is a cassegrainian optical system, with
a thermally tuned narrow-band interference filter,
that directs the back-scattered laser radiation to
a photomultiplier. The detection and display
electronics have been improved to remove spurious signals.

The performance of the system is indicative of the success of the modifications. The
sensitivity of the previous system was such that
daylight operation, even for cloud sounding, was
not possible. At present, the short-term signal-tonoise ratio through the unclouded daytime atmosphere is 1.0 at an altitude of about 18 km. At
night, this range extends to beyond 25 km, significantly greater than that of the unmodified
system. The maximum detection range of the
system is at present limited by the sensitivity of
the oscilloscope used in displaying the signals.
These performance data were obtained with a
defective ruby rod yielding only 50 MW of power
(less than 1 joule of energy). With the new rod,
operation at 150 MW, which is well below the
damage threshold, will be possible. Consequently,
the effective range will be considerably increased.

Individual component testing of the data
acquisition system has been completed and the
unit delivered. This system performs analog-todigital conversion of the signals received at rates
variable from 0.66-4.0 usec, i.e., range resolution
of 100-600 m. The extreme far-field return is
detected by a pulse-counting system. The system
will be coupled to the laser-firing control for
automatic firing and data storage on tape. Formulations for computer data processing are now
under way.
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Prior to the modification, a short series of
laser soundings was performed from the NCAR
site. Comparison with pure rayleigh scattering
indicates an enhancement factor in the returned
signal of up to 100 at an altitude of 2.2 km. This
factor decreases to 1.5 at an altitude of 5.2 km,
and then increases to 4.5 in the region of the tropopause. At least for the two-day period during
which this series of soundings was made, there
was an apparent "piling-up" of particulate matter,
presumably due to the mountain barrier.
Watson and Guy Goyer (1968) completed
the analysis of the 1965 Sacramento Peak data.
Soundings made at NCAR and elsewhere indicate
that the size distribution proposed by Mossop (1965)
to describe the aerosol in the 20-km dust layer is
more likely than size distributions proposed by
Junge et al.;(1961),and by Friend (1966).The theoretical ratio of total scattering to molecular scattering calculated for Mossop's distribution agrees
very well with ratios obtained from laser soundings by several investigators. In addition, an analysis of laser soundings of cirrus and cumulus
clouds reveals interesting structural features and
discloses promising areas in the field of cloud
physics for application of the laser technique.
Goyer and Watson (1968) have also completed an analysis of recent work concerned
with laser techniques for observing the upper
atmosphere.

PRECIPITATION CHEMISTRY
For several years LAS scientists have
analyzed rainwater collected all over the United
States by the U.S. Weather Bureau. Since precipitation serves as a collector of many minor constituents of the atmosphere, the results of rainwater analyses are especially useful as indicators
of air pollution levels and of trends in the changes
of pollution concentrations. Of course, changes in

incidence and intensity of precipitation must be
considered.
Collection from a network of precipitation
chemistry stations, supervised by Allan Lazrus,
was terminated at the end of 1967. Five years of
good data were obtained for most of the constituents; only about 1/2 years of data were accumulated for the heavy metals, which were analyzed
by atomic absorption spectrophotometry. The
cost of obtaining additional data seemed high
compared with ,the benefit of greater statistical
certainty. Some months of further study will be
needed before the data already accumulated can
interpreted in even a preliminary way.
The data are of excellent quality, and
some generalizations are already obvious. One of
the most striking, for example, is the excellent
correlation between the lead content of precipitation water, and gasoline sales in the county in
which the collecting station is located. This is a
finding of specific importance in evaluating the
transport of lead to the environment.
Recently Lazrus obtained a number of
samples of cloud water collected on a mountain
top in northeastern Puerto Rico. The primary
experiment involved here was the determination
of chloride-to-sodium ratios. Several investigators
claim to have found large chlorine excesses, which
they attribute to dissociation of sea salt to form
gaseous chlorine compounds. However, Lazrus felt
their data to be suspect, because all their collections were from fairly contaminated areas. The
Puerto Rican site is unpolluted, about 1 km
above sea level, and in the clear path of the trade
winds. Demonstrably, much of the salt had traveled some distance since there was a large increase
in total salts in response to a storm in the North
Atlantic, yet not a single sample deviated more
than a few per cent from the chloride-sodium ratio
of sea water. On the other hand, there was considerable excess sulfate in nearly constant absolute amount.
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FILTER EVALUATION
Beginning in September 1966, Kvetoslav
Spurny, of the Czechoslovakian Academy of
Science, spent a year with the Atmospheric Chemistry Program. Spurny's previous work was on the
theory of particle filtration. This has been a difficult subject because filter structures are too complicated to be modeled mathematically, and theoreticians have been forced to make simplifications.
However, shortly before Spurny's arrival, a new
type of filter (micropore) was announced by the
General Electric Company. This filter consists of
a flat, uniform film with straight, round, uniform
holes through it, as small as 0.5 p in diameter.
It can be precisely described mathematically, so
Spurny set up equations for the NCAR computer,
and checked the results experimentally. Agreement
was gratifyingly good (Spurny and Lodge, 1967,
1968) In addition to a spectacular validation of
theory, several practical applications were found
for the new filters. For example, an extremely
rapid and simple technique was developed for
measuring total particulate concentrations; this
technique has found immediate use in our field
studies in Panama.
PHOTOCHEMICAL AEROSOL
FORMATION
During the last few years, Alexander Goetz
has been investigating aerosol formation in photochemical smog, especially the influence of airborne particles already present. Recently David
Sheesley found it possible to show chemically
that large amounts of nitrogen dioxide are photochemically changed in the flow system developed
by Goetz, and that nitric oxide is not a significant product. A major paper on the roles of sulfur
dioxide and water vapor in the system has been
published (Goetz and Pueschel, 1967). Further
tests are planned to evaluate the extent to which
the system in its present form relates to nature.
Goetz has also designed other experiments in
aerosol nucleation. These studies are in collabor-

ation with the Atmospheric Research Group,
Inc., of Altadena, California.
ANALYTICAL METHODS FOR TRACE
GASES, AND THEIR APPLICATIONS
TO TROPICAL STUDIES
The development of increasingly sensitive analytical methods is a key part of any
program in atmospheric tracers, as well as in
studying atmospheric reactions.
John Pate designed and largely completed
a facility to produce accurately known test concentrations of a wide variety of gases. He has also
developed improved methods of measuring nitric
oxide and sulfur dioxide (1967). Arthur Wartburg
critically evaluated a number of ozone-measuring
devices, and selected the most suitable for aircraft
instrumentation; his evaluation will benefit a number of programs which use ozone data in identifying stratospheric air.
Allan Lazrus and H.-W. Georgii, the latter
a summer visitor from the University of Frankfurt,
repeated measurements of atmospheric sulfur
dioxide levels aloft. Georgii had previously made
similar measurements over Europe. They found
that sulfur dioxide concentrations over the Great
Plains were below the detection limit of the analytical method, or at least an order of magnitude
less than over Europe. As a result, a number of
figures on global levels of sulfur dioxide must be
reconsidered. Fischer is exploring better ways to
collect sulfur dioxide at low levels, and Wartburg
and Lazrus are examining a totally new analytical
system for this key contaminant.
Herman Axelrod, a postdoctoral appointee,
is studying the use of the newly available ionspecific electrodes in air analysis. Specifically, since
no suitable method exists for determining ambient
concentrations of hydrogen sulfide, he is testing
a sulfide electrode for that purpose. Much sulfur
apparently enters the air as hydrogen sulfide, and
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is then oxidized to sulfur dioxide and thence to
sulfate. The concentration of hydrogen sulfide
is so low that almost nothing is known about its
distribution in the air.
For several years we have had a sizeable
field program on trace chemistry of the tropics,
in Panama and the Canal Zone. In 1967, the contract with the Army Research Office paid necessary
travel expenses for the work, and provided some
equipment which could not have been acquired
otherwise, making more intensive studies possible.
James Lodge has had overall charge of this work,
with Pate having direct responsibility. Wartburg,
Lazrus, Sheesley, and Evelyn Frank all assisted in
various phases; Miles LaHue spent nearly half of the
year in residence in the Canal Zone. Reinhold
Rasmussen of Dow Chemical Company acted as a
consultant on gas chromatography. This study involved collaboration with the U.S. Army Tropic
Test Center, which in turn received a portion of its
funds from the Advanced Research Projects
Agency. Assistance was also received from the
Barro Colorado Island field station of the Smithsonian Institution, and from personnel of the
U.S. Army Chemical Corps.
The purpose of our study is the elucidation of source-and-sink relationships among airborne materials in the tropics. Special emphasis
was placed on nitrogen and sulfur species and
organics. A fairly complete picture of both diurnal
and seasonal variations of sulfur dioxide distribution is now available in three dimensions. However, a principal source of sulfur dioxide must be
oxidation of hydrogen sulfide, for which no suitable method of analysis is available. A major sink
is conversion to sulfate, for which methods of
analysis have been developed, though our data are
not yet as complete as might be wished. Similarly,
ammonia and nitrogen dioxide are now reasonably
well studied, but nitric oxide still presents probblems, and no satisfactory method is in sight for
determining nitrous oxide and nitrate. LaHue has
made good progress with the chromatography of

the lighter organics, which are present in surprising
amounts. An additional year has been requested,
but with less time spent in the field, and more in
the laboratory specifically attacking these problems of method.
As a whole, the study in Panama has produced substantial new information. On the basis
of information available at its inception, it was
impossible to state which analytical methods
would be needed. A series of papers summarizing
the present state of knowledge is in preparation.
TRACE GASES AND
WATER VAPOR
Isotope studies of water vapor, including
tritium, D/H and 0 /0
measurement of aircraft collections, which were initiated by D.H.
Ehhalt, are being continued by Linda Lieker
with the guidance of Traugott Scholz, a visitor
from Heidelberg. Related studies of methane,
hydrogen and other trace gases are carried out
by Leroy Heidt.
The collection of water vapor profiles in
flights over Scottsbluff, Nebraska performed by
NCAR aircraft, and measurements of tritium and
deuterium contents in the samples have been
continued throughout 1967.
Two years of
measurements now permit a study of systematic
variations in isotopic composition with respect
to time and altitude. Water vapor profiles were
also taken over the Pacific Ocean and over Death
Valley for shorter time periods. Results are being
evaluated by Ehhalt at the University of Heidelberg.
In cooperation with H. G. Ostlund of the
Institute of Marine Science, University of Miami,
studies have been undertaken of the isotopic
composition of water vapor collected in hurricanes. Deuterium data from samples obtained
at NCAR, and results of tritium measurements
at Miami, are used in evaluating the air-sea
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exchange of water in different parts of the
hurricane system.
Vertical profiles of air samples have been
collected monthly during the past three years over
Scottsbluff, Nebraska, Death Valley, and the eastern Pacific Ocean. Hydrogen and methane concentration data for these profiles are now complete.
A new rotary air sampling valve for balloon use was completed by the NCAR machine
shop and was flown from Palestine, Texas in
July 1967, collecting a profile of samples from
105,000 ft down to 32,000 ft. Eight samples
were collected, and Heidt has measured their
Ne, H2 and CH 4 concentrations by gas chromatography. These data, which show a marked decrease
in methane concentration with altitude, will supplement the aircraft profiles.
Two sample profile flights were completed in November in cooperation with Christian
Junge, to determine atmospheric N20 concentrations from ground level to 30,000 ft. These samples
have not yet been completely evaluated.
Calibration of the D-C chromatographic
detector has begun. It appears that this instrument will be useful in measuring atmospheric H2 ,
CO, CH 4 , N2 0 and CO 2 . A mixture of activated
charcoal and silica gel is being used for column
packing to resolve these gases. The calibrations
will be completed as soon as a good standard
containing H2 , CO, CH 4 , N2 0 and CO 2 in air
can be prepared or purchased.
ROCKET-BORNE CRYOGENIC
AIR SAMPLER
Under NASA Contract No. NASr-224,
the Isotope Geochemistry Program, directed by
Edward Martell, has undertaken to design and
develop a cryogenic air sampler for application
over a wide range of altitudes above 40 km, the
practical ceiling for balloon systems, and to con-

struct two samplers for the Aerobee-150 rocket
for the investigation of trace gases, aerosols, and
dust in the upper stratosphere and lower mesosphere. After construction, the sampling systems
will be subjected to detailed engineering tests and
experimental evaluation by NCAR; to liquid
hydrogen cryogenic tests by the Cryogenic Engineering Laboratory, National Bureau of Standards,
Boulder, Colorado; and to flight tests by the
NASA Goddard Space Flight Center. After flight
and recovery at White Sands Missile Range
(WSMR) by NASA, the air sample and sampler
units will be returned to Boulder via NCAR aircraft for sample extraction and detailed analysis.
Details of progress on this work are available
in quarterly reports which are distributed to
interested agencies and individuals.
During 1967 the fabrication and engineering tests were completed. Laboratory evaluation studies are in progress. Liquid hydrogen
tests and simulated air sampling experiments will
be carried out at the NBS Cryogenic Engineering
Laboratory in the immediate future.
Preparations for the rocket sample analysis are complete in most respects: Experimental
facilities are ready for determining the water vapor content and its tritium and isotopic composition, carbon dioxide concentration and its carbon14 content, and methane, hydrogen and other
trace gases to be measured by gas chromatography and mass spectrometry. Facilities are also
prepared for the extraction and analysis of radioactive aerosol constituents.
In preparation for the rocket air-sampling
flight, Scholz is conducting a thorough investigation of water adsorption to the inner metal
surface of the sampler volume. Because of the
small amount of water vapor we expect to
sample at stratospheric altitudes (of the order of
1 mg in 10 moles of air), the contribution to the
sample of water adsorbed to the walls at ground
level has to be determined carefully and reduced
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as far as possible. A reduced-scale sampler model
and a sensitive residual gas analyzer are used in
these bakeout and water recovery experiments.
As the result of recent modifications of
the first sampler to provide for water vapor collection and measurement, the schedule of flight
preparations and rocket flights has been delayed.
Tentatively, the first sampling rocket flight is
scheduled for May 1968, at WSMR. The second
payload will be constructed and tested for a
rocket flight later in 1968.

REACTIONS OF FREE
RADICALS IN SMOG*
The reactions of several free radicals with
the oxides of nitrogen have been studied by Eric
Allen and Kent Bagley to determine their relative
importance in a photochemical smog environment. These reactions may be significant in the
secondary processes consisting of the propagating and terminating steps of photochemical
pollution. Thus, the production of reaction-chain
carriers or branching agents in propagation steps in
competition with carrier scavenging, leading to the
formation of stable end products by termination
steps, is a balance of considerable importance.
Ultimately it determines the chain of events leading to rapid deterioration of local urban atmospheres. In order that these destructive processes
may be controlled effectively, a better understanding is required of fundamental processes involved. The studies that have been made relate
not only to pollution through human activity but
also to natural processes. An example of the latter
is the formation of oxidation products in the
* This section deals with a highly specialized aspect
of photochemistry. We have not tried to express
the ideas in "layman language," but have retained a technical presentation so that it may be
meaningful to those in the field.

Panamanian jungle which are being measured by
Lodge, Pate and LaHue (see above). Analysis of
atmospheric constituents and laboratory studies
of simple systems are complementary and necessary to one another, the former giving a measure
of the abundance and the latter attempting to
describe the whole situation by breaking down
the overall complexity into individual processes
producing and removing these components. This
work may be relevant to studies of the aerosolNO 2 -hydrocarbon system being made by Goetz
and Sheesley. However, for the present we have
not included the additional complicating factor
of heterogeneity in our system.
Our synthetic reaction studies yield kinetic and mechanistic information which ultimately
can be extrapolated to the real polluted atmosphere. The necessity for studying these basic
reactions is exemplified by the lack of adequate
data in current literature. As our understanding
increases, we plan to add other components and
study the resulting competing, simultaneous, consecutive, and cross reactions. Before attempting to
study a three-component system, however, we
must know the chemistry of the individual components as well as of the three combinations of
pairs. We contemplate, therefore, adding molecular oxygen to the radical-nitrogen oxide mixture
only after the radical-oxygen system has been
evaluated by our methods. This project bears directly on studies of oxidative destruction of atmospheric methane made by the Photochemistry and
Isotope Geochemistry Programs. The reaction of
CH with O is an important competing secondary
process and warrants further study to answer some
of the questions posed in the section on atmospheric methane.
The free radicals investigated were methyl
and acetyl (from primary processes) and methoxy
(from secondary processes). These radicals were
produced in the presence of nitric oxide and/or
nitrogen dioxide at room temperature by the
following photolytic systems:
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* Methyl iodide-nitric oxide mixtures at
3130A.
*

Acetone-nitric oxide mixtures at 3130A.

*

Biacetyl-nitric oxide mixtures at 3130A.

* Acetaldehyde-nitrogen
at 3660A.

dioxide mixtures

Product formation as a function of irradiation
time was used to follow the reaction.The products were identified by infrared spectrophotometry and mass spectrometry. Products were
separated and analyzed quantitatively by using
direct-sampling gas chromatographic techniques.
The results of these studies have been presented
in part (Allen and Bagley, 1968) with an evaluation of existing data normalized to the current
most acceptable rate constants. It was found that,
for the reaction CH 3 + NO, the rate constants
obtained by others varied by three orders of
magnitude, irrespective of whether they were calculated on the basis of a third-order (pressure
dependent) reaction or a two-body recombination.
The collision yields obtained by others, on the
other hand, varied by a factor of only 50, and
are more reliable for comparative purposes.
Because of the irreversible absorption
effects, the ,methyl iodide-nitric oxide reaction
was not amenable to study using our methods;
only qualitative data were obtained. All the systems investigated showed remarkable similarities
to one another. First, product formation showed
a marked dependence on the initial concentration
of nitric oxide. Second, the products depended
only upon the radicals produced and not necessarily on the hydrocarbon substrates. Finally, at
appreciable concentrations of NO 2 (>5 torr),
primary products of radical-nitric oxide reactions
were removed rapidly by secondary reaction with
NO 2 . For example, with 5 torr NO and acetone
as a radical source, radical recombination and

abstraction reactions were not completely suppressed. Formamide and methyl acetate were
detected as well as the usual products of acetone
photodecomposition. Using 50 torr NO, radicals
were completely scavenged by the nitric oxide;
the major products were formamide and methyl
acetate, followed by secondary production of
NO 2 and nitromethane. With 100 torr NO, the
major products were NO and nitromethane,
followed by secondary production of methyl nitrate. We have not been able to isolate the primary
addition compounds of methyl, acetyl, and methoxy radicals with nitric oxide. This may be due
to the low stationary concentrations achieved by
these molecules because of their thermal instability and reactivity. Formamide may be produced
by isomerization of "hot" nitrosomethane at the
low pressures employed, but we do not completely
preclude the possibility of nitrosomethane rearrangement on our chromatographic columns.
This is the first time, however, that formamide
has been definitely characterized as a product
of methyl-nitric oxide addition. Methyl acetate
formation is not easily explained, but we do
have some evidence that both the compounds
CH 3 NO and CH 3 CONO are involved to some
extent; a mechanism has been proposed but not
proven. We have obtained confirmatory evidence
for the production of NO 2 from NO, in the absence of molecular oxygen, via successive attachment of NO to the radical-NO addition compounds. The rate of NO 2 formation, however,
is linearly dependent on the square of the initial
nitric oxide concentration. This mechanism cannot therefore be important for polluted atmospheric conditions, where NO concentrations seldom exceed 10 pphm. In the photolysis of biacetyl-NO mixtures, appreciable acetic acid is
produced, along with the products mentioned previously. This may account for the observation of
acetic acid production in some studies of the
reaction of atomic oxygen with acetaldehyde;
more importantly, it indicates that oxidation
mechanisms occur in the absence of molecular
oxygen.
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The primary processes of photolysis of
nitrogen dioxide at 3660A in the presence of
acetaldehyde are well known from studies by
Cadle and Powers (1967) and others. Atomic
oxygen, produced by the photodissociation of
nitrogen dioxide, abstracts hydrogen from acetaldehyde to produce acetyl and hydroxyl radicals.
The subsequent reactions of the acetyl radicals
were of prime interest to us. Resulting products
of reaction were carbon dioxide, methyl nitrate,
nitromethane, and methyl acetate. Formation of
these compounds is consistent for the most part
with the mechanism suggested by thermal studies
(Pedler and Pollard, 1957).

NO + h - NO + O (3 P)
CH CHO+O (3 P)

CO 2
CHC

(1)

CH CO + OH

CH CO + NO, -CH-CO

(2)

+ NO
(4)

CH + CO,

CHNO

(5)

(M)

CH + NO2
CH 3O +NO
CHO + NO 2 -CH

The isomerization reaction of methyl radicals
with NO 2 , and the reaction of methoxy radicals
with NO, were not important in our system as we
did not observe methyl nitrite formation. We also
concluded that any nitroso-compounds produced
reacted rapidly with the excess NO 2 to produce
the corresponding nitro-compounds by displacement of NO. We obtained a value for k /k 6 = 1.5
at 25°C based on the following assumptions:
Nitromethane is produced mainly by reaction (5)
and methyl nitrate is formed exclusively by reaction (6), immediately followed bythe fast reaction
(7). If reaction (5) is independent of temperature,
using the reported value of k /k 6 = 0.5 at 900C,
we estimate reaction (6) to have an activation
energy of 3.7 kcal/mole.

ONO 2

(6)
(7)

Some of the questions posed in the Annual
SReport for 1966 have been partially answered. The
nitric oxide concentrations are not large enough
to successfully scavenge free radicals using our
)rates of reaction or those of other investigators.
Reaction' with molecular oxygen predominates
because of the high concentrations present. The
change in mechanism causing nitric oxide to inhibit reactions at low concentrations and accelerate reactions at high concentrations appears to be
reactivity of nitrosodue to the increased
is increasconcentration
oxide
nitric
as
compounds
ed, to form new chain carriers. More information
is required before we may resolve the other questions.
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ATMOSPHERIC OPTICS AND RADIATION
During 1967, as in recent years, the attention of Carl Mateer, Jitendra Dave and their
associates has been focused on indirect probing
of the atmosphere, with particular reference to
ozone and dust. Most of their work may be summarized under three headings: the Nimbus D
experiment to determine the spatial distribution
of ozone, the construction of a high-sensitivity
ultraviolet double monochromator for surfacebased ozone determinations, and the satellite
twilight experiment for deducing information
about the vertical distribution of dust.
THE NIMBUS D EXPERIMENT
The Nimbus D experiment, which was
originally proposed jointly by Dave at NCAR
and Donald Heath of NASA, involves double
monochromator measurements of ultraviolet radiation backscattered by the earth's atmosphere in
12 wavelength bands. Filter-photometer measurements in a 13th, wavelength band, at 3800A,
which is unaffected by ozone absorption, will be
used to monitor the ultraviolet reflectivity of the
clouds and surface viewed by the monochromator.
During 1967, Beckman Instruments Inc., of Fullerton, California was selected to design and build
the satellite instrument. A working "breadboard"
model has been essentially completed and has
undergone preliminary testing. The tests have
indicated that some further design modifications
are necessary to reduce the scattered-light level
within the instrument in order that sufficiently
accurate measurements may be taken at the shorter wavelengths between 2550 and 2900A. Studies
utilizing the high-resolution solar spectrum compiled by Paul Furukawa, Philip Haagenson and
Mary Jo Scharberg (1967) were used as a basis for
selecting the twelve wavelength bands to be measured between 2555 and 3398A.
In extensive preliminary study, Dave and
Mateer (1967a, 1967b) pointed out the import-

ance of knowing the ultraviolet reflectivity of
clouds and natural ground surfaces as a function
of wavelength. Using equipment assembled and
calibrated by Heath, a considerable amount of
reflectivity data was obtained during May and
June on flights of NASA's Convair 990 aircraft.
Furukawa, who participated in the flight program,
is now analyzing the data.
Directly related to the Nimbus D experiment, the cooperative work with the Laboratory
for Atmospheric and Space Physics of the University of Colorado was continued in 1967. Dave and
Hugh Walker developed computer programs for
processing and microfilm archiving data from the
ultraviolet monochromator on OGO II. Because
of early failure of the OGO II altitude control,
very few of the data are suitable for inversion to
obtain information about the high-level vertical
ozone distribution. The best of the data will be
analyzed by Gail Anderson of the University of
Colorado in her M.S. thesis research.
In other work related to the Nimbus D
experiment, Mateer entered into a cooperative
experiment with Tom Gehrels of the Lunar and
Planetary Laboratory of the University of Arizona. In this experiment, Gehrels will fly a polarimeter on a constant-level balloon at 120,000 ft,
and will measure intensity and polarization of
direct moonlight or sunlight at 2250, 2700 and
2850A. During the day, he will also measure the
intensity and polarization of scattered sunlight in
the anti-solar plane at five-degree intervals from
near the zenith down to about 250 from the nadir
direction. During the approximately 36-hr flight
(sunset to sunrise plus the intervening day), three
or four ozone soundings will be made by NCAR
scientists. From the radiation measurements obtained, the total amount of ozone above flight
level over the complete diurnal cycle will be deduced. In addition, information will be obtained
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about the vertical ozone distribution during the
day. In the only flight attempted thus far under
the cooperative arrangement, the balloon developed a rapid trajectory toward the Gulf of Mexico
after about 12 hr and had to be brought down.
The moonlight data obtained are being analyzed
by Gehrels. Future flights are planned.

ULTRAVIOLET DOUBLE
MONOCHROMATOR
Claire Shelden and his colleagues have continued their work on the design and development
of the double monochromator, intended for use
in surface-based ozone determination from scattered ultraviolet light. Except for two small subassemblies, the mechanical portion of the double
monochromator was completed early in September. Preliminary mechanical and optical assembly,
as well as alignment and checkout, are now in
progress. Some mechanical design changes have
been found necessary, largely because of insufficiently rigid optical mounts and locking devices. Instrument support mounts, for use in the
mobile van which will eventually house the
instrument, have yet to be completed. With the
exception of repackaging the master control unit
and constructing the temperature control unit,
electronic control and recording units have been
completed and are now being installed and wired
in racks. System checkouts are being made concurrently. The electronic control system and final
mechanical and optical assembly and alignment
should be completed during the first half of 1968.
Rooftop observations should be possible in spring
pending completion of the instrument support
mount and satisfactory optical behavior of the
monochromator during laboratory tests. Installation of the system in the instrument van will
follow. In the meantime, John DeLuisi has
commenced work on the development of techniques which will be used in the evaluation of
data obtained with the double monochromator.

SATELLITE TWILIGHT EXPERIMENT
The satellite twilight experiment, entered
into cooperatively with Lawrence Dunkelman
and Dennis Evans of NASA, is an outgrowth of
visual and photographic observations of twilight
by Mercury and Gemini astronauts. In a qualitative analysis of a color photograph of the banded
color structure of the twilight, Mateer, Dave,
Dunkelman and Evans have been able to infer
the existence of a layer of dust particles near
50 km. It is hoped that filter photography of the
twilight from future manned spacecraft missions
will provide more information about the vertical
distribution of dust particles. In an extension of
the satellite twilight work, Dave and Mateer have
used a simple primary scattering model to investigate the effect of stratospheric dust on the
color of the twilight sky.
In a continuation of their earlier work on
multiple scattering of solar radiation in a plane
parallel nonhomogeneous rayleigh atmosphere,
Dave and Furukawa (1967) evaluated the effects
of rayleigh scattering and Lambert ground reflection on solar energy absorbed by atmospheric
ozone. In addition, the downward flux of scattered ultraviolet radiation at the earth's surface was
computed for seven different ozone distributions,
two wavelengths (3025 and 3075A), and 12
solar zenith angles. This work was carried out in
support of a research program of Julius London at
the University of Colorado.
While at NCAR as a summer visitor,
Richard Craig (Florida State University) carried
out preliminary investigations on two problems.
In the light of the present confused situation
with respect to the photochemical reactions that
control the vertical ozone distribution in the
upper stratosphere, he considered the extent to
which actual observations of the ozone distribution could be used to test the validity and adequacy of the classical Chapman theory. He also
examined the effect of the 62-u line of atomic
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oxygen on heating rates in the lower thermosphere, with full consideration of radiative-transfer
effects.

John Gille, another summer visitor from
Florida State University, examined the possibility of estimating diurnal temperature variations
at the stratopause from horizon radiance measurements (Gille, 1968). He also investigated the
propagation of acoustic waves in a non-grey
radiating atmosphere and, with Robert Ellingson,
a graduate student, completed a study on the
correction of random exponential band transmissions for doppler effects (Gille and Ellingson,
1968).
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INTRODUCTION
As in previous years, the two main
activities of the Advanced Study Program were
the support of postdoctoral fellows on one-year
research appointments, and the support of senior
scientists who come here, mostly for periods of
one year, to pursue their own research interests
free from the distractions of teaching and
administrative responsibilities which are a part of
their normal duties at their home institutions. In

addition to pursuing their own research our
visitors participate in seminars and colloquia.
In January 1967 Bernhard Haurwitz
became Director of ASP in order to enable Philip
Thompson to devote full time to the direction of
the Dynamics Department of LAS. Edward
Benton joined the Division as Assistant Director
in June

SEMINARS AND LECTURES
Regularly scheduled seminars on various
aspects of the Atmospheric Sciences, such as
atmospheric and fluid dynamics, atmospheric
physics and chemistry, aeronomy, space physics,
and astro-geophysics, are a part of the scientific
exchange of ideas at NCAR. Members of ASP
participated actively both as speakers and as
listeners in these activities.
Permanent staff members gave two series of

lectures during 1967. Both series constituted
regular summer courses in the Astro-Geophysics
Department at the University of Colorado.
* During Winter/Spring 1967 Haurwitz gave a
seminar course on various aspects of atmospheric
gravity waves.
* During Fall/Winter 1967 Benton lectured
on fluid dynamics.

SUMMER COLLOQUIM ON THE SOLAR CORONA
Since the topic of the summer colloquium
was in the field of solar physics, the selection of
lecturers and of graduate students attending the
seminar was made by HAO, which with the
Department of Astro-Geophysics of the University of Colorado also supplied most of the
lecturers. Frank Orral of the University of Hawaii
was in charge of the program; his morning
lectures constituted a regular summer course of
the Astro-Geophysics Department. Other speakers
presented their lectures in the afternoons.

PARTICIPANTS
Lecturers
R. Grant Athay, HAO
Donald E. Billings, University of Colorado
Richard L. Blake, HAO
William A. Boardman, University of Colorado
J. David Bohlin, California Institute of
Technology
G. William Curtis, HAO

144

John A. Eddy, HAO
John W. Firor, HAO
Peter A. Gilman, University of Colorado
Charles L. Hyder, Sacramento Peak Observatory
Roger A. Kopp, HAO
Max Kuperus, Space Research Laboratory,
Utrecht, Netherlands
J. McKim Malville, HAO
Gordon A. Newkirk, Jr., HAO
Frank Orral, University of Hawaii
Walter O. Roberts, NCAR
Elske v.P. Smith, University of Maryland
Einar Tandberg-Hanssen, HAO
James W. Warwick, University of Colorado
Students
Theodore V. Blanc, Ball State University
Jih K. Chao, Massachusetts Institute of
Technology

Charles Tony Gordon, Massachusetts Institute
of Technology
Marie E. Hallam, Johns Hopkins University
Alexander A. Kennel, Cornell University
Elia H. Leibowitz, Harvard University
Thomas J. Moffett, Louisiana State University
Ronald L. Moore, Stanford University
Jae-hyoung Park, Wilkes College
Curtis W. Wells, Sam Houston State College

Several colloquium attendees stayed on
after the conclusion of the lecture series. Of
these, Blanc worked with John Eddy of HAO,
and in connection with his work also went to
Climax; Chao, Gordon and Leibowitz studied
computer techniques with Jeanne Adams of the
FAL Computing Facility; Marie Hallam first
completed a project under Orral and then also
studied with Jeanne Adams.

UCAR FELLOWSHIP PROGRAM
The fellowship program was established by
the University Corporation for Atmospheric
Research (UCAR) to attract outstanding students
into graduate study in the atmospheric sciences
and related fundamental disciplines.

UCAR Fellows in 1967 were:
William R. Barchet, Colorado State University
David B. Johnson, University of Chicago
James M. Mitchell, University of Indiana
William F. Weigle, University of Michigan

RESEARCH
Members of the Advanced Study Program
are encouraged to pursue research of their own
choice, either alone or with members of NCAR's
permanent staff in any of its divisions. Postdoctoral fellows and long-term visitors are
selected from a large group of scientists, working
not only in the atmospheric sciences in the
broadest sense, but also in the basic sciences such

as physics, chemistry, and mathematics. Consequently the research done in ASP ranges over a
very broad field and considers such varied
problems as the hydromagnetics of the earth's
interior, the dynamics of ocean currents and lake
circulation, atmospheric turbulence, mountain
waves, atmospheric ozone, tidal variations of
meteorological and geomagnetic parameters, the
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behavior of the ionospheric D region, and solar
physics.
Some of the problems investigated by the
permanent staff of ASP, by long-term visitors,
and by postdoctoral fellows are listed below.
Appointments are, as a rule, made for the fiscal
year rather than for the calendar year; the Annual
Report for 1966 gives additional information
concerning those staff members whose appointments expired during 1967.
Edward Benton, after joining ASP in June
as Assistant Director, continued his studies of the
theory of viscous flow and turbulence. He investigated, among other problems, the axially symmetrical flow induced in an incompressible fluid
by a rotating sphere, extensions of the TaylorProudman theorem to arbitrary Rossby numbers,
and the Ekman boundary layer problem in the
presence of an axial magnetic field. He also
prepared and gave a new course in Fluid
Dynamics in the Astro-Geophysics Department of
the University of Colorado.
Rumen Bojkov, from the University of
Sofia, Bulgaria, who has a joint appointment with
the Astro-Geophysics Department of the University of Colorado, completed a bihemispheric
analysis of atmospheric ozone distribution and its
variations, on the basis of all known total ozone
observations .during the last ten years. This
research will appear as the first global ozone atlas.
Bojkov is developing a numerical method for
computing mean vertical ozone profiles on a
statistical basis. He is also working on the
problem of stratospheric response to extraterrestrial influences at the time of geomagnetic
storms and abnormal radiowave absorption in the
lower ionosphere.
Sydney Chapman studied the solar and
lunar daily geomagnetic variations that are
generated by dynamo action of periodic variations of airflow in the ionosphere. With Benson

Fogle he completed the discussion of the solar
and lunar daily magnetic variations at San
Fernando, Spain. With Jagdish Gupta he discussed
the daily geomagnetic variations during the IGY
and at the preceding sunspot minimum, on the
basis of both spectral and harmonic analysis.
Chapman continued to collaborate with Peter
Kendall of the University of Sheffield, England,
in studies of a magnetospheric ring current, and
began to study the magnetic variations caused by
sea tides near coasts. For brief periods he was a
visiting lecturer at the University of California at
Los Angeles and at the National University of
Mexico. He is also continuing to serve as Advisory
Scientific Director of the Geophysical Institute of
the University of Alaska and as Professor of
Geophysics there, and is in residence at College,
Alaska for one term.
Wan-Cheng Chiu, on leave from the Department of Geosciences, University of Hawaii,
occupied himself with a new formulation of the
energy equations of atmospheric motions in the
frequency domain. He is also exploring, with the
assistance of NCAR's Scientific Balloon Facility, the possibility of an observational study of
the tropopause by constant pressure balloons.
Such a technique would give a much more
complete and detailed picture of the tropopause
than the present system of radiosonde observations.
Benson Fogle, from the Geophysical
Institute of the University of Alaska, spent much
of his time since coming to NCAR in November
with the preparation of a paper on noctilucent
clouds, and other work resulting from his earlier
studies of these phenomena. He participated also
in the study of lunar tidal winds conducted by
Haurwitz and Cowley and assisted in the final
preparation of a volume honoring Sydney
Chapman on the occasion of his 80th birthday in
January 1968.
Grahame Fraser, on leave from the University of Canterbury, Christchurch, New Zealand,
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began a computer analysis of data from a Dregion ionospheric drift experiment in
Christchurch. The data cover winter/spring transitions for 1966 and 1967, and will provide further
clarification of the late-winter mesopheric event,
discovered in the 1964 data (Fraser, 1968), which
is very similar to the stratospheric warmings at
lower altitudes.
Arne Grammeltvedt, from the University of
Oslo, Norway, is continuing his studies on
numerical integration. He has completed a study
of finite difference methods in two dimensions, in
which he surveyed ten schemes for the primitive
barotropic equations. He compared their truncation errors and linear and nonlinear stabilities to
find the best scheme for use in long-term numerical integrations.
Jagdish Gupta, from UCLA, cooperating
with Chapman, studied by spectral and harmonic
analysis the magnetic variations induced thermally and tidally in the ionosphere, and began an
extensive analysis of magnetic data intended as a
basis for a new determination of the lunar tidal
electric current system in the upper atmosphere.
Bernhard Haurwitz, with the assistance of
Ann Cowley, continued his studies of the lunar
barometric tide. He completed the tidal determination for 14 widely distributed stations and
began an analysis of the lunar tide over Australia.
He conducted a seminar on atmospheric gravity
waves jointly at NCAR and the University of
Colorado. During the summer term he was a
visiting professor at the Geophysical Institute of
the University of Alaska, where he gave a course
on dynamic meteorology.
Seymour Hess, of the Department of
Meteorology, Florida State University, was here
for a visit of eight months. He continued his work
on the dynamics of the atmospheres of Venus and
Mars.

Koji Hidaka, Emeritus Professor of Oceanography, University of Tokyo, visited NCAR for
three months, during which he worked on two
problems in dynamic oceanography: the nonlinear theory of the equatorial current (with
James O'Brien) and the computation of vertical
motions.
Cecil Leith, from Lawrence Radiation
Laboratory, completed during a three-month visit
here a manuscript on the diffusion approximation
for turbulent scalar fields.
James Liggett, on leave from the School of
Civil Engineering, Cornell University, has been
studying three-dimensional lake circulation with
special reference to the Great Lakes.
David Loper, from Douglas Aircraft, is
investigating the nature of the torque interaction
between the rigid mantle and fluid core of the
earth, arising from magnetoviscous shear forces
and the non-spherical shape of the core-mantle
interface. This interaction torque is being used in
calculations of the response of the mantle and
core to the 26,000-year and 19-year period
precessional torques caused by the sun and moon.
Berislav Makjanic, on leave from the
University of Zagreb, Yugoslavia, developed a
mathematical model for the bora, the strong wind
which blows, often for several days, along the east
coast of the Adriatic Sea without change of
direction. The bora shows a very distinct diurnal
variation of its speed, and the aim of the model,
which includes friction, variable density, and heat
transfer, is to account for this variation. A
numerical integration is now being performed for
comparison with the empirical data on the bora.
Stoycho Panchev, on leave from the
University of Sofia, Bulgaria, who has a joint
appointment with Colorado State University, is
continuing his studies of turbulence and its
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meteorological applications. He completed a
determination of the coefficient of horizontal
macroturbulent exchange in the atmosphere, and
research on elementary solutions of the spectral
equation of turbulence. He is now preparing his
book, Random Functions and Turbulence, for an
English edition; two preceding editions have been
in Bulgarian and Russian.
Elliot Schulman, who came to ASP after
spending a year at the Institute of Oceanography
in Goteborg, Sweden, is investigating the
dynamics of wind-generated ocean currents, with
special emphasis on reasons for their breaking

away from the coast (as for example the Gulf
Stream).
Wim Toutenhoofd, from the University of
Melbourne, Australia, is by avocation a glider
pilot, and thus naturally has an interest in the
flow of air over mountains. He is devising a
nonlinear mathematical model for the study of
such flow.
Dino Zei, on leave from Ripon College, is
collaborating with John Malville and Einar
Tandberg-Hanssen at HAO on a study of the
profiles of K lines in solar disk flares.

148

ADVANCED STUDY PROGRAM PUBLICATIONS
*Akasofu, S.-I. and S. Chapman, 1967: A
systematic shift of the DS axis. Planet. Space
Sci. 15 (5), 937-938.

Meteorology, McGill University, Canada, in
press.

*Benton, E. R., 1967: Solutions illustrating the
decay of dissipation layers in Burgers' nonlinear diffusion equation. Phys. Fluids 10(10),
2113-2119.

atmosphere at 600 and 1050 km deduced from
EXO II and EXPLORER XIX data. In Trans.
Bulgarian Acad. Sci., Institute of Astronomy,
in press.

1968: A composite Ekman boundary
layer problem. Tellus, in press.

*Chapman, S., 1967: The magnetic field of the
earth. Reader's Digest Almanac, 143.

with G. Gogoshev, 1968: Density of the

__,

*Blumen, W., 1967: Energy partition in a barotropic atmosphere. Tellus 19, 174-182.
, 1967: On nonlinear geostrophic adjustment. J. Atmos. Sci. 24, 325-332.

_

, 1967: Solar emissions and magnetic

auroral storms on the earth. In Magnetism and
the Cosmos, Oliver and Boyd, Ltd., Edinburgh
and London.
196 '7: Hicftnrr

*Bojkov, R., 1967: Observation on the total
ozone during the solar eclipse of May 20, 1966.
Annual of the University of Sofia, Vol. 60,
Faculty of Physics, Sofia, Bulgaria.

cf

iirncro

the

anc

airglow. In Aurora and Airglow, Proc. NATO
Advanced Study Institute, University of Keele,
Staffordshire, England, 15-28.
t

_

,

1967:

Relationship

between

the

changes of ozone partial pressure in different
layers and the total ozone. Meteorol. i Gidr. 5,
24-28, Moscow.

years ago. In Lectures in Theoretical Physics,
Kinetic Theory, Vol. 9c, Gordon and Breach,
London, Ch. I, 1-13.
_____ •

1967t'

Verticrql n7nne cistrifrtin

n onver

South Africa. J. Geophys. Res. 72, 5585-5593.
, 1968: Ozone distribution over Medi-

terranean, Central and Southeast Europe during
the IQSY. Pure Appl. Geophys., Zurich, in
press.
_

, 1968: Mean pole-to-pole vertical ozone

distribution.
Seminar on

In Proc. Seventh Stanstead
Middle Stratosphere Publ. in

*ASP Publications in 1967

th

kinetic

The
7691

:

I

7691

Th

IeI

f

ti

li

IJo
IUI-cy

c.rll.,LL.JIll1JI

cll.

variation in harmonic analysis. J. Atmosph.
Terr. Phys. 29, 1625-1627.
lit

_____.a

d

1. -i••a~N•ILL
o
I

S

Ak

f

17

1967

I.

I II ~

Th

IIlllraliLy

of the SD variation at Huancayo and the
asymmetry of the main phase of geomagnetic
storms. Planet. Space Sci. 15(5), 205-207.
d,-1A
dl_

__

1n7•
1 7U/

.
.

k

+,C,UI/ItIlun

LU

papers concerning magnetic effects of model
ring currents. J. Geophys. Res. 72(1), 445-446.

149

and P. C. Kendall, 1967: The

analysis. J. Atmosph. Terr. Phys., in press.

significance of the multiple structure of the
auroral arc. In Aurora and Airglow, Proc.
NATO Advanced Study Institute, University of
Keele, Staffordshire, England, 281-286.

*Haurwitz, B., 1967: Die Atmosphirischen
Mondgezeiten. Umschau 67, 670.

S_

a iiu
d

, P. C. Kendall, P. Swarztrauber and D. W.

Windle, 1968: The magnetic field and energy
of an axisymmetric Van Allen belt. J. Roy.
Astron. Soc. 15, 1-13.
Fraser, G., 1968: Seasonal variation of southern
hemisphere mid-latitude winds at altitudes of
70-100 km. Paper presented at IAGA/URSI
Symp. Upper Atmosphere Winds, Waves and
Ionospheric Drifts, St. Gallen, Switzerland, 3-4
October 1967; J. Atmosph. Terr. Phys., in
press.
*Gupta, J., 1967: Numerical computations of the
solar radiation falling at the top of the atmosphere. J. Geophys. Res. 72(11), 2975.
,_uI

_.7u__

91

67

:

II.Iar

L

VCLIa.LU11n1
a
J
ri

tions

i

I.,II
a
u

iU
/

e

.

L

S

.

-.lla

Ch

lll.lII na/

i

1967:

...

I

Lunar

L L

a

e

l.. LIU .L .

Nature 213, 9-13.
SU.JJi.
na

d

A

»

-1.
D

-,/^ VVl

Cowle

y,

/

1967:

I

,I

VV
w•

.L-/LJ

r

minations of the lunar barometric tide. Beitr.
Phys. Atmosph. 40, 243-261.
*Hess, S., 1967: The hydrodynamics of Mars and
Venus. In Atmosphere of Venus and Mars,
Brandt and McElroy, eds., Gordon and Breach,
London, 109-131.
*Joseph, J., 1967: The detection of noctilucent
clouds in the twilight layer from satellites. J.
Geophys. Res. 72(15), 4020-4025.
f
91

67

:

Diurnal

and

so

neutral hydrogen in the thermosphere. Ann.
Geophys. 23(3), 365-373.

Nature 215, 607.
and A. E. Bussian, 1968: A search for

lunar effect in cosmic rays. J. Geophys. Res., in
press.
and S. Chapman, 1968: Some statistics

concerning the daily geomagnetic character
figure Cp. Pure Appl. Geophys. 69/1, 73-82.
and

, 1968: Lunar daily harmonic

geomagnetic variation as indicated by spectral

*Morton, B. R., 1967: Entrainment models for
laminar jets, plumes, and wakes. Phys. Fluids
10(10), 2120-2127.
*Rao, D. B., 1967: Response of a lake to
time-dependent wind stress. J. Geophys. Res.
72(6), 1697-1708.
*Weil, J., T. S. Murty and D. B. Rao, 1967: Zeros
Jn (7X)Yn (X). Math.
of Jn(X) Yn (TX)
Comp. 21, 722-727.

150

ADVANCED STUDY PROGRAM PERSONNEL
DIRECTOR
Bernhard Haurwitz
ASSISTANT DIRECTOR
Edward R. Benton (from June)
PROFESSIONAL
Sydney Chapman
SUPPORT
Patricia Baldwin (to August)
Carol Beardsley (from August)
Ann D. Cowley
Ann E. Day (to August)
Betty Wilson (from August)
POSTDOCTORAL APPOINTEES
William Blumen (to June)
Rumen D. Bojkov (to December)
Benson Fogle (from November)
Grahame Fraser (from November)
Reiner Gebhart (to April)
Aldo Giorgini (to August)
Arne Grammeltvedt (from August)
Jagdish Gupta (from December)
Joachim H. Joseph (to August)
David Loper (from September)

Berislav Makjanic (from August)
Stoycho Panchev (from September)
Dennis G. Parkyn (to June)
Arthur Pike (to July)
Elliot Schulman (from July)
Ralph Smith (to March)
Richard C. J. Somerville (to August)
Wim Toutenhoofd (from October)
Dino Zei (from June)
LONG-TERM VISITORS
Wan-cheng Chiu
(September 1967 to September 1968)
Seymour Hess
(January to September)
Koji Hidaka
(10 October 1967 to 10 January 1968)
Cecil Leith
(18 September to 15 December)
James A. Liggett
(September 1967 to September 1968)
Bruce R. Morton
(12 September 1966 to 15 February 1967)

SHORT-TERM SUMMER VISITORS
William Blumen, University of Colorado
H.-L. Kuo, University of Chicago
Heinz Lettau, University of Wisconsin
Y. Sasaki, University of Oklahoma

Photo: Palmyra Radio Shack

153

INTRODUCTION
During the spring of 1967, the Line Islands
Experiment was conducted in the equatorial
central Pacific. This cooperative field research
project, sponsored by the National Science Foundation, provided a data environment adequate to
permit analysis of photographic information
obtained from the spin-scan camera of NASA's
synchronous satellite, ATS-1. At the same time,
the project utilized both conventional measurements and satellite photography to support
research into the physics of tropical convection.
Eight universities joined NCAR research groups
and other investigators in this work.
Logistics and field management for the
Line Islands Experiment were the responsibility
of the Field Observing Facility. A review of the
operational characteristics of the program has
been distributed as NCAR Technical Note TN-30,
Operational Lessons of the Line Islands Experiment. More recently, a catalogue of the data
obtained has been published as NCAR Technical
Note TN-35, A Catalogue of Meteorological Data
Obtained During the Line Islands Experiment,
February-April 1967. Preliminary indications are
that a definitive set of data were obtained which
will enhance our understanding of the tropical
atmosphere.
In late 1967, contract negotiations were
completed with the North American Aviation
Corporation for the acquisition of a Sabreliner
Model 60, executive twin jet. This aircraft is
expected to be operational for research purposes
in late summer 1968. It will provide a research
platform capable of sustained operation in the
tropopause region of the atmosphere. The
Sabreliner will serve atmospheric scientists con'cerned with tropospheric physics and clear air
turbulence, and will allow us to drop sensing
devices into the tops of tall, active, cumuliform
clouds. Within NCAR Richard Cadle, Douglas

Lilly and Robert Bushnell have expressed particular interest in using this aircraft in their research
programs.
Recent activities of the Global Atmospheric Measurements Program (GAMP) have been
concentrated on GHOST balloon development.
During 1967, new balloon shapes for low-level
flight were designed; the utility of metal-capped
balloons for flight at 300 mb was demonstrated; a
new balloon system, the Cannibal-loon, was
designed to overcome icing problems at the
500-mb level; and parallel development programs
with two balloon manufacturers were initiated in
an effort to obtain GHOST balloons that can be
flown in the field "out-of-the-box." An improved
sun-angle sensor was developed that is sensitive at
high sun angles; a low cost, thin-film solar cell
panel was successfully tested; and a new twocoder version of the GHOST electronics package
was flown. Operationally the flight program
included 113 flights launched from Christchurch,
New Zealand, and 6 flights from McMurdo
Station, Antarctica. The longest flight duration
achieved was 351 days, at the 200-mb level.
Because of rapidly increasing balloon volumes required to support present-day scientific
payloads, NCAR's launch pad at Palestine, Texas
was extended during 1967 to provide about 500
ft of additional layout capability. Shelters were
constructed for the helium compressor and storage tank area, and a new high-capacity winch
vehicle was acquired. These physical improvements supplement the final development of the
Stonehenge launch system (now operation-ready)
in providing a significant improvement in our
launch capability.
The most significant administrative action
during the year was the replacement of the
subcontractor flight crew at the Palestine Flight
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Station with NCAR employees. This change was
recommended by the NCAR Advisory Panel on
the Scientific Use of Balloons in order to assure
long-term continuity of experience and technical
competence.
During 1967 the Facilities Laboratory continued to operate four joint-use facilities serving
NCAR and the university community of atmospheric scientists: the NCAR Scientific Balloon
Facility, established in 1961; the NCAR Research
Aviation Facility, established in March 1964; the
NCAR Computing Facility, transferred from the
Laboratory of Atmospheric Sciences to the Facilities Laboratory in 1964; and the NCAR Field
Observing Facility, established as a joint-use
facility in 1966. Two FAL developmental and
applied research groups, GAMP and PAA (Program on Applications Analysis) were operational.
GAMP activities are outlined above; the primary
task of PAA continues to be the conduct of a
field program devoted to understanding the
physics of astronomical seeing.

The Design and Prototype Development
Facility was established in 1966 to serve as the
central focal point for engineering design within
NCAR. The activities of this group were focused
on two tasks during the year: engineering design
and systems fabrication in support of NCAR
research programs, and the development of a data
management group experienced in the design of
data-handling systems capable of providing
observational information in computercompatible format.
Summer student work programs were again
conducted by the Research Aviation Facility and
the Computing Facility. Four students, representing three universities, completed the aviation
workshop; eight students, from eight universities,
completed the computer course.

Daniel F. Rex
Director
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SCIENTIFIC BALLOON FACILITY
In 1967 the Balloon Facility continued
launching operations at Palestine, Texas, and
winter launches from Page, Arizona. Ninety-eight
flights were attempted; thirteen of these were
from Page. Balloon failures increased sharply over
1966. The chief cause of failure was balloon
rupture - traceable, we believe, to the use of a
different balloon tape mastic. Use of a new repair
tape in later flights significantly reduced the
failure rate. These failures illustrated all too
vividly that serious changes in performance of
large polyethylene balloons can result from minor
changes in materials. The occurrence of only one
electronic failure attests to the improvement
made in our electronic capability.
As in other years we provided balloon
flight support for astronomical, cosmic ray, and
lower and upper atmosphere studies, and for
research and development experiments. The question of the relevance of many flights to NCAR
interests was clarified in a pronouncement by the
NCAR Advisory Panel on the Scientific Use of
Balloons, which affirmed that "the Scientific
Balloon Facility of NCAR is a national facility
that transcends the interests of atmospheric

DEVELOPMENT
Facilities
During 1967, we increased the launch pad
surface area at the Palestine Flight Station and
constructed a shelter for helium storage tanks and
trucks. Additional construction planned and
funded in 1967, to be built in 1968, includes a
60 X 40 ft launch vehicle shelter and a 20 X 40 ft
addition to the Coronascope building. A new
platform is to be built on top of the operations
building to provide more room for antennas.
In October our contract with Winzen
Research, Inc. for a ballooning crew at Palestine
expired and was not renewed. The contract to
provide tracking services, however, was continued
through 15 May 1968. All of the Winzen crew
except the pilots were offered employment with
NCAR; 16 of the 17 accepted. Facilities at Page
have not changed. Tracts of land are available for
the construction of a staging building and a
launch pad, but plans have not been approved.
Electronic Support Systems

science alone, and therefore . . . should serve all

areas of scientific research requiring the use of
balloons as vehicles."
During the last four or five years, we have
noticed several trends in ballooning requirements.
In general, scientists are requesting larger payload
capability, higher float altitudes, and correspondingly larger balloon volumes. Float duration,
however, appears to be adequate at present
capabilities. Much of our effort will continue to
be devoted to optimizing equipment and techniques to meet demand.

We advanced our capabilities at the Boulder
Laboratory by procuring additional test equipment and personnel. Work is progressing on
several instrumentation development projects,
with considerable attention being given to the
evaluation of pressure transducers for highaltitude pressure sensing. A special balloon flight
test package was constructed for balloon studies,
and evaluation of VHF telemetry for balloon
tracking has continued. In addition, electronic
interface liaison with several scientific groups has
been accomplished during the year. With person-
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nel and equipment now at an acceptable (though
far from optimum) level, we plan to accelerate
efforts toward improvement of the electronic
instrumentation for routine balloon flights.
Design and Materials
We are continuing analysis of balloon
shapes and stresses for single-cell balloons. We
have also examined the stresses in the top balloon
of a tandem balloon system; the results of this
study have been applied to the design of a top
balloon which will be constructed, hangar tested,
and flown with the Spectro-Stratoscope system.
We have started a program to apply the
finite element theory to calculations of balloon
shape and stresses. We hope this approach will
enable us to construct a mathematical model
which can accept inhomogeneities in a balloon
envelope, such as those due to tapes and ducts,
and from which we can calculate stresses in a
partially inflated balloon envelope. The theory
can also take into account deformations in the
material.
An instrumentation system designed to
study balloon structure during flight was completed and flown on three experimental flights.
These flights proved that the instrumentation
system is valid and useful, and provided data on
the characteristics of a balloon during ascent.
Preliminary analysis of the data has disclosed that
certain conventional top-end balloon geometries
result in circumferential stresses that may cause
balloon failure, and that a balloon design with a
strong conical top forces more symmetrical
deployment of the balloon during ascent.
Balloon material research during the year
continued to progress toward long-term goals. A
study was made of repeated load and yield effects
in balloon films; impact toughness was measured
on current and prospective films; biaxial stress
properties of films were tested at 23 and -80°C;

prospective urethane balloon films were tested;
and an adhesive was formulated for better and
more economical balloon repair tapes. In addition, a silicone-based adhesive tape developed in
1966 was shown to be highly desirable for use on
operational balloons, and we have adopted it for
use in the manufacture of all NCAR balloons.
Systems and Techniques
We have brought the Stonehenge launch
system to a status of operational readiness and
use. This system employs a circular array of
anchors, permitting realignment of the balloon
train after inflation. We are also attempting to
improve our launch position by restraining the
lifting force of the gas at the base of the bubble
without involving the rest of the balloon. The
entire system may then be handled with fewer
restrictions, e.g., it may be oriented with the wind
immediately prior to launch. Another approach,
the in-flight deployment technique, envisages a
major conceptual change for the launch operation: the balloon system is launched as a compact
package and deploys in the air after launch.
Wind during inflation presents a serious
limitation for any type of system, and we have
initiated studies of a practicable wind screen for
use in routine operations.
MAJOR BALLOON PROGRAMS
High-Altitude Particle Physics Experiment
We continue to provide technical consultation to the Space Sciences Laboratory (SSL) of
the University of California at Berkeley on
ballooning portions of the Particle Physics Experiment. Flight objectives are to lift 7,500 lb of
particle detection equipment to 90,000 ft and
maintain it there for 20 hr. Consultation on flight
operations includes launch methods and procedures, meteorology, balloon design, and subcontractor liaison. Engineering calculations and
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consultation were provided to the operations
subcontractor, G. T. Schjeldahl Co., for a
Stonehenge test launch in April. After one launch
failed due to electrical difficulties, a second
launch was accomplished successfully. The
10,000-lb gondola was lifted off with a maximum
of 0.7 g vertical acceleration. At the request of
SSL, we surveyed possible launch sites in Hawaii.
In May, SSL tested the proposed sea
recovery procedure; NCAR participation was
limited to observation and critique. A dummy
gondola was dropped at sea from a salvage barge.
Recovery was made successfully twice in swells
up to 5 ft high. During June and July final flight
plans were completed, and a detailed analysis was
prepared of the complicated communication
network necessary for a combined land-sea-air
operation.
In August an engineering flight was successfully launched and floated for 6 hr 45 min at
93,000 ft. System weight was 14,000 lb, carried
on a 9 million cu ft main balloon. Termination
was commanded when the system was approximately 75 mi west of the California coast. Failure
of hardware at the confluence of the parachute
risers caused loss of the gondola.
In October, SSL held a preliminary review
meeting, which was followed by a formal review
meeting at the Manned Spacecraft Center in
Houston. Final reports of the review will be
prepared by NASA. Detailed plans for the project
depend to some extent on the results of NASA
decisions. NCAR participation will continue.

Cosmic Ray Ionization
Spectrograph Program
We provided technical consultation and
flight services to the Cosmic Ray Physics Section
of the Manned Spacecraft Center of NASA. Flight
objectives are to maintain 8,000 lb of scientific
equipment at 120,000 ft for 20 hr. We have

assigned a project engineer to coordinate flight
operations by the NCAR launch crew at both the
Palestine and Page launch sites.
Based on project planning documents submitted by NCAR and other agencies, the investigators will choose an agency to provide balloon
flight services. If NCAR is chosen, firm plans will
be drawn for the flight operation. If not, consultation will continue, as desired by the investigators, to assist in their planning.

Other Programs
In addition to the comprehensive programs
listed above, we provided flight support for
experiments by researchers at the following
universities and research institutions:
University of Arizona
University of Bristol
Case Institute of Technology
Columbia University
Dudley Observatory
Goddard Space Flight Center, NASA
Institute for Space Science, NASA
Johns Hopkins University
Louisiana State University
Massachusetts Institute of Technology
Naval Research Laboratory
University of New Hampshire
Oak Ridge National Laboratory
Ohio State University
Rice University
Smithsonian Institution
University College (London)
Washington University
University of Washington
University of Wisconsin
These flights carried experiments in polarimetry, photography, gamma and X-ray detection, ultraviolet and infrared radiation of celestial
bodies, solar astronomy, high energy particles and
interactions, primary and secondary cosmic rays,
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cosmic ray emulsions, ion density, dust collection, oxygen and water vapor, earth albedo, and
temperature-humidity distribution.
BALLOON INDUSTRY - NCAR MEETING
In April, representatives from Raven Industries, Inc., G. T. Schjeldahl Co., and Winzen
Research, Inc. met with a group from NCAR in
Boulder to discuss ways of improving communications and cooperation between the balloon industry and NCAR. The following recommendations
were made:
* That annual meetings be held to discuss
current and expected problems and interrelationships, and that occasional meetings of the NCAR
Advisory Panel on the Scientific Use of Balloons
and representatives of the ballooning industry be
held also.
* That NCAR-industry relations in large,
complex, beyond-the-state-of-the-art projects
should be explicitly worked out to serve the
interests of scientists, industry, and NCAR.
* That NCAR should sponsor a technical
meeting devoted to standardizing ballooning hardware and components.

PLANS FOR 1968
During the coming year we plan to:
* Continue to provide
Palestine and Page.

flight support at

* Continue consulting support to the Space
Sciences Laboratory of the University of
California at Berkeley, and provide consulting and
operational support to the Cosmic Ray Ionization
Spectrograph Program of the NASA Manned
Spacecraft Center. The Spectro-Stratoscope
program of the Fraunhofer Institute will continue
to receive special assistance as necessary.
* Construct a new shelter at Palestine for the
major launch vehicles, and add to the Coronaport
to convert it to a more functional staging building; build an additional antenna platform on the
Operations Building at Palestine; and construct a
small R & D staging building at the NCAR
Marshall site at Boulder.
* Continue improving ballooning systems
and techniques, by means of research and development on balloon design and ballooning
instrumentation.
* Continue evaluating all aspects of balloon
flight performance.
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COMPUTING
The main objective of the NCAR Computing Facility is to provide a computing capability
effective as a research tool in atmospheric science.
This means dealing with a large variety of
problems in the solution of differential equations,
matrices, elasticity, and statistics, for example. It
means, also, handling large volumes of data in
support of a large and sustained meteorological
research effort. Handling these data requires a
systems software which provides easy access to
the machine, and rapid turnaround. It also
requires advising users to resolve programming
difficulties, training scientists and scientific aides
in the use of the machine, and upgrading our own
programmers, operators, and keypunch personnel.
We maintain a staff of scientific programmers to work with NCAR scientists. Probably no
computing center has enough programmers to
meet the demand at all times, and we are no
exception. We differ from many computing facilities in that we, rather than the scientific groups,
hire almost all the programmers. Despite some
minor disadvantages, this aids in their selection,
training, evaluation, and assignment to jobs.
We have requested funds for a Control Data
7600 computer, to be delivered in 1970. This
machine should be four to six times faster than
the 6600 and should greatly enhance our capability for numerical weather simulation. We are
also working with a group at the University of
Illinois which is developing a parallel computer,
the ILLIAC IV. We anticipate that this machine
will run numerical weather simulation type codes
about 400 times faster than the 6600. The
ILLIAC IV is scheduled for delivery to the
University of Illinois in 1970. We have a very keen
interest in this project, since it provides a really
effective tool for three-dimensional simulations in
fluid mechanics. Joseph Oliger is responsible for
liaison with the ILLIAC project.

FACILITY
We are also actively concerned with the
problem of acquiring and processing atmospheric
data. Roy Jenne and Dennis Joseph are involved
in data gathering and analysis, largely using data
obtained outside of NCAR. They have also
provided valuable assistance to NCAR staff
members on data processing problems. Facilities
groups within NCAR have automated data gathering systems to record field data directly onto
magnetic tape. Dean Frey has been concerned
with the special problems which the systematic
handling of such data creates.
USE
During 1967, the number of users, CPU
hours, and jobs increased over previous years. The
following figures attest to this increase (and see
Fig. 1):
1966
1967
New users
CPU usage
(average, hr/month)

43

73
(47 NCAR)

408

472

7300

8900

36

48

Jobs

(average, per month)
Non-NCAR usage
(number of jobs)
ADVISORY PANEL

The NCAR Computing Facility Advisory
Panel met on 1 September 1967 to review usage
since the last meeting (27 October 1966) and to
act on six requests for computer time over 10 hr.
Applications approved since the last panel meeting were also reviewed.
A "Guide for Prospective Users" was adopted for use as a guideline by applicants for computer time. The Panel was brought up to date
on the Facility's operations, machine purchase
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and maintenance contract, and summer workstudy program. Super-computers were discussed
at length with emphasis on the ILLIAC IV.

Our present equipment configuration is as
follows:
Quantity

Panel decisions on applications for computer time were polled twice by mail during
1967. The members were sent summaries of
NCAR and non-NCAR computer use for the
period October 1966 through April 1967, and
were apprised of the Facility's purchase of the
Control Data 6600 and the computer's maintenance contract and overall performance.
HARDWARE
A pending rental price increase on 6600
system motivated outright purchase of our entire
6600 system by the National Science Foundation.
We feel this was a wise decision, as the purchase
cost redeems itself in less than three years from
date of purchase; we expect the 6600's useful life
to NCAR to extend far beyond this.
Only minimal hardware changes were made
during 1967. We added two more drum units,
making a total of six, and two remote display
units, making a total of three.
The remote air supply system for the tape
drives - planned in 1966 - was still not operative by the end of 1967 due to both administrative and engineering problems. It is expected to
become operative in February 1968.
Hardware performance during 1967 was
generally excellent, with the exception of two
weeks during which the machine was inoperative.
In each instance, Control Data brought in technicians to find the problem. Control Data has
now initiated more intensive continuing training
among our on-site people.

Model

1
1

6604
6602

1

6603

8
1

607
3623

6
2
10

861, 863
3436
6681

1
1

405
3447

1
1

415
3446

2
2

501
3256

1
3
1

dd80
211
3290

Description
Computer
Main Operating
Console
Disk File and
Controller
Magnetic Tape Drives
Magnetic Tape
Controller
Drums
Drum Controllers
Data Channel
Converters
Card Reader
Card Reader
Controller
Card Punch
Card Punch
Controller
Line Printers
Line Printer
Controllers
Film Recorder
Display Units
Inquiry Retrieval
Controller

SOFTWARE
Our NCAR operating system, written by
Paul Rotar, David Kitts, and Robert Working,
continued to perform superbly during 1967. No
basic changes were made, but some features were
added, notably:
* A long record tape read routine for reading
physical tape records greater than 512 words.
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* A routine to allow random read and write
on the drums for FORTRAN.

TRAINING
Summer Program

* Implementation of OVERLAY-SEGMENT
to allow chaining.
In January 1967, Rotar and Kitts started
to write a new FORTRAN compiler. The decision to undertake this project was based on
several factors: the code generated by Control
Data versions was inefficient and slow; the Control Data compilers contained excessive and perplexing errors; overall structure was not readily
adaptable to a different machine; and we felt that
detailed understanding of a compiler would be
profitable, both for maintenance and for modification for use on a new machine.
The project started with a translation of
large segments of the 3600 compiler into 6600
machine language. The 3600 compiler structure
suits our purposes better than the 6600 compiler,
due both to its method of subscript calculations
and to its segmentation into functionally logical
entities. Those parts were translated which are
essentially independent of a particular machine,
giving us a head start on many basic compiler
parts and leaving more time for work on the
entirely new code generation portions and optimization techniques. Various parts of the translated 3600 compiler were then checked and
streamlined by Bernard O'Lear, Jeanne Adams,
Robert Brio, and David Robertson. A subsystem
to the main operating system was written to allow
efficient compiler testing with no disruption of
the normal work flow on the 6600. With a single
deck submission, the subsystem allows the new
compiler to be modified, then used to compile,
load and execute a job - with no modification
of the overriding main system.
At year's end, the compiler was able to
execute many different jobs and was generating
quite excellent code. We hope to have it in
general use by late spring.

The 1967 Summer Work-Study Program
was held from 19 June to 1 September. University graduate departments in the atmospheric
sciences recommended students for the program.
Eight students were selected on the basis of
academic record and the applicability of computer experience to their studies:
Lance Bosart, Massachusetts Institute of
Technology
Robert J. Ellingson, Florida State University
John Festa, City College of New York
Perry W. Fisher, University of Michigan
Robert L. Gall, Pennsylvania State University
John Yu-Ming Liu, South Dakota School of
Mines and Technology
David Rusch, University of Colorado
Arthur T. Wood, Harvard University

A second, shorter session was held during
the last half of the program for five Advanced
Study Program colloquium students. The emphasis of both sessions was to provide a "responsive
environment" for students in the Computing
Facility, where they were allowed to experiment
freely with FORTRAN and where they could see
the immediate consequences of their programming attempts.

The students spent two weeks learning the
computer, experimenting with FORTRAN sentences, dumping their "practice" problems to see
what happened, and trying the dd80. Weekly
seminars were held on such topics as binary
arithmetic and constants of various types, tapes
and tape characteristics, and the hardware of the
machine. Although these sessions provided important background, they were a less important
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factor in the students' learning a computer
lanuage than the laboratory program and individual sessions.

National Weather Records Center at Asheville;
errors were corrected, and values were interpolated for intermediate points in the grid.

In-House Training

* 1955-1960 grid data from Project 433L
ESSPO. These were put into standard format.

Classes for training in-house users in programming the 6600 were started this fall to meet
the needs of NCAR's growing research projects.
These were seminar-laboratory sessions in programming where topics of interest were discussed
in one-hour seminars, followed by laboratory
sessions. The lab sessions were conducted as a
"responsive environment" where students explored different ways to use the 6600. The first
group of ten was an intermediate class; the next
group of eight, a beginners' class. Since we have a
waiting list of those interested in these classes, we
shall continue to offer three or four sessions a
year.
We also had individual sessions for eight
members of the Computing Facility staff. This
included a full training program on the 6600 for
new and inexperienced staff, and orientation and
further training in our requirements for new but
experienced members.
DATA
A considerable amount of data was added
to our tape files, and used in several major
projects. A study was made to estimate the
impact of increased data processing (especially of
data from aircraft sensors) by 1970.
The following analyses were added to the
file of data for the National Meteorological
Center (NMC) 1,977-point octagonal grid for the
northern hemisphere:
* Grids for the IGY period of high-level
heights and temperatures, obtained from the

* U. S. Air Force analyses, also put into
standard format.
* Additional NMC analyses, through May
1967.
Other new grid data include several years of
northern hemisphere Navy daily sea surface temperature analyses, and world elevation and ocean
depth data on a one-degree latitude-longitude
grid.
All 1951-1958 southern hemisphere grid
analyses data from the meteorological journal
Notos are on tape; error corrections and interpolation for intermediate grid values must still be
completed.
The Air Force supplies us with world
synoptic rawinsonde data for several time periods.
These will be used by Rainer Bleck in making
parcel trajectory analyses for the Atmospheric
Chemistry Group.
We obtained and printed surface pressure
data for Thule, Greenland and Fairbanks, Alaska
for use by E. R. Mustel of the USSR in relating
surface pressure changes to sunspot activity.
We responded to many outside requests for
grid data, including those from Massachusetts
Institute of Technology, New York University,
University of Utah, The RAND Corporation, the
U. S. Air Force, the Bonneville Power Administration, and the Weather Bureau Extended Forecast
Laboratory.
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MAJOR PROJECTS
Climatology of the
Southern Hemisphere

He has made wind calculations from the corrected
data by adapting a program written by Robert
Gall, a summer student.
PLANS

Results from this project will be published
in several parts authored by Harry van Loon,
Johannes Taljaard, and Roy Jenne from NCAR,
and Harold Crutcher, from the National Weather
Records Center (NWRC) at Asheville. Crutcher
supplied tapes of world upper air "Climate
Report" data, with southern hemisphere data
through October 1966. We corrected data errors
and derived wind, pressure-height, temperature,
and moisture statistics for the southern hemisphere. The data were plotted on maps at
Asheville, and analyzed largely by van Loon and
Taljaard. NWRC read grid point data from the
maps, and Jenne corrected and smoothed these
values. From the height grids, he calculated
winds, first-guess temperature analyses, and some
analyses for intermediate months which had not
been hand drawn. A complete writeup on the
methods will be included with the publications.
Line Islands Rawinsonde Data
Dennis Joseph has been working with
members of the Laboratory of Atmospheric
Sciences synoptics groups to correct the many
small errors in the Line Islands rawinsonde data.

We hope to lease a Control Data 7600, a
general purpose computer four to six times faster
than the Control Data 6600, in 1970. Meanwhile,
studies of "super" computers are underway with
plans to obtain one as soon as one is available perhaps, in 1972 or 1973. Both Control Data's
STAR and Burroughs' ILLIAC IV are being
considered.
We plan to add, during the next two years,
an IBM Data Cell, which is a mass storage device
to reduce tape mounting time, and an Electron
Beam Recorder, which is a high resolution, faster
turnaround device similar to the dd80 plotter. We
also plan to lease a typewriter console tie-in to a
time-shared system such as the SDS 950 at ESSA
in Boulder.
We plan to add two Ph.D.-level mathematicians and eleven programmer/analysts within the
next two years. About eight operations people
(computer, keypunch, and microfilm operators)
will probably be needed in the next two years to
effect smooth operation of the Facility as its
workload increases.
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RESEARCH AVIATION FACILITY
The Research Aviation Facility provided
1768 hr of airborne research time to the atmospheric sciences community in 1967, a 21%
increase over 1966. We were involved in 20
research programs. By far the largest was the Line
Islands Experiment (LIE) field program in the
tropical Pacific. From our island base, NCAR
aircraft provided 60 research flights.
Three Beech Queen Air 80 aircraft, each
extensively engineered for atmospheric research,
were operated during 1967. In September, NCAR
contracted for a modified Sabreliner Model 60
turbojet; in November we completed preliminary
plans for acquiring a Beech Model 99 turboprop.
During the year we designed an experimental rotating-bowl liquid water content and temperature sensor and began flight tests of it. We
designed and constructed an optical precipitation
particle sampling sensor and will begin testing it
in February 1968. We aquired an X-band airborne
weather-avoidance radar and engineered it to
provide a helical-scan for cloud physics reserch. A
lightweight portable ARIS* ground station was
made ready in time for field use during the LIE.
Work continued on test and evaluation of temperature, humidity, and doppler radar wind-sensing
devices.
As part of our services function, we provided engineering services to various non-NCAR
research groups, conducted a graduate student
summer training program, and published proceedings of the Oklahoma City Aircraft Research
Instrumentation Workshop and Symposium.

members during 1968: an aeronautical engineer,
an instrumentation engineer, two project pilots,
and an administrative assistant.
DEVELOPMENT
Aircraft
With strong endorsement from the NCAR
Research Aviation Advisory Panel, we contracted
with North American Aviation for a Sabreliner
for NCAR with special modifications for research
purposes. Delivery is scheduled for October 1968.
The NCAR Sabreliner will have 50,000-ft altitude
capability, a range of 1,700 n mi, and 5-hr flight
endurance; it will be operable from 5,000-ft
runways at sea level, although longer runways are
necessary at higher elevations.
An unpressurized turboprop aircraft, needed to satisfy research requirements of Cloud
Physics and Atmospheric Dynamics programs,
was also ordered in December. The Beechcraft
Model 99 turboprop commuter transport, chosen
as the most suitable aricraft, is scheduled for
delivery in July 1968. Engineering decisions on
the actual research configuration of the aircraft
will be completed early in 1968.
As part of our continuing aircraft improvement program, we added a number of modifications to our Queen Air aircraft. Two of these are a
permanent doppler radome housing, engineered
and installed on two Queen Airs, and a militarytype diluter-demand oxygen system, planned for
all Facility aircraft, and installed on one Queen
Air in December 1967.

Our staff now consists of 15 full-time
employees. We plan to add five additional staff

Operations Base

*Aircraft Research Instrumentation System

The Facility's operating capability at Jeffco
(formerly Jefferson County) Airport increased
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markedly with the establishment of FAA Air
Traffic Control Tower service in February. In
November the Jeffco Airport Authority received
a grant-in-aid to lengthen the main runway to
accommodate NCAR's Sabreliner. Construction
will start in spring, 1968. A terminal VOR
navigational facility has been authorized to aid
instrument flight operations in the airport area.
We expanded our airport shop, laboratory,
and storage spaces from 2100 to 3000 ft 2 to
accommodate increased instrumentation and
operational requirements. We also designed two
hangar-roof instrumentation test platforms and
began construction in December 1967.
Planning for permanent laboratory, shop,
and hangar space on a five-acre site under option
at Jeffco Airport has continued. Final site planning and building cost estimates will be completed by June 1968.

AVQ-55 (procured in May 1967) have been used
in cloud physics research programs. The AVQ-55
has been modified to provide a helical 3600 scan
for cloud physics research. Other sensors and
transducers available for support of research
programs are listed below:
Reverse flow temperature probe
Axial flow temperature probe
Total temperature probe
Wet bulb probe
Bendix hygrometer
Pace PIA absolute pressure altimeter
Pace KP 15 airspeed indicator
Bulova altimeter
N-1 magnetic heading system
APN-153V doppler
Johnson-Williams hot-wire cloud water sensor
Spinning bowl cloud water sensor
Giannini IIIB 16-mm camera
Foil precipitation particle sampler
Barnes PRT-5 infrared radiometer

Instrumentation

The Facility's Instrumentation Program includes research support instrument installations
design and calibration and a comprehensive instrumentation development program. Sixteen
1967 research programs required special instrumentation and aircraft modifications. In addition
to the radome housing and oxygen system mentioned above, the following special configurations
were used during the year:
42-in. nose boom
Downward-viewing photo port
External store area (left wing)
Tail pylon
Fuselage cabin overhead sensor area
Cabin-door view port
High-capacity venturi system
16-mm time-lapse camera system
Two airborne weather avoidance radars, a
Bendix Ku-band RDR-100 and an RCA X-band

We are testing and evaluating the following
sensors as part of our Research and Development
Program:
Reverse flow temperature probe
Rosemount total temperature probe
Bendix frost point hygrometer
Cambridge radioactive frost point hygrometer
Rotating bowl liquid water temperature probe
Doppler radar navigation system
Optical precipitation particle sampler
Data Recording
A lightweight ARIS portable ground station was completed early in 1967 and has been
utilized with the two airborne ARIS systems on a
number of research programs, including the Line
Islands Experiment. It allows playback and limited analysis of data in the field.
The ARIS equipment was the primary
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means of data recording and handling in 17
flight-supported research programs. Its computercompatible output tape, used with the Control
Data 6600 computer and dd80 plotter, provide
excellent data in a convenient form shortly
following a flight.
Parameters which have been recorded on
ARIS to date are:
Air temperature
Remote surface temperature
Wet bulb temperature
Dew point temperature
Absolute pressure
Indicated airspeed
Altitude
Magnetic heading
Drift angle
Ground speed
Cloud liquid water content
Precipitation particles
Vertical and lateral gusts
Along-heading wind velocity
Across-heading wind velocity
Refractive index
Electric field potential
Solar radiation
Ice nucleus counts
Zinc sulfide traces

* Atmospheric composition (aerosols, particulate matter, gases).
* Atmospheric electricity (radio emissions
from clouds, lightning, and thunderstorm electric
field measurements, using dropsonde field mills,
aircraft-mounted rotating cylindrical field mills,
and radioactive probes).
* Thunderstorm structure and dynamics
(using a specially designed dropsonde, or Ku-band
radar mounted on the aircraft).
* Infrared radiation sensing of lake surface
temperatures.
* Cloud physics.
* Atmospheric motion and dispersion of particulate matter by airborne detection of natural
(radon) and artificially injected (zinc sulfide)
trace materials.
* Total ozone.
* Atmospheric refractivity and its relations
to other atmospheric parameters.
* Structure and energetics of the land-sea
breeze.

OPERATIONS

The Line Islands Experiment

Flight Services

The Facility provided vital aircraft support
to the Line Islands Experiment field phase during
February, March, and April 1967. A Facility
Queen Air aircraft, operating from an abandoned
military airfield on Palmyra Island, flew 60
research flights, totaling 265 hr. More than
8,000,000 observations were recorded on magnetic tape, and more than 400,000 cloud photographs were taken. On Palmyra our six-man team
set up a tent hangar, and established facilities for

During the year we supported 20 research
programs with flights over 17 states, Canada, and
the eastern and central Pacific (Table 1). Whenever possible, we flew programs simultaneously;
however, varied scientific objectives made it
necessary to provide 18 different instrumentation
configurations. Scientific studies pursued with the
aid of NCAR aircraft during 1967 included:
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Table 1
Flight Time by Project
January 1967 through December 1967
No. Fits.

Universities
University of Arizona
Precipitation Particle Size (L. Battan)
Thunderstorm Dropsonde (W. Evans)
University of Chicago
Lake Effect (T. Fujita)
New Mexico Institute of Mining and Technology
Cloud Electrification (C. Moore) \
Radon (M. Wilkening)
State University of New York
Atmospheric Electricity (B. Vonnegut)
Texas A & M University
Cloud Modification (H. Byers)
University of Texas
Sea-Breeze (A. Eddy)
University of Washington
Sonic Anemometer (M. Miyake)
CO 2 Gradients (P. Church)

Flt.Hrs.

9
23

11.4
52.8

4

11.5

65

99.4

27

40.4

26

52.2

34

101.7

6
13
207

9.2
37.8
416.4

1 16

3.23.6

17
2
30

401.
2.1
83.3

85

344.6

Sensor Test (E. Brown)
Stratus Glaciation (R. Knollenberg)
Student Training

41
1
6
48

72.8
1.3
14.7
88.8

Atmospheric Diffusion (Bollay)
Nuclei Entrainment (Bollay)

48
11
59

67.9
18.9
86.8

709

1767.9

Laboratory of Atmospheric Sciences
Thunderstorm Dropsonde (R. Bushnell)
Aerocolloidal Sampling (J. Rosinski)
Air Sample (E. Martell)
Mountain Wave (D. Lilly)

310831.3

Line Islands Experiment
Research Aviation Facility

Other

Grand Total
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instrument calibrations, instrument and aircraft
repair, and air traffic control. The portable ARIS
ground station was used for field review of
recorded data.

the Institute for Atmospheric Physics (DVL),
Munich, Germany.

General Support Services

The Research Aviation Facility enlarged its
own research programs and its efforts to develop
and test sensing devices. By pursuing our own
applied research we are able to fulfill the interests
and capabilities of our staff members and to
improve our service capabilities though broadened
competence. Highlights of our 1967 research
program are given below.

In May 1964, the Interdepartmental Committee for Atmospheric Sciences assigned an
interagency information exchange function to the
Research Aviation Facility. Activities designed to
carry out this function during 1967 were as
follows:
* A graduate student summer training program was conducted to acquaint students with
the capabilities and limitations of aircraft as
research tools in the atmospheric sciences. The
program consisted of lectures, laboratory work,
and a limited amount of flight time. It was
attended by five students from five universities.
Topics included basic aeronautics, airmanship and
airframe structure, instrument theory, and design
of experiments. Students participating were:
Henry J. Bennett, University of Chicago
Donald A. Burrows, University of Washington
Loren D. Nelson, University of Chicago
Paul M. Tag, Pennsylvania State University
* The Facility published the proceedings of
the Atmospheric Research Aircraft Instrumentation Workshop and Symposium held in Oklahoma
City 17 and 18 November 1966. Approximately
150 representatives of universities, industry,
government, and private research groups met to
discuss the use of aircraft and airborne datahandling systems in studies of air motion, cloud
physics and kinematics.
* We continued to correspond with many
U.S. users of research aircraft, and maintained
communication with the National Aeronautical
Establishment, Ottawa, Canada; the Meteorological Research Flight, Farnborough, England; and

RESEARCH

Hydrometeor Sampling Program
The crucial need in cloud physics to
observe the microstructure of clouds has not been
adequately met by direct sampling techniques,
which alter particles while measuring them. Our
approach to the problem is to develop a remote
probe which will sense and digitally record the
sizes of droplets falling through a collimated
high-intensity light beam and casting their
shadows on an array of light-propagating fibers.
This technique leaves the sample undisturbed and
allows rapid size and concentration measurements.
We have added sensors to the aircraft to
measure total solar radiation and albedo; we
designed cloud reflectivity sensors to determine
approximate cloud optical depth and delineate
cloud surface features and structure. Each of
these devices will aid in a study of artificial
glaciation in stratus, to measure the latent heat
released during glaciation (seeding), to map the
growth of the glaciated cloud volume, and to
study chain-mechanism ice nucleation.
Research Data Handling
and Analysis Program
Using LIE data in a pilot study, we have
established generalized data-handling methods.
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These include derivation of computer-compatible
tape, processing time lapse film, compilation and
editing of observer and pilot logs (Phase I);
insertion of instrument calibrations to tape data,
machine editing of tape data, film editing, availability of basic tape data-summary and dd80
(Phase II); and selection of special computer
programs for tape data, special processing of tape
data, and data availability (tape and film) for final
analysis (Phase III).

* Continued feasibility study of aircraftlaunched, constant-level (superpressure) balloons.
* Complete tests of common-use temperature
and humidity sensors, radar altimeter, doppler
radar system, Ku-band radar.
* Initiation of procurement of inertial navigation system components.
* Procurement and modification of a 5-cm
airborne weather radar.

Aircraft Data Information
Content Study

Operations
In June 1967, we awarded the University
Texas
a contract to investigate the information
of
content of meteorological data obtained from
instrumentation aboard NCAR aircraft. The work
is being done by C. Duchon under the direction
of Amos Eddy.

* Continuation of flight tests in support of
Facility development programs.

PLANS FOR 1968

* Expansion of our
student training program.

Development
* Procurement, modification, and instrumentation of a light twin-engine jet aircraft and a light
turboprop transport-type aircraft (see above).
* Continued development
operating base facilities.

* Continuation and expansion of flight
support to both NCAR and university community
programs, with at least 1800 research flight hours
projected for 1968.

of

summer

university

* Organization of an atmospheric research
aircraft fly-in and instrumentation symposium in
the Denver/Boulder area in 1969.

permanent

* Complete feasibility study of light-wingloading aircraft, helicopter, and drone as atmospheric research tools.

* Updating of the Aircraft and Instrumentation in Atmospheric Research catalog.
* Expansion of the Research Aviation Facility research program.
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FIELD OBSERVING FACILITY
1967 was a year of special significance and
achievement for the Field Observing Facility, a
year highlighted by our role in coordinating and
managing the Line Islands Experiment. This role
so far exceeded previous efforts by the FOF that
it has permanently expanded our mission and led
to organizational improvements. In addition to its
role in the Line Islands Experiment, the FOF
supplied staff assistance, technical advice, and
field equipment to four NCAR and six nonNCAR research projects.

of the Experiment started in February, only a
month after the approval was received.
Planning had begun, however, in August
1966. At that time, a group of more than 40
meteorologists and others with an interest in
atmospheric research met at NCAR and evaluated
ideas for projects designed to fit into an integrated program of tropical meteorological experiments to be conducted over the next 5-10 years.

The FOF is now organized into three
groups, offering meteorological support services,
electronic support services, and field support
services. Staff and equipment were increased
during the year, and significant progress was made
in developing new systems and in expanding the
Marshall Field site.

The Line Islands Experiment (LIE), as
proposed at that meeting, would take advantage
of the unique opportunity promised by NASA's
plans for a camera-equipped ATS synchronous
satellite, and would provide ground-based observational material for study in relation to the
satellite pictures.

For the sake of convenience, we will first
present an outline of our participation in field
programs, and then report on our facilities and
equipment.

NCAR was chosen to coordinate and
manage the Experiment, and preparations began
immediately for the field program. By the time
NSF's official approval arrived, a survey trip had
been made to the Line Islands, contracts for
support work had been prepared, and the Department of Defense had agreed to support the
Experiment with military units.

INTERAGENCY

FIELD PROGRAMS

Line Islands Experiment
The trend toward large-scope field
programs, in which many agencies participate,
promises to involve NCAR again and again in
coordinating and managing duties. To the FOF in
particular will be delegated responsibility for
establishing sites and supporting the scientific
activities of these field programs. The Line Islands
Experiment was our first opportunity to exercise
this role.
The Experiment began formally when the
National Science Foundation approved the program, in January 1967. The observational phase

Time was crucial since it was impossible to
predict exactly how long the synchronous satellite and its camera would be operable; actually, it
was not really known until the December 6 launch
whether they would be operable at all! But,
although the LIE was scheduled to take advantage
of the satellite photographs, it was designed as a
program which could gain valuable data on
tropical meteorology even in the event of satellite
failure. Fortunately, the launch and the equipment were successful, and the capabilities of the
AT S-1 were available for the LIE.
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The three islands chosen for the Experiment were Christmas (1200 n mi due south of
Honolulu), Fanning (250 mi northwest of
Christmas) and Palmyra (180 mi northwest
of Fanning). These islands- really atolls- are
located in the area affected by the Equatorial
Trough Zone, and almost directly under the
ATS-1 position.
NCAR's expedition was in the Line Islands
from mid-February to the end of April. The
magnitude of the coordination task performed by
FOF is evident from the number of participating
agencies: NASA, NCAR, ESSA, the Army, Navy,
Air Force, Air National Guard, and scientists
from eight universities, independent scientists,
and a number of private contractors.
William Lanterman of FOF served as field
program manager. Among the most active FOF
participants in the field were: Leo Crouch, logistics (Hawaii); Jack Tefft, field operations; Julian
Pike, Christmas Island manager; Robert James,
Palmyra Island manager and logistics; Robert
Kubara (on loan from the Scientific Balloon
Facility), Fanning Island manager and upper air
supervision; George Saum, electronics and communications; Donald Eklund, meteorological
instrumentation; Robert McBeth, APT operation
and meteorological instruments; Brian Lewis,
communications; Alan Sorenson, APT maintenance and meteorological instrumentation; and
Fred Clark (under contract with Atmospherics,
Inc.), radar.
Funds for the Experiment came primarily
from within NCAR, being reprogrammed from
other NCAR projects. The NSF supplied sufficient additional funds to meet estimated needs.
Hail Suppression Program
A second special program involving several
agencies revolves around USSR claims that timely
delivery of explosive packages of silver iodide

crystals into the accumulation zone of cumulonimbus inhibits the formation of large hailstones.
A verification program is still in the planning
stage. Richard Sanborn has represented the FOF
in planning meetings held by the cooperating
agencies: ESSA, Colorado State University, the
Department of Defense, NCAR, and others. When
experiments are designed and a timetable is
agreed upon, FOF will assume coordination and
management of the field program.
NCAR FIELD PROGRAMS
Mountain Wave Study
The FOF assisted Douglas Lilly in his study
of mountain lee waves by maintaining a network
of seven wind-recording systems extending from
Niwot Ridge at the Continental Divide to
Lafayette east of the foothills. From January
until April we provided a tracking radar at
Gunbarrel Hill northeast of Boulder to track
transponder-equipped superpressure balloons in
flights across the Continental Divide. The radar
had been equipped with a radome to permit
operations during the excessive winds that are
features of mountain lee waves. Transponders
were launched near Granby, from a site equipped
with a heated trailer, telephone, and two-way
radio.
The winter of 1967-1968 represents the
third year of this study. Superpressure balloon
flights were discontinued this year; instead, we now
track the motion of aircraft and of aluminum foil
dropped from aircraft into the waveflow. Tracking data will be recorded on the data acquisition
system. Several difficulties in tracking the aircraft
had been worked out by mid-winter.
Isotope Geochemistry Program
The FOF carried out ozone and radio
soundings at Scottsbluff, Nebraska and Limon,
Colorado on days when air sampling flights were
made by NCAR and the Air Force. A crew of
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three made these measurements using a portable
GMD. Edward Martell is principal investigator of
this program.

study seabreeze circulation along the Texas Gulf
Coast. Weeks of planning and preparation during
the spring culminated in a highly successful field
program from late May to late June.

Atmospheric Optics and Radiative Transfer
We have been working with Jitendra Dave
and Carl Mateer on remote sensing techniques for
ascertaining the vertical profile of ozone. Two
methods under development are satellite measurements of solar ultraviolet radiation backscattered
by the atmosphere, and ground-based measurements using a double monochromator. The FOF
takes ozone soundings on request to provide
comparisons between direct and indirect measurements of ozone. A series of ozone soundings was
made at Marshall in August and September for
comparison with profiles deduced from an ultraviolet experiment on the satellite OGO IV. In
October ozone soundings were made at Palestine
in support of a balloon-borne ultraviolet experiment.
Stratospheric-Tropospheric Exchange

To assist in locating the seabreeze front, 15
wind systems and 8 MRI mechanical weather
stations were installed. We built special 403 MHz
radiosonde receivers that were used at three
locations. Robert McBeth instructed University of
Texas personnel in taking radiosondes, and took
the radiosondes on an offshore drilling platform
during the field program.
We also provided and operated generators
for power at remote locations, and maintained a
communications network. Throughout the field
program five FOF personnel serviced NCAR
equipment and aided in data collection. Some
hard lessons learned in a disappointing Seabreeze
program a year earlier resulted in one of the most
successful field programs to date.
Barbados, 1968

NON-NCAR FIELD PROGRAMS
AND EQUIPMENT LOANS

A Florida State University program headed
by Michael Garstang seeks to study the effect of
an island on otherwise undisturbed tropical airflow. The FOF's chief commitment to the field
program during the summer of 1968 will be the
loan of two data acquisition systems for use with
an M-33 radar and GMD-1 system. (During July
and August 1967, one of the data acquisition
systems was demonstrated for Garstang during
trials near the Marshall site. Although some
unexpected problems turned up, computercompatible tracking data were obtained.) FOF
will also install communications equipment and
will furnish numerous other items of equipment
and spare parts, and a five-man crew during the
field program.

Seabreeze

Puerto Rican Cloud Forest Study

For the second year the FOF played a
major role in the University of Texas program to

The FOF has cooperated with Harvard
University's Arnold Arboretum in a study of the

Richard Cadle heads this program that
seeks evidence, from natural tracers, of flow from
stratosphere to troposphere in regions of tropopause folding. The plan calls for intensive 24-hr
sampling when tropopause folding is bxpected to
occur. The observing program will include air
sampling flights by NCAR and the Air Force and
special radiosondes by the Weather Bureau.
Richard Sanborn has represented FOF in the
planning and will assist in coordinating the
support of the Air Force and Weather Bureau.
The first field tests are scheduled for March 1968.
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microclimate of a cloud forest on 1200-m Pico
del Oeste, near the eastern end of Puerto Rico. By
year's end the observational program on Pico del
Oeste was nearly complete.
In July 1967, we replaced the original,
largely electrical equipment with MRI mechanical
stations and contracted for a technician on the
island to service the new sensors at weekly intervals. Scheduled routine maintenance visits every
three months had been insufficient to ward off
the deterioration of meteorological equipment
almost continuously immersed in cloud. A fair
test of the new instrumentation was not obtained,
however, as the technical help did not prove
sufficient.
Despite these difficulties a great deal of
useful data was obtained. A special series of
rainfall and cloud water measurements made in
December will help in assessing the relative
importance to the water budget of water extracted
from the clouds by the foliage.
Rapid City Hail Study
Richard Schleusener of the South Dakota
Schools of Mines and Technology is director of a
continuing study of hail in South Dakota and
northwestern Nebraska. FOF support has included the loan of a standard M-33 radar and a
10-cm radar with a narrow beam antenna. The
10-cm radar is now undergoing extensive modifications that will convert it into a quantitative
radar for operation in moderately strong winds.

Mount Hopkins Study
The Smithsonian Astrophysical Observatory (SAO) is developing an optical satellite
tracking observatory for NASA at Mount
Hopkins, Arizona. The FOF has responded to a
request for equipment needed to study the
meteorological characteristics of the site. Lightning damage to some items and failures due to
inadequate technical servicing have halted our
efforts. Operations may be resumed following a
clearer definition of SAO's meteorological program.
Equipment Loans
Apart from research support involving
active FOF participation, numerous consignments
of equipment were made. Among these loans
were:
* National Severe Storms Laboratory: A
400-cycle generator was loaned to replace a
generator destroyed in a fire a few days before
the beginning of an NSSL-sponsored program.
* University of Texas: Two wind systems
were sent on extended loan to Amos Eddy in
July.
* Colorado State University: A GMD-1 test
set was loaned for work on a radio sounding
program.

AFCRL Ozone Program

* Montana State University: An M-33 radar
was moved from Rapid City, South Dakota to
Bozeman, Montana for use during the winter
months.

For the first half of 1967, Boulder was one
of the ozone stations in a network set up by the
Air Force Cambridge Research Laboratory.
Ozone soundings were taken each Wednesday at
0500 MST at the Marshall site.

* Institute for Arctic and Alpine Research:
Wind systems of two types have been loaned at
various times to the IAAR of the University of
Colorado for use on Niwot Ridge, west of
Boulder.
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*
ESSA - Boulder: The FOF has made the
GMD facility at the Marshall site available to
Walter Komhyr's group and others at ESSA for
radio and ozone soundings. This arrangement is
expected to continue until ESSA is able to install
its own GMD in the Boulder area.

2

6-probe battery-powered
range 50-100°
2 electric psychrometers
sling psychrometers
*

The FOF supplies research scientists with
portable sensors and equipment for use in the
field, and fixed facilities such as shops and test
installations for general use.

6
8
*

Portable equipment now available includes
the items listed below.

1

1

*

2
3

Radars:
T-33 with 10-cm acquisition, 3-cm
tracking antenna, and radome over
the tracking antenna

*

Upper air sounding equipment:

2

*

GMD-1 system for rawinsondes and
ozonesondes
theodolites for pilot balloons
1

*

Wind systems:
7
14
27
2
1

*

all purpose, battery-powered systems
systems from MRI mechanical weather stations
systems for use at attended stations
anemometers with totalizing dials
Belfort portable wind sensor

Temperature and humidity sensors:
4
14

hygrothermographs
bimetal thermographs
stations

from MRI

mercury barometer
Paulin system portable
rometers
altimeters
microbarographs

microba-

Radiation sensors:
1

M-33 with 10-cm acquisition antenna
and 3-cm tracking antenna

tipping-bucket collectors from MRI
stations
Belfort tipping-bucket collectors
weighing gages with recorder

Pressure sensors:
1
2

Field Equipment

*

Rain systems:
14
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systems,

integrating Sol-a-meter, indicating
only
integrating Sol-a-meters, modified
for recording

Other:
1
1
2

20-event Esterline Angus
4-event Rustrak
10-digit Sodeco impulse printers

The FOF acquired a 14-bit system with
10 analog and 5 digital channels to generate computer-compatible tapes from diverse sensor outputs, including tracking radars and GMDs.
Another 10-bit system has been ordered, and
both sets will be used with M-33 radar and
GMD-1 sounding systems during the 1968
Barbados experiment.
*

Communications systems:
7
2
2

150 -172 MHz VHF transceivers
HF single side-band transceivers
handi-talkies
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* Field support equipment:
The FOF provides transportation to place
its portable facilities in the field. Flatbeds, vans, and
low-boy semitrailers are available for this purpose.
Housetrailers and miscellaneous housekeeping
equipment are also available for use where there
are no commercial food and lodging facilities.
e Gasoline and diesel-powered generators:
3 23.5-kW generators
several smaller generators
Marshall Site
The Marshall site consists of 79 acres about
5 mi southeast of Boulder. Leased originally as a
site for testing sensors, and still used for that
purpose, it now accommodates the mechanical
shop and additional laboratory and storage space
in two prefabricated steel buildings, and serves as
the staging area for major field programs. Vehicles, trailers, and field support equipment are
stored at the site. An operational M-33 radar and
GMD-1 are used to track transponders and aircraft and to take radio and ozone soundings when
Boulder-based operations meet the needs of the
investigator.
Laboratories and Shops
The FOF maintains a fully equipped electronics laboratory for circuit design, prototype
fabrication, and modifications to standard components. Precision parts are machined in an
instrument development laboratory.
Calibration and Test Facilities
Maintenance and. calibration of field instruments are continuing functions: all instruments
are cleaned and lubricated, and sensor performance is verified, before they are shipped to the
field. Calibrated secondary standards are used in

these calibration procedures. A wind tunnel and
an environmental chamber are now in the
advanced planning stage.
FACILITIES UNDER DEVELOPMENT
A number of facilities now under development will expand FOF's resources for supporting
field programs. Development consists mostly of
integrating off-the-shelf components into systems
with special capabilities.
* Radar: Work is progressing converting a
Nike radar system into a 10-cm quantitative
radar particularly suited to hailstorm studies. This
includes new servo drives for azimuth and elevation to permit operation in strong winds. The
system is already committed to field use during
the summer of 1968.
* Also under construction from a surplus
APS-42 is a mobile 3-cm radar with 6-ft dish. The
radar is being mounted on a low-boy trailer with
its own 23.5 kW diesel generator. The servo
system is being designed for compatibility with
the 10-cm band. Field trials will begin during the
summer of 1968.
* Data Aquisition System: There is a continuing program of acquiring data acquisition
systems that will accept the outputs of meteorological sensors and provide tapes for processing by
digital computers. The systems are commercially
available custom units consisting of standard
modules. FOF develops the engineering specifications for each system and performs the integration of sensor and data acquisitions system. The
14-bit and 10-bit systems described above are the
first such developments.
* Rainfall Rate-Measuring System: Tippingbucket raingage data allow calculation of rainfall
rate if the tips are precisely timed. At high rainfall
rates the typical event recorder is unable to
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resolve the time interval between tips. Moreover
the analysis of such data from a network of gages
is tedious.

In a system being developed by Julian Pike,
the switch closure of each tipping bucket delivers
an audio tone burst to one channel of a stereo
tape recorder. Standard IRIG tone frequencies,
different for each gage, permit readout using
readily available telemetry filters. By recording
0.01-sec timing pulses on the second stereo
channel, timing is intrinsically coupled to the
data. Preprocessing the data on an FOF data
acquisition system will allow computer processing
of rates of rainfall. Feasibility of the concept was
proven in 1967. Future development will center
on the use of radio data links so that gages may
be more widely spaced.

* Boundary Profile System: The boundary
profile (BP) system is a tethered balloon system
for making meteorological soundings in the
lowest 5000 ft. Its unique design concept is its
small size and weight, allowing its use at any time
or place under existing FAA restrictions.
During 1967 a preproduction prototype of
the airborne telemetry package was developed
and field trials in search of a more rugged lifting
vehicle led to the choice of the Pentakite for
surface winds up to 10 kt. For stronger winds a
24 ft 2 Jalbert wing has been used with some
success. A more compact winch powered by a

constant-torque, variable-speed electric drill was
also built.
* Nimbus Ground Station: The FOF is
designing and constructing a portable receiver and
display unit for field use. The technique for
converting tape to TV display to film is inherently superior and offers better resolution than
commercially available APT systems. At year's
end the system had been breadboarded to prove
the design and all components had been ordered.
PLANS
The FOF is basing its plans, at least
through 1971, on a continuing trend toward
larger and more complex field experiments. The
increasing demand for support, often with little
lead time, requires greater emphasis on the
support function of the Facility and may limit
the effort that can be devoted to development.
The immediate future involves us in several
important field programs. In February 1968, we
will give active support to the period of intensive
observation of mountain waves. Five-man crews
will participate in the 1968 phase of the Seabreeze experiment from late May to late June,
and in the Barbados experiment from mid-June to
the end of August. Several weeks of work remain
to complete modifications to the 10-cm quantitative radar for the Rapid City program. And if
history repeats itself, we will be supporting, by
the end of 1968, at least one important program
not yet a part of these plans.
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GLOBAL ATMOSPHERIC MEASUREMENTS PROGRAM
The Global Atmospheric Measurements
Program (GAMP) was formed in 1966 to develop
new techniques and instruments for obtaining
atmospheric measurements. During 1967 the
activities of GAMP were concentrated on the
GHOST program, in which small superpressure
balloons, each carrying a lightweight electronics
package, are released in the southern hemisphere
to trace horizontal wind patterns. The urgency of
the problems related to this program and our
limited resources precluded any substantial work
on the MOSES automatic weather station or on
simple radiosonde systems.
DEVELOPMENT
Balloons

* For low-level flight a new ellipsoidal
balloon, with major and minor diameters of 3 m
and 1 m, was developed to provide minimum
response to vertical currents. These balloons will
be flight tested in 1968.
* To overcome icing problems at flight altitudes between 10,000 and 30,000 ft, a new type
of balloon system (the Cannibal-loon) has been
designed. These ballons will automatically rise to
higher (drier) altitudes when icing is imminent,
and later return to proper float altitude. Balloons
of this type are now being fabricated and will be
flight tested in 1968.
* To overcome problems of nighttime frost
accretion on balloons flying at 300 mb, a metalcapped balloon was designed which maintains a
skin temperature 150 higher at night than that of
a transparent balloon. The technique has been
successfully demonstrated by five flights with an
average life in excess of one month. (The average
flight duration for uncapped balloons has been
eight days.)

Electronics and Transducers
* A strain gage was developed and tested on
more than 20 flights. It permits monitoring of
balloon gas loss, variation of the radiation environment, and icing.
* An improved sun-angle sensor was developed which permits a near linear response for sun
angles from 10-80°. The previous sun-angle sensor
with a sine response to sun was not usable above
angles of 70°.

* The FAA conducted two tests in 1967 in
which GHOST electronics packages were ingested
by jet engines. Neither engine suffered significant
damage.
* A new GHOST configuration was developed which minimizes the windshield hazard to
aircraft and which provides adequate transmitter
power at sun angles down to 0°. This new
package has been successfully tested on more
than 20 flights.
Location Systems
* Preliminary design work was accomplished
on the development of a high-frequency direction-finding station for use in the Interim Operational Program in the southern hemisphere. The
direction-finding data will complement the sun
angle data used now, and will permit real-time
analysis of GHOST trajectories. A demonstration
model will be tested in 1968.
* Preliminary design work was accomplished
on a location system for use in 1973 on TROMEX
experiments in the Pacific. This location system
will have a positioning accuracy of 1-2 mi with
positions obtained every hour, night and day. The
balloons will be cut down at a predetermined
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time. The system involves a Loran C type of
operation, with the balloon as the master station
and with range measurements made by phase
comparison rather than time between arrival of
pulses. The first test of this system will be made
in late 1968 from Christchurch, New Zealand.
SOUTHERN HEMISPHERE
TEST FLIGHTS
From 4 March 1966 through 31 December
1967, 119 flights were made from the southern
hemisphere:
* There were 56 flights at 200 mb; the
average flight duration for the best 40 flights was
88 days. Two flights exceeded 300 days in
duration, with the longest flight 351 days. The
trajectories for nine of the longest flights have
been evaluated and winds computed for all flight
days on which adequate data were available.
These data summaries will become available early
in 1968 and will be distributed to all interested
research groups to permit climatological analysis
as well as comparison of the trajectory-derived
winds with rawinsonde winds in those areas where
upper air data are available.
* There were 20 flights at 500 mb with an
average flight duration of 7 days and the longest
confirmed flight of 19 days. A major cause of
failure at this level was ice accretion.
* There were 10 flights at 300 mb using
conventional GHOST balloons; the longest flight
was 51 days, and average flight duration was 8
days. Five later flights using metal-capped
balloons had an average duration approaching 40
days.
* There were 5 flights at 100 mb, using
balloons manufactured by the G. T. Schjeldahl
Co. These balloons used a new type of inflation

fitting which apparently failed during flight since
the longest flight of this group was 40 days and
the average duration was 20 days. There were
seven flights made with similar balloons manufactured by Raven Industries using conventional
inflation fittings. Three of these balloons are still
flying after four months; we expect average life
for these balloons to exceed 100 days. There were
5 flights at 100 mb with balloons of French
manufacture. The payload included a radiation
monitoring device developed in France. The
radiation measurements were successful, but the
French balloons failed to stay aloft for more than
6 days.
* There were 10 flights at altitudes from
30-23 mb. Three were damaged during launch.
The average flight duration for the remaining
7 balloons was 50 days, with the longest flight
116 days.
* There was 1 flight at 10 mb using an
experimental polyethylene balloon. The film
strength of this material was marginal for the
application; the balloon failed after 1 day.
NIMBUS D IRLS PROGRAM
Preliminary development work for a joint
NCAR - Goddard Space Flight Center (GSFC)
meteorological experiment employing the Nimbus
D Interrogation, Recording and Location System
(IRLS) was continued during 1967. The IRLS
developed by GSFC is designed to provide quantitative measurement of meteorological and geophysical parameters on a global scale. Wind speed
and direction can be determined by identification
and tracking of constant level balloons; sensor
data from fixed or floating platforms are transmitted to the Nimbus D satellite and stored for
subsequent relay to a central data processing
center. Two significant features are parts of this
experiment: (1) flight demonstration of a number
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of intermediate lightweight, low-powered balloon
packages at 30 mb, and (2) investigation of the
quasibiennial stratospheric oscillation (QSO). It is
essential that the balloon vehicle, the launch
technique, and the scientific experiment for the
original IRLS be tested and fully qualified by
mid-1969. (The Nimbus D satellite is scheduled
for launch in late 1969.) In order to achieve this
capability, the balloon vehicle must be tested in
the environment where it is designed to fly.

PLANS FOR 1968

During early 1967 GAMP made two tests
flights of thermal packages for qualification as
containers for the IRLS electronics. The flights
proved the capability of a passive thermal package
with proper surface coating to maintain moderate
internal temperatures for long flights.

In order to make maximum use of our
limited resources in funds and people, the GAMP
headquarters, and six of the nine personnel, will
be transferred to Christchurch, New Zealand. We
will remain in Christchurch for one to two years,
until we have solved problems of long-duration
flight in the mid-troposphere and of the development of a location system for TROMEX.

The complete responsibility of launch techniques, balloon qualification, test flights and
conduct of the 30 final flights with the IRLS
electronics was assigned to GAMP by NASA. A
launch site has been selected at Ascension Island
in the South Atlantic; diplomatic clearances
are being obtained to permit flights from this
location.
During September the GHOST wagon, a
vehicle enablifg launches in winds up 20 mph,
was completed by the NCAR shops. It was
successfully tested at Bonneville Salt Flats, Utah,
in wind conditions similar to those expected for
Ascension Island. A survey trip to Ascension
Island was made during December to facilitate
detailed planning of the forthcoming flight series.

In 1968 major efforts will be on flight tests
of low-altitude balloons at 900 and 700 mb; flight
tests and continued development, if necessary, of
the Cannibal-loon to improve life at 500 mb; the
use of metal-capped balloons to eliminate the
accumulation of frost in the tropical night at an
altitude of 200 mb; and the development and test
of an accurate navigation system for use in
TROMEX.

On the assumption that the Interim Operational Program will be implemented, a major
effort will be required to support this program.
This will include launching 50-100 balloons per
year and training personnel at tracking stations in
direction finding and data acquisition.
On the Nimbus D IRLS program, six flights
will be made from Ascension Island in April 1968
at 30 mb. After testing of improved materials,
fabrication, and packaging, eight additional
balloons will be fabricated by the two qualified
manufacturers for flight at altitudes from 30-50
mb. These tests will be conducted from Ascension
Island in October 1968.
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DESIGN AND PROTOTYPE DEVELOPMENT FACILITY
The Design and Prototype Development
Facility, created in 1966, continued to grow and
intensify its capability to function as an integrated systems-engineering facility. While some
phases of program implementation were slower to
develop than had been hoped, new definitions of
emphasis have had time to emerge. Recognizing
the key role played by data-management technology in any systems engineering effort, we plan
to establish a data-management technique development group within our Facility. And recognizing the probability that the requirement for
major systems engineering will be chiefly in the
area of implementing large multi-faceted field
programs - such as the upcoming TROMEX we are preparing to devote a growing portion
of our effort and training to such capabilities. The
general trend we foresee is toward the engineering
of systems, which will in turn dictate specific
tasks.
Major projects on which Design and Proto-

type Development Facility worked during 1967
were:
* Ultraviolet double monochromator
* Rocket air sampler (in cooperation
with NASA)
* Gondola torque controller for
balloon packages
* Stable balloon platform
* Helical scan radar (airborne)
* GHOST wagon (for GHOST balloon
launches during wind)
* Sky brightness photometers
* Communications network
* Timing signal generator
* Temperature sensors for balloon skin
* Windspeed measurement equipment
(using laser techniques)
* Infrared absorption hygrometer
* Hail sensor (density, impact, and
direction)
* Pressure sensor
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PROGRAM ON APPLICATIONS ANALYSIS
The intent of the Program on Applications
Analysis is to identify and elucidate problems
related to the atmosphere's influence on man, and
man's knowledge of the atmosphere. Two major
projects were started and pursued vigorously
throughout 1967.

HUMAN DIMENSIONS
OF THE ATMOSPHERE
Under NSF sponsorship and funding, the
Program contracted a group of about a dozen
social scientists to review work in their fields
which could be applied to questions of the impact
of weather and climate on human activities. This
project sought to define research efforts which
would improve or provide new techniques of
analysis useful to planners and administrators
involved in air pollution control, food production, storm protection, etc.

OBSERVATORY SITE SEARCH
A study of site locations for a solar coronal
observatory occupied the major effort of the
Program. Tle study examines a more detailed
range of criteria for an optimal site than most
studies elsewhere are able to undertake. The High
Altitude Observatory, which initiated tle search,
and other astronomical groups will profit from
the thorough approach to locating a site. This
approach proceeds stepwise from identifying
specific observing requirements, to topographic
and meteorologic modeling, matching of actual
sites to the models, and finally to testing selected
sites with optical and meteorological instrumentation. During 1%7,
models were projected,
climate records were examined, and selected sites
in Chile, the Hawaiian Islands, Baja California,
and the U.S. Southwest were visited. A photometer is under construction at NCAR for continuous sampling of sky brightness due to scattered liglt
the chief contaminant of coronal
observations.
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Earl E. Smith (from November)
James L. Starry
Homer C. Woody (from November)
GLOBAL ATMOSPHERIC
MEASUREMENTS PROJECT (GAMP)
Management
Vincent E. Lally, Head

Professional
Robert W. Frykman
Ernest W. Lichfield
A. Brewster Rickel
Samuel B. Solot
Jack D. Tefft (from October)
Marcel L. Verstraete
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Support

Neil Carlson
Jane S. Von Letkemann (from February)
COMPUTING FACILITY
Management
Glenn E. Lewis, Head (to September)
John M. Gary, Head (from September)
Professional
Jeanne C. Adams
Robert P. Biro
James W. Burgmeier (June to September)
Leonard C. Cohen (from October)
Margaret A. Drake (from September)
Chester W. Ellis
Dean H. Frey (from November)
William Frye
David Fulker
Sandra J. Fuller (from November)
John M. Gary (to September)
Grant R. Gray
Sylvia Hargreaves (to August)
Leslie C. Higbie (from January)
Roy L. Jenne
Dennis H. Joseph
David L. Kitts
Jack S. Miller
Bernard T. O'Lear
Joseph E. Oliger
David Robertson
Paul A. Rotar
Paul N. Swarztrauber
Joyce A. Takamine
W. Hugh Walker (to October)
Nancy Werner
Larry D. Williams (to October)
Donald G. Williston

Support

Donald M. Austin
Betty L. Bloom (to January)
Carol Beardsley (to June)
Patricia A. Colantino (from October)
Ernest M. Cox (from November)
Edgar W. Davis
Richard J. Frank (to March)
Martin A. Halstad (from November)
Kenneth S. Hansen (from October)
Catherine Hobart (May to October)
Janet L. Ivarie (from October)
William F. Jones (to October)
Benjamin J. Klepac
Walter A. Lukasik (to November)
Michel D. Magers (from October)
Dorrit Nesmith (to December)
Robert Niffenegger
Richard L. Patrick (to November)
Joyce M. Reed (to May)
Shelby Sheffield (from February)
Judith A. Slater
Georgia Sprague (to September)
Fred P. Walden
Raymond E. Wehry (to October)
RESEARCH AVIATION FACILITY
Management
John W. Hinkelman, Jr., Manager
Professional
Robert G. Beabout (to September)
Cleon J. Biter
Edward N. Brown, Chief, Instrumentation
Group
Frank A. Brunot
J. William Bullock, Chief, Flight Operations
Group
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Albury J. Dascher
Robert LeRoy Foltz (from April)
J. Clyde Hudson
Robert G. Knollenberg
Loyd E. Newcomer
Gene D. Prantner, Chief, Research
Projects Group
Lester M. Zinser
Support

Melvin E. Busch
Toni A. Chapman
Richard Garrelts (from May)
FIELD OBSERVING FACILITY
Management
William S. Lanterman, Jr., Manager
Professional
Harold W. Baynton
Joseph J. Boyajian (from December)
Donald A. Eklund
George O. Langer
Julian M. Pike
Richard W. Sanborn (from August)
George H. Saum, Jr.
Jack D. Tefft (to September)
Support
Charles E. Amen
Paul D. Balbin (from April)
William W. Bragg
Leo G. Crouch
Roy B. Eis
Edward A. Elsberry
Raymond J. Figaro (to February)
Betty L. Gafvert

Robert B. James
Jerry M. Janssen

Brian W. Lewis
Robert B. McBeth:
Dale B. McKay

Lynn W. Pinkerton (from August)
Alan L. Sorenson
DESIGN AND PROTOTYPE
DEVELOPMENT FACILITY
Administration
Stig A. Rossby, Manager (professional,
from August)
Judith Steinacher
Electronics
Arden L. Buck, Electronics Engineer
(professional)
Alan R. Owens
Mechanical Design
Charles C. Catlin
Michl B. Howard
H. Paul Johnson, Acting Facility
Manager (professional, to August)
H. Fred Knoblock
Edward D. Lambdin
Richard E. Morrisey (from November)
Ben L. Novak
Machine Shop
Marvin C. Hewett, Shop Supervisor
Hayden F. Mathews
Earl E. Morrison, Clerk
Edmund Abram
Page A. Baptist
Jack W. Crowther
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William Dombrowski
Owen D. Evans
Henry P. Geisert
Gilbert C. Granger (from April)
Alvin J. Helfrich
Allen F. Price
Orvil C. Starr
Russell D. White
Frederick J. Zimmer
Glass Shop

Geza Dombi

PROGRAM ON APPLICATIONS ANALYSIS
Management
Thomas W. Bilhorn, Acting Head
Professional
Carl M. Brandauer
Nelder Medrud, Jr.
Support
Phyllis J. Peterson
Dean K. Lauritsen (from September)

Photo: Visitors
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CONFERENCES HELD AT NCAR
Board of Trustees of the Charles F. Kettering
Foundation

Conference on College Physics
5-6 January

10 participants

Sponsored by NASA.
Hosted by NCAR.

18 - 19 May
Hosted by NCAR.

Study Group Meeting of the National Institutes
of Health

Working Committee for Data Interchange and
Data Centers of the Geophysics Research Board
12 - 13 June

19 -21 January

15 participants

25 participants

20 participants
Hosted by NCAR.

Hosted by NCAR.
Conjugate Point Symposium

Experimenters' Meeting for the Apollo Telescope
Mount
16 - 17 February

15 participants

Sponsored by NASA.
Hosted by NCAR.

13 - 16 June

150 participants

Sponsored by International Association of Geomagnetism and Aeronomy, American Geophysical
Union, Air Force Cambridge Research Laboratories, and Office of Naval Research.
Hosted by ESSA and NCAR.

Committee I of the National Science Board
26 - 27 February

48 participants

Intergovermental Task Force on Information
Systems
4 August

Hosted by NCAR.
Working Group on Optical Contamination of
Spacecraft

6 participants

Sponsored by a subgroup of Intergovernment
Relations Commission.
Hosted by NCAR.

8 - 9 March

14 participants

TROMEX PlanningCommittee
Sponsored by NASA.
Hosted by NCAR.

5 - 8 September

60 participants

Hosted by NCAR.
Interdepartmental Committee for Atmospheric
Research of the U.S. Department of Commerce

11 May,
Hosted by NCAR.

23 participants

PolarResearch Panel of the National Academy of
Sciences
11 December
Hosted by NCAR.

10 participants
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NCAR VISITORS*
College,

Jih Kwin Chao, Massachusetts Institute of Technology, Cambridge, Massachusetts

James K. Angell, Environmental Science Services
Administration, Silver Spring, Maryland

Wan-Cheng Chiu,University of Hawaii, Honolulu,
Hawaii

Richard Barchet, Colorado State University, Fort
Collins, Colorado

Richard A. Craig, Florida
Tallahassee, Florida

Jeffrey C. Bauer, Colorado College, Colorado
Springs, Colorado

Edwin F. Danielsen, Pennsylvania State University, University Park, Pennsylvania

Chicago,

Lorant Dezso, Heliophysical Observatory,
Hungarian Academy of Sciences, Debrecen,
Hungary

Ross H. Anderson,
Pittsburgh, Kansas

Henry J. Bennett,
Chicago, Illinois

Kansas

University

State

of

Theodore V. Blanc, Ball State University, Muncie,
Indiana
Rainer Bleck, Pennsylvania State University,
University Park, Pennsylvania

State

University,

Dieter H. Ehhalt, University of Heidelberg,
Heidelberg, Germany
Robert G. Ellingson, Florida State University,
Tallahassee, Florida

William Blumen, University of Colorado, Boulder,
Colorado

John Festa, City College of New York, New York

Rumen D. Bojkov, University of Sofia, Sofia,
Bulgaria

Perry W. Fisher, University of Michigan, Ann
Arbor, Michigan

Lance Bosart, Massachusetts Institute of Technology, Cambridge, Massachusetts

Benson Fogle, Geophysical Institute of the University of Alaska, College, Alaska

Gregory C. Bullen, Chapman College, Orange,
California

Grahame Fraser, University
Christchurch, New Zealand

Donald A. Burrows, University of Washington,
Seattle, Washington

Thornton C. Fry, P. O. Box 5966, Carmel,
California

Alfred E. Bussian, University of Michigan, Ann
Arbor, Michigan

Robert L. Gall, Pennsylvania State University,
State College, Pennsylvania

*Visiting NCAR for one month or more.

H. A. Gebbie, National Physical Laboratory,
London, England

of

Canterbury,
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Reiner Gebhart, Technische Hochschule, Munich,
Germany

David Johnson, Ripon College, Ripon, Wisconsin

Hans-Walter Georgii, University of Frankfort,
Frankfort on Main, Germany

Joachim H. Joseph, Institute of Planetary and
Space Science, Tel-Aviv University, RamatAviv, Israel

John C. Gille, Florida
Tallahassee, Florida

Christian E. Junge, University of Mainz, MainzBretzenheim, Germany

Aldo Giorgini,
Indiana

State

Purdue University,

University,

Lafayette,

Charles T. Gordon, Massachusetts Institute of
Technology, Cambridge, Massachusetts

Susumu Kato, Kyoto University, Kyoto, Japan
Alexander A. Kennel, Cornell University, Ithaca,
New York

Arne Grammeltvedt, University of Oslo, Oslo,
Norway

Panchedi Koteswaram, Environmental Science
Services Administration - National Hurricane
Research Laboratory, Coral Gables, Florida

Paul Grantham, Kalamazoo College, Kalamazoo,
Michigan

Frank Kreith, University of Colorado, Boulder;
Colorado

Thomas B. Gray, Air Weather Service, Offutt Air
Force Base, Nebraska

Max Kuperus, Sterrewacht Sonneborgh der
Ruksuniversiteit, Utrecht, The Netherlands

Jagdish C. Gupta, University of California, Los
Angeles, California

Hsiao-Lan Kuo, University of Chicago, Chicago,
Illinois

Marie E. Hallam, The Johns Hopkins University,
Baltimore, Maryland

Elia H. Leibowitz, Harvard University, Cambridge, Massachusetts

Allan Harrison, Beloit College, Beloit, Wisconsin

Ellen J. Leisman, Beloit College, Beloit, Wisconsin

Seymour Hess, Florida
Tallahassee, Florida

University,

Cecil Leith, Lawrence Radiation Laboratory, University of California, Livermore, California

Koji Hidaka, University of Tokyo, Tokyo, Japan

Heinz Lettau, University of Wisconsin, Madison,
Wisconsin

Dietrich Hochrainer,
Vienna, Austria

State

University

of

Vienna,

Eugene Isaacson, Courant Institute of Mathematical Sciences, New York University, New
York

James Liggett, Cornell University, Ithaca, New
York
John Yu-Ming Liu, South Dakota School of Mines
and Technology, Rapid City, South Dakota

194

David Loper, Douglas Aircraft, Santa Monica,
California

Seymour V. Parter, University of Wisconsin,
Madison, Wisconsin

Girts Lorencis, Kalamazoo College, Kalamazoo,
Michigan

Arthur Pike, Institute of Atmospheric Science,
University of Miami, Coral Gables, Florida

Rev. Paul Luger, S.J., Seattle University, Seattle,
Washington

Gerald W. Pneuman, General Motors Defense
Research Laboratories, Goleta, California

Berislav Makjanic, University of Zagreb, Zagreb,
Yugoslavia

S. Rangarajan, Environmental Science Services
Adminstration, Rockville, Maryland

Beloit,

Desiraju B. Rao, Department of Energy, Mines
and Resources, Ottawa, Ontario, Canada

James M. Mitchell, Pennsylvania State University,
University Park, Pennsylvania

M. Mukunda Rao, University of Illinois, Urbana,
Illinois

Thomas J. Moffett, Louisiana State University,
Baton Rouge, Louisiana

C. Abhirama Reddy, Andhra University, Waltair,
India

Ronald Moore, Stanford University, Stanford,
California

J. Mark Rogers, University of Colorado, Boulder,
Colorado

F. Moriyama, Solar Physics Division, Tokyo
Astronomical Observatory, Mitaka, Japan

Stig A. Rossby, University of Wisconsin, Madison,
Wisconsin

Bruce R. Morton, University of Melbourne,
Melbourne, Australia

David Rusch, University of Colorado, Boulder,
Colorado

Janet G. Mehollin,
Wisconsin

Beloit

College,

Loren D. Nelson, University of Chicago, Chicago,
Illinois

Walter Sadowski, National Bureau of Standards,
Washington, D.C.

Frank Orrall, University of Hawaii, Honolulu,
Hawaii

Takao Saito, Tohoku University, Sendai, Japan

University of Sofia, Sofia,

Peter M. Saunders, Woods Hole Oceanographic
Institution, Woods Hole, Massachusetts

Jae-Hyoung Park, Wilkes University, Wilkes-Barre,
Pennsylvania

Keith Schofield, University of California, Santa
Barbara, California

Dennis Parkyn, University of Cape Town, Cape
Town, South Africa

Traugott Scholz, University
Heidelberg, Germany

Stoycho Panchev,
Bulgaria

of

Heidelberg,
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Elliot Schulman, Institute
Goteborg, Sweden

of Oceanography,

Wim Toutenhoofd, University of Melbourne,
Melbourne, Australia

D. S. Sethi, New York University, New York,
New York

S. K. Trehan, Goddard Space Flight Center,
Greenbelt, Maryland

Michael Simon, Cornell University, Ithaca, New
York

Ignaz Vergeiner, St. Justine, Austria

Ralph Smith, University of Keele, Staffordshire,
England

William F. Weigle, Scott Air Force Base, Illinois
Curtis W. Wells, Sam Houston State College,
Huntsville, Texas

Richard C. J. Somerville, New York University,
New York, New York

David L. Williamson, Massachusetts Institute of
Technology, Cambridge, Massachusetts

Kvetoslav Spurny, Czechoslovakian Academy of
Sciences, Prague, Czechoslovakia

Endre Wirth, Hungarian Meteorological Service,
Budapest, Hungary

W.C. Swinbank, Commonwealth Scientific and
Industrial Research Organization, Aspendale,
Victoria, Australia

Dean Witter, Harvard University,
Massachusetts

Paul M. Tag, Pennsylvania State University,
University Park, Pennsylvania
Johannes J. Taljaard, Weather Bureau, Pretoria,
South Africa
J.

S. Tandon, University
Minneapolis, Minnesota

of

Cambridge,

Arthur T. Wood, Harvard University, Carfibridge,
Massachusetts
Kwang-Sik Yun, National
Ottawa, Canada

Research

Council,

Giinter Zebel, Institute for Silicosis Research,
Bochum, Germany

Minnesota,
Dino Zei, Ripon College, Ripon, Wisconsin

