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FOREWORD

This is the seventh Annual Report of Research and Facilities Programs of the National
Center for Atmospheric Research. NCAR continues to pursue several interrelated aims: to
develop high quality research programs, with emphasis on problems requiring crossdisciplinary effort or extensive logistic support; to participate in the planning of large
national and international atmospheric research programs; to provide university researchers
with facilities beyond the means of individual universities; to conduct postdoctoral and
affiliate professorship programs and summer colloquia; and to establish other methods of
exchange and interaction with universities.
During the past year, two major fields of activity have received much attention:
(1) programs related to the Global Atmospheric Research Program, including continued
development of mathematical models of the global circulation, research in tropical meteorology, the GHOST balloon program, and a number of national and international planning
efforts; and (2) studies of the nature of severe convective storms, with emphasis on hailstorms. Both of these fields will, during the next few years, involve NCAR in the sort of
large, cooperative program for which it was created.
As this report shows, however, these efforts were only two facets of NCAR's activities
during 1968. It was, and will continue to be, our intention to maintain a healthy, dynamic
balance between these large projects and individual research efforts of high excellence. It is
our conviction that by maintaining this balance NCAR can best contribute to bringing the
atmospheric sciences to a high level of scientific and practical usefulness over the coming
years.

~/t/Ya7

John W. Firor
Director
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Photo: Solar Flares

INTRODUCTION
A review of the work of the High Altitude
Observatory (HAO) during 1968 shows the
emergence of a new interest in the rotation of the
sun, as well as continued efforts to understand
the structure of the photosphere and chromosphere and the formation of spectral lines within
these regions. A review also reveals efforts to
synthesize theoretical and empirical information
on the structure of the corona, increased use of
magnetic observations to understand the mechanism underlying the formation and evolution of
prominences and flares, and continued analysis of
various features in the geomagnetic field.

Since the solar corona is very faint compared
to the solar disk, observing techniques have a very
definite influence on the research that can be
performed on this region. The past year has seen
continued efforts to improve the quantity and
quality of out-of-eclipse observations of the
corona both from the ground and from satellites.
In addition, the work of describing the physical
state of the corona and its evolution has received
new stimulation from the development of theoretical models which may ultimately explain how
the density, temperature, and dynamic structure
of the corona arise.

Although the descriptive aspects of the rotation of the sun have been well known for many
years, arriving at a satisfactory explanation for
phenomena such as the equatorial acceleration
has not been easy. With the advent of powerful
computers, however, several of the staff have
been able to investigate this problem from a fresh
viewpoint. They have been able, for example, to
calculate coupling effects with greater accuracy
than was possible by analytic solutions. The new
interest in solar rotation has also stimulated efforts to understand the influence which differential rotation may have on driving the solar
activity dynamo.

The study of solar activity has continued to
intrigue investigators. The major effort has been
to examine the fundamental mechanisms underlying the various phenomena. Theoretical investigations into the magnetodynamics of sunspots
have suggested a plausible explanation for material motion in their penumbrae. Studies of the role
of magnetic fields in prominences have focused
on the accumulation of a unique body of measurements of prominence fields and on analysis to
determine how a field is oriented with respect to a
prominence axis and how it is involved in support
of the prominence. It has become clear that electric currents are significant in many prominences.

As in past years, the intricate problems associated with the structure of the photosphere and
chromosphere and with the transfer of radiation
within these layers have received much attention.
Although no definitive model yet exists for these
regions, progress toward understanding the formation of strong spectral lines has been significant.
For example, the observed profiles and center-tolimb variations of the strongest Na and Mg lines
can now be reproduced theoretically for the first
time, and new observations have clarified some
questions about the temperature minimum of the
solar atmosphere.

In studying the equally complex problems of
the earth's magnetosphere and ionosphere, some
of the same techniques of analysis are used as for
solar phenomena. However, the observations of
these regions are much more detailed and hence
often require more intricate interpretation. Much
of the work during the past year has been concerned with the role of large scale winds and tidal
forces in the development of observed ionospheric and geomagnetic phenomena.
Gordon A. Newkirk, Jr.
Director
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THE SOLAR INTERIOR
Although the interior of the sun is invisible (in
fact only 10-10 of the solar mass can be observed), this region is one of great importance in
understanding the outer layers. All energy escaping the sun ultimately originated in nuclear
reactions deep in the core. Moreover, circulation
of the material well below the photosphere presumably gives rise to differential solar rotation,
magnetic fields, and the various phenomena of
solar activity, which have so dramatic an influence on the upper atmosphere of the earth.

OSCILLATIONS AND WAVES
IN ROTATING STARS
Durney and Skumanich finished the study,
initiated by Durney, of the nonradial oscillation
of slowly rotating, polytropic model stars. Both
stable and marginally stable states were examined
under linear adiabatic conditions, using an eigenvalue approach.
In the stable state, oscillations can exist at frequencies which depend upon the parameter 7y =
(7 - F)/mc 2 , which measures the ratio of buoyant to gyroscopic forces. Here, r = 1 + n- 1 , where
n is the polytropic index, 7 is the ratio of the
specific heats, co is the non-dimensional angular
velocity [w = 2/(47rGpc)2], and m is the azimuthal wave number. The structure of these oscillations, which can be called gravitationalgyroscopic waves (or Hough waves in meteorology), was determined for the lowest (global)
modes. These waves represent a previously unexamined wave mode which appears in the
presence of rotation and which may contribute to
the energy and momentum transfer between rotation and convection. To determine whether these
waves are excited in the sun, a nonlinear analysis
must be undertaken.

In the marginally stable state, Durney and
Skumanich found the solutions to be oscillatory,
thus indicating overstability, with the parameter
-y taking on discrete negative values. These results show that the onset of convection is often
inhibited by the presence of rotation. The inhibiting effect is magnified if the oscillations are
restricted to those which are axisymmetric. Thus,
the presence of rotation can be expected to influence profoundly the occurrence of convection
and hence the presence of chromospheres and
coronae and the loss of mass from stars like the
sun. Oddly enough, rotation tends to reduce
rather than increase the mass loss from certain
stars.
It has been suggested that the observed equatorial acceleration of the sun may be maintained
by a systematic conversion of the kinetic energy
of large scale wave motions into the kinetic
energy of the mean rotation. In the terrestrial
atmosphere, the jet stream is maintained in such a
manner by the excitation of Rossby waves in the
presence of a horizontal temperature gradient.
However, no appreciable horizontal temperature
gradient appears to exist in the solar atmosphere.
Shoji Kato examined this problem and showed
that Rossby-type waves can be excited by means
of the conversion of the potential energy stored
in the superadiabatic temperature gradient in the
convection zone into the kinetic energy of the
waves. He applied the results to the solar differential rotation and found that the observed angular momentum transfer can be the result of such
waves.
CONVECTION
Durney continued to study the interaction of
solar rotation and convection by determining

successively higher-order solutions of the hydrodynamic equations. Ultimately, their solutions
should explain the origin of the differential rotation, how the rotation varies with depth, etc. In
collaboration with Werner (FAL), Durney solved
the time-dependent equations for a rotating convective shell in the weak coupling approximation.
To date, only the axisymmetric case has been run,
and it shows the stability of the steady state solution found earlier. If the Kippenhahn theory of
the differential rotation of the sun is valid, the
outer layers of the convective shell should rotate
faster than the inner layers. Although the present
solutions, assuming only weak coupling, may not
be truly representative, they yield a result exactly
opposite to the Kippenhahn theory, i.e., the inner
layers rotate faster. The next approximation will
be to consider the neglected nonlinear terms as
perturbations of the known solutions of the weak
coupling problem.
SOLAR OBLATENESS
One of the most controversial observations of
recent years is that by Dicke and Goldenberg
(Princeton University) of a minute oblateness of
the solar disk. The magnitude of the oblateness is
so small (0.04 arc sec, or 34 km) that its reality is
questioned by some on observational grounds
alone. However, Dicke regards the measurement
as evidence for the substantial quadrupole
moment in the sun's gravitational field required
by his reinterpretation of the theory of general
relativity and the observed motion of the perihelion of Mercury.
Durney and Roxburgh examined the distribution of radiance coming from the limb of the sun
at the poles and the equator to determine if the
oblateness can be explained as a natural consequence of solar rotation and its influence on the
structure of the sun. (The simple distortion of the
sun by rotation is much smaller than that observed.) They assumed that, due to the stabilizing
effect of rotation on convection, the effective

temperatures at the equator and poles are slightly
different. Moreover, large scale photospheric
motions (inward at the equator and outward at
the poles) must be taken into account. They
concluded that the equator-pole flux difference
measured by Dicke and Goldenberg could be
explained without the assumption of a large gravitational quadrupole moment.
DIFFERENTIAL ROTATION AND
SOLAR MAGNETIC FIELDS
Nakagawa, in collaboration with Swarztrauber
(FAL), continued to study the effect of differential solar rotation on the axisymmetric magnetic field and the solar cycle by means of
numerical integration of the appropriate hydromagnetic equations. This work places the qualitative ideas advanced several years ago by Babcock
(Mount Wilson and Palomar Observatories) on a
firm quantitative basis. They assumed that the
observed solar differential rotation is maintained
at the surface and that a constant angular velocity
of rotation is maintained at the bottom of the
convection zone. The solutions thus obtained
show such interesting topological features of the
general solar magnetic field as the development of
a strong toroidal (longitudinal) magnetic field in
the middle latitudes. This toroidal field gradually
drifts either toward the equator or toward the
poles, depending upon the exact formula used to
describe the surface differential rotation.
Using the formula for differential rotation derived from the movement of sunspots, Nakagawa
and Swarztrauber found that the region of strong
toroidal magnetic field drifts toward the equator
in a manner similar to that shown in the "butterfly" diagram describing the positions of sunspots
during the solar cycle. With the differential rotation formula derived from the movement of filaments, a poleward drift occurs. In this case, the
region of strong toroidal magnetic field is identified with the zone of polar prominence activity,
and the development and drift of polar prominences are reproduced by the model.

The extension of this study to the nonaxisymmetric incompressible case was formulated
by Nakagawa in terms of poloidal and toroidal
scalars. However, in order to reduce the length of
time-consuming relaxation computations, he reformulated the problem, after consultation with
the computer group, in the so-called "primitive
equation" form. Except for some trial computations, no major attempt has yet been made in this
direction.
In another study, Nakagawa examined the
differential rotation in a spherical shell of an incompressible inviscid fluid of infinite electrical
conductivity when both the magnetic field and
fluid motions are purely toroidal. This was an
extension of a previous study (Nakagawa, in collaboration with Trehan, a 1967 visiting scientist),
in which the magnetic field was considered
poloidal and the fluid motions toroidal. In the
recent study, Nakagawa showed that a steady
state solution is possible if the Alfven velocity

associated with the toroidal magnetic field is
comparable to the velocity of rotation.
The basic problem of the generation of a stellar
magnetic field in rotating stars was investigated
by Nakagawa and Shoji Kato, with attention to
the effect of radiation pressure. It had been suggested by Biermann (Max Planck Institut fir
Physik) that the electron partial pressure in rotating stars can generate a toroidal magnetic field of
considerable strength. However, Mestel and
Roxburgh (Queen Mary College) recently showed
that the generation of such a toroidal magnetic
field can be suppressed almost completely when a
weak, primordial, poloidal magnetic field exists in
the star. However, the results of Nakagawa and
Kato showed that if the effect of radiation pressure is taken into consideration, a toroidal magnetic field of moderate strength can be generated
even in the presence of a primordial, poloidal
magnetic field.

THE PHOTOSPHERE AND THE CHROMOSPHERE
STRONG FRAUNHOFER LINES
It has been known for some time that the
strongest Fraunhofer lines are formed in the
chromosphere. These lines have been exceedingly
useful in studying the spatial and temporal structure of the chromosphere. On the other hand,
attempts to use these same lines to study the
thermodynamic properties of the chromosphere
have been notably unsuccessful, a fact due largely
to shortcomings in both theory and computing
capabilities in the past. Now, both computing
capabilities and the theory relating the intensity
and shape of a spectral line to the thermodynamic
properties of the radiating medium are sufficiently advanced to warrant a systematic and intensive
study of the strong chromospheric lines.
In the past year or two, several research groups
have tried to relate the profiles of the strong H
and K lines of Ca II to a model chromosphere.
Efforts in this direction by Athay and Skumanich
were described in the 1967 Annual Report. A
major controversy has arisen over the interpretation of these lines and is as yet unresolved. The
disagreement reflects the possibility of two alternative, opposing interpretations of the observed
lines:
1) The lines arise in a chromosphere which
has a very broad temperature minimum extending
from its base to a considerable height, and followed by a very sharp rise in temperature.
2) The lines arise in a chromosphere which
has a relatively narrow temperature minimum
ending at a relatively low chromospheric height,
and followed by only a moderately steep temperature rise.
This conflict in interpretation can be resolved,
in theory at least, by investigating chromospheric

lines originating at a variety of heights. Table 1
lists the lines which have been observed with
sufficient care for such investigation, as well as
their approximate levels of origin. (Profiles of the
oxygen and carbon lines were obtained just this
year with rocket-borne instruments flown by
personnel at the Laboratory for Atmospheric and
Space Physics, University of Colorado.)
Table 1
Chromospheric Lines

Suitable for Detailed Analysis

Line

Approximate Level of

Origin in Chromosphere

Sodium D

Low

Magnesium b

Low

Calcium II IR

Low

Hydrogen Balmer-a

Middle

Calcium II H and K

Middle

Magnesium II H and K

Middle

Oxygen IX 1304

Middle

Carbon II X1335

High

Hydrogen Lyman-a

High

Athay and Canfield collaborated on a theoretical study of the profiles of the Na D and Mg b
lines, using multilevel atomic models. They found
that these lines are extremely insensitive to the
temperature structure of the lower chromosphere,
and therefore they favored no particular temperature model. They did find, however, that the
Na D and Mg b lines are very sensitive to the
macroscopic turbulent velocities in the lower
chromosphere, since these velocities strongly influence the shapes of the lines. In order to obtain

8

agreement between computed and observed line
profiles, including their center-to-limb variations,
Athay and Canfield found it necessary to use

Annual Report). These latter results helped form
the basis for interpretation (2).

macroscopic velocities, t, that are anisotropic and

New observations of the emission lines of O I
and C II and of the hydrogen Lyman lines should
permit more sensitive discrimination between
alternative models (1) and (2). Considerable
computational work on the O I lines was carried
out this year by Athay and Canfield, and is still in
progress at year's end. Also, considerable computational work on the hydrogen Lyman and
Balmer lines was accomplished by Athay. Both
the oxygen and hydrogen calculations should be
completed early in 1969. Curtis, in collaboration
with O. R. White (Sacramento Peak Observatory),
continued his reduction of sodium and magnesium limb-darkening data.

that decrease with height through the upper
photosphere and lower chromosphere (Fig. 1).
After passing through a minimum at a continuum
optical depth of about 10- 5 to 10-6 (i.e., at a
geometric height of about 500 km in the chromosphere, at about the same level where the temperbegins to increase
ature minimum occurs),
rapidly with height.
Although the Na D and Mg b lines do not lead
to a unique temperature model and therefore do
not resolve the ambiguity in the analysis of the
Ca II H and K lines, they indirectly support interpretation (2). Both the location of the minimum
and the magnitude of dt/dTe above the minimum
agree rather well with results obtained previously
by Athay and Skumanich in their study of the
Ca II H and K and Mg II H and K profiles (1967

12

I

I

I

I

I
No D2
7^=1

0

YE

4

Jh

Vertical

n

VI

I I
I

I

0

-1

2k a
I

I

-2

-3

I
-4

I

I

-5

-6

Io Tc

Fig. 1

Variation of the macroscopic turbulent
velocity in the upper photosphere and
lower chromosphere. The approximate
heights of formation of the cores (To =
1) and shoulders of the Na D2 and Mg b 1
lines are indicated.

In order to investigate the validity of the twolevel approximation used by Athay and
Skumanich in their analysis of the solar Ca'
resonance line, Jones, Domenico, and Skumanich
studied the statistical equilibrium of Ca for collisional and radiative interactions in the chromosphere. A model ion with levels representing the
ground states of Ca I, II, and III was used. It
included the 4p- 2 P and 3d- 2 D excited states
(ignoring fine structure) of Ca II. Dielectronic
recombination from Ca II to Ca I was included in
such a way as to display its maximum effect.
For "quiet" chromospheric conditions, the
ratio of continuum to line absorption coefficient,
r o , for the Ca* H and K lines (2P-2 S transition)
was found to be independent of the radiation
fields in both the H and K lines and the infrared
"triplet line" (2 P-2 D). Thus, the assumption of a
linear transfer problem made by Athay and
Skumanich was quite justified. However, for
"disturbed" chromospheric conditions, e.g.,
plages, linear theory is not strictly valid. Dielectronic recombination was found to affect r o by a
factor of between two and three.
A complete theory of the strong Fraunhofer
lines must reproduce not only the profiles of the

lines at the center of the disk, but also the variation in the profile and the intensity at line center
as the point of observation moves to the solar
limb. However, the deconvolution of these three
observed quantities (intensity, frequency, and
disk position) to obtain the run of physical conditions in the appropriate levels of the solar atmosphere requires intricate and often timeconsuming mathematical techniques. Such inversion calculations were required in Athay and
Skumanich's study of the center-to-limb variation
of the H and K lines of Ca + (1967 Annual Report)
and in the present study by Athay and Canfield
of the strong Na and Mg lines. Using an analysis
which avoids the usual laborious inversion calculations, Skumanich reexamined the most recent
data on the core profiles of the H and K lines to
estimate the turbulent velocity broadening. The
large and significant differences between the velocities inferred from several sets of apparently
equally valid observations of the line profiles emphasize the need for more accurate photometry
of relatively large areas of the chromosphere as
well as of individual chromospheric structures.

lead to a depression of the source function in the
line wings and a lowering of the inferred temperature. The inaccuracy in their approximation prevented them from obtaining results for the Ca' or
Mg' lines.
Utilizing his previously developed differential
equation method, Skumanich found that nearly
complete coherency was needed to drop the
source function by a factor of two, so that the
observed "radiation" temperature would be
4300 0 K while the kinetic temperature remained
at 46000 K. This is illustrated in Fig. 2, which
indicates the changes in the Ca+ line profile as the
degree of coherency, f, is increased from 0%
(complete non-coherency) to 100% (complete
coherency). Unfortunately, the presence of the
required 99% coherency is ruled out by the large
collision damping constant for the Ca+ line. Thus,
coherency cannot be invoked to explain the low
temperature Ca+ profile, and the origin of the
temperature discrepancy, if it exists, must be
sought elsewhere.

Much of the interpretation of strong spectral
lines, as well as the theory of the total (radiation
and mechanical) transport of energy in the solar
atmosphere, depends upon the absolute value of
the minimum temperature. The data on this crucial region are conflicting. Rocket observations of
the far ultraviolet continuum appear to require a
minimum of 4600 0 K, while profiles of the Ca+
and Mg' lines as well as the far infrared continuum intensity suggest a temperature of about
4300 0 K (see section on the far infrared).
In an effort to see if the line profiles were
actually yielding a nonrepresentative value for the
temperature, Skumanich considered the effect of
a possible change in the emission mechanism for
the Ca+ and Mgf resonance lines from complete
non-coherent scattering to a mixture of coherent
with non-coherent scattering. An earlier approximate analysis by Jefferies (University of Hawaii)
and White had indicated that such a change would

Wavelengthfrom Line Center (AX/AX

Fig. 2

o)

The calculated profile of the Ca+ line (K)
for various values of the coherency, f, of
the scattering. Wavelength is in units of
AXD, the doppler width of the line.
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LINE-BLANKETING THEORY
The structure of the solar photosphere is largely determined by the outward propagation of
energy by means of radiation. However, the present theory of radiative equilibrium contains a
serious oversimplification in that the role of
absorption lines (i.e., blanketing) in determining
the temperature and density structure is difficult
to assess. In an effort to understand the flow of
heat in an atmosphere containing strong spectral
lines and to arrive at a quantitative explanation
for the minimum temperature of the photosphere
(43000 K), Athay and Skumanich continued (see
1967 Annual Report) the calculation of blanketing functions for an ensemble of two-level atoms
(i.e., ignoring all atomic energy levels except
those immediately involved in producing the
lines). The calculation was carried out by assuming an initial "unblanketed" temperature
profile, evaluating the absorption of the model
atoms at each level, and then estimating the increase or decrease in energy flux as a function of
height. The final result gave the temperature profile of the blanketed atmosphere.
The effect on the temperature profile of adding
lines to a continuum is twofold. First, the presence of lines produces a blocking effect, which
increases the temperature of the deeper atmospheric layers. Second, lines introduce a thermal
or emissivity effect, which may either elevate or
depress temperatures in the upper layers. While
the emissivity effect is strongly dependent upon
departures from LTE (local thermodynamic equilibrium) and may disappear entirely for sufficiently large departures, the opacity effect is only
slightly affected and is always present. Finally,
the influence of the blanketing effect is also
strongly dependent upon whether the dominant
spectral lines fall to the violet or red side of the
maximum in the continuum flux.
To illustrate the effect of the blanketing function, e, and of the separate effects of blocking, c,

and heating, t, where e = c - t, we present in Fig. 3

an approximate solution of the heat transfer
equation in the one dimensional gray case. We
start with an unblanketed or continuum temperature distribution, BaT 4 , with continuum optical
depth r c . The surface value of the thermal term,
2t (o), computed using the continuum distribution, fixes the surface temperature. If 2t is negative, a temperature drop occurs, as illustrated. On
the other hand, the surface value of the blocking
term, 2c(o), which is always positive for absorption lines, fixes the inner heating. The combined
effect, given by Ze, is then subtracted to yield the
actual temperature profile. Thus, if 2e is negative,
the temperature gradient is flattened; if 2e is
positive, as indicated, the gradient is steepened. A
second iteration, in which the first order blanketed temperature profile is the starting point for a
similar calculation of 2c and 2t, should give an
even more accurate appraisal of the effect.
The results of Athay and Skumanich indicate
that for a star (like the sun) with moderate

B

B(

'c

Fig. 3

An example of the influence of blanketing on the temperature structure of a
stellar atmosphere. Temperature is expressed in terms of the Planck function,
BaT 4 (in units of B at the surface), and
depth in terms of the optical depth, rc,
at 5000A.
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strength lines formed in LTE, and with these lines
situated to the violet of the maximum in the
monochromatic flux and produced in a thin
boundary layer (i.e., similar to a SchusterSchwarzschild or "reversing layer" model),
blanketing produces a surface temperature increase (i.e., t is positive) and a flattening of the
temperature gradient (i.e., 2e < 0). When the
lines are not confined to a reversing layer but
extend over all depths (Milne-Eddington model),
one still obtains a surface temperature increase
(though smaller), but the gradient is steepened
(i.e., 2e > 0). For strong lines this differential
effect is lost, and both models lead to a
steepening.
The effect of non-LTE for moderate lines in
the same spectral region is to reduce the thermal
effect, i.e., to reduce the temperature change at
the boundary and in the case of sufficient departures to eliminate the change altogether. There
is little change in the blocking effect, however.
Strong resonance lines like Ca+ and Mg" lead to
a cooling effect in both models.
The fact that for the sun the observed minimum temperature exceeds the theoretical model
values indicates the following: either the non-LTE
effects in strong lines do not predominate; or
other effects which have not been included also
play a role, e.g., the influence of higher atomic
levels, overlapping of lines (which leads to LTElike behavior), and mechanical heating. A possible explanation is that the many overlapping
moderate lines in the ultraviolet are formed under
LTE conditions and predominate over the fewer
strong non-LTE resonance lines. Further work is
necessary to clarify these factors.
TEMPERATURE MINIMUM
The importance of and present difficulties in
establishing the absolute value of the minimum
temperature of the solar atmosphere have been
discussed in the section on strong Fraunhofer

lines. Fortunately, we are now able to make measurements in the far infrared which probe more
directly the conditions in this layer. These measurements have a distinct and perhaps crucial
advantage over those made in the far ultraviolet
or in the strong Fraunhofer lines: the radiation
emerging at wavelengths of about 300 M is unquestionably produced in local thermodynamic
equilibrium. Thus, the theoretical factors which
complicate the other estimates do not enter into
the interpretation of the far infrared.
In 1967 Eddy and Firor, with the collaboration
of A. Gebbie (then at National Physical Laboratory, England), made a pilot effort to measure the
solar brightness temperature in the far infrared.
Their work, even though it resulted in an inconclusive temperature determination, demonstrated
the feasibility of the technique of far infrared
Fourier spectroscopy from aircraft. The weak and
noisy solar signal from the pneumatic Golay detector showed the need for a detector improved
both in sensitivity and in freedom from aircraft
vibration. It was also obvious that higher spectral
resolution than the 2 cmr' achieved in 1967 was
required in order to fix the residual atmospheric
absorption.
Eddy and MacQueen were joined by Lena
(Observatoire de Paris, Meudon) for the 1968 far
infrared effort. A gallium-doped germanium
bolometer with a noise equivalent power of
9 X 10-14 W Hz- 1 2 was obtained from Infrared
Laboratories, Tucson. This instrument proved to
be almost 1000 times more sensitive than the
Golay detector. Although the bolometer required
a complex cryostat for cooling to 2 0 K, it proved
to be not only more sensitive but also essentially
noise-free in an aircraft environment. Lacey designed and built a completely new and more precise Michelson interferometer, capable of 20 mm
mirror travel, or a theoretical resolution of
0.125 cm'- . A new and more extensive optical
system was built which incorporated a reference
blackbody source for absolute calibration. Data
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were recorded digitally on magnetic tape, using
the ARIS recording system provided by the
NCAR Facilities Laboratory. Again the Airborne
Science Office of the NASA Ames Research Center made observing time available on the CV-990
jet aircraft.

temperature. In the most transparent region of
the spectral range, at about 300 M, the solar temperature was found to be 4300 ± 200 0 K. This result and other measurements for comparison are
shown in Fig. 4. The new far infrared data conflict with the 46000K temperature minimum predicted by the Bilderberg model from ultraviolet
continuum data, but seem to substantiate the
value derived by Skumanich and Athay from analysis of the strong Ca lines in the visible.

Observations of the sun and of the sky near the
sun were made during August 1968, with considerable assistance from Lee and Firor. The final
flight, at 42,000 ft on 7 August, produced rewarding results: high-resolution, high-quality
spectra of the solar radiation between 80 and
400 p wavelength, which allowed both an accurate determination of the residual terrestrial absorption and radiometric measurement to less
than 5% probable error of the solar brightness

Thus, the burden of the discrepancy seems to
be placed on the absolute photometry and interpretation of the far ultraviolet observations.
(During preparation of this report, we learned
informally that new photoelectric rocket observations obtained by Parkinson and Reeves, Harvard

r-

_v^7ruu^

LOW 8 DAVIDSON

6000

-

cr
or
w

KONDRAT'EV ET AL.
/
(1965)

*

r
7-

MURCRAY ET AL.
(1964F -

w
-H-

5000

4000

-

KOUCHMI
ET AL (1968)

-

I

I I I I

I
10

I

I-

II I I I
-

,IaII

I

I

I

.

I

I
I
100
II

I

I,
II
I

I.
I

I
I

I I. I. . I
I

I

I

I

1000

WAVELENGTH (p.)

Fig. 4

Summary of far infrared measurements of solar brightness temperature. Preliminary HAO 1968
measurements at about 300 p are shown as double circles.

13

College Observatory, require a temperature of
about 4300 0 K to explain the continuum at
1600A.) As suggested in a preliminary analysis by
Jones and Skumanich, part of the answer to this
problem may be found in the horizontal structure
of the solar atmosphere.
TELLURIC ABSORPTION
IN THE FAR INFRARED
Atmospheric absorption, in particular that due
to water vapor, sets a fundamental limit for
ground-based and airborne infrared observations
in astronomy. How much water is in the stratosphere, how it gets there, and how it varies are
still major research problems beset by many
differences of opinion.
During the successful observations of the solar
radiance at 300 #, Eddy and MacQueen also ob-

tained telluric spectra, which gave details of
molecular absorption in the stratosphere (Fig. 5).
Theoretical resolution was 0.25 cm-' and the
signal-to-noise ratio was better than 50:1, making
these data the best yet obtained in the atmosphere. They showed the absorption lines of 02,
03, N 2 O, and the water dimer (H2 O)2, as well as
all the expected water vapor lines and a number
of as yet unidentified features. MacQueen pursued the interpretation of the amount and temperature of water vapor through analysis of the
pure rotational lines. A computer program was
developed to allow accurate prediction under a
variety of conditions of stratospheric transmission
in the far infrared.
One puzzle encountered in infrared measurements is that the sky frequently appears brighter
than expected in the 6 /t region. Eddy and
MacQueen attempted to clarify one aspect of this
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A single solar spectrum, obtained on the flight of 7 August 1968, covering the frequency region
25-75 cm - 1 (400-133 M wavelength). Positions of expected absorption from the pure rotational
spectrum of water are shown by solid vertical lines; other positions (some identified) are shown by
dashes.
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problem by comparing data obtained simultaneously at 6.3 and 127 p in the tropopause. The
near infrared data were taken by P. M. Kuhn of
ESSA and kindly provided for the study; the far
infrared measurements were made by Eddy,
Firor, and Gebbie. Both sets of observations came
from the October 1967 NASA Ames CV-990
flights. Eddy and MacQueen found a definite lack
of correlation between near infrared and far infrared: the 6.3 J record showed extreme variation
along the flight path, a variation absent in the far
infrared. The 6 p phenomenon was especially
pronounced when there was visible cirrus above
the aircraft (altitude 40,000 ft). Eddy and
MacQueen interpreted this variation to be a result
of atmospheric scattering by water drops and ice
crystals which, because of their size, scatter much
more efficiently in the near infrared than in the
far infrared. The inferred size distribution of
these particles compared well with the distribution obtained by direct sampling. The study
showed the importance of including scattering in
near infrared measurements.
MATHEMATICS OF LINE TRANSFER
Although the general mathematics and physics
governing the formation of spectral lines are well
understood, their application to the interpretation of a particular line is often difficult. In any
real situation the geometry of the atmosphere and
energy structure of the atom so complicate the
problem that even numerical solution of the
appropriate equations becomes unmanageable.
Moreover, such numerical solutions often obscure
the role of the various physical mechanisms which
ultimately determine the emergent spectral line.
In a continuing effort to develop an appreciation for the physical role of the various transfer
parameters in complicated situations, Skumanich
searched for scaling laws for numerical transfer
solutions. He made numerical transfer calculations for the Ca II resonance lines formed by
non-coherent scattering in a slab of optical thick-

ness

To*

at line center. The parameters which

influence the emergent radiation are: the damping
constant, a, which measures the strength of the
line wings; the probability of absorption for a
single scattering event, e, which is roughly the
ratio of collisional de-excitation to spontaneous
de-excitation; and the distance a photon travels
before being absorbed (as opposed to scattered),
A. As in most problems of this type, the scale of
intensity is B, the Planck function at line center
at the temperature of the slab.
Some of the scaling laws suggested by these
calculations appear in Table 2 (A), which gives
the surface values of the line source function, SL,
contributed by the chromospheric slab for various
slab thicknesses and various shapes of the line
profile. As expected for an optically thin slab
(To* < 1), every quantum escapes without scattering, and the source function is simply eR, regardless of the line shape. However, the traditional measure of the thickness of an atmospheric
layer, ro *, is not adequate to differentiate among

several laws of line formation. Table 2 (A)
demonstrates that the mean free absorption
length, A, is a more crucial parameter, as has been
noted by several other authors. Table 2 (B) shows
the variation of SL with depth, from the surface
to the maximum.
That the solar atmosphere contains a significant horizontal as well as vertical structure is
obvious from even the most casual inspection of a
spectroheliogram. How this structure arises and
how it influences the transport of mechanical and
radiant energy into the outer layers of the sun is
poorly understood. The fact that most of the
theories of spectral line formation have ignored
the horizontal structure is evidence for the complexity of the problem rather than for lack of
appreciation of its importance.
In an effort to develop numerical techniques
for handling line formation in such multidimensional media, Jones and Skumanich attempted to
generalize the one dimensional flux derivative
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Table 2
Surface Values of S L (A)
and Variation of S L with Depth (B)

(A)

Nature of Profile
Slab Thickness

Doppler
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(a < e)
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(1 > a

Dispersion
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eB
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1<
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(B)
Variation of SL
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surface to maximum
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2
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technique formulated by Athay and Skumanich.
In their approach the flux divergence was viewed
as an integro-differential function of the source
function, while the source function itself was
expanded along characteristic paths chosen to
simplify the approximations. With the help of
various interpolations, the flux divergence was
then converted into an approximate linear algebraic operator (or matrix) on a discrete spatial
grid. Thus, a large but finite set of linear, nonhomogeneous, simultaneous algebraic equations
with known matrix coefficients was generated
and then solved by direct matrix inversion to
yield the source function at each point of the
spatial grid. The accuracy and stability of the
results were examined, and findings suggest that
this matrix technique will be extremely useful in
unraveling some of the problems now encountered in studying the formation of lines in the real
solar atmosphere.
House and Avery continued their work on the
study of nonequilibrium radiation transport by
means of the Monte Carlo technique. Because of
the versatility and simplicity of this method, they
found great advantage in applying it to problems
more complex that can easily be handled by
ordinary numerical analysis. To encourage further
use of this technique, House and Avery prepared
a summary of the details of the use of Monte
Carlo in radiation transport.
House also used the Monte Carlo technique in
the study of the transport of polarized radiation
in magnetic fields. With the programming assistance of Cohen (FAL), the calculation mentioned
in last year's Annual Report was greatly improved. It was found possible in a first approximation to simulate the resonance polarization of
radiation resulting from an anisotropic radiation
field being incident upon a finite medium permeated by a relatively weak magnetic field. To
accomplish this simulation, the influence of the
Hanle effect was included. The Hanle effect influences the resonance scattering in magnetic
fields that are sufficiently weak so that the

Zeeman splitting does not completely remove the
levels from degeneracy. Under this circumstance,
there is a coherency between the phase and frequency of the incident and scattered photons
which governs not only the resultant degree of
polarization, but also the angle of maximum
polarization, both of which are functions of the
field strength. The extent to which both the
Hanle effect and multiple scattering depolarize
radiation was also determined by the calculations.
As calculations are further improved, they will be
compared with solar observations to estimate the
correction of magnetic field strengths in quiescent
prominences.
Detailed study of resonance scattering was
initiated by House in order to calculate a more
exact redistribution function for the scattering of
polarized radiation in magnetic fields. With a
quantum electrodynamic approach, rather than
the semiclassical approach used in previous calculations, it is possible to specify the probability
that a photon in a given magnetic field and with a
given incoming frequency, arbitrary direction,
and E-vector orientation will scatter into a corresponding new set of these coordinates. House,
with the programming assistance of Cohen, made
preliminary calculations of this scattering function. Application to actual transport calculations
awaits simplifications to conserve computer time.
Avery completed his Ph.D. thesis, under the
direction of House, on a Monte Carlo calculation
of radiative transfer in cylinders as applied to
solar spicules. This extended the work on transport in isolated cylinders described in the last
Annual Report. The model for which the spicule
calculations were carried out consists of a cylinder standing perpendicular to a surface that
produces a wavelength-dependent and angledependent radiation field characteristic of the
chromosphere. Including the effects of the thermal generation of radiation within the cylinder
and the scattering of the external radiation, Avery
computed line profiles for various viewing aspect
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angles and positions on the cylinder. By comparing these computed line profiles with the
observed Ca II K line, he derived a heightdependent temperature and density model of a
spicule. The structure which he found to best
match the observations was one in which temperature increases and electron density decreases
with height. A constant turbulent velocity was
employed. In addition, the calculated profiles

were used to construct the intensity contrast to
be expected of spicules when they are viewed
against the solar surface. The results indicate that
these features should appear both light and dark
on the disk, depending upon the viewing height,
wavelength, and position on the sun relative to
the limb. Thus, the long argument about whether
spicules appear light or dark on the disk appears
to be resolved.
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THE CORONA
It has become almost an axiom that the density
and temperature structure of the solar corona
arises from the interaction of the coronal plasma
with magnetic fields. However, until we can
describe in detail the various mechanisms of this
interaction and can successfully test particular
hypotheses by careful observation, we can hardly
claim to understand the corona. Our present work
is concentrated in three areas:
* The development
techniques.

of new

observing

* The assembly of new empirical information,
particularly that which might illuminate what
connection actually exists between the corona
and magnetic fields.

IMPROVEMENT OF
GROUND BASED OBSERVATIONS
As an adjunct to the observing programs at
Mauna Loa, Garcia, Lee, and R. Hansen continued to search for ways of improving measurements of the K-corona with ground based astronomical techniques. The objectives were twofold:
to increase the frequency of daily surveys of the
corona in the critical height range of 2-3 solar
radii, where streamers become well distinguished
from closed features; and to increase the total
amount of observing time in which the corona
can be usefully monitored for the detection of
transient events. This work was carried on in
several areas, as indicated briefly below.
Spectral Response

* The development of theoretical models
which, hopefully, will explain the basic mechanisms underlying the phenomena we observe.
CORONAL ACTIVITY MONITOR
During 1968 we greatly enlarged our capability
for study of the white light corona with the
completion and installation at Mauna Loa of a
new coronagraph, the Coronal Activity Monitor.
It is a photoelectric polarimeter, similar in many
respects to the koronameter, but with the special
ability to scan at a selected range of position
angles above the solar limb. Its purpose is to
monitor the region above disturbed chromospheric regions in order to detect interactions
between such events as flares and the overlying
corona. By the end of the year, debugging of the
instrument was nearly finished and many high
quality survey observations had been made. However, we have not yet directed the coronagraph at
the right place in the corona at the right time to
monitor a major transient event.

At the time the koronameter was developed
(1955-1956) the available phototubes limited
operation to the blue and green regions of the
spectrum, where unfortunately the polarized light
of the sky, due to Rayleigh scattering, is strong.
While this component is more predictable than
the spurious signals introduced by aerosols and
instrumental polarization, it required that a large
and somewhat uncertain correction be subtracted
from the observations. With the development of
photocathode surfaces of higher quantum efficiency, it is now possible to make measurements
in the darker, red end of the spectrum. Preliminary tests indicated that a shift of the operating
wavelength would be well worth the expense, and
the necessary modification of the koronameter is
now under way.
Secondary Indicators
of Coronal Sky Quality
Typically, the atmosphere above Mauna Loa in
the earliest morning is very clear, and excellent
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observations of the K-corona can be made.
Occasionally there is minimal deterioration during
the course of the day; more generally the sky
becomes extremely "noisy" toward midday, and
measurements of the polarized signal from the
K-corona are seriously degraded. In order to
evaluate the potential usefulness of alternative
sites for a K-coronal observatory, it is necessary
to find indicators which are relatively easy to
sample without the use of such highly sophisticated and expensive instrumentation as a
koronameter.
Contrary to expectations, our experience did
not show an obvious relationship between the sky
quality (for K-coronal studies) and the brightness
of the sky around the sun. R. Hansen and Garcia
found that at both Haleakala and Mauna Loa,
poor sky quality can best be related to the presence of very large scattering particles (insects,
seeds, etc.) in the immediate vicinity of the observatory. This contaminating material originates
at much lower elevations, and is carried upslope
by daytime convective circulation of air around
the mountains. Since this air also has a high
moisture content, its presence can be detected by
the increase and rapid fluctuations of the local
humidity as well as by the total precipitable water
in the column of atmosphere above the mountains. The preliminary study suggested that either
of these observations may yield a useful indicator
of expected-koronameter sky quality.
Man-Made
Contamination
R. Hansen and Garcia also concluded that their
own activities around the telescopes constituted a
substantial source of dust and lint, which ultimately produced spurious polarization signals in
the koronameter. For this reason, the entire array
of electronics was moved from the dome room to
the sealed workroom below, and greater attention
is now being paid to the maintenance of a cleanroom environment at the telescope.

Orographic Cloud Distribution
Our experience indicated that on 15-20% of
the days the sky remains completely cloud-free
from sunrise to sunset at the Mauna Loa site. On
some 30% of the days, however, orographic
clouds develop around noon. A casual inspection
of Nimbus satellite photographs suggested that a
more cloud-free location on Mauna Loa might be
found.
In June 1966, R. Hansen and Garcia began a
modest survey of the distribution of clouds over
the upper slopes of Mauna Loa by installing
hygrothermographs and silicon cell pyranometers
at several sites. Analysis of these records is not
complete; but preliminary inspection suggested
that at other locations there might be 1.5 times as
many cloud-free days as at the present Mauna Loa
Observatory.
ORBITAL CORONAGRAPH
The 1967 Annual Report included a detailed
description of the development of a coronagraph
to be carried in orbit aboard the Apollo Telescope
Mount (ATM) as part of NASA's Apollo Applications Program. Although the culmination of many
years of effort by Eddy, Gosling, MacQueen,
Newkirk, and Ross is still in the future (the flight
of the first ATM is presently scheduled for early
1972), several milestones have been successfully
passed.
The thermal-mechanical model of the coronagraph (Fig. 6) has withstood nearly a year of
environmental tests at our subcontractor's (Ball
Brothers Research Corporation) laboratory. These
tests, which include vibration, acoustic noise,
thermal, and hard-vacuum trials, attempt to
simulate the environments which the coronagraph
must survive on its trip through the atmosphere
and in orbit. The one major design defect uncovered by the tests--the spalling of the bearing
surfaces of the coronagraph's support feet under
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high vibration--was corrected, and the model
successfully passed the remaining tests,

that are free from local optical contamination,
and examine the corona itself.

As a result of several changes in the ATM itself
and the requests of the scientist-astronauts who
will eventually operate the experiments in space,
the coronagraph has grown in complexity. An
analysis of the transfer of heat within the various
elements of the ATM demonstrated that the
stable temperature environment originally anticipated for the experiments could not be sustained.
The solution to the problem has been to equip
each experiment with a blanket of thermostatically controlled heater panels. The coronagraph
has also acquired a closed-circuit TV system
which will allow the astronauts to view the same
field as is otherwise recorded on film. With such a
direct view, they will be able to monitor (and
override, if necessary) the automatic alignment
devices built into the instrument, choose periods

As a prelude to the crucial scattered-light tests
on the flight verification model of the coronagraph, Gosling, MacQueen, Newkirk, and Ross
made extensive similar measurements on the
Coronascope II instrument. These measurements
not only allowed a complete evaluation of the
effectiveness of the 100 ft vacuum tunnel and its
synthetic sun, but also yielded insight into the
true origin of various sources of stray light in the
instrument. An improvement in the ATM design,
which reduces the level of diffracted light, and
the realization that the instrument was less sensitive to mispointing in orbit than had been expected came about as a direct result of these preliminary tests. A final scattered-light test with the
coronagraph carried on a balloon gondola is
planned for the coming year.

Fig. 6

Cutaway view of the Apollo Telescope Mount coronagraph. The occulting disks perform the
artificial eclipse. The I-beam optical bench will be wrapped with aluminized Mylar for thermal
stability during flight.
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WHITE LIGHT CORONAL ATLAS
Eddy and Goff began work on a project to
copy original white light eclipse photographs for a
proposed atlas of the solar corona (described in
the 1967 Annual Report). From good original
eclipse negatives, they are making careful copies
of uniform scale on 8 X 10 in. glass plates. To
date, over 200 plates have been copied from original collections made available by Lick Observatory, Mount Wilson and Palomar Observatories,
the U.S. Naval Observatory, the University of
Arizona, and HAO. This is but a start on a long
term project, which is being made possible by the
generous cooperation of many institutions and
persons. The quality of many of the early eclipse
photographs is impressive, as are the accounts of
the manner in which they were taken. Stories of
the Rocky Mountain eclipse of 29 July 1878 were
so fascinating to Eddy that he visited several of
the sites where observations had been made. At
one site, in the sandhills at Separation, Wyoming,
he excavated the stone and masonry telescope
piers (built by William T. Sampson and Simon
Newcomb of the Naval Observatory), which were
covered with 90 years' accumulation of windblown sand.
CORONAL EMISSION LINES
Malville and Pizzo measured the best coronal
spectra taken with the image tube attached to the
Climax 5 in. coronagraph. Their purpose was to
explore the behavior of the doublet ratio of the
infrared lines of Fe XIII (X 10747 and X 10798)
as a function of both height above the limb and
density of the corona. By combining the doublet
ratio with the measured intensity of X 10747,
they determined the mean diameter of coronal
regions, which showed Fe XIII emission to be
180,000 km. Within individual streamers they
found a tendency for the doublet ratio to increase
with height, as would be anticipated because of
the decrease of density and/or the increase in the
dilution of the radiation field.

LONG TERM VARIATIONS IN
CORONAL DENSITY
R. Hansen, S. Hansen, and Garcia, with the
collaboration of Loomis (ESSA at the University
of Hawaii), completed an analysis of coronal
brightness changes based on more than 900 days
of koronameter observations made at Haleakala
and Mauna Loa from 1964-1967. This period
extended from the minimum to near-maximum
phase of a solar cycle. They confirmed the result,
found earlier by Lyot from similar coronagraph
observations and also by separate studies of
eclipse photographs, that the corona is two to
three times brighter at sunspot maximum than at
minimum. For the minimum of 1964 the intensities were almost exactly those used by van de
Hulst in his development of a model for the
corona at solar maximum. By 1967, the corona
was brighter by an additional factor of two.
The calculated electron densities based upon
these observations and the assumption of spherical symmetry are shown in Fig. 7. Also shown
is the result of detailed analysis by Newkirk,
R. Hansen, and S. Hansen of the extremely active
coronal region of July 1966. R. Hansen and his
colleagues found that the K-coronal features
occurred principally in restricted zones of
latitude--one feature above the sunspot activity
belt at 25-300 of each hemisphere, the other at
high latitudes (and probably associated with the
polar crown of filaments). The high latitude zone
in the north was found to migrate from 550 at the
solar minimum of 1964 to 800 at the nearmaximum of 1967, providing conclusive evidence
of the systematic change in brightness distribution (or shape) of the corona during the solar
cycle.
DIFFERENTIAL ROTATION OF THE
WHITE LIGHT CORONA
The sequence of day-to-day koronameter
measurements from 1964 to 1967 is also being
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used in a study of the rotation of the sun's outer
atmosphere. As a first approach, autocorrelation
analyses were made by R. Hansen, S. Hansen, and
Loomis to determine the average rotation rate of
coronal features for each year. Some of these

results are shown in Fig. 8, where the latitude
dependence of rotation rates for the lowest levels
of the corona is compared with that for the
photosphere. At equatorial latitudes (up to perhaps 200) the coronal rate was about the same as
that for sunspots, but at higher latitudes it was
substantially faster. In addition, a trend was
found towards decreasing rate with height at low
latitudes and increasing rate with height at high
latitudes. Thus, it appears that differential rotation smooths out as one proceeds farther out into
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Fig. 7

Comparison of the falloff of electron
densities with height according to several
coronal models. The models of van de
Hulst were based upon the brightness
distributions at equatorial latitudes in
several eclipse photographs. The results
indicated for the solar minimum (1964)
and near-maximum (1967) were derived
from yearly averages of koronameter
measurements.

Fig. 8

The latitude dependence of rotation
rates for K-coronal features compared
with that for the photosphere. Individual
points were established by autocorrelation analysis of yearly data from the
period 1964-1967 at 1.125 and 1.25
solar radii. High latitude points are
enclosed in parentheses because of uncertainties due to projection effects.
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the corona. This behavior has several possible
interpretations:
* The high latitude corona may be dragged by
dominant magnetic fields originating at lower latitudes, and it thus rotates faster than the underlying photosphere.
* The apparent rotation rate may have an additional component due to asymmetric growth of
high latitude coronal features.
* There may be a proper-motion of features in
the corona similar to that observed for sunspots.
Any of these processes may also contribute to
the surprisingly large differences found from
year to year in the apparent rotation rate at specific latitudes (± 5% in Fig. 8).
CORONAL STRUCTURE AND
MAGNETIC FIELDS
Altschuler, Newkirk, and their collaborators
continued the investigation to determine just
what connection does, in fact, exist between
coronal density structures and coronal magnetic
fields. Their effort was devoted to improving the
calculation of magnetic fields in the corona,
analyzing the 12 November 1966 eclipse polarimetry and koronameter observations to reveal the
three dimensional structure of the corona, and
combining these results with the magnetic data to
form a coherent empirical picture of their connection.
One serious deficiency of their earlier analysis
of coronal magnetic fields was that it failed to
take into account the fact that the Mount Wilson
magnetograms used to establish the field at the
boundary (solar surface) saturate for fields in
excess of about 100 G. Thus, some magnetic flux
from active regions was not measured. Altschuler,
Newkirk, and Trotter devised a scheme which
makes use of independent data on sunspot fields

(derived from magnetic measurements at the
Crimean Astrophysical and Rome Observatories)
to correct the Mount Wilson data for the missing
flux. Two additional improvements--a leastsquares fitting to the observed data with more
terms in the Legendre expansion, and a simple
approximation for the influence of the solar
wind--were included in the calculations of
coronal fields. Although both required additional
computation time, the increased accuracy and the
confidence that the best possible use was being
made of the available data justified the effort.
Newkirk, Schmahl, and Deupree nearly completed the detailed reduction and polarimetric
analysis of the 12 November 1966 photographs of
the white light corona. By using the digitizing
microdensitometer and the vast data handling
capabilities of the Control Data 6600, they were
able to perform many checks on the consistency
of the data which otherwise could not have been
made. Thus, their photometric models of the
F-corona, K-corona, and streamers are quite
accurate and promise to be useful in many subsequent analyses.
The corona is almost completely transparent
and thus its structure along the line of sight is
ambiguous. Nevertheless, some information about
the line-of-sight distribution of the material can
be derived from the polarization of the radiation.
Newkirk and Deupree made such an analysis and
combined it with the interpretation of the synoptic koronameter observations of the inner corona
made by R. Hansen, S. Hansen, and Garcia to
derive a three dimensional model of the corona
out to about 4 solar radii for November 1966.
Using this combination of coronal and magnetic data (Fig. 9), Altschuler and Newkirk
reached the following conclusions:
* The shapes of coronal rays and polar plumes
conform well to the shape of the magnetic field.
These features correspond to magnetic tubes
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cosmic rays. They also appear to be the connection which links widely separated sympathetic
flares.
Efforts were made to extend this type of analysis to other eclipses and to investigate the solar
cycle dependence of the low order terms in the
photospheric magnetic field. Trotter, in collaboration with R. Howard (Mount Wilson and Palomar
Observatories), digitized Mount Wilson magnetic
data of the past ten years and corresponding sunspot data from the Crimean Astrophysical Observatory. Computer analysis of these observations will begin in the spring of 1969.
THEORETICAL MODELS
OF THE CORONA
Fig. 9

A superposition of the coronal magnetic
field (solid lines) with a schematic representation of the three dimensional structure of coronal streamers and enhancements (dotted). Both data refer to November 1966. The field lines include a
simple approximation for the influence
of the solar wind.

which have been made visible by a higher than
average content of coronal plasma.
* Density enhancements low in the corona
appear in the magnetic field within open structures, which in turn are associated with active
regions. The configurations of magnetic lines
penetrating the enhancements are reflected in
loops and arches in the corona.
* Coronal streamers occur over the interface
between extended regions of opposite polarity,
where the coronal fields form a system of arcades
of magnetic loops. This agrees well with the
magnetic boundary condition used in the theoretical models of Pneuman and Kopp. Such arcades
appear to be a likely source for the storage and
longitudinal spread observed in flare-induced

Pneuman extended an earlier theoretical
model, which had proved successful in explaining
helmet streamers, into a somewhat higher range
of coronal temperature. Previously, he had found
that a closed helmet streamer, in which the gas
within the helmet does not partake in the solar
wind expansion, can exist only if the temperature
is below a certain critical value. In his recent work
he found that for temperatures above this critical
value, the helmet opens into a form which closely
resembles coronal streamers as seen at eclipse.
Near the critical temperature, determined by the
idealized photospheric distribution of magnetic
fields, the streamer is very constricted. The critical point, where the velocity of expansion becomes supersonic in the streamer core, lies near
the point of minimum cross section. Under these
conditions, the throat becomes a true geometrical
throat rather than the conventional gravitational
throat. As the temperature is increased, the
streamer shape becomes correspondingly more
radial, and the location of the throat becomes
asymptotically more gravitationally determined.
The analysis of coronal structure has required
the use of rather idealized distributions of the
photospheric magnetic field and of the density

25

and temperature at the base of the corona. Pneuman and Kopp continued their efforts to generalize this model. In principle, specification of an arbitrary distribution of these boundary conditions
at the surface completely determines the solution
at larger distances. With the assistance of Werner,
a computer program is being developed to arrive
at this solution for truly arbitrary specified base
conditions. It is believed that such a program will
be useful not only for studying the gross structure
of the corona but also for investigating certain
small scale coronal structures, e.g., quiescent
prominences.
The foregoing analyses also allowed Pneuman
and Kopp to study the processes of energy transport in coronal streamers. The corona was
approximated as consisting of streamer and interstreamer regions, each region containing gas
which might or might not be in steady state expansion, depending upon whether the region was
open or closed. Under specified base conditions,
the structure at larger distances was determined
by simultaneous integration of the continuity,
momentum, and energy equations for each region, as well as by the requirement for a lateral
pressure balance between the regions. Thermal
conduction outward from the sun and the convection of energy by the solar wind were assumed to
be the only processes contributing to the energy
balance. The magnetic field effectively insulated
one region thermally from the other.
On the basis of this simplified model, Pneuman
and Kopp derived some interesting interpretations

of observed properties of the inner corona, as well
as expected trends at the orbit of the earth. They
found, for example, that due to the much more
rapid initial decline in temperature in the interstreamer region, the density enhancement in the
streamer increases significantly near the sun, but
begins to decrease at about 10 solar radii. The
temperature in the streamer at first declines much
more slowly than it does in the interstreamer
region--due to the inhibition of outward conduction where the field lines are constricted.
Beyond the geometrical throat, however, the
streamer temperature begins to decline rapidly,
and at large distances actually falls below the
interstreamer temperature.
CHROMOSPHERE-CORONA
TRANSITION
Walbridge continued computations of the
magnitude of the thermoelectric field in the transition region between chromosphere and corona,
where the temperature gradient is exceedingly
high. He found that whenever this electric field is
nonparallel to the magnetic field, there is a nonzero drift velocity, and the drift velocity and
magnetic field direction are correlated. If the
velocities generated by this mechanism are sufficiently large, they may well have profound implications on the transfer of mechanical energy
between the chromosphere and the corona. Moreover, since the drift velocities are different for
different ions, thermoelectric fields may play a
role in producing the apparent anomaly between
the photospheric and coronal abundances of iron.
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SOLAR ACTIVITY
SUNSPOTS
Although sunspots were the earliest observed
manifestation of solar activity, they still present
the solar physicist with a wealth of unexplained
phenomena. Classical observing techniques still
reveal new phenomena, and, of course, new observing techniques uncover previously unsuspected features. More powerful theoretical methods
have begun to give insight into the complex
mechanisms which underly the formation and
evolution of sunspots.
In October Malville and Emerson initiated a
study of sunspot structures, using a 6 in. white
light telescope mounted on a portable spar (at
HAO, Boulder). The telescope system contains an
air-cooled focal plane diaphragm and an enlarging
lens to give a 12 in. solar image. By using millisecond exposures and narrow band interference
filters, they frequently obtained an effective
resolution of 1-2 arc sec. The films were used to
obtain photometric light curves of rapid penumbral brightenings. One such brightening of particular interest occurred where a sunspot prominence entered the umbra of the large southern
hemisphere sunspot which crossed the central
meridian on 28 October. Apparently no chromospheric brightening was associated with this
photospheric event, although the total energy of
the penumbral brightening was approximately
1029 ergs. Malville and Emerson suggested that
infall from the sunspot prominence was responsible for this photospheric brightening. The 6 in.
system also served as part of the program of
seeing evaluation for a local observatory (see the
section on local site survey).
Theories of sunspots make considerable use of
the equations of magnetohydrodynamics (MHD).
Unfortunately, although these equations are easily written, they have no general analytic solu-

tions; and their nonlinear nature is a primary
obstacle to the development of a theory of
sunspots.
One of the most interesting effects associated
with sunspots is the Evershed motion. A spectroscopic study of photospheric iron lines shows that
there is gas motion of about 2 km/sec radially
outward from the sunspot axis and parallel to the
solar surface. At chromospheric heights, spectral
studies of strong lines such as H. and Ca H and K
indicate a radial flow inward to the sunspot axis.
The Evershed flow is largely restricted to the
sunspot penumbra. From the recent work of
J. Beckers (Sacramento Peak Observatory), it appears that the Evershed velocity is largest in the
dark penumbral filaments where the magnetic
field strength is also high. However, at photospheric levels the direction of the magnetic field is
not observed to be parallel to the Evershed
motion.
Since the gas pressure of the photosphere is
greater outside the sunspot than inside, the
driving force for outward motion is most likely
magnetic. Using a relaxation computing technique, Altschuler, Nakagawa, and Lilliequist
examined numerically the nonlinear coupling
between the magnetic and velocity fields that
might arise under sunspot conditions. Magnetic
forces accelerate the fluid, and the fluid motion
transports and distorts the magnetic field. In the
model, temperature gradients and compressibility
of the plasma medium were neglected. At some
initial time, the sunspot magnetic field was simulated by that of an azimuthal ring of electric
current, and the fluid velocity was everywhere set
to zero. When the MHD equations were iterated
simultaneously on the computer, an Evershed
type of flow pattern was found to evolve. There
was outward flow at the level of the current ring,
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and inward flow at higher and lower levels. Moreover, the ensuing velocity field dissipated the
magnetic field pattern in a coherent manner.
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 at photospheric levels and parallel to the magnetic field at
chromospheric heights.
* The Evershed motion may have an inward
flow at subphotospheric levels.
* The Evershed motion may contribute to the
decay of sunspots.
PROMINENCES AND MAGNETIC FIELDS
The first successful observation of prominence
magnetic fields with the He I, D3 line was reported by Harvey and Tandberg-Hanssen in last
year's Annual Report. During 1968 a new slit
assembly was built for the magnetograph to allow
narrower lines to be used. A number of prominence fields now have been obtained using the
following lines (in addition to H., Hg, and D3 ):
Na I (D1 and D2 ), He I (4471A), and Mg I (bi).
Preliminary results indicate that in quiescent
prominences the field is essentially the same as
that measured with hydrogen, helium or metal
lines. For active prominences the picture is more
complicated. In some instances the helium lines
indicate field strengths different from those deduced from hydrogen and metal lines. This suggests that in active prominences the different
excitation regimes of the plasma may be pervaded
by magnetic fields of slightly different characteristics. Observations are continuing in the hope
that such dissection of prominences into different

magnetic and temperature regimes may give insight into the processes by which prominences are
formed and maintained as cool enclaves in a much
hotter corona.
A large body of data on magnetic fields in
active region prominences was obtained and
analyzed by Harvey for his Ph.D. thesis. Different
types of prominences (loops, surges, sunspot
prominences, coronal clouds, caps, etc.) were
included in the study. The median magnetic field
strength for these prominences was found to be
26 G, about four times the corresponding value
for quiescent prominences. The field strength
generally decreased with height, often with a
gradient of 10 3 G/km. The direction of the
magnetic field was found to lie mainly along the
axis of elongated active region prominences.
To better understand the nature of the magnetic field in prominences, studies were also made
of nearby fields in the photosphere and in the
corona. In the outer parts of active regions there
was good agreement between the orientation of
calculated potential magnetic fields and the observed prominence and coronal fields. The observed fields, however, were often several times
stronger than predicted by the current-free calculations. Significant differences between potential
and force-free magnetic field configurations were
found in the inner parts of active regions. There,
prominences were often found to be along the
force-free field direction, demonstrating the
importance of electric currents in some types of
active prominences. The evolution of the magnetic field in three active regions was studied, and
showed in all cases a relaxation from an initially
complicated structure to a nearly potential
configuration.
Several active region filaments were observed in
the same period. Some of them seemed to terminate in regions of opposite polarity. While they
lay nearly parallel to the boundary separating the
regions of opposite polarity, the filaments seemed
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to be rotated slightly with respect to this boundary, giving the impression of sheared and
stretched fibrils. This evidence in favor of a
similarity between filaments and fibrils is supported by the fact that quiescent filaments also
occasionally contain fibril-like structures lying at
small angles to the filament axis.

Recent observational work by D. Rust
(Sacramento Peak Observatory) indicates that
surges near a sunspot originate in small regions
which have magnetic polarity opposite to that of
the surrounding region. These polarity reversals
also seem to be involved in certain flare brightenings and Ellerman bombs.

Nakagawa and Trehan (Goddard Space Flight
Center) examined the stability of a flowing
plasma supported by a magnetic field against
gravity. Assuming that the centrifugal force of the
curved flow could be represented by the gravitational acceleration, they attempted to examine
the dynamical behavior of the magnetopause.
However, their study was found to have closer
application to the observed various structures in
prominences. Nakagawa and Malville formulated
the problem appropriate to quiescent prominences, using as a starting point the observed
magnetic fields in these features. They examined
the gross behavior of the interface between the
prominence and a supporting magnetic field of
arbitrary orientation with respect to the filaments, and derived a general dispersion relation
governing the stability of the interface. They
found that the observed spacing of arch-like structures in quiescent prominences may be identified
with the most unstable wavelength of the interface between the prominence and the supporting
magnetic field.

Guided by the above observations concerned
with polarity reversals, Altschuler, Lilliequist, and
Nakagawa examined a nonlinear mechanism
which can accelerate plasma of high electrical
conductivity and macroscopic dimension in short
time scales. The magnetic field of the active region was simulated by the field of a large currentring. The magnetic field of the polarity reversal
was simulated by the field of a small current-ring
positioned somewhat above the larger ring. Computer calculations traced the time behavior of the
two current-rings as they interacted in an incompressible conducting fluid. The larger current-ring
was essentially unaffected. The smaller currentring contracted, increasing its magnetic field
strength in the process, and then shot upward at
the local Alfven velocity. A resemblance to surge
behavior was strongly suggested. The flow pattern
of fluid in the vicinity of the small current-ring
resembled that of a vortex (smoke) ring. From
the results of this calculation it was concluded
that:

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 solar plasma indicates that reconnection and diffusion of magnetic field lines is too
slow for efficient plasma acceleration.

* Small regions of opposite polarity near sunspots indeed relax in such a way that surge-like
phenomena may occur.
* A surge propagates upward along the magnetic field lines of the active regions, but at an
Alfven speed determined by the stronger local
magnetic field strength. With a strong self-induced
magnetic field, the surge plasma may be transported at higher speeds than would be expected
from the strength of the ambient field.
* The magnetic field of plasma blobs in surges is
extremely strong, and may be involved in solar
radio bursts and synchrotron radio emission.
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In connection with this problem, Altschuler
and Tandberg-Hanssen are conducting a critical
review of the mechanisms that have been proposed to accelerate particles and plasma under
astrophysical conditions. Such a review should
allow an evaluation of the present state of
knowledge and point to new directions for
further research. Also toward this goal, Hildner is
examining the equations of plasma kinetic theory
to understand in detail the significance of the
diamagnetic acceleration of single particles. He
hopes to generalize the single-particle theory and
search for possible collective effects which may
accelerate bunches of particles to nearly the speed
of light.
FLARES AND PLAGES
Ca II Emission in Disk Flares and Plages
Malville and Tandberg-Hanssen, in collaboration with Zei (ASP), continued work on the profiles of the H and K lines of Ca+ in disk flares and
plages. They found that in the brightest portions
of the flares studied no self-reversal was detected
in the central emission core; in less bright portions of the flares, self-reversed cores were present. As the intensity of the emission core increased, the separation of the H2 and K2 peaks
decreased monotonically, becoming unobservable
at intensities near 0.90 of the local continuum.
This effect may have resulted from increased
temperature of the K2 emitting plasma and increased electron density (which increases the
probability of collisional destruction of the
photons), as well as from a decrease of the
doppler width. It was suggested that the decrease
in the doppler width reflects an enhancement of
the magnetic field and hence that the largest
density enhancements in flares are found near the
strongest fields.
Magnetic Fields in Flares
Malville and Tandberg-Hanssen completed their
study of the magnetic fields and their changes

during the great flares of 21 and 23 May 1967.
They found that each of the four major flares
included in the study developed as double emission ribbons lying at positions of steep field
gradient on opposite sides of the boundary between regions of opposite magnetic polarity. The
flare outlines often followed closely the isogauss
contours of the longitudinal field. A nearly
periodic, fluctuating field of 75 G was measured
directly in the importance-2 flare of 21 May.
Significant modifications in the magnetic structure of the active region followed the flares of
23 May.
Flare Theories
A study of the energetics and dynamics of
closed magnetic regions in the chromosphere and
corona was continued by Pneuman. This analysis
was prompted by the hypothesis that essentially
all explosive phenomena occurring in the upper
chromosphere and lower corona (flares, eruptive
prominences, etc.) are basically caused by either
partial or complete trapping in the magnetic field
of the convective energy input from below. This
assumption appears reasonable since all propagating energy in the form of Alfven and slow
mode magnetoacoustic waves must travel essentially along the field lines. In closed magnetic
loops, these waves cannot escape the configuration. Unless these disturbances can be converted
to other modes (e.g., fast mode magnetoacoustic
waves which can cross the field lines) as rapidly as
energy is injected from below, the configuration
(in whole or in part) is rapidly disrupted to permit the required energy release.
Using volume-integrated forms of the momentum (virial) equation and the energy equation,
Pneuman continued investigating the temporal
response of closed configurations to estimated
imbalances between energy influx and outflux.
Expanding on his earlier work, he included both
radiative and conductive losses in the current
model. This refinement will enable him to determine a realistic thermal response of the region.
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THE SOLAR SYSTEM
THE SOLAR WIND
Gosling and R. Hansen continued their efforts
to relate observed variations in the solar wind
bulk speed, temperature, and density to coronal
structures observed with the koronameter. Last
year's work suffered from a paucity of complete
solar wind data, as well as from a lack of data
from more than 4 arc min above the limb. More
complete solar wind data are now available, and
the koronameter data now extend out to 16 arc
min. Still, the results obtained to date are not
especially illuminating. Cross-correlation and
superposed epoch techniques have failed to show
any simple relationship between coronal structures and solar wind variations. This is surprising
when one considers the very good correlation
claimed for the interplanetary and photospheric
fields and the close connection observed between
coronal fields and density structure.
Recent satellite measurements have indicated
that oxygen is present in the solar wind at one
astronomical unit (1 AU). It is ionized in much
the same way as oxygen in the inner corona, and
has approximately the same abundance relative to
hydrogen as in the inner corona. This is a natural
consequence of the hydrodynamic expansion of
the solar corona: the times required for ionization
and recombination increase so rapidly with increasing distance above the photosphere that the
ionization state of the plasma is "frozen in" at
about 1 solar radius above the disk.
Thus, while the kinetic temperature of the
solar wind is related to the kinetic temperature of
the inner corona by an unknown heat conductivity, and is confused by wave-particle interactions generated by plasma instabilities, the
ionization temperature of the solar wind at 1 AU
faithfully reproduces the ionization temperature

of the inner corona. Continuous monitoring of
the ionization at 1 AU can therefore give a continuous record of inner corona temperature and
can help solve the problem of the connection
between coronal structures and variations in the
solar wind.
However, because of limitations in instrument
design, resolution, and sensitivity, and because of
inherent properties of the solar wind, present
satellite instruments can measure ionization temperatures in the solar wind only on rare occasions.
In addition, elements other than hydrogen,
helium, and oxygen are extremely difficult to
detect. Therefore, Gosling and Kopp undertook
to study the feasibility of an instrument which,
when placed in a suitable satellite, could continuously monitor the ionization temperature of
many of the elements thought to be present
in the solar wind. A preliminary design was
achieved, and preliminary testing of one element
of the design was performed with moderate
success.

Future plans include a cooperative effort with
colleagues at the University of Denver to see if a
successful design unit can be constructed. The
successful flight of such an instrument would not
only provide information on ionization temperatures and solar wind origins, but would also help
to solve some of the problems of coronal abundances, solar wind kinetics, and the formation of
planetary atmospheres.

SOLAR WIND AND THE MOON
A problem of intense current interest is that of
the interaction of the solar wind with the planets.
The complexity of the problem varies with the
character of the planets themselves--from the
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earth, which has a magnetic field and an ionosphere, to Venus, which has an ionosphere but no
appreciable magnetic field, to the moon, which
has neither. An oversimplified model of the lunar
interaction, for example, shows that the moon
absorbs all impinging solar wind particles and thus
carves a tunnel in the wind. However, Walbridge
has suggested that the creation of a lunar photoelectron layer (PEL) may well modify this
picture.
The PEL has its origin in the flux of solar ultraviolet photons which cause the ejection of electrons as they strike the lunar surface. Although
some electrons permanently escape the moon, the
majority are constrained in parabolic orbits by
the buildup of a space charge immediately above
the surface. The height of the PEL is most conveniently described as the height above which the
net charge density and electric field are both
zero. Walbridge found that this height is typically about 3 m and the electron density about

104 cm 3 . His investigation, which included a systematic evaluation of some of the possible consequences of this layer, led to the following
conclusions:
* The conductivity in the PEL is too low to
influence the flow of the solar wind.
* The PEL does not, as had been hypothesized,
play a significant role in the loss of primordial
gases from the moon or in the erosion of its
surface.
* Ordinary plasma oscillations are so strongly
damped that the PEL cannot be used for pointto-point communication on the moon.
* A new type of oscillation exists in the PEL.
This oscillation has a period approximately that
of the flight time of an electron in its ballistic
orbit and a predicted frequency of 2 X 106 Hz.
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THE UPPER ATMOSPHERE: GEOMAGNETISM,
THE IONOSPHERE, AND THE MAGNETOSPHERE
Matsushita and a number of visiting scientists
at HAO continued to study the physical state of
the upper atmosphere, not only through reduction of geomagnetic and ionospheric data, but
also through more theoretical discussions than in
any previous year. They worked closely with the
Astro-Geophysics Department of the University
of Colorado and with the Boulder ESSA Research
Laboratories (particularly the Aeronomy, Geomagnetism, and Space Disturbances
Laboratories).
In last year's three-year projection report
(1968-1970), the research program of this group
was described as follows: "The earth's upper
atmosphere [the mesosphere, dynamo region,
ionosphere, exosphere, plasmasphere, and magnetosphere] is the meeting ground for many
problems of solar-terrestrial physics and for
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 . . . [For this

problem] apparently different research fields,
such as ionospheric currents, F2, Es, geomagnetism, micropulsations, etc. [, need to be investigated together.] In short, 'motions, electric
fields, and hydromagnetic waves in the upper
atmosphere' are the essence of subject matter
chosen in vafious general problems. Theoretical,
statistical, and observational techniques will be
used to achieve the goal."
Given these objectives, all scientists in the
group worked closely together in extensive investigations of electric fields, upper atmosphere
dynamics, and hydromagnetic coupling.

ELECTRIC CURRENTS, FIELDS, AND
TIDAL MOTIONS IN THE DYNAMO REGION
Since the electric conductivity in the dynamo
region (90-130 km altitude) is very low at night
on geomagnetically quiet days, the ionospheric
current on quiet nights may be almost zero. Using
this fact, Matsushita obtained computer-plotted
solar quiet (Sq) current systems for three seasons
during the IGY and for the yearly average (see
Fig. 10). Similarly, he obtained plots of luni-solar
(L) current systems for the same periods. On the
basis of these current systems and estimated distributions of the anisotropic electric conductivities, he also determined total electric field distributions for the Sq and L.
Matsushita reviewed the dynamics of the upper
mesosphere and the dynamo region. Tarpley,
after examining various wind models in the
dynamo region, reached the conclusion that the
negative mode thermal diurnal tide in the dynamo
region is the wind pattern responsible for producing the Sq current system. He also concluded
that the lunar semidiurnal tide, suggested by
Sawada (Osaka Electro-Communication University, Japan), is the pattern which produces the L
current system. In addition, Tarpley determined
the electrostatic field distributions for the Sq and
L, and computed electromagnetic drift speeds at
various latitudes in different local times. His results show very reasonable values, which can be
applied usefully to studies of ionospheric and
plasmaspheric motions.
BLANKETING SPORADIC E AND
IONOSPHERIC WINDS
Using ionograms and rocket observation data,
Reddy and Rao studied the physical significance
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Fig. 10 Computer-plotted Sq current systems for (a) the December solstitial months, (b) the equinoctial
months, (c) the June solstitial months, and (d) the yearly average--during the IGY, when the
current intensity at midnight is zero. The current intensity between two consecutive lines is 25 X
103 amp.
of the Es parameters, e.g., fbEs, fEs, and foEs.
Reddy examined the causes of partial reflection
from Es theoretically. The abstract from his article on the subject is quoted as follows:
"Simultaneous observations of midlatitude Es
by rockets and ionosondes show that the rocketmeasured peak electron concentration in Es

usually corresponds to the blanketing frequency
fbEs and almost never to the so-called 'critical
frequency' foEs, except when foEs w fbEs
(Reddy and Rao, 1968). The latter observation
suggests that the often postulated 'overdense' Es
blobs with peak electron concentrations corresponding to foEs do not exist; or at any rate, they
are not as common as the occurrence of large
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foEs values would suggest. Theoretical calculations based on simplified but realistic models
show that partial reflections from sharp electron
concentration gradients or scattering from smallscale weak irregularities in Es can produce partially reflected Es echoes of sufficient intensity
over large frequency ranges above fbEs. Therefore, it is concluded that the above two processes
are predominantly responsible for partial reflections from Es, and both the processes may be
quite often subject to the influences of ionospheric absorption and equipment sensitivity. It is
suggested that the variations of fEs (or foEs derived from it) contain unresolved information on
the variations of Es ionization, the gradients and
irregularities in the Es ionization, and the ionospheric absorption effects on the partial reflections from Es. The need for great caution in using
fEs in any physical study of Es, and the redundancy of the deduced Es parameter foEs are
pointed out."*
An in-depth study of blanketing sporadic E
layers at temperate latitudes was carried out by
Reddy and Matsushita with the purpose of clearly
establishing many pertinent details of their temporal and latitudinal variations. A new method of
analysis was used in which blanketing Es layers
were separated into four groups according to their
intensity, which was defined in terms of the ratio
(fbEs/foE). From an analysis of eight years'
(1958-1965) data of hourly fbEs values at ten
stations, it was possible to establish, for the first
time, that Es layers of different intensities show
different daytime variations with regard to their
occurrence and that there is a clear-cut change
from higher to lower mid-latitudes in the pattern
of these daytime variations. It was shown that the
daytime Es occurrence does not go through two
maxima at all latitudes and in all seasons. The
*Reddy, C. A., "Physical significance of the Es
parameters fbEs, fEs, and foEs. 2. Causes of
partial reflections from Es," J. Geophys. Res.
73, 5627 (1968).

seasonal and solar cycle variations in the average
fbEs and in the percentage occurrence of Es
layers in each group were also shown. The fbEs
values of intense Es layers revealed a marked decrease with decreasing solar activity, and this indicated the existence of solar cycle variation in
the neutral wind shears and possibly in other
relevant parameters in the E region. On the other
hand, the occurrence of intense and moderately
strong Es layers showed an increase with decreasing solar activity. Both features were found
to be consistent with the conclusions of windshear theory.
A careful analysis of the Es variations with geographic latitude and with H (the horizontal
component of the geomagnetic field) produced
no unambiguous evidence for the dependence of
Es occurrence or fbEs on H. The inability of this
analysis to bring out the theoretically predicted
dependence was attributed to the possibility that
significant variations of neutral wind shears with
latitude and geographic location can easily obscure the dependence on H. The abnormally high
incidence of intense Es layers at Kokubunji,
Japan, was found to be strictly a summertime
phenomenon. This high incidence at Kokubunji
could not be explained in terms of the large H
value alone, but the occurrence of very strong
wind shears at this station had to be assumed.
It became obvious that much self-restraint is
needed against making simplistic statements
about the observed morphological characteristics
of sporadic E.
THEORETICAL STUDIES
OF IONOSPHERIC IRREGULARITIES
In order to study ionospheric irregularities,
Susumu Kato and Matsushita investigated theoretically the dispersion of space charge waves in
a partially ionized plasma for transverse propagation to both applied electrostatic and magnetostatic fields. This theory has been compared with
that of Tsedilina (Institute of Terrestrial Magtism, USSR Academy of Sciences). Although
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both theories reach the same result for linear
weak irregularities, the former theory can apply
to strong irregularities while the latter cannot.
Susumu Kato, Reddy, and Matsushita examined basic aspects of possible hydromagnetic
coupling between perturbations in the neutral and
the ionized atmosphere. Wave motions in neutral
gas give rise to disturbances in the ionization
concentration in the ionosphere. The geomagnetic
field Bo and the electrostatic field in the ionosphere were found to modify the amplitude and
shape of these disturbances, but not their movement if the ambient plasma was uniform. Nonuniformity in ambient plasma made it possible to
excite disturbances which traveled with the ion
velocity if the exciting wave in neutral gas was
moving in a direction other than orthogonal to
Bo , and to excite disturbances which traveled
with the electron velocity if the exciting wave was
moving in a direction orthogonal to Bo . A spatial
variation of the amplitude of the exciting wave
produced the same effect. Gravity waves and
turbulence moving with wind are examples of
wave motion in neutral gas in the ionosphere.
Tsuda and Matsushita, with the collaboration
of P. Sato (Kyoto University, Japan), investigated
the role that the cross-field instability in weakly
ionized gases plays in ionospheric irregularities. A
linear and a nonlinear one dimensional case and a

nonlinear two dimensional case were formulated
and numerically investigated with computers.
These cases strongly supported the formation of
ionospheric irregularities by the mechanism of
cross-field instability. Whether or not the model
irregularities were bounded in height, weak perturbations rapidly developed into large-amplitude
plasma turbulence with fluid-like charge density
fluctuations of very low frequency (typically 10
Hz) and long wavelength (of the order of 100 m).
Such cross-field instabilities may well be responsible for some charge density irregularities of the
mid-latitude and equatorial ionospheric E region.

THEORETICAL STUDIES
OF HYDROMAGNETIC MOTIONS
To explain the maintenance of a steady magnetic field, Namikawa showed that the steady
dynamo problem has real eigenvalues when velocity fields are curl-free. In this case, the dynamo
equations of the steady field can be solved for
toroidal magnetic fields when the velocity field
has only the radial component. He also hypothesized that damped pulsations in the magnetosphere at the initial stage of geomagnetic storms
can be explained by a deformation of the dayside
magnetosphere and by plasma motions in the
magnetosphere which are slower than the Alfven
velocity.
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LABORATORY ASTROPHYSICS
VACUUM ULTRAVIOLET
AND X-RAY SPECTROSCOPY
In the laboratory program under the direction
of House, it was found necessary to construct a
spectroscopic light source producing electron
temperatures in the kilovolt range. Such a source
was needed to generate the unusual X-ray satellite
lines that have been observed in the solar spectrum. These lines, which originate as inner shell
X-ray transitions in ionized atoms rather than in
neutrals, were the object of theoretical calculations by House and experimental studies by
Blake, as described in the 1967 Annual Report.
Such lines in the solar spectrum are particularly fascinating because they appear to be
generated by the impact of energetic electrons
(-10-15 keV) upon the ions of the solar atmosphere. Thus, their study gives information both
on the exciting electrons and on the target ions in
the chromosphere, corona, or solar flares.
In 1968 Wolfe completed the construction of
this light source, called a high-density plasma
focus. Initial studies indicated that electron temperatures of at least 3-5 kV can be attained and a
copious source of continuum X rays produced,
although the X rays are an unwelcome admixture
of both "hard" and "soft" components. The hard
X rays, probably generated as secondaries through
the bombardment of solid surfaces within the
device, interfere with the temperature measurements and hence give rise to uncertainty in the
measured temperatures.
Because of the large electrical transients from
the circuit producing the plasma, and because of
the irreproducibility of the plasma from one
"shot" to the next, attempts were made to use
the X-ray spectrometer with a plane grating and
to record photographically rather than by the
usual crystal and photoelectric means. In such a

mode of operation, a double-slit collimator had to
be used to render the X-ray beam parallel, since
the spectrometer was otherwise non-focusing.
Sample spectra taken with this instrument, using
a grating of about 2400 line/mm and two 20 p
slits placed 4 in. apart, are seen in Fig. 11. To
produce the resonance lines of Ne IX and X required approximately 950 and 1200 eV, respectively. The resonance lines of O VII and VIII
(ionization potentials 739 and 871 eV) and N VI
and VII (ionization potentials 551 and 667 eV)
are also shown in Fig. 11.
At the present time, this experiment is plagued
with two related difficulties: lack of sufficient
spectroscopic resolution and lack of sufficient
intensity. Ideally, the resolution necessary to
observe the closely spaced satellite lines should be
of the order of 0.01A. To date, with two 6 Mslits
spaced 4 in. apart, the resolution obtained has
been only of the order of a few tenths of an
angstrom. If the beam is further collimated to
increase resolution, the additional decrease in
intensity will severely hamper observations of the
weak satellite lines, which are expected to be only
of the order of 10- 3 times the intensity of such
strong lines as Lyman-a of O VIII. The final
evaluation of the feasibility of the plane grating
experiment will be made during the coming year.
Blake completed his thesis under the direction
of House. The X-ray spectrometer, which was
fitted with a plane KAP crystal and Soller collimators and had photoelectric recording capability, was used to observe the plasma formed in
the Scylla I device.* (Both these instruments have
*The Scylla I plasma device was on loan to us
from the Los Alamos Scientific Laboratory. In
the future, it will be on display at the
Smithsonian Institute.
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Fig. 11 Plasma focus spectra in the soft X-ray region of oxygen and neon, taken with the plane-grating
spectrograph,

been described in previous Annual Reports.)
Some of the results of Blake'" experiment include
the following:
* New precision wavelength s (± 0.001A) for the
Ne IX resonance and interco nbination lines were
obtained.

* Precision measurements of other helium-like
ion wavelengths were found to agree well with
those of other experimenters.

* The effective 2d-spacing of the KAP crystal
was measured at two wavelengths and found to
agree well with values calculated from dispersion
theory.
* The "line" observed in the Scylla I plasma
and the solar spectrum at 23.28A was found to be
associated with a crystal enhancement of the
continuum radiation at the oxygen K-absorption
edge of KAP. Most of the continuum radiation
observed in two Naval Research Laboratory
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rocket flights (on 25 July 1963 and 4 October
1966) was indeed real, thus providing unambiguous evidence for the presence of significant
numbers of suprathermal particles in normal
(non-flare) solar active regions.
In addition to his experimental work, Blake
was able to explain the observed fluxes of the
Ku-type transition in iron at 1.91 A by the sporadic appearance within normal coronal active regions of small subregions in which there is
either a temporary dominance of suprathermal
electrons (~10-100 keV) or high temperature
(-15 X 106 oK). In the latter case, most of the
K,-type line emission appears as a result of dielectronic recombination. Similar analysis of the oxygen line observed in the solar spectrum at 22.07A
demonstrated rather clearly that dielectronic recombination constitutes an important mechanism
for the formation of this line.
Wagner, a North American Rockwell Corporation fellow at the University of Colorado, continued work on his thesis under the direction of
House. Wagner is identifying lines from stages of
ionization in the Ar I isoelectronic sequence. The
ions of Fe IX and Ni XI in this sequence are
expected to be sources of forbidden lines originating in the corona. The Hinteregger vacuum
ultraviolet spectrograph is being used to investigate the 3ps3d configuration by attempting to
identify the ultraviolet spectral lines which connect it to the 3p s 4f configuration. To generate
these lines, Wagner has constructed a threeelectrode vacuum spark source. Since the laboratory spectrum of this source is rich in unidentified lines, he has used two additional techniques
to discriminate stages of ionization in which
specific spectral lines originate. First, he has
added inductance to the discharge circuit, making
it possible to cool the spark and thus eliminate
lines from the higher stages of ionization. Second,
he has added a second slit in the vacuum ultraviolet spectrograph at right angles to the primary
spectrograph slit and positioned between the

primary slit and the grating. This changes the
normally astigmatic concave grating spectrograph
into an anastigmatic instrument. The resulting
distribution of the intensity of a spectral line
across the spark gas is then indicative of the stage
of ionization in which the line originates. The
most intense lines in the 3p s 3d-3p s 4f transition
array have been recorded in elements from titanium to cobalt. The weaker components of this
array are now being sought in order to establish a
self-consistent energy level scheme. To assist in
identifying the experimentally observed lines, the
theoretical Hartree-Fock energy level and intensity calculations are being used.
In an attempt to summarize the current status
of the identification of visible coronal lines,
Wagner and House completed a literature search.
Of more than one hundred lines seen at eclipses,
about forty identifications were found to be
widely quoted. Close scrutiny of the literature,
however, revealed that only twenty of these
identifications are not disputed by one or more
authors. Thus, it appears that much work still
remains to be done before identification of the
lines in the coronal spectrum, even in the visible,
is completed.

PLASMA SHOCK WAVES
The detailed mechanism of the conversion of
the mechanical energy of a shock wave into the
thermal energy of the gas behind the shock is of
crucial importance to the structure of the
chromosphere and the heating of the corona. The
experimental study of this problem, however, has
been limited because of the difficulty of producing a shock wave appropriate for such a study
in low density gases. Nakagawa, Wolf, and Wisler
continued work on this problem, using a coaxial
plasma accelerator to drive the shock in hydrogen. Ordinary spectroscopic techniques were used
to determine the temperature, density, etc., along
the shock.
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Wolf continued his examination of the performance of the coaxial plasma accelerator for
the production of a high Mach number (30-80)
plane shock wave. This study is nearly complete
and his thesis on the subject is in preparation.
Wolf's work shows that under optimum operational conditions, a hot, dense plasma blob
(T ~10 6 °K, N -10 1 8 cm 3 ) is formed in front of
the center electrode. By collecting this hot, dense
plasma into a small diameter tube in front of the
electrode, one can obtain a stable plane shock
wave in the tube. The physical characteristics of
the shock wave closely resemble those of a plane
blast wave.
Wisler investigated the details of the temperature and density structure behind the shock front.
By monitoring the Ha , HP, H , H5, H. lines together with the continuum emission across the
Balmer limits (5540-5550A and 3635-3640A), he
was able to examine the relaxation of the electron
temperature and the atom temperature. He found
that LTE is established approximately 2-3 gsec
after the passage of the shock (Mach 35). This
distance corresponds closely to 4-6 mean free
paths of electron-proton collisions. The experimental data reduction now in progress includes

the correction of line-broadening by both doppler
and Stark effects, as well as the absolute calibration of the photocell responses. Preliminary
results should be obtained during January 1969.
Nakagawa, with the collaboration of Wu (a
1967 graduate assistant), previously examined a
multifluid kinetic theory to describe the role
played by radiation in determining shock structures in stellar and solar atmospheres (1967
Annual Report). In order to clarify the mathematical complexity of the problem and derive less
arbitrary solutions, Vasicek and Nakagawa devised a new approach based on the eigenfunction
(Hilbert-type solution). Unlike the usual
Chapman-Enskog method of expansion, which
becomes somewhat arbitrary in higher orders, the
new approach permits a unique expansion of the
solutions. Preliminary results showed that the
successive orders of approximation can be defined
uniquely and that the solutions reproduce exactly
the results obtained by physical arguments. With
further refinements, a working model of the
radiative shock structure will be developed. Results of model studies will then be compared with
the results of Wisler's laboratory experiments.
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CLIMAX OBSERVING STATION
INSTRUMENTATION

!

in tuning and evaluating a 5303A filter made up
of two interference filters for R. Hansen.

Large Dome

Small Dome
In January 1968 the magnetograph was converted to a digitized mode of operation following
the installation of a small computer (PDP-8) and
associated equipment. Observations can now be
collected on magnetic tape and the data reduction
handled on the Control Data 6600. The digitized
mode of operation does away with the calibration
phase of the old procedure and allows for a more
efficient use of available good weather. As a result
the actual data output in 1968 was increased
three to four times over that in previous years.
In late 1967 the dome structure was fortified
and its rail reshaped into a more nearly circular
form. The last phase of the repair, a change in the
size of the rollers and in the motor's speed, was
deferred. However, examination of the wear on
rollers and rails during the intervening year indicated that this modification should not be delayed any longer.
Rush and Curtis performed several tests to try
to locate the source of less-than-optimum definition in the final image plane of the coronagraph.
All on-site tests failed to pinpoint the cause.
Further tests will be made in the more rigidly
controlled environment of the optics laboratory,
where spacings and alignments can be accurately
measured and computer simulation can be employed as an operational tool. Spectra for the
determination of the instrumental profile were
taken and their analysis started by Curtis and
Canfield.
The large spectrograph now has the capability
of making photographic observations in the
"double pass" mode. Both higher spectroscopic
resolution and greater freedom from scattered
light are thus achieved. This system was first used

A completely new optical system for the Ha
flare patrol system was installed early in the year.
It includes a new Halle birefringent filter and a
lens system designed by Rush and made by Frank
Cooke, Inc. Performance of the instrument is
greatly improved over that of the previous telescope, and resolution appears to be limited only
by seeing.
The "workhorse" 5 in. coronagraph was installed in 1956 and has received little more than
routine attention since that time. This past year
Rush and Curtis initiated a program to upgrade
this instrument. Their major goal is to obtain an
accurately achromatic image on the slit so that
spectra will refer precisely to the same locations
in the solar atmosphere over the entire wavelength range. The design of this system is now
nearly complete, and fabrication and installation
should take place in the coming year.
To assist in the development of this system,
Rush obtained a sophisticated optical design program from the Optical Sciences Center (University of Arizona). This powerful and versatile program makes full use of the resources of the Control Data 6600, and is capable of designing and
evaluating optical elements or systems of a wide
range of complexity. However, considerable
experience is required to manage the program so
that it operates efficiently. A second program,
obtained from the Aerospace Corporation, provides detailed evaluations of an optical system in
terms of the conventional Seidel aberrations and
the modulation transfer function. With the acquisition of these programs, the HAO Optical
Laboratory now has a design facility that should
be of wide use to HAO and other divisions.
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OBSERVING PROGRAM
Large Dome
During the first half of 1968 the large dome
was used exclusively for magnetograph studies of
limb events in H. for Tandberg-Hanssen, Malville,
and Harvey. In the second half of the year magnetograph work was extended to the coronal
green line. In the fall, magnetic field measurements of prominences were started, using the
following lines: 4471 and 5876A of He, D, and
D2 of Na, 5184A of Mg, 5196A of Fe II, and
4226A of Ca I. Thus far, 1400 observations of the
line-of-sight magnetic fields in prominences have
been recorded. (HAO still appears to be the only
source of such data.)
During the fall, lower sky brightness allowed
coronal 5303A spectra to be taken at a dispersion
of about 0.5A/mm. These are to be analyzed by
Curtis and by Billings (University of Colorado).
H. spectra in prominences are being collected
for L. Liszka (Kiruna Geophysical Observatory,
Sweden). He is interested in large dispersion and
low scattered light spectra for careful profile
analysis. Renewed efforts are being made to obtain high dispersion spectra of spicules in H. and
D3 for Athay.
The large coronagraph was also used by
Stauffer (Southwestern at Memphis) in an at-

tempt to detect the 5303A coronal line far above
the limb with sophisticated photoelectric techniques. The results have been sufficiently encouraging so that a second experiment is planned
for the summer of 1969. Gebbie (now at ESSA)
used the coronagraph spar as a mount to test his
far infrared spectrometer.
Small Dome
The 5 in. coronagraph and flare patrol telescope still serve an important purpose in furnishing background observations for the large coronagraph and magnetograph. In addition, Curtis has
been using these instruments in a cooperative
program with the Sacramento Peak Observatory
and the University of Hawaii, which is directed at
improving the standardization of measurements
of the radiance in the 5303A line. The technique
includes production of 5303A spectra at the limb
under nearly perfect sky conditions as well as of
the solar disk through a series of previously calibrated filters. (Each of the cooperating observatories has a set of these standard filters.) If
standard calibrations are taken along with the
spectra, one can also derive the filter
transmissions.
The small dome has also been used in a cooperative venture with R. Bessey (University of
Wyoming) for continued study of the coronal
iron lines, including those in the 1 I region, and
for observation of spicules in a variety of lines.
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LOCAL SITE SURVEY
Malville continued the search, begun 18
months ago, for a good daytime seeing site in the
vicinity of Boulder. Preliminary results of this site
survey, based upon visual seeing estimates using
Questar telescopes, were reported in last year's
Annual Report. The more complete set of observations now available basically confirms the
earlier results.
The best daytime seeing in the vicinity of
Boulder is found on the plains east of Boulder at
locations where the line of sight passes over
water. The location with consistently the best

conditions is on the dam on the northern shore of
Horse Creek Reservoir. The reservoir, which extends 1 mi in the east-west direction and 2 mi in
the north-south direction, lies about 40 mi east of
Boulder, near the town of Hudson. Objective
comparison of the daytime seeing at this site with
that at several coastal locations supposedly renowned for seeing quality also suggests that Horse
Creek Reservoir is indeed a good site.
Questar telescopes are now being supplemented
by a 6 in. photographic system in order to provide a more definitive test of daytime seeing.

SPECIAL CONFERENCES
A conference on "Resonance Lines in Astrophysics," sponsored jointly by HAO and the
Washburn Observatory of the University of
Wisconsin, was held in Boulder on 9-11 September. This conference brought together about
thirty astrophysicists working in spectral line

theory. The number of participants in the conference was held to this number deliberately by
restricting attendance to active research workers.
The conference proved to be very useful and was
highly praised by the participants.
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INTRODUCTION
In previous Annual Reports we have defined
the Laboratory of Atmospheric Science (LAS) in
the following way, and it seems worth repeating
with only minor changes this year: the LAS is a
group of scientists and engineers, with their assistants, dedicated to improving man's description
and 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 skills and tools of this group
are those of meteorology, physics, chemistry,
mathematics, and engineering. Our particular
advantage is that we can combine forces to attack
problems that involve several disciplines, and in
atmospheric science, many challenging problems
require just such a multidisciplinary approach.
Although in the seven years of its existence
LAS has grown to about 110 people, for the past
two years its size has been more or less constant.
The evolution of LAS is continuous as the problems that it takes on change complexion and its
scientists conceive of new ways to approach
them.
This evolution seems to be encouraged by the
way LAS is organized, which was something of an
experiment when it was first proposed by the
original Director of LAS, Philip Thompson.
Twelve more or less autonomous programs are
headed by senior scientists (some also include
other senior scientists); each is devoted to a particular facet of atmospheric science. These programs have been grouped into two departments,
the Dynamics Department, headed by Thompson,
and the Chemistry and Microphysics Department,
headed by Richard Cadle. The lack of a formal
line organization has enabled program scientists
to undertake joint projects and field experiments
without disrupting individual research in each
program--though certainly the directions taken

by some of the programs have been influenced by
new insights gained in the course of joint
endeavors.
In reviewing LAS research we have purposely
organized the material in terms of problem areas
rather than individual programs, since that is the
way we conceive of our work--defining and
understanding the entire atmosphere and its many
interactions. We have avoided drawing boundaries, since the atmosphere itself does not do so.
The past year has seen a most gratifying flow
of visitors to Boulder. They have come, mostly
during the summer, to work with our regular staff
on problems of mutual interest. Some of these
visitors were invited by the programs of LAS, and
some came under the auspices of the Advanced
Study Program (ASP). A summer colloquium,
organized by the ASP and the University of
Colorado, but heavily involving LAS, treated the
general subject of acoustic gravity waves.
Communication within LAS and with the outside world has been stimulated by these visitors,
by symposia organized within each department of
LAS, and by special study groups that have met
to discuss joint experiments in some depth-both during planning stages and during analysis
and evaluation. This year we held our LAS retreat
at Bailey, Colorado, for an intensive review of
current work and future plans. The value of the
annual retreat seems clear, since it not only gives
each of the LAS scientists who attend it a chance
to learn what the others are doing, but serves also
to bring about the kind of informal exchange that
breeds future collaboration.
In the reports that follow it will be noted that
there are at least four fairly substantial joint
projects or field experiments that have been
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under way during the past year. All of these will
receive further attention in the years ahead.
* The general circulation project, under the
leadership of Akira Kasahara and Warren
Washington.
* The effort to make numerical models of
cumulus clouds and convective precipitation,
under Douglas Lilly and M. H. Davis.
* Aircraft field studies of the exchange of
stratospheric and tropospheric air in the vicinity
of the mid-latitude jet stream, led by Cadle.

physics laboratories, a joint project now being
organized by Doyne Sartor. There is also a highly
motivated program, rapidly gaining momentum,
aimed at explaining and predicting the destructive
Boulder winds.
It is significant this year, as always, to note
that several exciting achievements were those by
individual scientists in LAS working more or less
on their own. We hope and expect that this will
continue to be the case, regardless of their involvement in our larger joint projects.

e The joint thunderstorm and hail project,
under the leadership of Guy Goyer, involving
several NCAR groups, the ESSA Laboratory of
Atmospheric Physics and Chemistry, and the
Colorado State University Department of Atmospheric Science.

Sartor received the NCAR prize for the best
scientific paper published between November
1967 and November 1968. This award is given
each year by UCAR President Walter Orr Roberts.
It went to Sartor for his paper in the Journal of
Atmospheric Sciences (November 1967) entitled
"The Role of Particle Interactions in the Distribution of Electricity in Thunderstorms."

We should also mention the mountain wave
studies with aircraft and balloons, begun by Lilly,
that turned out to be a multi-agency collaboration, and the use of lenticular clouds as cloud

We will now let the accomplishments of the
past year speak for themselves; no summary can
do justice to the wide range of activities that have
taken place.

William W. Kellogg
Director, LAS
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Atmospheric Dynamics
NCAR's research in atmospheric dynamics
includes studies in general dynamical meteorology, geophysical fluid dynamics, synoptic meteorology, and some aspects of cloud physics. Although the individual groups within this program
are largely discipline-oriented, the lines of division
are not sharply defined, and some important
questions require a concerted effort by several
groups. Notable among these interdisciplinary
problems are:
* The general circulation of the atmosphere,
and the complex dynamical responses to mutually
interacting thermodynamical inputs.
* The dynamics and microphysics of convective
clouds and cloud aggregates.
*

Nonlinear mechanics of turbulence in a fluid.

* The dynamics of mesoscale motions, ranging
from hurricanes, intense thunderstorms, and tornadoes, to chinook winds and mountain lee
waves.
It is difficult and perhaps impossible to single
out specific events or achievements as highlights
of a particular year. It may, however, be useful to
mention some recent and important develop-

ments, which will be described in more detail in
subsequent sections:
* The NCAR general circulation model has now
increased vertical and horizontal resolution.
Physical simulation and numerical techniques
have also been improved.
* Studies of the dynamics of the earth's upper
atmosphere, planetary atmospheres, and the solar
atmosphere have been expanded and
strengthened.
* Parallel efforts in problems of the dynamics
of convection and cloud microphysics have been
merged.
* A cooperative inter-agency program has been
established for aircraft exploration of lee waves.
e Encouraging results have been obtained in the
direction of a fundamental theory of turbulence.
* Many of the data resulting from the Line
Islands Experiment have been analyzed.
* The first definitive book on synoptic aerology
has been completed.
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THE GENERAL CIRCULATION
Much of the effort of the LAS Atmospheric
Dynamics Program is devoted to studies of the
atmosphere's "general" or "average" state. Specifically, the question is: how is the structure and
behavior of the atmosphere as a whole determined by variable external sources of energy, by
changing conditions of the land or sea surface,
and by the mutual interaction of the earth and its
atmosphere? During the past year, efforts were
made to refine the treatment of physical processes in the NCAR numerical model of the general circulation, to reprogram this model for the
next generation of computers, and to program
long range prediction from real initial data.
Further improvement of boundary layer calculations, and studies of basic numerical methods,
were also undertaken. Observational and descriptive studies of the tropical and southern hemisphere atmospheres increased the availability of
real data for computer input.

NUMERICAL EXPERIMENTS
Akira Kasahara and Warren Washington have
continued to work on the development of the
NCAR general circulation model, the basic framework of which was already established (Kasahara
and Washington, 1967). In 1968 the physical processes which were previously included in the
model were refined. New processes were incorporated, among them a complete hydrologic cycle.
Moisture distribution is now predicted over the
entire globe, and evaporation from the earth's surface is taken into account, as well as precipitation
where the atmosphere becomes supersaturated.
Other refinements of the model include the development of a faster computer program for
radiation calculations, and incorporation of the
earth's orography.

Simplified Radiation Calculation
Computation of the rate of cooling by infrared
radiation is very time-consuming, even for high
speed electronic computers. This difficulty has so
far prevented us from studying systematically the
role that atmospheric radiation plays in atmospheric dynamics, since infrared radiation calculations have been carried out only a few times a day
in general circulation experiments. There is a clear
need to perform the radiation calculation more
frequently, so that the interaction between radiation and cloud cover (which changes quite rapidly) can be incorporated. Takashi Sasamori
(1968b, 1969) continued to work on further
reduction of the complexities of the radiation
calculation without loss of accuracy.
Water vapor and carbon dioxide emissivities
change very slightly with temperature within the
range of the tropospheric temperature; the downward and upward fluxes at a specified level are
well approximated by isothermal emissivity multiplied by a mean value of the source functions
given by Planck's radiation function. The main
features of this simplified method are as follows:
e The approximation of the flux calculation is
quite accurate, with a relative error of less than a
few percent for various temperature and humidity
distributions from the equator to the poles.
* The computing time for a single vertical temperature profile in the six layer version of the
NCAR general circulation model is about 4 msec.
* The method can easily be generalized to include corrections due to cloud cover and for the
downward flux at high elevations.
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Sasamori's method is currently incorporated in
the NCAR general circulation model to calculate
long wave radiational cooling rates every 1 to 2
hours and to calculate every time step of the net
downward flux at the ground for the ground surface temperature computation.
Incorporation of the Earth's Orography
The dynamic effect of orography is now an
important element of the NCAR general circulation model (Kasahara, 1967). Since this model
uses height as the vertical coordinate, it has been
of special interest to design a scheme to incorporate orography in the model. There are two
basic approaches by which the dynamic effect of
orography may be included. One is to use a transformed coordinate system, in which the earth's
surface coincides with one of the coordinate surfaces. The sigma system designed by N. A. Phillips
(1957) was based on this idea. The other approach is to block out a part of the integration
domain wherever mountains occupy a given level.
Since the first approach may create some difficulties over steeply sloping terrain, Kasahara and
Washington (1969) used the second approach.
They have now tested it on the two layer version
of the model.
The results of two controlled experiments
simulating January conditions, one with and the
other without the dynamic effect of orography,
show interesting results. Without the orography,
highs over Siberia and North America tend to
shift eastward; because of the eastward shift of
the Siberian high, the Aleutian low is virtually
nonexistent. With orography included, the positions of both highs are confined to the areas of
the Himalayas and Rockies. Another significant
difference in the two cases is that without the
dynamic effect of orography, excessive surface
highs tend to form over the south and north polar
regions. This tendency is eliminated by the inclusion of orographic effects (Kasahara and
Washington, 1969).

The numerical method for including orography
has been extended from a case where mountains
intercept part of the lowest model layer to a case
where mountains completely block the flow within a layer. In the six layer model this happens in
the vicinity of the Rockies, the Andes, Greenland,
and the Himalayas. An experiment with such
complete blocking is now being programmed and
checked (Oliger, Kasahara and Washington,
1968).
New Computer Program of the Model
Recent studies by John Gary (1968), Arne
Grammeltvedt (1968), and David Williamson
(1968) have demonstrated that the accuracy of
numerical weather simulation will increase significantly if a horizontal grid mesh finer than the
present 50 mesh is used. A 21/2 mesh, however,
would increase computing time by a factor of
eight. It is obvious that to run a general circulation model which includes ocean circulation and
detailed atmosphere-ground boundary layer calculations with finer horizontal and vertical resolution than presently used will require a supercomputer several hundred times faster than the
Control Data 6600. A few such computers are
being developed, among them the University of
Illinois/Burroughs ILLIAC IV.
Joseph Oliger, in collaboration with Kasahara
and Washington, has been evaluating the capability of the ILLIAC IV computer to perform
general circulation experiments. The largest part
of this effort has been the construction of a general circulation model very similar to the
Kasahara-Washington model, to be used as a
benchmark code for evaluation purposes. This
model is somewhat abbreviated: it accounts for
fewer physical processes in order to lessen the
coding and evaluation effort, but it contains features which anticipate future modifications to the
parent model. This model is at present being programmed by Oliger and Gloria De Santo for the
NCAR Control Data 6600, and by the University
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of Illinois staff for the ILLIAC IV. Following
completion, this benchmark code will be extended to coincide with the present model and then
used as the working version of that model. It will
have several features the present codes lack:
* Despite inclusion of the earth's orography,
both vertical and horizontal resolution can be
altered very easily.
* An improved buffering scheme will require
less core storage.
*

Fewer variables will be stored.

* The smaller storage requirements will allow
resolution to be increased twofold in either the
vertical or horizontal.

Data Processing
Because so many data are involved in general
circulation experiments, there is a serious problem in processing the output. Although it is possible to print out a great many numbers in a short
period of time, it is practically impossible to digest the results and evaluate the experiment without resort to graphic analyses. At NCAR, output
data processing is aided by a cathode ray tube
plotter called the Data Display 80 (dd80). Using
this equipment, grid point data are analyzed and
graphic contour lines are then superimposed on a
suitable map projection.
Even though the output is then in the form of
weather maps, it is still difficult to comprehend
the evolution of the flow patterns. Here the use
of motion pictures is very convenient. Washington, Bernard O'Lear, Joyce Takamine, and David
Robertson (1968) have discussed the techniques
of making black and white and color computer
movies of the output of the NCAR general circulation experiments. We have found the use of
motion pictures to display the results of these

experiments very effective for educational purposes as well as for scientific studies (Kasahara,
1968; Washington, 1968).
Real Data Forecasting
The problem of forecasting the state of the real
atmosphere with general circulation models has
been given special emphasis among groups working on general circulation experiments. There are
three basic objectives: to check the model's ability to forecast the real weather; to determine
more accurately some of the internal empirical
constants of the model; and to test various data
initialization schemes. David Baumhefner is working in collaboration with Kasahara, Washington,
and David Houghton to test the forecasting capability of the NCAR general circulation model.
During 1968 Baumhefner supervised and participated in analysis of real global meteorological
data and experimented with these data as initial
conditions for the NCAR model. He also worked
on verifying predicted variables. Data analysis for
a five day period in January 1958 is nearing
completion. The geopotential analyses of 700,
300, 100, and 70 mb are now being tabulated.
The global streamline and isotach fields for the
surface-6 km and 6-12 km layers are also being
tabulated.
A new 14 day period, 7-21 December 1967,
has been selected for real data analysis. Twice-aday soundings and four-times-a-day surface data
were obtained by Dennis Joseph from the Air
Force magnetic tape file. Complete daily global
satellite coverage was acquired on microfilm. The
Air Weather Service objective analyses of u and v
components and temperature in the tropical
Pacific, and National Meteorological Center
(NMC) analyses of the geopotential were also
collected on magnetic tape by Joseph and Roy
Jenne. These analyses have been transformed by
Diane Wagener to our latitude-longitude grid for
use as a guide in global analyses.
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Processing and analysis of the December 1967
data have just begun. The microfilm satellite
pictures have been enlarged to mesh with our map
projection. Yuso Takigawa, a visitor from the
Japan Meteorological Agency, has started analyzing the seven levels of geopotential, with the
help of the NMC analyses and satellite data.
A procedure for initializing the pressure and
stream function fields was developed by
Houghton and Washington; observed vorticity was
used at low latitudes and observed pressure was
used at high latitudes to solve a standard form of
the balance equation to obtain the stream function. Latitudes 271/20 north and south were justified as the dividing line between low and high
latitude treatments, on the basis of adjustment
theory and numerical solutions for the balance
equation for different cases. Houghton and
Washington also developed and tested the method
for initialization, including vertical motion and
horizontal divergence effects.
Over 30 real data forecasts, incorporating gravity wave studies, initialization experiments, and
interpolation techniques, were made during the
year. Partial results were reported by Baumhefner
(1968b). Work has continued on testing various
initialization techniques. The complete balance
equation with a divergent component was used as
an initial condition. Several finite difference
approximations of the geostrophic wind were
tried in a balance equation modified with a geostrophic assumption in the beta and Jacobian
terms. A "no balance" case was run, in which the
observed pressure and wind distributions were
used as the initial state. The mixed method of
initialization, which utilizes both observed pressure and wind fields in the balance equation, was
also tested. Two major changes in the internal
structure of the real data forecasting model were
made during the year: an exponential, hydrostatic
pressure interpolation scheme was substituted for
the linear version in the initialization schemes as
well as in the forecast model, and nonlinear diffu-

sion terms were introduced. Mountains and an
explicit moisture forecast are also being included.

Atmosphere-Ground Boundary Layers
In recent numerical studies, the atmospheric
equations are solved using boundary conditions to
simulate a realistic atmosphere-earth boundary. In
the general circulation experiments conducted at
NCAR, the earth's surface temperature is calculated to satisfy heat balance at the surface. In
such numerical models, the boundary layer is
regarded as a region in which energy transformation occurs and in which heat is exchanged between the atmosphere and the earth's surface.
There is, however, a clear need to include the
transport of moisture as well as heat in the
boundary layer between the atmosphere and land
and oceans.
The physical problems of evaporation from
open water, dense vegetation, and wet soil are
similar and have received much attention. In wet
surface conditions, the rate of evaporation is
determined mainly by such atmospheric conditions as the temperature difference between the
atmosphere and the surface, and the wind velocity and humidity of the atmosphere. However,
the problem of evaporation from dry soil is more
complicated.
Sasamori is working on formulation of a
numerical model to investigate in detail the structure of the boundary layer. His treatment includes natural evaporation from bare soil when
the surface is dry and water loss is limited by the
rate of soil water movement upward. A numerical
model of the atmospheric Ekman layer has been
developed, based on the theory of the response
time in the atmospheric and soil boundary layers,
and taking soil interactions into consideration.
The differential equation of moisture transfer in
dry soil was assumed to be as given by Philip
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(1957). This numerical model can be used operationally for numerical prediction of daily variations of temperature, wind, and humidity by
starting from initial data given for the atmosphere
and soil. Only the solar radiation absorbed at the
surface is assumed to be known.
In the course of the study, empirical forms
were introduced for the eddy conductivity in the
atmosphere. (The eddy conductivity has not yet
been rigorously determined as a function of
height and stability.) Two models for the height
distribution of eddy conductivity were investigated. One is based on the distribution given by
Yamamoto and Shimanuki's (1966) formula
throughout the Ekman layer, and the second is
based on a distribution approximated by a polynomial function of height chosen to coincide with
the boundary values at the top and bottom of the
Ekman layer. Results of the numerical prediction
show that the model based on the latter assumption agrees better with observations. The daily
temperature change in the atmosphere was predicted with an accuracy of about 20 C. However,
in both models the predicted variation of wind
did not agree well with observations. This suggests
that the dynamics of horizontal air motions
should be incorporated in the boundary layer
theory.
To improve the numerical model of the
boundary layer, Sasamori started work on a two
dimensional boundary layer model which can
simulate the local atmospheric circulation arising
from differential heating due to different surface
albedos. The numerical program has recently been
completed by Robert Wellck.

Finite Difference Integration Methods
Since the degree of success of numerical
weather prediction is determined to a large extent by the accuracy of finite difference integration schemes, it is important to continue to

search for the best finite difference equations
for geophysical fluid problems.
Grammeltvedt (1968) completed a study of ten
finite difference schemes for numerical integration of the primitive equations. The main purpose
of this study was to compare the accuracy and
stability of various finite difference schemes. He
found that the quadratic conservative and the total energy conservative schemes are more stable
than the usual second order conservative schemes.
The most stable schemes are those in which the finite difference approximations to the advection
terms are calculated over nine grid points in space.
Therefore, such approximations are modified
Arakawa schemes, with a form of nonlinear dissipation, which conserve mean vorticity, mean
kinetic energy, and mean square vorticity for the
nondivergent flow.
The accuracy of integrations also depends on
resolution of the grid mesh. Grammeltvedt's
study shows that at least 15 grid points per wavelength are needed to describe flow patterns satisfactorily. This observation is true not only for
second order accuracy schemes, but also for a
fourth order scheme in space.
John Gary (1968) has also made a comparative
study of two finite difference schemes which have
been used for numerical weather prediction. One
scheme is that used in the NCAR general circulation experiments, and the other is the "box"
method of Y. Kurihara, used for general circulation experiments at the Geophysical Fluid
Dynamics Laboratory, ESSA. Gary concluded
that the Kurihara scheme is more accurate for a
given horizontal resolution, but it requires twice
as much storage and twice the computer time.
Thus Kurihara's scheme at the horizontal spacing
As should be compared with our scheme at
As/S. The Kurihara scheme required less dissipation to eliminate nonlinear instability. However,
the numerical models based on more complete
primitive equations may require greater eddy
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diffusion. The significance of this difference is
not clear; apparently the two schemes are almost
equally accurate.
A difficult choice related to numerical integration on a sphere is the definition of grid points.
For problems dealing with phenomena of uniform
scale, homogeneity of the grid system is desirable.
David Williamson (1969), a summer student
visitor in the Dynamics Group, completed definition of a quasi-homogeneous grid system over a
sphere, based on the structure of Buckminster
Fuller's geodesic dome. The grid consists of
almost equal area, equilateral spherical triangles
covering the sphere. As a test of the usefulness of
the spherical geodesic grid, a finite difference
equation for the barotropic vorticity equation
was successfully integrated for initial conditions
with known analytical solutions.
Before applying the spherical geodesic triangular grid to numerical integration of the primitive
equations on a sphere, Williamson (1968) made a
separate study to test the usefulness of triangular
grids with Cartesian geometry. He concluded that
difference approximations for a homogeneous
triangular mesh provide more accurate solutions
than do those for a square mesh with similar
resolution and the same order of truncation error.
The triangular schemes require slightly more
computer time than the square schemes if both
grids contain the same number of grid points.
However, since the triangular mesh requires a
smaller number of grid points than does the
square mesh to yield a comparably accurate solution, the triangular scheme actually produces a
saving of computer time. Williamson is at present
working on the formulation of finite difference
schemes for the primitive equations using the
spherical geodesic triangular mesh.
Evaluation of Vertical Velocity
In meteorology and oceanography, routine
measurements of vertical velocity are not avail-

able. The vertical velocity pattern is usually inferred from measurements of the horizontal
velocity, pressure distribution, and/or temperature distribution by one of several methods. The
kinematic method involves integrating the continuity equation throughout a column. This requires boundary conditions at only one end of
the column within which we have estimates of the
horizontal velocity divergence. Estimates of the
vertical velocity away from the boundary become
less and less accurate, due to accumulation of
small errors in the estimates of horizontal divergence. James O'Brien has devised several alternative objective procedures to improve the computation of vertical velocity. Case studies from
James Fankhauser's (1968) investigation of intense mesoscale convection demonstrate the
utility of an objective adjustment scheme based
on the simple hypothesis that cumulative errors in
divergence are a function of distance from the
ground. This technique is being used successfully
at NCAR by Fankhauser in convection case
studies, by Henry van de Boogaard in a tropical
case study (described below), and at Florida State
University in some student research.
FIELD EXPERIMENTS
AND DESCRIPTIVE STUDIES
As a guide and supplement to the theoretical
studies outlined above, the Atmospheric Dynamics Program also includes an extensive effort
in the observation and descriptive analysis of
some specific aspects of the general circulation
that are as yet only poorly understood. These
deal most notably with circulation in the tropics
and southern hemisphere and, to a somewhat
lesser extent, with long period climatic change.
Tropical Circulations
As noted in the 1967 Annual Report, the
cooperative field effort of the Line Islands Experiment was carried out in February-April 1967.
A catalog of data collected has been prepared by
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Edward Zipser and Ronald Taylor of the University of Hawaii (Zipser and Taylor, 1968). This
describes stations on Palmyra, Fanning, and
Christmas Islands and the ESSA ship Surveyor,
and lists upper-air soundings, aircraft and ground
photography, synchronous and orbiting satellite
pictures, and hourly data tabulations. It also provides a guide to previous data, and historical notes
on the Line Islands region.
Processing of Line Islands data continued
through most of 1968. Zipser, Roland Madden,
and Frank Robitaille have, with the aid of computer plots, checked the data for obvious errors
and "cleaned" the tapes. Programs were written
by Madden, working with Dennis Joseph of the
Facilities Laboratory, to compute the equivalent
potential temperature from the sounding data,
geographic grids for ATS and APT satellite
photos, and presentation of rawinsonde data in
several different formats (adiabatic charts, time
cross sections of wind components, temperature
deviations from long term means, etc.). Substantial progress has been made toward preparing a
more detailed catalog in which all individual
rawinsonde observations will be tabulated. Edwin
Danielsen and Rainer Bleck helped compute the
winds and are preparing a discussion of the computational procedures for this catalog.
Madden and Robitaille collaborated on a study
comparing Rossby's equivalent potential temperature (0 E ) and the static energy (gz + cpT + Lr).
These two parameters have been used in similar
ways to depict the structure of the tropical atmosphere. Their derivations have been studied in an
effort to explain why they yield somewhat different interpretations when used to analyze the
Line Islands soundings.
Although analysis of Line Islands data is still in
a preliminary stage, several interesting aspects
have been noted. Among these is the appearance
of a wind structure far more complex than expected. Rather than a single layer of maximum

wind in the upper troposphere, as characteristically shown by analyses of mean conditions in the
Hadley cell regions, the soundings commonly
show two or more distinct levels of strong wind
in the troposphere. These features are persistent
in serial soundings, verifying that they are real and
not due to observational errors. Comparisons will
be made with wind structures in other tropical regions, such as the Barbados area. At present, it is
suspected that the complex structure shown by
Line Islands data may be related to interhemispheric exchange processes and/or to the unique
dynamics of this particular part of the equatorial
region.
A typical mesoscale disturbance in the equatorial trough near Palmyra has been studied by
Zipser. This disturbance was characterized by
rapid development and decay of a large cloud
mass. Observations indicate clearly that this event
resulted in production of vast amounts of raincooled downdraft air.
In July and August, Zipser and Robitaille participated in the Barbados 1968 program spearheaded by Florida State University. NCAR furnished partial aircraft support, and observers for
the military reconnaissance aircraft. During this
program, observations were made in some large
convective systems that appeared to be similar to
the Line Islands disturbance mentioned above.
It seems unlikely that these disturbances, in
different regions, can be considered in the framework of any single model. However, they are analogous: in both regions an end product of the
convective systems is a transfer of air from the
middle to the low troposphere, as a result of
evaporative cooling in the rain areas. Thus, these
systems (in which warm air also rises from the
low to the middle or high troposphere) obviously
represent important mechanisms for vertical heat
transfer. It appears that convection in this class of
tropical disturbance has a structure fundamentally similar to mid-latitude squall lines, which perform the same function.
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These and other features of the Line Islands
data, while in themselves shedding light on some
tropical processes, are also part of a more extensive tropical meteorology program. Plans for the
larger program, known as TROMEX, are outlined
in a planning report (NCAR, 1968) to which
Zipser and van de Boogaard contributed as
members and rapporteurs of working groups.
These working groups, their members drawn from
private and government institutions, set forth
significant scientific problems and recommended
networks and instrumentation for tropical investigations of the future. Tentative plans are for an
observation program an order of magnitude larger
than the Line Islands Experiment, to be carried
out in 1972 or later in the vicinity of the Marshall
and Gilbert Islands.
In collaboration with Panchedi Koteswaram, of
the India Meteorological Department, van de
Boogaard continued an investigation of monsoon
circulation over the southern Asia-Africa region.
Some aspects of this study were outlined in the
1967 Annual Report. This year, efforts were
concentrated on refining computations of the
vertical motion field. Earlier calculations of this
field were based on an integration of the divergence computed from the analyzed wind fields at
various levels. Small errors in wind analysis can
accumulate to give appreciable errors in the vertical velocity at high levels, as mentioned above.
The divergence fields have been adjusted using a
method introduced by O'Brien, in which the vertical motion field was calculated independently
by the adiabatic method at the 150 mb level,
using the temperature fields which were analyzed
during the year. These vertical motions were used
as an upper boundary constraint in applying
O'Brien's method. Such corrections did not alter
the general character of the circulations (i.e., the
Hadley circulation and the "reverse Hadley cell"
of the monsoon region), but did diminish the
intensity of the vertical motions by 30-40% in the
upper troposphere.

Further improvements in accuracy are being
attempted by introducing the effects of orography and surface stresses upon the vertical motion and divergence field at low levels. Work is
also under way to obtain a consistent multi-level
geopotential field, by using surface pressure
observations and the analyzed temperature field.
(Raw data require adjustment partly because of
different reduction methods by the various
meteorological services.) Once the geopotential
fields are analyzed, the omega equation method
can be used to compute the vertical velocity field,
giving a comparison with the same field computed
independently from wind data.
As a member of a working panel on the northeast monsoon over southeast Asia, van de
Boogaard participated in preparing a report on
weather systems of the area (Navy Weather Research Facility, 1968). In accordance with the
objectives of the panel, van de Boogaard undertook a thorough analysis of wind systems over the
South China Sea, aimed toward improving short
range surface wind forecasts.
As noted in the 1967 Annual Report, van de
Boogaard has collaborated in planning constant
level balloon tracking experiments in the tropics,
in connection with the Nimbus D project. Flights
at the 25 km level from Ascension Island in
March 1968 were limited by mechanical failures
of the balloons. Renewed attempts will be made
in January 1969. Van de Boogaard and Elmar
Reiter (CSU) also plan to launch a number of
GHOST balloons from Port Darwin, Australia, to
obtain experience with balloon trajectories in the
upper troposphere of the near-equatorial region.
Judging from synoptic climatology of the region,
the desired trajectories can best be obtained by
launches from Port Darwin in January and
February. The NCAR GHOST balloon facility has
assumed responsibility for these launches, which
will take place in early 1970.
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Southern Hemisphere Circulations
Harry van Loon, Roy Jenne (Facilities Laboratory), Harold Crutcher (ESSA), and Johannes
Taljaard (South African Weather Bureau) completed analyses of maps, meridional cross sections
of geostrophic wind, and various graphs of the
wind, for a climatic atlas of the southern hemisphere. Two of the four volumes are ready for
publication. One contains maps of sea level pressure, geopotential height, temperature, and dewpoint temperature (Taljaard et al., 1969); the
other treats zonal and meridional geostrophic
winds (van Loon et al., 1969). Work is continuing
on the remaining volumes. In addition, grid point
values are being recorded on magnetic tape, and
microfilm is being produced containing tables,
maps, and diagrams of derived quantities (see the
Computing Facility report).
A monograph on the meteorology of the
southern hemisphere is also being prepared. This
will comprise a selection of charts from the atlas,
with material from other sources in the literature,
and a general description of the main circulation
features now recognized. Contributors will include van Loon and Taljaard, who will describe
the synoptic climatology of the southern hemisphere, Paul Julian, who will discuss the stratospheric circulation, Julius London of the University of Colorado, who will discuss the radiation
budget, and Chester Newton, who will outline
certain aspects of the general circulation.
Grid point data compiled for the atlas have
been used in an investigation of the half-yearly
components in the southern troposphere and
lower stratosphere. Second harmonics in middle
and high latitudes, which van Loon examined
earlier (1967) on a limited basis, were described
from the earth's surface to 100 mb. In addition,
since marked half-yearly components in the tropical zonal wind had been found by Reed (1965) in
the middle stratosphere, and had been reported
by Wallace (1966) to extend downward to the

70 mb level, a search was made for a possible
further extension of these oscillations into the
tropical troposphere.
Van Loon and Jenne (1969) found that the
zonal wind in the upper half of the southern tropical troposphere does have a well defined halfyearly oscillation, with westerly maxima (or
easterly minima) in May and November. These
wind oscillations are compatible with variations
of the tropospheric temperature gradient (or thermal wind) between the equator and subtropical
latitudes, where second harmonics of the temperature occur with opposing phases. Van Loon
and Jenne suggest that these temperature variations may be connected with an increased rate of
intensification of the tropical meridional circulation from fall to winter. Tropical half-yearly
oscillations are asymmetric with respect to longitude, being considerably stronger in the eastern
than in the western hemisphere.
Half-yearly temperature oscillations in the
tropics reverse phase just below the tropopause
and again near the 50 mb level. Above this level
they are thus in phase with oscillations in the
troposphere. The vertical phase reversals of the
temperature imply that the second harmonic of
the zonal component of the thermal wind likewise changes phase twice. The presence of significant oscillations in the troposphere raises the
question of whether stratospheric wind changes
may be driven by tropospheric circulations.
A limited comparison with the northern hemisphere indicates that half-yearly oscillations of
similar amplitude and phase exist in the northern
tropics. However, the first (annual) harmonic is so
large in the northern tropics that it tends to obscure the second harmonic, whereas in the southern tropics the half-yearly oscillation stands out
clearly.
Climatic Change
Paul Julian continued work on statistical analysis of tree ring indices. New ring series collected
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in the Olympic Peninsula of Washington and in
western Colorado by H. Fritts (University of
Arizona) were analyzed in the same manner as the
eastern slope series described in the 1967 Annual
Report (Julian and Fritts, 1968). This work was
undertaken in an effort to establish the variability
of ring width response for different localities.

represent a meteorological variable. These stations
were carefully selected, taking into account the
notorious inhomogeneity of precipitation records.
Many records were checked, with careful attention to station location history. Likely candidates
were subjected to double-mass analysis as final
check for homogeneity before selection.

A continuing effort is being made by Fritts and
his co-workers to collect ring series from optimum sites throughout western North America.
This network will provide data from which a
quantitative determination of pre-meteorological
climatic history can be determined.

Sixty years of streamflow and seasonal precipitation data for the resulting networks were
utilized as basic data for the investigation of
space-time characteristics of drought. Ranking
procedures, familiar to the behavioral scientists
and statisticians, seem to provide the simplest and
most powerful method of accomplishing the
desired objectives. To date, the results are quite
encouraging and are, in some respects, in agreement with previous work. In other regards, however, the results suggest that classical methods are
perhaps too insensitive to reasonable alternatives.
In particular, the ranking procedures illustrate
rather strikingly the inability of classical correlation techniques to describe continental scale
drought.

As a result of general interest in this effort,
Julian has re-examined statistical techniques used
to investigate spatial and temporal dependence in
geophysical data. The atmosphere must be considered as a four dimensional continuum with
interdependence of some sort in all four dimensions. In the classical statistical sense, one of these
dimensions is selected as the sample dimension or
sample space. Usually the time dimension is
chosen, as in time-series analysis. However, it
seems logical and desirable to attempt to investigate the joint spatial and temporal dependence.
Techniques used to accomplish this simultaneous
space-time analysis of variability have been surveyed and analyzed.
A specific investigation, a statistical study of
drought, was designed to experiment with new
approaches in space-time analysis. The selection
of drought as a criterion follows logically from
the tree ring and climate studies.
Two networks of 12 streamflow gaging stations
in conterminous states were selected to provide a
hydrological variable. In addition, a network of
some 30 precipitation stations was chosen from
the U.S. Weather Bureau cooperative network to

Synoptic Aerology
In collaboration with Professor Erik Palm6n,
Academy of Finland, Chester Newton has completed a book on atmospheric circulation systems
(Palm6n and Newton, 1969). The book, in preparation over the last several years, presents synoptic descriptions and physical interpretations of
circulation systems on different scales. These
range from large organized thunderstorms,
through cyclone scale disturbances, to hemispheric or global circulations. Emphasis is placed upon
the interactions between circulations of different
scales, and upon the roles played by varying types
of disturbances and by zonally averaged circulations in the generation and transfer of angular
momentum and energy.
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OCEAN CIRCULATIONS
Ocean circulations play an important role in
influencing the motions of the atmosphere,
through dynamic and thermal interactions between the atmosphere and ocean waters. In the
present NCAR general circulation model the
ocean surface temperature is given by monthly
climatic means. Eventually, general circulation
models must include the three dimensional, time
dependent responses of the ocean to the atmosphere. However, we must investigate the dynamics of ocean circulation in greater detail before any wholly reasonable attempt can be made
to combine the oceanic and atmospheric models.
NUMERICAL MODEL
OF THE PACIFIC OCEAN
James O'Brien has been working on the development of a numerical model of the North Pacific
Ocean. This is a barotropic nonlinear ocean model
in which water is driven by the external atmospheric wind stress. The equations of motion are
cast in spherical coordinates, and the shape of the
North Pacific is approximated using 11/4 latitude
and longitude mesh elements. Climatological wind
stress data for annual and seasonal means are used
to deduce distributions of the vertically averaged
components of the mass transport (velocity times
depth) and the depth of the simulated ocean. All
major known currents in the North Pacific are
predicted by the numerical integrations: Kuroshio
(off southern Japan), Oyashio (east of Siberia),
North Equatorial Current (westward near
10-20°N), California Current, Alaska Current,
North Pacific Current (eastward from Honshu
toward the United States), and others.
Two types of wind stress measurements are
used: the zonal averages (independent of longitude) as a function of season, and the actual vector wind stress distributions as a function of lati-

tude, longitude, and season. For all cases three
main gyres develop: central Pacific, equatorial,
and arctic.
Previously published investigations have been
concerned primarily with zonal forcing in rectangular basins. (A rectangular basin is one which is
bounded by two latitude circles and two longitude lines.) When the results of zonal forcing in a
rectangular basin are compared with those from
the actual North Pacific, some striking differences
are observed. In a rectangular basin with linear
equations of motion, each gyre is symmetric
about its east-west axis with separation between
gyres occurring when the curl of the wind stress is
zero. Adding the nonlinear terms leads to a highly
asymmetrical gyre and formation of a strong jet
between the central and arctic gyres. The position
of the boundary between the two gyres does not
change, and the maximum mass transport in the
central gyre does not increase. This is contrary to
observations in the Gulf Stream and the
Kuroshio. The rectangular, nonlinear model does
not predict the early separation of the strong
western boundary current or the proper magnitude of the current transport. In the irregular
(Pacific-like) linear model, under identical wind
stress conditions, the gyres are almost symmetric
about the east-west axis, and the transport of the
simulated Kuroshio is about 50% of the observed
value of 60 Sverdrups (60 million metric
tons/sec). However, when the nonlinear terms are
introduced, the flow intensifies and the transport
increases to 52 Sverdrups. No strong jet develops,
but there is a tendency for the core of the simulated Kuroshio to leave the coast of Honshu at a
more southerly latitude. These two results are a
measure of the success of the simulation.
When the model North Pacific is integrated
under the influence of actual climatological wind
stress, striking seasonal variations are found. What
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is more important, the Kuroshio separation now
occurs for the annual case at 350 N, in excellent
agreement with observations from the real Pacific.
In the model, the equator is treated as a freeslip boundary. Under vector wind stress forcing,
unsatisfactory results are obtained along the
equator. To correct this, O'Brien is currently extending this model to include the South Pacific.
The extended model predicts the flow at the
equator correctly, including the observed seasonal
reversal of the surface current east of New
Guinea.
EFFECTS OF BOTTOM TOPOGRAPHY
Work is now under way to include the actual
bottom topography in the model of the Pacific.
There is little doubt that the earth's orography
influences motions of the atmosphere in all scales.
However, the effect of bottom topography on
ocean circulation has not been fully investigated,
though evidence has gradually accumulated to
indicate its importance. P. Niiler of Nova University has made detailed velocity measurements in
the Florida Straits. His observations make it clear
that the classical notion of horizontal eddy viscosity is incapable of describing observed velocity
profiles. It has long been known that there is no
single value of the eddy diffusion coefficient that
can predict (via linear theory) both the width and
transport of the Gulf Stream. The eddy viscosity
used in theoretical models has been assumed to be
positive; however, Niiler's measurements of this
coefficient close to shore indicate a negative
value.
Elliott Schulman has reexamined the structure
of the boundary layer by including the effect of
bottom friction produced by a sharp continental
slope. For a narrow, steep continental rise having
the same characteristic geometry as the real one,
Schulman found that the maximum velocity
occurs just at the intersection of the abyssal plain
and continental slope. Above a decreasingly shal-

low continental shelf, the transport and velocity
approach zero. This result is valid in spite of the
free-slip condition; hence there is no constraint
on the tangential velocity. For realistic oceanic
parameters, the derived profiles are very close to
observations.
Gulf Stream circulation is controlled primarily
by local topography in the lower latitudes, where
it is a jet bounded on one side by the continental
wall. Topography is also significant in determining the meandering path of the Gulf Stream
once it breaks away from the coast and becomes a
free jet.
No treatment of topography would be complete without investigating the most prominent
feature of the Atlantic basin--the Mid-Atlantic
Ridge. This ridge runs north-south about midway
between Europe and America, rising characteristically about half the total depth of the ocean. A
simple model was developed for a mid-ocean ridge
and also for a mid-ocean slope. For realistic topographical geometries, Schulman found that the
general circulation streamlines differ considerably
from the flat bottom solution. An important
effect is the net reduction of the total transport
in the western intensification region. This result
casts doubt on the classical linear theories of
wind-driven currents which, even with a flat
bottom, predict transports significantly lower
than those observed.
Practically all theoretical and numerical studies
of the general circulation of the oceans have included the explicit assumption of a wholly enclosed rectangular basin (as discussed above).
Cursory studies were made of the effects of a
lateral (east-west) boundary on the circulation.
Unlike the classical boundary layer required on a
meridional coast, it is found that a diffusion type
layer several hundred kilometers wide appears at
the lateral boundary. Since this is a bottom friction effect, it suggests that those models employing a lateral boundary for numerical or analytical convenience may be putting constraints on
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the circulation which are not of geophysical
significance.
The boundary layers formed at the free surface
of simply rotating fluids (Ekman layers) are
among the few flows which exactly satisfy the
Navier-Stokes equations, provided there is no
horizontal variation of the imposed stress. When
applied to the real wind-driven circulation to calculate the Sverdrup transport and resultant vertical velocity, linear Ekman theory is valid only as a
first approximation. Spatial variations of the wind
as well as curvature (beta) effects produce nonlinear momentum advections. In regions where
there is a large gradient of the stress, and in equatorial regions where the Ekman layer theory also
breaks down, the associated vertical velocity is
significantly altered. Schulman is currently working on calculations valid to first order in Rossby
number involving the measured wind stress patterns. These will determine a more accurate global
distribution of the forced vertical velocity which,
in turn, dictates the deep circulation.

RESPONSE OF THE OCEAN
TO THE ATMOSPHERE
O'Brien (1969a) completed a study of the
response of a simple, nonlinear, two layer, stratified ocean to a slowly moving but intense mesoscale atmospheric cyclone. In this study he tried
to find the horizontal velocity structure and
depth of the upper mixed layer of the ocean as a
cyclone (or hurricane) moves across the ocean.
The specified wind stress is axially symmetric
except for a small asymmetry due to the linear
translational velocity of the storm. The equations
of motion are non-dimensionalized. Characteristic

time, velocity, and horizontal lengths are specified by the cyclone structure; the vertical scale is
specified by the undisturbed depth of the
thermocline.
In the non-dimensional framework, four
parameters characterize the response of the fluid:
a Rossby number, a Froude number, a ratio of
length scales, and a small non-dimensional propagation velocity of the storm. A special case was
investigated with the cyclone moving westward;
particular attention was focused on the cross
section along the storm track. The model storm
varied in strength and structure from an intense
hurricane to a moderate mid-latitude cyclone.
Primary emphasis was placed on the region of
maximum dynamic upwelling in the wake of the
storm as indicated by a parameter hmin, defined
as the minimum fraction of water remaining along
the center of the wake. Results indicate that
maximum upwelling depends strongly on depth
of the mixed layer, strength of the storm, and
movement of the storm. When the cyclone acts
on a thin mixed layer, upwelling is more intense
and faster than for a thick mixed layer. Upwelling
is enhanced by storm strength (as measured by
radius of maximum winds and peak wind stress).
However, for hurricanes the maximum upwelling
tends to be independent of the ratio of depth of
mixed layer to radius of maximum winds. This is
probably the reason for cold wakes and disturbed
thermal structure behind hurricanes and typhoons. For weaker storms the extent of upwelling is highly dependent on the undisturbed thermocline depth. The time factor associated with
the speed of the storm complicates this description. Additional research is required to completely understand the baroclinic response of the
oceans to intense cyclones.
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THE UPPER ATMOSPHERE
As pointed out in previous Annual Reports,
there have been increasingly strong suggestions
that some important aspects of the general circulation depend on conditions and physical processes high in the atmosphere. In particular,
proper formulation of upper boundary conditions
of general circulation models depends upon a
clear understanding of dominant modes of vertical wave propagation and wave energy absorption
and reflection. The following sections deal with
LAS efforts to resolve questions relating to upper
atmosphere acoustic gravity waves, as well as to
other types of motion.
With improved vehicles (rockets and satellites)
for measuring the state of the atmosphere, a
picture of the average motions of the upper atmosphere has now been sketched in quite well up to
60 or 70 km and more roughly to about 150 km
(Kellogg, 1968a). Meteorologists have a growing
concern about understanding the deviations from
the mean state of the high stratosphere, mesosphere, and thermosphere. The upper atmosphere
is driven not only by various forcing sources
(heating and cooling) local in time and space, but
also by coupling with the motions of the troposphere. Extraterrestrial influences may also affect
upper atmospheric motions, but they are not a
major concern in the LAS program except where
they produce clear changes in the heat balance or
composition of the upper atmosphere.
PLANETARY WAVES AND ZONAL WINDS
Causes of upper atmospheric motion include
solar and terrestrial radiation, photochemical
reactions, and diffusion of heat and momentum
(due, for example, to viscosity, heat conduction,
turbulence, and ion drag effects). However, one
of the important energy sources for the motion of
the upper atmosphere is the vertical propagation

of energy by planetary waves that are generated
in the troposphere, and that actually owe their
origins primarily to sources at the earth's surface,
such as continent-ocean thermal contrasts and the
dynamic effects of the earth's mountains. Observational statistics on the motions of the lower
stratosphere seem to show that zonal winds and
zonal temperature gradients are maintained
against dissipation over a long time period
through the influence of tropospheric winds.
Even at higher levels in the stratosphere and
mesosphere, zonal flow is thought to be greatly
influenced by such vertically propagating planetary waves. Near the equatorial regions, some
planetary wave modes become indistinguishable
from internal gravity wave modes. Studies on
gravity waves have recently been shown to be
applicable to long period motions in the equatorial stratosphere.
If vertical propagation of energy is an important source of motion in the upper atmosphere,
how much energy is really leaking out of the
troposphere? The vertical propagation of, say,
10% of the 103 ergs/cm 2 /sec of kinetic energy
that is generated by meteorological disturbances
in the troposphere would increase the energy
input of the thermosphere by at least an order of
magnitude beyond the 1 erg/cm2 /sec provided by
solar radiation. Such energy fluxes would result in
drastic consequences, possibly the production of
a new geocorona in the lower thermosphere.
Charney and Drazin (1961) attempted to explain why a large fraction of the kinetic energy
generated by meteorological disturbances in the
troposphere does not penetrate into the upper
atmosphere. They showed that zonal wind systems in the upper atmosphere play a crucial role
in blocking the vertical energy propagation.
Definition of the effect of zonal wind systems
on the vertical propagation of planetary waves is
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complicated by the presence of latitudinal and
vertical wind shears. Robert Dickinson, continuing work begun at MIT, is seeking to simplify
and clarify the problem and to obtain analytical
solutions of approximate equations. He has derived a linearized model for the analysis of low
frequency transient and stationary planetary
waves (1968). His solutions compare favorably
with some results of exact tidal theory. The
model without horizontal wind shear or dissipation predicts a much greater amplitude of wave
motions than is indicated by observations.
Dickinson has also investigated the importance of
horizontal wind shears and a radiational damping,
such as Newtonian cooling (1968e, 1969a).
The two most significant effects introduced by
horizontal shears, as discussed by Dickinson
(1968e), are the trapping of planetary waves in
wave guides of limited latitudinal extent, and the
absorption of planetary waves at "singular lines"
where the mean wind speed matches the wave
phase speed. The latter effect not only introduces
a large attenuation of vertically propagating
waves, but also provides a forcing mechanism for
zonal winds. This forcing of zonal winds depends
on a divergence of eddy momentum and heat
transport or, ultimately, on eddy transport of
potential vorticity.
With regard to the effect of radiational damping, the inclusion of Newtonian cooling results in
great attenuation of planetary waves propagating
through sufficiently weak westerly winds. This
attenuation greatly reduces the possible upward
vertical propagation of planetary waves through
the terrestrial atmosphere near the equinoxes, and
is quantitatively significant throughout the winter
(Dickinson, 1969a).
So far, Dickinson's studies have been aimed at
the role of zonal wind systems in the propagation
of planetary waves. In the upper stratosphere,
great circumpolar westerly and easterly jets are
found during the winter and summer. A transition

from one regime to the other occurs in spring and
fall. Dickinson (1968c, 1969b) has also studied
the maintenance of atmospheric zonal flows, such
as that of the wintertime stratosphere, by planetary waves propagating from some other region of
the atmosphere, taking into account the effect of
Newtonian cooling. Some interesting diffusive
oscillation solutions were obtained, which may be
related to the phase progressions of upper stratosphere wind reversals and the biennial oscillation.
In a generalized study of atmospheric waves,
Dickinson formulated a nonlinear atmospheric
tidal theory (1968a). He included in this theory
the effect of arbitrary diabatic heating or cooling
(Dickinson and Geller, 1968), and defined a general theory of atmospheric wave propagation
under excitation by point impulses and switch-on
sources (1969c).
GRAVITY WAVES
As mentioned above, the study of transport
properties of internal gravity waves is important
in understanding the mechanisms of the vertical
propagation of energy, particularly in the equatorial regions. Walter Jones (1969b) completed a
theoretical study of energy transport by internal
waves. He developed and compared two concepts
of energy transport by waves. The first, wave
energy flux, is related to the transport of a quantity known as the wave energy, and has often
been used in analyzing characteristics of the
waves themselves. The second, correlation wave
energy flux, is related to the transport of energy
by a phenomenon called a wave; it is analogous to
turbulent energy transports and is of use in total
system energy budgets. In dissipative fluids and in
fluids with spatially varying mean flows, the two
fluxes are not the same. In the course of the
analysis, a comparison was made of the Stokesian
expansion treatment generally used in wave
theory, and the mean and deviation approach of
turbulence theory. The correlation transport of
the latter, to second order, agrees with that of
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first order linear wave theory. However, important second order differences between "mean"
and "zero order" quantities result in additional
second order transports which must be interpreted carefully.
Solution of the hydrodynamic equations for
linear internal gravity waves is straightforward
and well known when there is no mean wind field
and when the atmosphere is isothermal. However,
if there is a spatial or temporal variation in the
mean wind or temperature field, solution becomes difficult unless rather constrained forms of
variation are assumed. One approach to the problem is to apply the geometrical optics approximation, which depends on wave packet concepts and
ray tracing techniques. Jones (1969c) used geometrical optics and ray tracing approximations to
determine the behavior of internal gravity waves
in fluids with a general spatial variation in the
mean wind field. An analytical study of the ray
equations was made for waves in uniform arbitrary shears. Slowly moving internal gravity waves
behave much like passive variables, and are distorted like stripes in pulled taffy. Their wavelengths are shortened in distortional flow in a
generalization of the "critical layer" behavior of
waves in vertical shear. This behavior is similar to
that of waves at a "critical level" in a vertically
shearing mean flow, discussed by Hines and
Reddy (1967) and by Booker and Bretherton
(1967). Jones (1968) made a numerical examination of the reflectivity of critical levels with low
Richardson number to internal gravity waves
propagating in stratified fluids with shear. At
sufficiently low positive Richardson numbers the
reflected wave may actually be stronger than the
incident. The normal mode instabilities of three
simple models were also computed. Results are
presented in three dimensions: Richardson
number, horizontal wave scale, and real wave
frequency.
A numerical model for simulating internal gravity waves was developed by Houghton and Jones

(1969b). This model is useful in studying the
transient behavior of gravity waves, particularly
with regard to their interaction with spatially and
temporally varying mean flows. Many experiments were made with the numerical model,
which consists of time-dependent equations for a
non-rotating two dimensional system. Following a
series of checks in cases with known timedependent solutions, experiments were made for
cases where only qualitative checks were possible.
In this way basic theory and understanding were
extended to cases where the mean motions were
functions of time, both dependent on and independent of the momentum flux associated with
the wave motions. Several conclusions drawn
from the ray tracing program have been verified
in the numerical model. The numerical model
results have been presented in the form of movies,
showing the complete development and propagation (to about 150 km) of internal gravity waves
generated at the ground.
A recent version of the model allows momentum transport by the wave to alter the mean flow,
providing a potentially important feedback to the
wave. Near a critical layer the wave motions can
radically alter the mean shears. In one experiment, an initial Richardson number of 410 for
the mean motions (wave number 0 in the horizontal) was reduced to less than 1 in 12 hr at 33 km
by propagating waves with a horizontal wavelength of 100 km and an amplitude of 10 cm/sec
of vertical motion at the lower boundary.
Several observational programs at NCAR may
provide useful information on tropospheric and
stratospheric internal gravity waves. These include
the mountain wave studies of Lilly, Vergeiner,
and Danielsen, the Line Islands Experiment, and
observations by Danielsen on small vertical scale
(1/3-3 km) disturbances. Jones is maintaining
close liaison with these programs.
At the request of several members of the
NCAR staff, Jones presented an informal course
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PHOTOCHEMISTRY, RADIATION,
ION DRAG, AND ATMOSPHERIC MOTIONS

tidal motions (Dickinson and Geller, 1968). These
effects become of overwhelming importance
when the time scale of motions is greater than the
time scale for radiative damping of temperature
perturbations. The rapid radiative damping and
slow evolution of winds in the upper stratosphere
indicate that these considerations will be especially important at those levels.

How can atmospheric motions influence the
distribution of trace substances that are of interest to aeronomers or atmospheric chemists? In
what ways do photochemistry and radiation
determine (or at least influence) atmospheric
motions? J. E. Geisler (now at the University of
Miami) and Robert Dickinson developed a simple
time-dependent model for nitric oxide to study
the first question for this important aerometric
quantity (Geisler and Dickinson, 1968).
Dickinson is now working with William Kellogg
on the general question of how disturbances can
propagate from below to perturb the concentrations of important D layer substances, considering
the role of intermediate layers as time-dependent
filters (Kellogg, 1968c). As for the second question, Dickinson has investigated the effects of
temperature-dependent heating terms on the zonal winds (1968c), planetary waves (1969b), and

A related problem is the coupling of motions
and ionization in the thermosphere by the ion
drag effect. For studies of global scale oscillations
of the thermosphere neutral gas, the linearized
log-pressure primitive equations have been generalized to include molecular viscosity, heat conduction, and ion drag effects (Dickinson, Lagos
and Newell, 1968). Adiabatic heating by vertical
motions is of particular interest, since all previous
studies have assumed this effect could be neglected. Some simplified examples integrated by
C. P. Lagos at MIT support the contention that
adiabatic heating is at least as great as solar heating in the thermosphere. Calculations using a
more realistic model of thermospheric motions
(Dickinson and Geisler, 1968) show the important role that adiabatic heating must play in
thermospheric dynamics and hence in models of
the thermosphere.

in meteorology during early 1968. Primarily an
introduction to dynamic meteorology, the course
included a number of lectures on specialized
topics by other staff members.
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SOLAR AND PLANETARY ATMOSPHERES
With the recognition that there is a large
common body of theory that overlaps the dynamics of the terrestrial, planetary, and stellar atmospheres, and with the continual spur of scientific
association with the High Altitude Observatory,
the Atmospheric Dynamics Program has launched
a small but enthusiastic effort in planetary and
solar dynamics. Astrophysicists are now swinging
to the viewpoint that atmospheres (which, by
their very nature, are gaseous and therefore highly
mobile) are not functions of radial distance alone.
This is a view that we wish to encourage.
THE SUN'S ATMOSPHERE
Walter Jones has now completed his study on
resonant oscillations in the solar atmosphere
(1969a). Non-divergent oscillations having a form
analogous to that of deep water waves are shown
to comprise normal modes or free oscillations of
the solar atmosphere under two approximations:
the chromosphere-coronal interface behaves like a
free surface, and the density scale height is sufficiently large in the convective zone. These modes
show the temporal and spatial characteristics of
the "300 second" chromospheric oscillations. A
more general numerical study of resonant and
unstable modes in a two layer (photosphereconvective zone) model solar atmosphere was also
completed.
Jones has also given some thought to an extension of the solar ducting and stability model in an
attempt to include more physics and thus to
simulate observed phenomena more closely. Some
solar phenomena, notably supergranulations, may
be related to transport characteristics of smaller
scale waves.
THE VENUSIAN ATMOSPHERE
Successful missions of the U.S. spacecraft
Mariner 5 and the Soviet Venera 4 revealed sever-

al very interesting features of the Venusian atmosphere. At the suggestion of W. Libby of UCLA,
Peter Fabian visited NCAR from UCLA to work
with Akira Kasahara and Takashi Sasamori on a
theoretical calculation of the temperature distribution of the Venusian atmosphere (Fabian,
Sasamori and Kasahara, 1968). In their study
they assumed that the time rate of change of
temperature is determined by the divergence of
the sum of three fluxes: insolation, net infrared
radiation, and sensible heat flux. For the absorption of solar and infrared radiation, carbon
dioxide was assumed to be the major constituent
of the Venusian atmosphere. The effect of convection was taken into account by using the concept of convective adjustment of the temperature
lapse rate if the calculated temperature gradient
exceeded the adiabatic lapse rate. Surface temperatures were determined so that the energy
balance was satisfied for absorbed solar radiation,
net thermal radiation, and sensible heat given to
the atmosphere from the ground surface. The
results of the calculations are summarized as
follows:
* The temperature near the surface at Venus
noon varies from 650°K at the equator to 5000K
at the poles.
* The temperature near the surface at Venus
midnight varies from 6000K at the equator to
5000K at the poles.

* The temperature at 80 km, which was assumed to be the top of the Venus atmosphere, is
about 2500K at Venus noon, but changes by
Venus midnight to 1700K at the equator and
1000 K at the poles.
The calculated surface temperatures agree well
with those obtained by microwave techniques.
Mayer et al. (1960) and Clark and Spencer
(1964), for instance, found that the surface
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temperature varies between 580 and 616 0 K with
± 100 0 K for several wavelengths between 10.2
and 21.0 cm. The computed vertical temperature
distributions agree fairly well with the Mariner 5
measurements (Snyder, 1967) which show
210-240 K at 70 km, increasing approximately

linearly to 390-450 0 K at 40 km altitude. There
would be good agreement with the temperature
distribution observed by Venera 4 if the height
scale of the Russian space probe had been shifted
upward by about 15 km.
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THERMAL CONVECTION AND THE
DYNAMICS OF CONVECTIVE CLOUDS
Studies of thermal convection have always
been a prominent part of the LAS research program. Theoretical and numerical studies, and
laboratory and field experiments have received
equal emphasis. Recently, a concerted effort has
been made to bring about an intimate working
relation between groups that are primarily concerned with the dynamics of convective systems
(who characteristically assume that the microphysics and thermodynamics of clouds are somehow prescribed) and the cloud physicists (who
characteristically assume that the air motions are
somehow prescribed). Although the effective
juncture of these two lines of research will not
always be fully apparent in this report, it is now a
growing reality.

magnitude may be correct for the real atmosphere. An observational study designed to
answer this and other questions regarding the
behavior of shallow cloud layers with strong
radiative interactions was conducted by Lilly,
Donald Lenschow, and a summer student aide,
James Lovill of CSU. In early September, observations were made off the California coast near San
Francisco, from an NCAR Queen Air, using some
of the equipment developed for the Airborne
Turbulence Measurement System. Significant help
and cooperation in this program was provided by
the Meteorology Department of San Jose State
College. Although data obtained from the California flights have not yet been fully analyzed,
preliminary evaluation indicates that some aspects
of the theoretical model are adequately verified.

PENETRATIVE CONVECTION
Studies of penetrative convection in the laboratory and the atmosphere, conducted for several
years in the Turbulent Interactions Group, were
continued in 1968. Laboratory experiments begun in 1967, in which an unstable, heated layer of
water gradually penetrated upward into a stably
stratified layer, were concluded by James
Deardorff, Glen Willis, and Douglas Lilly (1969).
Willis put considerable effort into producing a
motion picture sequence of the experiments,
which will be combined with some atmospheric
cloud footage and made into an educational film.
The results of this experiment had a significant
impact on Lilly's theoretical model of shallow
cloud layers under a strong inversion. The model
(Lilly, 1968) involved a parameter which is essentially the ratio of the work done in eroding the
inversion to the total turbulent energy produced
by buoyancy. Experimental results suggest that
this parameter is small, less than 0.1, and initial
inspection of existing data suggests that this

EXPERIMENTS ON
TURBULENT TRANSITION PHENOMENA
Willis and Deardorff also carried out an experimental study of the first unsteady motions of
Rayleigh convection. These were at first observed
indirectly with the use of thermocouples; later
they were viewed directly through a thin glass
plate which formed the top of a modified convection chamber. Willis and Deardorff found that the
theory of L. N. Howard of MIT (1966), concerning the periodic release of thermals from the
boundary layer, does not apply to oscillations
having the appearance of either traveling waves or
flapping motion when viewed from above. The
phenomenon is three dimensional, which explains
the failure of Deardorff's earlier attempts to investigate it numerically with a two dimensional
model. A theoretical explanation is needed.
The modified convection chamber should also
prove useful in relating changes in the horizontal
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planform of the convection to the heat flux
transitions of Malkus.
PLUME THEORY
Douglas Fox is studying forced convection in a
stratified fluid (1968). The need to specify the
coupling (or mixing) between the convecting
system and its environment is an essential element
of both classical (Morton et al., 1956) and more
recent plume theories (i.e., Telford, 1966;
Morton, 1968). Fox has proposed a coupling
which results from consideration of an equation
representing the kinetic energy of the mean
motion. This approach suggests that the entrainment of environmental fluid into the plume is
related to plume velocity, Reynolds stress, and an
appropriate dimensionless number (Froude
number). Recent work on what might be termed
second generation plume models, which relax
certain of the assumptions previously required,
indicates that this entrainment may be appropriate as a coupling mechanism (Morton, 1968).
Working on this assumption, Fox has found an
analytic solution for simplified versions of his
plume equations for the case when the environment is uniform. He is studying the behavior of
this solution, as well as numerical solutions of
more general cases under variation of the two
parameters involved in the model. If it is decided
that the model warrants further consideration, it
can easily be extended to more realistic geophysical cases by inclusion of water vapor, shear,
environmental turbulence, and other factors in
suitably parameterized fashion.
DESCRIPTIVE STUDIES
OF SEVERE STORMS
To supplement theoretical and laboratory research on thermal convection, the LAS Atmospheric Dynamics Program has undertaken a
continuing study of natural convection on the
mesoscale where it is easily and clearly
documented.

James Fankhauser has developed objective data
reduction and analysis techniques for mesoscale
rawinsonde observations such as those from the
ESSA National Severe Storms Laboratory network. These techniques have been tested with
data from a selected thunderstorm situation.
Because of the closeness of soundings in time (90
min) and space (80-90 km), the usually neglected
effects of balloon drift, differing station-tostation ascent rates, and departures from scheduled release time must be accounted for before a
consistent synoptic portrayal of the variables can
be obtained at the mesoscale. Analyzed gradients
reveal that failure to consider balloon displacement can result in as much as 2 m/sec and 0.5°C
error in wind speed and temperature evaluation at
a fixed point, at higher levels.
Computations of divergence and kinematic
vertical velocity from quasi-objectively derived
wind input produced reasonable patterns at low
tropospheric levels, but led to physically unrealistic values at high levels. To minimize this difficulty, Fankhauser used a computation scheme
devised by James O'Brien. The vertical velocity at
a high level, such as 100 mb, is determined independently (e.g., based on assumed adiabatic
motions in the lower stratosphere). A correction
factor for the horizontal divergence is then applied. This factor varies in the vertical according
to an assumption that wind errors increase linearly with height. The attractive feature of this technique is that the largest error compensation is
realized in the uppermost layers, while original
estimates at low levels, where wind measurements
are more reliable, remain essentially unchanged.
Temporal variations in objectively adjusted three
dimensional distributions of horizontal divergence
and vertical velocity were found to be in good
qualitative agreement with the location and intensity of thunderstorm radar echoes.
In view of the importance of latent heat in
thunderstorm energy budgets, the overall credibility of the data and analysis was quantitatively
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assessed. This was done through independent calculations of the convergence of water vapor (related to the condensation and rainfall in convective storms), and of the divergence of sensible
heat flux (which includes the heat released in the
condensation process). On the whole, the computed fields were in good agreement. Furthermore, both approaches showed, as anticipated,
that non-adiabatic heating effects were concentrated in regions of strongest convection. These
comparative results indicate that the energy conversion through convective processes can be satisfactorily evaluated over integral volumes and time
intervals on the mesoscale, and that the adjusted
kinematic vertical velocities are physically acceptable estimates of air motions on this scale.
An experiment relying on radar-reflective chaff
as an air motion tracer (Fankhauser, 1968) revealed flow characteristics at mid-cloud levels near a
mature thunderstorm that reflect features of
classical potential flow around a cylindrical obstacle. At the same time, chaff elements entered
the precipitation echo, indicating that midtropospheric air participates in internal cloud circulations. Both these findings support some
crucial aspects of current physical models of
thunderstorm environment interactions, showing
observationally that the mid-level airstream that
encounters a thunderstorm is partly entrained,
but also in part flows around the storm.
Chester Newton presented a brief review of
convective cloud processes (1968), including a
discussion of the character and magnitude of air
and water fluxes in large storms, and brief mention of their contribution to the vertical transfer
of heat and momentum.
FIELD STUDIES
OF CONVECTIVE STORMS
In 1963, as part of its program in cloud
physics, NCAR initiated the development of a
dropsonde. This device, dropped into a convective

cloud from an aircraft, will measure vertical motions, ambient temperature and pressure and,
perhaps, liquid water content and the drop-size
spectrum within the cloud. Development of the
dropsonde has been difficult from an engineering
standpoint, but now stands on the threshold of
scientific application. The next year or two will
determine its value as a tool for research on convective systems.
Members of the Dropsonde Program have continued to study thunderstorm structure along two
lines: dropsonde measurement and radar measurement. In addition, the program provided radar
support to the Joint Hail Project (see below), and
collected data for studying the structure of
thunderstorm models, including the features
described by Sulakvelidze (1966). Radar reflectivity at two wavelengths was measured as part of
the work on hail detection.
Sonde Operations and Data
No regular series of sonde drops was made in
1968, partly because of the success of the 1967
series and partly because a jet aircraft was not yet
available for flying over the tops of storms.
In April 1968 a sonde was dropped in clear air
to measure transducer characteristics. Two dropsondes were dropped in July to make additional
tests of a porous-plug, cloud water content sensor
developed in 1967. Telemetered data indicated
that the water-filled part of each collector developed a bubble during climb to altitude. Thus,
when dropped, the sondes could not indicate
water collected. We have not been able to prevent
these bubbles from appearing, although in laboratory tests with vibration, temperature changes,
and extreme pressure changes, bubbles can be
prevented for reasonable lengths of time (i.e.,
several days). Field confirmation of our earlier
doubts of the value of this sensor, and limitations
in the number of sondes available for this purpose, cut short further work on the cloud water
collector.
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All of the 1967 drop records were read from
the magnetic tapes into a digital printer for direct
use in computer processing. This readout increased reading accuracy by a factor of 10 and
speed of reading by a factor of 100 (compared to
the reading of recorder charts).
The records indicated that the redundant transducers (p and p-dot) in the sondes had not agreed
and that the differences were not random.
Furthermore, the dynamic pressure in the absence
of water and ice loads on the sonde was not constant. A pitot-static pressure which is not constant implies that the dropsonde drag coefficient
is not constant, and is density or velocity dependent. This did not seem likely, and an experiment was designed to test the pitot-static pressure
under conditions of small vertical wind where the
speed of the dropsonde relative to the air is the
same as the speed of the dropsonde relative to the
ground. The experiment was successful and
showed that, when corrections are made for
effects of lag in the airflow from the pitot tube to
the pressure transducer and for the transducer
temperature coefficient, the pitot-static pressure
is constant during flight.
In order to find a correction coefficient, a
number of pitot-static tubes were measured for
lag. Unfortunately, the need for a pipe lag correction was not discovered until after the 1967
sonde drops. The lag has now been corrected by a
change in design. Data from dropsondes whose
pitot-static pressure cannot be corrected by application of an average pipe lag coefficient will be
adjusted, somewhat arbitrarily, for internal
consistency.
Studies of the characteristics of the dropsonde
transducers lead us to believe that p is more reliable than p-dot in describing the cloud vertical
wind. Consequently, much time was spent studying the behavior of the p-dot transducer. Data
available now, when properly handled, should
make it possible to remove all large discrepancies

between the vertical winds calculated from these
two independent measurements. We now feel
ready to return to study of the records themselves. The soundings show related structure in
adjacent records and systematic differences between them. More downdrafts appear than updrafts, due in part to the difficulty of getting a
Queen Air near the strong parts of storms.
Cloud Droplet Spectra
Preliminary investigations of a droplet spectrometer which can be carried on a dropsonde
were initiated in 1968. The method described by
Keily and Millen (1960) meets the severe weight,
size, and power limits of a dropsonde, and was
the only technique of droplet size sensing we
considered this year. In spite of the apparent
simplicity of the probe, many problems must be
solved before satisfactory measurements are
possible.
Sonde Engineering
Two significant changes in sonde design were
made this year. First, the static pressure connection to the transducer was enlarged to reduce lag
in the signal. Second, the tracking method was
changed to eliminate the need for the wide band
microwave link, which has been difficult to procure. In the new method the transmitted pulse
will be sent between stations, requiring only one
frequency band of modest width.
The automatic tracker was designed, built, and
partly tested. All of the circuits in the tracker
were revised to remove the prototype circuits
originally built in 1965 for feasibility and tape
recorder tests.
In consultation with the Aviation Facility, we
specified requirements for the dropsonde pod for
the jet airplane.
Radar Operations
A two wavelength M33 radar was operated at
Raymer, Colorado from 20 May to 17 August, in
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support of the Joint Hail Project. This radar
operated seven days a week and late in the evenings, as needed. This intensive effort yielded data
that otherwise might not have been recorded,
such as the 28 July storm, which produced hail
4 cm in diameter, and which has been a subject of
particular interest. This was a severe storm which
moved to the right of the 500 mb wind; it had
an 88 mm reflectivity reaching 73 (log units,
mm ' /m 3 ). The storm had the structure
Sulakvelidze (1966) describes, but its maximum
reflectivity was in the center of the storm rather
than in the alleged "accumulation zone" at the
front. Moreover, there was an extremely sharp
edged, vertical wall on the west side of the storm,

oriented parallel to the direction of motion. The
largest hail was found within 1 km of this wall.
As a single case, this storm verifies that hail can
be detected by radar. However, data do not
strongly support the utility of two wavelengths;
effects of differences in reflectivity due to hail
size, and of attenuation at 34 mm appear to be
mixed. We were sure of large hail only from the
88 mm observation.
Several other storms were recorded during the
Joint Hail Project, but data gathered from them
have not yet been studied.
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TURBULENCE
The turbulence problem, central to studies of
the general circulation, pervades virtually all of
the geophysical and atmospheric sciences. It involves relating the statistical properties of the fine
structure of turbulent flow to the external or
large scale conditions that ultimately generate
turbulence. Although NCAR's approach to this
problem in the past has been mainly theoretical,
numerical, or experimental, it has recently been
enlarged to include field observations with a delicately instrumented aircraft. We believe that there
are already enough measurements of turbulent
fluctuations at single field sites; we are now seeking measurements of turbulent fluxes averaged
over distances and areas that are characteristic of
the larger scale motions.
TURBULENT BOUNDARY FLOW
The relative merits of several approaches to the
turbulence problem were studied by James
Deardorff in 1968. He found that a pseudo three
dimensional approach that he had developed earlier for the case of thermal convection was very
inadequate when applied to shear flows. He investigated another approach, which utilizes equations for the development of the horizontally
averaged turbulence intensities, Reynolds stresses,
and dissipation rate. Assumed forms were given to
unknown terms in the equations in a manner
consistent with what is known about isotropic
turbulence, and from dimensional considerations.
However, at least six empirical constants were
necessary to close the system of equations, and
results were far too sensitive to their values. This
approach was therefore rejected. (In a similar
attempt by Francis H. Harlow and C. W. Hirt of
the Los Alamos Scientific Laboratory, more than
ten constants were utilized.)
The most promising method appears to be
direct integration of the equations of motion in

three dimensional physical space. Deardorff formulated a model for a grid of about 9000 points,
and simulated effects of motions on a sub-grid
scale with locally varying, small scale eddy coefficients. The magnitude of these coefficients
was fixed according to the results of a study by
Douglas Lilly, supposedly applicable to flows
having a three dimensional inertial subrange of
turbulence. The turbulence intensities and mean
wind profile at large Reynolds numbers compare
very favorably with channel flow measurements
of Laufer (1950), and many striking aspects of
the turbulence patterns were revealed.
Deardorff's three dimensional numerical model
for shear flow was extended to a rotating planetary boundary layer which is both neutral and
barotropic. Very reasonable values were obtained
for the height of the planetary boundary layer,
for the geostrophic drag coefficient, and for
cross-isobaric surface flow angle at a particular
surface Rossby number. A method was found to
generalize the results to all finite Rossby numbers. Examination of the patterns of turbulence
showed that some of the momentum was transported by helical vortices with low-pressure centers, as previously suggested by Faller (1965),
Lilly (1966), and Angell et al. (1968).
AIRBORNE

TURBULENCE

MEASUREMENT

An airborne turbulence measuring system was
developed by Donald Lenschow and installed in
one of the NCAR Queen Air aircraft. It includes
fixed vane sensors for measuring the airplane
attack and sideslip angles, a 0.0025 cm tungsten
wire thermometer, and a thermistor wet bulb
sensor, all mounted on a nose boom. Lenschow
also designed and built a gyro-stabilized platform
to measure airplane attitude angles and vertical
acceleration. Vertical and horizontal velocity
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fluctuations, heat, momentum, and water vapor
eddy fluxes can be calculated from the output of
these sensors. The accuracy of the measurements
is limited by the drift of the platform gyro.
Part of the system was in operation for the lee
wave program in February; the entire system was
used in April, in eastern Colorado, for several low
level test flights under unstable conditions, and in
September for measurements in the stratus clouds
off the California coast. The low level flights revealed that the vertical velocity and temperature
spectral density fit a -5/3 power law out to longer
wavelengths when flying parallel to the mean
wind than when flying at right angles to it. The
California flights have not been fully analyzed.
Flux measurements under the conditions encountered may be of marginal significance, because the effect of gyro drift may be larger than
the long wave velocity fluctuations.
The gyro-stabilized platform will be replaced
next summer by an inertially stabilized platform
of much higher accuracy. The entire system will
be mounted on the NCAR Buffalo aircraft under
the joint direction of James Telford (Desert Research Institute, Nevada), Lilly, and Lenschow. A
unique feature of this system will be rigid coupling of the air sensors at the tip of the boom to
the inertial platform in the base of the boom by a
thin walled steel tube suspended inside the boom.
This should reduce errors in angle measurement
due to boom or fuselage flexing. The system
should be operating, at least for shakedown purposes, in time for the BOMEX Program in
Barbados next summer. It will be used primarily
for measuring turbulent energy fluxes and
changes in vertical and horizontal air velocity in
the atmospheric boundary layer, especially as
associated with mesoscale disturbances.
TWO DIMENSIONAL TURBULENCE
A series of numerical integrations of the
Navier-Stokes equations was conducted by Lilly

(1969) in an effort to test predictions of
Kraichnan (1967) and Batchelor (1969) on the
statistical structure of two dimensional turbulence. This type of turbulence, long ignored and
considered almost meaningless by many fluid
dynamicists, is relevant to large scale atmospheric
flow as well as to other geophysical flows.
Kraichnan postulated the existence of two
power-law regions of the turbulent energy spectrum, under conditions when turbulence is maintained by a forcing function of limited spectral
width. The high frequency region, which may be
considered the equivalent of the Kolomogoroff
inertial range in three dimensional turbulence,
exhibits a k- 3 energy spectrum in the scalar wave
number k, and has the function of transferring
mean squared vorticity (twice the enstrophy)
from the forced production region to ultimate
very high frequency molecular dissipation. The
low frequency spectrum consists of a k 5 / 3 region, which transfers energy to larger scales and
extends itself toward lower frequencies as more
energy is added by the forcing function.
Batchelor's theory considered the case of decaying turbulence, not maintained by a forcing function, and for this case he predicts that only the
high frequency k- 3 region will exist.
The numerical model was designed to simulate
Kraichnan's assumed conditions of energy and
enstrophy input, with barely sufficient resolution
to test the development of the predicted spectral
energy structure. The results of the calculations
agreed with Kraichnan's predictions, except for
discrepancies in the highest frequencies that were
clearly attributable to numerical truncation and
aliasing errors. A few calculations were performed
to test Batchelor's predictions also, but the results
are not conclusive.
In a closely related study, Lilly (1968)
attempted to define the conditions and extent
to which two dimensional numerical fluid models
can crudely approximate the behavior of three
dimensional turbulent flows. He suggested that
because of the very fast high frequency drop-off
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of the k- 3 spectrum, two dimensional flow can be
considered as a rough equivalent to an ensemble
average of a three dimensional turbulent flow,
except that two dimensional turbulence exhibits
in addition the energy transfer to larger scales
which will lead to spurious results if compared to
three dimensional fluid behavior. It was proposed,

with dimensional arguments but no proof, that a
generalization of Prandtl's mixing length formulation may be sufficient to allow a two dimensional
numerical model to describe approximately the
energy-containing scales of its real three dimensional counterpart.
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MOUNTAIN LEE PHENOMENA
As indicated in last year's report, increasing
effort and attention have been directed toward
understanding lee waves and "chinook" winds-both of which are indigenous to the Boulder area
and are extremely interesting (and complex)
physical phenomena. Although the linear theories
of Lyra, Queney, Scorer and others all account
for some qualitative features of lee waves, none of
them adequately describe the tremendous winds
experienced over and immediately in the lee of a
mountain range. It is now clear that nonlinear
effects are crucial.
Some of NCAR's efforts to unravel this problem are described below. Observational investigations of lee waves and associated downslope
winds, which began in 1965, were continued
through the winter of 1967-68. In February 1968
a cooperative observational program yielded results which, though not yet fully analyzed, appear
to represent a significant advance in knowledge,
especially with regard to stratospheric features.
Theoretical work was also continued, with the
aim of producing detailed predictions of lee flow
structure which can be tested against observations
in Colorado.
FIELD STUDIES
In previous years a network of recording
anemometers was installed in the lee of the Front
Range of the Colorado Rockies in the vicinity of
Boulder, and a number of aircraft observational
flights were undertaken in conditions of strong
cross-mountain flow. These studies were continued in 1967-68, but with the addition of five
other instrumented aircraft and other services and
equipment from many organizations. During
February, joint flight operations were conducted
by NCAR, ESSA, the Canadian National Aero-

nautical Establishment, the Explorer Research
Corporation, White Sands Missile Range, and the
Air Force HICAT Program, all of which had aircraft equipped with recording instruments for
measurement of lee flow structure parameters.
NCAR scientists principally involved were Lilly
and Lenschow of LAS and Willem Toutenhoofd
of ASP.
Although the month chosen for the joint flight
program was not optimal in terms of meteorological conditions, at least three aircraft made
observation flights on each of several days with
well developed lee waves. The most remarkable
results were those from four days in which the
HICAT U-2 aircraft flew at altitudes from
50,000-70,000 ft (100-50 mb pressure). During
all of those flights severe turbulence was encountered in the stratosphere somewhere in the
operational region, and associated temperature
fluctuations were large and rapid. Data analysis
on these flights is incomplete, but in at least one
case the severe turbulence was clearly associated
with only moderate lee wave amplitudes in the
troposphere. Data collected from three participating aircraft on three or four of the flight days
appears adequate to allow definitive analysis of
steady state lee flow structure, from near the surface (as supplemented by special rawinsonde
flights) to above the tropopause. The program
will probably be repeated, hopefully with substantial additions of radar and other indirect
sounding equipment, in 1969-70.
The winter of 1967-68 was notable for having
very few of the locally notorious chinook storms,
and when these did occur, instrumented aircraft
were usually not available. Therefore the observational program was unable to obtain definitive
data in cases of strong surface downslope wind
conditions.
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NUMERICAL PREDICTIONS
Numerical integrations of lee flow equations
were carried out by J. Fromm (IBM Research
Center, San Jose, California) in cooperation with
Lilly. In September 1968, Ignaz Vergeiner began
development of a series of numerical models intended to allow prediction of lee flow structure
from observed large scale conditions and arbitrary
mountain topography. Although the ultimate
model will be nonlinear and probably nonsteady,
the initial calculations used linearity and steady
state assumptions, but with arbitrary upstream
wind structure, temperature structure, and surface shape. Numerical solutions were obtained
which correspond adequately to previously
known analytic solutions for idealized conditions.
A current problem is the apparent sensitivity of
the solutions to atmospheric structure at very
high levels, where adequate data are not available.
This is believed to be at least partly a mathematical problem.
NONLINEAR MOUNTAIN FLOW
Working with Lilly and Vergeiner, David
Houghton is continuing to study nonlinear
mountain flow in collaboration with Akira
Kasahara and Eugene Isaacson of the Courant

Institute of Mathematical Sciences. A one layer
model has been completed (Houghton and
Kasahara, 1968). During this study Kasahara and
Houghton (1968) produced two different solutions of the one layer, shallow water equations,
dependent upon whether the equation of motion
is written in velocity form or in momentum form.
Mathematically speaking, solutions containing
discontinuities (which arise as weak solutions of a
given system of equations) are determined by the
form in which the equations are written. It is
apparent that, when studying discontinuity solutions of a physical problem, one must deal with
the particular form of equations by which the
physical situation is best described.
Houghton and Isaacson have essentially completed analysis of a two layer hydrostatic model
for flow over a ridge. Their approach was similar
to that for a one layer model, but the analysis is
far more involved for the two layer model.
The collection of data for mountain flow in the
Colorado Rockies by Lilly's program has provided
a new means to test the applicability of the two
layer model. Preliminary comparisons indicate
that the model may be useful in describing nonlinear aspects of the flow field near the mountains
up to the middle levels of the troposphere.
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Atmospheric Chemistry and Microphysics
Research in LAS involving atmospheric chemistry and microphysics has continued largely along
the three lines mentioned in the Annual Report
for 1967. These are discussed in turn below. The
research has included more field experiments than
in previous years, often involving scientists from
several programs or from different divisions of
NCAR. Such joint activities enlarge our capabilities, particularly in enabling us to investigate
meteorological situations by measuring and modeling a large number of meteorological parameters. Answers to several complex questions
concerning the atmosphere may thus be indicated, and the results should tend to reinforce
each other.
Nevertheless, the value of individually conceived and conducted research efforts has not
been overlooked as a result of the increased
emphasis on relatively large, joint activities. We
feel that a reasonable balance was achieved in this
respect during 1968.
For some time it was apparent that the Atmospheric Chemistry and Microphysics Department
needed more meteorological support than could
reasonably be obtained from meteorologists in
other NCAR programs with their many other
interests and obligations. In 1967, therefore, a
small group of meteorologists was established
within the department. This group has already
been very effective in providing meteorological
support for joint field activities and individual
efforts within the programs, and has been able to
pursue its own research interests as well.
One of the three major lines of activity within
the department has been the investigation of
processes leading to the formation of precipitation in convective clouds. A study was started in
1968 of ways to include the results of laboratory

studies of cloud physics in mathematical modeling of the dynamics of convective clouds and
storms. This study obviously involves both departments of LAS. The need for some basic observations of cloud particle size and distribution is
also becoming increasingly evident, and considerable effort was spent in 1968 both in LAS and in
the Facilities Laboratory to develop instrumentation to satisfy this need.
A specially designed vertical wind tunnel, or
particle control chamber, was installed in the rain
shaft. This chamber makes it possible to isolate
drops or particles as small as a few microns in
radius, and to study their interactions with other
particles at controlled velocities, temperatures,
and humidities, and in controlled electrical environments. Preliminary tests of the chamber have
given highly satisfactory results.
Laboratory observations of the behavior of
charged and uncharged drops in an electric field,
and theoretical studies of cloud drop growth by
coalescence, continued in 1968.
A joint hail research project in northeast Colorado, involving scientists from several NCAR programs, ESSA, and Colorado State University
(CSU), was started during the summer of 1968.
The NCAR part of the program consisted of
radar, ground based, and airborne observations. In
addition to this field study, laboratory studies of
natural hailstones and of related aspects of ice
physics, such as the free growth of ice from very
slightly supercooled water, have continued.
A related joint field study, also in northeast
Colorado, involved a number of LAS groups in a
sampling program seeking information on the
relationship between the nature and concentration of airborne particles and the cumulus
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clouds forming about them. Some interesting
preliminary results were obtained; field work will
be continued next summer. This study is closely
related to a more general investigation of the role
of aerosol particles in the formation of rain,
snow, and hail, a program which has been continuing in LAS for several years.
The second general line of research within the
department consists of investigations of large
scale atmospheric motions by the use of minor
atmospheric constituents, natural or man-made.
Much of the LAS research concerned with the
identities, concentrations, and chemical properties of variable constituents of the atmosphere
furnishes information concerning both atmospheric geochemistry and large scale atmospheric
motions.
A field study undertaken in March and April
was specifically designed to trace the exchange of
air between the stratosphere and troposphere
during tropopause folding episodes. Both stratospheric and tropospheric air were sampled for a
number of trace constituents, using NCAR and
Air Weather Service (RB-57F) aircraft in a carefully coordinated series of operations. Several
LAS and Facilities Laboratory groups were involved. Evidence was obtained concerning the
transport of tropospheric air into the stratosphere
as well as the reverse process, the differences
between freezing nucleus concentrations in the
stratosphere and troposphere, and the source of
stratospheric sulfate particles.
Studies of the possible use of long-lived radio90
active daughter products of radon and Sr
as
atmospheric tracers are continuing and are being
augmented by radon gas collection and measurement. A reevaluation has been made of the atmospheric transport of radioactive tungsten injected
into the tropical stratosphere during the atomic
tests of 1960-1962, and of atomic lithium released by thermonuclear explosions at high altitudes during the same period.

The third general activity of the department
involves investigations of the chemistry of natural
and contaminated atmospheres. As mentioned
above, some of the results provide information
concerning atmospheric transport. Much of the
information relates directly or indirectly to air
pollution, and some relates to upper atmospheric
as well as tropospheric processes.
A particularly outstanding achievement was the
successful flight of the rocket-borne cryogenic
sampler, which collects by condensation a large
sample of the atmosphere which it intercepts. A
9.34 mole sample from the upper stratosphere
and lower mesosphere has been partially
analyzed.
The study of tropical jungles as sources and
sinks of minor atmospheric constituents is continuing; field work in the Panama jungle was nearly
completed in 1968. Hoping to check some of the
unusual Panamanian findings at a jungle location
much farther removed from the oceans, we are
investigating the possibility of working in the
vicinity of Manaus, Brazil.
Determination of the sources, composition,
and distribution of atmospheric aerosols also continued in 1968. Both NCAR and Air Weather
Service aircraft were used in collecting samples.
An especially interesting part of this work was a
cooperative investigation of noctilucent cloud
particles, with NASA Ames Research Center:
electron microscope grids were flown on a rocket
as part of a NASA Project Luster experiment, and
considerable information was obtained concerning the nature and concentration of the cloud
particles. The eruptions of several volcanoes in
fairly accessible locations (Kilauea in Hawaii,
Arenal in Costa Rica, and Mayon in the Philippines) permitted us to examine the composition
of volcanically derived particles in the
atmosphere.
An important part of our aerosol research for
several years has been the development and experimental verification of the theory of aerosol
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coagulation. This work has been greatly advanced
during 1968 by the design and construction of an
aerosol centrifuge with unusual capabilities for
resolving agglomerates.
Photochemical research has been concerned
with both air pollution chemistry and upper
atmosphere chemistry. Of particular importance
to air pollution studies was the finding that very
toxic organic nitro compounds were produced
when a chemical system similar to photochemical
smog was irradiated with ultraviolet light; nitro
compounds were formed in both the presence and
absence of molecular oxygen. Determinations of
the rates, products, and temperature coefficients
(activation energies) of initiating reactions for
photochemical smog involving atomic oxygen
were continued in 1968. Investigations of the
alkali metal salts have been continued, extending
our knowledge regarding the possible reactions
leading to the formation and removal of alkali
and alkaline earth metal atoms in the upper
atmosphere.

Efforts to obtain information optically about
the vertical distribution of ozone and dust in the
terrestrial atmosphere continued along four lines:
* Design of a Nimbus D satellite experiment
scheduled for 1970 launch, to measure horizontal
and vertical distribution of atmospheric ozone.
* Design and construction of the double monochromator for ozone measurements from the
ground.
* Design of a twilight experiment for obtaining
information concerning the vertical distribution
of dust.
* Development of lidar (laser radar) techniques
to observe layers of particles in the atmosphere.
NCAR is making efforts to institute cooperative
experiments with other organizations operating
lidar stations, and in 1968 organized a Conference
on Lidar Probing, held at NCAR in April.
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PRECIPITATION

FROM CONVECTIVE CLOUDS

CUMULUS CLOUD MODELING
During the second half of 1968 a limited but
coordinated effort was started with the ultimate
objective of achieving a computational model of a
developing cumulus cloud, including both air
motions and microphysical processes. Work on
modeling cumulus clouds is by no means new to
NCAR. Much of the research of Douglas Lilly and
his group, of M. H. Davis, and of Doyne Sartor
has been related to this subject over the past few
years, and several others at NCAR have also been
active in this field. However, the possibility of
including microphysics in a realistic way in convective models has only recently been recognized.
Current efforts are directed particularly toward
bridging the existing gap between theoretical
models of microphysical processes and models of
convective circulation.
An important goal is to be ready to make effective use of the ILLIAC IV "super-computer"
when it becomes operational. There seems to be
little question that a machine of the speed and
capacity of the ILLIAC IV will be needed to
handle problems of three dimensional convective
flows successfully. But even with the great projected capacity of this computer, the development of the cloud droplet spectrum will be very
difficult to follow at each grid point, and it may
be more feasible to parameterize the processes.
(The work of Berry [1968] is a start along these
lines. He divides the growth process into a number of distinct stages, then characterizes each
stage by either a characteristic time or a characteristic rate of growth, which, in turn, depend
upon liquid water content and quantities related
to the initial droplet spectrum.)
NCAR staff members and visitors contributing
to the Cumulus Cloud Project included Davis

(project leader), Ronald Drake, Pnina Kornfeld
(ASP visitor from Israel), Douglas Fox (of Lilly's
group), and Philip Thompson. Davis developed a
solution for the forces acting on small cloud droplets in linear shear flow, a problem related to a
more inclusive goal of understanding the effects
of turbulence in the air velocity field and of other
inhomogeneities on microphysical processes. To
date most work on condensation, and all previous
work on growth by coalescence, has assumed still
air or a steady updraft. However, as emphasized
by Levin and Sedunov (1967), Jaw (1965), and
Bartlett (1968), turbulence can be expected to
have an important effect on the early stages of
droplet growth in warm clouds.
The problem of predicting the aerodynamic
forces acting on small cloud droplets under the
assumption of time-independent Stokes flow has
now been solved completely by Davis. His analysis is based on the work of Wakiya (1967). The
importance of obtaining accurate values for these
forces arises from the problem, currently recognized as of great importance in cloud physics, of
explaining how droplets grow from sizes characteristic of condensation under steady conditions
to a size (say, 20 p in radius) where collision and
coalescence can become important processes. As
already suggested, turbulence may be an essential
ingredient.
In an effort to understand the effect of turbulence and small scale inhomogeneities on the
development of the cloud droplet spectrum by
condensation, Kornfeld has been studying existing theories and models for the condensation
process. Her work on this problem will continue
through the summer of 1969.
Drake has been studying properties of the
stochastic equation of droplet coalescence, which
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is the integro-differential equation for the statistics of droplet growth by coalescence. Several
problems arise: the integro-differential equation is
nonlinear and thus possesses all the inherent problems of nonlinear systems; the equation contains
a convolution-type integral which requires a great
deal of computer storage and computer time for
numerical solutions of the system; and the very
large range of droplet volumes (nine orders of
magnitude) causes numerical difficulties. Drake's
efforts have been directed toward finding numerical methods that will reduce computation time
and increase the reliability of results.
The approach that at present appears most
promising may be termed "solution by perturbing
the kernel." Drake replaces the number density,
used by many writers as the dependent variable,
by a quantity derived from the exact solutions
given by Scott (1965). In terms of this new dependent variable a family of integro-differential
equations is derived that has the property that, if
the initial droplet spectrum is any one of the infinite family of gamma distributions, and the
kernel is one of Scott's special cases, the corresponding solution will be unity for all times. The
method then consists of considering a kernel of
interest as a perturbation to one of the kernels
considered by Scott and solving the appropriate
equations numerically. The advantage of this
method, programmed by Michael Ellingson of the
Computing Facility, is that the main features of
the spectrum growth have been removed through
the change of variable. Numerical studies using
this method are expected to be very useful in
verifying--or opening to question--the numerical results of Berry (1967) and Warshaw (1967).
Fox has recently undertaken the development
of a numerical model of a three dimensional thermal. A report on his work is given in the section
on Atmospheric Dynamics.
A close relationship is maintained between
cloud modeling activities at NCAR and related

activities at the RAND Corporation. The programs are complementary, and both groups hope
to use the ILLIAC IV when it becomes available.
CLOUD ELECTRIFICATION
A challenging problem in cloud physics is to
understand the mechanism of formation of electrical charges on particles (droplets, ice crystals,
etc.) in convective storms and the influence which
the resulting charges and fields have on droplet
and crystal growth. Finding solutions to these
problems has been an aim of our cloud physics
work for several years. This activity has involved
theoretical studies, laboratory measurements, and
field observations.
Theoretical Studies
Uri Shafrir (Tel Aviv University and University
of Wisconsin) and Pnina Kornfeld worked with
Davis during late 1967 and early 1968 to make
computer comparisons of their simulation model
for cloud droplet growth with the stochastic drop
growth models as computed by Twomey (1964,
1966), Berry (1965, 1967), and Warshaw (1967,
1968). Results with both methods compared
favorably with Warshaw's results (Kornfeld,
Shafrir and Davis, 1968).
Because of the short charge relaxation time and
high internal pressure of small water drops, an
electrostatic solution for a conducting sphere
usually applies to interaction between these
drops. The electrical interaction, not involving
sparking, is a function of the conductivity of the
water, which falls off rapidly at low temperatures
and when the water freezes. In such cases the
physical interaction and electrical interaction
times become comparable. To extend the theoretical analysis to very short interaction times, Davis
derived a solution for the electrostatic field
strength and force acting on a nonconducting
dielectric sphere near a grounded conducting
plane. His solution has general interest, since it is
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one of the relatively few that are exact and apply
to physically reasonable geometry.
The next parameter considered in the growth
of electrification of convective clouds is the effect
of the relative velocity of the particles, which
changes markedly as the field grows, on the
growth of the field itself. If we could obtain the
distributions of charges on particles as a function
of their size and of time, we should be able to
parameterize these distributions and obtain some
measure of the appropriate change in the relative
velocity. The expected result would be the slowing down of the rate of growth of the electric
field, as observed in natural thunderstorms. Such
a slowing down is not fully accounted for with
the present model, in which relative velocities are
held constant.
Another theoretical study is calculation of the
relative contribution of drops of different sizes to
the rate of growth of large drops and hail. The
relative growth of the larger particles and hail is
due largely to drops in the range of 100-1000 p.
Drops of this size show different coalescence
behavior in differing electrical environments. The
theoretical calculations and coalescence observations are part of a study of hail growth by Davis
and Charles Knight, using Knight's cold box and
the drop production and control equipment.
There are important terms in the full expressions for the hydrodynamic drag on interacting
spheres that are not simulated in an oil tank
model of sphere trajectories in air. However,
when using the theoretical calculations of trajectories, incorporating some of the expressions that
are known to be necessary in oil tank models, we
find that the computed trajectories do not vary
significantly when these terms are not included,
as long as the ratio of inertial forces to viscous
forces is small (Re < 1). The study of observed
tank trajectories compared to calculated trajectories for the same physical parameters may give
at least qualitative insight into the range of appli-

cability of the theoretical calculations. A hydrodynamics experiment along these lines is being
undertaken by Theodore Cannon and Evan
Ausman.
The study of pressure waves from lightning
discharges has continued during the past year.
Initially, the approach was to study the propagation of pressure waves arising from an idealized
line source, in which energy is released instantaneously, in infinitely concentrated form, along a
straight line in the atmosphere. Using a heuristic
approach, D. L. Jones, then at the Plasma Physics
Laboratory of ESSA, in collaboration with Guy
Goyer and Myron Plooster, derived an expression
for the pressure wave from such a source. This
expression agrees with asymptotic analytical solutions for both very strong and very weak cylindrical shock waves. When Jones, Goyer, and Plooster
applied their results to an estimation of the pressure wave from a lightning discharge (Jones et al.,
1968), the numerical results showed that deviations from the idealized line source initial condition produced rather significant deviations from
the asymptotic solutions. However, a straightforward generalization of their approximate expression could be used to account for the effects
of many of the variations in the initial conditions.
Excellent agreement was found between the
numerical solutions, the approximate expressions
for shock strength, and the experimental measurements of shock wave pressures produced by
detonation of long charges of high explosives.
The ultimate goal of this study, the development of a numerical model of a lightning discharge, has been largely attained during the past
year. Starting with experimentally measured
values for the electrical parameters of real lightning strokes, and using the thermodynamic, electrical, and radiative properties of air at high temperatures, the model developed by Plooster
(1968b) employs a numerical integration of the
equations of motion to calculate the evolution of
the lightning discharge channel, and its associated
pressure wave, as a function of time.
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The results obtained using this model agree, at
least qualitatively, with experimental observations
of the properties of lightning discharges, especially the time-resolved spectroscopic studies of
Orville (1968) and the pressure measurements of
Newman (1963). The model predicts that only a
small fraction of the total stored electrical energy
in a cloud-to-ground stroke is dissipated in the
visible portion of the discharge column, though
this region of the discharge column presents a
very low impedance to the flow of electrical
charges. Most of the energy may be dissipated
along the many low-current, high-impedance
paths that serve to carry the charge from its original diffuse distribution on cloud particles to the
central discharge channel. A complete report on
this work is in preparation.
Results of this study represent a major contribution to our understanding of the mechanical
properties of lightning discharges. From electrical
parameters of such discharges, we can now calculate the pressure, temperature, and density fields
from regions of strong shocks to regions of weak
shocks. On the basis of these results, the effects
of pressure and temperature fluctuations generated by lightning discharges on the freezing, shattering, and coagulation of cloud droplets can now
be theoretically evaluated.
Laboratory Studies
The present inadequacies in measurements
of particle size distributions and particle charges
in natural clouds have resulted from lack of suitably accurate instruments for aircraft measurements and limitations on the flexibility and
maneuverability of the aircraft themselves. Laboratory studies have been limited by inability to
control motion, humidity, and temperature of air
streams with a degree of stability and preciseness
that would allow laboratory workers to observe
the interaction between particles representative
of those expected to occur in natural cloud
conditions.

Fortunately, new developments in instrumentation for both laboratory and field measurements
look extremely promising. Much of the development work is fairly basic, since new sensing techniques, sometimes involving a new understanding
of basic physical phenomena, are required. The
status of some of the efforts in these areas is
described in the following paragraphs.
The intensity of microwave and VHF radio
emission from collisions between highly charged
raindrops or less highly charged drops in strong
fields has been found to be strongly dependent
(to as much as the 15th power) on the amount of
charge that is transferred between the drops. This
radiation might therefore be useful as a powerful
remote sensing tool for obtaining particle size and
charge in convective clouds. A recent study by
Keeney (1967) confirms previous LAS work in
this field (see Annual Reports for 1966 and
1967). Crane (1968) of MIT found possible evidence of the radiation LAS scientists have been
observing with simultaneous radar and microwave
radiometer measurements of rain shower structure. To proceed beyond this point, however,
would involve a much larger engineering and
developmental program than seems appropriate at
present for NCAR.
Although largely ignored in microwave radiation studies of the Venusian atmosphere, this
radiation offers a possible explanation for the
-100°K difference between U.S. and USSR
"surface" temperature measurements of Venus.
Laboratory observations by Sartor and Charles
Abbott of charging and charge transfer between
uncharged drops in an electric field firmly establish that freely falling uncharged drops do become
charged oppositely according to their size and the
strength of the electric field in which they collide
(Sartor and Abbott, 1968a,b). The charge transfer
occurs in two distinct modes. When electric fields
are sufficiently high, the transfer is by spark
through air and is very rapid (< 10- 9 sec). Below
the sparking threshold the charge transfer is
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accomplished in a time period compatible with
the conductivity of the drop. Quantitative observations of charge transfers, regardless of the mode
of transfer (spark or conduction) and without any
of the equipment or probes touching the drops
during the transfer, are in reasonable agreement
with theoretical calculations based on spherical
conductors. Discrepancies between theory and
observation are in the correct direction and magnitude to be explained by the difference in the
finite dielectric constant of water (~ 81) and the

"infinite" dielectric constant assumed for conductors, as shown by a theoretical study by Davis
(1969).
Laboratory techniques devised by Sartor and
Abbott for observing charge transfer should be
valuable in studies of charging due to freezing of
supercooled drops in the particle control chamber
(see below). Such measurements in the past have
had to be made with the uncertainties of the
influence of substrates, electrodes, fibers, and
other suspending or measuring devices.

Instrument Development
A particle control chamber for laboratory
studies has now been installed in the rainshaft and
two adjoining rooms. This equipment, patterned
on a recirculating wind tunnel designed by
Telford, Thorndike and Bowen (1965) for some
early collision efficiency studies with charged
drops, has been drastically re-engineered to incorporate a contraction system developed by the
INCA Corporation for the UCLA Cloud Physics
Laboratory. The NCAR particle control chamber
will differ in three major respects from UCLA's:
* The UCLA tunnel employs a sonic nozzle to
keep pressure fluctuations produced by the
blower from appearing upstream in the measurement section. At NCAR, the sonic nozzle (an
expensive and undesirably noisy apparatus) will
not be employed initially. Hopefully, the success
of the UCLA tunnel in stably suspending drops as

small as a few microns is due mainly to the contraction section itself. If the sonic nozzle turns
out to be an essential feature for stability, it will
be necessary to make this addition later.
* The NCAR chamber will have a considerably
larger working section than UCLA's, about twice
the linear dimension and eight times the volume.
It will be equipped to produce a controlled electrical environment, whereas the UCLA tunnel is
designed only to remove all evidences of electricity in the working section. Extensive theoretical
work by Davis and Cannon has produced a computerized technique of predicting a geometrical
design for a series of electrodes that will give the
desired uniform field in a wide variety of particle
control chamber measuring section
configurations.
* The NCAR chamber will lack temperature
and humidity control initially. These will be
incorporated as soon as possible, as studies in the
most vital cloud drop size range require temperature and humidity control in the measurement
section. The sophisticated drop production and
interaction control apparatus that was developed
in experiments of collisions between individual
pairs of drops will be used in the particle control
chamber. This apparatus will also be used to obtain charge transfer measurements by indirectly
sensing charge motion. In this way the amount of
charge transferred or the degree of particle charging can be determined without inserting electrometer probes within drops or ice particles, or
separating and catching particles directly for
making measurements in bulk.
Cannon (1968) has perfected a cloud particle
camera for laboratory and field use. The camera
system must be modified, if used on an aircraft,
to incorporate a rotating mirror or other device
for stopping the motion of cloud particles past
the in-focus volume. The motion compensation
problem apparently has been solved, and measurements will be made with the system during an
LAS wave cloud study this winter.
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An instrument designed along the lines of the
electrostatic probe studied by William Winn (see
1967 Annual Report) was developed by MIT for
the Air Force Cambridge Research Laboratories
(AFCRL) a number of years ago. The instrument,
commonly known as the Keily-Millen probe
(Keily, 1965), has been loaned to us by Robert
Cunningham of AFCRL so that we may determine whether it responds to pulse amplitude vs
drop size (as claimed by MIT) and whether this
response can be used in a satisfactory manner on
board an aircraft in flight through clouds. The
electronics have been redesigned and test equipment built. At present about all that can be said is
that it does give electronic responses that differ
with drop size. When calibrated properly it could
fill an important need for measurements of drop
size distribution in clouds.
The principle of capacity change as a drop
approaches a highly charged probe is used by
Winn in a laboratory model of a disdrometer. It
produces pulses whose amplitude is a function of
the third power of the radius of the drops approaching a charged sensor. At this stage, the
development of this instrument into an aircraftmounted probe to measure drops as small as
50-100 pt radius seems to be straightforward.
Winn is also working on a device which uses the
principle of the rotating cylindrical field mill to
obtain an induced ac current which is a function
of the electric field normal to the surface of the
instrument. By sectioning the surface of a cylindrical rocket missile and spinning it about its axis,
one can obtain a measurement of the electric field
in the same way as a rotating field mill. Little
development is required for this instrument, since
the general electronics, especially the sensitive
electrometers, have been built or are easily modified for the purpose, and test rockets are available
through Charles Moore of New Mexico Institute
of Mining and Technology.
The plan of the experiment is to release several
rockets simultaneously or almost simultaneously

into the same electrified cloud and obtain the
spatial distribution of the electric field and the
volume charge density within the cloud at a given
instant of time. Measurements made with this
system would be extremely valuable and would
support measurements of cloud particle distribution and growth by providing almost instantaneous three dimensional data on electric fields
and space charge densities.
Field Studies
Doyne Sartor, Louis Breyfogle, and Evan
Ausman of the Cloud Physics Program, are working with a number of other groups in what we
hope will prove to be a steady-state cloud physics
laboratory made possible by the wave clouds in
the lee of the Rockies in the vicinity of NCAR.
These groups hope to obtain information under
steady-state conditions on aerosol content and
composition in the air upwind of the clouds, to
measure condensation and freezing nuclei, and
eventually to measure drop size and concentration as a function of distance (interchangeable
with time) through the cloud, recording the
necessary state and circulation parameters of the
environment. They will use the NCAR Queen Air
and possibly the Explorer Club's glider to find
(by means of potential temperature) where the
wind sampled upwind of a wave cloud leaves the
cloud downwind.
Among the scientists who expect to contribute
to these new studies are Irving Blifford, Edwin
Danielsen, M. H. Davis, Ronald Drake, Dieter
Ehhalt, Guy Goyer, Charles Knight, Gerhard
Langer, James Lodge, Edward Martell, Jan
Rosinski, T. G. Scholz, and Julian Shedlovsky.
Last summer a study was undertaken from the
rooftop cloud physics laboratory to correlate the
remote sensing of radio noise at 400 MHz, obtained with a directional antenna, with the growth of
the electric field and the visual growth of convective clouds. Operationally, the study was successful in obtaining simultaneous measurements of
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400 MHz data from thunderstorms, the electric
field, and time-lapse photographs of cloud
motions. The data have not been analyzed, so no
quantitative results are available; subjective inspection of the records suggests that there will be
some correlations among these parameters.

flare/fair-weather field correspondence, in this
more or less progressive change in electrical
parameters from one stormy period to another.

The Niwot Ridge remote installation enabled
us to study the very interesting correlations that
Reiter (1964) found in Bavaria between changes
in the electric field and conductivity at high altitude stations following solar flare activity, and
simultaneous changes in worldwide thunderstorm
activity. As had Reiter and later Cobb (1967) on
Mauna Loa, we found a strong correlation between changes in the electric field four days
preceding and four days after a major solar flare
eruption. As this correlation could also be ascribed to changes in the normal fair weather
parameters, it was necessary to pick periods of
better weather. At Niwot this was a somewhat
difficult problem.

The role of aerosol particles
the formation of precipitation
and hailstones) was further
Rosinski, Gerhard Langer, and

As a test of the validity of the correlation, days
were selected at random in reasonably fair
weather periods, and the changes in electric field
and conductivity were compared four days before
and four days after these randomly chosen days
in the same manner as if they were actual flare
days. The correspondence was better around the
randomly chosen days than around actual flare
days, casting doubt on the solar flare-electric field
relationship.
At present the best explanation for the apparent correlation seems to be that by picking
periods in which weather is reasonably calm and
fair over a considerable stretch of time, one
chooses a period beginning when one storm has
just moved out of the region and ending as the
next major storm system starts moving in, so that
the change in the electric field may be due to the
passage of major frontal systems rather than to
solar-terrestrial relationships. But if this is so,
there still remains a considerable mystery, possibly of even greater significance than the solar-

PARTICLES IN PRECIPITATION
of various sizes in
(raindrops, snow,
clarified by Jan
their co-workers.

Solubility
Concentrations of atmospheric aerosol particles
in the 1.5-10 p diam range were determined
simultaneously with a Royco Counter and a
liquid impinger Coulter Counter system in the
Winter Park/Fraser area, to determine the solubility of the particles in water. In this area, most
aerosol particles larger than 1.5 p in diam are
water-insoluble.
Scavenging
Concentrations of deuterium and waterinsoluble particles in snow collected during snowstorms were used to trace the formation of different sized snowflakes to consecutive formation
of snow crystals (Rosinski et al., 1969). The first
snow crystals to form are found to be rich in
deuterium and particles, suggesting that they
formed in an air parcel rich in such tracers and
collected these tracers through a liquid-vaporsolid phase transition. A particle transfer coefficient was obtained which expresses the exchange
of particles from an aerosol cloud to the ice phase
of a cloud. It shows maxima corresponding to
1.5-3 p and 50-100 p diam particles, which indicate the presence of two different capture mechanisms operating in a cloud: small particles are
removed by Vittori's mechanisms (Vittori and
Prodi, 1967), and large ones by aerodynamic
capture. Analysis of concentration and size distribution of particles in snow showed that in one
snowstorm snowflakes grew by coalescence, while
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in another storm some other process enhanced
the scavenging of aerosol particles during the
growth of large flakes. It also indicated that the
diameter of most ice-forming nuclei is between
5 and 10 p.
The partitioning of particles between different
forms of precipitation depends not only on the
type and intensity of the storm but also on the
size of the particles. Aerosol particles smaller than
1.5 p may act as cloud condensation nuclei, passing into droplets during the vapor-liquid transition. Particles 1.5-3 p in diam are removed in
several steps. Once a cloud materializes and rain is
forming, brownian motion aids in the removal of
particles and brings the concentration to -103

particles/cm 3 of rainwater. The transfer of aerosols into cloud droplets by turbulent diffusion
and electrostatic attraction increases this concentration to about 104 particles/cm 3 .
Concentrations exceeding 107 particles/cm 3 of
precipitation in thunderstorms, hailstorms, and
snowstorms indicate that a more efficient scavenging mechanism must operate in such storms. The
highest particle concentrations are found in
graupel, milky hailstones, and large snowflakes.
The liquid-vapor-solid phase transition is the
mechanism probably responsible for the efficient
transfer of aerosol particles into the ice phase.
Actual observations illustrate this relationship.
Concentrations measured in consecutive samples
of rainwater from a thunderstorm varied from
104-106 particles/cm 3 . Milky hailstones collected
during the same storm contained 106 particles/gm
of ice, while transparent hailstones contained
only 104 particles/gm of ice. Raindrops with 106
particles/gm probably formed from melting milky
hailstones, and transparent hailstones probably
formed by freezing of raindrops and subsequently
grew by accretion of liquid droplets only (no ice
crystals). Concentrations of particles in other size
ranges measured in corresponding rain and hail
samples supported this conclusion. The overall
concentration of particles in precipitation in a
given storm corresponds to the aerosol concentra-

tion in air; variations in concentration, on the
other hand, are associated with processes taking
place in clouds.
Particles in the 3-15 p diam range were found
to correspond to the size of ice-forming nuclei in
thunderstorms and snowstorms. This may, however, be true only for this geographical sampling
region, since the particles exhibiting icenucleating properties seem to be clay particles
borne aloft from local soils.
The distribution of particles in the 15-75 p
diam range seems anomalous. In snow and rain,
particles up to -40 p in diam are common. Particles larger than 40 p exist in rainwater and hailstones from severe hailstorms. However, in some
recently analyzed storms, particles 40-75 p in
diam were entirely absent in large drops at the
beginning of rainfall but were present in small
hailstones in concentrations up to 2 X 103 particles/gm of ice. This indicates that selective
removal of aerosol particles in this size range
occurs in some parts of the storm.
Giant particles in the 75-200 p diam range were
found in both hailstones and rainwater. Severe
thunderstorms characteristically precipitated large
raindrops with mean volumes of 10-30 mm 3 .
These drops contained 1-3 giant aerosol particles
each, no particles in the 40-75 p range, and only
low concentrations in the 1.5-3 p range. Analysis
of particulate matter shows that these raindrops
were formed by the accretion of cloud droplets
onto aerosol particles larger than 75 p in diam.
Thus, when lifted into the storm by air currents,
giant aerosol particles can extend the effective
cloud droplet spectrum into a larger than normal
size range.
Worldwide Measurements of
Ice-Forming Nuclei
Work continued on worldwide measurements
of ice-forming nuclei in an effort to monitor the
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influx of nuclei of stratospheric origin. It is now
apparent that any direct relationship between
ice-forming nucleus concentrations and significant
rainfall peaks is tenuous. Two years of ice nucleus
sampling at Monte Cimone, Italy (now discontinued) has shown no particular regularity. A year
of sampling in Nairobi, Kenya has also failed to
show any large scale influences, though a relationship to local rainfall patterns exists, as has been
observed elsewhere (Isaacs, 1968). In addition,
there are indications that such nuclei are generated locally.
Sources of Ice-Forming Nuclei
At the NCAR Laboratory, polluted air from
Denver can be a prolific source of ice nuclei during periods of strong inversion and strong sunshine. One possible source is the conversion, by
photochemical oxidation, of car exhaust lead
bromide aerosols to lead oxide, which is a fairly
active nucleating agent. Steel mill operations also
are sources of ice-forming nuclei: Langer, who
developed an automated aircraft nucleus detection system (Langer et al., 1968) for this work,
tracked nuclei from steel mill plumes for over
100 mi. Strong and randomly located nucleus
sources make it difficult to monitor single remote
sources with measurements at ground level or at
fixed locations. Consequently, further pursuit of
stratospheric influx of ice nuclei is left to high
altitude sampling by jet aircraft. Techniques for
such sampling are being worked out.
In the light of recent studies, however, the
existence of a stratospheric source of ice nuclei
may now be only of academic interest. Mossop
(1968) has shown that airborne ice nuclei outside
of convective clouds are less concentrated by
several orders of magnitude than are ice crystals
in those clouds. This observation does not hold
for orographic and stratiform clouds (Grant,
1968). This discovery suggests that the nuclei that
generate ice crystals inside convective clouds are
produced by the formation of the clouds them-

selves, or that present techniques for detecting ice
nuclei in clear air are inadequate. Several sources
of ice nuclei in clouds have been suggested. The
splintering of ice crystals (Koenig, 1968; Hobbs,
1968), the activation of dust particles previously
subjected to a cycle of condensation and evaporation in the clouds (Roberts, 1968), and the
activation at warm temperatures of rather large
(> 30 pi) aerosol particles (Gokhale, 1968), have
all been proposed but have not been solidly confirmed by well designed field studies. The concept
that ice-forming nuclei are closely correlated with
condensation nuclei, however, is supported by
Rosinski's simultaneous measurements of ice and
condensation nuclei. Comparison did not produce
significant results until both measurements were
made on a continuous basis, which became possible with Langer's continuous counter for cloudactive condensation nuclei (Langer, 1968a). In
most instances large increases in ice-forming nuclei were accompanied by proportional increases
in condensation nuclei.
Instrument Development and Evaluation
Instrumentation needs to be developed for
more accurate nucleus counts. Therefore, field
measurements have been supported by continued
instrument evaluation. Comparative measurements of ice nuclei were made with the same or
different instruments. Counts from the BiggWarner chamber, the only instrument other than
the NCAR ice nucleus counter that provided
systematic data in the past, compare favorably
with counts of actual ice crystals falling from
orographic clouds (Grant, 1968) but not with
those from convective clouds (Mossop, 1968).
Discrepancies between the Bigg-Warner chamber and the NCAR nucleus counter occur with
natural ice nuclei. It is now clear that improper
counts can develop in the NCAR counter from
frost on the walls, improper atomizer operation,
leaks of ambient air into the chamber, losses in
sampling lines, electronic interference, improper
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temperature measurements in the cloud chamber,
and high humidifier temperatures. These are not
major problems and can all be overcome. The
major problem encountered with the Bigg-Warner
chamber was generation of nuclei by the pressurization pump; this problem was also overcome.
Two NCAR counters were compared and the
results agreed on an absolute basis, but the BiggWarner chamber, while giving the same relative
results, gave absolute counts ten times higher at
our elevation of 6,000 ft. The reason for the
higher count was found to be the settling loss of
ice crystals onto the cone of the cloud chamber in
the NCAR counter. Some loss of nuclei also
occurs in the humidifier. Studies are underway to
alleviate these losses.
Work has continued on other methods of detecting ice nuclei. To determine the position,
number, and activity of ice nuclei in hailstones,
nuclei were counted in the residue from hailstone
slices sublimed below freezing. (Residues from
snow and rain can also be examined.) Hail slices
are sublimed on a water-repellent surface, which
is then cooled and humidified until ice crystals
form on the dust particles. The results are promising and will be reported in the near future. A
similar procedure, adopted by Stevenson (1968)
to detect ice nuclei on membrane filters, has been
modified at NCAR and will be used by Rosinski
for comparison studies with other instruments
and other researchers. It will also be used for
samples from research flights where insufficient
space or power is available for the bulky NCAR
ice nucleus counter.
Nucleation Processes
One of the great difficulties in interpreting the
often contradictory results of nucleation measurements is the lack of knowledge about the properties of nucleating surfaces. It is now clear that
nucleating activity depends on interactions between nucleus surface layers and the first few
monolayers of water molecules adsorbed. The
bulk material properties undoubtedly contribute

to these interactions, but less directly than was at
first supposed. Nucleation can therefore be treated as a subfield of the more general field of surface physics and chemistry.
Progress in understanding the processes involved in nucleation will come most rapidly
through use of investigative techniques developed
for fundamental studies of surfaces and their
interaction with surrounding fluids. Such techniques can be used to probe the interfacial rather
than the bulk properties of the nucleating material and adsorbed water. Classical techniques using
cloud chambers for studying heterogeneous nucleation appear to have reached their limit of usefulness when used in isolation. Independent techniques which can yield quantitative information
regarding the mechanisms and energetics of surface phenomena are a necessary adjunct to carefully controlled cloud chamber experiments, in
order to correlate quantitatively the nucleation
efficiency of surfaces with specific surface
properties.
A survey of recent literature by Guy Goyer and
colleagues indicates three techniques showing
unusual promise for the study of surfaces: low
energy electron diffraction, infrared spectroscopy, and molecular beam surface interaction
studies. All three techniques are being studied in
an effort to determine their applicability to nucleation problems. Because of the availability of an
infrared spectrometer at NCAR, IR spectroscopy
has been selected for exploration.
Equipment has been ordered and nucleation
efficiencies of several metal oxides have been
determined by Sonia Gitlin in order to select
materials of various nucleation efficiencies. Surface areas of these materials will be determined at
CSU and their water adsorption isotherms will be
determined at NCAR. Finally, the infrared spectrum of each nucleating agent will be studied as a
function of water vapor density and temperature.
The properties of the adsorbed layer will then be
correlated with the nucleation efficiency of the
material.
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This long range study is planned in close cooperation with Michael Corrin of CSU and
Rosinski of NCAR.
All work in the Atmospheric Physics Program
on dynamic nucleation--the nucleation of freezing of supercooled water by mechanical disturbance-was terminated in the past year, with the
conclusion that dynamic nucleation is probably
not significant in atmospheric processes. Goyer
and Plooster (1968b) reported that shock waves
from lightning discharges appear to be ineffective
in producing ice crystals in clouds of small (a few
microns diameter) supercooled water droplets,
and that it is unlikely that adiabatic cooling in the
pressure wave from a lightning discharge can
produce temperatures low enough to generate
significant numbers of ice crystals by homogeneous nucleation of freezing in small droplets.
Most laboratory results on the occurrence of
dynamic nucleation have been interpreted as
arising from the effects of cavitation, the collapse
of small vapor-filled cavities formed by mechanical agitation. Plooster (1968a) has reported evidence for the possibility that the high pressures
generated upon cavity collapse may trigger freezing by stabilizing one of the high pressure modifications of solid H O.
AN AEROSOL-NUCLEUS EXPERIMENT
Closely related to research on condensation
and ice nuclei by Rosinski, Langer, and their coworkers was a field experiment undertaken during
the summer of 1968 by scientists from several
programs, with George Hidy as coordinator. Two
principal objectives were outlined for this project:
* To look for correlations between aerosols and
their properties, and condensation or ice nuclei.
O* To, look for physical and chemical anomalies
in the properties of aerosols and nuclei, as related
to significant changes in the formation of.convective clouds and precipitation.

In the latter objective, we realized that cloud
formation is largely controlled by meteorological
parameters such as moisture content and wind
structure. Therefore, we hoped to obtain data
only on days when there was a marginal probability of precipitation based on a morning sounding at Fort Collins, Colorado. "Marginal" was
defined as 20-40% precipitation probability.
In undertaking the experiment, we assumed
that the fair weather properties and distributions
of tropospheric aerosols are known, at least statistically. The basis for this assumption is the large
variety of data relating to size distributions and
chemical properties of aerosols already accumulated by various workers. We planned to look for
near-mesoscale effects over a 40 mi square around
Raymer, Colorado.
As it turned out, the experiment was conducted largely under fair weather conditions with
precipitation probabilities less than 20%. Practically all of the days on which aircraft were available were sunny, dry, Colorado summer days. It
was decided to make observations anyway, to see
what information could be obtained.
In general, highly isolated showers developed
on almost any day despite the dryness of the
atmosphere. (Sometimes rain did not reach the
ground.) Most of the heavier shower activity and
formation of cumulonimbus clouds occurred in
July when the air became somewhat moister.
During periods of an hour or two, abundant thermal convection could be identified from all-sky
photos. Clouds formed in heated zones and dissipated again, or developed over the mountains
and drifted east over the plains. A strip of cumulus often formed just north and east (or sometimes south) of Raymer, while the Raymer area
itself remained clear. Ground observations of
these clouds were substantiated usually by pilot
observations and the all-sky photos, although
radar observations did not generally agree. Although these cloud distribution features may be
optical illusions, they might be worth pursuing
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further, especially in view of the nucleus count
results.
Generally the aerosol counts were very low,
both at the ground and at cloud base, compared
to values generally accepted for continental
regions. Total particle (> 0.3 p radius) concentrations ranged from 1-10 cm 3 at cloud base, one
to two orders of magnitude lower than text book
values for continental nuclei.
Day-to-day and hour-to-hour variation in aerosol content was rather substantial at the ground,
but not around cloud base (~8,000 ft). Aerosol
variability was considerably greater at 20,000 ft.
Spatial variability between stations on the ground
and in aircraft flight patterns was generally very
small over the 40 mi square. Diurnal variation in
aerosol counts was observed: the lowest counts
were at night and the highest near midday. Extremely high ice nucleus counts occasionally
occurred from early morning until noon.
Except for Aitken nuclei (material down to
~10A radius), condensation nuclei activated at
low supersaturations and ice nuclei were always
lower in concentration than the total aerosol
concentration.
The General Electric Aitken counter was very
sensitive to local perturbations of nucleus content, such as passing automobiles, prairie fires,
etc. We found it difficult at first to use this device
because a pressure effect above about 10,000 ft
produced exceedingly high counts at high altitude. This problem was overcome, and some of
the data were corrected.
In general, no correlation was found between
counts of Aitken, condensation, or ice-forming
nuclei and the aerosol distributions measured
with the impactor or optical counters. However,
there were a few periods when ice nucleus peaks
coincided with peaks in the large size ranges in
the optical counters. The data taken with

Blifford's impactor, the B&L counter, and the
Royco counter agreed remarkably well (within a
factor of < 2).
Low aerosol concentrations found during the
Raymer experiment agree with Blifford's observations over Scottsbluff, Nebraska and Rosinski and
Langer's near Bemidji, Minnesota. Low concentrations appear to be a general characteristic of midcontinent, unpolluted air in North America. It
would be interesting to make parallel studies in
other semi-arid, rural regions of the world.
To obtain more specific information about the
link between aerosols and their origin, three
different periods during the summer were arbitrarily chosen for further analysis: 10-13 June,
19-21 June, and 4-8 July. The first two periods
were quite dry at upper levels, and produced little
shower activity. The last period was somewhat
more moist, with a low pressure disturbance over
northeast Colorado on 5-6 July, and some low
cloud cover and rain on 5 July. Rainer Bleck calculated air trajectories for flow above 10,000 ft
for the first two periods. These trajectories
indicate that, in any case, during these periods the
air subsiding over Raymer came from different
sources up to 212 days previously. Although aerosol size distributions at cloud base were not much
different from those at 20,000 ft on these days,
the aerosols were different chemically: in general,
radioactivity counts were characteristic of tropospheric air, but silicon (soil) content was rather
high relative to previous sampling over
Scottsbluff.
Evelyn Frank's examination by electron microscope of the 11 June sample revealed the peculiar
form of most particles at both altitudes. Residue
under the microscope showed a polycrystalline
structure surrounded by a ring, presumably indicating that the particles were liquid when trapped, perhaps with an organic skin. This discovery
may provide a clue to the results of an aging
process taking place as maritime aerosols from
northwestern United States travel over forested
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areas of the Pacific Northwest to more arid midcontinent regions. The 11 June sample is known
to have traveled through a number of cloudy
zones, which yielded relatively little precipitation,
on its way here. In contrast, the 20 June sample
evidently traveled in very dry air over Arizona
and Utah, and was probably in contact with fewer
and smaller cumulus clouds.
Preliminary studies of the data show no apparent correlation between variations in aerosol
or nucleus content and the formation of clouds.
Aerosol concentrations, as a whole, were relatively constant, but nucleus counts varied widely.
On stormier days there was a greater variability in
ice and condensation nucleus concentration.
Cloud formation seemed to be controlled principally by meteorological variables.
The low concentrations of particles at cloud
base lead us to wonder whether very high super-

ity of nuclei before we can understand their
subtle role in cloud dynamics, however.
Because of the remarkably low aerosol counts
found near the ground, we attempted to learn
what was happening to aerosol material from the
urban complex of Fort Collins, Loveland, and
Greeley, 60-70 mi west of Raymer. Is aerosol
concentration around these towns low, too? If
not, where does the material diffuse to? Are there
diurnal variations in aerosols near cloud base? A
series of special flights with the CSU plane on
24 July yielded unexpected results. Diurnal variation occurred (as expected), with the aerosol
maximum in the early afternoon; minimum
counts were registered over the towns before sunrise. Surprisingly, counts were generally highest
over the mountains and in the sparsely populated
strip north of Fort Collins. These results should
be followed up.

saturations (-1-10%) would not be needed to

activate a sufficient number of nuclei to attain a
droplet concentration of 100 cm - 3 inside the
lower part of the cloud. It does not appear that a
nucleus "bottleneck" would affect the formation
of individual clouds, because air could rise a few
hundred feet and expand to provide the necessary
higher supersaturation for droplet formation.
Chester Newton has made an alternative suggestion: if supersaturation remains very low (< 1%)
but only a few droplets are formed (~1 cm 3 ),
clouds might develop in such a way as to promote
their rainout (low droplet concentrations imply
bigger droplets), even though the rain may never
get to the ground. Newton and others have observed this in small, thin clouds in the vicinity of
Boulder. Such clouds could act as good diurnal
heat exchangers in the mid-continent atmosphere,
releasing latent heat at high levels during drop
formation, returning the water to lower levels
(with virga), and cooling the low levels by evaporation. This process can be repeated with increase
in convection the following day. Much more
information is needed about the chemical variabil-

HAIL
During recent years research on hail has increased greatly throughout the world, both because of interest in hail as a geophysical phenomenon and because of the economic importance of
hail control. Interest in this subject was given
added impetus by publication of control techniques used in the Caucasus (Sulakvelidze, 1966).
Studies of the nature of hail also furnish clues
to processes occurring in storms, such as the
scavenging of small particles by large ones, and to
the nature of ice-forming nuclei. These studies
may also contribute to our understanding of the
physics and physical chemistry of phase changes
in water.
Heat Transfer and Spongy Hail
Goyer, Gitlin, San San Lin, and Plooster have
been studying the rate of heat transfer to ice
spheres under both melting and freezing conditions. The object of their study was to determine
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whether spongy hailstones (hailstones containing
substantial quantities of unfrozen water), grown
aloft in a region of high cloud liquid water content, would have time to freeze while falling to
the ground from the growth zone. Several promising hailstorm models postulate rapid (and therefore spongy) hailstone growth in zones of accumulation of supercooled water. Field measurements of the liquid water content of hailstones,
however, indicate that spongy hail is relatively
uncommon at the ground.
Early phases of this experiment were described
in the 1967 Annual Report. Rates of heat transfer
across the hailstone-air interface agreed quite well
with other reported measurements of heat transfer to ventilated spheres. These heat transfer rates
have now been applied, in a numerical experiment, to the question of the amount of freezing
taking place in a spongy hailstone as it falls from
a model hailstorm.
The model assumes that spongy ice spheres
containing 40% by weight liquid water fall against
an updraft with zero cloud liquid water content.
The updraft velocity is assumed to vary with altitude in a manner suggested by Hitschfeld and
Douglas (1963). Results show that the amount of
freezing which occurs as a hailstone falls is strongly dependent on hailstone size. Small hailstones
(< 2 cm diam) have ample time to freeze even
when they start their fall at relatively modest
heights above the freezing level. For hailstones 3
cm in diam or larger, however, sufficient time is
probably not available for complete freezing to
occur, even when the hailstone falls from very
high levels. These results apparently impose effective limits on hailstorm models: models which
imply rapid growth of spongy hailstones in
regions of high cloud liquid water content are
incompatible with field observations of the liquid
water content of natural hailstones (Goyer et al.,
1969).

Ice Physics
Following publication of work on structural
criteria for spongy hailstone growth (Knight,
1968a; Knight and Knight, 1968a,b) Charles and
Nancy Knight developed a hailstone collection
technique that will greatly enhance the value of
hailstone structure analysis (Knight and Knight,
1968c). The technique consists of quenching hailstones very rapidly to dry ice temperature. Any
liquid water that was present in the stones is then
readily detectable because of the unique air
bubble structure of ice formed very rapidly. One
can thus get a semi-quantitative liquid water content measurement and a precise knowledge of the
position and distribution of liquid water within
the stones. This kind of information will be very
useful in testing hailstorm models by means of
hailstone structure studies. The method was \applied in 1968 to a local storm and was found to
work well.
Structural analysis of hailstones was continued,
with special emphasis on very large hail, which is
likely to have formed spongily. Hailstones with
major diameters up to 512 in. and with weights up
to 2/3 lb were collected from three storms. Evidence showing extensive spongy growth was
found, but the results of the structural analyses
are too lengthy to present here. (Some aspects of
this work will be reported at the Severe Storms
Conference in Chicago, April 1969.)
Research continued on the contact angle of
water on ice and its possible significance to ice
nucleation (Knight, 1968b). A method was perfected for obtaining a good value for the contact
angle of water on a perfect basal plane, using a
new ice growth method (Knight, 1968c).
Knight is also working on a method for AgI
particle analysis, in which AgI particles are held
on a substrate and "developed" in a supersaturated, complexed AgI solution: they act as seeds
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in the growth of macroscopic AgI crystals, which
can then be counted. (The premise is that nothing
will nucleate a supersaturated AgI solution better
than AgI itself.) This technique worked well in
the laboratory (though not with the 300-500A
particles emitted by ordinary cloud seeding generators), but as might be expected it is beset by a
number of practical difficulties. Evelyn Frank is
calibrating the method, using electron microscopy, and Gerhard Langer assisted with aerosol
production. When perfected, this method should
be a valuable aid in evaluating weather modification attempts. It should be possible to detect the
distribution of AgI particles within hailstones
from a seeded storm, and to obtain information
about the action or inaction of AgI within the
cloud by correlating its presence with the crystal
and bubble structures of the shell. Individual raindrops could also be analyzed for AgI. Ernest
Carte of the National Physical Research Laboratory, South Africa, has suggested that the method
would be a good tool for studying aspects of the
supposed photolytic decomposition of AgI.
Knight's research on unique ice crystallization
features found in water-filled crevasses within
Blue Glacier, Washington (LaChapelle, 1968) is
also continuing.
Field Studies
During the summer of 1968, a joint hail research project sponsored by NSF and coordinated
by Guy Goyer was held near Raymer, in northeastern Colorado (Goyer and Plooster, 1968a).
Also participating were personnel from the Atmospheric Physics and Chemistry Laboratory of
ESSA under Helmut Weickmann, and the Department of Atmospheric Sciences of CSU under
Peter Sinclair. As a first phase of a continuing
program, last summer's project consisted of more
or less independent experiments and tests of
systems. The field program started 10 June and
ended 17 August. During that period, the CSU
volunteer observers network noted 34 hail days in

northeastern Colorado. At Raymer, Colorado
there were 46 clear days, 16 rainy days, and 7 hail
days. The Farm Bureau reported only 7 days with
damaging hail.
The NCAR program consisted of radar, ground
based, and airborne observations. Although large
hail was infrequent, many of the hailstorms gave
good radar and airborne data. The radar program
was directed by Robert Bushnell and is described
in the report of research by the Dynamics Department. Ground based observations included rawinsonde measurements, studies of the characteristics
of hailstones, hailswath mapping, and aerosol
measurements.
An Army rawinsonde team from Fort
Huachuca was based at Fort Collins during the
project. This team provided two measurements a
day (at 0600 and 1100) of vertical distribution of
temperature, humidity, and winds. These soundings were used during the field period for forecasting operational days, and are now being analyzed. The Fawbush-Miller and>Schowalter criteria
are evaluated after the fact as to their reliability
for forecasting the size of hail in this region.
Edwin Danielsen is using the soundings with the
cumulus cloud computer model developed at
Pennsylvania State University by L. G. Davis and
A. I. Weinstein, with the hope of developing
better techniques of forecasting occurrence of
hail in the lee of the Rocky Mountains. Statistical
evaluation of these forecasts will be based on
observations of hail in the field last summer as
reported by the CSU volunteer observers
network.
Two teams of two men each were located at
Raymer for observations of hail at the ground.
Directed to storms by radio, on the basis of radar
observations, they were to measure the size distribution, concentration, and liquid water content
of hailstones. Because of the scarcity of large hail
within range, the ground teams were able to
sample hail from only two storms. However, they
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mapped several hailswaths after the fact, obtaining data essential in testing radar observations of
hail in clouds and airborne radiometric observations of hailswaths. A precise field survey following the storm of 28 July produced a very accurate
map of its hailswath.
Arden Buck, of the Facilities Division, developed an automatic hail sampler--a pad of synthetic
rubber which changes resistance under the force
of an impact. The voltage variations thus generated are a function of the impact intensity and,
consequently, of the size and velocity of the hailstones. The instrument was calibrated with plastic

balls of density comparable to that of hailstones,
and it is now being evaluated against two different types of instruments by Illinois State Water
Survey personnel in Illinois.
The second phase of the Joint Hail Research
Project is planned for the summer of 1969. Major
emphasis in next summer's operation will be in
three areas: increased radar capability with two
dual wavelength NCAR radars and two ESSA
doppler radars, dropsonde measurements of updraft velocities in thunderstorms, and cloud seeding by airborne rockets developed at CSU.
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ATMOSPHERIC
TRACE CONSTITUENTS
NEAR JET STREAMS
Identifying mechanisms for transport of airborne particles and trace gases between the stratosphere and the troposphere (in both directions)
has long challenged atmospheric scientists. Once
many believed that the tropopause was a highly
impermeable discontinuity through which particles were transported almost entirely by sedimentation or, in the reverse direction, by violent
events such as volcanic eruptions.
Several mechanisms for exchange between
these two atmospheric regimes are now recognized. Strong convective storms may penetrate
the tropopause, carrying tropospheric air into the
stratosphere. Transport across the tropopause
undoubtedly occurs to some extent by ordinary
turbulent diffusion. At times the tropopause
completely disappears in polar regions and transport downward occurs by subsidence, turbulent
diffusion, or both. The tropopause consists of
several "leaves" and they descend in altitude stepwise from the equator to the poles. Exchange
between the stratosphere and troposphere occurs
at the gaps between adjacent leaves, particularly
when tropopause folding occurs.
Tropopause gaps, folding, and jet streams are
closely related (Sawyer, 1954; Reed, 1955;
Danielsen, 1961, 1964a,b; Reiter, 1967). The
tropopause folds associated with extra-tropical
cyclonic disturbances consist of air from the
lower part of the cyclonic stratosphere extruded
to form a thin inclined layer in the troposphere.
The existence of the folds has been demonstrated
by plotting isentropes and potential vorticity
isopleths, and by determining ozone and radioactivity concentrations, which are generally orders of magnitude higher in stratospheric than in
tropospheric air.

TRANSPORT
Motion to the north and west of a fold is cyclonic, associated with lows, while that to the
south and east is anticyclonic, associated with
highs. Air extruded into the troposphere via the
fold mixes with air in the lower troposphere.
There is increasing evidence that tropospheric air
enters the stratosphere on the anticyclonic side of
the jet stream (Smith, 1968; Danielsen, 1968;
Reiter et al., 1967).
A number of questions remain concerning the
transport of air between the stratosphere and the
troposphere near jet streams:
* Is tropospheric air transferred to the stratosphere on the anticyclonic side of the jet streams?
* To what extent are particles in the extruded
air of tropospheric origin?
* To what extent are particles in the extruded
air of extraterrestrial origin or produced in the
stratosphere by chemical reactions?
* Are a large percentage of the particles in the
folded stratospheric region brought into the
stratosphere with tropospheric air?
* Are there high concentrations (sporadically)
of freezing nuclei near jet streams, as suggested by
Rosinski (1967), and is this high concentration
associated with tropopause folding?
* Are there
structure and
fronts and jet
served because

important details of atmospheric
behavior associated with polar
streams, which have not been obof lack of detailed data?

Conveniently, tongues (or more properly,
sheets) of extruded stratospheric air at lower altitudes make it possible to sample stratospheric air
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with relatively light, propeller-driven aircraft. The
presence at NCAR of atmospheric scientists with
many interests and skills, backed by adequate aircraft and field support, provides an unusual
opportunity to investigate tropopause fold occurrences by measuring a large number of physical
and chemical atmospheric properties.
A field experiment during March and April
1968 was intended to be a dress rehearsal for
more elaborate field work. A preliminary test was
deemed desirable since the proposed work involved coordination of a number of groups within
NCAR and participation of the Air Weather Service of the Air Force. To sample throughout the
altitude range of interest and to study the atmosphere in as many ways as was reasonably possible, two types of aircraft were used: the NCAR
Queen Airs, which are instrumented for many
types of atmospheric sampling but have a ceiling
of about 30,000 ft; and the Air Force RB-57Fs,
with more limited sampling capabilities but a
much higher ceiling. The 1968 experiment
demonstrated the feasibility and desirability of a
more detailed study, and also yielded a large
amount of useful and challenging information.
Selection of occasions appropriate for sampling
is obviously of critical importance; it was undertaken by Rainer Bleck and Philip Haagenson,
working with Edwin Danielsen (then at the
University of Hawaii) as a consultant.
Late winter and early spring months were
chosen for the first tests because of the high incidence of tropopause folding and the fact that
during these months the north polar front often
crosses the central or southern United States.
When an appropriate meteorological situation
seemed to be developing, synoptic meteorologic
data were analyzed for patterns of potential vorticity and airflow on various isentropic surfaces.
These data were supplemented by the usual daily
weather maps.

On the day before the flights, pilots were
briefed on flight patterns and aircraft directed to
suitable fields. A last minute meteorological analysis was made on the day of the flight and the
information transmitted to the pilots. The Queen
Air pilots telephoned NCAR immediately following their flights to determine whether additional
sampling would be required.
Most of the desired data were obtained during
a tropopause folding episode on 19-20 March.
Two NCAR Queen Air aircraft flew at levels
between 22,000 and 26,000 ft. They were
equipped with doppler radar; temperature, pressure, airspeed, and relative humidity sensors; an
Aris recording system; impactors for collecting
particles; membrane filters for freezing nuclei;
polystyrene fiber filters for sulfate and gamma
activity measurements; and a continuous ozone
analyzer. Samples were obtained from both
tropospheric and extruded stratospheric air. Wind
velocity was used to locate the jet stream core
and the tropopause fold.
Two Air Force RB-57Fs flew above the Queen
Airs but below 50,000 ft, one high enough to be
in the stratosphere on both sides of the jet stream
and the other above the tropopause fold but low
enough to sample tropospheric air on the anticyclonic side of the jet and stratospheric air on
the cyclonic side.
During the months following the sampling,
thorough analysis was undertaken of meteorological situations existing during the flights. Isentropes and isopleths of potential vorticity were
plotted, and trajectories were constructed.
Pressure and temperature measurements from
the aircraft (and derived potential temperature)
were consistent with penetration of stratospheric
air. Because of difficulties with the doppler radar,
many of the wind velocity measurements were
calculated from the angle of the aircraft with
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respect to its flight path; some discrepancies are
apparent between wind velocity measurements
from the aircraft and meteorological analysis.
The humidity sensors (Bendix dew or frost
point devices) were not designed to operate at
temperatures below -30 0 C, and the results could
not be used to distinguish between tropospheric
and stratospheric air.
Measurements of freezing nuclei by Rosinski
and Langer yielded interesting results: concentrations in tropospheric air varied from zero to
2 X 104 /m 3 , while those in the stratosphere were
more uniform and relatively low, from 16-52/m 3 .
All of these results were for nuclei active at
-20 C, and were obtained by means of a membrane filter method developed by Langer and
Rosinski.
Single-stage impactors, of the design described
by Chagnon and Junge (1961), were calibrated
with regard to collection efficiency with radioactive aerosols. Size distributions were determined from photomicrographs. Two samples
obtained in stratospheric air on 20 March show
that the particle concentrations in ambient air
(26,000 ft) were 0.62 and 1.4 particles/cm 3 . Size
distributions for these samples, determined by
Blifford, seem to be typical of those for stratospheric samples from the vicinity of Scottsbluff,
Nebraska.
About half the particles in a sample analyzed
by electron microprobe and X-ray diffraction
techniques were silicates and other minerals
commonly found in tropospheric particles; the
remainder were ammonium sulfate, which may
have been of stratospheric or tropospheric origin,
or both.
Gamma activity and silicon measurements were
made by Julian Shedlovsky directly on the polystyrene filters, the latter by means of neutron
activation. The filters were then dissolved in ben-

zene and resulting solutions extracted with distilled water. The aqueous solutions were analyzed
by Allan Lazrus for ammonium and sulfate ions.
Calcium and magnesium were determined by
atomic absorption.
As expected, gamma radiation intensity was
higher in stratospheric than in tropospheric air.
The intensity in stratospheric air on the anticyclonic side of the jet stream was intermediate
between average stratospheric and tropospheric
values. Sulfate values, surprisingly, showed strong
positive correlation with values for gamma
activity.
In view of the high sulfate concentrations, and
the belief that the main cation associated with the
sulfate ion was NH 4 ', the concentration of NH4 '
was surprisingly low; calcium and magnesium ions
may be more important. The silicon (present in
much lower concentration than SO4) was probably largely associated with silica and various silicates of tropospheric origin.
Ozone concentrations exhibited large increases
that agreed with meteorological analyses showing
that stratospheric air was being entered.
In support of the tropopause folding experiment, the NCAR lidar system, located in Boulder,
was operated on 19 March 1968 between 1400
and 1530 in attempts to locate atmospheric dust
layers. Heavy cloud cover and low level haze prevented high altitude results from being obtained.
The relatively low freezing nucleus concentrations found in stratospheric air were hardly surprising; one should expect higher and more variable concentrations in the troposphere than in the
stratosphere. These results suggest that such
nuclei usually originate at or near the ground and
do not support Bowen's (1956) hypothesis relating to the importance of extraterrestrial particles.
The high sulfate content of material collected
by impactors and fiber filters from stratospheric
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air is consistent with the theory that sulfate is
produced by the oxidation of sulfur dioxide in
the stratosphere. Other material collected by impaction was probably largely of tropospheric
origin (i.e., from the earth's surface); the proportion of extraterrestrial material is thought to be
very small.
Both sulfate and radioactivity values for
samples obtained in the stratosphere by the upper
RB-57F were intermediate on the anticyclonic
side of the jet stream between other values for
stratospheric air and those for tropospheric air.
This agrees with the concept that tropospheric air
enters the stratosphere on the anticyclonic side of
the jet stream.
Results obtained with the ozone analyzers (a
type developed by W. D. Komhyr of ESSA) indicate that these instruments are appropriate for
aircraft use. They are relatively unaffected by
aircraft vibration, can be used at stratospheric as
well as at lower altitude, and will operate reliably
for several hours without attention.
RADIOACTIVE AEROSOLS
AND TRACE GASES
Studies by Stewart Poet and Edward Martell of
the long-lived radioactive daughter products of
radon and Sr9 0 as atmospheric tracers are continuing. This work is now being augmented by
radon gas collection and measurement by
Howard Moore, an NCAR visiting scientist from
Arkansas State University. Radon, emanating
from continental surface materials, and its longlived daughters 22 yr Pb 2 1 0 , 5 day Bi 2 1 , and
138 day Po 2 1, provide tracers for identifying
continental surface air. The daughter products,
which become attached to atmospheric aerosols,
also provide an index of the age and origin of the
aerosols. Vertical profiles of such measurements
should give information on atmospheric aerosol
residence times, aerosol coagulation times,
troposphere-stratosphere exchange, and other
processes.

During 1968, measurements were completed of
Pb2 1 , Bi 2 1 0, and Sr9 O in three vertical profiles,
and of Po 2 1 in two profiles. These profiles are
from filter samples collected from NCAR aircraft
and Air Force RB-57F Air Weather Service aircraft. Results indicate shorter tropospheric aerosol residence times than were estimated by other
methods, with important implications for tropospheric aerosol and fallout studies. Because of the
2
2
very low concentrations of Pb 1 0 and Bi 1 0,
particularly near tropopause levels, chemical
separation techniques have been improved, and gcounting techniques of greater sensitivity (such as
41r counting of thin samples) have been adopted
for future work. Radon gas collection and counting techniques have been developed and calibrated by Moore for use in conjunction with his
work, described above.
Radioactive aerosols that were collected in the
4 September 1968 rocket flight at White Sands
are being investigated by Poet and Martell in
cooperation with Julian Shedlovsky and Walter
Pollock of the Atmospheric Aerosols Program.
The sample chamber of the rocket sampler was
extracted repeatedly with warm, dilute, mildly
etching HNO 3 solution, with added carriers.
Gamma ray analysis of the concentrated extracts
indicated very low Cs1 3 7 activity in the sample.
Measurements of six radioisotopes, Cs1 3 7, Sr 9 0,
Ce 1 4, Na 2 2, Be 7 , and Pb 2 1 0, are in progress.
Radioactive trace gas studies also include analyses of tritium, C1 4 , and Kr 8 5 in air samples
collected at rocket altitudes by T. G. Scholz and
Dieter Ehhalt, and tritium and deuteriumhydrogen ratios in hurricane samples, hailstones,
and water vapor profiles by Scholz and Linda
Leiker.
Martell (1968a,b) has reevaluated the atmospheric transport of radioactive tungsten injected
into the tropical stratosphere and atomic lithium
released by thermonuclear explosions at high altitudes, as well as other aspects of radioactive fallout and transport.
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Our efforts to develop new data analysis and
presentation techniques have continued. Irving
Blifford used the Control Data 6600 to make a
short film of time and space variations in fallout
of fission products over the United States, on
which he superimposed the 500 mb pressure surface and other data. This film was shown by invitation to an AEC conference on stratospheretroposphere exchange processes, and a paper has
been prepared on the methods used. Some work
on this problem is continuing in an effort to improve the presentation, and Blifford has tentative
plans for cooperating with Edwin Danielsen in an
attempt to display rainfall and trajectory information in a new way.
TRANSPORT ACROSS
AIR-WATER BOUNDARIES
George Hidy directed laboratory studies at
CSU related to air-sea interactions. Most of the
experimental work during 1968 was carried out
by Po Chang and Ron Lai, CSU graduate students. Interpretations of the wind-water tunnel
experiments were undertaken in collaboration
with the CSU students and their professor, E. J.
Plate.
As discussed in the 1967 Annual Report, observations of wave growth in the tunnel can be
explained satisfactorily by Miles' instability
theory, but fail to confirm Phillips' ideas on initiation of waves by resonance between free modes

on the water surface and turbulent pressure
fluctuations.
Chang's experiments used an oscillating probe,
which follows the wavy surface. Results
confirmed earlier indirect evidence for separation
of airflow passing over waves. These results are
significant in that they place severe restrictions on
the applicability of linearized theories such as
Miles'. Chang's work demonstrated that meaningful information about the structure of turbulence
very close to water waves can be obtained with an
oscillating probe. With such a device, it may be
possible to measure directly the Reynolds stress
in the lee of wave crests.
Lai (1968) found that surface waves have a
marked effect on the rate of evaporation from the
water surface. The mechanism for changing the
evaporation rate involves both a kinematic effect
and a dynamic effect. In the former, the evaporation rate is increased simply because surface
waves increase the surface area. The dynamic
effect is more subtle, but appears to involve separation of flow in the lee of crests of waves. It was
also found in this study that heating the water
modified the initial growth of waves. Observed
changes indicated that water warmer than air
above it produced faster wave growth at a given
fetch. These observations appear to be qualitatively consistent with data taken at sea.
Further studies in this general area are included
in the report of the Atmospheric Dynamics
Department.
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ATMOSPHERIC GEOCHEMISTRY
Almost all the research undertaken in the
Chemistry and Microphysics Department could in
a very broad sense be termed "atmospheric physical chemistry" or "atmospheric chemical physics." Nonetheless, it is useful, although somewhat
arbitrary, for purposes of discussion, to classify
some of the research specifically as "atmospheric
geochemistry." The work described under this
classification is of practical as well as academic
interest. For example, we need to understand the
chemistry of the natural atmosphere before we
can completely understand that of polluted atmospheres. It is helpful to know the nature, concentrations, sources, and sinks of both gaseous and
particulate trace constituents of the atmosphere.
And since at present it is not feasible to prevent
the emission of all pollutants into the atmosphere, more complete knowledge of air pollution
chemistry is needed in order to know which are
the most important effluents to control.
Several topics mentioned in this section have at
least an indirect bearing on cloud physics or
atmospheric transport processes. However, this
was not the primary reason for undertaking the
studies described below.
ROCKET SAMPLER PROGRAM
Under National Aeronautics and Space Administration (NASA) Contract No. NASr-224, the
isotope geochemistry group has undertaken to
design and develop a rocket-borne cryogenic air
sampler for application over a wide range of altitudes above 40 km, the practical ceiling for
balloon systems, and to construct two samplers
for the Aerobee-150 rocket for investigation of
trace gases, water vapor, aerosols, and dust in the
upper stratosphere and lower mesosphere.

The prototype rocket-borne cryocondenser was
designated the ENCAR-1 Sampler (ENclosed
Cryocondenser for Air Recovery). Development,
fabrication, and engineering tests of the sampler,
and flight preparations were carried out under the
supervision of Edward Denton, with the assistance of Richard Lueb of the Geochemistry Program. Except for outside consultant assistance
with some aspects of the design, all work on
development and research application of the
samplers was by NCAR personnel (see Denton et
al., 1966).
The first rocket flight of the cryogenic air
sampler was carried out at White Sands Missile
Range on 4 September 1968. In connection with
this flight, Scholz and Leroy Heidt devoted much
time and effort to water vapor desorption studies,
preflight bakeout of the sample chamber, residual
gas analyses, design of the sample transfer system,
and recovery of the air sample.
A high integrity sample of 9.34 moles of air
was collected near the stratopause, between 43
and 62 km altitude. Preliminary gas chromatographic analyses by Heidt and mass spectrometer
measurements of the inert gases He, Ne, Ar, and
Kr, by R. Bieri of the University of California at
San Diego, indicate no detectable degree of diffusive separation of gases in the sample. Preliminary results of trace gas analyses by Scholz,
Ehhalt, and Heidt show that N20 and CH 4 are
below detectable levels, CO2 is at very nearly the
same concentration as in tropospheric air, and
water vapor concentration is about an order of
magnitude higher than in the dry middle stratosphere. Final results, following calibration of
measurement techniques and fractionation of the
main air samples, will provide mixing ratio values
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or upper limits for the trace gases H2 O, H2, CH 4 ,
CO2 , CO, N2 O, NO, and the inert gases. A portion of the main high altitude air sample will be
reserved for other analyses.
In addition, isotopic measurements are being
carried out, including C 1 /C 1 2 , 018/0 1 6 , and
C1 4 in the CO 2 fraction; D/H and T in H2 0 and
H2 ; and stable isotope ratios for the inert
gases. Radioactive aerosol particles also are being
measured.
The concentration of methane is no more than
one-tenth that which would have been present if a
constant mixing ratio had existed upward from
the earth's surface. Unless methane were destroyed by the collection process, which seems
unlikely, this result agrees with a suggestion made
several years ago by Richard Cadle, based on
laboratory experiments, that methane is rapidly
destroyed above 40 km by reaction with atomic
oxygen (Cadle and Powers, 1966).
The ENCAR-1 Sampler used in the successful
first rocket flight experiment is being refurbished
for possible reuse. It will be subjected to vibration
tests and liquid hydrogen cooldown tests to assess
its adequacy for another flight. Construction of a
second ENCAR Sampler has been delayed somewhat in order to effect design changes which will
provide for bakeout at higher temperatures and
for use with an inert cryogen (liquid He or Ne)
rather than liquid hydrogen.
Tentatively, the next rocket flight experiment
will be in September 1969 with the ENCAR-1
Sampler, or at a later date with ENCAR-2. One of
the main objectives of future rocket sampling
flights will be to determine water vapor distribution in the upper stratosphere and mesosphere.
ISOTOPIC STUDIES OF WATER VAPOR
AND TRACE GASES
Studies of T and D in water vapor precipitation
samples, and of atmospheric hydrogen, initiated

by Ehhalt, have been continued and extended by
Scholz with the assistance of Leiker. Their work
relates to the atmospheric cycles of water vapor,
hydrogen, and methane, and to the application of
T and D as atmospheric tracers.
During 1968 the Isotope Geochemistry Program carried out cooperative studies with
G. Ostlund of the University of Miami, using T
and D as tracers in hurricane systems; with
I. Friedman of the U.S. Geological Survey, on T
and D in tropospheric molecular hydrogen samples; and with Jan Rosinski of NCAR, on hail and
snow formation and scavenging mechanisms.
In a preliminary investigation of tropospheric
water vapor exchange processes, Scholz and Heidt
collected water vapor samples in a large air mass
moving from the Gulf of Mexico northward over
continental United States. Two NCAR Queen Air
aircraft were used. Rainer Bleck and Philip
Haagenson provided day-to-day trajectory computations so that the air mass could be followed
inland for a period of several days. Seven vertical
profiles of water vapor samples were collected
within four days over an air mass trajectory
distance of 700 mi. Variations in T and D content
will be measured to evaluate exchange of water
vapor with surface and upper levels.
Gas chromatographic techniques for analysis of
aircraft, balloon, and rocket samples have been
improved by Heidt, who has developed a dc
detector for analysis of H2 , CH4 , CO, CO2, N2 O,
and NO. A column packing of activated charcoal
and silica gel provides a detection limit of 0.1
ppm for N2 0 and CO 2 in air.
PHOTOCHEMISTRY
1968 Photochemistry Program investigations
may be conveniently classified as relating to
either air pollution chemistry or upper atmosphere chemistry. In some cases the categorization is purely arbitrary, as the applications are not
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unique to either environment. The experiments
were designed to answer specific questions concerning one or the other environment, but the
accumulated data have also been used to test,
verify, or disprove the chemical foundations upon
which rest currently accepted interpretations of
atmospheric chemical processes.
Air Pollution Chemistry
Accumulation of atmospheric pollutants, if
allowed to proceed without control, could eventually disturb the naturally evolving ecosystem
disastrously. For this reason we should be aware
of toxic concentrations of chemical compounds
generated during "smog alert" conditions. To
successfully combat deteriorating conditions, we
should acquire quantitative knowledge of the
chemical processes involved.
An air pollution situation may be likened to a
chemical reaction mechanism, with three main
features: initiation, propagation, and termination.
In photochemical smog the basic materials
(oxides of nitrogen from nitrogen fixation, and
partially "burned" organic compounds) are generated by inefficient internal combustion engines.
The only other prerequisites are solar radiation
and an oxygen-containing atmosphere.

efficiencies of all possible competing reactions
from a knowledge of actual atmospheric pollutant
concentrations. In this respect, laboratory measurements in the Photochemistry Program and
field measurements in the Atmospheric Chemistry
Program complement each other.
One important type of initiation in photochemical smog is by the reaction of atomic
oxygen (a product of the photodissociation of
nitrogen dioxide and ozone by solar radiation)
with organic compounds. Rate data have established that partially oxidized hydrocarbons, such
as aldehydes, are susceptible to attack by atomic
oxygen (Avery and Cvetanovic, 1965; Cadle and
Powers, 1967). Reactively intermediate between
unsaturated and saturated hydrocarbons, they
offer a suitable initiation mechanism for the production of free radicals. For this reason, knowledge of the mechanisms involved and substantiation of rate data are necessary.

In photochemical smog, initiation is by absorption of radiation; photodissociation products or
electronically excited molecules react with organic compounds. Propagation is by free radicals
produced in initiation and secondary processes.
Termination processes culminate the chain reactions to produce thermally and photochemically
stable compounds, which may accumulate to
physiologically harmful concentrations if the
situation persists for a considerable time.

Richard Cadle and San San Lin completed an
investigation of reactions of propionaldehyde, the
next higher homologue of acetaldehyde. This
research was initiated because of inconsistencies
in interpretation of results obtained using acetaldehyde, and to test a general theory for aldehyde
oxidation. The flowing afterglow apparatus and
techniques used were essentially the same as those
reported earlier (Cadle and Powers, 1967). Rate
measurements were made as a function of reactant concentration, total pressure, and temperature. The overall rate coefficient of reaction was
determined. Final products of the reaction of
oxygen atoms with propionaldehyde were carbon
monoxide, carbon dioxide, ethane, and water.
These products were predictable from earlier
experiments with acetaldehyde, suggesting that a
similar mechanism was operative for
propionaldehyde.

Experiments described in this section have
been designed to improve our comprehension of
these mechanisms. Rate data obtained for individual processes may be used to calculate relative

These results show that reactions involving
aldehydes do play an important role in production and propagation of photochemical smog.
Aldehydes are a product of the reaction of atomic
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oxygen with saturated and unsaturated hydrocarbons and are, therefore, explicitly involved in
the hydrocarbon burning process. Mechanistic
interpretation substantiates this reaction as a
source of organic and inorganic free radicals. In
studies of the reactions of nitrogen oxides (described below), reaction was initiated by atomic
oxygen produced from photodissociation of nitrogen dioxide at 3660A. Concentrations of oxygen atoms produced by this technique are much
lower than those obtained by the flow discharge method and, consequently, the mechanistic interpretations are modified.
Investigations are continuing on the effect of
organic compounds on the rate of conversion of
nitric oxide to nitrogen dioxide and on the rate of
consumption of nitrogen dioxide in the atmosphere. We are at present studying threecomponent systems such as nitrogen oxide/hydrocarbon/oxygen. Past experience with various
two-component systems is of great value in interpreting data obtained from these more complex
mixtures. Observations of rates of removal of
reactants and rates of formation of products yield
data for establishing a consistent mechanism and
extracting rate coefficients for some of the individual processes.
Previous studies by Eric Allen and Kent Bagley
(1968) established that a good model system for
these studies is the photolysis of acetaldehyde/
nitrogen dioxide mixtures at and above 3660A.
At these wavelengths only nitrogen dioxide absorbs to produce nitric oxide and atomic oxygen.
In 1968 Allen and Timothy Englert determined
reaction rates and the influence of third components, such as oxygen, on these rates. Results
support the view that the initial attack of atomic
oxygen on acetaldehyde is by a hydrogen abstraction reaction to produce free radicals, rather than
by an insertion reaction to produce the stable
product, acetic acid, as postulated by Avramenko
and Kolesnikova (1964). The effect of the presence of aldehyde on nitrogen dioxide removal is

not large, and therefore the presence of aldehydes
in smog does not have a marked effect on
the solar photolytic rate of nitrogen dioxide
consumption.
Addition of oxygen did not alter the rate of
consumption of nitrogen dioxide to any great
extent, nor did it markedly suppress formation of
nitrogen compounds. These results were unexpected and warrant further study. It is tentatively
concluded that oxygen does not hinder the reactions, since the accumulation of ozone may
produce other free radicals that can react with
nitrogen dioxide. If so, we can understand why
most of the nitrogen dioxide in a polluted atmosphere is consumed before substantial accumulation of ozone is detected.
Results also indicate that nitro-compounds and
organic nitrates would be produced at comparable
rates in a polluted urban atmosphere. Because of
the higher toxicity of nitro-compounds, it would
be preferable to promote the formation of organic nitrates, as by ozone and molecular oxygen
reactions with organic free radicals (Allen,
1968a).
Hydroxyl radical reactions are important in air
pollution and upper atmosphere chemistry. These
radicals are produced mainly in polluted atmospheres from hydrogen abstraction by atomic
oxygen, and in the upper atmosphere by photodissociation of water vapor, reaction of hydrogen
atoms with oxygen atoms or ozone, and reaction
of electronically, excited atomic oxygen with
water vapor. Evidence for the existence of these
radicals in the upper atmosphere is obtained from
observations of the Meinel vibrational-rotational
emission spectrum of ground state OH in the
night sky (Meinel, 1950). Recent investigations
by kinetic spectroscopy suggest that hydroxyl
radicals are more reactive than previously
thought, but few quantitative studies of their
reactions have been made.
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Two techniques have been employed to study
these reactions: optical absorption spectroscopy
and electron spin resonance (e.s.r.) absorption
spectroscopy. Alan McKenzie and Allen are using
the latter more versatile technique, and have
designed and constructed a gas phase fast-flow
system for their studies. The first experiments
will be devoted to a study of the reaction with
methane; the system will also be used to look at
other reactions of importance to the upper atmosphere, including OH with OH, CO, H2 , and
C2 H4 , and to characterize reactive intermediates
in atmospheric processes.
Sulfur compounds are continually being injected into the atmosphere by such natural sources as
decaying organic material and active volcanoes,
and by human activity--fossil fuel combustion,
processing of lumber, and manufacture of chemicals. Initially the sulfur may be chemically combined in many forms, such as sulfides, mercaptans, and sulfoxides. Most of these compounds
are prone to thermal oxidation, producing sulfur
dioxide. Sulfur dioxide is slowly photolyzed by
solar radiation to sulfur trioxide, which is extremely hydrophilic and readily attracts moisture
to produce sulfuric acid aerosol. The aerosol may
be washed out of the atmosphere by precipitation
or may react to form sulfate. These processes
form part of the atmospheric sulfur cycle now
being investigated by the Atmospheric Chemistry
Program andthe Isotope Geochemistry Program.
Dhanwant Sethi, Cadle, and Allen are investigating the irradiated sulfur dioxide/oxygen system to determine reliable quantum yields of conversion, to establish the dependence of the rate of
sulfur trioxide formation on the initial conditions, and to justify a realistic mechanism for the
overall process. Two possible mechanisms have
been suggested involving activated molecules.
Sethi and Allen will attempt to decide between
these mechanisms by low temperature (~800K)
matrix isolation infrared spectrophotometry,
selective trapping and e.s.r. absorption spectroscopy, and the effect of selected additives on the
rate of sulfur trioxide production.

Upper Atmosphere Chemistry
Investigations of the alkali metal salts have
continued and are extending our knowledge of
reactions leading to formation and removal of
alkali metal atoms in the upper atmosphere. Field
measurements yield only quantitative data on
concentrations of electronically excited atoms
and metallic ions; there is little information on
processes controlling equilibria between ground
state and excited atoms, ions, and metal compounds. Consequently, only tentative conclusions
can be drawn concerning the actual concentrations of neutral ground state atoms.
Following the discovery (Allen and Leisman,
1968) that "active" nitrogen impinging upon
anhydrous sodium sulfate (Na 2 SO 4 ) produces

electronically excited Na and N2 ,, Ellen Leisman
and Allen studied other salts of sodium for
a similar effect. The intensity of Na D-line
emission was less than for anhydrous Na 2 SO 4
and decreased in the order NaBr, Na 2 SO 3 ,
Na 2 SO 4 - 10H 2 0, NaNO 3 , NaNO 2 , NaC1, Nal,
and NaHSO 4 . The last two salts did not show any
observable emission. These results support the
view that, although sodium chloride (or sea salt in
general) is probably too stable to be a direct
source of sodium atoms in the upper atmosphere,
conversion to sulfate or nitrate by reaction with
sulfur or nitrogen oxides in the atmosphere may
indirectly lead to reactions capable of producing
free metal atoms.
Judith Sutterlin and Allen made a quantitative
study of the nitrogen atom/sodium sulfate interaction. The maximum intensity of sodium emission was found to be proportional to the third
power of the nitrogen atom concentration. This
dependence precludes a simple bimolecular excitation process and supports a possible stepwise
excitation, as had been propossed earlier on the
basis of energy requirement considerations. The
relative importance of such reactions as a source
of production of metal atoms in the D and E
regions, especially at night, was also considered
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(Allen, 1968b). Metallic ions may be produced
from free atoms by charge transfer reactions, and
the ions may be concentrated by wind shear and
the geomagnetic field to produce layers of high
ion concentration such as sporadic E layers,
which affect radio propagation. Studies of metal
atom production are continuing, since they have
an important bearing on the use of metallic atoms
as tracers for air motions in the upper atmosphere.
The removal of sodium atoms in the D region is
also of fundamental importance to the understanding of sodium atom equilibria. The main
source of removal of sodium atoms is probably by
reaction with one or more ambient species such as
0, 02, and 03. Frank Grahek and Cadle have
designed and constructed an elaborate flow system completely enclosed in a furnace to study
these reactions. Sodium atom concentrations will
be measured by absorption of sodium vapor
resonance radiation.
Since free sodium atoms can be produced when
sodium salts are exposed to atomic species, similar reactions might occur with meteoritic material
in the 85-95 km region, where meteoritic dust
and ablation debris of incoming meteorites may
accumulate (Donahue, 1966; Gadsden, 1968).
Sutterlin found no evidence for excited metal
atom formation from two types of meteoritic
material, slices of the Cashion, Kingfisher County,
Oklahoma olivine-bronzite chondrite and the
Brenham, Kiowa County, Kansas pallasite or
stony iron meteorite. A noticeable decrease in
atom concentration was observed, however, as the
flowing afterglow traversed the region of the suspended meteorite sample. This catalytic effect on
the recombination of the atomic species was investigated by Gary Olsen and Allen for nitrogen
atoms; a dust layer of meteoritic origin in the
upper atmosphere could substantially affect concentrations of atomic species in its vicinity. A
volume recombination coefficient for nitrogen
atoms was also obtained: values for this coefficient suggested that about half the atoms that

collide with the surface recombine. This fraction
is extremely high when compared with metal and
metal oxide surfaces. A visual comparison for
oxygen atoms suggests a recombination coefficient as high as that for nitrogen atoms.
The lack of oxygen in the Venus atmosphere
indicates that although carbon dioxide is photodissociated by solar ultraviolet radiation, the
recombination of carbon monoxide and excited
oxygen atoms must be sufficiently rapid to maintain the equilibrium well to the carbon dioxide
side (Donahue, 1968). For this reason the recombination of 0(1 D) with CO and the effect of

moisture on the recombination are of great interest. Detailed interpretation of far ultraviolet
photolysis of carbon dioxide is still in doubt
because of the anomalously high ratios of carbon
dioxide to oxygen produced. To explain the
deficiency in oxygen, it has been suggested that
O(' D) may be removed by reaction with surface
adsorbed water (Sethi and Taylor, 1968). To test
this proposal, Sethi is photolyzing carbon dioxide
and attempting to adsorb irreversibly the 0(1 D)
atoms on a solid surface. Quantitative removal
will be checked using a microbalance capable of
detecting mass variations of the order 10 6 gm.
Sethi and Allen will attempt to use similar techniques to study 0(1 D) atoms produced by the
vacuum ultraviolet photolysis of oxygen, water,
and nitrous oxide.
In cooperation with the Isotope Geochemistry
Program, Allen is evaluating rate data pertinent to
the collection of atmospheric air samples by the
ENCAR rocket-borne cryogenic sampler. This
evaluation was proposed on the premise that during sampling at supersonic velocities the swept-up
air is exposed to a shock wave capable of heating
(1350 0 K) and pressurizing (25 times ambient) the
ambient sample for ~10 msec. The chemical
stability of various trace atmospheric constituents
on traversing this shock wave is being analyzed.
The reliability of the collected sample is being
estimated utilizing thermal rate data available in
the literature. A knowledge of the stability of the
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main constituents of interest, H 2 0, 03, CH 4 ,
CO 2 , and NO, is important to the overall estimation of the integrity of the analyzed sample. This
study should be completed early in 1969.
Studies have continued of the photochemical
formation of aerosols from gases, which clearly
occurs in polluted atmospheres and may occur
naturally on a slower time scale and at lower
concentrations (Went, 1960). Alexander Goetz,
jointly employed by NCAR and Meteorology
Research Incorporated of Altadena, California,
constructed an apparatus which permits introduction of nuclei and chemical reactants into air
samples, and used it for a series of precise measurements of the effect of ultraviolet light on a
nitrogen dioxide/air mixture. Control was established over the humidity of the air in the system,
which appears to be a very important parameter
in aerosol formation.
ANALYTICAL METHODS FOR
FIELD SAMPLES
Standardization of method is a major problem
in developing or adapting analytical techniques
for trace gases. Until a few years ago it was impossible to produce accurate and precise gas mixtures in air at concentrations below 1 ppm. Then,
Stratmann and Buck (1966) in Germany reported
a mechanical device for precise dilution, and
O'Keeffe and Ortman (1966) of the U.S. Public
Health Service developed the simple and elegant
Teflon permeation tube. However, neither group
gave particular attention to precise control, conditioning, and purification of air used as a diluent
in the techniques. John Pate, Herman Axelrod,
and Richard Barchet collaborated in designing
and constructing a system to deliver several flows
of precisely metered, highly purified air of known
relative humidity. Their system makes it possible
to determine the efficiency of a sampling device
toward gases at concentrations below 1 ppb, and
to calibrate analytical systems to better than 5%
precision and accuracy, in a matter of hours. The

total range of the system is from several hundred
ppm to near 0.1 ppb, at flow rates up to
25 Q/min.
The apparatus has been used in final testing of
two new sampling devices: a modified bubbler for
general field use, and a high-volume gas-liquid
contactor specifically for measuring sulfur dioxide in unpolluted environments. The bubbler was
developed by Arthur Wartburg, Pate, and James
Lodge (1968). The gas-liquid contactor was designed by William Fischer and Lodge, and is being
tested by Axelrod. It seems to be more than 90%
efficient at sulfur dioxide concentrations above
10 ppb; below 1 ppb the efficiency is apparently
strongly influenced by the precise geometry of
the collector.
The gas dilution system has also played an
important role in development of a new technique for chemical determination of hydrogen
sulfide. Sulfide ion has been shown by Griinert et
al. (1968) to quench the fluorescence of fluorescein mercuric acetate, each sulfide reacting with
two molecules of the dye to convert it into a
non-fluorescent form. Axelrod adapted this
chemistry into an integrated analytical scheme,
finding sampling conditions which minimized
oxidative loss of hydrogen sulfide, and means of
preventing most of the obvious interferences. The
resulting technique requires the collection of only
a few nanograms of hydrogen sulfide; in field
experiments it has revealed hydrogen sulfide
concentrations as low as 0.02 ppb (Axelrod et al.,
1968). Axelrod also showed that the specific sulfide ion electrode, in its present form, was inapplicable to the problem of hydrogen sulfide
determination.
Alexander Goetz has developed a new technique for sensing the presence of reactive organic
compounds. Air is passed through a series of
tubes in which it is irradiated with ultraviolet
light. Some sort of polymerization (the chemistry
of which is not yet understood) transforms gaseous trace organics into particles which are easily

122

detected, for example by collection with an impactor. The method has enormous potential
sensitivity; however, much more work remains
before the range of compounds detected and the
role of other, inorganic gas traces can be elucidated (Goetz and Klejnot, 1968).
Wartburg successfully adapted the dependable
ozone sensor designed by W. D. Komhyr of ESSA
(1964) for use in NCAR aircraft. He has also nearly completed a modification of the Goldsmith
coulometric hygrometer (Goldsmith and Cox,
1967) for use at high altitudes. This instrument
should permit greater use of humidity as a tracer
for determining mixing across the tropopause.
Evelyn Frank, continuing her electron microscope studies of particles, has developed a promising new technique during the year. Some samples
of volcanic fume had been collected on fibrous
polystyrene filters, which provide a very poor
substrate for microscopy. Frank dissolved the
polystyrene and cast it into thin layers for direct
examination. The results were less satisfactory
than with better substrates, but far better than
any previous work with fiber filters. Since situations do arise in which the only samples available
are on such materials, this technique is clearly
useful.
Allan Lazrus completed work on automated
methods for determining sulfate and inorganic
fixed nitrogen in water (Lazrus et al., 1968a).
These methods were developed for studying rainwater samples and have subsequently been utilized in several other studies.

of this study is nearly completed; data analysis is
under way. Several thousand chemical analyses,
and vast quantities of meteorological, biological,
and soil data provided by the Army will enter the
final interpretation.
Since an NCAR group was operating in
Barbados during the summer of 1968, chemical
samples were taken there also. They provide an
insight into the chemistry of air entering the
Caribbean region, for comparison with air leaving
it via the Isthmus of Panama. Slight but noticeable differences were recorded. The two nitrogen
oxides, NO and NO 2 , vary together in Barbados,
while at Rio Piedras, Panama, on the Caribbean
shore, nitrogen dioxide lags behind nitric oxide
and nitric oxide declines to zero, which is typical
of a photochemical oxidation process involving
organic vapors. This difference clearly suggests
that unsaturated organics which are quite absent
in Barbados are added by passage over the
Caribbean.
This study will be described in a formal final
report to the contracting agency, and in a series
of scientific papers. A test to demonstrate that
hypotheses resulting from the Panama studies can
be applied elsewhere in the moist tropics is also
planned for late 1969, possibly by means of a
brief study in the upper Amazon Basin.
The study of cloud water collected in Puerto
Rico, mentioned in the 1967 Annual Report, has
now been summarized. Lazrus plans to investigate
reactivation of the site for additional
measurements.
PARTICLES IN NOCTILUCENT CLOUDS

FIELD STUDIES IN THE TROPICS
As part of NCAR's investigation of sources and
sinks of natural atmospheric trace constituents,
field studies have been made for several years in
collaboration with the U.S. Army in the Panama
jungles and nearby areas (Lodge and Pate, 1966;
see also the 1967 Annual Report). The field phase

At least three hypotheses have been proposed
concerning the nature of particles in noctilucent
clouds, which occur at the mesopause at about 80
km. One is that they are ice clouds formed by
self-nucleation. This is supported by the fact that
the mesopause is a region of minimum temperature, especially in summer, the only time when
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the clouds are observed. The second hypothesis
suggests that the clouds consist of non-volatile
solid particles; it is based on apparent correlations
between meteor showers and the occurrence of
the clouds. The third hypothesis is that the clouds
consist of particles of ice which have condensed
on non-volatile solid particles.
Several attempts have been made in the past to
collect particles from such clouds using rocketborne collection devices. Conflicting results have
been obtained. Frank, in collaboration with
Julian Shedlovsky and Benson Fogle, placed a
number of particle-collecting surfaces on a NASA
Project Luster rocket fired from Fort Churchill
into a display of noctilucent clouds. Excellent
electron micrographs have been obtained of the
collected particles, and further analysis is in
progress. Only solid particles were collected and
many of these had the appearance of single
crystals or clusters of a few crystals.
PARTICLES IN VOLCANIC FUME
Gases and particles in the fume emitted by
volcanoes contribute to trace-constituent loading
of the atmosphere. Many studies have been made
of the nature of the gases emitted by various
types of volcanoes, but there have been very few
studies of the particles. A brief investigation of
the nature of the particles in the fume from an
eruption of Kilauea in Hawaii was described in
the Annual Report for 1967 (see also Cadle and
Frank, 1968).
During 1968, particles were collected by Cadle,
or under his direction, from the eruption fume of
Kilauea, Mayon (the Philippines), and Arenal
(Costa Rica) volcanoes, and their physical and
chemical natures determined using colorimetric
chemical techniques, neutron activation, atomic
absorption, X-ray diffraction, an electron microprobe, and electron microscopy. Air Force Air
Weather Service aircraft participated in the
Mayon and Arenal sampling. As in previous

studies, more than 95% of the Kilauea particles
were largely needle-like crystals, previously tentatively identified as sulfur, and calcium and ammonium sulfates. Wet chemical analyses demonstrated the presence of soluble calcium, ammonium, and magnesium sulfates. Every type of
particle observed at Kilauea was also observed at
Mayon, but most of the droplets from Mayon
were much less acidic. Some Mayon particles were
"ash" or minute spheres not observed at Kilauea.
Particles in the fume from Arenal were more like
those from Mayon than from Kilauea. The presence of relatively large amounts of alkali and alkaline earth metal ions in water-soluble form is consistent with the hypothesis that various relatively
low molecular weight metallic compounds are distilled from the magma and later condense to form
part of the fume.
GLOBAL DISTRIBUTION
OF TROPOSPHERIC AEROSOLS
Several studies in the Chemistry and Microphysics Department concern the nature and concentrations of tropospheric aerosol particles on a
global basis.
Profile Studies
Systematic aircraft profile measurements by
Irving Blifford, showing concentration and composition of aerosols vs height at Scottsbluff,
Nebraska, have been terminated except for some
confirmatory observations which are continuing
through the spring of 1969. Projects for obtaining
aerosol profiles over the Pacific west of Santa
Barbara and over Death Valley have also been
terminated. Data have been partially analyzed
(Blifford and Ringer, 1968), with the help of
isobaric air mass trajectories prepared by Chester
Newton. Edwin Danielsen will compute isentropic
trajectories, which should give an idea of the
vertical transport involved. Efforts to determine
the bulk elemental composition of aerosols as a
function of size is continuing, but problems have
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been encountered in calibrating the X-ray spectrometer for this work. Results emerging from the
profile studies at Scottsbluff, Death Valley, and
the eastern Pacific show that at all three locations
the atmospheric concentration of silicates is similar from 2-9 km above the surface. Even in the
lowest 2 km over the Pacific, silicon concentrations are only slightly lower than at the continental sampling sites, and this continental aerosol
appears to account for more than half of the total
aerosol mass.
Shedlovsky and Lazrus measured the vertical
mixing ratio from 3-20 km for the chemical
species Si, Na', Cl-, NH 4 ', and SO4". The divergent curves for Si and SO04 , with Si decreasing
and SO04 increasing in the upper troposphere and
lower stratosphere, tend to rule out local convective mixing into the stratosphere as the source for
sulfate in the stratosphere. The results appear to
support Junge's explanation for the origin of the
sulfate layer. It is planned to obtain some equatorial profiles to see if the stratospheric sulfate
layer can be accounted for by equatorial injection
followed by poleward migration.
Measurements over the Atlantic
This summer Blifford profited from the presence of the NCAR Queen Air in Barbados to
make aerosol measurements over the central
Atlantic. Observations over the oceans have been
virtually nonexistent; the Barbados results and
similar measurements made in the Line Islands in
1967 have added appreciably to knowledge of
maritime aerosols (Blifford and Ringer, 1968). On
one occasion the ocean aerosol in the boundary
layer was followed over the Orinoco Delta region;
size and number of aerosol particles and their
chemical modification with distance from the
coast were recorded.
Theoretical Model of Tropospheric Aerosols
One of the important uses for these experimental results will be in connection with calcula-

tions for a theoretical model of tropospheric aerosols. Blifford is collaborating with C. Junge of the
Max Planck Institute, Munich, on the development of such a model. Programming is now nearing completion. The model treats the steady-state
global case; parametric adjustments for application to specific cases such as the wave cloud and
Orinoco Delta situations may be made later. It is
expected that certain features of the model will
apply to work on clouds and precipitation by
M. H. Davis.

LIDAR MEASUREMENTS
Lidar (laser radar) has a number of possible
applications to atmospheric research. Since many
of these relate to atmospheric chemistry the subject is included here.
This year Burton Schuster and John Masterson
organized the first Conference on Lidar Probing
of the Atmosphere, which was held at NCAR on
16 and 17 April (Goyer, 1968). An indication of
the fruitfulness of the conference is the scheduling of a second one for April 1969, to be
hosted by Brookhaven National Laboratory.
Initial delivery of the data acquisition system
announced in the 1967 Annual Report was not
accepted because of severe malfunctioning. The
system was finally delivered and accepted in
April. The original concept of sampling in a voltage mode was discarded in favor of current integration over the sampling apertures. This kind of
sampling is more representative because of the
averaging effect over the channel, and also adds
more sensitivity to the wider channels because of
the increased integration time. Schuster and Larry
Stolarczyk of ARF Products, Inc., are preparing a
joint report describing the data acquisition system
and its operation with the lidar equipment.
A new gain switching pre-amplifier, designed
by Schuster and Charles Frush and built by
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Frush, increases the dynamic range of the acquisition system by three orders of magnitude and
consequently increases the range of signal recovery. It is triggered by the outgoing laser pulse so
that it is timed in the "real time" of the outgoing
pulse. The four analog gain stages are programmed to switch for optimum recovery of the
signal. A fifth stage is used only for pulse
amplification.
Formulations for processing lidar data by computer have been completed. Molecular contribution to the scattering is calculated for a standard
atmosphere with corrections for transmission and
range dependence. Experimental data are then
reduced to a plot of the ratio of total backscattering to molecular scattering as a function of
altitude.
In July, during the hail suppression field experiment, the lidar was moved to the Raymer
field site. Improvements were made on the interface between the lidar and the acquisition system,
and the reliability of the acquisition system was
improved after it had been damaged by a severe
electrical storm. The field operation provided an
opportunity to examine one of the questions of
major interest at the lidar conference: the possibility of spurious signals emanating from the
photomultiplier after it has been stimulated by an
excessively large optical flux during a very short
time interval. The results for the NCAR system
were encouraging. Simultaneous information on
background noise levels was also obtained, indicating a favorable signal-to-noise ratio for photoelectron event counting from very high altitude
levels.
On the particularly clear night of 21 August,
45 lidar soundings were made in Raymer using
the gain switching pre-amplifier in conjunction
with the oscilloscope method of data acquisition.
The high altitude soundings (15-38 km) have now
been processed and indicate significant variations
from purely molecular scattering above the 30 km
level. Pronounced anomalies were detected at

30.8, 33.2, 35.2, and 38.5 km, supporting the
model constructed by Carl Mateer to explain the
blue bands seen by astronauts (see below). These
data were taken with a laser output of about 0.7
joules, a factor of three less than that considered
to be a safe maximum, implying that a maximum
output would produce a useful analog signal up to
50 km.
An experiment has been in progress with
Robert Knollenberg of the Facilities Laboratory
to use the cavity of a gas laser for measuring and
counting particles in the size range 5-100 a. The
laser cavity behaves as a nonlinear amplifier with
respect to optical perturbation in the cavity. By
virtue of the parallelism of the beam in the cavity,
the total optical cross section of a small particle
introduced into the cavity will be measured by a
decrease in laser output power. The range of
droplet sizes measured may be changed by proper
selection of cavity resonators. The droplet spectrum produced by a small diffusion chamber
(droplet size < 10 p) has been detected. Further
work will be directed to calibration and improvement of precision.
Investigations of laser-induced Raman scattering of the constituents of the atmosphere, already
demonstrated by John Cooney (1968) for nitrogen, are continuing. The laser system is being
modified to monitor the Raman scatter from the
v1 line of water vapor at 3975A. Signal-to-noise
ratio calculations show that the determination of
water vapor profiles up to 2-4 km will be possible,
depending primarily upon humidity. Hardware
changes include providing the laser system with a
frequency-doubling capability. In addition, a
calibrating facility necessary for the laser optical
and electro-optical components has been set up.
Cooney is also investigating the possibility of
monitoring mature storms for certain types of
scattering off thermal fluctuations in the scattering medium. Here advantage is taken of the
potentially correlated mechanical oscillations of
the larger water droplets in a storm. If observable,
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the resulting frequency-shifted radiation will
provide a measurement of the temperature of the
illuminated volume. Further theoretical study is
hindered by uncertainty regarding the magnitude
of acoustic overpressures present in a storm, as
well as by the role played by eddy shedding in
setting the droplets into uncorrelated oscillations.
Hence, a laboratory experiment and field test, in
cooperation with Roger Lhermitte of ESSA, are
now under consideration.
AEROSOL DYNAMICS
Research on aerosol dynamics, under the
direction of George Hidy, emphasized rate processes in aerosol clouds. A review of a "kinetic
theory" of aerosols, which covers an idealized
theory for hard sphere particles, has been completed and is in press (Hidy, 1968). Another book
(Hidy and Brock, 1968) covers the classical
theory of aerosol mechanics, but emphasizes
applications of methods of rarified gas dynamics
to aerosol processes.
Experiments on aerosol coagulation are continuing. Paul Brown and Dieter Hochrainer have
worked out problems in sampling and experimental method. They anticipate that the final set
of experiments will be run in the rotating drum
and the aerosol column within a year.
Hochrainer and Brown have designed and built
a new aerosol centrifuge with capabilities of very
high resolution of agglomerates. The centrifuge
has been tested on about 20 classes of particles
formed by multiples of single polystyrene
spheres. With further development, the centrifuge
may be useful for sampling natural aerosols
or rain clouds for particles in the size range
0.10-10 p diam. The device also may serve as a direct readout spectrometer. If particles can be
charged so that in each size group they have a
unique charge per particle, electronic circuits can
be devised to read the charge transfer from portions of the centrifuge wall corresponding to a
given particle size range.

The work of Hochrainer and Giinter Zebel on
the deposition of charged aerosols on a cylindrical
fiber has been completed. Hochrainer's experimental results compare satisfactorily with Zebel's
(1965, 1968) theory for the range of applicability, where the ratio of particle radius to cylinder
radius is very small. The principal difference
between experiment and theory appears to come
about when particles react under attractive forces
near the cylinder. If the particles get within sufficiently small distances of the cylinder, the theory
fails to predict the observed continued deceleration of particles. Hochrainer's results were presented in a movie comparing particle trajectories
calculated by computer (presented pictorially by
the dd80) and experimental observations.
In connection with the problem of diffusiophoresis, Hidy and James Brock of the University of Texas at Austin, applied recent theories
for this phenomenon to the process of aerosol
deposition in the respiratory system. Calculations
for typical pulmonary conditions indicated that
diffusiophoresis may be a significant contributor
to inhibition of aerosol deposition for particles
less than 0.5 p in radius in the upper respiratory
system, where water is transported into inhaled
air. However, except during very heavy exercise
this mechanism is likely to be unimportant in
controlling deposition on lower lung surfaces
where diffusion of carbon dioxide and oxygen
takes place simultaneously and in opposite
directions.

OPTICAL PROBING
Optical probing is widely recognized as an
important means for obtaining information about
planetary atmospheric composition and structure.
In LAS, studies have been directed toward new
methods of obtaining information about vertical
distribution of ozone and dust in the terrestrial
atmosphere from measurements of solar radiation
diffusely transmitted through or reflected by the
atmosphere. Most of this work has been directly
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connected to three experiments in the Atmospheric Optics and Radiation Program, under Carl
Mateer: a Nimbus D experiment to measure horizontal and vertical distribution of atmospheric
ozone; design and construction of a highsensitivity ultraviolet double monochromator for
ozone measurements from the earth's surface; and
a twilight experiment for obtaining information
about vertical distribution of dust.
Nimbus D Experiment
A joint undertaking by Paul Furukawa and
Donald Heath of NASA's Goddard Space Flight
Center involves measurements of the specific
intensity of ultraviolet radiation backscattered by
the earth's atmosphere in the nadir direction in
twelve wavelength bands between 2555 and
3398A. A complete scan of these twelve bands
requires 32 sec with the ultraviolet double monochromator, which has a 10A passband and a 12°
field of view. A filter photometer with the same
field of view will continuously monitor the
energy backscattered at 3800A to provide a measure of overall reflectivity of the troposphere and
the earth's surface. The extraterrestrial solar flux
will be checked once each orbit as the satellite
enters the dark zone.
The satellite double monochromator, which is
being constructed under Heath's supervision by
Beckman Instruments of Fullerton, California,
consists of two Ebert-Fastie monochromators
with the gratings mounted on a common shaft. A
roof prism between the two monochromators
inverts the image so that the system produces
double dispersion. The design has the advantage
that image aberrations introduced in the first
monochromator partially cancel out in the
second. Gratings with 2400 lines/mm have been
selected to give relatively high energy throughout
for the 10A passband, while maintaining scattered
light at a low level. A solar-blind coating of magnesium fluoride and aluminum on the first collimating mirror further reduces stray light within

the system. This coating, which has a reflectivity
of 90% at 2550A compared to 25% at 3400A,
also reduces the dynamic range necessary in the
signal-processing system. The instrument includes
a tritium-activated phosphor source, which provides a measurable output in the 2700-3400A
range, for periodic in-flight photometric calibration; a mercury lamp provides a source for routine wavelength calibrations. A double Lyot-type
calcite depolarizer renders instrumental output
very nearly independent of the polarization
properties of radiation backscattered from the
atmosphere.
Data evaluation, primarily NCAR's responsibility in the joint experiment, may be divided conveniently into three relatively independent problems: estimation of the total amount of ozone;
estimation of vertical distribution of ozone at
high levels (above 10 mb); and estimation of vertical distribution of ozone at low levels (surface to
10 mb). Total ozone can be estimated from the
ratio of measured intensities of two wavelengths
in the 3125-3300A range (Dave and Mateer,
1967). The effects on this ratio of reflection by
clouds, by dust in the troposphere, and by the
earth's surface are quite significant, and the most
difficult portion of the evaluation will be the
derivation of corrections for these effects. In May
and June 1967, Heath made a number of spectral
(29 1 8-48 1 8A) reflectivity measurements on
flights on NASA's Convair 990 aircraft. Furukawa
analyzed selected data from these flights using the
method of successive iterations of the auxiliary
equation (Dave, 1964) to compute the source
matrix. The effective ground or cloud top albedo
necessary to produce the observed albedo at flight
level was computed. The atmospheric model assumes a plane-parallel atmosphere, bounded at
the bottom by a Lambert reflector, and includes
ozone absorption using a reasonable (but not
simultaneously measured) vertical ozone distribution. The fluxes computed applied to a full hemisphere, whereas the instruments viewed only to
within 150 of the horizon. Preliminary analyses
for flights over northwestern Kansas and San
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Joaquin Valley (California) farmland gave negative effective ground reflectivities at altitudes
above 15,000 ft at the shortest wavelengths. The
discrepancy extended to longer wavelengths as
the flight altitude increased: at 26,000 ft over the
San Joaquin Valley it extended to wavelengths as
long as 3820A. Furukawa is investigating possible
reasons for this discrepancy: the effect of the
limited field of view, temperature dependence of
ozone absorption coefficients, incorrect assumptions regarding tropospheric ozone concentrations, absorption by other tropospheric trace
gases such as nitrogen dioxide and sulfur dioxide,
absorption and scattering by low level haze or
dust, non-Lambert surface reflection properties,
and the possibility that the discrepancies are due
to instrumental deficiencies such as scattered light
within the instrument.
From analysis of these measurements and
further study of the instrumental properties, with
possible additional flights using Heath's equipment on NCAR aircraft, theoretical-empirical
corrections will be developed for the satellite data
measurements. Furukawa is concurrently searching the literature for other spectral reflectivity
measurements at wavelengths shorter than
4000A.
John DeLuisi and Carl Mateer have studied the
estimation of vertical ozone distribution at levels
above 10 mb from satellite observations. In their
study, multiple scattering and tropospheric reflections are not involved, since backscattered
photons at the wavelengths concerned (shorter
do not penetrate significantly
than -2975A)
below -25 km. Studies with several high-level

ozone distribution models suggest that an approximately exponential ozone distribution would be
well reproduced in the inversion results and that
substantial anomalies (5 km or more) below
~50 km would be detected.
Mateer has also studied inversion of intensity
measurements at wavelengths longer than 3000A
to estimate low level ozone distribution between

the earth's surface and 10 mb. In this case, the
pseudo-regression inversion technique of Rodgers
(1966) and Strand and Westwater (1968) may be
used to take advantage of the a priori statistical
knowledge of ozone distribution obtained by
direct balloon soundings. Previously derived
upper level ozone distribution and total ozone
amount may be applied as constraints on the
solution.
Results of a simulated inversion experiment are
moderately promising. The inversion solutions are
very good above the main ozone maximum, and
the broad structural features below the main
maximum are well reproduced part of the time.
However, solutions are uncertain below the main
maximum. Although the simulated experiment
did not include multiple scattering, this may be
included, following the method of Herman and
Yarger (1969), when the sun is sufficiently high
in the sky to assume a plane-parallel atmosphere.
Douglas Yarger, a summer visitor to NCAR from
Iowa State University, is investigating this. The
method of Diitsch and Mateer (1964) for correcting for multiple scattering may be applied when
the sun is low and atmospheric sphericity has to
be considered. Corrections for the effects of
clouds, haze, and ground reflectivity, which have
been discussed above, will also be required in the
solution of this inversion problem.
Ultraviolet Double Monochromator
Design and construction of a sensitive ultraviolet double monochromator has continued
under Claire Shelden. All components for the
monochromator have been completed. Light leaks
within the instrument have been identified and
necessary light baffles have been constructed and
installed. Electrical fittings, photomultiplier
coolant fittings, and connections for the nitrogen
overpressure system have been installed. Wiring
within the instrument has been completed. This
includes photomultiplier pre-amplifier circuitry
and differential temperature sensors. Alignment
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procedures for slit assemblies and optical components have been developed. The planned calibration procedure will involve a mercury lamp
source and a sequence of three monochromators
to produce calibration light of very high spectral
purity. This light, which will be monitored by a
precision thermopile, will illuminate a 10 in. diam
integrating sphere. A modified Cary-14 spectrophotometer will be used to determine the absolute ultraviolet reflectivity of the magnesium
oxide sphere coating. The method described by
Goebel et al. (1966) will be used in this
determination.
The purpose of the sensitive double monochromator is to obtain measurements of ultraviolet solar radiation diffusely transmitted to the
earth's surface from the zenith direction in the
wavelength range from -2900-3400A. These
measurements will be inverted to obtain an estimate of vertical ozone distribution. The advantage of this procedure over the classical umkehr
technique is that the latter requires scattered light
measurements over a period of 2-3 hr, during
which time the vertical ozone distribution may
change significantly. The new instrument will
provide a complete set of measurements within a
few minutes. In preparation for analysis of the
monochromator data, DeLuisi is working on
application of the pseudo-regression or statistical
inversion technique to the classical umkehr data;
he has also examined the effect of dust scattering
on umkehr measurements (DeLuisi, 1969). Computer programs will be adapted later for use in the
evaluation of monochromator data. DeLuisi is
also considering other possible uses of the double
monochromator.
Twilight Studies
Several Mercury and Gemini astronauts have
observed the twilight as a brilliant, banded, multicolored arc with colors above the dark earth's
limb changing successively from orange to light
yellow, to white, to deep blue, to a very light

blue, to deep blue, then to a relatively faint broad
white band. Study of these twilight bands has
been concerned mainly with the light blue band
imbedded between the deep blue bands. Mateer
and Jitendra Dave (now with IBM), in cooperation with Lawrence Dunkelman and Dennis Evans
of the Goddard Space Flight Center, suggested
that the light blue band was produced by light
scattering from a layer of dust particles in the
upper stratosphere. Evaluating color film taken
by astronauts McDivitt and White from Gemini
IV, Mateer has attempted to match the horizon
curvature on the film with focal lengths of the
various lenses on board the spacecraft. The best
fit was obtained with a 25 mm lens; this placed
the dust layer at -38 km. An apparently similar
light blue band on a somewhat overexposed
Gemini VIII photograph suggested a dust layer
near 32 km. Several anomalous scattering returns
from similar levels have been detected by
Schuster in lidar profiles taken in Colorado (see
above).
Microdensitometry of the Gemini IV film with
red and blue filters in addition to white light indicates that what appears to be a light or whitish
blue band on the film is produced by a very slight
increase in brightness, coupled with a very sharp
decrease in the brightness above. Because there is
no physical evidence of significant change in
dominant color through the band, it is inferred
that the layer consists of fairly small particles,
possibly with radii of 0.1 or less. Such particles
scatter more energy at shorter wavelengths than
do larger particles (say, 0.3 pJradius), which tend
to scatter almost independently of wavelength
through the visible spectrum. The possibility of
performing a semi-quantitative inversion of the
microdensitometer results is being investigated.
Rocket and balloon flights are under consideration as means for further investigation of the
twilight banding.
As a by-product of earlier studies, Dave and
Mateer (1968) investigated the effect of dust
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scattering on the color of the twilight sky seen
from the ground. Their simple primary scattering
model indicates that, contrary to the ideas of
Rozenberg (1963), the purple light phenomenon
cannot be explained by single scattering in a purely molecular atmosphere; the presence of stratospheric dust is essential. The model also indicates
that dust contributes to an increase in blueness of
the zenith sky at all twilight solar zenith angles.
Summer visitors Benjamin Herman and Samuel
Browning of the University of Arizona carried out
preliminary investigations of the effect of dust
scattering on the intensity of ultraviolet solar
energy diffusely reflected by the atmosphere,
with special reference to the Nimbus D experiment. Dust scattering calculations were carried
out for 4290-5000A with dust optical depths of
0.08 and 0.23, using a version of the technique

described by Herman and Browning (1965),
which considers all orders of scattering as well as
the polarization properties of the scattered light.
Herman also began work on extension of the van
de Hulst (1963) doubling method, as used by
Irvine (1968), to include effects of polarization.
Yarger, in addition to his work on the
wavelength scanning method of estimating vertical ozone distribution from satellite measurements (see above), carried out some work on a
purely statistical method for predicting ozone
distribution from such measurements. Larry
McMillin, a graduate student from Iowa State
University, examined the effects of extinction by
quartz aerosols in the atmospheric window
region. His results indicated Mie extinction cross
sections large enough to provide small but significant attenuation.
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Jule G. Charney (Massachusetts Institute of
Technology; 1-31 July)
Dieter Ehhalt (University of Heidelberg;
9 September to 15 November)
George E. Ewing (Indiana University; 17 June
to 16 August)
Peter Fabian (University of California at Los
Angeles; 31 March to 1 July)
Alistair B. Fraser (National Environmental
Satellite Center, ESSA; 24 June to 31 July)

LONG TERM VISITING SCIENTISTS
Tomio Asai (Meteorological Research Institute,
Kyoto University, Japan; 5 December 1968
to 5 December 1969)
Dietrich Hochrainer (University of Vienna;
20 March 1967 to 20 March 1968; extended
to 20 March 1969)
Alan McKenzie (University of Cambridge, England;
26 February 1968 to 26 February 1970)

Benjamin M. Herman (University of Arizona;
1-31 July)
Eric B. Kraus (University of Miami; 25 July to
25 August)
Roland List (University of Toronto; 8-24 July)
James A. Weinman (University of Wisconsin;
1-31 July)
Douglas N. Yarger (Iowa State University;
1 June to 1 September)

Traugott G. Scholz (University of Heidelberg;
1 August 1967 to 1 August 1969)

VISITING STUDENTS

Dhanwant S. Sethi (New York University;
26 February 1968 to 26 February 1970)

Jeffrey C. Bauer (The Sorbonne, Paris;
17 June to 1 September)
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Ellen J. Leisman (Beloit College, Wisconsin;
5 September 1967 to 5 April 1968)
Judith Sutterlin (Kalamazoo College, Michigan;
1 April to 13 June)
Melvyn Shapiro (Florida State University;
1 June 1968 to 15 January 1969)
Joachim Weickmann (Saint Michael's College,
Winooski, Vermont; 10 June to 1 September)
David L. Williamson (Massachusetts Institute
of Technology; 10 June to 13 September)
RESEARCH ASSISTANTS
AND TECHNICIANS
Charles E. Abbott
Lawrence R. Baker
Richard H. Barthuly (from 4 March)
William D. Booton
Gayle Brigham
Ralph L. Coleman
Peter Crooimans
Karl Danninger
James C. Dodge (to 23 August)
Gerald J. Dolan
Evelyn R. Frank
Charles L. Frush
Adrian D. Gibson (to 17 January)
Frank E. Grahek
Ada Greenwood
Walter Grotewald

Leroy E. W. Heidt
Placido Jordan
Nancy Knight
Ronald J. Kovac
Juey-Rong Lai
San-San Lin (to 31 December)
Richard A. Lueb
Cynthia S. McClendon
Lawrence J. McElhaney
Ilga R. Paluch
Walter H. Pollock
Lynn D. Ringer
Dennis L. Tussey
James R. Weber
OFFICE STAFF
Marilyn T. Bauer (from 9 September)
Betty L. Bennett (to 15 November)
Sylvia A. Dickerson (trans. to HAO 24 June)
Lois H. Gries (trans. to ADM 13 May)
Kathleen L. Hatt
Barbara L. Kendall
Gayle F. Lowndes (to 23 August)
Therese Malouf
Marjorie L. Potter
Ruth E. Reid (from 2 July)
Maxine F. Ross (to 15 June)
Aileen J. Smith
Jane C. Stroh (23 January to 9 August)
Joyce L. Teter (from 4 November)
Lois A. van Dusen (to 2 February)
Eileen R. Workman (trans. from HAO 9 May)
Anna L. Zimbelman (from 8 July)

Photo: Fleischmann Building Construction
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INTRODUCTION
As in previous years, the Advanced Study Program supported postdoctoral fellows on one year
research appointments, and senior scientists who
came to NCAR, also mostly for a year, to pursue
their own research interests free from the distractions of teaching and administrative responsibilities which are part of their normal duties at
their home institutions. These visitors also participated in a number of seminars and a summer
colloquium.

Ground was broken on the mesa site in September for a new building, the Fleischmann
Building, which will house eight offices and a
seminar room, to be used primarily for ASP activities. The building is named to honor the principal
contributor, the Max C. Fleischmann Foundation
of Nevada.

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 in these seminars. ASP staff
members gave three series of lectures during
1968: Edward Benton finished a lecture course in

fluid dynamics in the Astro-Geophysics Department at the University of Colorado; Bernhard
Haurwitz gave a short course on atmospheric
tides, also at the University of Colorado; from
February through April 1968, Haurwitz lectured
on atmospheric wave motions at the University of
Texas in Austin as part of his duties as affiliate
professor.

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 1968 were:
David B. Johnson, University of Chicago
James D. McTaggart-Cowan, State University
of New York at Albany
Thomas W. Schlatter, Saint Louis University
William F. Weigle, University of Michigan
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SUMMER COLLOQUIUM
ON GRAVITY AND ACOUSTIC WAVES
The topic of the 1968 summer colloquium was
"Internal Gravity and Acoustic Waves in the
Atmosphere." As in previous years, the colloquium was held jointly with the Department of
Astro-Geophysics of the University of Colorado.
Colin Hines of the University of Toronto gave a
series of morning lectures which constituted a
regular summer course in the Astro-Geophysics
Department, and afternoon seminars were conducted by various lecturers.

Robert F. MacKinnon, Imperial College, London
Alden McLellan, Desert Research Institute
C. Abhirama Reddy, NCAR
Richard S. Scorer, Imperial College, London
Willem Toutenhoofd, University of Melbourne
F. W. G. Warren, Imperial College, London
Charles R. Wilson, University of Alaska
Michael Yanowitch, Adelphi University,
New York
Students

PARTICIPANTS
Lecturers
F. H. Berkshire, Imperial College, London
William Blumen, University of Colorado
Francis P. Bretherton, University of
Cambridge
George Chimonas, University of Toronto
Bernhard Haurwitz, NCAR
Colin 0. Hines, University of Toronto
David Houghton, NCAR
Walter L. Jones, NCAR
Akira Kasahara, NCAR
Joachim Kuettner, ESSA
Douglas K. Lilly, NCAR
Richard S. Lindzen, University of Chicago

Donna Blake, University of Colorado
Joseph Buschi, Manhattan College
Terence J. Elkins, Boston University
John Festa, City College of New York
Malcolm A. Grant, MIT
James E. Lovill, Colorado State University
Larry Mahrt, University of Wisconsin
Roy A. McCrory, New Mexico Institute
of Mining and Technology
Donald L. Paul, MIT
Robert E. Robins, University of Washington
John B. Thuren, Colorado School of Mines
Robert A. Vincent, University of Saskatchewan
James A. Waletzko, MIT
Kin Wah Wong, University of Wyoming
Roger Zimmerman, University of Wisconsin
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RESEARCH
Members of the ASP pursue research of their
own choice either alone, with other NCAR scientists, or with other members of the Boulder scientific community. The following list will give an
idea of the large variety of research interests
covered. Appointments to ASP are as a rule made
for the fiscal year rather than for the calendar
year; the Annual Report for 1967 gives additional
information concerning those staff members
whose appointments expired during 1968.
Edward Benton has been working on the socalled "spin-up problem" for an electrically conducting fluid. His interest here lies in understanding how rotating fluids adjust to a change in rotation when magnetic fields are present. The particular problems under study are expected to
contribute to the solar spin-down problem and
perhaps to hydromagnetic dynamo theory. First,
in collaboration with P. A. Gilman (Univeristy of
Colorado), Benton extended the steady Ekman
boundary layer problem to include an axial magnetic field. Then, with David Loper, a postdoctoral ASP appointee, he solved the unsteady problem. Finally, he initiated research on a hydromagnetic spin-up problem, using results from the
previous investigations. Spin-up time is found to
be reduced by hydromagnetic interaction.
Rumen Bojkov, from the University of Sofia,
Bulgaria, who held a joint appointment with the
Astro-Geophysics Department of the University
of Colorado, completed work on a numerical
method for computing vertical ozone distribution
profiles, using their relationship with total ozone
amount. He also studied heating of the stratosphere due to ultraviolet and 9.6 pI absorption of
ozone. He finished a comparison of the quality of
ozone data obtained by the two most widely used
instruments, the Dobson spectrophotometer and
the filter ozonometer. This work points to important conclusions on the representativeness of

the present world ozone network. Bojkov also
continued research on the problem of stratospheric response to extraterrestrial influences
during geomagnetic storms and periods of abnormal radiowave absorption in the lower
stratosphere.
Ming Shun Chang, from New York University,
has been studying pipe flow, allowing for microstructure in the fluid. She has shown that various
velocity profiles are possible, one of which is the
profile for turbulent pipe flow. She is also studying the energy balance in wind-generated water
waves.

Sydney Chapman, working with Jagdish Gupta,
studied the lunar daily geomagnetic variation,
partly with a view to a new determination of the
L current system with A. T. Price and D. J. Stone
(University of Exeter, England), but also in order
to compare the influence of season and sunspot
epoch on solar and lunar daily variations.
Chapman completed a paper on the lunar atmospheric tide at Copenhagen. With S.-I. Akasofu
(Geophysical Institute, University of Alaska) and
P. C. Kendall (University of Sheffield, England)
he continued to study the distribution of the
magnetic field in the cavity within the solar wind,
and with Akasofu he continued work on relations
between the aurora and geomagnetic disturbances. He gave time also to the preparation of a
new edition of The Mathematical Theory of NonUniform Gases, co-authored by T. G. Cowling;
this volume will be published by Cambridge
University Press.
Wan-cheng Chiu, on leave from the University
of Hawaii, derived the kinetic energy spectral
equation in the frequency domain for large scale
atmospheric motions. He found that (1) the shape
of the spectral density function is controlled by
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out-of-phase relationships among various meteorological variables; (2) the rotation of the earth
has an explicit influence on this function as well
as on the average level of atmospheric kinetic
energy; and (3) an atmosphere that is efficient in
spreading its kinetic energy among its various
frequency components (so that there is no particular tendency for spectral peaks to form)
should have a red-noise spectrum.
lain Duncan, on leave from the University of
Essex, England, is investigating the possibility of
using a set of fourth order nonlinear partial differential equations for the components of the
Reynolds stress to model those laminar and turbulent shear flows in an incompressible fluid
which are characterized by only one dimensionless parameter, the Reynolds number.
Benson Fogle supervised the final editing,
printing, and distribution of a book honoring
Sydney Chapman's eightieth birthday. He continued work on North American noctilucent
cloud data, including preparation of a paper (with
Haurwitz) on waves observed in noctilucent
clouds. He participated, with Lodge and
Shedlovsky from NCAR and Farlow from NASA,
in a rocket experiment to obtain samples of noctilucent cloud particles; these are now being analyzed. He began an analysis of spectra obtained by
the North American noctilucent cloud network,
and also a comprehensive study of atmospheric
effects of effluents of volcanic eruptions.
Grahame Fraser, on leave from the University
of Canterbury, New Zealand, continued his
studies on irregularities in motion in the lower
ionosphere (60-110 km), using data obtained in
New Zealand by ground based radio techniques.
He showed that the monthly mean atmospheric
circulation between July 1966 and August 1967
is very similar to the seasonal behavior observed
during 1964, except for the intensity of late
winter easterlies appearing temporarily between
80 and 100 km. Fraser and Robert Vincent, a
summer visitor, found that the motion of small

scale ionospheric irregularities, as measured by
the ionospheric drift technique, agreed well with
the motion of large scale irregularities obtained
from radio phase path changes. The characteristics of many electron density irregularities indicate a gravity wave origin.
Ruth Gall, on leave from the National University of Mexico, computed directions of approach
of low rigidity solar and galactic cosmic rays from
the interplanetary medium to high latitude stations. She also determined the scanning rate of
detectors of low rigidity cosmic rays in balloons
and satellites, and the "windows" at the magnetopause through which cosmic radiation penetrates
to reach a given station at a given local time of
observation. She is writing an article on cones of
approach directions for low energy cosmic rays,
based on research done at the University of
Mexico and at NCAR, and a report on the directions of approach of low energy cosmic rays for
high latitude stations using riometer and balloon
detection techniques. Her research will improve
our picture of propagation of cosmic rays of low
rigidities, in both the interplanetary medium and
the magnetosphere, and will aid researchers in
analysis of solar corpuscular events observed at
auroral and polar stations.
Arne Grammeltvedt, on leave from the University of Oslo, Norway, tested ten finite difference
schemes for the primitive equations for a barotropic fluid, for stability and accuracy. He started
a numerical integration of a two layer model with
a frontal zone in an attempt to find the effect of
the nonlinear terms in the equations on instability
of frontal waves.
Jagdish Gupta, now with the National Physical
Laboratory, New Delhi, India, worked with
Chapman on IGY/C and other hourly geomagnetic data (H, Z, and D components) from more
than 100 observatories. These data were analyzed
by the Chapman-Miller method, and the first four
solar and lunar harmonics, with their probable
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errors, the smoothed ranges, and total daily movement were computed for the whole periods and
for the seasons j, e, and d, using the NCAR computer. Both authors are presently computing the
worldwide lunar current system, collaborating
with A. T. Price and D. J. Stone (University of
Exeter, England). Gupta has also generalized a
method for computing the semidiurnal lunar term
L2 from only three values on each day, and in
collaboration with Bussian has studied lunar
effects on cosmic rays.
Bernhard Haurwitz, with the assistance of Ann
Cowley, completed a study of the lunar barometric tide over Australia, and began a spherical
harmonic analysis of its global distribution and
seasonal variation. He also published a study of
lunar tidal wind variation at the surface and, with
Fogle prepared a paper on wave motions in noctilucent clouds.
Pnina Kornfeld, on leave from Tel-Aviv University, Israel, is studying (in collaboration with
M. H. Davis of LAS) the different mathematical
models describing cloud droplet growth by condensation, in order to produce a more realistic
model for the mechanism of cloud formation and
to obtain numerical solutions for the corresponding equations. This model will include soluble and
insoluble condensation nuclei and turbulent
updraft.
Kai Fong Lee, on leave from The Catholic
University of America, completed work on the
problem of electrostatic oscillations of inhomogeneous and magnetized plasmas. He is now investigating propagation and instabilities of electromagnetic waves in current-carrying plasmas.
His results should have applications to the solar
atmosphere, to the electrojets of the ionosphere,
and to certain types of laboratory plasmas in
which there is relative streaming among charged
particle species.
Cecil Leith has been working primarily on the
Lagrangian Wiener-Hermite expansion for turbu-

lence with G. Canavan (U.S. Air Force). He has
also been studying by numerical experiment the
statistical properties of nonlinear systems of a few
degrees of freedom, and examining the ways in
which various turbulence theories fail.
Sidney Lieberman, on leave from the City
University of New York, has been concerned with
the distribution of electrons in the ionosphere.
Using the complete reflection coefficient from a
variable pulse sounder (rather than simply the
time delay curve), he is attempting to obtain a
more accurate picture of the electron density
profile. This method will eliminate the necessity
for making a priori assumptions about the shape
of the profile, and will be especially useful for
investigating electron densities in so-called valleys.
James Liggett, on leave from Cornell University, has been investigating three dimensional,
wind- driven circulation in large lakes. Two
methods have been developed for computing time
dependent pressure and velocities. The solution
applies to lakes of any size, but will have its major
application in the Great Lakes of the United
States and Canada.
David Loper, now at Florida State University,
collaborated with Benton in investigating the
nature of the interaction between an incompressible, rotating, viscous, electrically conducting
fluid and its rigid bounding walls in the presence
of a magnetic field. This problem has application
to the earth and its fluid core and to the rotating
interior of the sun.
Berislav Makjanic, on leave of absence from the
University of Zagreb, Yugoslavia, completed a
mathematical model of the bora, the katabatic
wind along the east coast of the Adriatic Sea.
Examination of data had shown a very high pressure gradient along the coast. With this pressure
gradient as one of its main features, the mathematical model was constructed, starting with the
equations of motion in a vertical plane, with the
Boussinesq approximation and with friction
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assumed proportional to velocity, and with the
equations of continuity and eddy diffusivity.
After linearization a general solution was obtained in which the zone of high pressure gradient
was represented by means of the Fourier integral.
The theoretical solution was coupled with observations of pressure at two stations in the area, and
numerical values of theoretical parameters were
determined. Fields of pressure and velocity in
vertical planes were also derived. Satisfactory
agreement between observed and computed wind
at one place in the area was achieved.
Howard Moore, on leave from Arkansas State
University, is studying radon profiles in the atmosphere in collaboration with Martell's group in
LAS. The work so far has consisted of designing
suitable radon collection, transfer, and counting
apparatus. With this apparatus several profiles will
be made of radon concentrations in the troposphere and lower stratosphere. These will be
correlated with Pb 2 10, Bi 2 10, and Po2 1

deter-

minations performed by Stewart Poet (LAS).
These isotopes are daughters of radon. The experiments should yield results concerning (1) the
amount of radon in the upper troposphere and
lower stratosphere, (2) the equilibrium or disequilibrium of radon with its daughters, and (3)
the nature of material transport between the
troposphere and stratosphere. As a secondary
project, attempts are being made to analyze S3 8
in rainwater. This isotope is produced in the
upper atmosphere by cosmic radiation, and is
oxidized to SO2 and S0 4' before being removed from the atmosphere in precipitation.
Stoycho Panchev, on leave from the University
of Sofia, Bulgaria, continued a revision of his
book Random Functions and Turbulence. Some
new questions concerning the theory of turbulence were resolved and will be included in the
English version of the book. The most important
of these are: further improvement of the diffusion approximation for inertial energy transfer
in isotropic turbulence and its application to

temperature fluctuations, as suggested by Leith; a
new solution for the energy spectrum of decaying
turbulence at the initial period; and a vigorous
reformulation of the similarity theory of synoptic
scale meteorological spectra, first suggested by
Panchev in 1962.
Willem Toutenhoofd, from the University of
Melbourne, Australia, participated in the February 1968 Mountain Wave Field Project initiated
by Douglas Lilly of LAS. Immediately after termination of the field portion of the project he
began an analysis of data collected by ESSA's
RB-57F and the Air Force HICAT program's U-2.
He later collaborated with Lilly in putting together preliminary results from data from the
different aircraft. Later in the year ESSA made
available the "Explorer V," a well equipped twoseater research sailplane owned by Explorers
Research Corporation. With J. E. Lovill of CSU as
observer, Toutenhoofd flew the sailplane seven
times during August, September, and October; a
few of the flights were made under mountain
wave conditions, and the sailplane was radar
tracked during some of the flights. After work on
the aircraft data is completed, Toutenhoofd will
return to a numerical study of nonlinear aspects
of mountain waves.
Frank Warren, on leave from Imperial College
of Science and Technology, London, is studying
atmospheric wave motions theoretically. With
R. F. MacKinnon (Imperial College), he has calculated the vertical mechanical wave energy flux in
the atmosphere. With MacKinnon and R. Mulley
(Imperial College), he has investigated wave drag
in a uniformly stratified fluid, and some associated Green's functions. With F. H. Berkshire
(Imperial College), he studied aspects of lee wave
theory for the stratosphere. Much of this research
will soon appear in published form, and should
contribute to our thinking on certain types of
clear air turbulence.
Charles Wilson, on leave from the Geophysical
Institute, University of Alaska, has been working
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on the morphology of auroral infrasonic storms,
using data from Palmer and College, Alaska. He
has been studying magnetic perturbations of
moving auroral electrojets in order to identify
them as sources of infrasonic shock waves in the
auroral zone. In cooperation with R. B. Forbes
(University of Alaska), he has investigated volcanic infrasonic waves from Alaskan volcanic
eruptions in 1967 and 1968.

Dino Zei, on leave from Ripon College, Wisconsin, collaborated with Kim Malville and Einar
Tandberg-Hanssen (HAO) in examining the spectra of a February 1967 solar flare. In particular,
the K line of Ca II was investigated.
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INTRODUCTION
The Facilities Laboratory continued to support
a broad range of NCAR and university projects,
and continued to prepare for a leadership role in
large scale field experiments, although no operation equivalent to the 1967 Line Islands Experiment demanded the full exercise of this role
during 1968.
In addition to providing research flight support
to 29 programs, including 212 flight hours for
Florida State University's Barbados Experiment,
the Research Aviation Facility made significant
strides in aircraft modification, improvements to
the flight operations base, increases in available
services, and in instrumentation research and
design. The Facility acquired a de Havilland
Buffalo aircraft in March and a twin jet Sabreliner in October. These two deliveries were overshadowed by the loss of a Queen Air on 23 October during a routine research flight over Lake
Superior for the University of Wisconsin. Lost
with the plane were Robert C. Carew, NCAR
pilot; Gordon E. Jones, Combs Aircraft, Inc., copilot; and Krishna Menon, University of Wisconsin scientific observer. The official investigation
is still under way and no findings have yet been
published.

No major changes were made in the operations
or equipment of the Computing Facility. The day
shift continued to be devoted to general purpose
scientific computing for NCAR and the universities; another shift was assigned to large scale
dynamic problems. The group has developed
methods to minimize turnaround time for the
many short runs requested each month. A new
software system written at NCAR has given the
Control Data 6600 unprecedented efficiency in
central processor utilization. The group has also
been active in preparing system software for the
Control Data 7600 computer which we hope
to acquire in the near future. The Computing
Facility has maintained close liaison with the
ILLIAC IV group at the University of Illinois, and
hopes to have a version of the general circulation
model coded for that machine within the next
6-12 months. The Facility continued to add new
stores of data to its files and to convert the data
to forms useful to the scientific community.
Other major activities involved research in numerical analysis, comparative evaluation of time sharing vs batch processing, and up-to-date documentation of a subroutine library. The Facility continued both in-house and summer training programs in scientific computing.

The Scientific Balloon Facility showed steady
progress in most areas, with several operational
records being set during the year. Important advances were made in launch site improvements,
electronics support systems, balloon design, and
balloon systems research. NCAR staff members
met with representatives of the balloon industry
and the government to discuss issues of common
concern; an outgrowth of one of these meetings
was the formation of a Committee on Scientific
Ballooning Standards. The first efforts of the
committee will be to promote use of uniform
terminology for scientific ballooning, and to
prescribe safety and balloon packaging standards.

Support activities of the Field Observing Facility were divided nearly equally between NCAR
and university programs. The Facility assisted in
planning overall field activities for the Barbados
Experiment, secured support for this program
from other agencies, and supplied men and equipment on Barbados from June to September. The
FOF provided major assistance to seven other
field programs and completed or continued
developmental work on field instrumentation,
test and calibration facilities, data acquisition
equipment, radars, and a boundary profile
system.
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In mid-1968 most of the staff of the Global
Atmospheric Measurements Program (GAMP)
moved to the flight station in New Zealand to
facilitate developmental work. This group has
improved all phases of the GHOST balloon operation: balloon development; packing, shipping,
launch, and ascent techniques; electronic performance; tracking accuracy; and interpretation
and use of data. A landmark in the progressive
improvement of balloon reliability was a record
flight of 441 days, ending in December.
Three major achievements of the Design and
Prototype Development Facility were the devel-

opment of an electronic barometer, an infrared
hygrometer, and an electronic hail-sensing pad. In
its principal function of supporting research and
development programs throughout NCAR with
engineering and fabrication services, the Facility
worked on nine major projects during the year.
The most important of these was the building and
testing of the rocket-borne ENCAR-I air sampler.
Following the successful maiden flight of this
sampler in September, the group began refurbishing it for 1969 flight.
Charles A. Palmer, Jr.
Acting Director
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RESEARCH AVIATION FACILITY
The Research Aviation Facility provided
1416.8 flight hours in support of 29 research programs during 1968. Foremost among these was
the Barbados Experiment, in which we flew 89
research flights totalling 212 hr.
We operated one Beechcraft Queen Air A80
throughout the year, a second until 10 September, when its lease was terminated, and a third
until 23 October when it was lost on a research
mission over Lake Superior. All three aircraft
were extensively engineered and instrumented for
research use. During the year we acquired a twin
turboprop de Havilland C8A Buffalo, and a turbojet Sabreliner Model 60 engineered to NCAR
specifications. These two aircraft are at present
undergoing modifications or being used for flight
training.
Several projects highlighted our instrumentation development program. We designed, constructed, and began testing three optical hydrometeor sampling probes and a new rotating-bowl
liquid water content and temperature sensor.
During the Barbados Experiment we put a prototype Aircraft Research Instrumentation System
(ARIS) into its first operational field use. A
helical X-band airborne weather avoidance radar,
procured and engineered in 1967 to provide a
helical scan for cloud physics research, was completed and installed on a Queen Air early in the
year. We have established facilities at Jeffco Airport to test both this radar and an airborne RCA
AVQ-55 set. We have begun a program to develop
and install ground-to-air communications at the
Jeffco base, and have acquired antennas and rotators and designed a supporting tower. Work continued on testing and evaluating temperature,
humidity, and doppler radar wind-sensing devices.
As part of our service function, we provided engineering services to various non-NCAR research

groups, conducted a summer training program for
graduate students, and sponsored a seminar on
aircraft data evaluation.
The Aviation Facility Advisory Panel convened
twice during 1968. In May the Panel reviewed the
current and projected status of the Facility, approved three requests for flight support, and
recommended that the summer training program
be oriented toward university accreditation.
Noting that the Facility is a suitable body to
coordinate field programs involving aircraft from
several organizations, the Panel urged us to plan
early to assume such a role. In its November
meeting the Panel reviewed the loss of the Queen
Air 303D, and adopted a resolution urging its
replacement. In other actions it proposed an investigation of liability coverage for aircraft
occupants, recommended that NCAR supply
observer personnel to operate on-board research
equipment, and acted on 22 flight support
requests.

DEVELOPMENT
Aircraft
On behalf of the National Science Foundation,
NCAR officials accepted delivery of a Sabreliner
265-60 at the North American Rockwell plant in
Los Angeles on 18 October. This aircraft, intended primarily to support research at high altitudes, has been used for transitional training of
staff pilots.
A de Havilland C8A Buffalo was declared surplus by NASA in March; since NCAR had previously expressed a desire to obtain a turboprop
aircraft of this type, the National Science Foundation acquired title to the aircraft and assigned it
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to NCAR. Plans to purchase a Beechcraft 99
turboprop commuter transport were abandoned.

Sabreliner system will be used initially to obtain
data for computing horizontal convergence.

The loss of a Queen Air in October has been
mentioned above. The aircraft is believed to have
come down in about 100 ft of water a short distance from the south shore of Lake Superior, near
Freda, Michigan. Plans are being made to recover
the wreckage to determine the cause of this
accident.

Operations Base

Aircraft Modifications
Two Queen Airs were outfitted with oxygen
regulators which accommodate pressure-demand
oxygen masks. These systems replaced standard
constant flow systems which were marginal at the
altitudes often required for research flights. The
Queen Airs were also equipped with high quality
headsets to improve radio communication and to
accommodate the new oxygen masks.
The de Havilland Buffalo underwent extensive
modifications, including changes in the electrical
system, installation of a mounting ring for an
observation dome on top of the fuselage, and
installation of a nose boom mounting ring to
support a 13 ft fiberglass boom designed and constructed at NCAR. New DME equipment, an
autopilot, an oxygen system, and an intercom
system have been or soon will be installed.
Design and purchase of components for a new
electrical system for the Sabreliner have been
completed, and installation is scheduled for early
1969. Initial design work was undertaken for air
sampling and dropsonde ejection systems.
Three inertial systems are also planned for
NCAR aircraft: one, contracted by the LAS, will
be installed in the Buffalo early in 1969; another,
previously used in military test and evaluation
programs, will be transferred to NCAR for installation on the Sabreliner; the third will be a
backup system. After testing and evaluation, the

Since acquisition of the Buffalo, our existing
hangar facilities at the Jeffco Airport are no
longer adequate. We have leased a ramp area
(-12,000 sq ft) on the west side of the hangar to
provide tie-down space for the Buffalo. However,
it will be necessary to station the craft at another
airport during winter months to avoid the risk of
damage from the strong winds in this area.
Eventually we hope to erect a prefabricated
hangar at Jeffco for this aircraft; drawings for
such a hangar have been prepared.
We have begun a program to establish reliable
radio communications with all NCAR aircraft
operating over and near the United States. A
tower was built to support antennas and rotators,
and will be mounted on the NCAR hangar in
early 1969. A 2000 watt P.E.P. linear amplifier
will be added to the ground based radio to improve range and reliability.
The main runway at Jeffco was lengthened
from 6000 to 7500 ft to accommodate jet aircraft
of types similar to our Sabreliner. The longer
runway is necessary if an aircraft, having accelerated to near takeoff speed, aborts the takeoff
attempt.
Services
At NCAR's request, the General Services Administration (GSA) at the Denver Federal Center
issued government credit cards for each of our
airplanes, allowing tax-free fuel purchase from
commercial firms. In addition, the U.S. Air Force
issued identification plates for purchasing fuel at
the standard Air Force price from Air Force bases
and from contract suppliers at a number of
civilian airports. GSA has agreed to transfer a
2500 gal fuel truck to NCAR for transporting

163

JP-4 jet fuel to Jeffco from Air Force contract
suppliers in the Denver area.
Five NCAR pilots attended a four day ground
school on the Buffalo at the de Havilland factory
in Toronto, and ten staff members attended a five
day course on the Sabreliner at the North American Rockwell factory in Los Angeles. Four pilots
were qualified for the Sabreliner and four for the
Buffalo. Shortly before delivery of the Sabreliner
we contracted for the services of Charles McClure
as crew chief for the airplane. He brings to this
post a wide background in mechanical maintenance on similar aircraft.
Instrumentation
Our instrumentation program includes development, installation, calibration, testing, and evaluation of instruments, as well as aircraft modification. Instruments now available for research
include:
temperature probes
wet bulb probes
hygrometers
altimeters
absolute pressure altimeters
airspeed indicators
magnetic heading systems
doppler navigation systems
hot wire and spinning-bowl cloud water sensors
foil precipitation particle sampler
16 mm camera
infrared radiometer
A cloud echo structure radar and radar altitude
devices are under evaluation. Special modifications on the Queen Air aircraft include:
42 in. nose boom
downward-viewing photo port
external store area (left wing)
tail pylon
cabin door view port

high capacity venturi system
instrument pad forward of windscreen
During 1968 we completed flight and wind
tunnel tests on a reverse flow temperature (RFT)
probe. A report on this development, now being
reviewed for release, represents the end product
of laboratory and flight testing during the last
two years. The report defines the probe's recovery coefficient and time lag, and the indicated
speed angle of attack envelope for reverse operation. A part of the study required an investigation, with Branson Engineering of Arvada,
Colorado, of wash angles under the Queen Air
wings. Data from this study will greatly assist in
wing sensor location.
Evaluation of the APN-153(V) doppler test
data collected in 1967 at the National Aviation
Flight Experimental Center (NAFEC) was completed by Gene Prantner. The data proved inconclusive, as they were found to be biased by a
mechanical linkage. Further testing of this device
during 1968 was limited by demands for its use in
research programs and by the results of the
NAFEC analysis, which were to have guided
further tests.
A cooperative hygrometer test program with
AFCRL, scheduled for 1968, was dropped. However, we have modified the Queen Air to carry
two hygrometers, primarily in an effort to evaluate one model for use on the Sabreliner. Development of the spinning-bowl liquid water content
device continued, and testing was carried out. A
new prototype instrument was designed and
laboratory tested, and will be flight tested in the
near future. A Rosemount total temperature
probe was added to the Queen Air instrument
array for the Barbados Experiment to serve as a
backup device and to provide data supplementary
to that from the RFT. We have been working
with the University of British Columbia to test
the feasibility of using an airborne sonic anemometer to measure vertical velocity directly in conjunction with appropriate temperature and
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humidity sensors, and hence to determine turbulent flux. We hope this system will be operational
in time for the BOMEX program starting in May
1969.
RESEARCH
Optical Hydrometeor Sampling
The sampling of liquid and solid hydrometeors
provides the cloud physicist with information
about primary aspects of clouds, cloud particles,
and precipitation formation. During 1968 we
considerably improved our ability to provide in
situ sampling. We designed, built, and are now
testing two optical probes for precipitation particle measurements, and one optical probe for
cloud droplet measurements. Flight tests have
shown that precipitation particle measurements
are reliable and accurate, and that optical probes
provide better spatial resolution than other
known devices. Software work has paralleled
these developments: instrument data have been
programmed to provide particle distribution
plots, particle rates, liquid water content, and
rainfall rates. Averaging techniques and output
options are flexible.
ARIS
During the first half of 1968 we designed and
built a prototype ARIS II data recording system.
In our first use of the unit, during the Barbados
Experiment, we learned what improvements were
needed to make it a more reliable and versatile
system. We have now completed final electrical
design of the ARIS II and have ordered a new
lightweight tape recorder for use with the unit on
the Sabreliner. Only mechanical packaging of the
system remains to be accomplished.
Radar
Our radar program concentrated on three main
areas of development:

* A jeep-borne mobile radar was designed for
use in conjunction with flight operations. Such a
radar was needed initially to confirm cloud seeding results in tests of Robert Knollenberg's cloud
droplet probe. A Bendix RDR-100 Ku-band airborne radar was mounted on a jeep under a plastic radome; the vehicle's electrical system was
altered to provide power to the radar, and an
oscilloscope and camera were installed to view
and record data. With minor changes following
initial tests, the new system has proved a complete success. It depicts precipitation clouds in
fine detail and is also able to track aircraft.
* A helical scan X-band 3.2 cm radar, started in
1967, was completed and installed on a Queen
Air. The first use of the system was during an
experiment for F. C. Bates of Saint Louis University, in which about 400 frames of film were shot.
The radar is now on operational status; we may
undertake modifications to extend its range selection (at present 15, 30, and 45 n mi) to ranges as
short as 5 n mi. As radar is used increasingly in
research work, we could also incorporate a high
speed video data recording system using digital
techniques and a video tape recorder, to yield
digital and video presentations and computercompatible tapes.
* A ground based installation was developed to
test and calibrate airborne radar systems under
operating conditions. This installation, at the
Jeffco Operations Base, consists of a 24 in.
X-band antenna and associated test equipment,
installed on-line. The system is being used to test
the airborne RCA AVQ-55 radar and the modified helical scan radar. Additional installations in
the C-band and Ku-band areas can be made as
needed.
Special Electronics Design
We undertook two major design programs
during the year. The first was the design of a high
speed pulsewidth counter to be used in conjunction with the Brown spinning-bowl liquid water
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content device. The counter was designed to
measure pulsewidths to the nearest 0.1 gjsec, to
document "reference" pulses, and to display
actual and reference pulsewidths and their differences in digital form. Outputs from all three
measurements are provided for the ARIS recording system. Edward Brown is now evaluating the
first prototype system, and a second modified
model is under discussion.
The second design program was a real-time
display for use by Robert Knollenberg with his
cloud droplet and precipitation probes. With this
display an observer can read, in analog bargraph
form, probe data which are being recorded by
ARIS. A special feature is automatic statistical
correction of the digital ARIS data prior to display. Storage or non-storage display modes will be
possible. We expect the system to be operational
by February 1969.
OPERATIONS
Flight Services
In providing support to research programs in
1968, we conducted flight operations in 16 states,
Canada, and the West Indies; and over the Caribbean, the Atlantic, and the Pacific. Among the
topics studied in these programs were:
* Atmospheric composition (aerosols, particulate matter, gases).
* Atmospheric electricity (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 and airborne
Ku-band radar.
* Lake surface temperatures, by infrared radiation sensing.

*

Cloud physics.

* Atmospheric motion and dispersion of particulate matter, .by airborne detection of natural
(radon) and artificially injected (zinc sulfide)
trace materials.
* Boundary layer turbulence, using both a sonic
anemometer and gust vanes.
* Air motions in convective clouds and rain
drop spectra as a function of altitude and cloud
life cycle.
* Structure and energetics of the land-sea
breeze.
*

Air mass modification over the Great Lakes.

* Reflectivity of the earth's surface over desert
terrain.
* Atmospheric interchange between the stratosphere and troposphere in jet stream regions.
* Mountain waves and associated downslope
winds.
*

Structure of the tropical atmosphere.

*

Latent heat released during cloud glaciation.

Support hours flown for universities, NCAR,
and other users are summarized below. Total
flight hours include research, test, and ferry time.
The Aviation Facility played a major role in
Florida State University's Barbados Experiment
during July, August, and September. During this
time a Queen Air based on the island flew 89
research flights totaling 212 hr. About two-thirds
of the flights were in support of FSU's program;
about one-third were synoptic flights for Edward
Zipser, who applied results both to the FSU program and to his own research. On one occasion
the aircraft flew from Trinidad to collect air
samples over the Orinoco Delta.
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FLIGHT SUPPORT
January-December 1968

Research Flight Time

Total Flight Time

Organization
hr

%

hr

%

Universities

303.2

31.5

533.5

37.7

NCAR (LAS)

541.0

56.2

703.8

49.7

NCAR (FAL)

53.4

5.5

85.8

6.0

Other

65.6

6.8

93.7

6.6

963.2

100.0

1416.8

100.0

Data Recording

*

In 23 of the research flight programs we used
ARIS equipment as the primary means for data
acquisition. By producing computer-compatible
output tape from the ground station, ARIS allows
full use of NCAR's computing facilities for further data processing. Thus ARIS is a vital link in
reducing turnaround time from experiment to
analysis. In addition to the many parameters
previously recorded, ARIS capability has been
extended to include the following:

* Particle size and number distribution (optical
particle sampler).

e

Vertical and lateral gusts (Lockheed vanes).

* Along-heading and across-heading wind velocities (doppler).
*

Electric field potential (field mill).

*

Solar radiation (pyrheliometer).

*

Ice nuclei (NCAR ice nucleus counter).

*

Zinc sulfide tracers (scintillation counter).

Radar altitude (APN 122V radar altimeter).

Research Services
Several of our activities during 1968 pertained
specifically to our responsibility for interagency
information exchange, a function assigned to us
by the Interdepartmental Committee for Atmospheric Sciences (ICAS) in 1964. From 17 June
to 9 August we conducted a summer training
program to acquaint graduate students with the
capabilities and limitations of aircraft as research
tools in the atmospheric sciences. The program
consisted of lectures and laboratory work, with a
limited amount of flight time. Seven students
from seven universities attended. Facility staff
members presented lectures on basic aeronautics,
airframe structure, and airmanship. Claude
Duchon, a summer visitor to FAL from the
University of Texas at Austin, presented lectures
on data analysis and other pertinent subjects.
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In other information exchange activities, we
sponsored a seminar by Amos Eddy (University
of Oklahoma) and Duchon entitled "Techniques
for Evaluating Meteorological Aircraft Data," and
undertook initial steps to add updated informa-

tion to NCAR Technical Note TN-6, Aircraft and
Instrumentation in Atmospheric Research. We
maintained communication with many American
and foreign agencies who use aircraft as atmospheric research platforms.
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SCIENTIFIC BALLOON FACILITY
In fulfilling our primary function of supplying
balloon flight facilities to the scientific community, we flew a total of 74 flights from our Palestine, Texas, and Page, Arizona, launch sites during
1968. Sixty of the flights (81%) were operationally successful. This record is better by 7% than in
any year to date. Balloon and electronics failures
contributed about equally to the 14 unsuccessful
flights; weather and miscellaneous causes accounted for a small percentage of failures. Balloon failures were therefore fewer than in 1967;
electronics failures were more numerous. More
extensive use of complex telemetry and command
systems, and a shortage of electronics personnel,
were probably responsible for the upswing in electronics failures. In addition to achieving our
highest flight reliability to date, we established
NCAR operational records in gross load lifted
(6729 lb), flight duration (42 hr) and balloon size
(15 million cu ft).
Highlights of our research and development
program included the design of a new superpressure balloon, testing of a contoured-top
balloon for tandem systems, testing and selection
of a pressure sensor for low pressures, and flight
testing of several balloon position locating systems. Development of an improved digital
command-control concept was initiated. We also
made significant progress on the design and test
hardware for a system to restrain a balloon during
inflation, and on a system to deploy the payload
and uninflated portion of the balloon after
launch. Reports on the test of a steerable parachute and on launch and balloon restraint work
were completed during the year.
Although funding was suboptimal this year,
scientific programs were also apparently restricted
to some extent, and we were able to fulfill all
legitimate requests for flight service. During the
year we undertook several construction projects

to improve our facilities at Palestine and at the
Marshall Field Site near Boulder.
We met twice with representatives of the
balloon industry and once with representatives of
industry and government. The latter meeting resulted in the formation of a Committee on Scientific Ballooning Standards, chaired by Justin
Smalley. The Committee will direct initial efforts
toward adopting a uniform terminology for scientific ballooning and toward promoting balloon
safety and improving balloon packaging
standards.
The NCAR Panel on the Scientific Use of
Balloons met twice. In its February meeting the
Panel discussed the possibility of separate funding
for the Balloon Facility, both to increase NCAR
structural flexibility and to strengthen the position of ballooning in general. After review of the
1967 annual report, the Panel recommended:
* Investigation of practical approaches to improve quality control in balloon manufacture and
packaging.
e Investigation of the feasibility of providing
scientists with real-time balloon position data
over an entire trajectory range.
* Development of the heavy load capability (up
to 10,000 lb) required by some recent cosmic ray
programs.
At the October meeting, the Panel discussed some
of the issues raised at the earlier joint NCARIndustry meeting. In response to the need for
flights over tropical regions in the southern hemisphere, the Panel considered the possibility of an
expedition to launch balloons from a site in
South America. Members also heard results of a
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program to choose and evaluate an altitude pressure sensor, made recommendations on the use of
telemetry and command systems, and discussed
projected five year plans.

DEVELOPMENT

Our instrument research and development
group prepared instrumentation for three major
and two minor, flights during the year. One of the
flight instrumentation programs was directed
toward obtaining more precise real-time balloon
system positions. The program showed that balloons can be located within 1 n mi using the
Omega experimental navigation system.

Facilities
At the Palestine Flight Station, a 60 X 70 ft
launch vehicle storage shelter was completed, and
a 20 X 40 ft addition was built onto the Coronascope building to give scientists additional space
in which to prepare experiments. A 20 X 20 ft
antenna platform was mounted on top of the
operations building and a 20 X 40 ft welding shop
was enclosed in the helium storage shelter. We
have contracted for construction of a 24 X 43 ft
prefabricated steel staging building at the Marshall
Field Site, and expect it to be completed early in
1969. Facilities at Page have not changed; land is
available for the construction of a staging building
and a launch pad, and plans have been drafted.

Electronics Support Systems
During the year our efforts to improve ballooning instrumentation continued along several lines.
We initiated development of a command-control
concept using a revised address technique and a
modified bit rate, and ordered prototype components of balloon-borne, aircraft-borne, and
ground command equipment for evaluation. We
also ordered equipment for converting telemetry
frequencies from VHF to UHF. Oscar Cooper
conducted a program to test a variety of pressure
sensors for low pressure determinations at high
altitude. The Rosemount Model 830A was selected as the most suitable for operational use.
This instrument is already used on flights below
7 mb on which telemetry is also used, and will be
more useful when development now under way
provides coverage of the full range of atmospheric
pressures.

Balloon Design and Materials
Theoretical and experimental work on balloon
design continued throughout the year. Theoretical methods which make use of finite element
analysis are leading to better understanding of
simple models of thin film structures; however,
these models must be made much more realistic
to provide useful knowledge about a partially inflated balloon. Theoretical work has also resulted
in a design for a superpressure polyethylene balloon which can be manufactured in large sizes,
using standard fabrication techniques. We have
requested bids for the fabrication and test of a
balloon according to our design, and will continue
to pursue this promising area of development. In
other theoretical work we studied the aerodynamic pressure distribution on an axially
symmetric balloon during ascent.
In May we tested a full scale model of the contoured tow balloon designed in 1967 for use in a
tandem system. The test was conducted on the
ground under simulated flight conditions, and
demonstrated that such a balloon can withstand
the stresses of flight. Its contoured shape should
substantially improve its handling characteristics
during launch. It will be used as soon as a tow
balloon of its size is required for flight.
Two large balloons (approximately 15 million
cu ft) were flown with scientific payloads. One, a
Winzen capped balloon, flew successfully for
more than 40 hr; the other, a Raven cone-top
balloon, failed during ascent. Failure was apparently due to a remediable design defect, but we
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have no plans at present to continue experimenting with large cone-top balloons. A 2.94 million
cu ft balloon with a record of failure was fitted
with a cone top to test the feasibility of recovering some otherwise unusable balloons of that size.
It will be test flown in 1969.
Materials testing was reduced in scope during
1968. We conducted biaxial tests on two standard
films at 23 and -80 0 C to obtain basic data on
their biaxial strength characteristics. We also
studied the effects of thermal and strain cycling
on biaxially stressed films.
Ballooning Systems and Techniques
A major portion of our developmental effort
was directed toward inflation and launch improvements. We completed and laboratory-tested
a pneumatic device for holding a balloon just
below the bubble, permitting all of the balloon
except the bubble to be kept boxed during inflation. We also tested several portable wind screen
models in a wind tunnel, to judge their usefulness
during inflation and launch procedures. Cablerestrained launch systems such as Stonehenge
have been analyzed and tested. We examined
various systems of deploying a balloon after
launch and selected the most promising among
them; we also developed an energy-absorbing or
braking device to lower the payload and uninflated portion of the balloon. Refinement of the
braking device and development of rigging were
continuing at year's end.
In another program to improve operational
procedures, we awarded a contract for the development of a low cost liquid hydrogen inflation
system. This system will reduce the logistic complexity and expense involved in storing and transporting inflation gases, and should be useful in
overseas areas where helium is not available. Final
acceptance tests of the cryoinflation system are
scheduled for early 1969. In other developmental
work we have tested a steerable parachute for
better control of descending payloads, and stud-

ied operational concepts for obtaining very long
duration flights.
In order to identify potential causes of failure
in all phases of balloon flight, we conducted a
detailed statistical study of 634 flights. The study
showed, however, that no single cause necessarily
prevails; a dependable flight record thus requires
continued excellence in all aspects of balloon
manufacture and operations.
An examination of flight records from the last
five years reveals that scientific payloads are becoming heavier and balloons larger. The average
payload in 1968 was %1020 lb, compared with
740 lb in 1967. Float altitudes rose to an average
of 115,000 ft in 1968; float duration remains
limited by the inconvenience of recovery at sea.
OPERATIONS
With the exception of one balloon evaluation
flight, our 74 flights in 1968 were all conducted
in support of scientific experiments. They represent support for scientific programs from 16
universities and 8 research institutes. Principal
catagories of experiments were astronomy, cosmic ray physics, atmospheric sciences, and instrument research and development. The experiments
included:
* Ultraviolet and infrared measurements of
celestial bodies.
*

Polarimetry.

*

Photography.

*

Solar astronomy.

*

Gamma and X-ray experiments.

*

Primary and secondary cosmic ray studies.

* Studies of high energy particles and their
interactions.
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*

Experiments with emulsions.

*

Atmospheric ion density studies.

*

Dust collection.

*

Oxygen determinations.

*

Water vapor determinations.

*

Earth albedo measurements.

* Studies of temperature-humidity distribution
by infrared techniques.
In addition to these flights we provided considerable support to the Stratoscope II operation
in April and May.
PLANS
During 1969 we will extend our telemetry
capability to conform to the new 1470 MHz fre-

quency required by the FCC. Digital command
systems will increasingly supplant tone systems,
and the new pressure sensor system will become
operational for all flight levels. We plan to test
launch techniques, using the new balloon restraint
devices and in-flight deployment equipment. Operational procedures being developed for these
techniques should make it feasible to launch
large balloon systems from a limited pad area.
Work on polyethylene superpressure balloons will
be pursued with vigor; if the design concept is
as good as it appears from early model tests and
stress analysis, we will fly a full scale test balloon
during 1969. Other design and balloon structural
work will be continued. We also plan to investigate Roswell, New Mexico, as a winter launch
site; it may be preferable in some respects to
Page. Building projects will continue with construction of a small staging and storage building
at the Marshall Field Site, and resurfacing of the
launch pad at Palestine.
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COMPUTING
The NCAR Computing Facility focused its
efforts on the same dual goals that have occupied
it in the past: to provide a high quality, general
purpose scientific computing facility for NCAR
and university users, and to support large scale
numerical modeling projects. These goals demand
an expert and helpful programming staff; adequate systems software to provide rapid turnaround and reliable, efficient code; useful consultation with and training for our users, including
assistance in the use of meteorological data; and
effectively operated mechanical facilities.
In supporting large scale numerical modeling
projects, we have undertaken the preparation of
systems software for the Control Data 7600
computer, which we hope to acquire in fiscal year
1970 or 1971, and have maintained close liaison
with the ILLIAC IV group at the University of
Illinois. We hope to have a new version of the
general circulation model (GCM) coded for the
ILLIAC IV within the next 6-12 months. We have
assigned additional members to support the programming of the GCM, and have helped the LAS
dynamics group prepare data for use with the
model.
Our overall operations underwent no major
changes. Although the number of jobs and the
total hours of job load increased substantially,
there was no significant degradation in turnaround time for short jobs. Remodeling of the
output counter in the machine room has added
space and streamlined certain operations. The
increase in medium length jobs prompted job
scheduling for the first time; the time schedule,
with allotments for checkout runs, miscellaneous
production runs, maintenance, and the GCM,
insures at least 200 hr/mo for the model.
With plans for new and faster machines in the
coming years, we have gradually been changing
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our staff distribution to build up the permanent
professional staff while reducing the permanent
operations staff. This does not alter our formal
organizational structure.
The NCAR Computing Facility Advisory Panel
met in April for the primary purpose of selecting
a second computer. Philip Thompson outlined
research areas needing a second machine; John
Gary reviewed the advantages and disadvantages
of four computers under consideration. The Panel
endorsed the Control Data 7600 as the best
choice for NCAR. Meeting again in October, the
Panel reviewed computer use since the April
meeting, and acted on non-NCAR requests for
computer time. The Panel also discussed the
possibility of setting priorities among users, a
measure suggested by the recent need to schedule
time for the GCM. A plan proposed by the Computing Facility for better communication with
non-NCAR users was adopted, and a new mail
service for these users recommended. In other
business, briefings were presented on the status of
the 7600 computer, ILLIAC IV liaison, data
handling, and training. Eugene Isaacson was
elected chairman of the panel, to succeed Cecil
Leith.

COMPUTER USE
Job submittals during 1968 numbered
132,000, an increase of almost 25% over 1967,
reflecting expanded NCAR and non-NCAR use.
Fourteen new non-NCAR users were granted
time, increasing computer time on non-NCAR
projects from 310 CPU hr in 1967 to 366 hr in
1968. Total CPU time increased by almost 12.5%
(see Fig. 1); this is a tribute to the Control Data
customer engineers, headed by Larry Nelson,
who kept the machine running well throughout
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the year. Scheduled maintenance was held to
50 hr/mo, while unscheduled maintenance and rerun time totaled only 131 hr during the whole
year. High efficiency CPU utilization was made
possible by our in-house software, written by Paul
Rotar and David Kitts. In 1968 we had a CPU
utilization of 80%, which to our knowledge exceeds any other 6600 operation, and far exceeds
the usual range of 30-50%.

HARDWARE
Current budget limitations and the anticipated
acquisition of a Control Data 7600 contributed to
our acquiring very little hardware during 1968.
The remote air supply (pressure and vacuum) for
the eight 607 tape drives became operational in
the spring, substantially reducing the noise level
in the computer room. We purchased an ASR35
teletype terminal with an Astro Engineering
acoustic coupler, which gives us a general access
mechanism to the various time-shared computers
in the area. The terminal also serves as a potential
data receiver for miscellaneous NCAR experiments. The principal application to date has been
as a training tool for new programmers.
A significant gain in the data production area
was the acquisition of a Honeywell K-700 keytape for direct keyboard/magnetic tape entry in
card image form. The device bypasses the usual
tab card for making data available to the computer, and is both faster and quieter than keypunch machines. In the future we intend to hook
a paper tape reader to the keytape to enable conversion from paper tape to magnetic tape.
In July we canceled our order for an IBM data
cell, since it now appears that very large disk files,
which will serve our needs more closely, will be
available within 18 months.

SOFTWARE
NCAR Compiler
Paul Rotar and David Kitts, assisted by Jeanne
Adams, Robert Biro, Bernard O'Lear, and David
Robertson, devoted much of the first half of the
year to writing a FORTRAN compiler. The compiler is now in fairly general use, fulfilling the aim
of providing fast object code for production jobs,
and a larger, more useful set of diagnostics. It is
available as an option to all users through the
addition of one control card. Only in rare instances has the code generated been slower than
that of the Control Data compiler; in important
cases, such as the general circulation model, the
NCAR compiler speeds up production time by
25-30%. We have the additional benefit of thorough knowledge of this compiler, which simplifies
changes, corrections, and additions, and provides
the basis for a logically identical compiler for
future machines.
6600-7600 New Operating System
A study of the 7600 hardware structure revealed that the monitor must reside in the central
processor rather than in a peripheral processer, as
on the 6600. We have therefore started to rewrite
the 6600 operating system so that its overall
structure would be suitable for both machines.
This would increase flexibility and decrease system maintenance if both machines were in use.
The central processor will assume some of the
duties of the peripheral processors; the latter will
serve only as peripheral device drivers. The system
is being designed to allow more compilers and
monitoring schemes to be added easily. The new
monitor will allow a user to preempt disk space
for semipermanent library use and to include
editing routines to manage this space. Tape
handling procedures will be improved, and since
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the new monitor is a CPU routine, improvements
and corrections should be easy to make. Much of
the code will be the same for the 6600 and 7600
versions, enabling us to debug large portions of
the 7600 version without recourse to a 7600
machine. Ultimately, the two computers could be
tied through a data channel and could share tapes,
large disk, and film unit.
DATA SYSTEMS AND PROJECTS
Additional data were added to our files
throughout the year, and work continued on
several data projects. The file of twice-daily analyses from the National Meteorological Center
(NMC) has been updated through July 1968. An
inventory of these grids, and of the other grids in
the set, has been made on microfilm. In addition,
a general inventory is now available which shows
the number of grids available for each month,
level, data type, and data source.
Requests from several groups prompted us to
obtain a complete set of "hydro" data from
OFFUTT Air Force Base, Nebraska, starting with
June 1967. These data include all of the world's
rawinsonde, pibal, and aircraft data that are received synoptically.
To support the hand analysis of daily worldwide synoptic charts during December 1967, we
provided the following data for the NCAR GCM
program:
e Northern hemisphere octagonal grid analyses
(NMC).
*

Hydro data (Air Force).

* Surface synoptic land and ship data (Air
Force).
* Tropical Pacific grid analyses for winds and
temperatures at 700, 500, 400, 300, 250, and
200 mb, in the region 24.20 S to 37.1 0 N, 90°W to
75 0 E (Air Force).

Other data projects pursued during the year
included:
* Climatology of the southern hemisphere. A
portion of the set of analyses and derived products will be published in four atlas volumes
authored by J. J. Taljaard (Weather Bureau,
South Africa), Harold L. Crutcher (National
Weather Records Center, ESSA), Harry van Loon,
and Roy Jenne. The first two volumes should be
printed by June 1969 and the last two by the end
of 1969. Jenne and Dennis Joseph have nearly
completed computer microfilming of contour
maps, cross sections, grid points, derived products, and other climatological material for general
availability. Van Loon and Jenne also studied
half-yearly oscillations in the southern hemisphere tropics, involving harmonic analyses of
station data and supplementary grid analyses.
* Northern hemisphere climatology. We have
been cooperating with Harold Crutcher by running consistency checks on his northern hemisphere analyses, comparing them with summaries
of our daily grid analyses. Joseph is summarizing
our analyses into year-month means. He has also
run checks to identify a few faulty grids resulting
largely from old packing errors. Once identified,
they can be corrected.
* Line Islands rawinsonde data. Joseph has
worked with LAS to make many additional corrections in this data set. Conversations with
Edwin Danielsen led to further changes in
smoothing and interpolation methods affecting
the raob wind calculations.
* Other projects. We supplied several NCAR
data projects with grid and observational data,
including world climate reports, topographic and
oceanographic data, southern hemisphere monthly mean grid data, and raob and NMC grid data.
We have also been involved with several minor
data sets, such as Pacific Ocean heat flux data,
and have participated in Field Observing Facility
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and Research Aviation Facility meetings on data
use. Joseph offered a seminar on tape usage.

MAJOR PROJECTS
Numerical Analysis

* Non-NCAR data requests. We responded to
many outside requests for data, including those
from Massachusetts Institute of Technology,
University of California at Los Angeles, Florida
State University, University of Miami, University
of Michigan, Pennsylvania State University, University of Utah, University of Washington, University of Wisconsin, Boeing Company, the Bonneville Power Administration, and Control Data
Corporation.
TRAINING
Summer Program
The Computing Facility conducted a summer
work-study program in scientific computing for
students planning careers in astro-geophysics and
related fields. Nine students from various universities participated in the ten week session. The
program emphasized laboratory experience using
the computer to run experimental programs designed by the students. After about two weeks of
familiarization with the computer, students were
assigned to NCAR scientists for research experience on projects requiring computer use. These
ranged from studies of wind-driven antarctic circumpolar currents to analyses of liquid drop
shape during particle coalescence. Student
summary reports describing each project are
available.
In-House Program
Programming classes were offered by Jeanne
Adams throughout the year for NCAR staff.
Three beginning classes, one intermediate class,
and one advanced class were held, each lasting
about six weeks. The classes met daily for a one
hour seminar and three hours of programming
practice. Leonard Cohen assisted with some
classes. Training and orientation sessions for eight
new staff programmers were also held.

John Gary worked on numerical methods for
hydrodynamic stability problems. Assisted by
Richard Helgason, he is developing a procedure to
facilitate programming large numerical models
which are based on the solution of partial differential equations. This procedure may lead to a
special language suitable for these problems. Gary
also began writing an introduction to numerical
methods for partial differential equations, a text
intended for classroom use and hopefully suitable
for courses in numerical modeling. In addition, he
completed a study of finite difference schemes
for numerical weather prediction.
ILLIAC IV Liaison
We have continued liaison with the University
of Illinois-Burroughs Corp. ILLIAC IV project,
with John Gary serving on the advisory panel and
Joseph Oliger working with the group. Specific
NCAR needs have been conveyed to the Illinois
group, and we have formulated a benchmark code
to evaluate ILLIAC IV performance on the
Kasahara-Washington general circulation model.
A group from Burroughs Corp. visited NCAR
to brief various groups on machine performance,
production dates, hardware and software design,
and operating requirements for an ILLIAC IV
installation.
Evaluation of
Time Sharing vs Batch Processing
Interest in time sharing computer applications
has grown considerably since the early 1960s. In
an attempt to compare time sharing and rapid
turnaround batch processing, and to learn how
time sharing methods would work in our organization, Jeanne Adams and Leonard Cohen conducted an investigative case study, using as subjects eight of the nine students who participated
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in the summer work-study program. To evaluate
whether current time sharing systems contribute
to more effective programming techniques, we
attempted to determine whether time sharing has
specific advantages, other than quick turnaround,
over rapid turnaround batch processing. The
students were asked to use batch processing for
one week and time sharing for one week. In
general, batch processing proved more economical, and more helpful to participants. Results of
the study were unusual enough to prompt a small
additional study, which was to precede a large,
carefully controlled experiment planned for
spring 1969. However, since time sharing is so
expensive, the large experiment will not be pursued, despite its potential for contributing to
evaluations of time sharing.
The time sharing experiments have increased
our experience in applying new techniques and
have broadened our knowledge of other types of
computing equipment, thus serving as an important part of our training program.
Subroutine Library
A computer program library has been established to produce, maintain, and document pro-

grams of general interest to users of the Facility.
Paul Swarztrauber and Gerald Browning have
assembled approximately 70 programs to solve
problems in major areas such as differential equations, matrix analysis, eigensystems, graphic display, statistics, quadrature, data handling, approximation, and roots of functions.
Many of the existing programs required modification and documentation to make them suitable
for library use. Noteworthy among these are a
Q-R algorithm for eigensystems of complex and
real matrices, and an alternating direction implicit
technique for the solution of semi-generalized,
elliptic partial differential equations on a rectangle. Significant new programs include Traub's
method for determining the roots of a polynomial
(produced from an article by Traub in a Stanford
University computer science report), the solution
of the eigenvalue problem for a system of linear
ordinary differential equations, and fast Fourier
transforms for real data. The Stanford reports,
together with several numerical analysis journals
received by the NCAR library, have enabled us to
apply current techniques to our computer library
programs. Some of our programs are received
from outside organizations, through regular subscription or by special request.
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DESIGN AND PROTOTYPE DEVELOPMENT
The Design and Prototype Development Facility provides the services of professional mechanical and electrical engineers, skilled machinists,
and a glass blower, for the support of research
and development programs throughout NCAR.
We attempt to apply a broad systems approach to
developmental programs in recognition of the
trend in this direction in many areas of meteorological research.
During 1968 research and development programs made substantial progress, and several
important pieces of equipment were acquired.
The electrical engineering group continued to
develop its capabilities, and was occupied primarily in instrument development. The mechanical
engineering group added a checker to its staff to
serve as a quality control officer.
The most extensive project scheduled in the
mechanical shop during the year was the rocketborne ENCAR-I air sampler. Following the successful flight and recovery of ENCAR-I, we established a schedule to renovate it in preparation for
another flight in 1969.
Our intention to emphasize a broad systems
engineering , approach was in part realized in a
preliminary survey of developmental possibilities
for a rocket-borne cloud seeding system. This
study will continue during 1969.
Research and development within the Facility
was highlighted by the design and construction of
three sensing devices:
* An electronic barometer for measuring atmospheric pressure to an accuracy of 0.03 mb. Initial
impetus for this program was a requirement for

FACILITY

an automated precision barometer for BOMEX
experiments. We are confident that the instrument will find many other uses.
* An infrared hygrometer, featuring high accuracy and fast (100 msec) response. The first
laboratory version, now being assembled, is expected to be ready for field testing on aircraft
during 1969.
* A hail pad to register hail rate, impact energy
(thus hail size and velocity), and direction of
arrival. A prototype unit is currently undergoing
calibration and testing.
Research and development programs within
NCAR given major support by the Design and
Prototype Development Facility during 1968
were:
*

ENCAR-I air sampler.

*

Sun-tracking balloon platform.

*

Ultraviolet double monochromator.

* Nike radar modifications.
* 60 mph wind
calibration.

tunnel for anemometer

*

Sky brightness photometer.

*

Launch arm for balloon launch vehicle.

* Instrumentation boom
Buffalo aircraft.
*

for de Havilland

Optical hydrometeor sensors for aircraft.
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FIELD OBSERVING FACILITY
The Field Observing Facility assists the scientific community in atmospheric field programs by
lending equipment, providing skilled technical
staff, planning logistics, and managing field operations. Our physical facilities include sensors,
radars, sounding systems, data systems, generators, radio transceivers, trucks for both short and
long hauls, an electronics laboratory, a mechanical shop, and a 79 acre field site.
Direct support of field programs in 1968 was
equally divided between NCAR and non-NCAR
programs. NCAR programs included a tracer
study of flow from stratosphere to troposphere,
and studies of mountain lee waves and of the
effect of aerosol content on precipitation. We also
provided field assistance to the Joint Hail Suppression Project, which is expected to continue
for several years. Among non-NCAR programs
our major efforts were in support of Florida State
University's Barbados Experiment, the University
of Texas' Sea Breeze Project, and a continuing
study of convective storms by the South Dakota
School of Mines and Technology.
A number of program changes were necessary
during the latter part of the year to meet reduced
funding for fiscal year 1969. Programs deferred or
canceled were the rainfall rate system, the upper
air sounding program, the telemetry system, and
the antenna calibration range. Funds for surface
observing equipment, communications equipment, and field support equipment were reduced.
The FOF Advisory Panel met in January and
September. At its first meeting the Panel elected
Tetsuya Fujita chairman, reviewed projected
programs, and asked the FOF to draft a policy on
continuity of support to programs running two or
more years. At its September meeting the Panel
approved a policy statement confirming the prin-

ciple of continuity of support up to three years.
FOF projections for 1969 were approved, but the
Panel stated concern that estimates of the commitment to the VIMHEX (formerly Themis)
Venezuela research program might be unrealistically low.
DEVELOPMENT
A major function of the FOF is the development of field instrumentation, test and calibration devices, data recording and reduction systems, and field support systems. In some cases we
acquire complete systems; in other cases we build
new systems, integrate off-the-shelf components
into new systems, or adapt surplus equipment for
new uses.
Field Instrumentation
We acquired a variety of meteorological sensors, including a mechanical weather station, an
ultra-sensitive microbarograph, a 15-35 0 C thermograph and Serdex hygrograph (both for tropical
use), a hygrograph with 30-day folding strip
chart, and two Assman psychrometers.
Work was substantially completed on a new
non-coherent S-band (10 cm, 3200 MHz) radar
for use in cloud physics investigations. The radar
has a magnetron oscillator with 1 MW peak
power, 1 psec pulsewidth, and 100 pulses/sec
capacity. It uses a 10 ft paraboloid antenna with
full servo control, including handwheel positioning, and rate scan or manual sector scan on both
azimuth and elevation. It also features all solid
state timing and displays, including a 12 in.
PPI/RHI main display with 10, 25, 50, and
100 km selectable ranges; a 10 km variable sweep
range; range marks at 1, 5, 10, and 50 km; and
10° angle marks. It has a choice of linear or logarithmic IF processing, a calibrated IF attenuator,
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and a separate display console fitted with a
16 mm camera for recording PPI/RHI and
A-display (with antenna angles, time of day, and
auxiliary data). The radar was operated during the
summer, calibration was completed, and cloud reflectivity data were obtained. Subsequent work
has been performed to allow slaving the antenna
to a standard M33 radar, to increase the angle
readout resolution to 0.10, and to synchronize
the timing of the radar with an M33.

Calibration and Test Instrumentation
Instrumentation acquired as part of our expanding calibration capability included an Eppley
pyranometer and a Fortin barometer with 0.6 in.
diam bore. Test equipment acquired included a
digital voltmeter, a portable oscilloscope, a transfer oscillator (for a Hewlett Packard counter), an
RF power meter, a 0.01% dc voltage source for
calibrating data systems, and various multimeters.

diesel generators and one 23.5 kW diesel generator. Other acquisitions included five window air
conditioners for fixed and mobile systems that
frequently must operate in full summer sun, and
three additional transceivers for use on the special
150-172 MHz band VHF that is reserved for
scientific purposes.

Improvements to Marshall Field Site
Significant improvements at the Marshall Site
included installation of a 30 ft asphalt apron
around the main building, construction of a leanto on two sides of the building, and installation of
a radar platform and radome on the roof to house
an X-band weather surveillance radar. Two buildings were painted and several new tools added to
the shop. By year's end most of our electromechanical fabrication was being done at the
Marshall Site.

CONTINUING PROGRAMS

Data Acquisition System

Radar Systems

Early in the year we acquired a new 10 bit data
system which generates computer-compatible
tapes from diverse sensor outputs. The system has
five analog channels and two digital channels.

At the urging of the FOF Advisory Panel we
are attempting to replace the M33 with a system
or systems that combine tracking and storm surveillance capabilities. Commercially available
tracking radars such as the Plessey WF3 appear
suitable for our needs, and are planned for future
purchase. For a storm surveillance radar the trend
is to coherent radiation; the most economical
approach appears to be to use the transmitter and
modulator from an FPS-18 radar. In November
we dismantled a gap filler radar site and obtained
two such sets; the transmitter and modulator are
now being incorporated into a portable system
for use in the Joint Hail Suppression Project. This
radar will be similar to the S-band system described above, but will operate on a slightly
different frequency and will be coherent.

Field Support Systems
We acquired a Peterbilt tractor to increase our
long haul capability; we logged over 30,000 mi
transporting equipment to sites as distant as
Florida. A new lowboy trailer was added for
mobile radar installations.
William Bragg combined a surplus platform
trailer and a surplus van into an air conditioned
mobile shop and power station for the Sea Breeze
Project. The shop was invaluable for final checkout of electronic equipment during the Texas
operation.
To augment our capability to provide reliable
electric power in the field, we acquired two 3 kW

APT System
The tape readout console for the APT system
was completed, making it possible to analyze
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tapes acquired by other systems. Work on the
receiver portion of the system was deferred by
higher priority demands on the electronics shop.

corded their temperatures on a strip chart recorder. Radiation was recorded on an Eppley
pyranometer and standard, or correct, temperature on an Assman psychrometer.

Boundary Layer Profile System

Calibration Facility
Work continued on the boundary layer profile
(BP) system both before and after its use in the
University of Texas Sea Breeze Project in June.
During the spring we purchased four new telemetry packages, and pressure and wind sensors. We
built a wet bulb sensor and electronics for all
sensors. Temperature and wind speed systems
previously acquired were still usable. A 115 cu ft
Pentakite with dilation provision for a 5000 ft
height was developed for the FOF as the lifting
vehicle.
The BP system was used for the first time in an
operational mode during the Sea Breeze Project
to obtain profiles of temperature, humidity, pressure, and wind speed to 2000 ft. Though performance was generally satisfactory, the wind direction sensor failed to function, and more skill was
required for general operation than should be
necessary. Julian Pike, head of the BP program,
and Edward Elsberry began a major effort to
develop a wind direction sensor based on a 5 bit
optical shaft encoder with magnetic compass
reference. By the end of 1968 they had completed feasibility tests of a breadboard model and
had begun building a flight model. Floyd Elder, a
summer visitor from the University of Michigan,
investigated radiation errors in the wet and dry
bulb thermometers. We have added winch gages
showing rate of line travel and length of line out,
to facilitate handling the Pentakite.
Thermometer Shelters
Late in the summer we began a field study to
investigate alternatives to the standard Stevenson
screen, considered by many to be unsatisfactory
for use in the tropics. In our tests we placed
thermistors inside each of the shelters and re-

An environmental chamber and a wind tunnel
form the basis for a planned FOF calibration
facility. The chamber will have 27 cu ft of working space; a temperature range from -100 to
200 0 F; humidity range of 10-95% over 0-150 0 F; a
frost point of -44 0 F; and both positive and negative pressures corresponding to a range from sea
level to 150,000 ft. A contract for construction
of the chamber was awarded in June. The wind
tunnel, based on a design by Gerald Gill (University of Michigan), will be built by the Design and
Prototype Development Facility in 1969, with
the application of new fabrication techniques.
Gill is consulting with NCAR on final
specifications.
OPERATIONS
Programs supported through field assistance
and equipment loans are listed below.
Mountain Wave Program
The scope of this program widened this year to
include other agencies, with as many as five research aircraft crossing the Continental Divide on
suitable days. Douglas Lilly is the principal investigator from NCAR. During February we provided radar tracking of aircraft, made 24 special
radio soundings, and aided in establishing an
additional GMD station at Granby, Colorado.
Throughout the chinook season we continued to
provide a network of seven wind systems in the
study area. During the fall we carried out a short
series of ozone soundings coincident with glider
flights by Willem Toutenhoofd, and tracked the
flights with the GMD at the Marshall Field Site.
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Stratosphere-Troposphere Exchange
This program, under LAS program scientist
Richard Cadle, seeks evidence, from natural
tracers, of stratosphere to troposphere flow in
regions of tropopause folding. During March we
provided three ozonesonde flights and arranged
for supportive WB-57 flights.
Sea Breeze
For three consecutive summers we have assisted a University of Texas investigation of the
Texas coast seabreeze. This year we supplied and
operated a network of nine mechanical weather
stations, flew two of the new BP systems, maintained fixed and mobile radio communications,
and provided field power with diesel generators.
Although it was the second wettest June on record, with attendant stress on electronic and
mechanical systems, we successfully carried out
our planned support.
Aerosols
In a program conducted in northeastern
Colorado under the direction of George Hidy,
aerosols and condensation nuclei were sampled to
study how precipitation is affected by the aerosol
content of the air. Our support consisted of
equipping and operating three observing stations,
each with a hygrothermograph, wind system, and
tipping bucket raingage.
Hail Suppression
Guy Goyer is program scientist from NCAR for
a joint hail suppression study in northeastern
Colorado. During 1968 we furnished or arranged
for services including an Army rawinsonde team
at Fort Collins, maintenance of associated GMD,
use of the Air National Guard 118th Aircraft
Control and Warning Squadron's radar facilities at
Greeley, use of the old Raymer school, and installation of three house trailers at Raymer.

Weather Radar
The new 10 cm quantitative radar, whose
development is described above, was taken in
June to Alliance, Nebraska, to support thunderstorm research by Richard Schleusener of the
South Dakota School of Mines and Technology.
Calibrations were completed (within test equipment limitations) during the summer program,
and reflectivity data extracted for the research
project. Inadequacies pointed out during Project
Hailswath were overcome through redesign of the
antenna drive and display circuits. In August a
critique was held in Rapid City, South Dakota, to
discuss additional system changes in preparation
for the summer program in 1969. These changes
provide a good start on many circuits and components desired for the long range weather radar
development program.
Barbados Experiment
Michael Garstang of Florida State University
was program scientist for this study of the effect
of an island on undisturbed tropical airflow. This
was the major field program supported by the
FOF during 1968. The late Robert James was
responsible for the FOF's substantial role in planning and coordinating field efforts. He also directed a seven man FOF crew during the field
phase, which extended from June to September.
We arranged for the participation of two Army
rawinsonde observers and eight Air National
Guard meteorologists in the experiment. The
latter flew as observers with the Navy and Air
Force reconnaissance squadrons. We supplied 14
mechanical weather stations, 2 data systems, 4
generators, communications equipment, Jalbert
wings, air conditioners, and spare parts for both
the M33 radar and the GMD-1, and arranged for
an Air National Guard airlift to transport NCAR
and FSU equipment to Barbados. Follow-on work
has included assistance in the interpretation of
taped data from the data systems.
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Wasatch Weather Modification
For a Bureau of Reclamation study headed by
George W. Reynolds of Utah State University, we
loaned ten wind systems and four hygrothermographs (in thermometer shelters), and provided
training and assistance in their installation and
operation.
VIMHEX (Themis)
Herbert Riehl and Daryl Simons of Colorado
State University are program scientists for a tropical hydrometeorological experiment sponsored by
the Department of Defense. (This program, pre-

viously known as Themis, was renamed VIMHEX,
or Venezuela International Meteorological and
Hydrological Experiment, in early 1969.) Although the field program in Venezuela will not
begin until 1969, we became deeply involved in
preparations for the program during 1968. Walter
Records and Richard Sanborn, who share the
responsibility of coordinating, planning, and directing FOF participation, made separate survey
trips to the study area in Venezuela. Records is
principally responsible for coordinating the contributions of NCAR, CSU, DOD, and cooperating
agencies in Venezuela. We expect to provide a
full-time staff of five to fill key positions throughout the field program, and to supply observing
and data acquisition equipment.
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GLOBAL ATMOSPHERIC
The Global Atmospheric Measurements Program (GAMP) is responsible for developing techniques and instruments to obtain atmospheric
measurements required for the Global Atmospheric Research Program (GARP). During 1968
GAMP activities were again concentrated on the
GHOST program, which uses small superpressure
balloons, carrying lightweight, non-hazardous
electronics packages, to track horizontal air mass
movements. The need to press forward with
GHOST forced us to defer substantial work on
the MOSES automatic weather station and on
simple radiosonde systems.
Work progressed with satisfying results in
development of both the GHOST balloon vehicle
and the electronic instrumentation. Milestones
during 1968 included a record GHOST balloon
flight of 441 days, the successful use of metallized top caps to prolong the life of balloons flying at the 200 and 300 mb levels, and the successful demonstration of high-wind launch techniques
for large balloons. In mid-1968 Vincent Lally,
Ernest Lichfield, and Robert Frykman moved to
the GHOST Flight Station in New Zealand, joining Brewster Rickel, Marcel Verstraete, and Neil
Carlson. The move was made to facilitate a more
rapid development of GHOST.
DEVELOPMENT AND OPERATIONS
Balloons
Mid-troposphere flights have confirmed that
frosting is the major impediment to economical
balloon life in the 400-700 mb levels. The use of
metallized thin-film top caps on balloons at the
300 mb level has increased average balloon life
from 12 to 38 days. Caps also appear to extend
balloon life at the 500 mb level; although the
number of test flights is insufficient to draw con-

MEASUREMENTS

PROGRAM

clusions, early results show an average increase of
balloon life from 7 days without caps to 13 days
with caps. Data on 400 mb flights is also limited;
however, a 400 mb balloon was the first balloon
below 300 mb to circumnavigate the earth. Balloons for flight at 200 mb, already proved reliable
and economical, were also equipped with metallized top caps following the positive identification
of frosting as a problem in tropical latitudes at
this level.
Ellipsoidal balloons have shown promise for
flights at 700 mb. Thick-walled cylindrical balloons with hemispheric end caps were tested on
flights at 900 mb. More flights are needed to
determine whether economical balloon life can be
achieved at this level.
Out-of-the-box use of balloons, without field
testing, has been a major effort during 1968. With
improved packaging developed this year we have
found that bilaminated Mylar balloons ship
successfully, provided the Mylar is at least two
mils thick and the balloon is relatively small
(200 mb float level and smaller). Larger balloons
still present a problem in shipping.
We have identified a too-rapid ascent rate as a
cause of damage above the 200 mb level. It is not
yet certain whether the damage is due to unfolding problems, cold temperatures, or a combination of both. The 1968 Nimbus balloon test
flights revealed that 30 mb balloons are most
susceptible to such damage; it also seems certain
that at least some 100 mb balloons suffer such
damage. We have devised a Freon ascent ballast
system that permits precise control of ascent rate
through the cold tropopause region. We will test
this system during 1969.
Attempts to fly an inexpensive 10 mb polyethylene balloon have been unsuccessful. We
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suspect that polyethylene is unable to withstand
the stress imposed by the balloon design used for
the stronger Mylar film.
We began testing super-strong hyperpressure
balloons for use at lower levels, reasoning that
such balloons, carrying an excess of free lift,
would be able to bear a greater load of ice before
being forced down. A filament-wound Mylar
ellipsoid and a cellophane ellipsoid were tested.
The former pinholed repeatedly at design pressure, while the latter depressured explosively
when a small hole formed shortly before pressure
testing was completed.
A new balloon launch system, the BalloonCocoon, was developed this year by Marcel
Verstraete. Using this technique it is possible to
launch the larger superpressure balloons--even
the 20 m diam (10 mb) balloons--in winds up to
12 kt.

Additional developments in electronics included the design and successful test flying of
micrologic GHOST packages, and the successful
test flying of thin-film cadmium sulfide solar
cells.
Other Developments
We established a northern hemisphere tracking
network to track GHOST flights (mainly at tropical latitudes) that might cross into the northern
hemisphere. Tracking sites in this network are at
the Manila Observatory, the University of Hawaii,
NCAR, and the Hebrew Institute, Israel.
We completed and issued trajectory analyses of
selected Phase I GHOST flights in 1968. These
were computer analyzed and compiled using a
program written by Samuel Solot. GHOST tracking during the latter half of 1968 has not been as
reliable as in past years because of an increase in
sunspot activity.

Electronics

Ernest Lichfield began developing two versions
of a hypsometer. One will be a pressure-measuring
instrument for GHOST flights, and the other a
new basic surface-pressure sensor for automatic
weather stations and remote readout facilities.

Finally, we made several test flights for the
NCAR Scientific Balloon Facility to test thermal
characteristics of aluminized packages.
PLANS
Balloons

For the Ascension Island test flights of balloons at 30 mb, we developed a new six-channel
telemetry system and a 180-day cutdown device.
The linear sun angle sensor was perfected
during 1968 and is now the standard sensor for
GHOST telemetry. An RF direction-finding antenna accurate to +1° was developed for the
GHOST tracking station by Arthur Johnson, a
consultant to NCAR. This experimental unit was
successfully tested and shipped to the GHOST
Flight Station in New Zealand where it is now
being installed. Robert Frykman undertook the
investigation of new balloon location techniques,
including inverse Transit and LORAN systems.

A major goal for 1969 will be to achieve economical balloon life at low levels. We will emphasize attaining 30 day life for 400 mb flights
through the use of metallized top caps. We will
also test the Cannibal-loon system if a pump unit
meeting our design specifications is developed.
The Cannibal-loon is designed to overcome icing
conditions at lower flight levels, and also holds
promise as a programmed multiple vertical sounding system.
Another major effort in the coming year will
be the prevention of pinholes in the larger 100
mb and 30 mb balloons during shipping. We will
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test new balloon laminates as a possible solution,
with particular emphasis on determining their
strength and slip characteristics at cold tropopause temperatures. Work on the problem of
balloon film unfolding during ascent will accompany these investigations. In conjunction
with the unfolding problem, we will test the
Freon ascent ballast technique in tropical latitudes during the 1969 series of Nimbus balloon
test flights.
Electronics
The RF direction-finding antenna system will
be set up and tested under typical field conditions
at the New Zealand GHOST Flight Station. If
bearing accuracy can be maintained with field installation of this equipment, it will yield more
accurate fixes with fewer observations, enable
more precise recalibration of sun angle curves,
and permit handling a greater number of balloons
by a tracking station. We will also continue to
develop the inverse Transit and inverse LORAN
balloon location techniques, as well as satellite
electronics and the hypsometer pressure sensor.

Other Programs
The 1969 Nimbus D/IRLS flight program,
under the direction of Jack Tefft, will consist of
nine flights from Ascension Island in January and
February, and seven flights in July. We will continue to plan (and possibly will implement) the
Interim Operational Program, in conjunction with
the World Weather Watch design to improve
southern hemisphere upper air data. The GHOST
Flight Station in New Zealand is proposed as the
main launch site; auxiliary launch sites will be
located in Antarctica and at a tropical site still to
be selected.
We will continue the data analysis program,
activate the northern hemisphere tracking and
communications network with flights of 30 mb
balloons in tropical latitudes, and support Henry
van de Boogaard's proposed investigation of the
tropical easterly jet (from 15 January to 15 February 1970), in which ten balloons will be flown
at 125 mb from Darwin, Australia, and tracked
by the GHOST tracking network.

187

PROGRAM ON APPLICATIONS ANALYSIS
The Program on Applications Analysis was
concerned with a single project during 1968:
selection of an observatory site for HAO. In
March we completed a report recommending regional test sites believed to offer the cleanest and
most cloud-free skies in the western hemisphere.
An ideal site was defined for a daytime observatory with minimal degradation of observations by
scattered light. On a regional scale the model environment was a subsidence inversion; on a mesoscale it was defined as an isolated peak, aerodynamically smooth, 12,000-14,000 ft above sea
level, at least 5000 ft above surrounding terrain,
and located where incoming air travels the least
possible distance over land. Economic and logistic
constraints were not placed on the search, since
one goal of the project was to learn what observational quality is sacrificed by such constraints.
However, one site--the San Francisco peaks,
near Flagstaff, Arizona--was chosen with these
factors in mind, in order to examine one instance
of quality vs cost. The three other sites chosen for
consideration were Mauna Kea on the island of
Hawaii, the San Pedro Martir mountains of Baja
California, and the Cerro Tololo region of Chile.
We designed a field testing program to determine the long term utility of the sites in terms of
cloud-free hours and levels of sky radiance. Climatological records alone do not necessarily reveal
conditions favorable or unfavorable for solar
observations, nor do they always apply accurately
to high mountain sites. Our field program intended to compare on-site measurements with those

at the closest representative weather station that
had kept climatological records. Day-to-day comparisons between "base site" measurements
(cloud cover, sky radiance, solar image quality,
wind speed and azimuth, and maximum/minimum temperatures) and weather station surface
observations and upper air soundings were to be
included. In addition we planned to operate a
mobile station for approximately one month
within each of the regions. By measuring sky
radiance, winds, and temperatures simultaneously
at the mobile and base stations, we hoped to
determine lateral and vertical regional variabilities. Thus the sites initially chosen could have
been altered by the findings of the field program.
Because no satisfactory sky radiance photometer was available for scattering measurements,
the design and construction of such a device became one of our major tasks. By the end of
December we had completed two field-usable
photometers capable of making measurements
centered at 24 arc min above the solar limb. The
instrument allows measurements of extremely
dark skies (two-millionths of the solar brightness)
within an accuracy of 10%.
By late summer HAO's site criteria had
changed significantly, and a decision was made to
cancel field measurements with the photometer.
We will conclude work on the photometer with
local testing and prepare a technical report on its
design and operation; further work on site selection will be conducted by HAO.
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CONFERENCES
Subcommittee 4, NASA Committee on Atmospheric Analysis

14-15 March

10 participants

HELD AT NCAR
Panel on Remote Atmospheric Probing
15 July - 1 August
10 participants
Sponsored by the National Academy
of Sciences

NASA Astronomy Missions Board
16-17 March

40 participants

Conference on Laser Probing of the Atmosphere
16-17 April

Board of Trustees of Saint Louis University
20-21 July
Hosted by UCAR

30 participants

40 participants
Conference on Resonance Lines in Astrophysics

NASA Subcommittee on Meteorology
23-25 April

Conference
Program

9-12 September

30 participants

25 participants

on the International Biological

10 June
12 participants
Sponsored by the National Academy
of Sciences

Meeting of the Society for Industrial and Applied
Mathematics
23 November

100 participants

BOMEX Flight Planning Group
16 December

12 participants

Conference on Structure and Cause of Sporadic E
19-22 June
40 participants
Sponsored by ESSA and NCAR

Panel on Environmental Data
25-26 June
40 participants
Sponsored by the National Academy
of Sciences

Solar Panel of the Astronomy Missions Board

18 December

16 participants

