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FOREWORD

The activities of the National Center for Atmospheric Research during 1971 are described in this, the
tenth Annual Report of the Research and Facilities Programs at NCAR.

During 1971 NCAR continued its commitments to large, multiorganizational projects, such as the Global
Atmospheric Research Program and the National Hail Research Experiment. In addition, we took steps to
begin participation with the Environmental Protection Agency and other groups in a joint program of
atmospheric sampling in and near an urban area, St. Louis, Missouri, in support of pollution studies. Plans
to participate in a joint program of stratospheric aerosol and gas sampling and related studies were also
formulated.

Our work in planning and executing these large programs has enlarged NCAR, perhaps in fields broader
than any envisioned by the committees and panels which recommended the creation of NCAR a decade
ago. However, in working toward the proper implementation of such programs, we have learned important
lessons. Our experience so far has repeatedly shown that large, important research programs are inevitably
characterized by unexpected changes, unanticipated needs, and surprising results. We must, therefore, work
continuously to assure that we have the planning and management skills to react to changes, the size and
budget flexibility to fill unanticipated needs, and the broad scientific competence to exploit the results.
Thus, we have learned that a balanced program is the primary capability required of a national center. We
have also learned that the recommendation of NCAR's founders that the new laboratory be created with
broad scientific and facility capabilities and a healthy combination of scientific competence and
technological skills was a correct and farsighted vision of what is needed to make maximum progress on
important atmospheric problems.

An essential element of the broad program of NCAR is the many and varied interactions with scientists
from other institutions. NCAR's programs of visiting appointments, professor adjoint arrangements with
universities, seminars and conferences, graduate student visitors and summer colloquia, and joint or
university use of NCAR facilities were all vigorously maintained during 1971. The sizes and variety of these
programs range from small and simple--a single visit to NCAR by an individual from a university--to
large and complex--the 1971 field trial of the National Hail Research Experiment.

One example of the benefits possible from a visitor appointment was shown in the work of a young
scientist from Swarthmore College who spent a year at NCAR and who, working quietly in space shared
with regular NCAR staff, was able to develop a series of computer simulations of three-dimensional
turbulence. These simulations achieved sufficient realism so that they could be used with confidence to
make comparisons between turbulence theories and models. This work, by Stuart Patterson, is clearly the
work of an individual, yet it might not have been accomplished for years except for the circumstances
surrounding a visiting appointment--new faces, new stimuli, new impetus to solve old problems, and
adequate facilities--in this case a large computer that allowed the experiments to be conducted in a
reasonable length of time.

The 1971 summer field trial of the hail experiment was useful in pointing up problems and possibilities
associated with the project. Experience was gained, especially in areas of aircraft control and coordination
and in communications between the headquarters, the radar stations, aircraft, and the mobile ground crews.
Measurements were made of updraft patterns and velocities and of the mesoscale environment of a few
thunderstorms. Hailstones were collected, precipitation was measured, a search for silver in the environment
was begun, and many other aspects of the program were well under way by the end of the summer. The
summer of 1972 is scheduled as the first year of full field operation. The project will include programs by
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five or more universities and several government agencies; add-on or complementary efforts will be
conducted by several other groups.

Most of NCAR's activities in 1971 fall between the extremes of the two examples described above. They
are many and varied, but all are aimed at answering important questions about the earth's atmospheric
environment.

J. W. Firor
Director
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PREFACE

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

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

A list of the visitors who worked at NCAR for one month or more, and of publications by NCAR staff
members during the calendar year follow the main sections of the report. Because of normal time lags in
scientific publications, much of the work described in the Annual Report does not appear in the literature
during the current year.
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The Stratoscope II tandem balloon system, launched by the NCAR Scientific Balloon Facility from
Huntsville, Alabama, on 9 September 1971. The Stratoscope II astronomical telescope was a joint project
of Princeton University and the NASA Marshall Space Flight Center.
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INTRODUCTION

The Facilities Laboratory operates four facilities ded-
icated to the support of scientific programs. The Research
Aviation Facility provides research aircraft services and
engineering assistance, and tests and evaluates airborne
instrumentation systems. The Scientific Balloon Facility
conducts high-altitude balloon flights from its base at
Palestine, Texas, and from other locations in the United
States and in other countries, as dictated by scientific
requirements. SBF is a focal point for the development,
testing, and evaluation of unique ballooning equipment
and operational concepts. The Computing Facility sup-
ports atmospheric science through the use of Control Data
7600 and 6600 computers, consulting services, and an
active educational program. The Field Observing Facility
furnishes field project management and support, meteo-
rological observing equipment, and consulting services for
atmospheric science field experiments.

In addition to the four service facilities, FAL operates
the Research Systems Facility, which develops new
observing and information-handling systems for the atmo-
spheric science community, and the Global Atmospheric
Measurements Program, which develops long-duration
superpressure balloons and associated instrumentation for
measurement of atmospheric parameters in areas of the
world too remote for conventional observations.

I would like to make special note of two important
FAL achievements during 1971. First, in January 1971
GAMP proved the feasibility of using the Omega naviga-
tion system as the basis for an accurate wind-finding
dropsonde. The winds measured by prototype omega-
sondes dropped from a constant-level balloon compared
favorably to those measured by a nearby rawinsonde.
Based on the success of these and subsequent tests, we
began a major effort to develop an Omega dropsonde.
Second, SBF provided the launch and recovery support
for the complex Stratoscope II telescope flight. The

Stratoscope operation is probably the most complicated
feat of modern-day ballooning.

In 1971 we made several major additions to FAL's
capability to support scientific programs. In February we
formally moved RAF into the new NCAR hangar at the
Jefferson County airport. Previously, RAF had main-
tained its administrative and engineering functions in
Boulder, whereas aircraft operations were conducted from
rented space at Jeffco Airport. Not only does the new
hangar provide vastly improved working conditions, but
the consolidation of the facility also greatly improves our
ability to support investigative programs. In the summer
of 1971 the capability of the Computing Facility was
greatly increased with the installation of the Control Data
7600. The acceptance tests, conducted during August,
were followed by the integration of the 7600 into routine
work schedules. A second, larger balloon launch pad was
approved for construction at the SBF base in Palestine.
The new pad will better accommodate the larger balloons
and more complex payloads which are being increasingly
flown. Contracts for the engineering of the pad will be
awarded early in 1972, wit-h completion of the pad
expected in late 1972 or early 1973. We have also begun
plans for acquiring and instrumenting a four-engine
research aircraft to serve as an important element in
GATE. We plan to conduct a full-scale test of this aircraft
in the summer of 1973.

A personnel move of major importance within FAL
took place in the summer of 1971 with the consolidation
of SBF at the balloon base in Palestine. The management
and engineering staff which had been retained in Boulder
since the inception of SBF were moved to Palestine.

Charles A. Palmer, Jr.
Acting Director



RESEARCH AVIATION FACILITY

The Research Aviation Facility provided 1,102.1 flight
hours in support of 28 research programs during 1971.
We operated the NCAR North American Sabreliner and
two Beechcraft Queen Airs for the entire year. The
de Havilland Buffalo underwent a 1,200 -hr major air-
frame inspection during January and February and was
operated for ten months.

The RAF Advisory Panel met in March and October.
The Panel reviewed 18 university requests for flight
support, recommended approval of 11, recommended
disapproval of 5, and tabled 2 requests until additional
information could be supplied by the investigators.

In March we surveyed 24 university scientists who had
used RAF support from 1965 through 1969 to determine
the number of publications that had been written based
entirely or in part on RAF-supported research. Twelve of
the scientists surveyed reported a total of 32 university
and 50 NCAR publications using data obtained through
our support through 1970.

We conducted a detailed study to determine which
aircraft would best meet the requirements for
GARP/GATE support. The Lockheed Electra was selected
over the military C - 130 and P - 3 because of its perform-
ance, availability, and low cost. The initial planning effort
to acquire an Electra began on 1 October 1971. An
Instrumentation Advisory Committee was appointed to
advise and assist RAF in identifying the scientific instru-
mentation required on the Electra.

OPERATIONS

Flight Services

We provided flight support for 14 NCAR projects, 10
university projects, and 1 joint NCAR/university project
to which the Buffalo was assigned exclusively. In pro-
viding this support we conducted flight operations from
temporary bases in 9 states and 2 Canadian provinces. The
scientific areas studied in these programs were:

* Atmospheric composition (aerosols, particulate matter,
and gases)

* Thunderstorm structure

* Lake surface temperatures and vertical water vapor
distribution

* Hailstorm environment and the associated hailswath

* Wave clouds as model steady-state laboratories

* Air motion in convective clouds and cloud droplets as a
function of altitude and cloud life cycle

* The dynamic structure of mountain lee waves

* Dynamics of incipient clouds

* Atmospheric structure in the unstable boundary layer

* Aircraft instrumentation and sensors

* Refractive index studies

* The brightness temperature'of the sun

* The radiation budget over sea ice

* The structure and environment of cumulus clouds

* Pollution patterns in a lake breeze

* Solar flux and solar aureole sensors to be sent to Venus

* Urban/rural differences in the planetary boundary
layer

* Angle-of-attack sensitivity of temperature probe

0 The fate of pollutants from urban sources

* The variation of CO2 and 03 through the tropopause

Tabulated below are the flight hours flown in support
of research for universities, NCAR, and other users. The
totals include time used for research, instrument testing,
and aircraft ferrying. An additional 217.2 hr of flight time
were required for maintenance, ferrying, instrumentation
testing, and maintaining pilot proficiency.



FLIGHT SUPPORT, 1971

Research Total
Flight Time Flight Time

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

Universities 270.0 42.7 437.7 39.7
NCAR (LAS) 260.4 41.2 326.7 29.7
NCAR(HAO) 35.4 5.6 74.0 6.7
NCAR(FAL) 21.2 1.9
NCAR(NHRE) 52.3 8.3 131.8 12.0
Joint NCAR/ 14.0 2.2 109.4 9.9
University
Other _ 1.3 0.1

Totals 632.1 100.0 1,102.1 100.0

During 1971 we used the Sabreliner for the first time
to study the sun's atmosphere. Parametric navigation
techniques were used to maintain the orientation between
the sun and the sensor to within a tolerance of + 1° in
elevation for observational periods of over 2 hr. The
aircraft was flown above the tropopause to reduce the
attenuation of far infrared radiation by atmospheric
moisture.

Operations Base

Dedication ceremonies for RAF's new hangar, labora-
tories, offices, and shops at Jeffco Airport near Broom-
field, Colorado, took place on 6 February 1971. The
Hon. Gordon L. Allott, U.S. Senator from Colorado, was
the principal speaker for the ceremonies. The hangar
provides 1,600m 2 of space to shelter NCAR's four
research aircraft and 660 m2 of office, laboratory, and
shop space for RAF's administrative, technical, and
maintenance activities.

Staff Training

Eight members of our staff attended a four-day course
at Woodland Hills, California, on the theory, design, and
operation of Litton LTN - 51 inertial navigation systems.

Six pilots and five maintenance personnel attended a
five-day ground and flight refresher course at Jeffco on
the operation and maintenance of the Sabreliner. The
course was conducted by instructors from North Amer-
ican Rockwell at St. Louis, Missouri.

Student Training

During the summer we instituted a cooperative field
study program with the Aerospace Technology Depart-
ment of Metropolitan State College, Denver, Colorado.
The program was designed to give selected senior students
an understanding of the problems and challenges encoun-
tered and solved in the aviation industry. Four students
received credit for participation during the summer
quarter. The students were assigned to three areas:
flight operations, maintenance, and administration/
management.

AIRCRAFT MODIFICATIONS AND
ENGINEERING

Research Modifications

We concentrated our major modification efforts this
year on the Queen Air A80, the Sabreliner, and the
Buffalo. (Initial modifications and instrumentation of the
Queen Air B80 were completed in October 1970.)

We modified the A80 to carry a Texas Instruments,
Inc., RS - 310 infrared scanner by cutting a 46 - cm square
opening through the floor on the right-hand side of the
aircraft immediately aft of the main wing spar and by
fabricating a special rack for the scanner support instru-
mentation. A special cover closes the opening when the
scanner is not installed. The opening can also be used
to accommodate other downward-looking sensors and
cameras.

In December 1971 we acquired a modified Litton
LTN - 51 inertial navigation system and installed it in the
Sabreliner. This system, coupled with the Douglas
differential-pressure probe, cryogenic humidity measure-
ment system, computer-derived in-flight real-time dis-
plays, and a high-capability ARIS III data-recording sys-
tem, make the Sabreliner the best-instrumented air-
motion sensing jet aircraft in the world.

In conjunction with the installation of the LTN - 51 in
the Sabreliner, we developed an improved research
AVQ - 20 radar display for the cockpit. We also modified
the Sabreliner research electrical system by moving the
two 60 - Hz, 115 -V ac rotary inverters from the cabin

area to the nose of the aircraft. This reduced cabin noise
and improved aircraft weight and flight balance.



We improved the research pressure-measuring capa-
bility of the Buffalo by replacing the Pace pressure units
with temperature-compensated Rosemount 1301 pressure
units. We replaced the flexible pressure lines leading from
the wing-tip research pitot static source with aluminum
tubing and replaced the remaining short flexible portions
with Aero Quip AN - type flexible tubing.

A Barnes PRT - 6 IR radiometer was installed on the
Buffalo to replace the Barnes PRT - 5.

ARIS

We converted two of our airborne data systems to the
ARIS III configuration. Modifications included combining
the digital readout and control unit with the record
electronics in one enclosure and adding analog channel
check features and four synchro-to-digital converters.
Analog signal interface equipment allows easy cross-
strapping of analog signal channels and the monitoring of
analog input voltages with a built-in DVM. We also
modified the Borg-Warner recorders to improve their
reliability during severe vibration. We designed an inter-
face unit for recording inertial system data and incorpora-
ted it in the Sabreliner recording system.

We modified our ARIS ground station by incorporating
an ARIS II data monitor, designing a new data buffer, and
installing a Kennedy tape deck in the system. We also
repackaged the ground station in new racks which allow
an improved readout array and improved electronic
component interconnection.

TEST AND EVALUATION

Environmental Chamber

Early in 1971 we installed an environmental chamber
in the test and evaluation laboratory. Temperature and
pressure ranges of the chamber are -50 to +115°C and
station pressure to 15 mb, respectively. The chamber is
used to test the following equipment:

* Absolute and differential pressure transducers

* Reverse flow and Rosemount temperature sensors

* Sailplane camera system

* Signal amplifier

Infrared Calibration Source

An EG & G, Inc., infrared radiance source was ac-
cepted and put into use with the PRT - 5, PRT - 6, and
RS - 310 scanners. The radiance source employs thermo-
electric temperature control of the aluminum honeycomb
array of 0.635 - cm cavities making up the target; these
are coated with optical black paint with an effective
emissivity of 0.99. The temperature uniformity across the
target is several tenths of a degree, the range is -20 to
+800 C, and the cavity is designed to fill an f/5 spectrom-
eter beam 38.1 cm from the slit. This device is state-of-
the-art equipment and should prove useful as an IR
standard for all test and calibration requirements.

Microwave Refractometer

We accepted the NBS-fabricated microwave refractom-
eter and tested the instrument in use during the University
of Wisconsin program on radio wave propagation and the
cloud physics program of R. R. Braham of the University
of Chicago. We also tested the instrument's cavity flow
characteristics in the FOF wind tunnel at low speeds and
then at higher velocities to simulate aircraft operation. We
began a separate analysis which considers the instrument's
limitations as a humidity sensor.

RS-310 IR Scanner

We installed a Texas Instruments RS - 310 scanner in
the Queen Air A80 on 4 May 1971 and flew the instru-
ment over the company's special resolution facility on
5 May. The resolution of the milliradian detector proved
to be 0.3 m when flying 310 m above the target. We later
flew the scanner over the U.S. Army Electronics Proving
Ground at Ft. Huachuca, Arizona, to evaluate the noise
equivalent temperature (NET) of the system, and we
operated the scanner over 200 hr during the remainder of
the year.

Particle Spectrometer

We flew a test and evaluation program on an improved
solid-state-optics/optical-array spectrometer. (R. G. Knol-
lenberg developed prototype instruments while in RAF



from 1967 to 1969). The new instrument is designed
for work at temperatures below -40 0C and altitudes up
to 15.25 km; its dynamic range covers particles from
150 gm to 2.25 mm in diameter with 14 size channels.
The tests were satisfactory, with no noise or false particle
indications.

Optical Flowmeter

We refined and flight-tested the electro-optical flow-
meter, which has several noteworthy features:

(1) laboratory calibration is simple and reproducible;

(2) power requirements are relatively small; (3) maximum
sampling capacity of 4.5 g/m3 (at aircraft speeds of

270 - 330 km/hr) can be increased with minor changes to
the basic instrument design; and (4) system accuracy
(exclusive of the collection efficiency) with 1 - sec aver-
aged data is about 4 - 5% of full scale.

We conducted angle-of-attack tests on the Rosemount
temperature probe during July and August. These tests
indicated some insensitivity on the part of the system to
angles of attack of < 1.5°.



SCIENTIFIC BALLOON FACILITY

On 1 July 1971 the Scientific Balloon Facility admin-
istration and operations were consolidated at Palestine,
Texas. This was done to strengthen the balloon operation
at Palestine and improve ballooning support to the
scientific community.

The Advisory Panel on the Scientific Use of Balloons
met in March, June, and October and reviewed all SBF
activities and plans. The Panel approved plans to support
the Stratoscope II launch from Huntsville, Alabama, and
to send a minor expedition to Argentina to support
specific scientific balloon flights. The Panel recommended
that NCAR initiate a study to document the potential role
of ballooning in the next decade and to list the priorities
for development.

During 1971 SBF conducted 74 balloon flights in
support of scientific research and 3 flights in support of
ballooning development efforts. The flights served 28
scientific groups from 24 institutions in 4 countries. They
were launched from Palestine, Huntsville, and Parana,
Argentina. The most significant single achievement was
the successful launch of the Stratoscope II from Hunts-
ville. Of the 77 balloons flown by the NCAR crew, 81%
were operationally successful.

OPERATIONS

Palestine Scientific Balloon Flight Station

The NCAR Scientific Balloon Flight Station at Pales-
tine remained the principal site for our balloon launches.
During the year, 63 balloons were flown from Palestine;
the Palestine crew also conducted the Stratoscope II
operation from Huntsville and launched 13 balloons from
Argentina.

The activity at Palestine was in most respects routine.
The number of scientific flights increased from 53 to 61,
and the average payload and average balloon volume
continued to increase. Of the balloons flown, 39 had a
volume of 300,000 m3 or larger and 6 of these had a
volume of 849,000 m3 . We launched 11 payloads weigh-

ing over 1,364 kg including 3 over 1,814 kg.

Our overall success rate decreased from 85 to 81%
because of a sharp increase in balloon failures, from 5 in
1970 to 11 during 1971. The increased number of very
large balloons probably contributed to this increase. Three
850,000 - m3 , one 570,000 - m3 , and two 425,000- m3

balloons failed. However, three generally reliable
300,000 - m3 balloons and two small balloons (57,000 m3

and 45,000m 3 ) also failed. We began an investigation
into the causes of this increase in balloon failures.

Requests for our telemetry and command services
continued to increase. This, coupled with the increasing
complexity of the scientific packages, taxed our
electronics section to the utmost. However, we attribute
only two flight failures to electronics.

Stratoscope II

We launched the Stratoscope II astronomical telescope
from Huntsville in September. This was a joint program
involving the NASA Marshall Space Flight Center (tele-
scope support), Princeton University (scientific aspects),
and NCAR (ballooning services). The gross weight of the
system (6,350 kg), the delicate nature of the payload, and
the launch away from Palestine established this flight as a
major ballooning achievement. The flight preparations and
operation required approximately 40 man-months of
effort by NCAR personnel. The operation was successful,
and preliminary indications are that excellent photographs
were obtained.

Southern Hemisphere

An operations crew of nine men conducted a balloon
program in Argentina during November and early Decem-
ber. Nine flights were originally scheduled, but conditions
were so favorable that 13 balloons were actually flown. Of
these 13, 11 were operationally successful and 2 resulted
in balloon failures. The balloons were flown for 6
institutions, and all investigators appeared to receive
excellent data.



Ballooning Systems and Techniques

Electronics Support Systems

We continued development of the airborne consoli-
dated instrument package and the advanced telemetry and
command ground station during 1971. SBF monitored the
progress made by RSF and made preparations for ac-
ceptance and flight tests of the equipment when it is
delivered early in 1972.

Balloon Design and Dynamics

We continued to monitor the RSF program to develop
long-duration balloons. This program was principally
directed at refining manufacturing techniques to achieve a
gastight envelope. One balloon was fabricated and will be
test-flown early in 1972.

We continued our development of a numerical model
simulation of a dynamic balloon launch. The completed
model will be useful as a guide in determining optimum
procedures and limitations for dynamic launch operations.

In a project designed to reduce the cost of the
heavy-load balloon systems, we successfully launched a
system with a polyethylene main balloon (vice Mylar-
scrim) and a Mylar-scrim launch balloon in May. In a
further attempt to reduce the cost of heavy-load balloon
systems, we began developing a single-cell polyethylene
balloon for testing early in 1972. Prospects for a more
economical balloon system for heavy loads appear to be
excellent.

Although we made no flight test of an in-flight balloon
deployment system during 1971, we continued our effort
by attempting to optimize the fixed cylinder brake. We
used a computer to combine sizes and locations of
cylinders to cover a wide range of loads and speeds.

We contracted with Colorado State University for a
study of the possibilities of constructing a practical wind
screen for protection of the balloon bubble during
inflation.

We prepared specifications for a cryogenic ballasting
system for use on heavy-load balloon flights. In a joint
program with NASA/MSFC, we began design studies
directed toward development of a system for use on the
Stratoscope system in 1973.

DEVELOPMENT
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COMPUTING FACILITY

The high point of 1971 was the installation late in May
of a Control Data 7600 computer in the remodeled
computer room. Control Data engineers spent June
making final adjustments to the hardware while the
NCAR systems development staff was finishing the 7600
operating system. July served as a shakedown period, and
the successful 30 - day acceptance period began on the
last day of that month.

Preparations for the installation of the 7600 forced
two lengthy interruptions of 6600 service. However, the
6600 continued to operate reliably before and after each
of the interruptions.

Start-up of the 7600 immediately eliminated the
previous delays in computer processing, but we found that
we had seriously underestimated the number of people
required to maintain the operation of both the 6600 and
the 7600. The immediate problem was solved by comple-
menting the operations staff with temporary employees.

At the end of 1971 the 7600 was still not operating
with the reliability which we have come to expect from
our experience with the 6600. However, the performance
of the 7600 continued to improve, and we expect that it
will show a substantial increase in reliability during 1972.

The software development for the 7600 was completed
on schedule. By 1 July (the beginning of the shakedown
period), the 7600 operating system was capable of
executing all jobs brought to the Computing Facility.
Because of the fairly frequent hardware failures during the
first months of 7600 operation, our ability to transfer
jobs freely between the 7600 and the 6600 proved to be a
remarkable benefit. The systems development group is to
be commended for the novel and efficient way in which it
prepared the 7600 operating system.

The 7600 operating system is designed to accept jobs
prepared for the 6600 without change. Non-NCAR users
of the Computing Facility have traditionally been given
limited grants of computer time. Therefore, to avoid
penalizing users of the much slower 6600, we introduced
the concept of the computer resource unit (CRU). The
CRU is an arbitrary measure of computer resources. The
rates at which CRUs are expended in the two machines
are so adjusted that the execution of a job will require

approximately the same number of CRUs in either
machine. The formula for the calculation of CRUs
expended accounts for the time of execution of the job,
the amount of memory required, the number of tapes
mounted, the number of pages printed, etc. We began
accounting for computer usage in CRUs in June 1971.
During 1971, 90 new non-NCAR projects were approved
by the Head of the Computing Facility and the Com-
puting Facility Advisory Panel. The corresponding figure
for 1970 was 58. It is evident that the 7600 allowed a
rapid increase in the number of acceptable non-NCAR
requests.

We continued to monitor the development of array-
processing computers of the ILLIAC IV class. Represen-
tatives of the Computing Facility visited the Control Data
Corporation in Minneapolis, Minnesota, to review the
progress on the STAR computer and visited Texas
Instruments, Inc., in Austin, Texas, to study the Ad-
vanced Scientific Computer; through visits and confer-
ences we continued to monitor the development of the
ILLIAC IV.

We began preparing a five-year projection of the
Computing Facility development, which looks toward the
installation of a computer of STAR/ILLIAC class by
about the middle of the decade. The installation of such a
computer appears imperative if NCAR is to assume its
proper role in the First GARP Global Experiment.

The speed of the Control Data 7600 is such that special
demands are made on magnetic tape operations. There-
fore, we also examined possible on-line mass storage
devices, such as Precision Instruments' trillion-bit laser
store and Control Data's SCROLL. It appears that such a
device will be required to achieve the full capability of the
7600 system.

During the first half of 1971 we continued to add staff
to the Computing Facility. These included additional
systems programmers for the systems development group,
an additional meteorologist/programmer for the data
systems group, and additional computer operators. The
current regular staff is 61, of which 43 are programmers
and mathematicians and 15 are in the computer opera-
tions staff. The programming staff is supplemented by
several casual employees (the equivalent of about 7



11

full-time staff) who are students at the University of
Colorado. Lbcs (visitor from the Hungarian Central
Research Institute for Physics) began working in July on
computer operating systems and computer graphics. Gam-
mill and Sweet (both visitors from the University of
Colorado) and Irving Weiss (of the University of Colo-
rado) continued to serve as consultants to the Computing
Facility. Cline held a half-time visiting appointment and
Gary was an affiliate professor in the Computer Science
Department at the University of Colorado.

OPERATIONS

For the first six months of the year the 6600 ran at
full capacity. One-third fewer jobs were processed during
April and May when the 6600 was shut down several
times while remodeling for the 7600 installation was
carried out. The 7600/6600 computer capacity presently
allows the immediate execution of almost all jobs except
those large-scale programs which are normally run on the
second and third shifts. The computer operators were
trained on-site for the 7600 operations, and three more

CONTROL DATA 6600 MONTHLY TOTALS
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operators were added to help maintain the flow of jobs.
Data-processing programs that require computer resources
within a specified time are now given special handling, and
the results have been most favorable. Figure 1 summarizes
6600 and 7600 CPU use for 1971.

The average monthly workload, including six months
of 7600 operation, was as follows: 14,274 jobs submitted
(of which 47% required magnetic tape use), 356,487 pages
printed, 212,072 cards punched, and 384,112 frames of
microfilm produced. The computing time by division was:
LAS, 73%; non-NCAR and sponsored non-NCAR users,
11%; HAO, 6%; ASP, 5%; FAL, 4%; GTG, NHRE,
the NCAR Administration, and the Control Data
Corporation, 1%.

Keypunch operations increased 30% in total card
volume, with continued emphasis on Fortran and assem-
bly language programs. With the installation of a dd80
microfilm recording device on the 7600, the film-
processing load increased, but the microfilm operations
staff handled the increased volume with the existing film
processor.

LEGEND

Power Off
Scheduled
Maintenance
Emergency
Maintenance
Non-overlapped PPL
Time and Unused Til
CPU Time

JUL AUG SEP OCT NOV DEC

Fig. 1 Control Data 6600 and 7600 use during 1971, monthly totals.
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NON-NCAR USERS

Regular non-NCAR use increased to the equivalent of
833 hr of 6600 time over the 1970 total of 439 hr. The
sponsored non-NCAR users accounted for 634 hr. Com-
bined non-NCAR use was 3.5 times that of 1970. There
were 90 new non-NCAR projects and 56 new sponsored
non-NCAR projects.

PANEL

The Computing Facility Advisory Panel met in March,
August, and November to review our operations and to
act on 25 requests from non-NCAR users. Because of the
additional computing power available with the 7600, the
Panel authorized the Head of the Computing Facility to
approve up to 30,000 CRUs (the equivalent of 10 hr of
7600 CPU time) to non-NCAR users without reference to
the Panel. In December several Panel members attended a
meeting to discuss the question of NCAR's joining the
ARPA network.

HARDWARE

We signed the contracts for computer and equipment
room remodeling in January 1971. These two areas
underwent extensive modification in preparation for the
installation of the 7600 and relocation of the 6600. (All
6600 devices, except the mainframe, were moved.) The air
conditioning system was redesigned so that air is supplied
from beneath the floor and returned overhead and the
condenser water circulates through a closed loop; an
additional 60 - T water chiller was added to provide a
total of 180T of cooling capacity. To supply 400 -Hz
power to the 7600 equipment, two 125 - kVA motor/gen-
erators were installed (one as a spare). The 6600 was
down during site remodeling only during the new power
hookup and the water/air conditioning changeover.

To decrease the noise level in the computer room, the
walls and the users' side of the counter were carpeted, and
fiber glass batts were installed over the ceiling light
fixtures. The keypunch room was also carpeted, fiber glass
batts were installed overhead, and two room chillers were
added.

The 7600 was delivered on 24 May. The 7600 main-
frame and 7638 disk files were lowered into the building
through the air shaft to the motor/generator room by a
mobile crane. With around-the-clock effort, the system

was assembled in four days, and intensive hardware
testing and debugging began on a 24 - hr schedule. A large
number of defective and marginal modules plagued the
efforts of Control Data and NCAR personnel to get the
machine to run for an extended time, and the acceptance
test did not begin until 31 July 1971. The contract
specified that the 7600 system had to be available for use
for 90% of the time during a continuous 30 - day
acceptance period. Despite numerous hardware failures
and interruptions, the 90% figure was achieved and we
accepted the 7600 on 29 August 1971. The 7600 CPU
runs at least five times faster than the 6600.

While the 7600 was being installed and tested, the
6600 ran almost flawlessly. The 7600 continued to show a
number of hardware failures, but there was a steady
increase in its reliability. Figure 2 shows the 7600/6600
equipment layout in the computer room.

We returned the Honeywell K -716 keytape to the
manufacturer this summer because it could not be
modified to handle the needed volume of paper tape
during continuous high-speed operation.

The Computing Facility expects to receive the first
remote terminal sometime in January 1972. The Control
Data User 200 terminal will be used for remote batch
processing and will be installed at HAO after hardware
and software check-out at the Mesa Laboratory. The
terminal consists of a 300 - card-per-minute reader and a
300 - line-per-minute printer with a console for visual
display and program command entry.

SOFTWARE

Most of the conversion of the 6600 operating system
for 7600 use had been completed by the end of 1970. Our
first attempt to load the system on a test 7600 occurred
at the end of January 1971. This first test was quite
successful, but because the configuration of the test
machine differed from NCAR's, we were limited to
loading the system without any attempt at execution. We
were given three more check-out sessions (on our com-
puter) before the end of April. During these sessions we
concentrated on the tape and printer drivers. We debugged
a routine to dump the 7600 during this period. By 1 May
we were informed that all the machine components were
operational, and it was then time to make the system
completely operational. By 12 May the system would
execute small jobs, but further work was delayed until the
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Operator Console - 7600
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Maintenance Control Unit - 7600

Card Reader & Console

Central Processing Unit - 6600

Power Distribution Unit - 7600

10 Ton Condensing Unit - 7600

Central Processing Unit - 7600

Item No.

9
10
11

12

13
14
15

16
17

Device

Disk File 7600

Disk File Hydraulic Unit - 7600

Disk File - 6600

Controllers - 6600 & 7600

Drums - 6600

Disk Drives - 6600 & 7600
Line Printer - 6600

Line Printer 7600
Card Punch - 7600
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18
19
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24

Device

Card Punch 6600

Card Reader 7600

Card Reader 6600

Microfilm Recorder 7600

Microfilm Recorder -6600

Interactive Graphics Device - 6600
Motor Generator - 6600 & 7600

for Items 21, 22, and 23

Fig. 2 The 7600/6600 computer room floor plan.

7600 was installed at NCAR. We spent the summer in a
cleanup of many system loose ends.

At summer's end the systems group turned its atten-
tion to three problems: the remote batch terminals,
7600/6600 machine interconnection, and a system re-
covery procedure. We coded the recovery routine and
placed it in advance check-out. We partially coded and
checked out the remote batch routine. We began the
machine interconnection routines, but progress was de-
layed by the emphasis given to the remote batch
programs.

Robertson, Gammill, Lorenzen, and Walker greatly
extended and documented the software for our interactive

graphics terminal (GRID). The GRID has been very useful
for certain kinds of jobs which are truly interactive in
nature. We used it for 12 different scientific applications
during the year. We expect its use to increase greatly in
1972.

NUMERICAL ANALYSIS

During the spring we continued the seminar in ad-
vanced numerical analysis, which began in the fall of
1970. This series was given in conjunction with the
University of Colorado and could be taken for credit by
graduate students. The lectures on the numerical solution
of partial differential equations, with emphasis on the text

Item No.

1
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3
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7

8
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by Richtmyer and Morton, were held in the Fleischmann
Building. NCAR lecturers were Cline, Oliger, Swarz-
trauber, and Sweet.

Buneman's direct methods for the solution of Poisson's
equation were extended by Sweet and Swarztrauber to
include the solution in polar coordinates. Swarztrauber
also worked on the Dirichlet problem for a region of
general shape and on a numerical model of the unsteady
free boundary of an ideal fluid.

Cline continued developing and testing two algorithms
for determining the uniform norm solution to overdeter-
mined linear systems of equations. He developed a new
algorithm for the least-squares solution of such systems,
which proved to be more efficient theoretically and in
practice than any other existing algorithm. Cline and
Miller explored a nonfinite-difference technique for
solving the Dirichlet problem.

In October Cline began discussions, with various
principal researchers, of the NATS project, a large
research effort to study the development of certified
mathematical software. As a result of these discussions,
NCAR was chosen as one of the test sites for the
evaluation of the software being provided by NATS.
NCAR's function is to apply the various NATS programs
(e.g., eigensystem subroutines) to its atmospheric research
and to report its results with respect to adaptability,
speed, and accuracy.

Gary and Helgason developed the first version of a
language intended to simplify programming finite-
difference schemes. The compiler is now operational on
the NCAR 7600/6600 system and on the Control Data
SCOPE system at the University of Colorado, and a users'
manual is available. Work proceeded on the design of a
second version of this language. Gary and Locs designed
an extension of Fortran to simplify the generation of
contour plots and graphs on our microfilm recorder. We
hope to have a first version of this implemented by
August 1972.

Gary studied the hardware available for generating
graphical output at a remote terminal and transmitting it
through a voice-grade telephone line. This transmission
required design of a data-compaction scheme.

Oliger studied mesh refinement methods as applied to
GCM-type calculations. He also wrote with Heinz-Otto
Kreiss of the University of Uppsala, Sweden, a paper on

comparison of accurate methods for hyperbolic equations.

Gary prepared a manuscript on the use of a dissipative
fourth-order scheme in mesh refinement problems. He
also wrote a paper concerning truncation error in schemes
used for numerical weather prediction.

SUBROUTINE LIBRARY

We established a disk library within the NCAR system.
A portion of this library is called ULIB (utility library)
and contains all the special-purpose subroutines in the
subroutine library. The subroutines are on the disk in
card-image Cosy form and are available to the user
through insertion of appropriate control cards in his job
deck. The user may read a program into his job stream,
modify the program if he wishes, and execute the job. He
also may punch the program or copy it from ULIB to a
library file under his own project number. Since ULIB is a
read-only library, it is protected from destruction and
proved to be very stable and accurate. It also provided the
control necessary for systematic expansion and standard-
ization of the library.

We continued to expand the subroutine library to
provide greater flexibility and power in several fields of
interest. We added to the library:

* A package of subroutines to solve Poisson's equation
on a rectangle using Buneman's technique. Each sub-
routine corresponds to a different set of boundary
conditions; the more commonly used boundary con-
ditions are available.

* A package of three subroutines to locate the roots of a
polynomial. This includes a program to find the zeros of a
complex polynomial, a program to find the zeros of a real
polynomial, and a program to find the individual bounds
for a set of approximate zeros.

* Other new mathematical programs which include two
spline-fitting subroutines. One provides a cubic spline
approximation with variable knots, and the other gives a
one-dimensional interpolation using a spline under
tension.

* Two new subroutines that will solve a system of
ordinary differential equations using Hamming's
predictor/corrector technique. One of these subroutines is
for linear equations and the other for a set of general
equations.
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* Other additions, including a subroutine to compute
Bessel functions for complex argument and complex
order, and a set of subroutines to perform arithmetic
operations on a truncated power series.

* Several nonmathematical programs to help the user
with data handling problems on the computer.

* Two new subroutines which provide very fast check-
sum computation and data movement within memory.

* The new disk library, a convenient storage area for the
user. Two programs are available to edit, save, and
manipulate files on the disk; these give the user flexibility
in managing a large or complex set of files.

We also began testing a package of programs to
compute eigenvalues and eigenvectors. This package-
EISPACK--is a group of subroutines capable of solving
almost any problem of this type.

GLOBAL CIRCULATION MODEL

At the end of 1971 the programming group for the
GCM numbered about seven persons. During 1971 the
various versions of the model were transferred to the
7600. Wellck and Browning developed a 2.50 model for
the 7600 and began modifying it for real data use by
Thiel. Thiel completed development of a seasonal model.
Wellck developed a stratospheric version (12 levels) of the
5° model. Slater began assisting Williamson in submitting
cases. To reduce operational problems, the systems
programming group modified the operating system so that
instead of submitting a separate job we can process the
model output and generate special output tapes simul-
taneously with computation. Kennison and Browning
modified the GCM for this purpose. Also, Lorenzen
implemented a tape-packing scheme to reduce the number
of tapes used. Kennison began developing a more nearly
automatic method of handling the GCM tape data.
(Data handling has become a serious problem because of
the 7600's increased speed.) Special attention was given to
the problems involved in the use of the GCM by
non-NCAR users.

DATA SYSTEMS AND PROJECTS

Jenne, Joseph, and Bundy continued to obtain nec-
essary data and to facilitate its use in research projects;

Spangler joined them in this work in July. During the year
we updated the files of data from NMC. In connection
with GARP activities, we began adding to our set of
long-term time series of rawinsonde data for equatorial
areas and the southern hemisphere. We are still processing
major sets of data received from NCC and from Australia,
New Zealand, and England. The Massachusetts Institute of
Technology provided us with a copy of 12 tapes that they
received from NCC. Other data sets are in various stages of
preparation.

Cooperative Projects

We began (with NOAA/NESS) to compare monthly
mean stratospheric analyses made from satellite infrared
soundings to analyses made from conventional rawinsonde
data, and began to prepare a several-year period of daily
satellite brightness data for easy use.

NCAR Projects Supported

Julian (LAS) used NMC tropical wind data to calculate
expected balloon trajectories.-He and Madden (LAS) used
rawinsonde data from a number of tropical stations to
calculate information on a recently indentified 45 - day
oscillation.

We provided basic daily 300 - mb maps and derived
maps for Roberts (UCAR) and Olson (ASP) to use in a
continuing study of possible relationships between solar
activity and atmospheric changes.

We began processing stratospheric grid data from
Germany to support work by Labitzke (LAS visitor from
the Free University of Berlin) and van Loon (LAS).

Volumes II, III, and IV of the atlas on the climatology
of the southern hemisphere (surface through 100 mb)
were printed this year.

Bleck and Shapiro (both of LAS) used data to establish
initial conditions for experiments in making forecasts in
the isentropic coordinate system.

We also supplied grid data and station data for use in
projects by van de Boogaard, Danielsen, and Washington
(all of LAS). Wallace (LAS visitor from the University of
Washington) used our radiosonde observation data.
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GARP Planning Support

Jenne is a member of the NAS GARP Data Manage-
ment Panel, and attended the WMO/GATE meeting in
Moscow to help plan GATE data management procedures.

Non-NCAR Data Requests

The following organizations obtained copies of our
data during 1971: University of Utah, University of
Wisconsin, Saint Louis University, University of Michigan,
Colorado State University, New York University, Penn-
sylvania State University, University of Alaska, State
University of New York at Albany, University of Colo-
rado, University of Hawaii, Florida State University, the
Lawrence Livermore Laboratory, the Swiss Federal Insti-
tute of Technology, the Swedish Meteorological and
Hydrological Institute, and the South African Meteoro-
logical Service. Visitors from McGill University, University
of Washington, and Florida State University also used
data.

TRAINING

We offered two beginning Fortran classes and one
intermediate class to NCAR staff. New sets of problems
establish the qualification levels of participants in these
classes. Scientists participate in these classes so that they
can write their own programs and improve their under-
standing of what their programmers code for them.
Operations staff from the Computing Facility attend so
that they can understand their own work better and
answer users' questions related to computer operations
and keypunching.

We gave seven new professional programming staff
members orientation and training at an advanced level:
two were given advanced review in problems related to
general scientific applications; two were trained in ad-
vanced data-analysis applications; one was trained in
7600/6600 applications for magnetic tapes generated on
the Bendix Datagrid; and two were given orientation on
the NCAR operating system for work with the systems
group.

We continued the FAL Computer Seminar Series on
numerical analysis with lectures by Hildebrandt, Cline,
Gary, Oliger, Swarztrauber, and Sweet.

In January, Joseph taught a course on the use of the
Bendix Datagrid. Loretta Rainish (NCAR casual) and
Slater trained users requiring help on the Datagrid. In
February, Wright gave four lectures on the dd80 micro-
film recorder and the GRID.

Jeanne Adams began participating as NCAR represen-
tative in the X3J3 committee of the American National
Standards Institute. This committee is working on ex-
tensions to the standard Fortran language so that Fortran
will be current and useful for new multiprocessing and
vector-type computers. As far as possible, the NCAR
Fortran contains the national standard Fortran as a
subset.

Nine graduate students (from the University of Chi-
cago, University of Colorado, Florida State University,
Massachusetts Institute of Technology, Oregon State
University, Pennsylvania State University, University of
Washington, University of Wisconsin, Madison, and Uni-
versity of Wisconsin, Milwaukee) attended our 1971
Summer Fellowship Program. It was conducted as a
workshop emphasizing advanced programming techniques.
Each student worked with an NCAR scientist on a
scientific problem using the computer, and we issued a
collection of papers describing their work. The seminar
series in large-problem design, held primarily for the
fellowship students, was also attended by many NCAR
visitors and staff. O'Brien (LAS visitor from Florida
State University), Drake, Kasahara, and Washington (all of
LAS), and Anderson, Wellck, and Fulker lectured on
large-problem design.

We mailed a questionnaire to past participants in the
Summer Fellowship Program to follow up on their career
activities and the effects of their contact with NCAR and
of their computer training here. The questionnaires will be
summarized in a report.

GENERAL SERVICE PROGRAMMING

There are 32 scientific programmers working on
general applications for more than 60 scientific projects.
Eleven programmers worked with scientists in the LAS
dynamics group on topics in turbulence, synoptic meteo-
rology, and atmospheric dynamics. These projects in-
cluded several large simulation models. Ridley coauthored
a journal article with Dickinson and Roble (both of LAS)
on the response of the neutral thermosphere at F-layer
heights to a global wind.
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Four programmers began working as a team with Drake
(LAS) to prepare a large simulation model in cloud
physics. Peterson coauthored an article with Drake on
solving a vertical subsurface water flow problem. Wright
began preparing a set of utility programs that will solve
three-dimensional contouring problems economically and
enable the cloud physics group to make computer movies
of a cloud. This program will be available to the general
user in the future. Anderson made several presentations
describing the computer design problems inherent in a
cloud model of this size.

In atmospheric chemistry programmers worked with
DeLuisi and Furukawa (both of LAS).

The programmers assigned to RAF worked toward
improved general programs to process data from the
variety of collection devices mounted in NCAR aircraft.
This group processes large volumes of data on a regular
basis.

Seven programmers worked with HAO scientists. Wer-
ner coauthored an article in Solar Physics with Durney
(now ASP). Wellck began designing and testing a large
solar model with Nakagawa (HAO).

There are many other projects. We greatly enlarged,
rechecked, and stored on the disk the mathematical
library which is available to all computer users. Only a few
control cards are needed to bring in any of these 100 or
more programs for a given job. Many of the general service
programming staff researched, prepared, checked, and
documented programs for this library.

The professional scientific programmers are always
available for consultation. They help many users with
numerical methods and assist in debugging many problems
prepared for the NCAR computers. Among those requir-
ing help from this group this past year were 117 visitors
using the Computing Facility.
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FIELD OBSERVING FACILITY

During 1971 the Field Observing Facility provided 22
man-months of support to field projects--down from 40
in 1970. We used the added time at Boulder to plan for
future support activities and to make important improve-
ments in our observing equipment and our calibration
facility. At the end of 1971 our commitments for 1972
included support of the Arctic Ice Dynamics Joint
Experiment, the International Field Year of the Great
Lakes, and a Venezuelan experiment for Herbert Riehl of
Colorado State University; for 1973, the African solar
eclipse expedition and FAPS; and for 1974, CAP and a
second phase of FAPS. During 1971 we began actively
preparing for each of these experiments.

A major improvement at the Marshall Field Site
(Marshall, Colorado) was the completion of the chain link
fence enclosing the northwest operations area. Minor
improvements consisted of providing electric door openers
for two doors to the main building mechanical shop,
completing the CO exhaust system, enlarging the east
door to the main building to permit entry of equipment
trailers, and acquiring two 64,000 - Q surplus potable-
water storage tanks for future installation on the site. We
also gained additional work space in the main building at
the Marshall Field Site by transferring many bulky items
of equipment to an unheated warehouse leased in
Marshall.

The FOF Advisory Panel met in April and October. A
significant Panel decision was to place more emphasis on
scientific merit when selecting those programs to be
supported by FOF.

OPERATIONS

During the year we provided equipment or field
personnel or both to the following universities: Alaska,
Colorado, Colorado State, Denver, Illinois, Kansas, Mary-
land, Massachusetts Institute of Technology, Miami, Mich-
igan, New Mexico Institute of Mining and Technology,
Oklahoma, South Dakota School of Mines and Tech-
nology, Texas A&M, Washington, and Wisconsin. We also
provided support to the Argonne National Laboratory and
NOAA. In over 60 trips we logged 93,000 km of truck
travel moving equipment and supplies to field programs

and universities. Our equipment saw use in Alaska, the
Bahama Islands, Ascension Island, on Pikes Peak, Colo-
rado, and in Jewel Cave National Monument, South
Dakota; we supplied equipment and staff assistance for re-
search in North Dakota, Nebraska, New Mexico, Illinois,
Washington, and northeastern Colorado; and we con-
ducted a survey trip to Mauritania, Mali, and Niger to
assess support needed for the 1973 eclipse expedition.
Three of the more significant programs supported by FOF
are described below.

North Dakota Project

We supported a South Dakota School of Mines and
Technology weather modification project covering
McKenzie County, North Dakota. We provided a modified
M33 S-band radar equipped with a 3 -m dish, a computer-
controlled sector scan, and an echo-pulse integrator that
feeds reflectivity information to a computer-compatible
tape recorder. We also provided a technician to maintain
the system. South Dakota personnel operated the radar.
Their objective was to cali-brate the radar for hourly
changes in the Z-R relationship by comparing equivalent
reflectivity factors with rainfall measured by a network of
recording rain gages. The radar will be used as a principal
evaluation tool during the 1972 and 1973 project
operations.

The radar was set up at Watford City, North Dakota,
from 1 May to 15 August. At first there were equipment
problems traceable to transportation of the radar; our
technician corrected a problem of variable scan rates that
was traced to the antenna drive servo system and NCAR
machinists repaired the antenna drive mechanism on
9 June. Thereafter the system performed well except for
one misfortune. Early in July, during routine mainte-
nance, an etched circuit board was removed and, on being
replaced, failed to make connections. The problem was
not detected immediately because of a delay in diagnosing
and processing the tapes, and ten blank tapes were
recorded between 3 July and 10 August. Improvements
planned for the system--a new synchronous tape re-
corder, increased computer memory, and new diagnostic
software--will permit some real-time calculations and
display and avoid a recurrence of this incident.
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National Hail Research Experiment

We provided NHRE with the following equipment:

* Three mobile homes to house personnel at the New
Raymer (Colorado) School

* A camper used for shelter and tool storage for
construction personnel at Grover, Colorado

* A 22 -kVA generator to provide power during con-
struction at Grover

* A 60 - kVA generator as backup power for the Grover
radar

* A 19,000 - Q tanker for domestic water at the Grover
site

We transported all of the above and the following:

* 113,000 Q of water from the town of Grover to the
field site

* Building material, a small earth mover, and a 28,000 - Q
water tank to the Grover site

* Two GMD -1 vans from Marshall to Grover and
Ft. Morgan, Colorado

* Sailplane instrumentation ground station from Jeffco
Airport to Ft. Morgan

* Helium from Amarillo, Texas, to Grover, Ft. Morgan,
Sterling, and Kimball, Colorado

* CPR - 1 radar and antenna from Marshall to Grover

We installed crystals for new frequencies in NHRE
transceivers. We constructed a new S-band coherent radar
(CPR - 2) to interface with an NHRE-furnished antenna
and control and data system; when the antenna did not
arrive we modified our CPR - 1 radar to make it compati-
ble with the NHRE control system. We designed and
supervised construction of two CPR - 2 PPI displays for
the Grover operations building. We provided two elec-
tronics technicians at Grover and another at Greeley to
maintain and operate the aircraft control radar. We helped

to select meteorological instruments for the surface
network, performed acceptance tests of the new instru-
ments, and installed the 11 - station network and provided
a meteorological technician for its operation and main-
tenance. We loaned still and movie cameras and we served
as a spare parts depot for meteorological instruments.

The 1973 Eclipse Site Survey

The solar eclipse of 30 June 1973 will have maximum
duration and highest zenith angles in Mali and Niger. In
September 1971, at the request of NSF, Records, Prant-
ner, and Curtis (HAO) visited sites in Mauritania, Mali,
and Niger. Although accessible by road, each site is so
remote that an expedition must be self-supporting, and
each site is afflicted by blowing sand.

Akjoujt, Mauritania, is logistically the best choice.
Customs and immigration can be handled at Nouakchott,
the capital, a 3.5 -hr drive from the site; heavy supplies
can be shipped to the Nouakchott harbor; and personnel
and scientific equipment can be flown to Nouakchott
where there are accommodations and supplies. However,
blowing sand occurs frequently, as confirmed by the
Records party, which experienced a three-day storm that
would have prevented eclipse observations.

Tessalit, Mali, with fewer dust storms, is logistically the
most complicated. The expedition could be supported
from Bamako, which is a week's drive from Tessalit for
heavy trucks and which has no scheduled air service and
no suitable air charters. Heavy equipment would enter
through Senegal or through Dahomey and Niger, a
two-month operation complicated by additional customs
and diplomatic clearances. Gao, 12 hr from the site by
four-wheel-drive truck, would provide the nearest emer-
gency support.

Agadez, Niger, is more accessible than the Mali site and
has similar weather. The expedition could be supported
from the capital, Niamey, by road and available DC - 3
charters, and heavy equipment would enter through
Dahomey or Nigeria. Agadez, a 4 -hr drive from the
actual expedition site, would offer emergency support. In
June 1972 we will send small parties to the three alternate
sites to obtain celestial fixes, to collect weather data, and
to determine what three weeks of blowing sand does to
equipment.
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IMPROVEMENTS TO EQUIPMENT

Radars

We added a Nova minicomputer to the modified M33
radar system on loan to the South Dakota School of
Mines and Technology. In 1970 we had added a special
data profiler for recording reflectivity. The minicomputer
is used to control automatically the radar antenna and to
better format the data from the profiler before recording
it. Late in 1971 we ordered a synchronous tape recorder
and 4,096 more words of core memory for the mini-
computer--both to be added before the 1972 summer
project. The improved system will provide faster storm
scanning, more reliability in producing tapes, and some
capability for real-time calculations and display.

We assembled a second S-band coherent radar for the
1971 hail season using major components from surplus
FPS - 18 radars. The radar was designed for NHRE, which
supplied the antenna, display, control console, and data
management system; it has prime power regulators, an RF
power-leveling loop, a receiver test pulse, and an improved
timing system. We began adding coherent frequency
agility so that the transmitter will be capable of ten
discrete step-changes of frequency, and sensitivity-time
control so that the gain of the receiver will vary with the
target range. We began updating our first S-band analytical
coherent radar by adding prime power regulation, RF
power leveling, a receiver test pulse, and an improved
timing system; we also began efforts to provide a
surveillance antenna system that uses the same S-band
transmitter used with the analytical system.

Calibration Facility

The main elements of our calibration facility are the
wind tunnel in the basement of PSRB - 2 in Boulder and
the environmental chamber in the main building at the
Marshall Field Site. We moved nearer to a fully automated
calibration facility with the addition of a Nova mini-
computer in October. However, until the tunnel and
chamber are in the same building, the computer will be
connected only to the chamber. Early in 1971 we finished
connecting the push-button servo speed control system to
the tunnel: one set of 5 buttons selects the units of speed
to be used, and a second set of 15 buttons provides for 15
discrete wind velocity steps up to the tunnel's maximum
of about 28 m/sec. The tunnel's servo control system is

designed to be programmable by the new computer. We
used the new tunnel to calibrate anemometers for NSSL,
for the NOAA Boulder Laboratories, for RAF, and for
our own boundary profile system. In December we
learned from the fan manufacturer than several fans from
the same lot had failed because of metal fatigue, and we
will limit tunnel operations to 15 m/sec until we receive
more information from the manufacturer.

We decided to interface the computer with the
environmental chamber because the chamber's use for
calibration purposes is critically dependent on the fine
control made possible by the computer. Brock (visitor
from the University of Oklahoma) spent August with us
working with Call in designing the interface between the
computer and the chamber and in developing software to
control the chamber. At the end of 1971 we were able, by
computer, to control each of the chamber's functions--
heating, cooling, drying, moistening, pressurizing, and
evacuating--and were able to read out the conditions in
the chamber as determined by the platinum thermometer,
dew-point hygrometer, and force-balance aneroid
barometer.

New Equipment

We replaced the 5 - 40 wind system, characterized by
high starting speed and unreliability, with a modern
system that operates for four weeks on internal dry cells
and provides the needed low starting speed. We added
four event pens to each set of wind recorders so that other
weather variables could be recorded on the same time
base. RSF began designing an accessory package to our
specifications so that one event pen will register the
passage of each 2 km of wind, another pen will register
each 2 Ry of integrated shortwave radiation detected by a
pyranometer, and the last two pens will register each 0.25
and 2.5 mm of rain detected by a tipping bucket rain
gage. We also chose the East African thermometer shelter
design because its double-louvered structure provides
better radiative shielding and its added size and extra
doors at the rear provide shelter for the wind recorders as
well as for the thermographs and hygrographs. The
shelters are made in NCAR's carpenter shop from draw-
ings provided by B. Garnier (McGill University). We
bought new intervalometers for our 16 -mm time-lapse
movie cameras to eliminate the inconvenience of winding,
and we began to replace our old 16 - mm cameras with a
model equipped with an automatic lens to eliminate the
need for an operator.



21

RESEARCH SYSTEMS FACILITY

The close of 1971 brings to an end the first full
calendar year of operation of the Research Systems
Facility. The facility is divided into two major groups-
engineering and fabrication--supported by the systems
evaluation office and the technical information service.
Large development tasks, requiring a number of people,
are undertaken by teams assembled with members from
the appropriate engineering sections. The mechanical and
glass shops serve all of NCAR, including RSF. A proposed
student training office is not yet in operation.

OPERATIONS

Systems Evaluation Office

This office was established in February 1971 with the
responsibility for exploring techniques for assessing the
performance of multi-element systems. This work, carried
out by Govind, consists of two major studies.

The first involves the application of state-variable
control systems techniques to multiple input/output
meteorological networks. The second involves examina-
tion of methodologies for the sequential estimation and
editing of multistream time-series data. Concepts and
statistical techniques incorporated in this work were
selected for their usefulness in the analysis of meteorolog-
ical data. Govind wrote Fortran routines for a general
matrix approach and began testing them on aircraft
doppler ground-speed and drift-angle data.

Data Management Section

We designed and built a balloon telemetry system for
SBF and made plans to test it early in 1972. The system
includes a balloon flight package with various radio
receivers and transmitters for accepting commands from
the ground and sending data to the ground. The ground
portion of the system includes a minicomputer for
automatic system control and magnetic tape units for
logging data on computer tape.

We designed and built a weather-data logging system
for LAS. This system accepts data from two sources over
teletype lines and logs the data on computer-compatible

magnetic tape. Also, real-time output is provided on an
IBM Selectric typewriter for each input line. This system
and its documentation will be finished in January 1972.

We began work for RAF on an airborne data acquisi-
tion and recording system. This system will include an
on-board computer for real-time in-flight data processing.

We completed a small telemetry system for LAS for
transmitting, over a leased telephone line, wind data
measured at Southern Hills Junior High in Boulder to the
NCAR Mesa Laboratory.

Radio Frequency Engineering Section

We formulated a plan for continued development of
the 6.99 - cm (2.75 - in.) rocket payload. This plan, called
Phase II, has two parts. Part I consists of a continuation of
the recovery system development work originally begun
for NHRE. In this work, we had incorporated changes in
the parachute and its deployment system based on
parachute deployment and rocket performance data from
a 1970 test series conducted at the White Sands Missile
Range, New Mexico. Part II consists of developing the cir-
cuits and procuring the components necessary to produce
two airborne telemetry systems and ground receiving
stations. One type of data to be telemetered comes from a
piezoelectric probe mounted on the rocket nose which
produces a signal when raindrops strike it. This probe may
offer a new way of detecting hydrometeors whose sizes
range down to 100 pm.

We began assembling instrumented rockets tentatively
scheduled for launch at Tonopah, Nevada, and Wallops
Island, Virginia.

Electrical Engineering Section

The electrical engineering section participated in a
number of projects during 1971. The major efforts are
described below.

Project Viking is the NASA program to land a
spacecraft on the surface of the planet Mars. One of the
lander experiments is designed to make meteorological
measurements. This experiment is being specified by a
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team of scientists under the leadership of Seymour Hess
(NASA). In response to a request from Hess, we are
furnishing engineering services to the Viking meteorology
team: Cole, RFS's engineer on this team, kept the team
informed on the progress of the experiment design. He
also worked with the Martin Marietta project engineer in
defining the requirements of the service team in engi-
neering language. The Martin Marietta Corp. is the prime
contractor for the lander development. Cole represented
the meteorology team during lander interference tests at
NASA/LSFC and during wind-speed/wind-direction sensor
development tests at the Colorado State University
meteorology wind tunnel. During this period NASA
selected TRW, Inc., to build the meteorology experiment.
In the future, the RSF team engineer will provide liaison
among the Viking meteorology team, Martin Marietta, and
TRW.

We began a program for GTG to design, develop, and
fabricate a prototype wind-finding dropsonde (Navsonde)
to be used during GATE. The completion and testing of
ten prototype sondes is scheduled for 1973. Each sonde
will provide temperature, pressure, and humidity data and
will measure mean winds below the aircraft flight level in
layers 50 - 100 mb thick. We completed preliminary de-
sign of the sensors and began building engineering
development models.

In conjunction with the mechanical engineering sec-
tion, we undertook the task of producing an improved
model complete with specifications and working drawings,
of the ice nucleus counter designed by Langer (LAS).
These two sections completed the design of the new ice
nucleus counter and began its fabrication. In addition, we
built an additional set of electronics to be used with
Langer's snowflake counter.

We designed and developed for Langer's ice nucleus
sample analyzer a servo-control system to maintain
environmental chamber temperature as well as a control
system to provide a variable control of the sample
temperature.

We began designing and building data-conditioning
electronics for FOF's new Climet Wind Systems. This
conditioning electronics system consists of a decade
divider for the tipping bucket rain sensor, a total wind
flow counter, and an electronic integrator for a radiation
sensor.

We designed and built a prototype constant-mass flow
(i.e., within 3%) control system for the trace constituent

monitoring stations being developed by the LAS Atmo-
spheric Chemistry Department. In addition to the control
system, a power supply, two temperature sensors, and a
pressure sensor will be designed for installation in the
monitoring stations.

Early in 1971 we initiated a study to determine the
feasibility of developing a small, accurate, fast-response
absorption hygrometer. We completed the study in March
and concluded that there was a definite need for this type
of instrument and that the most promising device would
be a UV absorption hygrometer using the Lyman -a
region. We then built a feasibility model by modifying a
commercially available instrument borrowed from Dye
(LAS). We flew this instrument on two series of test
flights together with a dew-point hygrometer. These tests
were encouraging: the UV absorption hygrometer exhib-
ited accuracies comparable to the dew-point hygrometer
and had a much faster response time. We obtained
emission spectra from the hydrogen source tube which
indicate that there are some contaminating molecular
hydrogen lines which made the output voltage nonlinear.
We began development of a new hydrogen source tube to
eliminate these lines.

FOF began development of a rain rate system several
years ago (see Facilities for Atmospheric Research, No. 6,
September 1968). We began rebuilding the original proto-
type base station into a permanent unit and constructing a
system test set. We also assisted FOF during a 1971
summer field program (see the FOF section of this
report), and the experience gained will be used to make
further system improvements before the 1972 summer
field program.

Mechanical Engineering Section

In addition to contributing as design team members to
RSF developments already mentioned, the mechanical
engineering section participated in efforts for groups other
than RSF. Among them are the following.

Novak designed a dribble ballast system for GAMP to
simulate the decreasing weight of a superpressure balloon
as dropsondes are released. The concept uses silicone oil
and a calibrated capillary tube to bleed and drop oil at the
rate of 456 g (1 lb)/24 hr.

Knoblock designed for GAMP a valve to relieve excess
pressure in a superpressure balloon as weight is lost and
the balloon rises.
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For GAMP Catlin designed a launch vehicle which uses
a light truck chassis and a long half-cylinder tray from
which a superpressure balloon can be controllably
launched as the truck is driven with the wind to produce
low relative wind velocities.

Knoblock designed a roller-type launch arm and release
mechanism for large GAMP superpressure balloons to be
used in GARP.

Johnson designed a prototype flight model of the
Mother GHOST sonde dispenser for GAMP. The dispenser
carries eight dummy dropsondes and is intended to test
the release system for the sondes and the general thermal
behavior of the package. The thermal package is designed
to hold the enclosed sondes at near OOC for long periods
(60 days) at an altitude of 24 km (30 mb). The package
structure is rigid polyurethane foam covered with a Mylar
and aluminum "greenhouse" to capture and retain solar
heat. About 10 kg of water inside the package provides a
high thermal inertia about OC as the water freezes and
melts with the day/night cycles. As each sonde is released
it pulls a tapered foam plug into its storage cavity to
preserve the thermal integrity of the dispenser. The
operational dispenser is designed to carry 64 sondes. We
also began developing baroswitches for use in the drop-
sondes themselves.

Howard modified for RAF the particle photograph
system used on the sailplane Explorer.

We designed an improved observer platform for the
NCAR Buffalo for RAF.

Novak and Goyer (NHRE) developed a new type of
hail detector. Their detector uses pressure-sensitive paper
(chart recorder type) attached to a plastic backing board
and covered with protective plastic film. Hailstones hitting
the paper leave an imprint related to hailstone size. Novak
and Johnson designed a second version using a slowly
moving belt of the pressure-sensitive paper to relate time
information to hail occurrence.

Howard, Johnson, and Smalley designed a convoluted
launch spool for SBF for balloons with loads up to
2,273 kg. The spool allows air pockets in the balloon
material to pass around, under, and through the spool as
the balloon is deployed during inflation. The standard
round spool does not allow air in the balloon to pass, and
bubbles, which may cause excessive strain in the balloon
material, are formed as balloon material is fed under the

spool. The new spool was designed to fit the same frame
and release device as the old spool.

Johnson evaluated the ability to handle heavier loads
of the standard launch arm assembly (rated at 2,273 kg).
He suggested several minor modifications, and after a pull
test the spool was used in September for the heavier
launches.

For LAS Lambdin modified an existing impactor
design for use with multiple sampling stations, incorporat-
ing an improved nozzle design.

Lambdin designed a dust collector for LAS. The
collector features multiple collection heights, increased
reliability, and improved ease of maintenance.

Lambdin further refined the LAS ice nucleus counter.
He eliminated acoustic echos, improved the aircraft
mounting structure, improved the ease of maintenance,
and simplified the counter assembly.

Lambdin and Johnson provided design, stress analysis,
and layout assistance to LAS regarding the laser trans-
ceiver flown in the NASA Convair 990.

Knoblock designed a liquid nitrogen dewar mounting
system for RAF for use in the NCAR Sabreliner. The
system was load-tested at the Martin Marietta Corp. in
Denver before it was installed in the Sabreliner.

Machine and Glass Shops

The central NCAR machine and glass shops are a part
of RSF. Much of their effort was devoted to fabricating
the mechanical portions of RSF-developed systems, but
these shops also provide considerable support to users
outside of RSF. This support included:

* Completion of a new rocket-borne ENCAR cryogenic
whole air sampler to be flown in 1972 by LAS at the
White Sands Missile Range

* Development of a bubbler top assembly for use by
LAS in the St. Louis project

* Fabrication of numerous balloon cable cutters for SBF

* Fabrication of sailplane instrumentation for RAF
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* Fabrication of the TWERLE balloon launch vehicle
used by the GAMP group in tests at Ascension Island

* Construction of the Mother GHOST test sonde
dispenser successfully flight-tested by GAMP in
November
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GLOBAL ATMOSPHERIC MEASUREMENTS PROGRAM

During 1971 we focused our activities on two major
projects designed to meet first-priority GARP require-
ments for global observations within the capabilities and
limitations which have now been determined for super-
pressure balloons.

The first of these projects involves the provision near
the tropopause or in the lower stratosphere of a reference
level which will permit the determination of the global
circulation using satellite infrared sounders. A major test
of this capability will be conducted in 1974 in TWERLE.
This experiment will not only provide a reference level for
satellite data but will also provide (over a limited period
of time) detailed knowledge of the tropical circulation
over selected portions of the tropics.

A second major project, the balloon-carrier vehicle
(Mother GHOST), has been designed to meet the urgent
need for wind data over the tropical oceans at all altitudes
up to 30 mb. A major engineering test of this concept is
planned in 1974 in conjunction with GATE, and use of
this system (the only presently feasible means of obtain-
ing global wind data in the tropics) is planned for FGGE.

TWERLE

The proposal submitted by NCAR and the University
of Wisconsin in October 1970 was accepted by
NASA/GSFC early in 1971. We placed major emphasis
during 1971 on tropical and mid-latitude test flights,
successful operation of the radio altimeter, and prepara-
tion of the TWERLE Technical Description manual.

Beginning in September, 40 evaluation flights of the
balloons, altimeters, and prototype electronic data pack-
ages were carried out. We launched 30 tropical flights
from Ascension Island during October and November.
Twenty of these flights were at an altitude of 150 mb, and
10 were at 200 mb.

. We flew ten balloons at 150 mb from our station in
Christchurch, New Zealand, in November as mid-latitude
control flights. Temperature, time-of-flight-in-the-tropics,
and altimeter data are being collected and analyzed during
the lifetimes of all balloons. On the basis of these
anaylses, decisions will be made early in 1972 on launch

sites and flight levels for the flight program scheduled for
1974.

We prepared a comprehensive manual, the TWERLE
Technical Description, describing the entire program. This
manual will be used as a design guide throughout the
project.

A unique management concept was established for the
scientific coordination of this large-scale program--a
five-member team of scientists was appointed to aid in the
completion of all tasks.

MOTHER GHOST

The continued development and completion of the test
Omega dropsonde highlighted the system development
efforts for the year. We made omegasonde drops during
evaluation test flights from the SBF Palestine flight
station in January and September. Analysis of the data
from the January test series shows that wind accuracies of
1 m/sec for a 4 - min average will be obtained from the
omegasonde. Analysis of the September test data had not
been completed at the end of 1971. Following these test
flights, we began designing the prototype omegasonde.

We conducted two test series of the carrier balloon
from our Christchurch station. In the first of these, one
balloon, launched on 1 April, flew successfully for 67
days. In the second series, we launched three balloons in
December. The purpose of the second series was two-fold:
to test balloon lifetimes and to test the excess pressure
relief valve. The relief valve in the balloon is required
since, as the carrier balloon is relieved of system weight as
dropsondes are dispensed, it ascends into thinner air,
increasing the gas pressure within the balloon. In addition,
one of these flights successfully demonstrated the opera-
tion of a dropsonde dispenser.

During the last quarter of 1971, we generated and
submitted to NASA a rough draft of the initial edition of
the System Technical Description. Early in 1972 a
contract will be initiated among NASA, NSF, and NCAR.
This contract will cover the continued Mother GHOST
development, culminating in a series of test flights of the
entire system in 1974. As the design study phase of the
contract progresses, this document will be updated to
reflect specific equipment designs and specifications.
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The larger outline represents the general area of the GARP Atlantic Tropical Experiment; the smaller
outline shows the position of the GATE intensive array.
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INTRODUCTION

The NCAR GARP Task Group was established in late
1970 to provide an active focus for NCAR's GARP-related
activities and to strengthen participation by university
scientists in planning and executing GARP experiments.
GTG now consists of 20 NCAR staff members, 8 of whom
participate in GTG activities on a part-time basis. Several
university scientists joined the group for periods of one to
three months, and two postdoctoral appointees from ASP
have participated in GTG activities. GTG also calls freely
on other NCAR staff members and visitors for advice and
assistance.

By identifying key scientific and technological prob-
lems as they arise and by seeking solutions to these

problems, GTG hopes to be an important and effective
agent in keeping GARP programs moving and on schedule.
GTG prepares information bulletins for distribution to
university scientists and maintains an up-to-date schedule
of GARP plans at international, national, and university
levels. Thus, it keeps the university atmospheric science
community apprised of GARP-related developments and,
by communicating with university scientists directly and
through the UCAR GARP Council, encourages active
university participation in GARP.

Daniel F. Rex
Chairman
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GROUP ACTIVITIES

During 1971, GTG undertook several specific tasks to
further the development of GARP:

* We aided in planning U.S. participation in the first
GARP international field experiment by hosting, on
NCAR's behalf, a joint session of the U.S. Committee for
GARP and the UCAR GARP Council. GATE is designed
to increase our understanding of interactions between
cloud clusters and large-scale atmospheric motions in the
tropics. At the meeting, plans for U.S. participation in
GATE were aired and recommendations were made which
will be incorporated in the final plans for this field
experiment. Rex was appointed Acting Executive Secre-
tary of the UCAR GARP Council.

* We organized the first UCAR GARP Working Group,
the Working Group on Scale Interactions. This group,
which met in April 1971, exposed the need for increased
exploitation of data already obtained from tropical field
programs. As a result, new studies (in part supported by
NSF grants) of LIE and BOMEX data were begun,
incorporating enhanced geostationary satellite data, cloud
motions, infrared data, and newly processed conventional
data. This effort also increased exchange of data among
NCAR, government, and university scientists and resulted
in the use of these data in several Ph.D. dissertations.

* We brought together a group of university scientists to
plan a Continental Africa Project to be conducted
simultaneously with GATE. At our invitation, Georges
Dhonneur of ASECNA, the cooperative meteorological
research organization of former French colonies and
protectorates in western Africa, attended this meeting;
Dhonneur's and van de Boogaard's first-hand knowledge
of Africa contributed significantly to the discussions. The
objectives of CAP are to obtain mesoscale data on the
budgets of momentum, heat, and water vapor over part of
continental Africa, upwind from the GATE intensive
observing array, to investigate the structure of the
boundary layer over a continental tropical area, and to
furnish data for comparisons of energy exchanges and of
the morphology of mesoscale disturbances over continen-

tal and maritime areas. In addition, CAP will provide
detailed real-time information on atmospheric disturb-
ances moving from Africa toward the GATE array. We
prepared a research proposal for CAP for transmittal to
NSF.

* We developed plans, with RAF, to obtain a long-range
research aircraft for GATE and other GARP-related
programs. The aircraft, a Lockheed Electra, will be
modified and instrumented in time to participate in
pre-GATE field tests in the summer of 1973. An
instrumentation advisory committee, which is chaired by
Zipser and includes members of the Aviation Advisory
Panel, LAS, RAF, and RSF, identified the modifications
needed to make this an effective and versatile research
aircraft; the committee has also been planning specific
GATE instrumentation for this aircraft.

* We began working with RSF on the development of
the Navsonde, a meteorological and wind-finding drop-
sonde system for use in GATE. This system, described
more fully in the RSF section of this report, will use the
GATE Electra and the NCAR Sabreliner as launch
platforms.

* Lally, Julian, and Masterson participated in planning
TWERLE. This experiment, to be carried out in 1974, is a
joint NASA/University of Wisconsin/NCAR undertaking;
Kellogg (LAS) heads the collaborative team managing the
experiment. TWERLE has been approved as part of the
Nimbus F program, and is receiving fiscal support from
NASA/GSFC. During the first phase of the program in
October and November, GAMP launched a series of 30
balloons from Ascension Island to test launch techniques,
a magnetic cut-down device, the University of Wisconsin
radio altimeter, clear and capped balloons, and balloon
performance at 150 and 200 mb. (See the GAMP section
of this report.) GSFC is developing the Random Access
Measurement System, including spacecraft and balloon
hardware. We propose using the excess capability of
RAMS on Nimbus F as a means of locating and retrieving
data from drifting buoys during GATE and other GARP
subprograms.
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INDIVIDUAL PROJECTS

Research and other activities of individual members of
GTG are discussed here only if they are not described
elsewhere in this report. Part-time members of the group
retain their affiliations with other NCAR divisions, and
their research is described in appropriate division reports,
as follows:

John DeLuisi

John W. Hinkelman
Roy L. Jenne
Paul R. Julian

Vincent E. Lally

Cecil E. Leith

Douglas K. Lilly

LAS Atmospheric Dynamics
Department

FAL Research Aviation Facility
FAL Computing Facility
LAS Atmospheric Dynamics

Department
FAL Global Atmospheric

Measurements Program
LAS Atmospheric Dynamics

Department
LAS Atmospheric Dynamics

Department

* Van de Boogaard spend several months in Costa Rica
working with J. C. Jusem of the University of San Jose on
the analyses of tropical weather data for the first GARP
global data set. This project, sponsored by the WMO/ICSU
Joint Organizing Committee for GARP, will provide a
much-needed set of basic data for pre-GARP numerical
studies of global weather. Van de Boqgaard also partici-
pated, as scientist in charge, in launches of GHOST
balloons from Darwin, Australia; the main objectives of
the program were to study the behavior of GHOST
balloons in an active unstable equatorial atmosphere and
to obtain a better understanding of the upper tropo-
spheric and lower stratospheric circulation in equatorial
regions. Six 150-mb, two 100-mb, and two 80- mb
balloons were launched.

* Zipser continued his work on case studies of tropical
disturbances, investigating the structure of convective and
mesoscale phenomena and attempting to determine the
ways in which these smaller scale phenomena contribute
to the mass and energy budget of the tropical atmosphere.
Until recently, the main data sources have been the LIE
and the 1968 Barbados programs, but soundings and
aircraft data from BOMEX Period IV have recently
become available for these and related studies.

Both the UCAR Working Group on Scale Interactions
and Joachim Kuettner of the Interim Scientific and
Management Group for GATE have expressed concern
about the limited use being made of infrared data already
available, notably from Nimbus 4, in the study of tropical
disturbances. We can now combine enhanced geosta-
tionary satellite and Nimbus infrared data into a compre-
hensive study of tropical cloud fields. Zipser began
working with Madden (LAS), Lewis Allison and Vincent
Salamonson (both NASA/GSFC), and others on such a
study.

* Hasler continued his work (begun at the University of
Wisconsin) on the properties of tropical cloud clusters as
determined from geostationary satellite pictures, with
special emphasis on obtaining winds at fine spatial
resolution. He also continued implementing techniques
for portraying and measuring cloud motion by means of
moving pictures; GTG made plans to obtain a "blink"
alignment system early in 1972 from the University of
Wisconsin for these studies, and the NCAR machine shop
began constructing animation equipment. Hasler began
assembling a meteorological satellite data library at
NCAR.
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PARTICIPATION IN NATIONAL
AND INTERNATIONAL PLANNING

Several members of GTG were active in GARP plan-
ning at the international level. Zipser is a member of the
GATE Advisory Panel to the U.S. GARP Committee and a
consultant to ISMG in matters pertaining to studies of
tropical cloud clusters. Ruttenberg is in Geneva as a
consultant to JOC. He is also secretary of COSPAR
Working Group 6, which has contributed several impor-
tant studies defining the role of satellites in observing and
processing systems for WWW and GARP. Lally is another
GTG member of this working group.

Lilly was chairman of an ISMG committee on the use
of aircraft in GATE; plans drawn up by this group were
incorporated in the November 1971 Experiment Design
Proposal for GATE.

Jenne attended the Informal Planning Meeting on the
Design and Implementation of the GATE Plan, held in
Moscow in August. Jenne is also a member of the NAS
GARP Data Management Panel, which this year produced
a Plan for U.S. Data Management in GARP.

O'Neill, our Washington representative, participates as
an observer in interagency committee meetings and
planning conferences; by maintaining information con-
tacts with government representatives, he helps GTG keep
up-to-date on the status of GARP developments and
plans.

The Japan National Committee for GARP is planning
AMTEX, an experiment on air mass transformation, for
1974 and 1975. The AMTEX observing network will
involve island stations, ships, and satellites; the program
will also rely heavily on instrumented aircraft for studies
of the planetary boundary layer, of cumulus development,
and of mesoscale, cyclonic-scale, and large-scale disturb-
ances. Aircraft observations of sea-surface temperatures
may also be obtained. On behalf of GTG, Lenschow
(LAS) attended the AMTEX Study Conference in Tokyo
on 10 - 13 November to discuss the possible use of the
GATE Electra aircraft for this program.
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GARP TASK GROUP PERSONNEL

CHAIRMAN

Daniel F. Rex

CHIEF SCIENTIST

Edward J. Zipser

OPERATIONS MANAGER

William S. Lanterman, Jr.

SCIENTIFIC AND PROFESSIONAL STAFF

Benedict F. Ceselski (from December)
Halka Chronic 1 (from .uly)

John J. DeLuisi2 (from November)
A. Frederick Hasler (from October)
John W. Hinkelman, Jr.2 (from March)
Roy L. Jenne2 (from October)
Paul R. Julian 2

Vincent E. Lally2 (from October)
Cecil E. Leith 2

Douglas K. Lilly 2 (from June)
John E. Masterson
Thomas H. R. O'Neill
Stanley Ruttenberg (from July)
Larry L. Sapp (from November)
Henry M. E. van de Boogaard

SUPPORT

Gertrude A. Dunn (from June)
Dorothy C. Minkel (from July)
Vicki L. Swift (to June)

1Half-time member of GTG.
2

NCAR staff member participating in GTG activities on a
part-time basis.
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A filter, flown by NCAR scientists on an RB - 57F to collect atmospheric aerosols, is removed from its
holder in preparation for laboratory analysis.
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INTRODUCTION

The Laboratory of Atmospheric Science is a group of
scientists, and their assistants, dedicated to improving our
description and understanding of the complex atmosphere
in which we live, and with more than a passing interest in
the atmospheres of other planets and the sun. The skills
and tools of this group are those of meteorology, physics,
chemistry, mathematics, and engineering. Its particular
strength stems from its ability to combine forces to work
on problems that involve several disciplines, which is the
case with most of the major problems in atmospheric
science.

As the research program of LAS has evolved through
the years, we have focused our attention on a few of these
major problem areas where there was the right combi-
nation of talent, facilities, and a sense of urgency.
Examples of these, described in more detail in our report,
are the efforts to model the general circulation of the
global atmosphere, to determine the mechanisms that
produce rain and hail in thunderstorms, to identify the
physical and chemical processes that modify the polluted
air downwind from a large city, and to measure worldwide
trends in the composition of the atmosphere far from
local sources of pollution. The list is long, of course, and
could be much longer, but we have chosen to apply our
finite resources where they could be used to best
advantage.

Although virtually every one of our major research
projects is interdisciplinary, LAS is organized along
disciplinary lines with three departments: Atmospheric
Dynamics under Cecil Leith, Atmospheric Chemistry
under Richard Cadle, and Atmospheric Physics under
Doyne Sartor. The research groups within the depart-
ments, each of which is headed by a Program Scientist,
have their separate budgets and a large degree of
autonomy.

How, then, do we decide on our joint research
projects? This question is often asked, and it seems that
there is no simple answer because each project has its own
history and a unique set of constraints and needs. The
choice of projects must be the result of a continuing
dialogue among the interested LAS scientists, the depart-
ment heads, the Directors of LAS and of NCAR, our
UCAR advisory committees, and scientists from other
organizations who wish to collaborate with us. Where we
anticipate that special support may be needed, this

dialogue must extend to the National Science Foundation
and to other federal agencies which are interested in
joining forces with us on a project.

Although this process has generally been successful in
defining and directing LAS research, there has been a
growing need to make more visible the process by which
we choose our major projects and assign priorities to
them, and to include explicitly in this process those who
should be the most qualified on scientific matters--the
scientists themselves. With this in mind we have recently
created an LAS Scientific Review Council, chaired by
Associate Director Philip Thompson. It has six elected
members and a member appointed by each of the three
LAS departments. Its formal charge is:

* To advise the Directors of LAS and of NCAR on the
scientific merits of major joint projects to be undertaken
by LAS.

* To review from time to time the overall commitment
of LAS to such major joint projects and to assess the
balance of the continuing research program.

I feel that the creation of this Council represents a
significant step forward in giving the LAS scientific staff a
real voice in the direction our program is taking. It also
provides a regular channel of communication between the
NCAR administration and the scientists of LAS--a
channel that must be two-way.

The traditional annual LAS Retreat meetings, held
away from Boulder every year since 1964, were replaced
by a series of evening "Non-Retreat" meetings. These have
been held at the Mesa Laboratory on a monthly basis,
beginning in the fall of 1971, and have provided healthy
(and often most lively) discussion periods. In addition
there have been many seminars and meetings to discuss
results and to plan for the future.

The NCAR prize for the outstanding scientific paper
published between November 1970 and November 1971
was awarded again to an LAS scientist, this time to
Robert Dickinson for his paper, "Analytical model for
zonal winds in the tropics--I. Details of the model and
simulation of gross features of the zonal mean tropo-
sphere; II. Variation of the tropospheric mean structure
with season and differences between hemispheres," that
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appeared in Monthly Weather Review, 99(6), 1971.
Honorable mention went to Cecil Leith for his paper,
"Atmospheric predictability and two-dimensional turbu-
lence," that appeared in the Journal of the Atmospheric
Sciences, 28(2), 1971.

I have taken this opportunity to tell something about
the way we go about the business of planning, organizing,

and reviewing our research program and little or nothing
about the program itself. In the pages that follow, the
scientists will tell about their work, and the world will
remember their contributions to atmospheric science long
after the management of LAS has been forgotten.

William W. Kellogg
Director
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Atmospheric Dynamics

In the Atmospheric Dynamics Department we investi-
gate all motions of the earth's fluid envelope. Our interest
ranges over the entire earth from the tropics to the poles
and from the deep ocean to the tenuous thermosphere.
We study phenomena with scales of motion from centi-
meters for the atmospheric boundary layer to thousands
of kilometers for planetary waves, and scales of time from
minutes for convective clouds to centuries for climatic
change. We must also study the interactions within this
wide range of location and scale, for no part is independ-
ent of the whole. In these investigations, our approach
involves observation, numerical simulation, and theo-
retical understanding.

On the largest scale, our direct knowledge of the
atmosphere depends on the routine observations provided
by weather services around the globe. From these obser-
vations, we extract information about the large-scale
properties of the atmosphere. During 1971, for example,
our studies of the dynamic climatology of the southern
hemisphere led to improved estimates of the torque
applied to the atmosphere by mountains.

On a smaller scale, we use NCAR aircraft to observe
the structure of mountain waves from which we may
deduce the associated wave momentum flux and to
measure the turbulent transports of heat and momentum
in the atmospheric boundary layer. We also use aircraft to
observe frontal structure and to measure the mass, heat,
and water-vapor fluxes into and out of thunderstorms.

Numerical simulation serves as a framework within
which we can assemble the many parts of complex
atmospheric systems. The principal example of this has
been the global circulation model, which continues to
provide a severe test of the relative importance of various
physical processes in determining the large-scale behavior
of the atmosphere.

During 1971 the use of the GCM as a research tool
increased. An important example is the program of
Observing Systems Simulation Experiments carried out at
NCAR and at other research centers. This program is
answering many of the questions posed by the design of a

global observing system for GARP. We are beginning to
treat the observing, analysis, and forecasting process as a
single system from the initial measurement of satellite
infrared radiances to the final scoring of forecast skill.

At another extreme of scale is the numerical simula-
tion of the planetary boundary layer. We used the
three-dimensional model to investigate the stable case, and
this study revealed possible limitations in the eddy-
coefficient assumptions. A one-dimensional model of the
nocturnal change in boundary-layer thickness shows that
the coriolis force acts too slowly to have an appreciable
influence and is thus not an appropriate factor in scaling
laws.

The numerical simulation of fully developed convective
storm clouds still appears to be especially difficult and
remains a challenge. Observations suggest that we may be
dealing with a multiple stream structure of rising moist
columns and descending evaporatively cooled columns.
We are not yet sure that the resolution required to define
such a structure is available with NCAR's computers.

The numerical simulation of turbulence progressed
substantially. Information now available from the simu-
lation of three-dimensional turbulence is providing a
valuable experimental check of recent turbulence closure
approximations and is increasing our confidence in their
wider use.

Theoretical understanding of the dynamics of the
atmosphere remains our final, but most elusive, goal. For
those processes such as global circulation that are reason-
ably well simulated, we have the advantage of being able
to test hypotheses within the model. Of this nature, for
example, are our studies of planetary wave components
and influences on the climate. On the other hand, lacking
a numerical model of a thunderstorm, we test our
conceptual models against observations directly.

Our progress to date in observing, simulating, and
understanding the dynamics of the atmosphere is de-
scribed in detail in the following pages.
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PLANETARY-SCALE MOTIONS

DEVELOPMENT OF CIRCULATION MODELS

Standard Global Circulation Model

The development of the NCAR GCM continued under
the direction of Kasahara and Washington, who completed
a study of the effect of mountains on the general
circulation of the atmosphere. Specifically, they com-
pared two experiments--one with mountains and one
with only the heating effect of continents. From a study
of the balances of momentum, moisture, and energy they
found that the mountains were of little importance for
simulation of the gross features of the circulation;
however, they found moutains to be important regionally.

The standard version of the GCM has a grid network of
six levels plus the surface level with vertical increments of
3 km, and covers the entire globe with a horizontal
spacing of either 5" or 2.5° in longitude and latitude. This
model allows for time variations in cloudiness, soil
moisture, and snow cover.

Seasonal-Change GCM

The seasonal-change model is essentially the same as
that described above except that in it we allow for
changes in the sun's declination and we interpolate daily
ocean surface temperature changes from observed
monthly mean charts prepared by Washington and Thiel
(FAL). This model is designed to simulate seasonal
transitions, and in a calculation of more than a year of
simulated time the model successfully showed the basic
changes in the seasons.

Stratospheric GCM

Encouraged by success in developing a tropospheric
model at NCAR, we began work on the design of a
stratospheric global circulation model to enable us to
study another part of the atmosphere in which man has a
vital interest. Not only is knowledge of the stratosphere
relevant to aviation, but an intricate interaction between
the troposphere and stratosphere may have an important
bearing on our understanding of climatic fluctuations.
Since the troposphere is a major energy source for the

circulation in the stratosphere, it was essential to have a
good tropospheric circulation model before attempting to
extend it to a stratospheric model; in fact, the addition of
the stratosphere over the troposphere in the formulation
of a GCM improves the description of the upper tropo-
spheric circulation.

Kasahara attempted earlier to formulate a stratospheric
model by modifying a six-layer version of the NCAR
GCM. The vertical height increment Az was changed to
6 km so that the top of the model atmosphere reached an
altitude of 36 km. There were only two layers in the
troposphere and four layers in the stratosphere. Even with
this rather coarse vertical resolution it was evident that
the addition of the stratosphere improved the simulation
of the tropospheric circulation, mainly because of the
removal of an artificial top boundary of the troposphere.
Anticipating the greater computing capacity of the Con-
trol Data 7600 computer installed in May, and with the
assistance of Wellck (FAL), we began programming a
12-layer stratospheric GCM having a vertical grid resolu-
tion of 3 km, thereby extending the top of the model
atmosphere to an altitude of- 36 km. The model has the
same grid resolution in the troposphere as the present
six-layer tropospheric GCM. The horizontal grid resolu-
tion of the stratospheric model is 5° in longitude and
latitude.

The addition of the stratosphere requires the incor-
poration into the model of some new physical processes.
A notable new physical factor is the calculation of solar
and terrestrial radiation absorbed or emitted in the
stratosphere, which Sasamori worked out. Although the
solar energy absorbed in the stratosphere is relatively
small, its heating effects are important, since the heat
capacity and the density of the stratosphere are also small.
In the stratosphere incoming solar energy is absorbed
mainly by ozone. In the first version of the model,
Kasahara and Sasamori specify a climatological zonal
average distribution of ozone and do not compute
photochemical reactions. (A calculation of the photo-
chemical processes to be incorporated later into the
stratospheric model is being investigated by Diitsch, ASP
visitor from the Swiss Federal Institute of Technology,
and by J. London, University of Colorado.) Kasahara and
Washington specify constant mixing ratios for water vapor
and carbon dioxide in the stratosphere where they have
relatively small effect on solar energy absorption. For the
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infrared radiation calculation in the stratosphere, they use
the same specified distributions of ozone, water vapor,
and carbon dioxide. Cloud distributions are computed at
3 - and 9 -km levels as in the tropospheric GCM. The
earth's orography is not taken into account in the first
version, but continentality and other physical processes
are as described previously by Kasahara and Washington.

Kasahara and Washington performed many long-term
integrations to simulate a January climate. The model
starts from an isothermal atmosphere without motion.
The time required for the stratospheric model to arrive at
a statistical equilibrium state in the January simulation is
about 40- 50 days, which is about twice as long as that
needed in the tropospheric model. A diagnostic program
to evaluate the mean and eddy transports of angular
momentum, water vapor, and energy is being written by
Browning (FAL). Kasahara and Washington began a
detailed study of the mechanism of meteorological trans-
ports and of the energetics in the stratosphere by means
of such models.

Limited-Area Model

Although results of the 2.50 -mesh global model are
promising, we still need a much finer grid resolution to
produce detailed local forecasts. Browning, in cooperation
with Washington and Williamson, coded a fine-mesh
prediction model designed to produce forecasts for a
limited area of the globe. This model uses the same
coordinate system as and retains the essential structure of
the GCM. The fine-mesh model uses boundary conditions
taken from a forecast for the same period produced by
the global model. They tested various formulations for the
boundary conditions of the fine-mesh model and began
using the model to compare forecasts over a domain 900
in longitude by 60° in latitude on 5°, 2.50, 1.250, and
0.6250 grids starting from data provided by a GCM
simulation. Forecasts with even finer resolutions are
possible, but computing power considerations require that
they be carried out over a smaller domain.

Heat Budget of Antarctic Ice

Solar energy drives the atmosphere, but much of that
energy is first absorbed at the surface and later transferred
to the air by various processes in the boundary layer. To
specify more accurately the physical conditions at a snow
surface and thereby to improve the lower boundary
conditions in the GCM, Schlatter developed and tested a

numerical model of the local surface energy budget and
subsurface temperature regime in Antarctica.

The model is driven by solar heating and atmospheric
forcing; it accounts for penetration of solar radiation into
the snow, for subsurface transfer of sensible and latent
heat, and for production, percolation, and eventual
refreezing of meltwater. Among the model results that
compare favorably with observation are:

* Solar radiation heats the upper 50 cm of snow, but
long-wave radiation cools the surface alone, causing a
"greenhouse effect." Highest temperatures and the initial
snowmelt thus occur 5 - 15 cm below the surface.

* Of all the parameters tested in the model, the
extinction coefficient for solar radiation and the albedo
most strongly affect the amount of snowmelt.

* The percolation of meltwater to depths of 5 - 7 m and
its eventual refreezing during the subsequent winter are
the most efficient mechanisms for modifying the deep
temperature profile.

Spectral Model

Weigle continued work on development of spectral
forms of stochastic dynamic models which predict not
only mean values but also variances of meteorological
parameters. He discovered that in models that use double
Fourier series or spherical harmonics, energy is not
conserved within the normally truncated interaction set.
He began investigating the degree and conditions for
quasi-conservation of energy.

OSSE

Simulated Data Sets

We continued various numerical experiments to aid in
designing atmospheric observing systems for GARP. Since
practical observing systems are neither perfect nor ideal, it

is important to assess the capability of and to impose

requirements on individual observing systems by means of

numerical simulation using global circulation models. We

studied this problem using both "idealized" data gener-

ated by the GCM and real atmospheric data analyzed in

the conventional manner.
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In the first approach examined by Williamson and
Kasahara, historical data are generated by the 50 version
of the six-layer NCAR GCM with mountains. They used
this set of data, called the "control case," to perform
several series of experiments to further investigate the
Charney-Jastrow-Halem problem of inferring the present
state of the atmosphere based on the repeated insertion
into the prediction model of historical data of a limited
number of variables. The process of replacing predicted
values with "observed" values of the same variable is
referred to as updating. By this updating, they hope to
induce more "correct" values of the variables which are
not updated; thus, they refer to these experiments as
induction experiments.

One series of experiments is concerned with updating
temperatures with and without errors but with the winds
unchanged. Another series deals with updating winds with
and without errors but with the temperatures unchanged.
The temperature-updating experiments showed that the
wind field can be induced by periodically introducing the
temperature field into the model. The degree to which the
wind field is determined depends on the quality of the
temperature data (i.e., observational errors) and to some
extent on the frequency of insertion. The wind-updating
experiments demonstrated that the temperature field can
be induced by periodically replacing the predicted wind
field with the "correct" wind during the integration.
Again, the degree to which the field can be induced
depends on the quality of the inserted data.

Williamson and Kasahara also investigated the question
of scale- and latitude-dependence of error reduction in
these induction experiments. The larger scales in the wind
field respond most completely to temperature updating,
whereas the smaller scales in the temperature field
respond most completely to wind updating. This result
agrees with that expected from a theory of atmospheric
adjustment developed by Williamson and Dickinson.

Kasahara and Williamson carried out further numerical
experiments in response to the request from the WMO
Joint Organizing Committee. 1 These experiments showed
that when winds are updated in the tropics at a few, but
not all, levels in the model the information propagates
strongly in the vertical but very little in the horizontal
direction. They also showed that the use of a correct
12 - km reference pressure does not substantially improve
the induced wind field over that obtained by using the
predicted value of surface pressure for a reference

1 Report of the Fifth Session of JOC, Bombay, 1 -5 February
1971, p. 14.

pressure, whereas the use of the correct surface pressure
does result in an improvement over both of these cases.

In another study, Baumhefner and Julian, in collabor-
ation with W. Smith (NOAA/NESS), examined the three-
dimensional error distributions of the SIRS retrieval
techniques. These errors were inserted as initial conditions
into the model and the forecast was compared to an
unmodified case. Baumhefner and Julian began examining
the statistics of these cases. They repeated several cases
with hypothetical error distributions on the 2.5 0 -grid
model and compared them with the 50-grid experiments.
The results indicated that initial errors grow more rapidly
in the model with the finer mesh and that systematic
error distributions grow more quickly than random
distributions.

Real-Data Sets

To assess further the usefulness of four-dimensional
assimilation techniques, Baumhefner carried out several
experiments using the NMC analyses for December 1967
as a source of observations for updating. The observed
NMC temperature field was inserted at every grid point
for both 6 - and 12 -hr intervals for an integration period
of two weeks. The wind field was not updated. The
root-mean-square error of the wind, when compared to
the observation, did not decrease with time as in the case
of the simulated data experiments.

Baumhefner continued his work in the assembling of a
quality global data set to be used as initial conditions for
OSSE and for short-range forecasts with the GCM. He
analyzed and digitized the pressure at sea level and at
6 km for the period 6 - 18 December 1967 to establish
rigorous time continuity. He completed six levels of
pressure for 6, 10, and 14 December, and Clayton Orton
and Richard Hollinbeck (both NCAR casuals) began digi-
tizing them. Using a Calcomp plotter, Olaf Lubec (NCAR
casual) developed a scheme to display the model forecasts
in a large format to aid the analysis in data-sparse areas.
Diane Wagener and Stuart Henderson (both NCAR casuals)
and Baumhefner converted the NMC analyses of pressure
and velocity for December 1967 to the GCM format and
expanded the variables to a full hemisphere and to the
18 -km level. They began using these data as a guide to
the global set analyses, as an alternate analysis for the
northern hemisphere, and as hourly interpolated input to
a four-dimensional updating experiment. In a separate
undertaking, Baumhefner analyzed and Orton digitized a
2.50 latitude-longitude gridded orography set for the
globe for use in the models with the smaller grid scale.
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THE NCAR GCM AS A FACILITY

One of the main reasons for constructing a GCM at
NCAR was so that it could be used as a facility by both
NCAR and outside scientists. We have been asked by
GARP committees, university scientists, and others to
perform certain experiments; many of these projects will
eventually lead to an improved GCM. Some of the joint
projects are given below.

* J. London (University of Colorado), Sasamori, Diitsch
(ASP visitor from the Swiss Federal Institute of Technol-
ogy), and J. Park (University of Colorado) began working
on a complex photochemical treatment for the produc-
tion of ozone that will be tested in the stratospheric
model of the GCM.

* Washington, at the request of the AEC, completed a
study of possible effects of thermal pollution on a global
scale on climate. The results suggest that, given the
expected ultimate levels of thermal pollution, the changes
in the simulated atmosphere are quite small--probably
well within natural variation.

* Deardorff developed a parameterization of the plane-
tary boundary layer. The novel feature of his formulation
is that it can take into account changes in boundary-layer
height under various atmospheric stability conditions; it
was incorporated into the GCM.

* T. N. Krishnamurti (visitor from Florida State Univer-
sity) and Kanamitsu (FAL visitor from Florida State
University) tested a new cumulus convective parameter-
ization in the GCM. This formulation or a similar
parameterization should lead to improved treatment of
the latent heat release in the tropics.

* Lilly used the GCM to investigate the effect of
mountain drag caused by gravity waves over the Rocky
Mountain region. The effect of clear-air turbulence is not
presently included in GCMs; by investigating this phenom-
enon with the GCM as well as in the atmosphere, Lilly
hopes to develp a parameterization of its large-scale
effects for the GCM.

ANALYSIS AND PREDICTION

Initialization Methods

Washington and Baumhefner tested a new method of
initialization for short-range forecasting. The method

involves constraints on the vertical integral of the diver-
gence of the wind field. It reduces the amplitudes of the
external gravity waves by a factor -of two in the early
stages of a forecast. However, this reduction of the gravity
waves did not markedly improve the skill of the later
forecast. Thiel programmed a display of the behavior of
selected variables for every time step in the model.

Much insight into the general wave-number/frequency
structure of the atmosphere is obtained by identifying all
of the important modes of small-amplitude oscillation
about typical states of the atmosphere. Dickinson and
Williamson developed procedures for identifying such
normal modes in finite-difference models of the atmo-
sphere. To test the method, they first applied it to a
simple two-layer model of a stratified fluid on a rotating
sphere. With the experience gained from this study,
Williamson, Dickinson, and Browning (FAL) used the
method to identify the normal modes in the NCAR GCM.
There are several useful applications for this valuable
analytic tool. The method may be used for selective
filtering of unwanted noise from the real-data initial
conditions for forecasts. It may be used to identify
various tropical free modes in GCM simulation studies.
The method is being used to examine in detail the
damping of gravity waves in the induction experiments
described in the section on OSSE.

Variance Spectra of Meteorological Data

Julian, with the aid of Swarztrauber and Cline (both of
FAL), continued efforts (see 1969 Annual Report) to
develop methods for estimating variance spectra from data
specified at unequal intervals. Because conventional mete-
orological data are taken by an unequally spaced network
of observing stations whereas numerical models such as
the NCAR GCM use data on a grid-point network with
some specified regular spacing, it is necessary to interpo-
late during the analysis procedure from one net to the
other. Not only is it of considerable interest to know the
spectrum of the raw unanalyzed data (see 1970 Annual
Report), it is also important to know how the analysis
procedure modifies the spectrum of the original raw data.
Of various mathematical estimation schemes developed
and tested to date, only one shows promise of providing

efficient spectral estimates.

Isentropic Methods

Shapiro and Hastings (FAL) developed an operational
objective analysis scheme which gives the cross-sectional
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distribution of potential temperature, as shown in Fig. 1,
and gives the normal component of geostrophic velocity,
from synoptically spaced radiosonde data. This scheme is
particularly suited to defining the structure of mid-
latitude weather systems containing frontal zones and jet
streams. A comparison with hand-analyzed cross sections
shows the numerical scheme to be capable of incorpo-
rating the fine-scale vertical structure provided by radio-
sonde observations into the specification of sub-synoptic-
scale horizontal gradients.

To determine the role of frontal-zone/jet-stream sys-
tems in explosive mid-latitude cyclogenesis, Shapiro,
Hastings, and Bleck undertook the development of a
three-dimensional objective analysis scheme which re-
solves both vertical and horizontal structures of frontal/
jet-stream systems. This scheme will provide initialization
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of wind and temperature data for the fine-mesh
isentropic-coordinate numerical weather prediction
models under development by Bleck.

GLOBAL CLIMATOLOGY

Synoptic Climatology of the Southern
Hemisphere

During the past several years we have carried out
extensive analyses of the atmospheric structure of the
southern hemisphere and have published parts of these
analyses in atlas form (see 1969 Annual Report). During
1971 we completed a monograph which summarizes the
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Fig. 1 Objective cross-section analysis of potential tem-
perature through an intense mid-latitude cyclone. The
analysis extends from Oakland, California, to Peoria,
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vals; pressures at the left are given in millibars.
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overall results and presents a considerable amount of new
material on the synoptic climatology of the hemisphere.
This comprises descriptions of the mean structure in the
troposphere and lower stratosphere, the characteristic
weather systems, and the radiation and energy balance
components, with comparisons of some features with
those of the northern hemisphere. The monograph, to be
published by the American Meteorological Society, con-
tains contributions from van Loon, J. Taljaard (1970
visitor from the South African Weather Bureau), Sasa-
mori, J. London (University of Colorado), Hoyt (HAO),
Labitzke (visitor from the Free University of Berlin), and
Newton.

Global Balance of Angular Momentum
and Energy

It has long been known that the westerly winds of
temperate latitudes are sustained by a process in which
angular momentum is gained by the atmosphere from the
earth, mostly in the tropical belts of easterly trade winds,
and lost to the earth in the west-wind belts. The
mechanisms of transfer between these regions (mostly by
atmospheric eddies) have been firmly established by
extensive calculations. They have yielded a considerable
range of estimates of the meridional transfer of angular
momentum, one of the quantities useful for comparison
with the output of a numerical general circulation model.

During 1971 Newton critically examined the various
computations and composed them into an internally
consistent estimate of the angular momentum fluxes over
the whole earth for the four seasons. He included new
evaluations of the mountain torques (see 1970 Annual
Report), time changes of angular momentum during the
seasons, and certain minor contributions, with adjust-
ments of earlier calculated frictional torques as required
to balance the momentum budget. The results confirm
such features as a much smaller seasonal variation of
surface torques (and of the momentum transfer across
subtropical latitudes) in the southern hemisphere than in
the northern hemisphere and confirm the existence of a
significant transfer across the equator from the winter to
the summer hemisphere.

As part of the southern hemisphere monograph men-
tioned earlier, Newton also made an appraisal of the
latitudinal distribution of heat sources and sinks, includ-
ing the new radiation calculations by Sasamori, London,
and Hoyt. By composing these sources and sinks on a

global basis and taking account of the energy transfers
across the equator and the portion carried by ocean
currents, Newton estimated annual average atmospheric
energy fluxes which in temperate latitudes of the southern
hemisphere are more reliable than those calculated from
the sparse aerological soundings. Seasonal heat budgets
cannot be dealt with completely, but the available
calculations indicate a much smaller seasonal variation of
eddy heat flux in the southern hemisphere than in the
northern hemisphere. The energy budgets differ in other
ways, as expected from the differences in land coverage of
the two hemispheres.

Tropical Wind and Temperature Oscillation

Madden and Julian performed a spectrum analysis of
wind and station-pressure data recorded at Canton Island
(30°S, 172 0W) over a period of ten years. This revealed
highly significant peaks in the lower- and upper-
tropospheric zonal wind spectra and in the station-
pressure spectra, with maxima in the range of periods
from 40 to 50 days (see 1970 Annual Report). They made
considerable progress in defining the scale and in learning
something of the behavior of the phenomenon responsible
for these spectral peaks. They- computed spectra of 5 - to
10 -year series of station pressures from 24 stations,
mostly in the tropics. Peaks similar to those at Canton are
evident at all stations examined from Curacao (69"W)
westward to Singapore (104 0 E) and within about 10° of
the equator. The oscillation does not appear to be
important in the equatorial Atlantic. Cross-spectral analy-
sis indicates that the associated pressure disturbance
moves eastward across the entire Pacific Ocean and
changes its amplitude as it moves. Analysis of sea-level
pressure data at grid points available from the IGY period
suggests a similar conclusion. Preliminary analyses of
additional upper-air data suggest a somewhat similar
eastward-propagating disturbance in the zonal wind field
near the equator that is coherent from Balboa (80°W)
westward at least as far as Nairobi (37 0 E). The lower- and
upper-tropospheric zonal wind perturbations appear to
change phase abruptly in the mid-troposphere, with
maximum westerlies overlying maximum easterlies. Tro-
pospheric temperatures have spectral peaks in the range of
periods from 40 to 50 days at many of the stations so far
investigated, as do water-vapor mixing ratios. Madden and
Julian hope to incorporate satellite cloud data into their
further studies in an effort to construct a complete and
coherent description of this puzzling wave phenomenon.
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OCEAN CIRCULATION

Ocean Model for the Surface Layers

The oceans, as characterized by the sea-surface temper-
ature, exert considerable influence on the atmosphere in
maintaining the existing climate and in causing long-term
modification of weather and climate. As a source of
atmospheric motion, the oceans can be regarded as a vast
source and sink of heat. Because of oceanic circulation
and the changing oceanic driving mechanisms, the effect
of the oceans on atmospheric motions is variable in both
space and time.

Virtually all motion in the oceans can ultimately be
traced back to atmospheric forcing at the surface.
Basically then, the problem is to predict the sea-surface
temperature, given the variable wind stress and heat flux.
Because the processes are so complex, numerical models
must be used to forecast and understand the interaction
between the atmosphere and oceans.

The ocean model being developed at NCAR, like the
real oceans, consists of two regions with well-defined
layers:

* The active region--that portion of the ocean from the
surface to a depth below which temperature variations
cease. Within the active region we can identify two layers:
the mixed layer, in which there is negligible vertical
variation of temperature, and below the mixed layer the
seasonal thermocline, in which the temperature falls
rapidly to the time-invariant value. The temperature and
depth of the mixed layer are forecast by the model and
have strong seasonal components.

* The inactive region -- that portion of the ocean con-
taining the permanent thermocline and deep water. The
temperature distribution of this region, which contains
over 90% of the total ocean water, is specified from
either oceanographic data or analytic formulas.

Schulman formulated this model and began incorpor-
ating it into the GCM. It should provide an important
improvement for general circulation studies over the
present method of specifying the sea-surface temperature.

Deep Ocean Fluctuations

It has been established that the deep mid-ocean
circulation is not slow and steady as previously thought

but exhibits significant fluctuations in space and time.
These fluctuations have length scales of several hundred
kilometers and time scales of several months and are
undoubtedly of great importance in the general oceanic
circulation; yet relevant observations and theories are
meager. One of the major goals of the planned Mid-Ocean
Dynamics Experiment is the measurement and under-
standing of these fluctuations.

Schulman investigated one possible source of these
motions, a baroclinic instability of the mean circulation.
For this study he took the undisturbed state to be a
stratified fluid with horizontal density gradient at some
angle to the meridians, as is consistent with observations
and theories of the main thermocline. He found that
waves with maximum growth rate occur with about the
same wavelength and period as those observed. Further-
more, the direction of propagation is zonal for a realistic
choice of parameters. Validation of the theory awaits
completion of the observational program.

Coastal Upwelling

O'Brien (visitor from Florida State University) studied
the effect of coastal upwelliAg with a numerical model.
This model is capable of simulating a baroclinic surface jet
which depends essentially on the surface wind stress and
the stratification of the ocean layers. Experiments were
performed for a wide (> 300 km) coastal shelf, an
irregular shallow shelf, and a continental slope region. A
secondary upwelling region is found offshore at sharp
breaks in the shelf topography. In all cases, the offshore
flow is a simple Ekman drift, and downwelling offshore is
created by Ekman pumping caused by negative wind stress
curl.

Seasonal Variation of Ocean Currents

It has been established that in middle latitudes of the
southern hemisphere there is a semiannual variation of
wind which suggests relative maxima of the eastward
surface stress upon the oceans near the times of the
solstices, in latitudes 40 -450S. From an examination of
ocean current charts (derived from ships' drifts) in the
southwestern Indian Ocean in these latitudes, van Loon
found evidence that the surface current also varies
half-yearly, lagging the zonal wind variations by about
three weeks.
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UPPER ATMOSPHERIC DYNAMICS
AND MODELS

The neutral atmosphere extends to an altitude of at
least 500 km. All layers are dynamically coupled, and
imposition of artificial boundaries at some level, as is now
done in the GCM experiments, in principle, leads to
erroneous solutions. Fortunately, we have found that the
motion scales of greatest importance for the meteorology
of the lower atmosphere are largely confined to the
troposphere. Otherwise, simulation of the tropospheric
general circulation would be much more difficult and
faster computers than those now available would be
required to obtain reasonable results.

The need for calculation of atmospheric dynamic
processes at levels above the lower stratosphere can best
be met by development of models specific to various
levels of the atmosphere, together with description of the
coupling processes between layers in terms of linear wave
theory. Much of the work in developing such models
involves analysis of other than hydrodynamic processes,
such as photochemical influences on composition and ion
drag, and requires better observational description of the
relevant atmospheric structure.

Thermospheric Dynamics

Global-scale winds flowing at F-layer heights in the
thermosphere are controlled by pressure and by viscous,
coriolis, inertial, and ion drag forces. Ion drag is the force
on the neutral gas caused by collisions between the
flowing neutral gas and the ions, which are locked to the
geomagnetic field lines. The ion drag at F-layer heights is
proportional to the ion number density and the relative
velocity between the ionized and neutral gases. Within the
F-region the ionization is not uniform, and there exist
departures of both large and small horizontal scale from a
mean global-scale ionization distribution. Global-scale
winds forced by global-scale pressure gradients, flowing
past these anomalies, are accelerated where the ion drag is
locally less than its global-scale smooth value and likewise
are decelerated where the ion drag is locally greater. This
interaction sets up a perturbation in the horizontal flow.

Dickinson and Roble used a time-independent model
of the neutral thermosphere, developed with the help of
Ridley (FAL), to calculate the temperature and circula-
tion pattern caused by a departure from the mean ion
drag. The interaction of the mean wind and an ionization
perturbation and the interaction of the perturbed wind

with the basic-state ion drag together give the momentum
source used in the model. Their calculations showed that,
for ionization anomalies of a horizontal scale on the order
of a few hundred kilometers, perturbation pressures,
which almost completely balance the momentum source,
are produced within the flow. Therefore, the global-scale
wind flows through the ionization anomaly unimpeded.
However, for horizontal scales on the order of a few
thousand kilometers, such as the day-night electron
density variation at twilight, significant perturbations in
the horizontal velocity, vertical motion, and temperature
fields are superimposed on the global mean wind.

From their studies Dickinson and Roble concluded
that only variations of ion drag on a global scale can
influence steady flows. This conclusion enables us to
simplify the calculation of winds in the thermosphere
from empirically determined global-scale pressure distribu-
tions by smoothing the less-than-global-scale variations in
ion drag.

THERMOSPHERIC STRUCTURE--
OCCULTATION MEASUREMENTS

Measurements of composition and number density in
the lower thermosphere are primarily made by mass or
ultraviolet spectrometers aboard rockets flying through
the region. Roble, in collaboration with P. Hays (Univer-
sity of Michigan) and R. Norton (Aeronomy Laboratory,
NOAA), investigated the technique of determining the
properties of the lower thermosphere from satellite
occultation measurements of celestial UV sources. The
technique is based on the principles of classical UV
absorption spectroscopy. A celestial object (the sun, the
moon, or a star) is used as the source of UV light, a UV
photometer aboard an orbiting satellite is use'd as the
detector, and the atmosphere between serves as the
absorption cell. As the satellite moves in its orbit, the
source will ultimately be occulted by the earth. During
occultation the UV light is transmitted through progres-
sively denser layers of the earth's upper atmosphere and is
selectively absorbed by atmospheric species having a large
photo-absorption cross section. By measuring the relative
intensity changes of the UV source in certain isolated
wavelength regions where strong photo-absorption by a
single species occurs, we can obtain the number density
distribution of the absorbing species at the occultation
tangent point.

Roble and Norton used the solar Lyman-a occultation
data obtained by the Naval Research Laboratory instru-



52

ments aboard the NASA SOLRAD -8 satellite to deter-
mine the number density distribution of molecular
oxygen in the 95- to 120 -km region of the upper
atmosphere. By examining 93 solar occultation scans from
December 1966 to August 1967 at middle and high
latitudes in both hemispheres, they found a seasonal
variation of molecular oxygen, with the wintertime values
lower than the summertime values by about a factor of
three. These measurements are the first to show such a
seasonal variation.

Roble, in collaboration with colleagues at the Univer-
sity of Michigan, used the stellar UV photometers aboard
OAO - 2 to measure the UV intensity changes of several
stars during occultation of the star by the earth. They
used the intensity change caused by photo-absorption of
molecular oxygen in the Schumann continuum and
measured by the 1500-A photometer to obtain the
nighttime molecular oxygen distribution in the 120 - to
180 -km region. They also used the intensity changes in
the 2380 - A photometer, caused by photo-absorption by
ozone in the Hartley continuum, to obtain the nighttime
ozone distribution in the 60 - to 100 - km region. Because
of the 20.32 - cm-diameter telescopes used on the
OAO - 2 satellite, they obtained a large signal-to-noise
ratio and high quality data. They inverted the data using
the Abel integral equation solution, which is appropriate
for obtaining the number density distribution of the
absorbing species from occultation data. Roble examined
this technique in detail to determine the retrieval accuracy
and to examine the propagation of errors through the
inversion procedure. The errors are due to the inherent
statistical noise superimposed on a basic signal of very low
intensity. The occultation technique offers considerable
promise for obtaining large quantities of high-quality
composition and number-density data. Since stellar occul-
tation occurs in 30 sec at normal satellite altitudes and
there are many bright UV stars in the celestial sphere, a
polar-orbiting satellite slewing from one star to another
and tracking them through occultation has the potential
of obtaining worldwide coverage. Such data would be of
considerable value to the aeronomer in identifying and
studying the dynamic processes occurring in the upper
atmosphere.

Upper Stratosphere and Mesosphere

In 1971 Sasamori began work on the atmospheric
circulation of the upper stratosphere and mesosphere
based on the framework of the NCAR GCM. Since this
region has much greater vertical extent than the tropo-

sphere, a three-dimensional global model with high verti-
cal resolution is impracticable even with a high-speed
computer. To make the computations feasible with the
NCAR computers, Sasamori developed a model in which
the conventional spatial finite-differencing of the differen-
tial equations is used in the latitudinal and vertical
directions but only one planetary wave motion with
specific wave number is retained in the longitudinal
direction with the zonal motion. This model needs three
times more computation time than a two-dimensional
model, but this is still much less than a full three-
dimensional model. A two-dimensional model would be
too oversimplified to account for planetary waves and
their interaction with the zonal motion.

This approach--a mixed model using grid points and a
truncated wave spectrum--has been used successfully by
T. Tokioka (University of Tokyo) in his study of flows in
a rotating annulus. Also E. Rivas (Massachusetts Institute
of Technology) attempted to use this method in her study
of the dynamics of a rotating spherical Boussinesq fluid.
The system of equations formulated by Sasamori is more
general than those mentioned above and can be applied to
any hydrostatic motions of a stratified compressible fluid.
Based on this model, Sasamori began to study the
following specific questions concerning the atmospheric
circulation of the upper atmosphere. (a) What is the
stability of the planetary wave motions and their role in
the general circulation? (b) What is the relative impor-
tance of internal heating resulting from solar radiation
absorption, chemical reactions, and eddy diffusion?
(c) What is the importance of the tidal process in the
upper atmosphere circulation?

Structure of the Stratosphere

Labitzke (visitor from the Free University of Berlin)
continued to study the circulation of the stratosphere and
lower mesosphere. As part of a monograph on the
southern hemisphere (see the section on Global Climatol-
ogy), she collaborated with van Loon to describe the
stratospheric features. Radiosonde data give only informa-
tion for the lower stratosphere and over only restricted re-
gions of this hemisphere. To map the temperature field,
they used recently published data from the SIRS and data
from the SCR flown on Nimbus 4. The latter data,
supplied by J. Houghton (Oxford University), consist of
radiance values related to the temperature in layers
centered at about 20 mb and at about 2 mb, near the
stratopause.
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Labitzke continued work on the climatology of the
stratosphere of the northern hemisphere and made prelim-
inary analyses to obtain a global description. Partly in
collaboration with van Loon and Jenne (FAL), she began
using the satellite radiances mentioned above to investi-
gate the annual and semiannual variations in stratospheric
temperature over the globe and the related variations of
the wind. Also using the radiance data, Labitzke and van
Loon found that zonal wave number 1, which is promi-
nent in the troposphere of the southern hemisphere,
dominates the mean temperature distribution of the
subantarctic stratosphere in winter. Wave number 1 in the
isobaric geopotential field continues to grow in amplitude
from the troposphere upward into the stratosphere over
the area where the temperature gradient decreases toward
the pole in winter. In summer its maximum amplitude is
at the tropopause, where the meridional temperature
gradient reverses.

On the basis of rocketsonde observations at stations in
the northern hemisphere during the past five winters,
Labitzke adduced strong evidence that the upper meso-
sphere is cold in early winter and again in late winter. The
high temperatures observed in late January are connected
with a special transient synoptic situation, i.e., a certain
stage of the event which is generally called a stratospheric
midwinter warming.

Hirota (visitor from the University of Tokyo) carried
out a theoretical analysis of the dynamics of transient
planetary Rossby waves in the winter stratosphere. He
found that the maximum response to forcing from below
should take place for a definite ratio of the wavelength to
the excitation period. The results of the analysis agree

well with the time-dependent behavior of planetary
Rossby waves observed in the stratosphere during winter.

Interaction of Different Levels by Waves

Walter Jones completed an analysis of wave energy and
momentum transport using the Hamiltonian Variational
Principle. This analysis brings together techniques fre-
quently used in other branches of physics and applies
them to geophysical wave phenomena. The approach is
especially useful for understanding the momentum trans-
port in buoyant and rotating systems where wave momen-
tum flux does not reduce to the Reynolds stress. His
analysis also suggested that waves in such systems show
angular as well as linear momentum transport. A full
understanding of such wave transport is necessary if we
are to parameterize the effects of waves entering upper
atmospheric models from below.

Gravity waves propagating upward grow in amplitude
with height. It has been generally accepted that at some
height such waves will "break" through the formation of
an instability and will dissipate through the formation of
turbulence. Jones and D. Houghton (University of Wiscon-
sin) used a numerical model to investigate vertical
momentum transport and interaction with the mean flow
by such waves. Their results show that mean flow
modifications cannot be neglected in the theory of
breaking waves. In many cases the wave may create its
own "critical level," a level at which wave phase velocity
equals mean flow velocity. In such cases the wave may
dissipate through eddy viscosity before it reaches the level
at which it would become unstable and break.
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MESOSCALE MOTIONS

INVESTIGATIONS OF FRONTAL ZONES

Shapiro continued to use the NCAR aircraft to observe
the mesoscale structure of frontal-zone/jet-stream weather
systems. Measurements from the 1971 program showed
gravity waves and moderate-to-severe clear-air turbulence
to be associated with the strong shears and thermal
gradients found within frontal zones. In addition, ozone
measurements using the Sabreliner and Buffalo aircraft
show evidence of stratospheric-tropospheric exchange
processes through the injection of stratospheric air into
upper-level frontal zones. This study serves as a pre-GARP
experiment in determining the feasibility of multi-aircraft
investigations of subsynoptic-scale mid-latitude weather
systems.

In support of observations of waves on frontal zones
made by Shapiro, Walter Jones analyzed ducted wave
modes on a frontal zone with wind shear. This study
showed a preferred orientation of ducted modes propa-
gating at right angles to the shear vector. The limitations
on wave amplitude obtainable without breaking and a
long-wavelength cutoff in such ducts serve to describe the
saturation wave spectrum that the layer can contain. In
December 1971 Shapiro and Jones began making exten-
sive three-aircraft studies (to be continued in March 1972)
in an effort to support the theory observationally.

It is possible that such ducted wave modes enter into
the energy and momentum budgets of frontal zones;
hence, they may be of concern in the parameterization of
frontal behavior in numerical models. Ducted waves may
also play important roles in clear-air turbulence.

THUNDERSTORM DYNAMICS STUDIES

In conjunction with the 1971 NHRE summer field
activities, Fankhauser planned and carried out multi-level
aircraft investigations of northeastern Colorado thunder-
storms. The general objective was to evaluate the budgets
of air, moisture, and momentum for single cumulonimbus
cloud circulations by continuously observing the hori-
zontal variations in wind, temperature, and water vapor
near cloud boundaries at several altitudes during the
thunderstorm life cycle.

With the NCAR Sabreliner at higher levels and the
Buffalo in the subcloud region, basic patterns, designed to

completely enclose the storm system, were flown at
constant-pressure altitude. Integration of wind and mois-
ture data around these closed loops provides estimates of
air and moisture flux at intervals of approximately
15 min. When an adequate number of altitudes are
sounded during a short period in the storm's life cycle,
these may be integrated vertically to evaluate budgets of
air and moisture for the system as a whole. The quality
and quantity of data collected on two of six occasions
during the past season were considered adequate to
warrant intensive analysis. Preliminary results suggest that
the experimental approach will lead to a better under-
standing of thunderstorm structure, transfer mechanisms,
and interactions with the environment.

Fankhauser also continued his analysis of mesoscale
upper-air data obtained from the special rawinsonde
network operated in Oklahoma by the NOAA National
Severe Storms Laboratory. A technique has been devel-
oped for deriving geopotential height gradients of isobaric
surfaces from carefully analyzed wind fields. This is a
necessary term for complete treatment of convective
storm dynamics but one that is not directly available from
the original mesoscale observations because accurate
resolution of small-scale gradients of pressure exceeds the
measurement capabilities of the system.

1970 COLORADO LEE WAVE
EXPERIMENT

Lilly and Kennedy continued their analysis and inter-
pretation of the data acquired in the 1970 Colorado Lee
Wave Experiment. In a summary and guide to the data
they placed major scientific emphasis on the measurement
and interpretation of the momentum flux transmitted
between the earth and the atmosphere by mountain
waves. For the 17 February 1970 case (see the 1970
Annual Report), they calculated wave momentum flux by
several different methods. This flux compares well with a
theoretical prediction using a hydrostatic model with
isentropic coordinates. Based on these and other data,
Lilly conducted a sensitivity experiment with the NCAR
six-layer GCM (see the section on The NCAR GCM as a
Facility) to test the influence which wave momentum
fluxes over a large mountain region can exert on the
global circulation and its predictability. He found that the
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mountain drag transmitted to the upper troposphere and
stratosphere by gravity waves may cause a substantial
slowing of the mean westerly jet and thus may account
for some of the known discrepancies of the general
circulation models. This drag may also be associated with
a large part of the energy dissipation believed to occur in
jet-stream regions. The neglect of this energy and momen-
tum sink can be expected to lead to large errors in
numerical prediction models. The results of this study
encouraged the planning of a renewed and enlarged
observational program on wave momentum flux.

A second area of current emphasis in the mountain
wave program has come from the discovery, in the data
from two flight days in the 1970 observational program,

of a region of large-amplitude, partially breaking, and
horizontally and vertically propagating gravity waves in
the stratosphere. Lester (visitor from San Jose State
College), working with Lilly, performed spectral analyses
of these data and found strong evidence of a kx 3

spectrum of the temperature fluctuations, where kx is the
horizontal wave number in the direction of the aircraft
(and mean wind) motion. They similarly analyzed hori-
zontal velocity data and found a somewhat shallower
spectrum in most cases. The interpretation of these results
remains somewhat speculative, but it appears that the
effects of linear propagation, resonant interactions, and
wave breaking must all be taken into account. These data
appear to be unique among atmospheric measurements,
although somewhat similar phenomena have been ob-
served in the oceanic thermocline.
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TURBULENCE AND CONVECTION

AIRCRAFT MEASUREMENTS

We used the NCAR Buffalo aircraft for several research
programs during 1971, with the instrumentation system
operated under the direction of Lenschow. In April
Shapiro used the aircraft to probe the structure of a
frontal zone, as described in the section on Isentropic
Methods. During June and July, Fankhauser carried out
investigations using the aircraft in conjunction with
NHRE (see the section on Mesoscale Motions). Other joint
activities using Buffalo flights and data involved Lester
(visitor from San Jose State College), D. Atlas and
J. Metcalf (both of the University of Chicago), and
J. Telford (University of Nevada). In addition, the aircraft
was used as a standard for in-flight comparison of
instrumentation with other aircraft participating
in NHRE.

Lenschow developed several improvements in both
instrumentation and data processing and incorporated
them into the Buffalo measuring system. Among these is
a technique for postflight reduction of errors in the
airplane position and velocity measured by the inertial
navigation system on board the aircraft, based on external
position and velocity fixes that may be obtained during
the flight. The measured static pressure was calibrated
with high precision (about 0.2 mb) by comparison with
measurements made on a tower as the aircraft flew by the
tower at the same level at several speeds.

Lenschow and LeMone (visitor from the University of
Washington) began analyzing data from Buffalo flights
over the Great Lakes in late fall of 1970. Lenschow
calculated the changes of latent and sensible heat in the
air as it passes over a relatively warm lake. He found that
the turbulent fluxes of heat and moisture vary by more
than a factor of two over various areas of the lake,
primarily because of air-water temperature differences. He
also found that the horizontal advection terms in the
kinetic energy budget equations are important in the
region just downwind from the upwind shore, where the
surface roughness suddenly decreases as the air moves
over the water from the land and the surface heat flux
suddenly increases. These results appear to be of signifi-
cance to GARP and, in particular, to the Japanese
AMTEX program, in which NCAR is expecting to
participate in 1974 and 1975 (see the GTG section of this
report). They are also relevant to the objectives of the

International Field Year for the Great Lakes, a program
that NCAR will support with the Buffalo aircraft.

LABORATORY MODEL OF THE
CONVECTIVE BOUNDARY LAYER

In the laboratory Willis and Deardorff simulated
turbulence in the convective planetary boundary layer by
modeling penetrative convection in a tank of water. They
analyzed vertical velocities from streak photographs of
nonbuoyant oil particles. When scaled by a convective
velocity scale (based upon surface heat flux, gravitational
buoyancy parameters, and depth of the mixing layer),
these velocities agreed rather well in magnitude and
distribution with similarly scaled vertical velocities ob-
tained from aircraft measurements in flights over heated
terrain. They began construction of a larger tank, approxi-
mately 80 cm high and 160 cm wide, so that the Reynolds
number may be large enough to permit the turbulence to
be Reynolds-number independent.

NUMERICAL MODELING OF THE STABLE
PLANETARY BOUNDARY LAYER

Deardorff investigated the turbulence in the stable
planetary boundary layer with his three-dimensional
numerical model containing 32,000 grid points. With
downward-directed heat flux the calculated vertical veloci-
ties became relatively small; heat and momentum trans-
ports were then accomplished mainly by subgrid-scale
eddies, which were simulated through an eddy-coefficient
assumption. Calculated mean profiles of wind and temper-
ature, therefore, were probably not trustworthy, although
typical eddy shapes might have been realistic. Closure of
the subgrid-scale Reynolds-flux equations at the third-
moment level is now contemplated. Drake (FAL) devel-
oped an expanded numerical model, designed for efficient
use of the Control Data 7600, that allows inclusion of the
necessary ten additional dependent variables with no loss
in resolution.

Deardorff subsequently synthesized a one-dimensional
model of the stable boundary layer, using results from the
three-dimensional model and observational data. The top
of the shallow, nocturnal boundary layer was found to be
characterized by a Richardson number between 1 and 2
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and was found to rise at a rate of about 3% of the surface
friction velocity.

NUMERICAL MODELING OF
KELVIN-HELMHOLTZ INSTABILITY

Deardorff and Lilly investigated the Kelvin-Helmholtz
type of amplifying and wave-breaking phenomenon using
the three-dimensional model with 48,000 grid points. Pre-
liminary results suggested that when the minimum Rich-
ardson number is substantially less than 0.25, one or more
episodes of wave breaking occur with a thickening of the
active layer, an increase of wavelength, and an increase of
the minimum Richardson number. Weak three-
dimensional turbulence develops and coexists with the
much stronger two-dimensional wave. The latter tends to
reach a quasi-steady state as the Richardson number
increases toward 0.25. The two-dimensional wave struc-
ture is such that one edge is very sharp and the other edge
more diffuse.

NUMERICAL MODELING OF CONVECTION

Fox and Kingry (FAL) continued numerical modeling
of three-dimensional convective elements (see 1970 An-
nual Report). They were successful in removing the
previously imposed symmetry conditions and in adding a
nonlinear eddy viscosity to model the subgrid-scale
turbulent motions. Addition of the eddy viscosity did not
accomplish the desired result, namely, allowing explicitly
calculated turbulence within the model. Introduction of
random perturbations to steady state and developing
thermals does not result in instability. The precise reason
for this is not clear; however, contributing factors include
lack of numerical resolution, coordinate stretching, and
the nature of instability in thermals. Convection is also
being studied by modeling techniques, including some
cloud microphysics as well as dynamics, by Danielsen and
Bleck in the Atmospheric Chemistry Department and by
Drake in the Atmospheric Physics Department.

Fulker (FAL), working with Fox and Orszag (visitor
from the Massachusetts Institute of Technology), pursued
development of the mixed Fourier space, physical space,
three-dimensional numerical fluid dynamics model begun
in 1970. Fulker extensively rewrote the code to enable
rigid and free boundary conditions on the top and bottom
horizontal planes. Preliminary investigations of plane
Couette flow suggested that this flow remains stable to
small perturbations up to the largest Reynolds number

that we can accurately simulate. Fulker began investiga-
tion of Pouiselle flow.

NUMERICAL MODELING
OF TWO-DIMENSIONAL TURBULENCE

Orszag and Fox, working with Miller (FAL), developed
a spectral numerical model of two-dimensional turbu-
lence. The calculation includes essentially 64 X 64 Fou-
rier coefficients and uses Orszag's methods for the removal
of aliasing interactions. Because the method avoids space-
differencing errors, they were able to show the validity of
Kraichnan's hypothesis of two-dimensional equipartition
of inviscid flow. Other experiments using the same model,
but with small and intermediate Reynolds numbers,
indicated the impossibility of developing inertial ranges in
a calculation with fewer than 100 X 100 wave numbers.

A comparison of the spectral model with Lilly's earlier
finite-difference calculation of two-dimensional turbu-
lence indicated that statistical results, such as energy
spectra, are equivalent. Since Fourier space representa-
tions remove most errors associated with numerical
solutions at the expense of complication and time, this
result is surprising and significant and will be investigated
further.

NUMERICAL SIMULATION OF
TURBULENCE

Orszag and Patterson (visitor from Swarthmore Col-
lege) collaborated to produce a numerical model of
isotropic turbulence. The essence of the model is a time
integration of the discretized, Fourier-transformed Navier-
Stokes equations in three space dimensions. They used
approximately 323 Fourier coefficients to represent the
flow. Development of such a computation was possible
only because of the techniques for solving the equations
developed by Orszag (see 1970 Annual Report) and
simplified by Patterson and Orszag and the exemplary
programming of Patterson. Results from the model
confirmed the previously hypothetical concept of spectral
equipartition of energy by the truncated Euler equations.
Preliminary comparisons between the model and numer-
ical solutions of the equations of turbulence theory
showed the latter to be, for certain characteristics, an ex-
tremely good approximation of a turbulent fluid. It is
clear that numerical simulation is now, and will become to
an even greater extent in the future, a valuable mechanism
for the understanding of turbulence.
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PREDICTABILITY OF TURBULENT FLOWS

The test-field model of turbulence is an extension of
the eddy-damped Markovian model (see 1970 Annual
Report) in which the eddy-damping rate is estimated not
from simple dimensional arguments but from the rate of
energy transfer between nondivergent and divergent parts
of a test vector field advected by the turbulent velocity
field. This energy transfer rate is a measure of the
statistical influence in nondivergent turbulent flows of the
pressure which prevents such transfer but is also respon-
sible for the Lagrangian decorrelation effects that give
eddy damping.

Leith and Kraichnan (Dublin, New Hampshire) used
the test-field model to compute the predictability of
turbulent flows in three and two dimensions. For the

-5/3 power inertial range in three dimensions, the
test-field model predicts that an infinitesimally small error
in very small scales will not be swept away by the general
energy cascade as had been thought possible. Instead, the
contamination of larger scales is rapid enough that error
does grow, and any scale of motion becomes uncertain in
about a dozen local eddy times. They repeated predict-
ability calculations for an observed atmospheric spectrum
using the test-field model and a more accurate numerical
integration scheme applied to two-dimensional turbu-
lence. The test-field model gives predictability times of
the atmosphere that are about 30% greater than the earlier
eddy-damped Markovian calculations. Since the test-field
model is known to overestimate the influence of random
Galilean transformation on error growth rate, the present
results are likely to be underestimates of predictability
times.
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Atmospheric Chemistry

Activities during 1971 in the Atmospheric Chemistry
Department have emphasized several large projects that
cut across program, divisional, and institutional lines.
These projects are all concerned in one way or another
with the identification, sources, sinks, concentrations, and
chemical reactions of trace constituents of the atmo-
sphere. In addition, a number of much smaller but
important research activities were undertaken.

As stated in our 1970 Annual Report, an especially
important effort of the department that year was planning
for an intensive field program to determine the extent to
which cities contribute to regional and worldwide air
pollution. This project is designed to determine the extent
to which a number of important pollutants are removed
from the air by homogeneous and heterogeneous chemical
reactions, by sorption on surfaces, and by soil bacteria
action before the pollutants can contaminate the air
regionally or worldwide. An important aspect of this field
work will be pooling resources with other organizations
that will study the air in and near the same city at the
same time, but with somewhat different objectives.

During October 1971 we undertook a preliminary field
study in the St. Louis area to determine the effectiveness
of several parts of our plan--for example, to determine
whether the distances from the city which we had
suggested for our sampling arrays are appropriate and to
determine whether we would have difficulty locating the
plume of contaminants from the city. The results were
very encouraging. Not only did we succeed in sampling in
the plume, but we found that, although 100 km from the
city the contaminant plume still contained orders of
magnitude more sulfur dioxide than the background, the
nitrogen oxides emitted by the city had nearly disap-
peared. This, of course, is the type of information we
expect the full-scale project to furnish quantitatively and
in more detail.

We completed our air sampling in the tropical jungles
of Panama and Brazil more than a year ago (except for the
establishment of a monitoring station, mentioned below),
and during 1971 we completed the analysis of some of the
samples. For example, we identified and determined the
concentrations of the vapors of 17 organic compounds
collected from the air of the Amazon jungle. Rather
surprisingly, all of these compounds are relatively stable
chemically, unlike the terpenes emitted by much of the

vegetation at middle latitudes. The total concentrations
were unexpectedly large, i.e., about 3 ppm by weight.

We considerably expanded our studies of the trace
components of the stratosphere during 1971. Several
types of evidence, such as the 32S/34S ratios and the
variability of concentrations, suggest a volcanic origin for
much of the particulate matter in the lower stratosphere.
The Air Weather Service aircraft (RB-57F) collections
were supplemented by collections from balloons, and an
arrangement with the AEC enabled us to obtain samples
of particles from several altitudes at latitudes from 75°N
to 510 S, generally along the west coast of the Americas.
One type of filter that we use (IPC) collects nitric acid
(HNO 3 ) vapor almost quantitatively, presumably by sorp-
tion. We found relatively high HNO 3 concentrations at al-
titudes up to 27 km; this is consistent with recent labora-
tory studies indicating a small rate coefficient for the
O(3P)-HNO 3 reaction, postulated as the chief destruction
process for HNO 3 in the stratosphere.

Trace constituents of the atmosphere, both natural and
man-made, can affect our climate in several ways--for
example, by affecting the radiation balance. One way of
evaluating the role of man in these effects is to monitor
the atmosphere for several years for trace constituents be-
lieved to be of importance. The need for such monitoring
was recently emphasized by several international organiza-
tions, and WMO has established an embryonic network.
During 1971 we completed the initial development of a
prototype atmospheric trace chemical monitoring and
research station and are now testing it on the roof of the
NCAR Mesa Laboratory. By mid-1972, we expect to have
three of these operating in the field, probably in Colo-
rado, Hawaii, and Brazil. We are working with both
NOAA and WMO in this program.

We spent several years developing and building the
UVDM which was designed primarily to evaluate a new
approach for obtaining ozone profiles in the atmosphere.
In January 1971 we placed it in operation on the Mesa
Laboratory roof. Fairly elaborate studies completed in
August 1971 demonstrated that the instrument is per-
forming in accordance with its design specifications.
Following these tests we used the UVDM to study the
directly transmitted solar ultraviolet spectrum between
295 and 400 nm, and the wavelength-dependent variations
of the optical depth of aerosol and ozone.
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We began a joint study with Colorado State University
to determine the feasibility of using the moon as a
platform from which to monitor the long-term variations
in the solar radiation reflected and the infrared radiation
emitted by the earth-atmosphere system.

As indicated above, several groups in the Chemistry
Department are studying aerosols. However, one program
is concentrated on this aspect of atmospheric research and
especially on the structure, chemical composition, concen-
tration, and size distribution of airborne particles. In 1971
much of the research done in this program, in addition to
the stratospheric sampling mentioned above, dealt with
the contributions of soil to tropospheric particles. Also,
the results of direct particle collections were compared
with remote lidar measurements, and plans were begun for
cooperative lidar-radiation-aerosol collection experiments.

Our effort in photochemistry and the kinetics of atmo-
spheric chemical reactions was, as in the past, concen-
trated on laboratory investigations of elementary chemical
processes. We completed studies, designed to determine
photochemical smog reactions, of the static photolysis of
nitrogen dioxide in the presence of acetaldehyde and
oxygen. Material balances obtained were usually better

than 90%, suggesting that the large numbers of products
formed were gaseous and observable. We also completed a
study of the room-temperature reaction of hydrogen
atoms with molecular oxygen, an important reaction in
the stratosphere.

Isotope geochemical research during 1971 emphasized
three activities: studies of isotopic and trace gas, aerosol
tracer applications of radon daughters, and studies of
atmospheric composition at rocket altitudes. Another
rocket-borne cryogenic sampler was built and will prob-
ably be flown early in 1972. It uses liquid neon as a
cryogen, allows preflight bakeout at 4500 C, and incorpo-
rates a number of minor design changes for improved
operation and experimental versatility.

Much of the planning and research described above was
tremendously aided by the meteorology group within the
department. This group assisted in the planning of field
programs, provided real-time forecasts for sampling mis-
sions, and participated in the analysis of results for which
trajectories and the history of the air being studied were
important considerations. It also conducted its own
research on modeling convective clouds and contributed
to other projects in LAS.
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TRACE CHEMISTRY OF THE MOIST TROPICS

We completed the active phase of the intensive
sampling in the moist tropics. Pate, Sheesley, Wartburg,
and Lodge attended a symposium in Manaus, Brazil, in
June 1971 and presented a group of papers giving
preliminary interpretation of the data obtained there. The
symposium, which made our findings promptly available
to our Brazilian colleagues, was viewed by both the
Brazilians and us as an integral part of the program. The
papers confirmed earlier reports that concentrations of
nearly all atmospheric contaminants were lower in the

Amazonian jungle than in Panama. The conference,
cosponsored by the National Institute for Amazonian
Research and NCAR, was also attended by selected
United States and South American scientists in associated
fields and enabled all participants to understand better the
entire circulation of trace materials through the sources
and sinks in the region. Work will be continued in the
Manaus area under the global reconnaissance program
which is discussed later.
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THE ST. LOUIS STUDY

Pate, Sheesley, Wartburg, Fogle, Breeding, Cadle, and
Lodge began planning the NCAR component of the
St. Louis Fate of Atmospheric Pollutants Study. The
particular role of NCAR in this study will be the
determination of the impact of a city on the regional (and
perhaps global) atmosphere through the determination of
pollutant concentrations. This will be done by arcs of
measuring stations located 80 and 120 km from the
central city and by coordinated airborne measurements.
In addition to the data that will immediately result from
these measurements, we hope that removal rates of key
contaminants can be estimated and that the data will be
useful in mesoscale modeling of pollutant transport.

Fig. 1 Setting up air analysis equipment for the October
1971 preliminary field test of the St. Louis project. The

During October 1971 a preliminary study was made
downwind from St. Louis by Breeding, Englert, Fogle,
Klonis, Pate, Sheesley, Wartburg, Haagenson, and Delany,
and by Baynton, McBeth, Foltz, and Gerrells (all of FAL).
The primary findings from preliminary examination of the
data are that: (1) available meteorological forecasts are
adequate for placement of the stations in the vicinity of
the pollutant plume from St. Louis; (2) the concentra-
tions of pollutants in the plume are well within the range
of the proposed analytical methods; (3) the contrast
between concentrations in and out of the plume is
sufficient to permit treatment of the plume as a defined
entity at the planned distances from the city; and

trailer served as a field laboratory.
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(4) background concentrations of all substances tested are
surprisingly low. Thus the basic design of the study
appears to have been validated in the field. In addition, a
number of manufacturers of automatic monitoring equip-
ment joined us for a day, permitting evaluation of about
15 instruments. Although these instruments are generally
too expensive to consider using in automated stations
throughout the study, a number appear promising for
mobile ground stations, for aircraft, or for both.

Although they were not field participants, Frank and
Roger Neuscheler (NCAR casual) participated heavily in

the analyses of samples from Brazil and. St. Louis--Frank
by the electron microscopy of collected particulate
samples, and Neuscheler by the mass spectrometric
analyses of gas and vapor samples sorbed on activated
charcoal with a thin coating of squalene. Neuscheler
developed this technique under the supervision of Shees-
ley and Lodge, and he also devised and adapted a group of
computer programs to interpret the resulting mass spec-
trometric data. The method is providing valuable clues to
atmospheric compounds which might deserve further
investigation. Neuscheler received a Master's degree in
chemical engineering from the Colorado School of Mines
for this development.
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ATMOSPHERIC CHEMICAL RECONNAISSANCE STATIONS

The global atmospheric reconnaissance project ad-
vanced substantially as a result of numerous technical
innovations. The group, which consists of Axelrod, Teck,
and LaHue and is occasionally assisted by Wartburg, devel-
oped a new technique for preparing gas concentration
standards in the upper concentration ranges, studied the
effects of the choice of prefilter on the determination of
low concentrations of sulfur dioxide, perfected a new
analytical method for bromide, began development of a
new technique for nitrous oxide, and completed valida-
tion of the method for hydrogen sulfide determination
(originally developed by Toshiichi Okita, a 1964 -65

scientific visitor from the Japanese Institute of Public
Health in Tokyo). Probably the most important advance-
ment in analytical methods was a totally new approach to
hydrogen sulfide sampling, developed in cooperation with
Natusch (visitor from the University of Illinois). The
method involves collection on filter paper impregnated
with silver nitrate, removal of the resulting silver sulfide

from the filter with cyanide, and ultimate determination
by the previously developed fluorescein mercuric acetate
method. The technique has a demonstrated lower detec-
tion limit of a few parts per trillion in air and has shown
the average level of hydrogen sulfide on the NCAR mesa
to be about 50 ppt, with a precision of a few percent.
Since there is no known way of producing accurate
reference concentrations in this range, the absolute
accuracy of the method is unknown. The group collabo-
rated with Lee, Cole, and Pike (all of FAL) to develop a
servo system for controlling sampling rates. They also
developed a new air sampling bubbler with interchange-
able parts and a plastic screw cap. Reprint requests
indicate that, throughout the air chemistry community,
there is a high degree of interest in this sampler. Finally,
the group completed the design of the first atmospheric
reconnaissance station and began field testing it on the
roof of the NCAR Mesa Laboratory.
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STRATOSPHERIC TRACE CONSTITUENTS

During the last several years we have been determining
the composition and concentrations of particles and nitric
acid vapor in the lower stratosphere. The data have
provided a base from which to evaluate possible atmo-
spheric contamination by SST aircraft. In addition, these
data help show the relationship between the chemical
content and the dynamic structure of the lower
stratosphere.

In 1971 Shedlovsky, Pollock, Lazrus, and Gandrud
extended this research by a cooperative venture with the
AEC's stratospheric sampling program, Project Airstream.
This program involved collecting particulate matter in the
stratosphere in the western hemisphere at latitudes from
75°N to 510 S, generally along the west coast of the
Americas. Samples were collected at four altitudes in the
range from 12 to 19 km from Air Weather Service RB-57F
aircraft during four-day missions flown from four loca-
tions. Two sampling missions were successfully flown
(June and September 1971), and a third is planned for the
spring of 1972.

Particles were collected on washed IPC fiber filters
which were then analyzed by nondestructive techniques
for radioactivity and for Na, Si, Cl, Mn, Zn, and Br.
Colorimetric and atomic absorption techniques were used
to analyze for sulfate, nitrate, ammonium, and alkali
metal concentrations. In addition, instruments on approx-
imately one-half of the aircraft continuously recorded the
ozone content of the ambient air being sampled by the
filters.

Analysis of the two sets of samples for radioactive
fission products shows the following:

1. The profile of samples from June 1971 shows a
higher concentration of radioactive particles in the lati-
tudes north of 350 N than in the equatorial and southern
latitudes. The general shape of the profile in the lower
stratosphere follows the shape of the tropopause.

2. The profile of September 1971 shows dramatic
changes in the southern hemisphere, presumably because
of a series of French nuclear explosion tests during the
summer of 1971 near 20'S. The level of radioactivity
increased from June to September by a factor of 500 in
the southern hemisphere and by a factor of 3 in the
northern hemisphere. The gradient of activity indicates

that during the summer months only a small amount of
activity could have been transported across the equator to
the northern hemisphere, at least at the altitudes sampled.

We began chemical analysis of the samples and early
results show that the Cl and Br content of the strato-
sphere in the southern hemisphere is similar to values we
obtained previously in the stratosphere of the northern
hemisphere. The Cl/Br mass ratio is about 10, which is
much lower than sea salt or crustal rocks. It is similar,
however, to several volcanic fume samples we have
analyzed. Further work is necessary to explain these
results.

Using a combination of aircraft (RB-57F) and balloon
particle sampling, we determined vertical and latitudinal
distributions of sulfate, nitrate, ammonium, and alkali
metal concentrations. Since chloride is usually present in
detectable amounts, we also looked for fluoride in the
samples. It should have been detectable if the chloride
were predominately of volcanic origin. However, we
found fluoride below the detection limit of our analytical
method. It is therefore probable that the stratospheric
chloride is not volcanic. It now appears that we delineated
both the meridional and vertical distributions of the key
substances in the stratospheric aerosol layer adequately
enough to make future changes in the distribution clearly
noticeable and to permit, if not a complete statement as
to sources and sinks, at least the rejection of a number of
hypotheses. For example, the lack of any significant
gradient in sulfate concentration between the tropical and
temperate stratosphere appears to rule out the tropics as
the major source area.

Lazrus, Gandrud, and Robert Moseley (NCAR casual),
in response to the problem of manufacturing quantities of
ultraclean polystyrene filters for high altitude sampling,
devised an automatic washer-dryer which allows the use of
much more readily available and inexpensive IPC-1478
cellulose filters. As delivered, IPC filters are very open
cellulose felts, rather heavily contaminated with inorganic
salts. The washer-dryer reduces the background contami-
nation of these filters to an acceptable level without any
perceptible effect on their flow characteristics or reten-
tivity. Unlike the polystyrene filters, the IPC filters collect
nitric acid with a quite high efficiency. Nitric acid is
apparently present in the vapor state but is strongly
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sorbed by the cellulose fibers. However, these washed IPC
filters cannot replace the polystyrene filters for all
purposes--for example, they are still too contaminated
for some neutron-activation analyses.

Fig. 2 Beginning of balloon flight to sample particles and
nitric acid vapor in the stratosphere above Australia. The
lower photograph is a close-up of the sampling package.
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PARTICIPATION IN NHRE

We explored, validated, and applied to the measure-
ment of the silver content of hailstones collected by
NHRE participants a new atomic absorption technique
using an inert gas plasma for atomization. Unfortunately,
we found that since hailstorms occur during the summer
when a great deal of surface dust is entrained into clouds,
the natural silver content of hailstones is high. This
apparently will make it impossible to identify the effects

of silver iodide seeding by chemical analyses of the
resulting precipitation. Although silver in hailstones will
continue to be determined as part of a larger study of the
environmental impact of seeding operations, we will need
to establish the presence of seeding agents using the
method of C. and N. Knight, which is specific for silver
iodide.
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TROPOSPHERIC AEROSOLS

Delany converted the x-ray fluorescence analyzer to a
nondispersive instrument using secondary radiators to
increase the sensitivity for chemical element analysis.
Tropospheric filter samples, previously analyzed by neu-
tron activation, are now being analyzed by the x-ray
fluorescence method for additional elements. Pollutants
from urban areas are readily apparent in some of the
samples. Delany and Shedlovsky plan to use this analytical
technique on samples collected during the St. Louis field
tests to help define the pollution plume and its dilution.

Blifford and Gillette tried fitting previously obtained
data on aerosol size distribution and composition to
log-normal density functions. Of a total of 329 size
distributions, 89% were log normal in volume at the 5%
level of significance, with geometric means in the range
from 0.4 to 4 pm. Furthermore, log normality of the
relative number of particles in a given size range was
found for most size intervals used in laboratory determi-
nations for particle sizes > 1 pm. Concentrations of Cl, S,
K, Ca, Si, and Ti for tropospheric aerosols from ground
level to 9 km at several locations were in general found to
be log normal at the 5% significance level.

They examined differences in tropospheric aerosols in
various air masses and the modification of maritime air
mass aerosols as they moved inland; in both cases they
took into account the trajectories of the sampled air
masses. Profiles of Cl and Si, assumed to be constituents
of sea salt and soil dust, respectively, were constant with
altitude for all trajectories above 1 km for certain loca-
tions over the eastern Pacific and Death Valley, California.
The presence of Si at higher altitudes in air that had
passed over the Pacific for several days led them to
speculate that soil dust may be one of the most important
aerosol constituents.

Following this lead, Gillette and Blifford studied the
mechanisms of soil dust production with a view to
eventually describing the life cycle of the soil dust aerosol
component. Their objectives were: (1)to relate the size
distribution of aerosols originating from a particular area
(the Northwest Agricultural Laboratory site at Alliance,
Nebraska) to the size distribution of the soil within that
area, and (2) to relate the soil flux through a surface
parallel to the ground to parameters commonly used in
soil physics and to the vertical momentum flux deter-
mined from the vertical wind profile. They found a great

similarity between the size distributions of aerosols
originating from the soil and the size distribution of the
soil in the range 0.3 < r < 6 m. They also determined
that a formulation which included soil moisture, vegeta-
tive cover, field length, momentum flux, soil agglomera-
tion, and mechanical stability of the agglomerates quali-
tatively predicted vertical aerosol flux from the soil.

Gillette developed Control Data 6600 and PDP -8L

computer programs which automated and accelerated by a
factor of ten the size distribution analysis for aerosol
samples collected by the jet impactor. Several soil samples
were examined and size distributions were generated by
the scanning electron microprobe with detail not accom-
plished before in the United States.

Blifford, Burgmeier (visitor from the University of
Vermont), and Christian Junge (Max Planck Institute for
Chemistry, Mainz) completed the programming
and final check of their computational aerosol model.
Blifford, Burgmeier, and Gillette obtained preliminary
results from a model that incorporates a reinforcement
term to simulate equilibrium (mass conservation). Com-
putations with several functional forms of the size
distribution indicated that the optically active part of the
size spectrum (the smaller particles that scatter sunlight
effectively) is relatively stable, in agreement with observa-
tions. The computational techniques which were devel-
oped are expected to be useful in constructing a model
which incorporates one-dimensional diffusion. During
Burgmeier's visit, he and Blifford completed work on an
extension of a previous effort to display large-scale
pollution concentrations and meteorological data on a
global scale using the dd80 microfilm recorder.

Jaenicke (visitor from the Max Planck Institute for
Chemistry, Mainz) put into operation the aerosol genera-
tor which had been built by Dolan and Blifford based on
the Mainz design. It is capable of producing monodisperse
particles 0.1 - 10.0 pm in diameter

Blifford, Gillette, and Shedlovsky continued aerosol
profiles to altitudes of 13 km using the single-stage
impactor and filter sampler modified for use in the NCAR
Sabreliner.

During the year several cooperative projects were
undertaken in the field of atmospheric optics where
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simultaneous aerosol observations are of value. During
simultaneous aircraft aerosol observations and ground-
level erosion measurements by Gillette (see above),
R. Fegley of NOAA operated the photometer built at
NCAR by Dolan and Blifford. Using the aerosol data,
Fegley has been able to obtain good agreement between
the measured and calculated values of optical extinction.

Dolan and Blifford installed a single-stage impactor and
small filter unit and a forward-scattering optical counter
on the NASA Convair 990. These instruments were
installed for a cooperative effort with Z. Sekera of the
University of California, Los Angeles, to take measure-
ments of sunlight reflected from the earth's surface. The
instruments were integrated into the on-board computer

and data acquisition system of that aircraft. In addition to
providing the necessary aerosol information to aid in the
reduction of the optical data, the equipment can provide
valuable information about the spatial distribution of
aerosols over relatively long flight paths.

Data from simultaneous lidar measurements by Grams
and Schuster (see Atmospheric Physics section) and
aircraft aerosol observations by Blifford on 30 September
1970 revealed the presence of an anomalous aerosol layer
at an altitude of 13 km. This layer, which appeared to be
fly ash from forest fires in California, provided the basis
for an interpretation by Grams, Schuster, and DeLuisi of
the lidar return signal in terms of the optical complex
refractive index of the particles.
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AEROSOL TRACER APPLICATIONS OF RADON DAUGHTERS

Radium-226 and its radioactive daughters (2 22 Rn,
21 0Pb, 21 Bi, and 210Po) serve as tracers for assessing
residence times, transport patterns, and the origins of
atmospheric aerosols in experimental studies being carried
out by Martell, Poet, and Moore. Preliminary results from
measurements of 21 0Bi/ 2 1 Pb and 21 0po/ 2 1 oPb ratios
indicated the presence of an old aerosol component in
which the isotopes 21 

0Pb, 21 oBi, and 21
0Po are much

closer to radioactive equilibrium. Correct estimation of
aerosol ages depends on knowledge of the nature and
origin of this older component. Investigations during 1971
involved an increasing number and variety of aerosol
samples and sampling locations in order to clarify the
problems associated with determining atmospheric aerosol
residence times from the ratios of radon daughter
isotopes.

They extended their measurement program to the
upper troposphere and lower stratosphere over Utah,
Colorado, Nebraska, and Kansas using the NCAR Sabre-
liner and Air Weather Service RB-57F aircraft. A cryo-
genic system for radon collection was constructed for use
on the Sabreliner and 222 Rn was determined in addition
to its long-lived daughters. Martell, Poet, and Moore
determined 9 0 Sr as a tracer to assess the stratospheric
contribution to tropospheric aerosols. Similarly, they used
226 Ra as a tracer to determine the contribution of soils to
atmospheric aerosols and the associated radon daughters.

They also determined radon daughters for air filter
samples collected on the slopes of Mauna Loa, Hawaii, in
a cooperative study with M. H. Wilkening of the New
Mexico Institute of Mining and Technology. Results for
these samples show good agreement for the apparent ages
calculated from both 21

0Bi/ 2
10Pb and 21Opo/210Pb

ratios. The average result (25 days), corresponds to the
age of the isotope mixture associated with aerosols of
distant continental origin. Thus, in this case, the apparent
age corresponds roughly to the time of advection across
the Pacific to Hawaii and not to the aerosol residence
time. They also made a series of impactor collections at

NCAR to see if the older component of the mixture of
21 Pb, 21 

0 Bi, and 21 0 Po was limited to a particular size
range. The results show that the older component
contributes in all size ranges but is more concentrated in
particles of larger size (r > 1 pm).

Our results make it clear that the steady-state assump-
tion, usually made in published estimates of aerosol
residence times based on radon daughter ratios, is not
valid. We calculated a preliminary budget based on four
components of different ages and origins which account
for the observed 2 10Pb, 2 10 Bi, and 2 1opo in the
atmosphere: (1) a fresh tropospheric aerosol component
resulting from recent radon decay, (2) a tropospheric
component several weeks old advected from distant conti-
nents, (3) a stratospheric component, usually small, several
months old, and (4) a surface component of soil and plant
origin, with a near-equilibrium distribution of radon
daughters. The relative contribution of each of these four
component sources varies widely in time and space. Over
continents, most of the 21 0 Po in air is of surface origin
with the remainder contributed by the older tropospheric
and stratospheric components. Thus, 210Po/2 1OPb ratios
represent a mixture of three old components and are not
useful for the assessment of aerosol residence times.
However, it is possible that the steady-state assumption
may apply to the fresh component in the lower tropo-
sphere over continents, and experiments are planned to
test this possibility. The 2

1 0 Bi21 O Pb ratio for the fresh
component alone corresponds to an apparent age of about
3.8 days as a lower tropospheric average over the central
United States and about 2.5 days in continental surface
air. Shallow penetrations of the lower stratosphere at
about 40ON with the NCAR Sabreliner show a marked
drop in radon and an abrupt increase in apparent age of
aerosols, clearly indicating only a limited exchange be-
tween the troposphere and the lower stratosphere in this
region. Moore and Edward Read (NCAR casual) worked
on the development of a model for improved interpreta-
tion of the available data for the radon and radon daugh-
ter distribution in the atmosphere.
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ISOTOPIC AND TRACE GAS STUDIES

During the past year Ehhalt and Heidt refined the
calibration and standardization of the gas chromato-
graphic measurements of atmospheric H2 and CH4 . We
can now measure the natural tropospheric concentrations
of H2 (about 0.5 ppmv) and CH4 (about 1.1 ppmv) with
an accuracy of ± 4%. We reduced the detection limits to
0.003 ppmv for H2 and 0.02 ppmv for CH 4 in a 5 - cm3

air sample. Based on this standardization, we evaluated
the atmospheric CH4 and H2 data obtained since 1965.
The data consist of two sets of vertical concentration
profiles--one over Scottsbluff, Nebraska, covering a
period of 1.5 years, the other over the eastern Pacific
Ocean 200km offshore of Santa Barbara, California,
covering a one-year period.

At both locations the results show a marked seasonal
variation in the shape of the H2 profiles and in the total
amount of H2 present. Except in air near the surface over
Scottsbluff, the maximum concentrations are observed in
winter. During the winter the average vertical profile over
Scottsbluff exhibits lowest concentration near the ground
and highest concentration at altitudes from 8 to 9 km,
with an S-shaped distribution at intermediate levels.
During the winter the H2 profiles over the eastern Pacific
are C-shaped, with the higher concentrations near the
ocean surface and at an altitude of 9 km. The vertical
distribution is more irregular during the remainder of the
year, with an average profile showing a more or less
constant H2 mixing ratio. This may indicate that the
Pacific Ocean is a source of H2 during winter.

The CH4 vertical profiles show little systematic varia-
tion with season. The average mixing ratios observed over
Scottsbluff were 1.1 ppmv for CH4 and 0.4 ppmv for H2 .

During 1971 Ehhalt and Heidt used the NCAR
Sabreliner to extend the H2 and CH4 measurements to
higher altitudes. Results obtained so far indicate an
increase in H2 and a decrease in CH4 at the upper aircraft

levels, near 13 km. The latter result is consistent with the
earlier observations of A. Bainbridge (now at the Univer-
sity of California, San Diego) and Heidt, who found a
decrease in the CH4 concentration above the tropopause.

During June 1971 Ehhalt participated in the cruise of
the West German research vessel Meteor in the middle
Atlantic to explore the role of the oceans in the H2 and
CH4 cycles. He found that the concentrations of CH4 and
H2 , 1.1 and 0.5 ppmv, respectively, in marine surface air
were nearly constant with time and location, in contrast
to continental air. This is consistent with results obtained
by other groups indicating that the oceans are supersatu-
rated with methane and hydrogen.

Ehhalt also continued separation of H2 and CH 4 from
large air samples for isotopic analysis using fractional
distillation techniques. His results for H2 in surface air
agree with published results. For CH 4 he obtained a
8(PBD) = -43°/oo for the 1 3 C/1 

2 C ratio and
6(SMOW) = -80°/oo for the D/H ratio, where 6 is the
relative deviation from a standard of the isotope ratio, R,
in the sample in parts per thousand:

S= (Rsa - Rstd)/Rstd] X 1,000

where PBD is the carbonate standard, and where SMOW is
standard mean ocean water. The result for 1 3C is
somewhat puzzling because CH4 derived from bacterial
decomposition of organic matter, presumably the major
source of atmospheric CH4 , usually has a much lower 13 C
content (5 = - 600/oo to - 80°/oo). Ehhalt also continued
to extend his study of the isotopic composition of water
vapor to higher altitudes. A water vapor collector cooled
with liquid nitrogen was developed, tested, and flown on
the NCAR Sabreliner. Contrary to expectations, results
obtained in 1971 show that the deuterium content of
water vapor increases above 9 km.
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ATMOSPHERIC COMPOSITION AT ROCKET ALTITUDES

During 1971 Denton and Leub built and tested another
rocket-borne cryogenic air sampler. This project was
partially supported by NASA. The new sampler employs
liquid neon as the cryogen, allows preflight bakeout at
4500C, and incorporates a number of minor design
changes for improved operation and experimental versatil-
ity. The first NCAR cryogenic sampler, flown in 1968,
used hydrogen as the cryogen. Simulation tests of the
cryogenic sampler included several tests in which hot CO2
was inhaled and condensed with liquid nitrogen followed
by a final rehearsal in which dry N2 was inhaled with
liquid neon as cryogen. These rehearsals assessed heat
exchanger performance and provided experience with the
operation of the sampler and its support systems.

Denton and Leub reviewed and improved support
systems provided by NASA/GSFC to eliminate the possi-
bility of another failure like that experienced in October
1970. They designed a more redundant system to provide
power and timing of critical payload functions. In
addition, they developed and tested a parachute recovery
system with a 227 - kg capacity, more than adequate for
the cryogenic sampler.

We obtained additional results in the analysis of the
upper stratosphere/lower mesosphere air sample collected

in the successful flight over the White Sands Missile Range
in September 1968. Use of a somewhat improved gas
chromatographic technique and a radio frequency detec-
tor adjusted for optimum sensitivity for methane analysis
gave a corrected result of 0.25 + 0.02 ppmv for the CH4
concentration, about 20% of the average CH4 concentra-
tion in the troposphere. In addition, Ehhalt fractionally
distilled the main air sample and determined the tritium
and deuterium content of the separated hydrogen frac-
tion. Based on the observed high tritium content of the
hydrogen, its measured concentration in the sample
(0.4 ppmv) must closely represent that of air in the
vicinity of the stratopause and cannot be attributed to
contamination from the liquid hydrogen used as a cryogen
in that experiment, as had been feared earlier. Fractional
distillation of the sample also yielded detectable levels of
CO in the enriched fraction, and determination of the CO
concentration is in progress.

The next flight of the rocket-borne cryogenic air
sampler is tentatively scheduled at White Sands in Feb-
ruary 1972. During the next three sampling flights, we
plan to collect air samples from the altitude intervals of
40- 50 km, 50- 60 km, and 60 - 70 km, successively.
From these samples we plan to determine H2 O, H2 , CH 4,
CO2 , CO, N2 , and other trace constituents.



73

PHOTOCHEMISTRY

As in previous years, all of our effort this year was
concentrated on laboratory studies of elementary chemi-
cal processes using a variety of complementary tech-
niques. These investigations are providing basic photo-
chemical and kinetic information which allow us to
discriminate between and assign relative efficiencies to
competing atmospheric chemical processes in natural and
contaminated air. The rate information derived from this
work has direct application to the understanding of such
diverse phenomena as: (1)the overall development of
photochemical smog, (2) the generation of individual
photochemical pollutants, (3) chemical scavenging (con-
version) processes and lifetimes of gaseous constituents in
tropospheric and stratospheric air, (4) the atmospheric
sulfur cycle, (5) conversion of trace gas constituents to
particles in the atmosphere, (6) contaminant reactions
resulting from projected SST operations in the lower
stratosphere, and (7) the stratospheric ozone photochemi-
cal equilibrium in a "moist" atmosphere.

Allen and Englert completed their studies of the static
photolysis of nitrogen dioxide in the presence of acetalde-
hyde and oxygen. The interpretation of the data is
proving to be complex because of the large assortment of
competing and consecutive processes deduced from the
reaction products. Primary photodissociation of nitrogen
dioxide into nitric oxide and oxygen atoms initiates a
series of reactions resulting in the formation of organic
free radicals. The relative abundances of acyl, alkyl,
acyloxy, alkoxy, acylperoxy, and alkylperoxy radicals are
markedly dependent on the initial concentrations of
reactants. The subsequent reactions of these radicals with
oxygen and nitrogen oxides are inferred from the rates of
formation of organic and inorganic gaseous products
obtained by a gas chromatographic repetitive sampling
technique. To ensure that the gaseous products accounted
for the reactants consumed, Allen and Englert estimated
material balances of carbon, nitrogen, and hydrogen.
These balances were usually better than 90%, suggesting
that the majority of products were in fact gaseous and
observable.

The incomplete material balances and the occasional
appearance of deposits in the reaction chamber at the
completion of an experiment indicated that the gas
chromatographic procedure for analysis of reaction prod-
ucts was at times inadequate. This technique was neither
capable of identifying material condensed in the reactor
or on the column nor of resolving highly polar com-

pounds. Therefore, it was necessary to resort to a
technique whereby such products could be identified
in situ. We designed a subsidiary experiment using a
cross-cell (see 1970 Annual Report) in which infrared
analysis could be made perpendicular to and simultaneous
with ultraviolet irradiation of the contents. Englert
and Thomas Beasley (NCAR casual) tested the
technique and found it to be feasible. We prevented
attack of the infrared transmitting windows by nitrogen
oxides by using Irtran II (polycrystalline zinc sulfide) in
place of the more common sodium chloride. We found
that the formation of products could be observed remark-
ably well in the wavelength regions where reactant
absorption bands did not overlap those caused by other
products. Susan Leukhardt (summer student employee)
continued work on this project with the object of making
the technique reproducible and quantitative. The products
identified by this method which could not be positively
characterized by gas chromatography were paraldehyde,
paraformaldehyde, formaldehyde, and acetic acid. These
condensible products account for the incomplete material
balances obtained by the ultraviolet irradiation of similar
nitrogen dioxide/acetaldehyde. mixtures.

During the course of the photolytic experiments,
Englert obtained evidence which suggested that a simul-
taneous "dark" reaction was proceeding in the early stages
of the reaction. He made quantitative observations on
nitrogen dioxide/acetaldehyde mixtures in the presence
and absence of oxygen to determine the extent to which
these thermal reactions may interfere with the photolytic
experiments. Fortunately, the effect, though small, was
still significant in experiments where lower light intensi-
ties (slower photolysis rates) were employed. We cor-
rected the photolytic data accordingly.

Ogren (ASP visitor from Maryville College) is working
on the photolysis of nitrogen dioxide in the presence of
propylene (a primary and typical pollutant in automobile
exhausts). This work is a natural extension of our previous
work on acetaldehyde since olefins may be the precursors
of aldehydes in photochemical air pollution. To perform
this study he is using the static photolysis/gas chromato-
graphic method employed successfully by Englert. Al-
though these mixtures have received considerable atten-
tion in the past, little information exists on the influence
of oxygen on the overall reaction. The propylene/nitrogen
dioxide experiments are designed to reduce the complicat-
ing effects of side reactions. Thus, low concentrations of
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propylene minimize thermal reactions with nitrogen diox-
ide, and added inert gas (argon) reduces fragmentation of
energy-rich atomic oxygen addition products. Observed
products include propionaldehyde, methyl and ethyl
nitrate, nitromethane, and nitroethane. Preliminary exper-
iments showed that the initial quantum yield of nitrogen
dioxide removal is constant over a five-fold range of initial
nitrogen dioxide concentrations. These results suggest a
consistency in both experimental observation and removal
mechanism.

All of these processes are an integral part of the
chemistry of photochemical smog evolution. Similar
processes are also considered important in the ambient
troposphere in that they maintain observed stationary
concentrations of trace constituents, e.g., carbon monox-
ide, nitrogen oxides, and ozone.

Moortgat (visitor from the University of Detroit) and
Allen completed a study of the room-temperature reac-
tion of hydrogen atoms with molecular oxygen. This
three-body reaction is an important radical recombination
process intimately involved in photochemical pollution
and stratospheric ozone photochemistry. They employed
a discharge flow system using electron-spin resonance
detection of atoms and free radicals at a fixed point
downstream and obtained values for the rate coefficient in
the presence of various third bodies (H2 , He, and Ar).
These values agree remarkably well with those recently
obtained using a pulse radiolysis technique. They also
obtained values for the recombination coefficient of H
atoms on a boric-acid-coated surface. A study of the
reaction of H atoms with 02 is much more complicated
than the previously studied reaction of H atoms with NO.
This is because the product, hydroperoxyl radical (HO 2 ),
may subsequently react with H atoms by three paths
producing new species which may in turn themselves
react. To assess the importance of secondary processes
involving the reactive intermediates O, OH, and HO 2 , they
constructed experimental concentration-vs-time profiles
for H, OH, O, and 02 by varying reaction zone residence
times. They compared these profiles to theoretically
computed profiles using published rate coefficients for 20
elementary reactions and found good agreement. Having
confirmed the observations, they used the computer
simulation program to elucidate the overall mechanism of
reaction and to provide the relative efficiencies of three
competing secondary reactions of H atoms with the
radical HO 2 .

Singleton (visitor from Northwestern University) and
Allen designed and constructed a discharge fast-flow

system to study the rates and mechanisms of reaction of
O atoms with hydrocarbons. A pulsed molecular beam
quadrupole mass spectrometer samples the reaction mix-
ture continuously. The signal from the spectrometer is
electronically processed to reflect the composition of the
reaction mixture being sampled and not the gross compo-
sition of the spectrometer analyzer chamber. An advant-
age of this system over the reliable, though obsolescent,
flowing afterglow technique is the capability of simulta-
neously measuring products and reactants as a function of
reaction time. They began calibrating the system in
preparation for initial exploratory experiments.

Allen, Robert McQuigg (former visitor from Ohio Wes-
leyan University), and Cadle reevaluated previously re-
ported data on the photo-oxidation of sulfur dioxide. They
resolved apparent discrepancies between quantum yields
obtained using broad - band radiation (280 - 410 nm) or
monochromatic radiation (313 nm). Errors in data inter-
pretation were mainly responsible for the inconsistencies.
An overall quantum efficiency based on S02 removal of
6.5 (+ 2.3) X 10- 3 is consistent with the data from
both techniques. Allen and Bonelli continued the investi-
gation of the photo-oxidation of sulfur dioxide at 313 nm
using an infrared split beam photometric method. In-
creased sensitivity allowed them to observe that the
quantum yield of the process-is directly dependent on the
sulfur dioxide concentration and inversely dependent on
the oxygen concentration. These dependencies suggest
that it may be possible to differentiate between two
suggested mechanisms of photo-oxidation. They con-
tinued work to measure the quantum yield based on
sulfur trioxide production. They concluded that the
unsensitized photo-oxidation of sulfur dioxide in dry
oxygen is a minor process in converting sulfur dioxide to
sulfuric acid or sulfate aerosol in urban air. However, the
presence of impurities such as water vapor, nitrogen
oxides, or hydrocarbons may markedly alter the rate of
conversion, and we began studying such effects.

Allen and Sturdy began studying the gaseous reaction
between ammonia and sulfur dioxide by using a flow
system modified for aerosol collection and analysis.
Preliminary experiments using reactants at the parts-per-
million level suggest that the reaction rate is markedly
dependent on the presence of water vapor or water
droplets. The study is aimed at determining the rate of
reaction of these gases and the influence of varying
concentrations of reactants and impurities on the nature
of the collected aerosol. The product aerosol is collected
either by a jet impactor or a Goetz aerosol spectrometer
and analyzed by electron microscopy or wet methods.
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ATMOSPHERIC RADIATION

DeLuisi, Thomas Vonder Haar (Colorado State Univer-
sity), and Sasamori carried out a study to determine the
feasibility of using the moon as a platform for radiation
instrumentation. Such use would allow the long-term
monitoring of the solar radiation reflected and the
infrared radiation emitted from the earth-atmosphere
system. Such measurements are directly related to the
earth's heat budget and, when taken over five years or
more, could be a valuable aid in understanding and pre-
dicting climatic variations. David Newquist (NCAR casual)
worked on a program for simulating the sun-earth-moon
motions. Takamine (FAL) developed a program to por-
tray pictorially the variable brightness patterns of the
earth as seen from the moon.

Shelden and Crooimans placed the NCAR UVDM into
operation in January. Several minor problems which
appeared in the preliminary testing, including misalign-
ment of the solar aperture and pointing head and a shift in
the wavelength calibration, were corrected. The instru-
ment was housed in an air-conditioned shelter to minimize
the influence of environmental changes on the optical
components. Shelden began writing a manual describing in
detail the design, construction, and operational character-
istics of the NCAR UVDM. He expects to complete the
manual by mid-1972.

In August 1971 DeLuisi, Shelden, and Crooimans
completed thorough tests of the performance character-
istics of the UVDM. The tests indicated that the instru-
ment meets its design specifications. Following these tests,
DeLuisi and Crooimans used the UVDM to study the
directly transmitted solar ultraviolet spectrum between
295 and 400 nm and began investigations of the
wavelength-dependent variations of the optical depth of
aerosol and ozone.

Schuster, Grams, Sato (FAL), and DeLuisi made a com-
puter simulation study of the information on the structure
of the atmosphere that may be obtained from a lidar system
operating at two wavelengths. For the case of a frequency-
doubled system, the pressure-vs-height structure and
vertical aerosol profile are readily obtainable. However,

for a height resolution of about 0.5 km, vertical tempera-
ture profiles deduced from density structure have errors
of the same magnitude inherent in observations.

DeLuisi has organized a joint research program with
Peter Kuhn (NOAA) and Ben Herman (University of
Arizona) to investigate the interaction between atmo-
spheric particles and radiation. Atmospheric aerosols will
be studied on an extended spatial scale, and the effects of
these aerosols on the transfer of solar and terrestrial
radiation in the earth's atmosphere will be assessed. A test
of the design and concept of the techniques to be used in
the program will be performed in May 1972. This is an
important step toward the so-called "Complete Radiation
Experiment" called for in GARP.

Furukawa made a second series of spectral ultraviolet
surface reflectivity measurements during January 1971.
Matched spectrometers were carried on board a NASA/
GSFC Convair 990 aircraft. Successful flights were made
over valley stratus, a sandy desert, a snow-capped moun-
tain range, a frozen lake, snow/pine fields, and farmland,
and ultraviolet flux profiles were measured. He made
measurements at nine wavelengths in the range from
296.7 to 380 nm. After applying corrections derived from
estimates of the direct solar flux incident on an inclined
surface in terms of the aircraft attitude components
(pitch, roll, and heading), the original profiles suggested
that the attitude of the aircraft significantly affected the
measurements. Preliminary results for surface reflectivity
are: valley stratus, 0.55; snow-capped mountain, 0.40;
snow/pine field, 0.25 to 0.30; frozen lake, 0.17; sandy
desert, 0.12; and farmland, 0.08.

DeLuisi and Furukawa began updating their earlier
compilation of solar spectrum data to determine the most
nearly valid spectrum and to assess the differences
between the various reported measurements. They plan a
comparative study of the NCAR composite extraterres-
trial solar spectrum and that derived from the zero-air-
mass extrapolation of the NCAR UVDM direct solar flux
measurements.
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METEOROLOGICAL SUPPORT FOR CHEMISTRY

Danielsen, Bleck, and Haagenson, meteorologists in the
Atmospheric Chemistry Department, provide meteoro-
logical support to this department and conduct their own
research. These two activities, of course, often overlap. As
time has permitted, they have also provided support to
other members of LAS. They continued to provide
meteorological support to atmospheric chemists who are
taking measurements from aircraft in both the tropo-
sphere and stratosphere and to those who are participating
in the St. Louis air pollution study. In addition, they
continued research (described below) in cumulus cloud
modeling, emphasizing hail growth.

During the past year, at the instigation of this
meteorological support group, the Air Weather Service
RB-57F aircraft were reinstrumented to increase their
measuring and data recording capabilities. Wartburg de-
signed and built four portable units for measuring ozone
and water vapor. Grahek built interface devices for
recording altitude, temperature, and indicated airspeed.
Haagenson developed computer programs for converting
these analog signals to digital values of the appropriate
variables. With these continuous measurements on the
aircraft, potential temperature can be computed and
compared to the ozone to detect mesoscale gravity waves.

For the St. Louis study, Danielsen and Haagenson
reviewed daily weather maps to assess the climatological
persistence of wind direction in that area. On the basis of
their study, we selected two sampling sites for the
October tests. During October, Haagenson provided day-
by-day forecasts of the wind speed, direction, and
expected persistence; these forecasts were used to deter-
mine optimum times for sampling. He compiled all
available meteorological data for the four sampling
periods and completed reports on the meteorological
conditions for two of the four periods.

The steady-state cumulus cloud model (see 1970
Annual Report) was generalized by Danielsen and Haagen-
son to include several options which permit a forecaster to
simulate various stages in a storm's development. They
undertook this work as a result of interest in NHRE. A
general form of gamma distribution is available for the
hydrometeor size distribution, and all related quantities
are properly computed when a given gamma distribution
is selected. This includes a direct computation of the radar

reflectivity factor based on the distribution and Mie
scattering theory. The model is available to anyone who is
interested in storm predictions.

We conducted many studies and storm simulations
with the one-dimensional time-dependent model developed
by Bleck, Danielsen, and Morris (NHRE). This model
incorporates Bleck's fast approximation method for solv-
ing the stochastic droplet collection equation, which
permits the water and hail distributions to evolve instead
of being specified, as is the case in most cumulus models.
Danielsen and Morris included a subroutine for computing
the radar reflectivity from Mie scattering theory. Because
the hydrometeor distributions evolve and therefore the
radar reflectivities evolve, the latter can be directly
compared to observed reflectivities. Using this model we
obtained many interesting results which are in agreement
with observations made by NCAR scientists and others.

Two-dimensional cloud modeling, no less refined in its
microphysical aspects than the one-dimensional modeling
work discussed above, became feasible when the Control
Data 7600 computer was installed at NCAR. Earlier in
1971 Bleck completed an axisymmetric model that is
capable of simulating the evolution of hydrometeor
spectra due to condensation, coalescence, and changes
among the three water phases at 41 X 15 spatial grid
points. The computer time required on the 7600 is about
the same as the time required for a real cloud to develop.
We tested silver iodide seeding with this model and found
it to inhibit the growth of large hailstones.

A magnetic recording system that stores synoptic
weather data transmitted by teletype in a computer-
compatible form will, in the near future, enable NCAR
scientists to base their aircraft experiments on real-time
numerical predictions of the state of the atmosphere. For
this purpose Bleck designed a forecast model based on
conservation laws for potential temperature and potential
vorticity with a high vertical resolution. Real-time use of
this model will be possible as soon as the recording system
is in good working condition. Haagenson and Bleck
developed an objective analysis program several years ago
for establishing the initial conditions for the forecasts.
Bleck and Shapiro began using "artificial" initial condi-
tions to test the model's ability to simulate (and ulti-
mately forecast) cyclogenesis.
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Atmospheric Physics

The research in the Atmospheric Physics Department
deals with a number of specific aspects of atmospheric
physics and has generally focused on cloud physics and
applications of laser radar (lidar). The cloud physics work
is directed at the fundamental processes, usually associ-
ated with convective clouds, that lead to rain, snow, and
hail. The lidar work is directed at the remote detection
and measurement of atmospheric aerosols, including those
in clouds.

The program of the Atmospheric Physics Department
obviously shares many of the NHRE goals described
separately in this report. It is therefore natural that a
number of the activities described below are actually a
part of the NHRE program as well as of the ongoing LAS
program and that some of these are jointly funded by
LAS and NHRE. We have, to a degree, merged the
continuing research program with the large NHRE field
effort, and each benefits from the other.

In describing the Atmospheric Physics Department's
program we will not belabor this important aspect but will
note here specifically which parts of the program are joint
with NHRE. The Thunderstorm Measurements Program
under Bushnell has been identified with the joint thunder-
storm research field programs that preceded NHRE and is
now largely devoted to NHRE and derives part of its
support from that program. Rosinski's program on Con-
densation and Ice Nuclei has taken a more single-purpose
approach to problems of direct import to NHRE and is
also partially funded by NHRE. Much of the summer
work of Knight's Ice Physics Program is conducted in the
NHRE "hailstone area," and the Cloud Physics Program
explored the early growth of preciptation in clouds in the
same geographical area, deriving some support for data
analysis and travel from NHRE. In short, where the LAS
resources could clearly contribute to NHRE they have
been made available, and several of our continuing
programs have in turn derived benefit from the resources
of NHRE.

This year the activities of the Atmospheric Physics
Department are reported under the headings of Convec-
tive Motions, Aircraft Cloud Physics Measurements, Labo-
ratory and Theoretical Studies of Cloud Microphysics,
Thunderstorm Studies, and Lidar and Radiation Studies.

The numerical modeling of both cumulus and bound-
ary layer convection proceeded rapidly during 1971, with

positive results in the Lake Ontario model for studying air
mass modification and its application to atmospheric
pollution in the Four Corners area of Arizona, Colorado,
New Mexico, and Utah. The convective cloud modeling in
this Department, which is still in the development stage,
benefited greatly from discussions with scientists in the
other LAS departments.

We consider that we now have a new and unique tool
in a sailplane instrumented for atmospheric research.
Observations of' the atmospheric motions and cloud
physics parameters, in combination with the more stand-
ard observational techniques using powered aircraft, pro-
vide us with important data for comparisons with the
output from theoretical models. The sailplane provides us
with hitherto unavailable information on the simultaneous
vertical motion and cloud microphysical growth processes,
either in a summer cumulus updraft or in a mountain
wave cloud; the latter serves as a valuable outdoor cloud
physics laboratory because of its steady state and fixed
location. Our ability to make quantitative observations of
the interaction between microphysical processes in clouds
and atmospheric motions was-improved in 1971 by the
addition of the new aircraft instrumentation for measur-
ing cloud droplet spectra, the new ground station for
telemetry reception from the sailplane and for quick data
playback, and a mobile weather station.

We completed work on the particle control chamber,
with which some of the precise quantitative data needed
for incorporating particle-to-particle interactions in our
cloud models can be obtained, and acceptance tests
showed that it meets our requirements.

Results from the nucleation and ice crystal growth
studies, both theoretical and laboratory, are opening
promising avenues for investigations that have already
provided information applicable to modification of hail
growth and deliberate intervention with other cloud
processes.

In our thunderstorm studies, the data from dropsonde
measurements made in 1970 have shown interesting
variations in the vertical motion and horizontal wind
fluctuations that reveal the extent of the variability within
these large thunderstorms. These data demonstrate the
considerable variability of all elements in the earlier stages
of cloud and precipitation growth.
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We feel that, with the recent efforts of many people at
NCAR and elsewhere, the quantitative numerical model-
ing of thunderstorm electrification is coming of age and
points the way toward an eventual solution of this most
fascinating and important problem.

We actively pursued the applications of laser radar, or
lidar, techniques. Using ground-based techniques we
achieved semi-quantitative determinations of stratospheric
aerosols for a period of more than three years and have

been able to see significant changes in the concentration
of stratospheric particles. During 1971 refinements in the
technique included the construction of an airborne lidar
for surveying these particles over a wide area, the
calibration of the returns in terms of absolute particle
density (in certain situations), the use of lidar for
detecting molecular composition and density distribu-
tions, and the acquisition of a lidar nephelometer for
determining the scattering power of aerosols over all
angles.
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CONVECTIVE MOTIONS

NUMERICAL MODELING

We continued the work on mesoscale modeling of the
lower mixed layer (see 1970 Annual Report). During
1971 Drake, and Anderson and Peterson (both of FAL),
devoted a major effort to programming these complex
models and completed a flow model which runs effi-
ciently on both the Control Data 6600 and 7600. This
three-layer model is patterned after the work of Ronald
Lavoie (Pennsylvania State University) and includes the
effects of topography, surface roughness, surface tempera-
ture and humidity, and the gradient wind. By changing
the initial conditions we can apply this flow field to Lake
Ontario in the study of air mass modification and
lake-effect storms, and to pollution studies in the Four
Corners area or in St. Louis and other areas. For pollution
studies we calculate the flow field and convective mixing
as described above and then obtain a concentration field
from a transport equation. The transport equation for
pollutants is three-dimensional and includes source terms
and turbulent diffusion terms.

Drake and Anderson began formulating a large-scale,
three-dimensional, time-dependent convection model.
This model will eventually evolve into a thunderstorm
model. The dependent variables are the three-dimensional
flow field, absolute temperature, pressure, air density,
and the mixing ratios for water vapor, hail, cloud ice,
cloud water, and rain. By using packing routines, we will
be able to run this problem on the 7600. We expect to
have the full model, with some simplifications in the
treatment of cloud microphysical processes, on the
computer during the first quarter of 1972. The next
versions of the model will have the added features of
environmental shear flow, topography, and radiation
effects. The Drake-Anderson model will make use of the
results of Danielsen and Bleck (both of the Atmospheric
Chemistry Department), Fox and Deardorff (both of the
Atmospheric Dynamics Department), and others who are
emphasizing the microphysics or turbulence aspects of the
problem in their parallel research. Sartor and Drake
organized a series of scientific review meetings on convec-
tive modeling during the year to coordinate these various
independent efforts.

COAGULATION EQUATION

Drake extended and modified some of the mathemat-
ical analyses of the coagulation or coalescence equations

of aerosol and cloud physics. His work showed the
relationship between integral power moments and the
"collection kernels" and provided new classes of exact
solutions for the equations describing the evolution and

growth of droplet populations. This work is valuable in
showing how to parameterize microphysical phenomena
for large-scale, three-dimensional convection models of
the sort that he, Bleck, and Danielsen are developing. (See
also the section on Laboratory and Theoretical Studies of
Cloud Microphysics.)

OBSERVATIONS OF CONVECTIVE
MOTIONS IN CLOUDS AND CLEAR AIR

As mentioned in the 1970 NCAR Annual Report, the
Cloud Physics Program is using an instrumented sailplane
to obtain simultaneous air motion and cloud microphysics
information. The Explorer is a Schweizer 2 - 32 sailplane
which is the property of NOAA but is instrumented and
operated by the NCAR Cloud Physics Program. It can be
used as a controlled quasi-Lagrangian observation system
because of the scientist-pilot's ability to find and climb
with vertically ascending currents of air with horizontal
dimensions as small as 100 m. The sailplane does not
compete with turbulence-sensing powered aircraft (such as
the NCAR Buffalo), but provides complementary infor-
mation on the three-dimensional structure of vertical
atmospheric motion and associated parameters in a
completely different way, with a spatial resolution of tens
of meters. During 1971, we made 40 sailplane flights in
clear-air thermals, in cumulus clouds, in virga, and in
mountain waves and associated wave clouds. The sail-
plane's capabilities are particularly well suited to moun-
tain wave conditions, since the vertical air motion in the
almost steady-state waves enables the pilot to maneuver
the sailplane to the desired portion of the wave for hours
of detailed study at altitudes up to the tropopause in
winter months.

Air-to-ground telemetry permits real-time comparison
of air motions, state parameter information, and cloud
microphysical measurements from the sailplane with
independently obtained data on the thermal structure,

wind shear, and the mixing layer and with similar
information predicted by the theoretical convection
models discussed above.
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In 1971 during the two weeks the sailplane was in the
NHRE operational area near Ft. Morgan, Sartor analyzed
hourly sectional charts prepared from airways weather
broadcasts and neighboring NHRE rawinsonde soundings.
He estimated the layer-by-layer vertical air motion from
the vertical stability and wind shear information obtained
in this way; in an exploratory way, he compared the
calculated vertical air motion for each layer with the
real-time vertical sailplane motion made available by
telemetry. Preliminary results indicated close correspon-
dence of the vertical motion of the sailplane in each layer
with the vertical air motion derived from the meteorolog-
ical data. Cumulus and clear-air updrafts with vertical
velocities > 1 m/sec sometimes appeared not to have
convective roots in the lowest layers but seemed to be
associated with a three-dimensional circulation within one
layer, occasionally well above the surface. This observa-
tion conforms to the general experience of many sailplane
pilots searching for lift above a surface inversion or above
a low-level stable layer.

The instrumented sailplane is proving to be a valuable
cloud microphysics probe and a sensitive tool for measur-
ing atmospheric motion on the dry-thermal, convective-

cloud, and mountain-wave scales of motion. The micro-
physics application is described in the section on Aircraft
Cloud Physics Measurements.

SURVEY OF CLOUD THEORY AND
MICROPHYSICAL OBSERVATIONS

Sartor and A. M. Borovikov (Soviet Geophysical
Committee, Academy of Sciences of the USSR, Moscow)
worked jointly to prepare a survey of theoretical formula-
tion and experimental observations of cloud microstruc-
ture and microphysics. Sartor provided the information
for the theoretical formulation, and Borovikov summa-
rized an extensive series of microphysical measurements
made in the USSR. They concluded that the problem of
calculation is a complex integration of many physical
processes governed in part by statistical randomness and
also, to a great extent, by deterministic laws of classical
physics and concluded that computer models employing
spatially homogeneous parameters (even though individual
particles are randomly distributed) may not be adequate
for calculating the growth of precipitation in convective
clouds.
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AIRCRAFT CLOUD PHYSICS MEASUREMENTS

ELECTROSTATIC DISDROMETER TESTS

The electrostatic disdrometer, an instrument for mea-
suring cloud droplet size spectra in the range of radii from
4 to 100 pm, was originally developed at the Massachu-
setts Institute of Technology. During 1971 we overcame a
number of problems, incorporated several improvements,
and performed extensive field tests with powered aircraft
and the sailplane; the modified disdrometer proved to be a
highly reliable operational instrument.

Dye and Abbott made tests in a series of twelve flights
in an NCAR Queen Air B80 during a two-week period in
late February in the vicinity of Miami, Florida. They
made detailed comparisons between the electrostatic
disdrometer data and those from droplet replicas on a slide
impactor and from a Johnson-Williams hot-wire liquid-
water-content meter. Since the temperature of the clouds
they investigated was above freezing, icing was not a
problem. Although comparisons are difficult to make
because of the differences in sampling time, location of
instruments on the aircraft, and uncertainties in collection
efficiencies, the data generally agreed quite well.

Deicing heaters were added to disdrometers on the
Queen Air B80 and on the sailplane, and tests by Dye
showed that the heaters not only prevented icing of the
probe and orifice but also prevented internal malfunc-
tioning of the probe. The probes are now considered
operational for supercooled cloud droplet measurements
down to -300 C.

Drake, Briggs, and Wright (FAL) computed the collec-
tion efficiency of the probe. The regular shape of the
probe enables exact analytical description of its form; this
description lends a high degree of confidence to the
calculated fields of motion and collection efficiencies.
Results show that at usual powered aircraft speeds of
278 - 371 km/hr (150 - 200 kt) the collection efficiency is
unity with a maximum error of 5% for any drop radius
between 4 pm and approximately 100 pm.

So that better comparisons can be made between
disdrometer measurements and droplet spectra obtained
by impactor slides, Drake and Peterson calculated the
three-dimensional potential flow field around several slide
impactor guns. From these flow fields we calculated the
collection efficiency for various size droplets, assuming a

100% probability of impacted droplets adhering to the
slides held by these guns. We now feel somewhat more
certain about the results, although problems with the
exact analytical description of the shape, variation of
collection with position on the slides, and droplet
shattering and flattening factors cause us to be more
concerned over results from the slides than over results
from the electrostatic disdrometer.

MICROPHYSICAL MEASUREMENTS
IN CLOUDS

Dye and Abbott observed the droplet size distributions
in nonprecipitating maritime clouds as a function of
altitude above cloud base in the Florida flights in
February. The continuous measurements with the dis-
drometer allow spectra to be measured with relatively fine
spatial resolution (about 35 m for the NCAR Queen Air)
during each traverse. Results of these high-resolution
measurements show the variability of the distributions
during the traverse. We found regions a few hundred
meters long within the cloud Where the range of droplet
sizes is noticeably wider than that of the immediately
adjacent regions. The explanation of these differences and
of the causes of the spreading of the spectra are a
continuing part of the Cloud Physics Program's effort,
since these are among the critical problems of the growth
of precipitation from convective clouds (as shown in the
next paragraph). We began comparing the aircraft data
gathered in Florida and Colorado with the output from
computerized cloud models.

Computer simulations of hail development in Colorado
thunderstorms by Danielsen and Bleck (both of the
Atmospheric Chemistry Department) and Morris (of
NHRE) showed that the time required to develop hail and
large radar echoes in their model is strongly dependent
upon the droplet distribution at cloud base (see the
Atmospheric Chemistry section of this report). In the
model, the larger droplet sizes are required, and a
concentration on the order of 1/cm3 for particles with
radii > 35 pm near cloud base appears to be necessary to
grow hail within a period of time compatible with that
observed in nature. Dye and Abbott's size distribution
measurements taken at cloud base in developing cumuli in
Florida and Colorado indicate that the spectra do not
include drops as large as this. In fact, there are fewer than
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10 -2 drops/cm 3 in the size ranges above about 10 pm.
Even though the clouds in which these measurements
were made were not producing large hail at the time, one
could expect other clouds in the same air mass with bases
at the same level to contain droplet distributions similar
to those measured. This rather crucial discrepancy be-
tween the requirements of the model and the situation
that apparently exists in nature poses a very real problem
that we will try to solve in 1972.

CHEMICAL COMPOSITION OF CLOUD
CONDENSATION NUCLEI

Dye, and Lazrus and Gandrud (both of the Atmo-
spheric Chemistry Department), began a joint investiga-
tion of the chemical composition of cloud condensation
nuclei. Dye collected water samples from an aircraft flying
in the zone of condensation in clouds, and Gandrud and
Lazrus analyzed them chemically. Results showed NH4
and SO- to be the predominant constituents. Continu-
ing investigations should yield information about the
sources of the nuclei from determination of concentra-
tions and ratios of various constituents at various levels in
a cumulus cloud.

SAILPLANE INSTRUMENTATION
AND OBSERVATIONS

We equipped the sailplane Explorer, already referred to
in connection with measurements of convective motions,
for cloud physics measurements by adding new instru-
ments and upgrading those previously installed. We
installed and tested Cannon's cloud particle camera. We
made several improvements to the electrostatic dis-
drometer, with the major one being the addition of a
deicing heater element (described above). We acquired a
new trailer van to upgrade the sailplane ground station.
The data are recorded in the ground station on magnetic
tape, and, when fast turnaround is desired in the field, the
data can be played back with the mobile ground station
equipment. We designed and began constructing equip-
ment for the production of computer-compatible digital
tapes.

We made 49 research flights with the Explorer from
1 December 1970 to 1 December 1971. During a number
of these flights we obtained unique cloud physics data. It
was possible to fly the sailplane within the core of the
updrafts in cumulus congestus clouds and to record data

continuously while being carried upward at speeds occa-
sionally exceeding 10 m/sec. The normal sink rate of the
sailplane is approximately 1.5 m/sec.

We continuously recorded simultaneous cloud particle
size distributions, updraft speeds, and atmospheric state
parameters during these ascents. We used the cloud
particle camera developed by Cannon, the electrostatic
disdrometer (described above), and an impactor slide gun
to obtain cloud particle data in both solid and liquid
phases. Vertical airspeed and air temperature data, photo-
graphic data, and the recorded voice channel supple-
mented the cloud particle data and made possible the
detailed analysis of the life history of the particle growth
processes in several clouds. The cloud particle camera
simultaneously photographed cloud droplets as small as
3 pm in radius and ice particles up to 3 mm in the longest
dimension. We analyzed the electrostatic disdrometer data
obtained during a few of the more interesting flights in
the summer and fall of 1971 in terms of drop size
distribution, liquid water content, vertical airspeed, tem-
perature, and pressure altitude. We analyzed the data
obtained on the same flights with the impactor slide gun
for comparison with the particle camera and disdrometer
observations.

We obtained a portion of the data during a two-week
period in July 1971 in the NHRE test area. We operated
the sailplane from the Ft. Morgan, Colorado, Municipal
Airport and located the ground station for telemetry
reception and recording and a mobile meteorological
station nearby at the Army rawinsonde balloon release
site. We operated two instrumented sailplanes simulta-
neously on several occasions during this period to test
their combined capability for making scientific measure-
ments in and around cumulus clouds. On the basis of
these experiments we concluded that cloud-particle data
(obtained inside the cloud in the core of an updraft with
one sailplane) combined with data on aerosol content (in
particular, on condensation and freezing nuclei) and on
humidity fluctuations just below cloud base (obtained
simultaneously with a second sailplane) and with data on
the vertical airspeed, temperature, and pressure altitude
(obtained by both sailplanes) would provide an almost
complete set of measurements of critical parameters vital
to understanding the growth of precipitation in convective
clouds.

JOINT WAVE CLOUD EXPERIMENTS

We continued our investigations of the growth of
droplets and alteration of the aerosol size distribution
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Fig. 1 The research sailplane Explorer used for cloud
physics research. The small wing above the canopy houses
optical components for a camera used to photograph
cloud and precipitation particles. The upper inset shows
the sailplane flying above wave clouds over the Rocky

along a streamline through wave clouds. The aerosol
investigations are a cooperative effort with Blifford (of
the Atmospheric Chemistry Department). Unfavorable
weather in periods during which NCAR powered aircraft
were available and extensive testing of new instrumenta-

Mountains. The lower inset shows cloud droplets (small
white spots) and an ice particle (large white spot)
photographed during a flight through a wave cloud at a
temperature of- 22 0C.

tion limited the amount of data collected in 1971. Now
that the sailplane system is fully operational, during the
winter months of 1972 we expect to obtain several good
case studies of the physical processes the aerosols and
cloud particles undergo in wave clouds.
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LABORATORY AND THEORETICAL STUDIES
OF CLOUD MICROPHYSICS

NUCLEATION AND ICE CRYSTAL
GROWTH

C. Knight studied classical nucleation theory in consid-
erable detail, with particular reference to the importance
of several assumptions: the assumption of equilibrium, the
assumption that there is no energy barrier in the action of
hygroscopic condensation nuclei, and the assumption that
solid nuclei (particularly ice nuclei) are rigid. In particular,
he examined the influence of disequilibrium upon nucle-
ation and found that in supercooled water disequilibrium
at the interface with the nucleating material can only act
to increase nucleation efficiency.

He used classical nucleation theory to explain a
long-standing problem in crystal growth, namely, the
curvature of some crystals grown from supercooled liquids
upon substrates. The theory also explains some types of
nucleus breeding, the development of preferred crystal
growth orientations in hailstones, and some aspects of
spherulite crystal formation.

As a subject in pure ice physics, though relevant also to
ice crystal growth from supercooled water, C. and N.
Knight started work on the internal melting of ice
crystals. Although this subject has been studied in the
past, their work extends earlier efforts by looking at much
higher rates of internal melting than have been examined
previously. They showed that internal melting can occur
without vapor (contrary to previous conjectures) and that
at large pressure differences internal melting forms chains
of small melt figures in a plane within the ice.

Since arriving in June, Kobayashi (visitor from the
Japanese Institute of Low Temperature Science) has
studied ice crystal growth from the vapor phase in the
presence of the kinds of contamination that would be
encountered in seeded clouds, particularly solutions of
AgI and NH4I in acetone. He made two major discoveries:
he observed ice crystal growth by a vapor-liquid-solid
mechanism not previously observed in ice growth, and he
found clear, reproducible growth of ice from vapor by the
spiral step mechanism, originating from screw dislocations
with large Burgers vectors, which themselves are caused by
the incorporation of liquid solution droplets into the ice.

Rosinski and Nagamoto performed experiments using
natural (soil particles) and artificial ice-forming nuclei to

determine the freezing temperature of supercooled water
drops as a function of the size of aerosol and hydrosol
particles. In these experiments they used several chemical
compounds as additives to preserve or to destroy an active
ice nucleation site on the surface of a particle. They
studied AgI and PbI 2 in greater detail than other
nucleating compounds because of their applicability to
hailstorm modification.

Langer developed a technique for calibrating the
NCAR ice nucleus counter. He carried out the calibration
at sea level, at 2 km (6,000 ft), and at 3.4 km (11,000 ft)
and noticed no altitude effect. Langer further improved
his ice nucleus analyzer for membrane filters to allow for
better control of supersaturation and temperature. He
used the unit to determine the activity of AgI powder in
the 0.5 - to 3 - im range (classified with a cascade
impactor) as a function of temperature and particle size.
He constructed a low pressure impactor that will collect
and classify particles down to 0.01 jm to study the
activity of AgI smoke from flares to be used on the NHRE
project.

Langer continued development of a continuous, low
supersaturation condensation nucleus counter, and he
solved the problem of operating the cloud chamber under
pressure so that it will be independent of altitude. Among
other things this required a special pump to introduce the
air sample without loss or contamination.

Langer and Rosinski continued their efforts (with the
cooperation of collaborators in many parts of the world)
to collect worldwide ice nucleus counts to study their
relation to cloud formation and precipitation and possible
trends caused by air pollution. Because our data collected
in Nairobi, Kenya, were found to be influenced by local
activities, we moved the counter to the vicinity of Lake
Victoria, a very active hail area. We also began to obtain
data from a cooperative effort on the Zugspitze in
Germany. Langer continued his survey of ice and conden-
sation nuclei in Hawaii in June 1971. He found cane fires
to be a strong source of ice nuclei; volcanic fumes were
not a source, whereas the surf did produce some ice
nuclei. In June 1971 HAO began operating two counters
continuously on Mauna Loa.

Langer continued the cooperative study with the
University of Montana on the Bridger Range orographic
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seeding project. Our objective is to detect seeding effects
directly and quickly. We monitored ice nuclei and
counted snowflakes with the acoustical snowflake coun-
ter. In two experiments AgI was released from an aircraft
with radar chaff. As the seeded air mass passed the
observing site we noted an increase in the numbers of
snowflakes and ice nuclei. This effort will continue
through the winter of 1971 - 72.

Plooster and Gitlin have completed a study of phase
transitions in water adsorbed on silica particles. This work
showed that silica surfaces modify the thermodynamic
properties of the adsorbed water from those of the bulk
phases and that this effect extends out to distances on the
order of 20 molecular diameters from the surfaces. As a
result, the temperatures, heats, and entropies of the
freezing transition are all reduced in the adsorbed water
layer. This finding applies directly to the process of ice
nucleation on solid particles. Heterogeneous nucleation
theory usually assumes that the main effect of a substrate
surface is to aid (or hinder) the formation of a cluster of
adsorbed molecules having the same structure as the solid
phase. Once the critical embryo is formed, its further
growth has been assumed to involve growth of the bulk
solid phase. Plooster and Gitlin's work showed that the
phase transitions may initially take place between phases
whose properties differ considerably from the bulk phase.

COLLISION EFFICIENCIES

Davis, in collaboration with James Klett (New Mexico
Institute of Mining and Technology) further developed
the work on including Oseen-type hydrodynamic forces in
droplet trajectories; they will submit a paper in collabora-
tion with Morris Neiburger (University of California, Los
Angeles) for publication. They found that theoretical
collision efficiencies are enhanced for approximately
equal-sized droplets when these forces are taken into
account.

Davis also studied the effect of gas kinetics on
collisions of small cloud droplets; his results removed an
important uncertainty in previous results. He also began a
further investigation of the effect of electrification on
droplet coalescence.

Bachhuber (visitor from Portland State University)
took photographs of the trajectories of pairs of interacting
plastic spheres falling in oil for the purpose of testing the
hydrodynamic theory and computing techniques for the
calculation of pairs of interacting spheres. He made no

attempt in this experiment to model the motion of cloud
droplets, but he kept the Reynolds numbers in the same
range as cloud droplets to insure that the hydrodynamic
approximations are appropriate. The observed trajectories
did not agree with those calculated from theory for
Reynolds numbers in the range from 0.15 to 0.25 because
of a significant contribution from the inertial forces in the
fluid, which are generally neglected in the theoretical
calculation of the drag on the spheres. This experiment
does not confirm the calculated trajectories of pairs of
spheres in the oil tank. However, since the inertial forces
in the oil were so high, this result does not indicate that
an error must exist in the calculations of the collision
efficiency of cloud droplets. Bachhuber's analysis sug-
gested that the discrepancy results from the inertial forces
of the spheres themselves, and this is easily understood
when applied to calculations of trajectories of cloud
droplets. He then reduced the Reynolds numbers to the
range from 0.005 to 0.15 by using a more viscous oil. At
the lower Reynolds numbers the difference between the
observed and computed trajectories is significant only for
equal or nearly equal spheres. (See the work of Davis et
al., described above.) Bachhuber began making compar-
isons between the observed trajectories and the theoretical
trajectories, employing a combination of Oseen and
Stokes drag forces, to confirm whether the effects on the
computed trajectories, which are linear in Reynolds
numbers, should produce a greatly enhanced collision
efficiency for spheres of nearly equal size. NCAR trans-
ferred the equipment to a laboratory at Portland State
University, where students are expected to use it under
Bachhuber's direction.

PARTICLE CONTROL CHAMBER

We completed modifications of the particle control
chamber, which allow temperature and humidity control
as well as precise flow control. Beard (visitor from the
University of California, Los Angeles), who had worked
there with the UCLA prototype of the NCAR chamber,
performed acceptance tests. In the test section of the
chamber minimum and maximum air temperatures of
- 25 and + 27 0C, respectively, are now obtained. Test-
section air velocity is continuously variable from
4.0 cm/sec to 10.4 m/sec with a root-mean turbulence-to-
stream-velocity ratio of less than 0.9%. Quantitative
information on many critical parameters necessary for the
understanding of the growth of precipitation and cloud
electrification that may be directly applicable to studies
of cloud modification techniques can be obtained by
studying the interaction between cloud particles at typical
atmospheric relative velocity, temperature, humidity, and
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electric field values. The chamber provides cloud environ-
ment conditions for testing aircraft instruments, such as
the electrostatic disdrometer described above.

HAIL STUDIES

C. and N. Knight continued their work on hailstone
structures with particular emphasis on attempts to deter-

mine the exact nature of the embryo state of hailstones
from examining hailstones quenched in hexane at dry ice
temperatures at the time of their collection. Hailstones
from all of the six storms sampled had only conical
graupel embryos, and in no case did they find any
evidence of a vapor growth mechanism. They have not yet
sampled any of the spherical types of embryos that are
often supposed to be frozen water drops.
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THUNDERSTORM STUDIES

DROPSONDE TESTS

Bushnell, Glover, and Chu prepared to release drop-
sondes into thunderstorms as part of the NHRE project in
northeastern Colorado. The NHRE Director decided to
make test drops in clear air before any drops were made
into storms. However, in the limited time available the
test plan could not be completed because radar tracking
of the dropsondes, which had never been done before, was
only partly successful and did not give suitable accuracy.
A satisfactory test was further impeded by a telemetry
receiver failure. Thus, we made no dropsonde observations
in'thunderstorms during 1971.

ANALYSIS OF OBSERVATIONS

Bushnell and his group continued to analyze 1970
dropsonde data, with interesting results. They improved
techniques of dropsonde data reduction, and all six of the
1970 soundings show significant spatial variability in the
vertical wind. They did not find any extreme updrafts
exceeding 10 m/sec; it is likely that the sondes were near
but never in the core of the updraft regions of the storms
that were sampled.

The horizontal motion of the sondes was generally in
the direction of the environmental winds measured
outside the storm, even though the sondes were falling
entirely inside the thunderstorms. Although further analy-
sis of these winds is needed, the data nevertheless
reinforce the position taken by John Marwitz (University
of Wyoming) that a substantial part of storm motion is
accounted for by the ambient flow field. These observa-
tions imply that storm elements (air parcels) do not
follow along behind older elements, but rather go through
their life cycles in parallel with them.

DROPSONDE DEVELOPMENT

Much remains to be learned about the change in
droplet size distribution with height in a mature thunder-
storm or hailstorm. The dropsonde that Bushnell, Glover,
and Chu have been developing is intended to carry other
instruments besides wind-speed measuring devices. A
droplet spectrometer (the electrostatic disdrometer de-
scribed above) is one such instrument. In this instrument,

cloud droplets strike a charged electrode and produce an
electrical output that is a function of droplet size. This is
the only type of disdrometer which we feel can success-
fully be adapted for use on the dropsonde since its size
can be controlled so that it will fit on a dropsonde, its
power requirements are small, and its output signal is in a
form which can be telemetered by the dropsonde system.
Abbott made the disdrometer operational for aircraft use,
and Glover adapted it for use with the dropsonde. We
installed the disdrometer on a dropsonde and began
testing the system.

RADAR OBSERVATION OF
THUNDERSTORMS

Bushnell began the digital analysis of radar films from
the earlier Joint Hail Research Project. He digitized about
half of the films on the Air Force densitometer (formerly
located at Holloman Air Force Base and moved to
Kirtland AFB, New Mexico, in 1971). Bushnell's tech-
nique of radar calibration, reflectivity determinations, and
contour mapping is being applied to these films. This
technique will not be used for data obtained before 1970.
We began changing to direct digitization without the use
of film, and Eccles (NHRE) assembled this equipment.

Bushnell put a considerable portion of his effort this
year into the NHRE radar system at Grover. We installed
and connected two radars as part of a dual wavelength
radar system. We began component testing and assembly
of the new NHRE 8.5 - m antenna that was delivered in
the fall.

NUMERICAL MODELS OF
THUNDERSTORM ELECTRIFICATION

Paluch and Sartor began working on generalizing
Sartor's numerical models of thunderstorm electrification
by polarization charging. The Paluch model is spatially
restricted to regions where polarization charging can be
expected to be most efficient, i.e., regions above the
zero-degree isotherm that contain graupel or hail and ice
crystals or a sufficient number of colliding bouncing
supercooled drops and regions where updraft velocities
have values suitable for efficient charge separation. The
mathematical formulation takes into account the particle



88

velocity changes resulting from the charges acquired by
induction and from the field developed by the relative
motion of the particles. The results are quantitatively
different from previous computations for electric field
growth by polarization charging; however, they do show
that this charging mechanism can, under favorable circum-
stances, be very efficient in rapidly producing high electric
fields. According to this model, fields over 3,000 V/cm
can result from collisions between graupel and small ice
crystals if most of the graupel particles are larger than
1 mm in radius. After maximum fields are reached,
accumulation zones containing high densities of charged
ice particles are expected to develop. If, through a
lightning stroke nearby or through strong local wind
shears, the electric fields are suddenly destroyed, large
numbers of charged particles will be released. Most of
their charge, however, will be dissipated through collisions
so that little of this charge will reach the ground.

Paluch and Sartor began assisting Armin Aufdermaur
(Swiss Federal Institute for Snow and Avalanche Re-
search) by providing him with collision angles, collision
probabilities, and trajectories of cloud droplets and
graupel for his use in comparing the inductive theory of
charge transfer with a recent charge transfer experiment
supervised by Aufdermaur in 1971 in Bracknell, England.

Griffiths (visitor from the University of Colorado),
working with Sartor, began developing a cloud electrifi-
cation model that allows computation of the electric field
and particle charge densities produced by charge transfer
during collisions within the cloud. This model differs from
previous models in that it includes a wide spectrum of
particle sizes and the effects of multiple collisions of a
single particle. The model produces a probability density
function which specifies the distribution of charge with
particle size. Charge densities are computed using the
charge transfer equations given by Davis and Sartor for
colliding and separating particles in an electric field,
together with the number of collisions per unit volume
per unit time between particles of a given size. The
calculation considers the collisions in each time step and

produces a time-dependent picture of the charge distri-
bution. Griffiths considered a constant electric field
oriented vertically downward and his calculations showed
that, for a given particle size spectrum and an initial
charge distribution, the charge density distribution for all
radii broadens after a period of time into a near-gaussian
shape. Large particles have a negative mean charge,
whereas small particles obtain a positive mean value. In all
cases, the mean charges converged to the equilibrium
values computed for the fixed field.

The present model runs at approximately one-half real
time on the Control Data 7600. Griffiths began investigat-
ing procedures for decreasing this time by use of larger
time steps and began modifications to compute the
electric field as a function of the charge densities. This
will provide a field buildup calculation which is indepen-
dent of the growth equation given by Sartor and others.
Future plans for the model involve the incorporation of
the effects of liquid drop coalescence since the structure
of the model readily lends itself to including this effect.

NUMERICAL MODEL OF
LIGHTNING DISCHARGES

Plooster completed a study of the properties of the
return stroke of a lightning discharge. Given only the
electrical current waveform, the model computes the
thermal, radiative, electrical, and acoustical properties of a
section of a spark discharge channel. He checked the
numerical model against laboratory measurements on
spark discharges; these tests gave generally satisfactory
agreement with data on spark channel diameters, tempera-
tures, and pressures. The model also described quite well
the acoustic waves produced. When applied to lightning
discharges, the model appears to be in reasonable agree-
ment with spectroscopic measurements of lightning chan-
nel temperatures and electron densities and predicts much
lower energy inputs than were previously estimated for
natural lightning strokes.
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LIDAR AND RADIATION STUDIES

LIDAR SYSTEMS

Schuster, Grams, and Frush made further improve-
ments to the ground-based laser radar, or lidar. They
installed a synchronized, rotating shutter to eliminate the
effects of any fluorescence emitted by the laser after the
main pulse has been radiated and began installing a new
secondary mirror. These modifications in conjunction
with a much more sensitive photomultiplier will increase
the useful detection range of the system significantly.

Frush developed a high-speed transient recorder to
replace our lidar data acquisition system. The recorder can
digitize lidar returns with 0.1% accuracy and 150-m
range resolution. He incorporated a signal-averaging
capability to reduce output data volume and allow rapid
pulse repetition rates.

Grams and Wyman developed a compact airborne lidar
system which incorporates a flash-lamp-pumped dye laser
and a Fresnel lens 38 cm in diameter to collect light
backscattered by the atmosphere. The system was specif-
ically designed for installation on the NASA Convair 990
research aircraft but can be mounted on any mobile
platform for field work. The dye laser is tunable so the
system also has potential for selectively detecting and
measuring spatial and temporal variations of minor con-
stituents of the atmosphere using spectroscopic techniques.

AEROSOL SCATTERING AND
RADIATION RESULTS

During 1970 Blifford (of the Atmospheric Chemistry
Department) used the NCAR aircraft to sample a layer of
particles at an altitude of about 13 km. These particles
were attributed to fly ash from forest fires in California.
During 1971 Grams, extending suggestions made by
DeLuisi and Schuster, developed a procedure for deter-
mining the effective complex index of refraction of these
airborne particles using ground-based lidar soundings in
conjunction with the simultaneous airborne particle col-
lections. Data obtained in the experiment permitted the
determination of the imaginary part (the absorption
parameter) of the complex index of refraction of this fly
ash.

In a cooperative experiment with Robert Fox and
James Weinman (both of the University of Wisconsin),
Schuster and Grams obtained data on the spatial distribu-
tion of the stratospheric aerosol layer during August and
September 1971. The data were obtained on six nighttime
flights aboard the NASA Convair 990 research aircraft
using the NCAR compact lidar (described above) oper-
ating at a wavelength of 5850 A and a digital data
acquisition system supplied by the University of Wiscon-
sin. Flight altitudes varied from 10 to 13 km, and the
latitude range covered by the aircraft flight paths varied
from about 9 to 380 N. Fox began a comprehensive
analysis of the data obtained from these flights as part of
his doctoral dissertation at Wisconsin.

Sherman Poultney (University of Maryland) calculated
that an influx of dust to the earth's atmosphere associated
with the comet Encke was expected on the evening of
23 February 1971. In response to this prediction, Grams
and Schuster conducted a series of observations with the
ground-based lidar during late February and early March.
Preliminary evaluation of the data suggested enhanced
scattering in the 50 - to 60 - km region several days after
the expected incursion of the extraterrestrial dust. How-
ever, the signal from that region was barely above noise
level; further processing will be required before a confi-
dence level can be assigned to the data.

Grams collaborated with Georgio Fiocco (European
Space Research Institute) on analyses of the expected
spatial and temporal variability of incoming extraterres-
trial dust. They applied their results to mesospheric
aerosol data obtained with a lidar in Norway in the
summer of 1966 to provide an estimate of the influx of
extraterrestrial dust as well as some insight into mecha-
nisms associated with the formation of noctilucent clouds.
In collaboration with Carl Grey and his associates (Massa-
chusetts Institute of Technology), Grams began a study of
dust layers in the 40 - to 60 - km altitude interval based
on the above results. It is anticipated that this study will
provide insight into the nature of the dust layers that are
occasionally observed near the 50 - km level by a variety
of measurement techniques.

Using an optical frequency analysis technique initiated
at the Massachusetts Institute of Technology in 1966 and
developed at the NASA Electronics Research Center from
1967 to 1970, Grams began measurement of the radiative
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properties of atmospheric aerosols. In preliminary experi-
ments, he used a Fabry-Perot interferometer to measure
the frequency distribution of light scattered by atmo-
spheric constituents from a single-frequency laser beam as
a function of scattering angle. Since the doppler broad-
ening is significantly smaller for velocities associated with
the random Brownian motion of aerosols than for the
thermal velocities of atmospheric molecules, it is possible
to distinguish between scattering contributions from
aerosols and from air molecules by the amount of doppler
broadening of the scattered light. The technique thereby
allows an absolute measurement of the ratio of aerosol-to-
molecular scattering at each angle. Since accurate analytic
formulas are available for molecular (Rayleigh) scattering,
the measurement provides absolute data of the so-called
scattering phase function for atmospheric aerosols, from
which the complex index of refraction of the aerosols can
be determined.

INVERSION OF LIDAR DATA

We extended the method formulated by Schuster (see
1970 Annual Report) for obtaining lidar transmission
and temperature profiles as a function of altitude.
Schuster and DeLuisi (of the Atmospheric Chemistry
Department), in collaboration with Grams and Sato
(FAL), developed computer techniques for separating the
molecular and aerosol contributions from lidar echoes and
began a study to assess the accuracy of the method. They
performed computer simulations to test the technique,
assuming initial data with 0 and 3% random errors. The
preliminary results indicated that the technique yields
useful molecular density profiles, with errors primarily
affecting calculated aerosol transmission functions. This is
an encouraging result, since it was the intent of the study
to use the density profiles so derived to obtain tempera-
ture profiles with ground-based instruments. Sacrifice of
spatial resolution increases the accuracy of the technique.

METHANE MEASUREMENTS

Schuster and Kyle (NHRE) developed a technique to
detect and measure atmospheric methane with an

intracavity laser experiment, and they constructed a
prototype instrument for measuring methane. They found
the output power of a helium-neon laser radiating at
3.39 pm to be strongly influenced by methane absorption
at that wavelength. The anticipated sensitivity of instru-
mentation based on the technique would allow methane
measurements for mixing ratios as low as 0.05 parts per
million.

WATER VAPOR MEASUREMENTS

We extended the work initiated in 1970 at NCAR by
James Cooney (now with Drexel University) to measure
humidity profiles from laser Raman backscatter measure-
ments. Grams established the design concept for a
laser system for airborne measurements of atmospheric
water vapor and, with Wyman's assistance, began work
on the development of a prototype.

PARTICLE SIZE MEASUREMENTS

We successfully completed the intracavity gas laser
experiment (see 1968 Annual Report) started by
Schuster and R. G. Knollenblerg (now at the University of
Chicago) and showed it to be applicable to particle size
measurements down to 1.0 pm. The measurements
showed excellent agreement with a simple theory based
on inhomogeneous line broadening of the laser. We chose
two transverse laser modes for the experiment and found
the so-called "doughnut mode" to be superior for use in a
practical instrument.

Schuster served as Ph.D. thesis advisor to M. Vietti
(University of Missouri), who completed a droplet
growth-by-condensation experiment. Inversion of light
scattering resonances from droplets grown under con-
trolled conditions of temperature and humidity provided
the droplet size distribution as a function of time and
thermodynamic variables. The data were compared to
three growth models, including one developed by
Schuster. The Schuster theory provided the best fit over
the range of measurement, which was 0.45 - 12.0 pm.
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A hail shaft, photographed from the NCAR Buffalo during the 1971 NHRE summer field program.
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NATIONAL HAIL RESEARCH EXPERIMENT

The history of the National Hail Research Experiment
was presented in the 1970 Annual Report. The major
goals of NHRE are: (1) to gain an increased understand-
ing, by observation and analysis, of the cloud dynamics
and microphysics governing the severe convective storms
that produce damaging hailfall, and (2) equipped with this
increased knowledge, to develop, if possible, a practicable
method for suppressing the occurrence of damaging hail.

The observations necessary for the attainment of these
goals have been discussed in earlier reports. In 1971 we
expended considerable effort in obtaining the instrumen-
tation necessary to make these observations reliable and
accurate in preparation for the 1972 summer program,
which has been designated by NSF as the first full-scale
field operation.

Consequently, we designed the field program for 1971
to test (from 1 June to 1 August) the new systems and
procedures then available and intended for use in the
following years. NHRE is a cooperative experiment
involving the expertise in hail research of universities and
government agencies, and their participation and support
are of critical importance in the attainment of NHRE
goals. Table 1 shows the universities and government
agencies that participated in the 1971 field program.

We established our headquarters at Grover, Colorado.
The Grover facilities consisted of eight prefabricated
3.7 X 12.2m (12 X 40 ft) buildings used as offices,
workshops, and laboratories; the FOF FPS - 18 radar; the
Desert Research Institute M33 radar for tracking aircraft;
the LAS M33 radar; and a U.S. Army rawinsonde station.
Figure 1 shows the Grover site.

We established a multifrequency air-to-ground and
ground-to-ground radio communication network among
the various field sites to provide the real-time voice and
data links so critical in a large-scale field operation.

The 1971 field tests indicated that the adverse effects
of thunderstorms on the communication systems will
require better locations for the repeater stations, higher
antennas, and greater transmitting power to insure suffi-
cient range to cover the whole experimental area. These
deficiencies will be remedied before the summer of 1972.

FOF installed and operated along state highway 71 a
surface weather network of 12 recording stations consist-

Table 1

Participants in the 1971 NHRE Field Program

Organization

NHRE

Contributions

Direction and
management of
NHRE field operations

NCAR (LAS) M33 radar
Dropsondes
Airborne scientists
Sailplane
Hailstone collection and

analysis

NCAR (RAF) Queen Air A80
Buffalo
Sabreliner
Aircraft calibrations and

intercomparison flights

NCAR (FOF) Radar personnel
Surface network
CP-1 radar

FAA/ANG/ Aircraft control
NCAR(FOF)/
Colorado
State
University

NOAA

University
of Wyoming

Colorado
State
University

South Dakota
School of
Mines and
Technology

University
of Oklahoma

U.S. Army

U.S. Air
Force

NASA/DOT

Desert
Research
Institute

DC-6
Ground network
Ground teams (5)
Director of operations

C-45
Ground teams (2)

F-101B

Baron
Cloud seeding

Aircraft calibrations and
intercomparison flights

Rawinsonde teams (2)

Rawinsonde teams (2)

Convair 990

M33 radar
Computer specialist

Duration

1 June - 1 August

22 June - 1 August
13 July - 1 August
22 June - 20 July

5 July - 19 July
1 June - 1 August

1 June -
1 June -
1 June-
1 June-

4 July
1 August
1 August

21 June

1 June - 1 August
24 May - 7 August

3 June - 3 September

21 June - 1 August

1 June
1 June
1 June

22 June

1 June
1 June

20 July

28 June
1 August
1 August
1 August

1 August
1 August

1 August

2 July - 1 August
2 July - 1 August

1 June - 21 June

1 June - 1 August

1 June - 1 August

12 July

1 June
1 June

16 July

1 August
1 August

ing of anemometers, thermographs, hydrographs, and
microbarographs. We published selected data which will
be used in the analysis of temporal variations in the
surface weather near mature storms.

Two U.S. Air Force rawinsonde teams (at Kimball,
Nebraska, and Sterling, Colorado) and two U.S. Army
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Fig. 1 The main cluster of buildings at the Grover Field
Site.

rawinsonde teams (at Grover and Ft. Morgan, Colorado)
each provided two routine soundings at 0600 and 1100 on
every day of the field program. On active days, each
station provided serial soundings at 90 - min intervals.
These four rawinsonde teams took, processed, and made
available to the participants a total of 469 soundings
during the 1971 field program.

FAA, NHRE, and Colorado State University personnel
used the Colorado ANG facilities at Greeley, Colorado, to
control the aircraft participating in the program. The FAA
declared the experimental area a special-use airspace and
assigned two FAA aircraft controllers to the Greeley
operations.

Two dual-wavelength radar systems, which were de-
signed and built for NHRE and which we had planned to
use at Grover and Ft. Morgan during the 1971 summer
program, were not available. The first radar system (the
10 - cm radar built by FOF) was not mated to the LAS
3 - cm radar in time for the 1971 program because of
delays in the manufacture and delivery of the 8.5 - m-
diameter antenna. The antenna and its radome will be
erected at Grover early in 1972 and the NCAR/NHRE
dual-wavelength system will be assembled and tested
before the beginning of the 1972 field operation. We
made encouraging progress on the assembly of the
computer-generated data display system designed by
NHRE and the Desert Research Institute to provide
real-time dual-wavelength radar and aircraft data for the
efficient conduct of the field experiment. We corrected

computer defects, designed and assembled software, and
wrote programs to provide contoured RHI and PPI radar
displays and limited telemetered aircraft data for the 1972
season. The second radar system (a similar matched
dual-wavelength radar system designed to measure the
liquid-water content of clouds and to detect hail in
storms) was developed and tested by the Laboratory of
Remote Atmospheric Probing of the University of Chi-
cago and by the Illinois State Water Survey, under
contract with NHRE. The new radar system incorporates
a 10 -cm doppler capability to measure motions in
clouds. This radar, similar to the one developed at NCAR,
will be used at Ft. Morgan in future field programs.

We published the results of several theoretical studies
on the measurement of cloud liquid-water content and on
the detection of hail in storms by dual-wavelength radar
methods.

During the 1971 field program we measured precipita-
tion with several systems. The NOAA Atmospheric
Physics and Chemistry Laboratory installed and operated
a ground network of 420 fixed stations consisting of rain
gages, hail gages, and hail pads in an area covering
5,625 km2 . This system was operated by five two-man
teams of precipitation observers in radio-equipped vehicles
from NOAA and NHRE and two three-man teams from
the University of Wyoming. These teams measured and
sampled precipitation and mapped hailswaths.

We also determined the geographical distribution of the
hailfall from postcard reports obtained by Colorado State
University, by telephone surveys, and by airborne map-
ping by infrared radiometry with the Queen Air A80.

We analyzed a total of 777 hail pads exposed during 21
days of hail, and we issued data on size distributions and
concentrations of hailstones, volume and mass of ice, and
impact strength. The rainfall data, reduced by the Illinois
State Water Survey, were also made available.

G. Vali of the University of Wyoming measured the
concentrations and the temperature spectra of freezing
nuclei in both cloud water and precipitation for three
storms. He found that the temperature spectra are similar
in cloud and precipitation water and vary widely
between two successive days of hail, and that the
concentrations of freezing nuclei are much smaller in
hailstones than in rain from a given storm.

The Atmospheric Chemistry Department measured the
background concentration of AgI in unseeded precipita-
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tion in samples obtained from four storms and found a
concentration of 10 - 0 g of AgI/cm3 of precipitation.
This is a rather high concentration compared to those
previously measured in samples of snow from seeded
clouds. Results from many more samples will be required
before a reliable background concentration is established.

Seven aircraft participated in the field operation. The
Natural Resources Research Institute of the University of
Wyoming used its C - 45 to study the microphysics of
small cumulus clouds and the dynamics of developing
storms. We used the Sabreliner and the Buffalo (manned
by LAS scientific observers) and the NOAA DC - 6 to
observe the immediate environment of mature storms at
several levels. We also used the Sabreliner to launch LAS
dropsondes in three tests of the equipment. We used
NCAR's Queen Air A80, with NHRE and NOAA observ-
ers, to map hailfalls with an infrared scanning radiometer.
On 14 July NOAA and Colorado State University person-
nel used the NASA Convair 990 to measure water vapor
and aerosols injected into the stratosphere by a large
thunderstorm in the vicinity of Grover.

We used the Beechcraft Baron, supplied by the South
Dakota School of Mines and Technology, as a seeding
platform. It carried 24 cloud-seeding AgI fusees under its
wings and performed cloud-base seeding on 22 and
28 July. At the end of the summer the Colorado State
University F - 101B flew calibration and practice missions.

We planned and executed an extensive program of
aircraft system calibration and intercomparison at the
beginning of the field program. The tower fly-bys revealed
faulty systems on several aircraft and insured that
corrections were made before the start of the measure-
ment program. As a result, temperature measurements by
all aircraft agreed to within 0.5 C°, pressure measurements
to within 1 - 2 mb, and dew-point measurements to within
1 Co. It became evident during these tests that the control
tower at Jeffco Airport was unsuitable as a calibration
platform for aircraft instrumentation, and for the 1972
season a new calibration system will be installed near
Grover.

We made an intercomparison of data from the C - 45,
the DC - 6, the Sabreliner, and the Queen Air A80 and
data from the Buffalo, which were used as a standard; the
University of Oklahoma reduced and analyzed the data
resulting from these flights. We began an evaluation of the
relative accuracy of the velocity measurements based on
winds measured with either a doppler system or an inertial
platform.

Because of delays in the delivery of prefabricated
buildings and electric power to the Grover site, the field
operation did not start until 22 June. As planned,
however, we used the first three weeks in June for the
tower fly -bys and the aircraft intercomparison.

Of the 32 days in the field, on 10 days conditions were
suitable for coordinated thunderstorm observations, and
we gathered valuable data on 30 June and on 8, 9, 14, 15,
21, 22, and 28 July. We performed dropsonde tests on
three mornings and seeded clouds on two days. The hail
pad network, operated from 1 June, indicated 21 days of
hail somewhere in the network area.

We established a data management office at NHRE to
maintain a daily record of the gathered data and to
prepare and publish at the end of the field program an
accurate index of reduced data. We prepared an opera-
tional plan and an index of all data gathered during the
1971 field operation.

The storms of 8, 14, and 15 July are the subject of
intensive studies by several of the participants, and their
findings will be published in the scientific literature. We
wrote a summary report of the 1971 field program which
discusses some of the results.

The summer of 1971 set the stage for the full-scale
field program to begin in 1972. During 1971 we tested
new systems and procedures and began integration of the
varied components into a workable and efficient research
entity.

Rosinski (LAS) directed his laboratory studies on the
physics of ice nucleation in the atmosphere toward
(1) determining the effects of AgI particle size and the
acidity of supercooled droplets on the temperature of ice
nucleation, and (2) evaluating various techniques for
counting AgI nuclei. Finally, he proposed the recondensa-
tion and freezing of the water vapor (evaporated around a
freezing droplet) on AgI nuclei in the immediate vicinity
of the droplet as the ice formation and multiplication
mechanism to explain the apparent rapid dispersion and
multiplication of ice crystals throughout large volumes of
clouds seeded with AgI.

We built and tested a liquid-water-content meter to be
flown on an armored aircraft through regions of high
reflectivities in mature storms, but the armored aircraft
was not available and we flew the instrument on the
Queen Air A80. In addition, we exposed this meter to
water sprays in the University of Chicago wind tunnel and
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we corrected minor problems connected with the opera-
tion of the instrument in the aircraft and wind tunnel. We
plan to make final tests of the system in cumulus clouds
over Florida in March 1972.

During future summers, in addition to continuing the
research program begun in 1971, we will undertake a
randomized cloud-seeding experiment for hail suppres-

sion. For this purpose we began developing an airborne,
vertically launched, cloud-seeding rocket. We submitted a
detailed plan of the NHRE program for fiscal years
1972 - 73 to NSF. It is hoped that by the end of the
project the increased knowledge of hailstorm mechanisms
gained through field observations and experiments, labora-
tory studies, and theoretical and numerical analyses will
permit a definitive assessment of the feasibility of
practical hail suppression.
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William W. Kellogg (LAS), speaking on the environment at one of the seminars organized by ASP for
visitors.
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INTRODUCTION

In 1971 we took several new initiatives in the
Advanced Study Program. We expanded the postdoctoral
fellowship program. New fellowships were awarded to
scientists with interests closely related to the Global
Atmospheric Research Program and to physicists who are
strongly motivated to move into the atmospheric sciences
from rather remote disciplines such as high energy,
nuclear, and elementary particle physics. We began a new
educational seminar series to introduce ASP and other
NCAR visitors to a wide range of topics in the atmo-
spheric sciences. We formed the Environmental Assess-
ments Group to study the ecological, social, legal,
political, and economic implications of hail suppression
activities in northeastern Colorado, as part of the total
NCAR effort in the National Hail Research Experiment.

We also continued well established ASP activities: we
cosponsored a large summer institute on planetary mag-
netospheres and auroras; the UCAR Fellows visited us
again in the summer; we gave, held, or participated in
many seminars; our postdoctoral Fellows and regular staff
did research on a wide range of topics, from probability
forecasting to hydromagnetic dynamo theory, from cloud
drop coalescence to the solar wind.

The following sections give brief summaries of all our
activities.

Peter A. Gilman
Chairman
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POSTDOCTORAL FELLOWSHIP PROGRAM

As in past years, the heart of ASP activities in 1971
was the postdoctoral fellowship program. This program
has several related goals. A principal one is to enrich the
research and teaching talent in the atmospheric sciences
by bringing into the field highly qualified Ph.D. physicists,
chemists, applied mathematicians, and engineers. We also
wish to enhance the capability of Ph.D. scientists already
involved in atmospheric research. We also aim to support
undergraduate and graduate education in universities by
providing opportunities for faculty members to take time
out from the press of teaching and academic administra-
tion, enabling them to learn about or to consolidate their
knowledge of the atmospheric sciences in order that they
may, for example, develop a new course, begin a new area
of research, or write a book.

Fellows are encouraged to participate in a wide variety
of educational activities including the seminars, lectures,
and summer institute described below, as well as lectures
and seminars at the University of Colorado, NOAA, and
NBS. Fellows also often receive individual tutorial guid-
ance from members of the NCAR staff.

Each Fellow is encouraged to pursue his own research
individually or in association with the permanent or
visiting ASP staff, in collaboration with one or more
research groups in the two major scientific divisions of
NCAR (LAS and HAO), or within one of the large,
separate research activities carried out jointly by NCAR,
universities, and government laboratories, in particular
NHRE or GARP. The breadth of research in the atmo-
spheric sciences at NCAR is evident from the Annual
Report. Appointees have access to all services and
standard facilities at NCAR, including its Control Data
7600/6600 computer system. Experimental facilities and
equipment may be used by agreement with the appropri-
ate NCAR staff scientist.

Interested scientists are eligible for fellowships at any
stage in their postdoctoral careers. Graduate students just
receiving the Ph.D., university faculty members of any
rank, employees in private industry and government
laboratories, and foreign scientists--all are welcome to
apply. Primary criteria used, in selection of participants are
the quality of the applicant and the nature and degree of
his or her interest in the atmospheric sciences. Fellows are
usually appointed for one calendar year and begin their
appointment usually in the summer or fall. Those who
have had their Ph.D. five or more years are called
"long-term visitors" and are paid commensurately with
their experience and qualifications; those with less than
five years are paid a fixed stipend.

In 1971 the fellowship program was expanded. Two
new fellowships were awarded to Fellows with interests
closely related to those of GARP; two fellowships in the
regular program were also filled this way (some of these
Fellows do not begin until the spring of 1972). Five new
fellowships were awarded to physicists who were strongly
motivated to enter the atmospheric sciences but whose
backgrounds, e.g., high energy physics, were rather remote
from them. These five Fellows have been studying during
the 1971 - 72 academic year in the Geophysical Sciences
Department of the University of Chicago, where they are
more involved in an academic program in the atmospheric
sciences than would be possible here. This particular
program, which is experimental and temporary, was begun
partly in response to the large number of good applicants
from physics.

All the postdoctoral visitors are listed with the ASP
personnel; a listing of their affiliations and fields of
interest is given in the visitors list at the back of the
Annual Report.
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SEMINARS AND LECTURES

The year 1971 was a particularly active year for
seminars and lectures for ASP staff members and visitors.

In the spring, the Solar MHD Club, organized by
Gilman, met every other week to discuss such topics as
sunspots, the solar cycle, differential rotation, solar
oblateness, spin-down, and wave motions. These seminars
involved active participation of scientists from ASP, HAO,
JILA and the Astro-Geophysics Department at the Univer-
sity of Colorado, and the NOAA Boulder Laboratories.

The Boulder Aeronomy Group, organized by Fogle,
continued to meet monthly throughout the year and
discussed among other topics sporadic E, infrared observa-
tions from balloons, ozone photochemistry, trace chemis-
try, solar-terrestrial relations, airglow, and geoacoustics.
Again, these seminars involved the active participation of
scientists from several organizations in Boulder.

In addition there were numerous seminars in LAS,
particularly on atmospheric dynamics, and in HAO on
solar physics. In the fall, a small group of ASP and LAS
scientists met informally as the Turbulence Club to discuss
Weiner-Hermite expansions, stochastic, direct interaction,
Markovian and test field models of turbulence, as well
as variable eddy viscosity coefficients in numerical
simulation.

In December a one-day seminar was sponsored by EAG
on the ecological, legal, political, and social implications
of hail suppression.

Finally, in the fall, Gilman organized a new educational
seminar series designed primarily to introduce ASP and
other NCAR visitors to a broad range of topics in the
atmospheric sciences. This group meets twice a week and
has heard extended discussions of atmospheric dynamics
and GARP (led by Leith of LAS), atmospheric chemistry
(led by Cadle of LAS), cloud physics (led by Davis of
LAS), NHRE (led by Swinbank of NHRE), and the upper
atmosphere (led by Dickinson of LAS).

In addition to participating in seminars, several ASP
staff members were active in university teaching. Haurwitz
lectured on atmospheric dynamics at the University of
Alaska from May through July and on atmospheric tides
and waves from October to the end of the year at the
University of Gittingen, Germany, where he held the
Gauss professorship. In the spring, Thompson, on leave as
director of ASP, lectured on atmospheric dynamics at the
Geophysical Institute of the University of Oslo, Norway.
Gilman lectured for one month at the University of
Colorado on stability theory and thermal convection.
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SUMMER INSTITUTE

In June and July, ASP, HAO, the Astro-Geophysics
Department of the University of Colorado, and the NOAA
Boulder Laboratories jointly sponsored an institute on
Planetary Magnetospheres and Auroras. This topic took
particular advantage of the wide competence available in
the Boulder community. The principal lecturers were W. I.
Axford of the Department of Applied Physics and
Information Science, University of California, San Diego;
Charles Kennel of the Department of Physics, University
of California, Los Angeles; and A. Vallance-Jones of the
National Research Council, Ottawa, Ontario. They pre-
sented the basic plasma physics and magneto-
hydrodynamics relevant to the institute subject. Notes
from the principal lectures will be available early in 1972
from ASP.

In addition to the principal lectures, seminars on
special aspects of the field were given by invited experts.
The speakers and their affiliations and the seminar topics
are listed below:

Richard E. Aamodt (University of Colorado): Particle
motions in slowly varying external fields and particle-
wave interactions

Charles Barth (LASP): The ultraviolet aurora
Neil Brice (NSF): Magnetospheric modification
Wallace H. Campbell (NOAA): Geomagnetic rapid

variations

Robert L. Carovillano (Boston College): Magnetospheric
energy theorems

Robert Cohen (NOAA): Modifying the ionosphere with
intense radio waves

T. N. Davis (University of Alaska): Auroral TV
observations

Murray Dryer (NOAA): Interaction of the solar wind with
celestial observations

David Evans (NOAA): Rocket observations of auroral
fields and particles

John Evans (Massachusetts Institute of Technology):
Incoherent scatter techniques and observations

Martin Goldman (University of Colorado): Radio-
wave-induced instabilities in the ionosphere

John Gosling (HAO): Satellite observations of the solar
wind

Donald Gurnett (University of Iowa): Electric field

measurements and convection
Robert A. Helliwell (Stanford University): Wave particle

interactions
Wilmot N. Hess (NOAA): Introduction
Sadami Matsushita (HAO): Geomagnetic disturbed daily

variations
C. I. Meng (University of California, Berkeley): Magneto-

spheric substorms in the distant magnetotail
Rene Pellat (Nuclear Studies Center, Fontenay-aux-Roses,

France): Plasma physics
Manfred H. Rees (LASP): Aurorally induced atmospheric

and ionospheric perturbations
Juan G. Roederer (University of Denver): Magnetospheric

particle dynamics
Herbert H. Sauer (NOAA): The earth's magnetosphere

Theodore W. Speiser (University of Colorado): The
geomagnetic tail and current sheet acceleration

Vytenis Vasyliunas (Massachusetts Institute of Tech-
nology): Magnetic merging models

James W. Warwick (University of Colorado): Energetic
particles in Jupiter's magnetosphere

Donald Williams (NOAA): Particle populations in the
earth's magnetosphere

Participants in the Summer Institute included 27
predoctoral students from 14 universities, as well as 7
postdoctoral students from 7 institutions.

PREDOCTORAL

Frank Accurso, University of Colorado
Henning Barnsdorf, University of Colorado
Arthur Boright, University of Colorado
Ove Bratteng, The Auroral Observatory, Tromso, Norway
Kenneth Claiborne, University of Colorado
Orlando D'Amore, Boston College
Timothy Eastman, University of Colorado
Marc Finkelstein, University of Michigan
Terry Forbes, University of Colorado
Robert Greene, University of Wyoming
Anurag B. Gupta, University of Delhi, India
James P. Hauck, University of California, Irvine
Richard Keen, University of Colorado
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Alex Kennel, University of Colorado
Warren W. Lacey, University of Minnesota
Hing-Lan Lam, University of Alberta, Canada
Trygve R. Larsen, Norwegian Defense Research

Establishment, Kjeller, Norway
Glenn Magelsson, University of Colorado
Blake R. Patterson, Princeton University
Paul D. Perreault, University of Alaska
James Sroga, University of Colorado
Knut Stamnes, The Norwegian Institute of Cosmic

Physics, Oslo, Norway
David G. Swann, University of Colorado
William M. Wehrbein, University of Colorado
Walter J. Williams, University of Colorado

Douglas Wilson, University of Colorado
Eugene Young, University of Washington

POSTDOCTORAL

Bartlett G. Dickinson, Georgetown College
Nader C. Dutta, University of Utah
E. F. Jaeger, ASP Fellow
Steven G. Sanders, Southern Illinois University
Elden K. Shaw, San Jose State College
Wen-Wu Shen, Durham Technical Institute
Shi-Tsan Wu, University of Alabama

UCAR FELLOWSHIP PROGAM

This fellowship program was established by UCAR to
attract outstanding students into graduate study in the
atmospheric sciences from the parent disciplines of
physics, applied mathematics, chemistry, and engineering.
UCAR Fellows in 1971 were:

Patricia Buder, Saint Louis University
Robert M. DiCamillo, Drexel University
Steven M. Platte, Iowa State University
Francis P. Richards, Lowell Technological Institute

ASP participates in the selection of these Fellows and
organizes a summer program for them at NCAR. This
includes seminars on NCAR activities with senior staff and
management including UCAR President Roberts, NCAR
Director Firor, as well as Newkirk (HAO), Palmer (FAL),

Cadle, Leith, Pate, and Sartor (all of LAS), Swinbank
(NHRE), and Zipser (GTG). In addition, the Fellows were
given a number of tours of NCAR facilities and field
projects including NHRE facilities at Grover, Colorado,
the HAO Climax Observing Station, and the RAF opera-
tions base at Jefferson County Airport. They also each
worked closely with an NCAR scientist on a project of
mutual interest, in particular: Buder worked with Swin-
bank, in NHRE, DiCamillo worked with Drake and
Kasahara (both of LAS) on convective adjustment, Platte
worked with Zipser on tropical observations, and Richards
worked with Julian (LAS) on tropical climatology.
Thompson (Florida State University), a 1969 and 1970
Fellow, returned for the summer to work on coastal up-
welling with O'Brien, his advisor, an LAS summer visitor
from Florida State University.
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ENVIRONMENTAL ASSESSMENTS GROUP

NCAR's interest in the societal implications of atmo-
spheric alteration was established in 1965 when we were
host to an NSF-funded symposium on the economic and
social aspects of weather modification. In 1966, a task
group on Human Dimensions of the Atmosphere was
formed, again sponsored by NCAR and funded by NSF.

This year EAG was formed in ASP to assess the impact
of technological developments in the atmospheric sciences
on the human environment and to develop and apply
logical and quantitative methods of analysis to decision
problems related to the experimental or operational use of
these developments. At present the EAG program is
focused largely on the problem of hail suppression within
the context of NHRE. Murphy is concentrating on
technology assessment and decision analysis methodology
to answer the question, "Should hail suppression tech-
nology be applied on an operational basis in northeastern
Colorado?"

NHRE presents an opportunity to do baseline research
on ecological and societal implications of weather modifi-
cation; these considerations are essential elements in both
the assessment and decision-making processes. As a
consequence, university scientists, under contract to
NCAR, are examining the implications of hail suppression
for particular aspects of the environment. At present, the
following supporting research (described in more detail
below) is in progress:

* Environmental effects of silver iodide on the shortgrass
prairie (L. Teller and D. Klein, Colorado State
University)

* Legal and political implications of NHRE (H. and R.
Taubenfeld, Southern Methodist University)

* Social implications of NHRE (H. Haas, University of
Colorado)

In addition, an NSF-funded study of the economic and
institutional considerations of hail suppression is being
conducted by the Economic Research Service of the
Department of Agriculture; EAG is assisting in this study.

Direct support is provided to NHRE by EAG by
appraising public attitudes in the research area, by serving
as contact for NHRE with environmental groups, and by
monitoring environmental legislation.

Following on the EAG seminar in December, plans are
going forward for a conference in 1972 on the tolerable
limits of atmospheric alterations.

THE ENVIRONMENTAL EFFECTS OF
SILVER IODIDE ON THE SHORTGRASS
PRAIRIE

The 1971 research program had two objectives: to
obtain baseline values for silver in the target area
ecosystem before any seeding began, and to perfect
sampling and analysis techniques to be used in the project
in subsequent years.

An evaluation of the environmental effects of silver
iodide requires a study of its disposition in the terrestrial
and aquatic ecosystems. In addition, before possible toxic
effects which might be obtained in the laboratory can be
extrapolated to the field situation, natural levels of silver
in soils and plants must be established. Consequently,
efforts in the 1971 season emphasized the obtaining of
baseline measurements and the setting up of a system for
monitoring periodic natural or artifical depositions of
silver in the target area.

Laboratory studies included infiltration experiments to
trace the movement of surface-applied silver through
undisturbed soil cores and respiration measurements to
determine the effect of silver on soil microorganisms.

Measurement of silver levels in terrestrial samples on
three occasions during the 1971 summer season indicated
that mean silver concentrations in surface soil ranged from
less than 0.008 to 0.017 ppm. Mean silver concentrations
in grass foliage ranged from 0.05 to 0.3 ppm. Mean silver
concentrations in water samples ranged from
0.1 X 10 -5 to 4.3 X 10 -Smg/Q. The combination of
high natural variability of silver levels and insufficient
seeding events prevented a determination of the relation-
ship between cloud seeding and peak silver values.

THE LEGAL AND POLITICAL
IMPLICATIONS OF NHRE

Northeastern Colorado is a typical prairie farming area
containing intermingled agricultural methods. Hail sup-
pression activities may have widely varying effects on
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farmers and ranchers depending upon such factors as crop
and grazing patterns and harvest periods. Hail suppression
will almost certainly have effects that carry over county,
over state, and may even have effects that extend over
national boundaries. The complex legal implications of
weather modification have been discussed in theory in
dozens of law review articles. This study is among the first
to focus on an actual field project at its inception.

In 1971 legal and political research included investiga-
tion into such matters as the existing political regimes,
relevant statutory and case law, current and foreseeable
political settings in the relevant legislatures, alternative
strategies for resolving conflicts of interest, and methods
for avoiding interference among seeding operators. Per-
sonal interviews with elected officials and government
administrators were conducted by the investigators during
and after the summer's activities. Close attention was
given to the formulation of a bill entitled "Controlling
Weather Modification Activities," which has been for-
warded by the Colorado Legislature to the Governor of
Colorado for attention in January 1972.

THE SOCIAL IMPLICATIONS OF NHRE

An intensive case study of the social impact of NHRE
was conducted in northeastern Colorado. The study used
a panel "before-after" design with one "experimental"
and two "control" population groups. Data were collected
by face-to-face interviews and by mailed questionnaires
before and after both experimental operations and the
release of information about the hail experiment through
news media. Both rural and urban residents were inter-
viewed. Briefly--there appears to be strong support in
the area for the application of science in general and
weather modification research in particular to economic
problems. When questions are focused on a specific
experiment--NHRE--attitudes are still predominantly
favorable but less conclusively so. Investigation into
opinions about the decision-making process indicated a
strong belief that local residents should play a major role
in decisions regarding weather modification programs in
their area but that, in fact, such participation will not
occur.



108

STAFF RESEARCH

In addition to running fellowship, colloquium, and
seminar programs, and EAG, the small, regular ASP
scientific staff engages in some research of its own, either
alone or in collaboration with visitors or scientists in other
divisions of NCAR. This research is briefly surveyed
below.

In the theory of the solar wind developed by Parker,
the flow, which is subsonic near the sun, becomes
supersonic at about seven solar radii. The speed of the
flow increases monotonically up to a finite value at
infinity and the heat flux does not vanish at large
distances. The asymptotic behavior of the temperature at
large radial distances is given by T r -2/7. Durney has
shown that if the density at the base of the corona is
sufficiently large the above properties of the solar wind
cease to be valid. Instead the flow speed reaches a
maximum and decreases thereafter to a finite value at
infinity, whereas the heat flux vanishes at large distances.
The asymptotic behavior of the temperature is given by
T r 4/3. The disappearance of the heat flux at large
distances is of special interest because one of the most
significant disagreements between the theory and observa-
tions is the very large value of the heat flux at the earth
predicted by the theoretical models. Durney has com-
puted the solar wind parameters at the earth for a variety
of density and temperature values at the base of the
corona. In general, the solution having zero heat flux at
infinity shows better agreement with observations than
the Parker-type solution. Durney and P. Roberts (visitor
from the University of Newcastle upon Tyne) used a
mathematical transformation to survey numerically all
solutions of the inviscid solar wind equations. Durney is
continuing to work on two-fluid solar wind models and
chromospheric heating.

With the help of a model atmosphere Durney and
Werner (FAL) calculated the pole-equator difference in
flux on the sun produced by the combined effect of a
difference in effective temperature and mechanical heat-
ing. It appears that indeed a plausible explanation of
Dicke and Goldenberg's observations of solar oblateness
could be a small pole-equator temperature difference at
large optical depths coupled with a larger temperature
difference at small optical depths.

Using the Leighton model for the solar cycle, Durney
and Stenflo (HAO visitor from Lunds University) have
shown that, with certain additional assumptions, the

model predicts that the period of the solar cycle should
increase with the age of the sun.

Durney also calculated models for the angular velocity
of the sun near the surface (less than one optical depth)
assuming radiative equilibrium and vanishing meridian
circulation. In the outward direction, the angular velocity
was found to decrease and significant pole-equator tem-
perature differences developed. Alternatively, solid rota-
tion in the surface layers implies meridional velocities of
about 1 m/sec.

Fogle and Haurwitz reviewed a long history of observa-
tions of noctilucent clouds and concluded that their
variability was not related primarily to solar, cometary,
or meteoric activity, but rather to explosive volcanic
eruptions and multimegaton nuclear explosions in the
troposphere, both of which inject or entrain large quan-
tities of water vapor into the stratosphere. This water
vapor would have to be transported poleward to the high
latitude summer mesosphere to form the ice particles that
recent sampling indicates make up noctilucent clouds.

Fogle and M. H. Rees (LASP) recently completed
analysis of some spectral measurements from the moder-
ately bright noctilucent cloud display of 22 - 23 July
1969. These results confirm that the light from noctilu-
cent clouds is scattered sunlight from submicrometer
particles. The spectra have no discernible emission or
absorption features. If the cloud were made up of a
monodisperse aerosol of 1350 - A - radius ice particles,
Mie scattering theory predicts that the number density of
particles is about 1/cm 3.

Gilman concentrated on numerical modeling of differ-
ential rotation driven by thermal convection in a rotating
fluid. The work is motivated by the problem of solar
differential rotation. In particular, two models were
examined: a laboratory annulus model, and a model for
an equatorial annulus of a rotating spherical shell, which is
more directly applicable to the sun. The calculations are
moderately nonlinear and are for a stratified liquid. In the
laboratory model, rotation is parallel to gravity and the
fluid is confined by nonslip sidewalls. The convection
which develops is in the form of tilted, nearly transverse
rolls. These selectively transport momentum toward the
outer rim to make the outer half of the fluid in the
annulus rotate faster than the inner half. The amplitude of
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differential rotation obtained is a strong function of the
Prandtl number, P, of the fluid, which measures the ratio
of viscosity to thermal diffusivity, with small amplitudes
at high P. At no P does the induced differential rotation
contain more than a few percent of the energy of the
convection which induced it. For P much larger than
unity, the differential rotation is maintained by meridian
circulation acted on by coriolis forces. For P on the order
of unity, maintenance is primarily by the Reynolds
stresses in the convection cells transporting momentum
up the gradient. For small P, the two mechanisms are
comparable in magnitude.

However, in the equatorial annulus model in which
rotation is nearly perpendicular to gravity, differential
rotation comparable in amplitude to the forcing convec-
tion is easily produced if the viscosity is not too large. The
equatorial regions do tend to rotate faster than higher
latitudes, as on the sun (except in some cases for a very
localized region near the equator), and the amplitudes are
in reasonable agreement with the solar values. Momentum
is transported equatorward by horizontal Reynolds
stresses in the convective motions. For low viscosities, the
flow becomes increasingly heliostrophic, i.e., coriolis
forces balance pressure gradients and buoyancy. A defi-
ciency of the model is that the radial heat transports vary
rather strongly with latitude, no evidence of which is
observed for the sun. More elaborate models are being
prepared, in spherical geometry, which will penetrate
further into the nonlinear flow regime than do present
models, which are confined to within a factor of two or
three of the critical Rayleigh number for convection.

Haurwitz, assisted by Cowley, continued his work on
the spherical harmonic analysis of atmospheric tides. In
particular, he has concentrated on seasonal variations of
the solar diurnal and semidiurnal modes in the surface
pressure. These modes include the diurnal variation with
longitudinal wave number 1, semidiurnal oscillation with
wave number 2, and smaller amplitude oscillations with
other wave numbers, some of which actually propagate
eastward. The analysis is currently being extended to the
global distribution of the annual and semiannual pressure
or contour height variations at various levels in the
atmosphere.

Haurwitz continued to collaborate with George Platz-
man (University of Chicago) on a book on "geotides." As
indicated under lectures and seminars, he also taught
extensively during 1971.

Murphy continued his investigations of the relation-
ships between measures of the "accuracy" and "value" of
probability forecasts. Preliminary results indicate that
ordinal relationships exist between measures of validity
and utility or expected utility for individual, comparable
forecasts. That is, the validity measure is able to order, or
rank, forecasters or forecast procedures or both according
to the utility or expected utility of their forecasts. For
collections of individually comparable forecasts similar
relationships hold between average validity and average
utility or average expected utility in certain very special
situations. Murphy also completed a study in which he
formulated scalar and vector partitions of the probability
score (PS) and the ranked probability score (RPS) and
demonstrated that these partitions are not equivalent. The
scalar and vector partitions, which are based on expres-
sions for these scoring rules in which probability forecasts
are considered to be scalars and vectors, respectively,
provide measures of the reliability and resolution of such
forecasts for ordered (RPS) and unordered (PS) variables.

Murphy and Robert Winkler (Indiana University) con-
tinued their studies of subjective probability forecasting,
with particular emphasis on the process by which fore-
casters aggregate or assimilate information. They described
models of this process for dependent as well as independ-
ent information and formulated measures which can be
used to determine the effects of dependent information
on the aggregation process. Murphy and Winkler also
initiated development of two questionnaires concerned
with probability forecasting which are to be used in con-
nection with a nationwide survey of National Weather
Service forecasters.

Murphy also serves as an associate investigator on a
study entitled "User Needs and Dissemination Require-
ments for Atmospheric Information," being conducted by
an interdisciplinary team of scientists at the Institute of
Behavioral Science, University of Colorado. This study
involves an analysis of the processes of dissemination and
use of weather information, air quality information, and
climatological data, and involves discussions with individ-
uals from NOAA, private meteorological consultants,
disseminators, and selected users. Particular attention is
being given to (1) who receives this information,
(2) through which modes or channels, (3) what types of
information are most frequently received and used, (4) for
what purposes, and (5) the estimated value of such use.

Thompson studied the statistical behavior of two-
dimensional viscous flow with random forcing. By regard-
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ing the amplitudes of Fourier modes of the stream
function as the coordinates of an ensemble of "static"
points in a multidimensional phase space and requiring
continuity of the phase flow, he derived a linear partial
differential equation for the probability density of the
ensemble. For a one-parameter family of types of
random forcing, there exist exact analytic solutions for
the equilibrium probability distribution and exact equilib-
rium energy spectra. In the special case of "white noise"
forcing (equal rates of forcing in all modes), the proba-
bility distribution is an exponential function of the total

kinetic energy and the energy density varies inversely as
the square of scalar wave number. More generally, the
probability distribution is the product of exponential
functions of both integral invariants, i.e., kinetic energy
and enstrophy. Thompson has recently developed an
approximate method for calculating the statistics of flows
in which random forcing is concentrated in a narrow band
of wave numbers in order to compare analytic results with
those computed numerically by Lilly and Leith (both of
LAS), and others.
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VISITOR RESEARCH

Visitors to the Advanced Study Program work on a
wide variety of research problems, either alone or in
collaboration with other NCAR staff members. We de-
scribe briefly below the activities of those visitors who
completed their stay at NCAR during 1971. The activities
of those who began their stay in 1971 but will not finish
until 1972 will be described in the 1972 Annual Report.

Breeding (visitor from the Massachusetts Institute of
Technology) concentrated on nonlinear numerical model-
ing of vertically propagating gravity waves in a stratified
fluid. He found that propagating waves produce unstably
growing perturbations at roughly the height predicted by
linear theory. A mean flow is also formed at that level
from an originally resting atmosphere. This mean flow,
once formed, quickly develops a critical level that further
complicates the interactions. Breeding also began looking
into various problems associated with monitoring and
modeling the air pollution emanating from a large city.

Brown (visitor from the University of Washington)
systematically examined as an eigenvalue problem the
stability of shear flow near boundaries when rotation,
stratification, and viscosity are present. He made extensive
use of graphical techniques as well as the so-called
"shooting method" of solution. Brown found that the
Ekman layer profile with unstable stratification is un-
stable to shorter wavelength rolls oriented more parallel to
the flow above the boundary layer than in the neutral
case. He also found that with stable stratification, the
inflection point instability is damped completely when
the local Richardson number at the inflection point in the
flow profile exceeds 0.25.

Diltsch (visitor from the Swiss Federal Institute of
Technology), assisted by his student Dubach, developed
plans and did preliminary calculations related to incorpo-
rating a realistic stratospheric ozone model into the
NCAR GCM. The model will be interactive in the sense
that the dynamics will be allowed to influence the
distribution of ozone and other relevant gases including
water vapor and nitrogen oxides and the heating produced
by the photochemical reactions will be allowed to
influence the motion. Other participants in the modeling
effort will be Washington (LAS) and Julius London and
J. D. Park (both of the University of Colorado).

Foote (visitor from the University of Arizona) did
extensive numerical calculations in modeling the collision
of two water drops of equal size. He has shown that drops
which bounce off each other at low impact velocities will
coalesce at higher velocities because internal flow induced
in the impacting drops helps to sweep away air between
them, allowing them to coalesce. This model provides an
explanation for experimental results obtained earlier by
various workers. Foote expects to generalize his results to
the case of colliding drops of unequal size. His results will
help determine the efficiency of cloud drop coalescence in
forming rain.

Hoskins (visitor from Cambridge University), working
partly in collaboration with F. P. Bretherton of Johns Hop-
kins University, has developed a succession of nonlinear
analytical and numerical models which give increasingly
realistic pictures of fronts. They model both surface
fronts and upper troposphere fronts in the neighborhood
of the jet stream and include such features as quickly
developing discontinuities in temperature and wind from
large-scale background patterns and sharp tongues of
stratospheric air penetrating into the troposphere. It may
be possible to incorporate models like these into general
circulation models in order to predict the location of
fronts even when the general circulation grid is too coarse
to develop fronts explicitly.

Lin (visitor from the University of Iowa) has worked
on a variety of theoretical problems in turbulence theory
including turbulent shear flows, jets, isotropic turbulence
in the inertial and dissipation ranges, and diffusion of
particles by two-dimensional turbulence. He showed that
in two-dimensional homogeneous turbulence the dimen-
sions of a cloud of dispersing particles, such as balloons in
the atmosphere, should grow exponentially with time
rather than according to a power law as in the three-
dimensional case. He also was able to obtain reasonable
agreement with experimental and numerical results for the
spectrum of decaying isotropic turbulence with an analyti-
cal calculation based on a simple closure hypothesis.

Olson (visitor from NOAA) and W. O. Roberts
(UCAR), assisted by Cowley and Jenne (FAL), continued
their studies in the general field of solar-weather relation-
ships. Specifically, they studied the apparently significant
causal connections that exist in winter between the
occurrence of large geomagnetic storms (here considered
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as evidence of intensified solar activity) and subsequent
deepening of Rossby waves near the tropopause level in
the Gulf of Alaska/North America region. The results of
the year's work confirm earlier findings that 300 - mb
troughs which move eastward out of the Gulf of Alaska
two or four days after sudden geomagnetic or auroral
disturbances tend to develop greater cyclonic vorticity
than other 300 - mb troughs moving eastward out of the
Gulf of Alaska. They plan to extend their Rossby wave
statistical work uniformly over the 1950 - 1970 period.
This is being done in response to an internationally
cooperative project under IUGG/URSI auspices.

A second phase of their work involved an observational
program in cooperation with NASA, which was set up for
the winter half-year of 1970 -71 to determine whether
increased cirrus cloud formation occurs after enhanced
geomagnetic activity. Positive findings would be a step
forward in seeking to establish a plausible physical
mechanism to link the geomagnetic events and the
subsequent circulation changes. Data from the Nimbus 4
satellite were specially processed by NASA for this work.
The analysis has not yet proceeded far enough to reveal
any definitive results but will be pursued further in 1972.
It involves computer analysis of satellite-derived infrared
radiation data and examination of data from Tiros
satellites. A third aspect of the work was begun in
cooperation with the NCAR GCM group--principally
with Baumhefner and Washington (both of LAS). This
work involves testing by the GCM of the global dynamical
impact, if any, of adding an arbitrary impulse of heat at
the tropopause level at auroral latitudes to simulate the
possible effect of a cirrus deck at a time of geomagnetic
disturbance.

P. Roberts engaged in a wide variety of research
including kinematic and hydromagnetic dynamo theory,
resistive instabilities in plasmas, theory of the solar wind,
and liquid helium fluid dynamics. Together with Stix
(HAO visitor from the Observatory of G6ttingen Univer-
sity), he translated from the German more than 20 articles
on a-effect dynamos written by Krause, Radler, and
Steenbeck and published in relatively inaccessible jour-
nals. He also performed a number of numerical integra-
tions which confirmed some of their simpler calculations
and significantly improved on others. In those dynamos in
which poloidal field is produced from toroidal by helical
eddies (the ca effect) and the toroidal is regenerated by a
differential rotation, a number of the earlier numerical
results of Krause, Raidler, and Steenbeck were found to be
incorrect because their solutions had not converged.
Roberts found that both dipolar and quadrupolar mag-

netic fields are excited with almost equal ease and are
oscillatory. With Stix, Roberts also developed models
more relevant to the sun including a model incorporating
variable effective electrical conductivity which produced
magnetic flux expulsion from the high-conductivity radia-
tive core. The model also produced something resembling
the "Maunder diagram" for latitude location of sunspots
as a function of magnetic cycle. Roberts also began work
on solution of the hydromagnetic dynamo problem, i.e.,
solution of the equations of fluid motion as well as the
electromagnetic induction equations.

For the solar wind problem, Roberts found a simple
transformation of the inviscid solar wind equations which
reduced them from a two- to a one-parameter family. In
collaboration with Durney, he used this result to numer-
ically survey the solutions to the equations and to show
that as the single parameter (a dimensionless thermal
conductivity) is decreased, the solutions pass from a
classical Parker type to a Durney type, with solution by
Whang and Chang valid at a single value. With Andrew
Soward (visitor-to CIRES), Roberts performed a further
asymptotic analysis which showed that the Durney
solution could be matched to a solution of the Chamber-
lain stellar breeze equations and found additional solu-
tions not previously known. -

Sakurai (visitor from Kyoto University) studied various
theoretical problems associated with the spin-down of the
sun as well as some aspects of the azimuthally dependent
solar wind. Currently, there is an active controversy over
whether the sun's interior is rotating much faster than
surface layers, as Dicke has inferred from solar oblateness
measurements. Whether such a fast rotating interior is
dynamically possible depends on how quickly the interior
adjusts (spins down) as the convection zone is being
slowed due to angular momentum loss by the solar wind.
If the spin-down time is short compared with the sun's
age, then presumably a fast rotating interior is not
possible. Sakurai, in collaboration with A. and P. Clark
(visitors to JILA), has made considerable progress on
modeling the spin-down process for a stellar interior. Pre-
vious models have been applicable only to incompressible
stratified fluids with comparable heat and momentum dif-
fusivities. Sakurai and the Clarks have extended the analy-
sis to the case of very large heat diffusion (small Prandtl
number), which is typical of stellar interiors. Sakurai has
recently further extended this analysis to include com-
pressibility, simple radiative transfer, and nonlinear effects.
The results show that the spin-down time for the solar in-
terior is likely to be comparable to the age of the sun and
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that whether the correct time is somewhat shorter or
somewhat longer will depend on the details of even more

realistic models including spherical geometry, magnetic
fields, and differential rotation in the initial state.
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The solar corona and zodiacal light photographed by astronaut A. Worden during lunar orbital flight of the
command module of Apollo 15. The moon, illuminated by earthshine, shows a mare surface with
mountainous highlands (bottom of photograph). HAO staff assisted in planning these observations,
which reveal the structure of the corona at distances from the sun which have been inaccessible to
earthbound instruments. (Photograph courtesy of NASA Manned Spacecraft Center, Houston, Texas.)
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INTRODUCTION

One of the consequences of progress in science is that
attitudes, techniques, and facilities become outmoded.
After 32 years of operation, the High Altitude Observa-
tory site at Climax, Colorado, will be closed during the
summer of 1972.

Ever since its inception in the early 1940s as a field
station of Harvard College Observatory, Climax has been
the source of highly successful and widely recognized
observations of the sun. However, the observations made
at the coronagraph station and its facilities at Climax have
gradually become noncompetitive with more modern
observations because of the increasingly demanding re-
quirements placed on the observing conditions by today's
investigations. Although short periods of clear sky were
sufficient to meet HAO's program objectives in the past,
future investigations from ground-based stations require
uninterrupted periods of clear sky as long as several days
or even weeks. There are frequent and occasionally
prolonged periods of cloudiness at Climax, and previously
inaccessible locations with much better viewing conditions
can now be easily reached through modern transportation
facilities.

The decision to close the station naturally raises the
question of what HAO will do in the future to satisfy its
need for observations. A brief analysis of our operation
over the past ten years shows that, even with Climax in
full operation, more than half our work has been carried
out on an "expeditionary" basis using aircraft, balloons,
and temporary sites with special attributes such as
extraordinarily dark skies or location on the path of a total
eclipse. In the future we will emphasize both expedition-
ary modes of obtaining observations and research involv-
ing space platforms.

Naturally, a well-balanced program also requires the
use of equipment, which by its very bulk and complexity
must be considered to be a general-purpose, fixed observa-
tory. In the future, many HAO programs requiring a
permanent station will be carried out in collaboration
with the staff of other observatories, such as the Sacra-
mento Peak Observatory, with which HAO has had a
cooperative arrangement for some time. We all look
forward to the stimulation of increased collaboration with
the scientists at these institutions.
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THE PHOTOSPHERE, CHROMOSPHERE,
AND RADIATIVE TRANSFER

INTRODUCTION

Research in radiative transfer at HAO began as a rather
modest effort over two decades ago. Since this beginning,
the HAO study of radiative transfer has achieved interna-
tional recognition, and HAO has become one of the
world's most active centers for such research. This growth
is directly attributable to the urgent need for such
research and to the unique opportunities offered at
NCAR.

Most of our knowledge of the universe, outside our
own immediate environment, is extracted from electro-
magnetic radiation arising in, passing through, or reflected
from some object. It has been known since the work of
E. A. Milne in the early 1930s that a rigorous treatment of
the transfer of radiation through matter, in the most
general case, was not mathematically tractable. The
problem becomes tractable analytically only under certain
limitations which include many cases of practical interest.
There are, however, a wide range of radiation transport
problems of interest in connection with stellar and
planetary atmospheres for which the restricting limita-
tions necessary for analytic solution are not valid. For
these problems, numerical techniques must be devised.
This is particularly true in the case of line spectra, and it is
the line spectra of astrophysical sources that carry the
greatest wealth of information concerning the medium in
which the lines form.

Thus, a proper analysis of line spectra of stars and
planets provides access to a vast reservoir of knowledge
concerning the physical conditions in the atmospheres of
these objects, much of which cannot be obtained by any
other known means. In addition, the lines themselves
often play a vital role in the energy balance within the
atmosphere and, in addition to being messengers of the
structure, they are instrumental in creating the structure.

As with any other scientific area a major effort in the
study of radiation transport has several key ingredients.
These include:

* A large enough concentration of people with expertise
in radiation transport not only to stay abreast of the
recent developments but also to provide the necessary
interactions to maintain excellence in the field

* A broadly based program that can capitalize on the
experience and knowledge developed in disciplines
adjacent to those of prime interest

* Easy access to a major computing facility

* Freedom to concentrate on particular problems of
critical interest

* An attractiveness to outside researchers that will insure
a steady flow of visitors

* An active, broad-based participation in the application
of transport theory to the analysis of spectral data

The breadth of these requirements severely limits the
number of institutions that can support a major effort in
this research area. NCAR has either achieved maturity or
has made a substantial start in each of these areas.
However, some of this maturity was' only recently
acquired, and we are notably lacking in certain areas
including many phases of transport problems in planetary
and terrestrial atmospheres.

Work in radiation transport in HAO has been, and
probably will continue to be, devoted primarily to the use
of radiation transport as a tool for studying the solar
atmosphere and stellar atmospheres. In particular, our
efforts have focused on four major areas: (1) development
of improved mathematical and computational techniques,
(2) investigation of the influence of magnetic fields on the
polarization properties of spectral lines, (3) determination
of the thermodynamic and fluid dynamic states of the
solar chromosphere and photosphere, and (4) study of
stellar photospheres and chromospheres. The first is
clearly necessary since most of the important problems in
radiation transport are mathematically complex. The
second is necessary for the interpretation of solar mag-
netic field data, whose critical nature is described in this
and other sections. The third is necessary for an under-
standing of the total transport of energy including
mechanical heating in the solar atmosphere. The fourth
expands the overall study to the photospheric and
chromospheric phenomena of other stars and thereby
extends the range of physical conditions being studied and
provides chronology. (The history of solar radiation
incident on the earth is best determined by observing stars
in various stages of evolution.)
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Clearly, such a program requires the interaction of
NCAR and non-NCAR scientists. The flow of visitors to
NCAR to take advantage of the staff expertise and the
computing facilities is steadily increasing and is approach-
ing a level befitting a national laboratory. We confidently
anticipate an even broader visitor program in the imme-
diate future. The close proximity of HAO to JILA adds
further dimension to the radiative transfer program.
Research at JILA includes evaluation of the atomic and
molecular parameters essential to the solution of transport
problems.

HAO's tie with the observational aspect of transport
problems, namely, the acquisition and analysis of high-
quality spectral data, is made possible through our use of
the facilities at Sacramento Peak Observatory and Kitt
Peak National Observatory and through our collaboration
with staff members at these and other observatories.
HAO, in cooperation with the Sacramento Peak Observa-
tory, has been developing an instrument designed to
measure the frequency dependence of each of the Stokes
parameters within spectral lines. This powerful new
Stokes-parameter spectrograph will provide valuable new
information on magnetic field structure in the solar
atmosphere, including the corona, prominences, chromo-
sphere, and photosphere, and it will resolve many of the
problems which now prevent an understanding of how
spectral lines are produced in regions where magnetic
fields occur.

Another unique opportunity for expanded research in
radiation transport will be presented by the OSO-I
satellite to be launched in 1973 carrying an advanced
complement of solar instrumentation. The data from this
satellite will allow the study of the upper solar atmo-
sphere in a manner heretofore impossible. HAO staff
members are actively collaborating on two of the major
OSO-I experiments by helping to formulate the objectives,
guide instrumentation development, perform the observa-
tions, and analyze the data.

THE SOLAR PHOTOSPHERE

The temperature structure of the solar atmosphere is
determined by the energy deposited at each height by
radiative and mechanical heat transport. The fact that the
temperature drops to a minimum in the low chromo-
sphere and rises in the upper chromosphere and corona
indicates that mechanical energy is deposited above the
minimum. To determine how much energy is deposited, it
is necessary to determine experimentally the temperature

structure that actually exists and to calculate the structure
that would exist in the absence of mechanical transport.

The HAO work to determine the value of the minimum
temperature and explain that value as a result of blan-
keting by Fraunhofer lines was described in the 1968 and
1969 Annual Reports. During 1971 White, Richard
Altrock (Sacramento Peak Observatory), and James Brault
and Charles Slaughter (both of Kitt Peak National
Observatory), using an analysis of the solar limb darkening
in the forbidden Mg I line at 4571 A, corroborated the
low (4,200 0 K) temperature for the minimum region. We
then began attempts to determine more about the
physical conditions just above the minimum region.
During 1970 Eddy, MacQueen, Mankin, and R. Lee
constructed a high-resolution far-infrared spectroradiom-
eter for measurements from high altitude aircraft of the
solar radiation from 300 to 1,000 pm. The apparatus was
tested during April 1971 on top of Pikes Peak (4,290 m)
and in October was installed in the NCAR Sabreliner. A
series of ten flights, each with a duration of about 2.5 hr
at an altitude of 12 km, resulted in approximately 300
high quality spectra with a spectroscopic resolution of
0.06 - 0.2 cm- 1. A temperature-controlled blackbody radi-
ation source provided absolute intensity calibrations and
allowed the spectra to be related directly to the solar
radiance and, hence, to the temperature of the emitting
layers. We began analyzing these data with the goal of
specifying the solar mean temperature structure at and
just above the temperature minimum.

Athay and Lites investigated the excitation and ioniza-
tion equilibrium of neutral iron (Fe I) in the solar
atmosphere. Their work involved solutions of the coupled
radiative transfer and statistical equilibrium equations for
a model Fe I atom consisting of 15 bound energy levels
with 13 permitted line transitions for which the radiative
transfer equations must be solved. This is the most
complex line transfer problem successfully attempted for
a plane parallel atmosphere. All atmospheric parameters
such as temperature, density, and macroscopic velocity
vary with depth. Results of these computations led to
somewhat surprising conclusions about the determinations
of iron abundance by the usual methods assuming LTE
(local thermodynamic equilibrium). The abundance of
iron in the sun has been a topic of much debate since it
was realized, several years ago, that the classical photo-
spheric abundance determined by Goldberg, Muiller, and
Aller (GMA) appeared too low by at least a factor of ten
to be compatible with the intensities of the coronal
emission lines of iron. The anomalously high abundance
of iron in the corona prompted many speculations as to
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how such a situation might arise and stimulated new
laboratory measurements of the oscillator strengths of
many of the iron lines. Although the oscillator strengths
of some of the lines were revised upward, most of those
used in the GMA analysis remained approximately the
same. Thus, the anomaly remained unexplained. During
1971 Athay and Lites found that the particular lines used
in the GMA analysis are strongly affected by departures
from LTE. Their solutions for the model Fe I atom
require an upward revision of the GMA abundance of iron
by a factor of three to four. This result is of particular
interest since it suggests that the abundances of other
elements may similarly be in error and that apparent
abundance differences among certain types of stars may
not be real but may possibly result from radiative transfer
effects of this type. These abundance differences have
been used extensively in theories of stellar structure and
evolution.

Athay, Lites, White, and Brault have collaborated on
the study of new observational data for profiles of Fe I
lines. They discovered new systematic effects in the
profiles and explained them qualitatively in terms of
certain necessary features of the model solar atmosphere
not previously recognized (Fig. 1). They began extensions
of this work expected to shed new light on the nature of
the macroscopic motions in the chromosphere and photo-
sphere in a region difficult to observe.

Small areas of the solar photosphere exhibit an almost
sinusoidal motion with a characteristic period of about
5 min, and the generally accepted explanation of this
oscillation is that it is produced by the superposition of
standing waves at two or three frequencies characteristic
of the photosphere as a whole. Such an "eigenmode" or
"organ-pipe" description implies that the observed oscilla-
tion should have frequency and phase variations similar to
those of amplitude-modulated carrier waves common in
radio work. For some time White has suspected that this
simple picture could not be supported empirically by a
thorough statistical analysis of long time series of mea-
surements. During 1971 White and Cha (visitor from the
University of Hawaii) made such an analysis on four sets
of data supplied by R. Howard (Hale Observatories).
Statistically, the oscillation does not display the beat
phenomena characteristic of a simple sinusoidal motion
but is better described as a narrow-band filter driven by
random noise (Fig. 2). Since their analysis shows only one
resonant frequency at 3.3 X 10- 3 Hz, the reality of
several eigenmodes for the solar atmosphere is in doubt.
If, as observations become better, this statistical descrip-
tion holds even for very small areas, our concept of the
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Fig. 1 Profiles of solar lines of multiplet 41 of iron as a
function of position on the solar disk
(/t = [1 - (r/R®)2 ] 1/2) and of line strength at p = 1

(disk center). Two features of the profiles are of interest
and are typical of many strong solar lines. These are:
(1) the crossing of the profile for p = 1 with profiles at
p = 0.67 and p = 0.5 (part A), and (2) the upward
concavity in the line wings that is more pronounced near
p = 1 (part A) and for strong lines (part B). These effects,
as well as others extractable from the same profiles, are
sensitive indicators of the atmospheric structure.

photosphere must change from that of a simple oscillator
to a physical filter driven by the random noise of
turbulence in the lower layers.

__ __
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A. SOLAR TIME SERIES B. SIMPLE AMPLITUDE MODULATED SINUSOID
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Fig. 2 Comparison of the properties of a photospheric
velocity oscillation with an amplitude modulated sinusoid
cos (2 7rfmt) cos (2 7fct) having two resonant frequen-
cies. The two frequencies fm and fc are 0.4 X 10 -3 Hz
and 3.3 X 10-3 Hz, respectively, so as to be commensu-

THE SOLAR CHROMOSPHERE

The study of chromospheric inhomogeneities on the
sun is stimulated by the need to understand how various
conditions, e.g., the magnetic field strength, the super-
granulation velocities, etc., affect the structure and energy
transport in the chromosphere. A sensitive indicator of
this structure is the intensity and profile of the Ca+K line.
All models of the solar chromosphere are based on
comparisons with statistically averaged (over large areas of
the sun) spectral data. High-angular-resolution (one-
dimensional) spectral profiles of the Ca+K line have
heretofore been of limited usefulness because of the lack
of a scheme to quantitatively classify the inhomogeneities
that occur and because of the lack of simultaneous
observations of the other relevant parameters such as the
field and velocity. Frazier (Aerospace Corporation) has
made simultaneous but uncalibrated photoelectric mea-
surements of the intensity of the emission in the center of
the Ca+K line and Ha lines and magnetic field and
supergranulation velocities over small elements of the
quiet sun. He kindly made these data available to

rate with the corresponding average photospheric values.
This illustration demonstrates that solar osciallation can-
not be regarded as a.simple sinusoidal oscillator because
its phase and frequency never remain constant within a
beat.

Skumanich who, during 1971, calibrated the Ca+K emis-
sion in absolute units and found linear regression relations
between the magnetic field, Ca+K emissions, and super-
granulation velocity. This now permits us to use the
Ca+K emission, as measured from slit spectra, to estimate
the values of the magnetic and velocity fields and thus to
classify the physical nature of the inhomogeneities under
study.

In another study, Skumanich and Phillippe LeMaire
(1970 visitor from the French National Center for
Scientific Research) collaborated on the analysis of
balloon observations of the solar Mg+ resonance doublet
at 2800 A which shows strong chromospheric emission.
Using a spectral index analogous to the Ca+K emission
index, they assigned the observed chromospheric profiles
to quiet, network, and plage regions. They then compared
these profiles with those predicted theoretically with
current models of the chromosphere and found that the
Athay-Canfield model, as derived from the analysis of
rocket data of the O I triplet at 1300 A represented a
hotter and, kinematically, more "turbulent" plage model

5 6 7 8 9 10
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than that indicated by the Mg+ data. They found the same
effect when they compared the average of the quiet and
network profiles with the predictions of the Harvard-
Smithsonian model--a model which yields a reasonable
fit to the average Ca+K profile. Whether this is indicative
of real differences in the sun, differences due to different
spatial resolution among observations, differences in
statistical samples, or differences in absolute calibrations
remains to be determined.

The problem of absolute calibration errors in the
ultraviolet is real, and the need for accurate calibrations
cannot be overstressed. To determine an accurate empir-
ical model of the sun, it is necessary to have as large a
sample of the emission spectrum as is possible, and for
such a range to be intercomparable there must be accurate
absolute calibration--a need which tends to be ignored
because of its inherent difficulties and lack of direct
scientific return.

THE TRANSITION REGION

Our knowledge of physical conditions in the thin
transition zone between the 104 OK chromosphere and
the 106 OK corona comes largely from analyses of the
extreme ultraviolet (XUV) spectrum of the sun
(200 A < X < 2000 A). One result of past studies is the
knowledge that, because of the large temperature gradient
and thermal conductivity in this region, the downward
conductive heat flux from the corona is approximately
Fc = 6 X 105 ergs/cm 2 sec over the entire sun. This
heat flux is at least as large as all other energy losses in the
corona combined, and it raises questions with regard to
the mechanism of energy supply to the corona and the
means by which the conductive flux is ultimately disposed
of in the upper layers of the chromosphere (see 1967
Annual Report).

One of the assumptions upon which such studies are
based is that the transition region of the quiet sun is a
spherically symmetric atmosphere; heat flows vertically
downward from the corona and the transition region radi-
ates uniformly over the solar surface. Under this assump-
tion, Kopp (on leave from June 1971 to June 1972 to the
Max Planck Institute for Physics and Astrophysics, Mu-
nich) reanalyzed recent XUV observations to obtain the
divergence of the conductive flux V * Fc as a function of
temperature in the transition region. For a given set of
flux data V * Fc is proportional to Fg, the conductive
flux incident from the corona on the "top" of the
transition region. By requiring that V " Fc not exceed

the theoretical radiative loss function for an optically thin
plasma regardless of its temperature, he derived an upper
limit to F* of 3 X 104 ergs/cm 2 sec.

Kopp regards the discrepancy between F* and the
much larger value of Fc indicated by earlier studies as
indirect empirical evidence that the transition region is
composed of many small, discrete emitting structures
which are unresolved in the average intensity or flux data.
He proposes that the downward heat flux from the entire
corona is channeled by the ambient magnetic field
structure into a relatively small fraction A of the sun's
surface area at the height of the transition layer. Within
these emitting regions the transition layer is thicker by a
factor A-1 and the conductive flux is correspondingly
smaller than one would deduce for a spherically symmet-
ric model. The conductive loss to the corona, averaged
over the solar surface, is thus smaller by a factor A2 than
the value 6 X 105 ergs/cm 2 sec given by previous anal-
yses. However, if A remains roughly constant through-
out the transition region, the upper limit to
F* of 3 X 104 ergs/cm 2 sec is independent of A. Kopp
predicts in this way that less than 20% of the sun's surface
should appear bright in the transition region lines. The
bright regions would overlie the magnetically enhanced
chromospheric network pattern as seen, for instance, in
Ca+H and K. Such a picture would be consistent with the
recent high-resolution slitless spectroheliograms obtained
by the Naval Research Laboratory.

As a result of this major downward revision of the
estimated coronal energy loss by thermal conduction,
Kopp no longer expects the transition region to have a
purely conductive temperature profile. Indeed, a pre-
liminary calculation has shown that not all of the
transition region radiative losses can be accounted for by
thermal conduction alone. This is interpreted as possible
evidence for appreciable dissipation of mechanical energy
within the transition region itself.

RADIATIVE TRANSFER

As in previous years, Athay continued to devote a
major portion of his time to writing books. He sent the
first of these, Radiation Transport in Spectral Lines, to
the publisher in July, and it should appear in print early in
1972. A second book, The Solar Chromosphere and
Corona, is well under way and is planned for completion
by mid-1972. Although the writing of books is time-
consuming, it is also rewarding scientifically. The forced
discipline of systematically reviewing the current state of
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the art in subject areas where research is advancing rapidly
(the case for the two books mentioned above) stimulates
new ideas for research and brings more sharply into focus
those areas of research where productive work can be
done. Thus, the preparation of books of this type
inevitably requires considerable scientific research in the
subject area.

Recent theoretical and computational work on radia-
tion transport in spectral lines has led to several useful
concepts including the thermalization length of photons,
mean number of scatterings of photons, and scaling laws
for line source functions. Expressions of these concepts in
mathematical form have customarily involved several
parameters related to the shape of the line absorption
coefficient and to atomic and atmospheric parameters.
Although some relationship between the different con-
cepts was implied by their mathematical forms, a unifying
physical concept was lacking.

In 1971 Athay and Skumanich discovered such a
unifying concept by recognizing that the behavior of the
line photons should be describable in terms of only two
quantities: an escape probability, Pe, and a destruction
probability, Pd, each of which are functions of optical
depth, ro.Expressions for Pe can be simply derived from
the shape of the line absorption coefficient, and Pd is
simply derived from the atomic and atmospheric para-
meters. Using these probabilities, Athay and Skumanich
showed that the thermalization length, Tth, is defined by
the condition

Pe(To) = Pd(To) at 7 = r th

the mean number of scatterings, N, is given by

N [Pe + (1 - Pe)Pd] = 1

and the ratio of the maximum value of the source
function, Smax, in an effectively thin atmosphere to the
value of the Planck function, B, at Smax is given by

Smax Pd
B Pe + (1 - Pe)Pd

Thus, they were able to relate Tth, N, and Smax through
the two parameters Pe and Pd. Furthermore, they were
able to derive moderately accurate values for 7th, N, and
Smax without first solving the radiative transfer equa-
tions, a process that is often difficult and costly of
computer time.

Mihalas continued his studies (begun at the Yerkes
Observatory of the University of Chicago) of non-LTE
line-formation and radiative transfer problems. His studies
emphasized implementing general numerical techniques
and analyzing the effects of departures from LTE on the
spectra of light ions of astrophysical interest. The basic
point of this work is to determine the possible changes
that can occur in the predicted spectrum when the
(questionable) assumption of LTE is dropped. Practically
all present analyses of stellar spectra are based upon the
use of LTE. If, in fact, large changes in the spectrum
occur because of departures from LTE, then many of our
inferences about the overall physical structure of stellar
atmospheres may drastically change. For example, abun-
dance estimates could be seriously affected as in the case
of iron on the sun. These data are basic to many further
theoretical applications and must be known with good
reliability.

To investigate these factors thoroughly, Mihalas con-
structed a grid of non-LTE model atmospheres including
bound-bound transitions of hydrogen; his grid rigorously
enforces the requirements of energy balance and steady-
state statistical equilibrium for a range of temperatures
and gravities representative of early-type stars. It is
important to study a wide range of parameters in order to
obtain insight into the behavior of the basic physical
processes as functions of, e.g., temperature and density;
also, the results are statistically much more significant
when applied to a large body of data for a variety of stars.
These models will be used in work, begun in 1971, to
construct theoretical light-element spectra. The light ions
(He, C, N, O, Ne, Mg, Si, Ca, etc.) are particularly
well-suited to this study because they are abundant and
can affect the overall structure and evolution of stars,
they have relatively simple spectra which can be analyzed
with fairly high reliability, and their simple atomic
structure can be well enough analyzed both experimen-
tally and theoretically so that accurate atomic data
(transition probabilities, collision rates, etc.) are obtain-
able. The initial phase of this work will concentrate on
N III, with the goal of explaining the emission lines
observed in the atmospheres of very early-type stars; a
thorough analysis of this phenomenon should greatly
improve our knowledge of the physical conditions in these
atmospheres and of the conditions under which emission
lines can be produced. Further work will concentrate on
Mg II and Ca II, which are observed to persist to much
higher temperatures than an LTE theory would indicate is
possible; it appears likely that this is a non-LTE effect. If
this is shown to be the case, it will have important
implications for currently accepted LTE stellar abundance
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analyses. A number of persistent discrepancies between
well-known solar abundances and present estimates of
abundances in the stars may then be resolved. In some
cases (e.g., Mg in O stars and Ne in B and O stars) an
order-of-magnitude disagreement with the solar value
occurs--a situation which is a priori unbelievable. Either
there are errors in the stellar analyses (which seems
likely), or serious problems exist with solar estimates (and
if so should be recognized and studied further).

STELLAR CHROMOSPHERES

Chromospheric physics is restricted currently by the
lack of a theory of energy conversion from turbulent,
nonpropagating bulk motions into propagating sound
motion. That is, the mechanical sound energy input into
the chromospheric and coronal layers, and hence the heat
input into these layers, cannot be calculated accurately.
This precludes an attempt to perform direct calculations
of the structure of these layers by integrating the
primitive equations of energy and momentum conserva-
tion. Therefore, the problem is turned around, i.e., one
assumes a general solution of the energy and momentum
equations which contain free parameters representing this
missing physics. These parameters are then to be deter-
mined from observational data--i.e., from various experi-
mental conditions. In this way one thereby hopes to
determine the intrinsic characteristics of the missing
physics, i.e., one hopes to constrain the modeling of the
missing physics and elucidate its nature.

The observation and analysis of stellar chromospheres
(by means of the emission "line" appearing in the core of
the ionized calcium resonance line, Fig. 3) is of impor-
tance because it allows us to extend the range of
experimental conditions available on the sun. In the
simplest representation of a chromosphere, one can
describe the solution of the energy equation by a single
parameter--the temperature excess (over the surface
value) in the chromosphere--and the solution of the
momentum equation by a second parameter--
atmospheric scale height. A third parameter proves to be
necessary in describing the radiative absorption
coefficient-namely, one describing the kinematic state
of the chromosphere. This refers to the so-called microtur-
bulence, or velocity field, which enters by means of the
doppler effect in the transfer of radiation. Whether this
parameter adequately describes the mechanical sound
field and any additional fluid motion field is unclear at
this time and this uncertainty presents a major problem in
solar physics.
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Fig. 3 The presence of chromospheres in main sequence
stars is indicated in this figure by the presence of the
emission line at the core of the Ca+K and H resonance
absorption lines. The numbers 1 to 7 represent a sequence
of increasing surface temperature (G1V is a solar-type
star). At this dispersion (10 A/mm) the sun would show
very little emission (see 1969 Annual Report).

The three observational quantities which serve to
determine the three free parameters discussed above refer
to the emission line appearing in the core of the ionized
calcium (Ca+) resonance doublet at 3933 and 3968 A.
These quantities are: (1) the integral (over a 1 - A band)
emission strength at 3933 A (hereafter called K-index),
(2) the line width at half-niaximum intensity at 3933 A
(hereafter called K-width), and (3) the doublet ratio of the
integral emission at 3933 to 3968 A (hereafter called
K-to-H ratio). Other measurements, such as the detailed
emission line shape, require a detailed specification of the
variation of each of the important parameters of the
atmosphere with height.

Using a newly developed methodology for treating the
formation of spectral lines by complex atoms in stellar
atmospheres (see 1970 Annual Report), Skumanich and
Domenico analyzed the dependence of the observed Ca +

emission parameters on the free parameters describing the
chromosphere. They found that the K-to-H ratio was
more sensitive to the temperature excess in stellar
chromospheres than to the atmospheric scale height.
Thus, an increase in the chromospheric temperature ex-
cess by 33% over that in the sun was sufficient to increase
the ratios from the solar value to those observed in the
most active stellar chromospheres (i.e., by 27%). On the
other hand, a 33% increase in scale height over that in the
sun decreased the ratio by only a few percent.

The role of transitions to other atomic levels in Ca+
proved to have negligible influence on the ratio. This is
consistent with the analysis of the variation of the Mg+
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doublet ratio in the sun carried out by Skumanich and
Phillippe LeMaire (1970 visitor from the French National
Center for Scientific Research). They found the Mg+ ratio
to vary over the same values as the Ca+ ratio despite the
markedly different atomic-level distributions in the two
species.

The kinematic state of the chromosphere, in addition
to the thermal state, also proved to have a crucial role in
determining the K-to-H ratio. Skumanich and LeMaire
found that an increase of microturbulence with height was
necessary if the models were to yield K-to-H ratios
consistent with the observed K-index and K-width. This is
quite similar to the case in the sun. Whether these results
are sufficient to illuminate the nature of the mechanical
energy supply to chromospheres has yet to be determined.
More refined measurements may prove necessary.

The subject of the secular evolution of stellar chromo-
spheres has been a continuing HAO study. As Kraft (Lick
Observatory) had shown earlier, rotational velocities of
main-sequence stars are intimately related to the ages of
stars. In a study continued during 1971 of the dependence
of average equatorial rotational velocities on stellar ages,
Skumanich found that rotational decay follows an inverse
square root with age as does the chromospheric Ca+
K-index. The significance of this result lies in its implica-
tions of a linear relation between rotational velocities and
K-index. Since Ca+ chromospheric emission has been
found by Frazier (Aerospace Corporation) to be linearly
related to magnetic field strength on the sun, it follows
that stellar magnetic fields are linearly related to the
angular velocity of main-sequence stars. This represents an
important new observational constraint on the theory of
magnetic cycles.

By assuming such a linear field-rotation relation,
Durney (ASP) has shown that the stellar wind would yield
an inverse-square-root decay for rotation (and hence
magnetic field and Ca+ emission) as observed by Skuman-
ich, but only if the stellar (and hence solar) wind mass loss
is independent of the magnetic field strength. In particu-
lar, the solar wind mass flow must not vary with magnetic
cycle. Recent studies of the solar wind verified this
behavior. Thus, it would appear that the relationship
between the solar chromosphere and solar wind is the
same as the relationship between stellar chromospheres

and stellar winds. Further, the significance of a wind
independent of magnetic field is that it implies that the
mechanical energy supply to that part of the corona
which feeds the solar wind must be unaffected by
magnetic fields--i.e., the field must play a passive role.
This is an important observational constraint on coronal
heating theories.

Because the study of cool giant stars holds such great
potential for understanding stellar evolution, Johnson
(visitor from Indiana University) set up model atmo-
spheres of such stars using a computer code perfected at
Indiana University. For given values of the effective
temperature, surface gravity, and chemical composition,
this complex code calculates the temperature, pressure,
and density throughout each specified stellar atmosphere.
These models include effects (not included in previous
models) of turbulent pressure and atomic line blanketing.
Their first application is to the so-called carbon stars.
These interesting objects differ from the sun in that
carbon appears to be more abundant than oxygen, a
situation which is interpreted as indicating that nuclear
processing of the material has taken place. Comparison of
the predicted spectra from these models with observations
of real stars will allow a more realistic determination of
the abundance of carbon, nitrogen, and oxygen in these
objects and will, we hope, result in a better understanding
of their nature and evolution.

A classic example of the benefits of interaction among
workers in several fields is Johnson's work on the
identification of the molecule C2 in astronomical sources.
After his arrival at HAO, Johnson learned from Lineberger
(JILA) of the recent identification (by Lineberger and
Patterson, JILA) of C2 as the source of the Herzberg-
Lagerqvist bands previously known to be associated with a
molecule containing C2 . Johnson and T. D. Fay (Indiana
University) then looked for these lines in two astronomi-
cal sources--the sun and a hot carbon star. The clear
absence of these lines in the normal solar spectrum sets an
upper limit on the amount of C2 of less than 1% of the
solar C2 . In the hot carbon star HD201626, however,
there is a line at every C2 wavelength. Although the
carbon star spectrum is so rich and complicated that any
identification is uncertain, the excellent fit led these
workers to a cautious claim for the presence of C2 . If
confirmed, the strength of C2 features will be an
important probe of the electron density in carbon stars.
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THE CORONA

INTRODUCTION

Past Annual Reports have outlined many of the efforts
of HAO staff members to solve seemingly diverse prob-
lems of coronal physics. On closer examination, however,
it may be seen that the common thread in these studies is
the attempt to understand the dominant role of the
magnetic field in the corona. From the beginning of
modern solar physics it has been assumed that the
structure and form of the solar corona are dictated by the
general magnetic field of the sun, but only a few attempts
have been made to quantitatively elucidate this relation-
ship in detail. It is now becoming clear that this goal of
quantitative understanding of the role of the coronal
magnetic field as an agent in determining the structure of
the corona and the interplanetary gas is within reach.
However, to achieve that understanding requires a multi-
faceted approach involving the refinement of current
theoretical tools and the development and use of new
techniques for coronal observations.

Progress in theoretical understanding of the role of
coronal magnetic fields has been significant in recent
years. In particular, attempts to map the inner coronal
fields on the basis of magnetograph observations of the
photospheric fields have been generally successful, outside
the domain of high solar latitudes, even with the rather
restrictive assumption that the fields are current free. The
degree of success of the procedure is determined by the
degree of detail in the comparisons of the magnetic field
configuration with coronal density structures (where
available). Additionally, other studies have dealt with the
relative roles of the coronal gas pressure, magnetic
pressure, temperature, energy flux, etc., in some detail.
The principal application of these studies has been to large
quasi-static coronal structures. From these studies, the
interplay of inertial, kinetic, gravitational, and magnetic
forces has become clearer; for example, the important role
played by coronal current sheets, where the electrical
current density is extremely high, has been revealed.
Finally, a detailed study of the scattering of radiation in a
magnetic field, including the complex geometrical (line-of-
sight) and collisional effects present in the solar atmo-
sphere, has resulted in a model predicting the degree and
direction of polarization of coronal emission lines and has
placed at our disposal a major tool for probing the coronal
magnetic field.

Observationally, the situation is less satisfactory. The
great wealth of synoptic K-coronameter observations can
now be analyzed rapidly to construct three-dimensional
electron density distributions for detailed study of the
lower (< 2 R) corona, but similar observations of the
outer corona are still lacking. Such observations will be
provided by the NASA Skylab coronagraph. In addition,
there are no observations of coronal magnetic fields. In
principle, observations of radio bursts provide such
information; however, the processes of burst excitation
are so complex that only tentative conclusions regarding
the field appear to be possible.

As previously noted, the goal of understanding the
interplay of the coronal magnetic field and density
structure, a first step toward the complete specification of
the physical state of the coronal and interplanetary
medium, is near. To a great extent the nearness of this
goal is a reflection of the past commitment of HAO to
problems of coronal physics; indeed, it is quite likely that
HAO contains the largest and most diverse group of
scientists studying the solar corona in the world. To
achieve the goal still requires substantial effort. First, the
technique of coronal magnetic field calculation must
continue to be refined, with special emphasis on develop-
ing a coherent physical model with geometrical complex-
ity and temporal evolution consistent with that seen on
the sun. Without such a model meaningful comparison of
outer coronal density observations with magnetic fields
will not be possible. Second, measurements of the coronal
field are urgently needed. The coronal emission-line
polarimeter now being developed by HAO and the
analysis of its data using the newly refined analytic
techniques will, we hope, fulfill this requirement.

The continuation of synoptic observations of the
electron density distribution within the inner and outer
corona is of prime importance to allow detailed compari-
son between the inferred and observed coronal magnetic
fields. Here, the major future requirements appear to be
refinement of the analytic tools and efficient processing
of the observational data. Also, continuation of ongoing
studies of the detailed magnetohydrodynamics of coronal
structures is necessary to the understanding of the relative
roles of magnetic energy densities, gas pressures, and
temperatures in the corona. The last parameter is particu-
larly important to the understanding of the energy
balance in coronal structure. Indeed, the temperature can
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be the dominant factor, and synoptic observations of the
temperature of the lower corona will be necessary for a
full understanding. HAO has no specific observational
program in this area, although the emission-line polarim-
eter will provide some information at the lower range of
coronal temperatures. It is likely that more accurate
information will continue to originate from satellite XUV
observations, in which numerous stages of ionization in
the lower corona can be observed simultaneously against
the disk.

These studies are largely devoted to gaining an under-
standing of the corona as a steady-state, slowly evolving
medium. Of increasing importance in the future will be
the understanding of those phenomena which cause the
state of the corona to be dramatically and suddenly
altered. Detailed theoretical investigations of the stability
of the plasma-field configurations present in the corona
and the processes of particle acceleration will be required.
Moreover, observations of transient events, whether they
occur in the lower corona, the outer corona, or the
interplanetary medium, can be expected to receive a
greater proportion of attention as solar activity increases
to its next maximum in about 1980.

HEATING AND ENERGY BALANCE

One of the most important problems of solar physics is
to account for the high temperature of the corona. Until
the mechanism of coronal heating is understood, we
cannot hope to have complete knowledge of the flow of
material and energy from the sun out into interplanetary
space. Abundant literature has been devoted to theories of
coronal heating; however, as Kopp has pointed out, fairly
crude considerations suffice to narrow down the number
of plausible mechanisms to one--the dissipation of the
energy of waves propagating upward from deeper layers of
the solar atmosphere. Selection of the dominant process
from among the various shock, Alfvenic, and ion-acoustic
waves which might exist is impaired, aside from any
theoretical difficulties, by the lack of reliable
observations.

The remarkable observations of Lilliequist, Billings
(University of Colorado), Noxon (Harvard University),
and others provided mostly indirect evidences of oscilla-
tions in the corona which might or might not be
responsible for the heating. In the fall of 1969, Curtis and
Claude Morel (then at the University of Colorado, now
FAL) began a program using the Climax magnetograph in
a systematic search for such oscillations. This instrument

measures the minute shifts of a spectral line produced by
the fact that the line's center of gravity is slightly
different in oppositely directed states of circular polariza-
tion when the line is produced in a magnetic field.
However, the same instrument can equally well detect
minute shifts of the line, such as the 5303 -A (Fe XIV)
line produced by bulk motions of the coronal gas along
the line of sight. Of course, the relatively faint coronal
line is seen against a background of light from the sky,
which introduces a large amount of noise into the
measurements. Therefore, the detection of oscillations in
the position of the coronal line requires several hours of
observation on a given point and a detailed Fourier
analysis of the resultant data.

During 1971 when Curtis, Morel, and White performed
this frequency analysis on data obtained over several days
during the most ideal conditions, they found definite evi-
dence of oscillations at periods of 480, 260, and 190 sec
(Fig. 4) with some indication of periodic disturbances
at 670 and 300 sec. The oscillations at 260 and 300 sec
are of special interest since they are close to the period
(300 sec) shown by rising and falling elements in the
chromosphere. This suggests that we are observing forced
oscillations of the corona being driven by the lower
atmosphere. The velocities responsible for these oscilla-
tions are no more than 0.5 km/sec. Such a value appears
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Fig. 4 Power spectra of the position of the 5303 -A
coronal line suggest the existence of quasi-periodic oscilla-
tions at 480, 260, and 190 sec (arrows) that may be
responsible for heating the corona.
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almost insignificant until one realizes that a line of sight
through the corona at a height of 20,000 km must
intersect many elements vibrating out of phase.

These results unambiguously indicate the presence of
waves in the corona; however, they do not resolve
whether these are Alfvenic waves, in which the material
oscillates with the magnetic field, or compressional waves.
H. Schmidt (Max Planck Institute for Physics and Astro-
physics, Munich) has suggested that these two might be
distinguished by a similar search for oscillations in the
intensity of the 5303 -A coronal line since such fluctua-
tions would be produced by compressional waves. Accord-
ingly, in the fall of 1971 we began a second series of
observations recording separately the central intensity of
the 5303 -A coronal line and that of the nearby sky
continuum. Both the coronal and the sky measures are
independently calibrated in units of millionths of the solar
disk continuum, and any required arithmetic operations
on the raw data are performed on the magnetograph
computer. The 1971 observing season produced about ten
good sets of calibrated observations. Although analysis is
not complete, cursory examination of these data fails to
reveal evidence of periodic intensity oscillations. This
suggests that the oscillations detected in 1969 are Alfvenic
waves.

The empirical determination of the coronal gas tem-
perature is still a difficult and not completely satisfactory
process. Much of the difficulty arises because the coronal
ions radiating in the visible region of the spectrum
represent only a small sample of the total ions and thus
yield a peculiar selection of conditions present in the
corona. In fact, there is some doubt that the corona, even
in a small volume, can be described by a single tempera-
ture. Extension of the data to more ions radiating in the
XUV and in the infrared is required to resolve this
question.

During the eclipse of 1966 Eddy, Firor, and R. Lee
(see 1966 Annual Report) obtained photometric observa-
tions of the 10747 - A (Fe XIII) line as part of their
program to study the polarization of this line. During
1971 Eddy completed his analysis of these data in terms
of the coronal temperature distribution and iron abun-
dance. He found that the simplifying assumption that the
corona has the same temperature throughout led to a
variation of the iron abundance from point to point.
Although such a situation might occur, it is more
reasonable to assume that the iron abundance in the
corona is, to a first approximation, constant and to
assume that the spatial variation of equivalent width in

the line reveals the distribution of ionization temperature
in the corona. On this assumption Eddy found typical
ionization temperatures at 1.1 R® (in units of 106 Ko) to
be 1.9 - 2.0 in active regions, 1.6 in streamers, and 1.2 at
the poles. All values approach a generally common value
of about 1.1 X 106 OK at about 1.5 R. and suggest a
temperature gradient of 0.2 K°/km thereafter. When
compared with electron temperatures derived from an
analysis made by Newkirk, Deupree, and Schmahl of the
electron density distribution data taken at the 1966
eclipse, the ionization temperatures have about the same
gradient but are systematically lower by about
0.3 X 106 K0. This result is in at least qualitative
agreement with the theoretical models in which the
energy of dissipating waves is largely transmitted to the
electrons and the ions are preferentially cooled by
radiation. These data also permit a determination of the
coronal iron-to-hydrogen ratio. Eddy obtained a value of
2.1 X 10 -4, which indicates that the relative abundance
of iron is about 60 times greater in the corona than in the
photosphere on the basis of currently adopted values for
the photospheric abundance. The 60:1 overabundance is
not inconsistent with other determinations which have
indicated lower limits of from 10:1 to 20:1 (see 1966 and
1967 Annual Reports).

The flow of energy through the corona can be
expected to be modified by the configuration of the
coronal magnetic field. A complete analysis of the
problem in which the mutual interactions of the field, the
energy input, and the density structure are considered
remains beyond our present capabilities. Earlier studies
have considered the field to be dominant--Altschuler
and Newkirk (see 1968, 1969, and 1970 Annual Reports)
and Schatten (NASA/GSFC)--or have ignored major
aspects of the energy flow--Pneuman and Kopp (see
1969 and 1970 Annual Reports). During 1971 Pneuman
found that the typical appearance of a helmet streamer is
a natural result of such a modulation of the energy
balance by the field. Eclipse observations show that a
typical helmet streamer consists of a high-density coronal
region displaying a series of concentric arches, with a
quiescent prominence at its base at the center of the arch
system. The prominence is often surrounded by a small
tunnel in which the coronal density is extremely low.
Pneuman notes that in the closed magnetic loop system
found in the lower part of a helmet, conductive energy
transport plays a minor role. Conduction merely main-
tains nearly isothermal conditions along each flux loop
but allows flux tubes to have different temperatures. If
this is the case, the mechanical energy input into each
tube must be radiated away to maintain steady-state
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conditions. Using simple magnetic field geometries, he
calculated the temperature and density distributions
necessary to balance the radiative loss and the mechanical
energy in such a loop system and showed that the high
density system of coronal arches, the low density tunnel,
and the extremely high-density cool prominence resulted.
Pressure equilibrium suggests that the tunnel actually has
a higher temperature than the rest of the corona.

Pneuman began developing an approximate method for
solving this overall problem. The method allows one to
estimate the density and temperature at any point in the
lower corona if the magnetic field geometry and the
density and energy flux at the base are specified. Open
and closed magnetic regions must be treated differently
since the energy transport processes are not the same. A
brief description of the method follows.

1. Temperature distribution. The temperature on any
closed flux tube is the same at every point and equal to
the temperature at the base of that flux tube. On open
field lines, conductive losses and the work done by the
solar wind against the gravitational field must be ac-
counted for by integrating the energy equation to yield
the temperature distribution as a function of the field
geometry and the total mass flux in the expansion (which
can be estimated from observations at 1 AU).

2. Density distribution. For levels well below the sonic
point (< 5 RO), the density will be close to that predicted
by hydrostatic equilibrium along a field line with the
temperature distribution obtained from Step 1. The base
density is taken as a boundary condition.

Because the numerical solution of the equations can be
cast in a simple form, the method can be applied to rather
complex field configurations such as those obtained from
the Altschuler-Newkirk current-free (potential) field dis-
tribution or the Pneuman-Kopp MHD model. The solu-
tions can then be compared with observations to clarify
the physical processes which are most important in
affecting the coronal structure. At present, two alternative
explanations might be considered.

1. The density structure in the corona is primarily a
manifestation of the influence of the magnetic field upon
coronal heating. Regions of high field intensity in the
chromosphere produce enhanced heating in the corona
and, consequently, higher densities. Hence, the density
distribution higher in the corona and in the solar wind is
merely a reflection of the variation of the energy input
from place to place.

2. The geometry of the magnetic field, which in-
fluences the heat conduction in the corona through its
effect on the scale height, is the primary factor in
determining the density structure. Heat conduction com-
bined with the work done by the solar wind against
gravity would produce a declining temperature on open
field lines, whereas on closed field lines the temperature
would be nearly constant. Hence, the scale height would
decrease outwardly on open field lines relative to that on
closed loops, and closed regions or regions in which the
field lines converge should have much higher densities in
the outer corona. The presence of high coronal densities
in open field regions where the field is strong (as above
active regions) and in closed field regions (as in helmet
streamers) leads us to conclude that both mechanisms are
operating.

STRUCTURE AND EVOLUTION

A major aim of synoptic observations of the solar
corona is to provide the information necessary to deter-
mine its three-dimensional density structure and to
describe the evolution of this structure and its relationship
to the evolution of the underlying surface features. Such
knowledge will then be the basis for understanding the
physical mechanisms which control the corona.

In 1971 R. and S. Hansen nearly completed one phase
of their long-term investigations on the evolution of
coronal systems. One conclusion of this investigation is
summarized in Fig. 5, which shows a representation of the
development of a high latitude helmet, based on six such
features which occurred from 1964 to 1967. By detailed
comparisons of the synoptic K-coronameter measure-
ments with similar photospheric and chromospheric data,
they found that these long-lived helmets seem to originate
as enhancements in the lower corona above active centers
(Phase I). In the course of a few weeks, the corona will
spread over a large area of the sun as the controlling
surface magnetic fields are distorted by differential
rotation. Gradual poleward migration of a dominant
magnetic polarity (the insurgent field) allows some of the
helmet to be attached to the polar field (Phase II). In the
terminal stage (Phase III), the coronal helmet assumes an
east-west orientation at a high latitude and probably exists
in the form of a huge tunnel, overlying a polar-crown
filamentary prominence. Observations of the outer co-
rona, made at eclipses and from satellite-, rocket-, and
balloon-borne instruments, suggest that many of the
coronal streamers seen as narrow, straight rays at distances
> 5 R® are simply the outward extension of these helmets.
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Fig. 5 Three stages in the evolution of polar-crown
filaments in the corona during the period preceding
sunspot maximum.

The Hansens emphasize that their model for polar-crown
helmets requires that the sun have incumbent polar fields
of magnetic polarity opposite from the trailing fields from
the active centers. This condition did exist for the period
studied and is consistent with the Babcock-Leighton
theory of the solar cycle for periods preceding sunspot
maximum. The complete analysis will illuminate how this
evolutionary picture is modified during other parts of the
solar cycle.

Pneuman and Priest (visitor from the University of
St. Andrews, Scotland) began a theoretical investigation
into the dynamical consequences when two coronal
magnetic loop systems (or helmet streamers) merge
because of motion of their footpoints. Such interactions
may occur during certain phases of the solar cycle and are
of importance in the overall time evolution of the corona.
In discussing the relevant physical processes, two com-
pletely different configurations of the initial field must be
considered, each with a different end result after the
footpoints are brought together. Pneuman and Priest
designate these two configurations as alpha or beta
systems, depending upon the topology of the field.

The alpha system consists of two loop structures whose
electric current vectors are of the same sense. In this case,
the magnetic field reverses polarity between the two
streamers, and a neutral sheet extending all the way to the
solar surface separates the two loop systems. As the two

loops merge, reconnection of field lines occurs at the
neutral plane resulting in a continual decrease in magnetic
flux between the streamers. As a consequence of this
reduction in magnetic pressure in the center, the gas
pressure outside the system will force the two streamers
together producing ultimately a single helmet streamer
with two arches at its base and a neutral sheet between
the arches. Such helmets are quite common in the corona.

In the beta system the current vectors are of the
opposite sense, and the region between the streamers is
magnetically unipolar and reconnection cannot occur.
Hence, as the regions are brought together, the energy
density in the magnetic field between the streamers
continues to increase and the magnetic pressure there will
tend to force the outer parts of the streamers apart.

Such analytical studies provide a valuable tool for
understanding both the slow evolutionary changes in
coronal structure, as have been documented by
K-coronameter observations, and the more rapid transient
events detected with the continuum monitor.

The synoptic observations from the K-coronameters at
our Mauna Loa, Hawaii, field station are of the quantity
pB, where p is the polarization and B is the brightness of
the light scattered by free electrons in the corona. On any
given day the variation of this quantity around the sun
out to a distance of 2 Re is determined by the electron
content along each line of sight. Thus, a snapshot of the
corona, such as obtained during an eclipse, does not reveal
the true location of a structure such as a streamer.
Synoptic observations, however, allow us to follow
apparent changes in the rotating corona as projected
against the sky and to deduce the three-dimensional
density structure. Until recently such data were analyzed
manually by varying the parameters of some coronal
model until the observations were satisfied. Such a
technique is time consuming and was thus employed on
only a minute fraction of the available data.

During 1971 Altschuler and Perry (visitor) perfected a
numerical technique to calculate the three-dimensional
density distribution of the entire corona from 14 days
(one-half solar rotation) of K-coronameter observations.
The technique is founded upon the expansion of the
density distribution in spherical harmonics. The coeffi-
cients of these harmonics determine the variation in
density in latitude, longitude, and radius, and are fixed for
any period by a least-squares fit to the observations in the
computer. This technique not only allows the analysis of
larger quantities of data but also yields the density
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distribution free from the constraints and preconceptions
which may have been built into simpler models.

For example, during one period coronal streamers
appear with what seems to be the characteristic archime-
dean spiral introduced by solar rotation. However, the
analysis of other periods demonstrates that such spiraling
is far from typical; streamers often are radial (Fig. 6) or
spiral in the opposite direction. Such behavior is unques-
tionably the result of the influence of the coronal
magnetic field. As a second example, these maps of the
density structure reveal the existence of regions of
extremely low density (coronal holes) with only a few
percent of the average electron density. Altschuler,
Trotter, and Orrall (visitor from the University of Hawaii)
compared the location of coronal hole regions with
regions of solar activity and with the coronal current-free
(potential) magnetic field. The coronal magnetic field
maps show that coronal holes occur at the weak field legs
of large magnetic arches. At present the nature and origin
of such holes are poorly understood.

MAGNETIC FIELDS

The magnetic field is perhaps the single most important
agent determining the density, temperature, and velocity
structure of the corona and the solar wind. However,
present knowledge of the coronal fields rests upon
uncertain calculations and rather ambiguous interpreta-
tions of radio observations. Clearly, progress will be
impeded until measurements of coronal fields can be
made. Although a complete specification of coronal fields
will remain beyond reach for many years, we can report
progress in equipping ourselves to determine the field
directions. This effort will require the collaboration of
several staff members specializing in the theoretical,
interpretive, and observational aspects of the problem. At
present, we have some pilot observations and a first
approximation at their interpretation.

Eddy, Firor, and R. Lee obtained these pilot observa-
tions in an airborne experiment during the 1966 eclipse
(see 1966 Annual Report) and Eddy completed their
reduction during 1971. Linear polarization in the
10747 - A (Fe XIII) line (3 P 1 -

3Po) is high, as expected,
and increases outward to an asymptotic limit of 100%.
Typical values of polarization, including the rather large
probable error in the analysis of these photographic data,
are given below.

Distance from 10747 - A
Center of Sun Polarization

(R) (1%)

1.1 12 ±6
1.2 25 + 10
1.3 44 ± 20
1.4 62 ± 40

Fig. 6 A new analytic technique allows the determination
of the three-dimensional distribution of electrons in the
corona. Here a view from the North Pole shows the
positions of streamers present during November 1966.
Sometimes the streamers display a spiral structure caused
by the magnetic field rather than the solar rotation.

The direction of the electric vector of maximum
polarization in the line is found to be predominantly
radial, confirming theory and the observations of polariza-
tion in the line first made by Eddy and Malville. However,
deviations from the radial do occur, particularly in
well-developed streamers, and provide the clue for estima-
tion of the direction of the field.

House continued his development of the theoretical
tools for the interpretation of such polarization measures.
As described in the 1970 Annual Report, he has derived a
resonance fluorescence scattering function for polarized
radiation in the presence of a magnetic field. This
scattering function is applicable to any dipole transition
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for an atom immersed in a magnetic field of arbitrary
strength; it allows one to account for interference effects
that originate between magnetic sublevels when the
sublevels are degenerate or not far removed from degener-
acy, as occurs with weak fields. During 1971 he further
generalized the scattering function to include the influ-
ence of the doppler effect, which broadens the profile and
mixes the radiation from various Zeeman components.
Thus, the results of his calculations can be applied almost
directly to observations of the solar spectrum.

To interpret observations such as those described
above, House developed a computer program which
predicts the magnitude and direction of polarization in
the 10747 - A line for a corona containing a specified
distribution of material and magnetic field. In the
particular calculation made, the density model used was
that derived by Newkirk, Schmahl, and Deupree from the
1966 eclipse and concomitant K-coronameter measure-
ments, whereas the magnetic field used was that given by
the current-free (potential) model derived by Altschuler
and Newkirk from the known surface fields. The calcula-
tion also accounts for the scattering of photospheric
radiation by the coronal ions and the integration of the
incident radiation along the line of sight.

The comparisions of the observed and calculated
polarizations and the calculated magnetic fields appear in
Fig. 7. Individual observations typically contain probable
errors of 50% in polarization value and 300 in polarization

T

Fig. 7 Comparisons of the calculated coronal magnetic
field (M) based on photospheric measurements, and the
calculated (T) and observed (0) polarizations in the
10747 -A line. Polarization magnitude is expressed by

angle. These rather large errors and the misleading
appearance of the data in the NW quadrant are the results
of the premature termination of the observations when
unanticipated winds forced the NASA aircraft out of the
eclipse corridor. Except in the regions known to have
large errors, the observed and predicted polarizations
agree satisfactorily, and one would conclude that, for this
period at least, the potential magnetic field calculations
are reasonably accurate.

This comparison demonstrates the overall utility of the
method and indicates the following directions for future
work:

* Polarization observations must be obtained with higher
accuracy than can be produced by photographic
photometry.

* Further analytic techniques must be developed so that
the differences between observed and predicted polariza-
tions can be translated into a corrected model of the
magnetic field.

* Synoptic polarization measurements will be required
to carry out this correction in a meaningful way.

Guided by the results of this pilot study, Querfeld
began the design and construction of a coronal emission-
line polarimeter. This coronameter will be designed to
obtain synoptic observations of the intensity, degree, and

0

the length of the line segments whereas direction is shown
by orientation of the lines. Such observations should
ultimately provide a valuable tool for improving our
knowledge of coronal magnetic fields.

m
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direction of the polarized light coming from the con-
tinuum corona at 10775 A and from either of the two
Fe XIII emission lines at 10747 and 10798 A. The
observations will usually be made as concentric scans
about the sun from 1.1 to 2.5R®. The continuum data
will be essentially identical to that obtained by the
present K-coronameter but are required as a correction to
the emission line data. Of course, these data can also be
analyzed to obtain the coronal electron density distribu-
tion. The emission line polarizations will be used to infer
the field directions and the ion excitation conditions.

The instrument represents a significant collaborative
venture among the scientists at HAO and Sacramento
Peak Observatory. Although the electro-optical and elec-
tronic design has been largely carried out by Querfeld,
optical and mechanical design has been the responsibility
of R. Dunn (Sacramento Peak Observatory). The system
will incorporate the 40-cm-diameter (615-cm-focal-length)
coronagraph objective lens now in use and will be housed
in the large dome at Sacramento Peak. Like the
K-coronameter, it will receive light only along the optical
axis while gimbals will permit aribitrary scan programs of
the corona to be made under closed loop computer
control. The field of view will vary between 0.5 and
3 arc min so that reasonable compromises among integra-
tion times, signal-to-noise ratios, and resolution are
possible.

DYNAMIC PHENOMENA

Although we have thus far discussed the corona as a
slowly evolving portion of the solar atmosphere, it is
actually a dynamic medium. Much of what we see
represents its steady-state condition, but some phenomena
in the corona directly reflect this dynamic nature and its
dramatic readjustment to changes occurring lower in the
solar atmosphere.

During 1971 Pneuman investigated theoretically the
small-scale structure of neutral sheets expected to be
present in the solar corona and interplanetary medium.
The most logical location for these sheets to originate is
over closed magnetic loop systems in the inner corona,
i.e., in helmet streamers where the current sheet defines
the axis separating the regions of opposite magnetic
polarity. However, they may also extend all the way down
to the solar surface in regions of high coronal temperature
or pressure or weak magnetic field strength. Because of
their extreme thinness, such sheets would be difficult to

observe in the inner corona. However, discontinuous
changes in the polarity of the interplanetary magnetic
fields at 1 AU are often observed by spacecraft. Such
changes are referred to as "sector boundaries." These
current sheets have been proposed as the sites along which
the electrons producing Type III radio emission travel.

Pneuman's analysis shows that the internal topology of
the sheet is that of thin magnetic "tongues" greatly
distended outward by the expansion of the corona inside
the sheet. Because of the finite resistivity of the gas,
outward flow takes place across magnetic field lines but is
retarded relative to the ambient solar wind by the field.
The sheet thickness and the internal transverse magnetic
field are found to be proportional to the electrical
conductivity to the inverse one-third power. Using an
electrical conductivity appropriate for a current carried by
ions moving perpendicular to the magnetic field, Pneuman
estimated that the sheet thickness should be on the order
of 500 km. The transverse field in the sheet then is only
about 2 X 10-3 G and decreases rapidly in the outward
direction.

In estimating the energy release in the form ofjoulean
dissipation inside the sheet, Pneuman concluded that
ohmic heating in current sheets is not a significant source
of energy for the overall solar wind expansion, mainly
because these structures occupy only a small percentage
of the total coronal volume. However, the local energy
release was found to be large--over seven times that
expected to be supplied by thermal conduction. This
indicates that ohmic heating is probably a dominant
energy source for the dynamic conditions within the sheet
itself.

Since such neutral sheets constitute an important
feature of the solar corona, it is desirable to reach a
complete understanding of their nature. Priest (visitor
from the University of St. Andrews, Scotland) and Smith
(visitor from Stanford University) improved Pneuman's
model by making it mathematically more self-consistent
and by including nonradial motions of the material
contained in the sheet. The general properties of this
improved model are the same as those of the earlier
version.

Although interest in solar flares and the possible
annihilation of the solar magnetic field has stimulated a
large amount of work devoted to finding current- or
neutral-sheet configurations which are unstable, compara-
tively little work has been devoted to finding current
sheets which are stable. Meanwhile, many of the struc-



134

tures which are thought to contain current sheets, such as
coronal streamers, are observed to be stable over long
periods of time, e.g., months. Hence, Smith and Raadu
(visitor from the University of Manchester) examined for
stability a number of configurations which have the
essential features of Pneuman's current-sheet model but
which are amenable to a stability analysis based on the
energy principle. They employed a total energy analysis
based on the fact that a stable system is in a state of
minimum potential energy. Hence, if the system is
disturbed, the potential energy should increase. The fact
that the flow velocity must be subsonic restricts applica-
bility of the analysis to the first 6 R of Pneuman's
current-sheet model. However, if the Alfv6n velocity is
much lower than the sound velocity, which is usually true
in current sheets, the flow velocity may be super-Alfvenic.
They found to be stable all the configurations having finite
flow velocities which were subsonic but were either sub-
or super-Alfv6nic.

Another aspect of such current sheets is their possible
relationship to Type III solar radio bursts. It is now
known that the excitors of Type III radio bursts travel
from close to the sun to at least the orbit of the earth.
Observations of several thousands of these bursts show that
they must be produced in very dense regions of the
corona. For example, in the region from 10 to 40 R., the
density must be enhanced over that of the corona at solar
minimum by a factor of 16 on the average. Since the
current sheet is probably the densest region of the corona
at distances above 2 R, it is natural to ask whether the
particles exciting Type III bursts can propagate there. It is
still unknown whether electrons or protons excite
Type III bursts, and hence the orbits of both types of
particles in the current sheet must be considered.

Smith and Pneuman began their analysis of this
problem by considering only a single particle. They found
that neither an electron nor a proton could travel across
the weak transverse field in the current sheet sufficiently
fast to explain Type III bursts. They then considered the
collective motions of groups of electrons and protons and
found that a stream of protons would have to have a
particle density of about 4 X 103 /cm3 at a height of
1 R, to push field lines in front of it without being
decelerated. For an electron stream they found that the
particle density would have to be 6 X 106 /cm 3 . Such a
high density is precluded because the stream would
rapidly lose its energy in becoming charge neutralized.

Thus, they concluded that it is impossible for electrons
and unlikely for protons to travel in the current sheet.

The particles causing Type III bursts must travel near, but
not actually in, the densest parts of a streamer. We note
with some regret that although exciting new data on the
inner corona will soon be available, recent observations of
the outer corona do not allow us to determine what
relation exists between streamers and Type III bursts.

The observation of dynamic phenomena and transients
in the corona requires essentially continuous monitoring,
ideally from sunrise to sunset. As described in past Annual
Reports, a special program of studying these events has
been carried out at our Mauna Loa station and was first
successful in 1970. R. and S. Hansen now report that their
coronal records show about a dozen instances of coronal
transients in which the brightness and shape of the corona
change in a few seconds. In several cases these coronal
transients have been related to dramatic radio disturb-
ances observed by CSIRO with their radioheliograph at
Culgoora, Australia. The Hansens made a preliminary
analysis of one event, occurring on 11 August 1970, that
was associated with a Type IV radio burst. They found a
second, rather similar correspondence for a Type IV burst,
occurring on 21 March 1970, which was traced from the
center of the sun out to 6 R®. These observations of the
white light corona provide a major advance in the attempt
to understand the physical mechanism of these radio
events. First, from the analysis of the synoptic observa-
tions, it is possible to construct the ambient condition of
the corona--its three-dimensional shape and its electron
density. Second, from the optical observations of the
transient event itself, it is possible, in the case of a
Type IV burst, to deduce the size and total electron
content of the plasma blob which produced the radio
event. Such analyses will be invaluable in understanding
the mechanisms of generating the radio burst and the
origin of the transient propagating through the corona.

THE T-CORONA

The T-corona consists of thermal radiation emitted by
solid particles in interplanetary space. These same parti-
cles are responsible, through scattering of sunlight, for the
F-corona and zodiacal light. Because of the dependence of
the thermal emission upon the temperature and optical
properties of the dust, studies of the T-corona offer
opportunities for determining the nature and distribution
of the dust not afforded by studies of the scattered
radiation.

Observations of the 1970 eclipse by Mankin, Mac-
Queen, and R. Lee (see 1970 Annual Report) provide the
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longest wavelength measurements yet made of the
T-corona. During 1971 we carried out in greater detail
comparisons of these observations with the predictions of
the model by Kaiser (Gordon College and Divinity
School) (see 1967 Annual Report). The agreement, while
not perfect, is good enough to support the idea that the
interplanetary dust is composed of silicates rather than
graphite, as some researchers have proposed. In order to

include the properties of real silicate minerals, such as
occur in stone meteorites, Querfeld began assembling a
consistent set of optical constants for olivine (magnesium/
iron silicate). He and Mankin will attempt to construct a
consistent model of the interplanetary particles by elimi-
nating some of the approximations and assumptions of
the Kaiser model and incorporating the data from visible
as well as infrared wavelengths.
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SOLAR ACTIVITY

INTRODUCTION

Although it is the overall approximate constancy of the
sun's energy output that makes life possible on earth, it is
the slight variability, known as solar activity, that is
ultimately responsible for many well-documented changes
in the solar wind and the earth's magnetosphere, iono-
sphere, and stratosphere. (The role of solar activity in
determining the properties of the earth's lower atmo-
sphere remains an intriguing puzzle.) The level of solar
activity varies roughly with a period of 11 years (the solar
cycle), but since the polarity of the sun's average magnetic
field in high latitudes changes with each 11-year period,
the solar magnetic cycle shows in reality a 22-year period.
The observable manifestations of the activity, like the
changing corona and the solar wind, and the more
localized occurrence of sunspots, flares, and prominences
are basically due to a variability of the sun's magnetic
fields. We may subdivide the problem of solar activity into
two subproblems--namely, the solar cycle itself and the
active atmosphere. However, such a division should be
regarded only as a convenience. A complete understanding
of solar activity requires a detailed explanation of the
cycle, an understanding of the origin of the various forms
of localized activity, and a knowledge of how these
influence the interplanetary medium. Both subproblems
are extremely complex and require the interaction of
many physical disciplines.

In fact, the problem of solar activity appears so large as
to be unmanageable, and progress may be attained only
through concentration of our efforts on a few restricted
areas. Even then the collaboration of several scientists
with a wide variety of backgrounds may be required. For
example, various aspects of the operation of the solar
dynamo have for many months occupied Durney (ASP),
Nakagawa, Stix (visitor from the Observatory of Got-
tingen University), Raadu (visitor from the University of
Manchester), Gilman (ASP), Roberts (ASP visitor from
the University of Newcastle upon Tyne), and Wellck
(FAL).

With a problem so vast as solar activity it is never quite
clear how one's efforts should be concentrated. In the
example above, the focus is a given phenomenon--the
origin of the activity cycle--and such a concentration of
effort is suitable when the problem appears "ripe" for
solution. In other areas, other types of concentration are

more suitable. For example, a large part of our work in
solar activity might be more accurately described as
plasma physics applied to a variety of solar problems.
Here, the mechanisms governing the interaction of mag-
netic fields and plasmas form a common basis for the
understanding of such apparently disparate physical phe-
nomena as the energy spectrum of magnetic fields,
chromospheric "moustaches," Type IV radio bursts, and
the orientations of chromospheric fibrils near active
regions.

Another phenomenological focus in HAO for many
years has been solar prominences. Work reported in
previous Annual Reports has shown the growth of our
kowledge of the physical conditions--the temperature,
density, magnetic field, and radiation field--in these
bodies. The perfection of diagnostic tools to determine
these conditions more realistically deserves continuing
attention while the effort to understand their energy
balance, thermodynamics, and hydromagnetic stability
gains in importance.

The vastness of the area called solar activity is fur-
ther emphasized by the realization that a single
phenomenon--a solar flare--is so multifaceted that,
even if it were scientifically desirable, a single laboratory
would be hard put to include experts in all important
aspects of the flare phenomenon. A brief examination of
this Annual Report shows that our concentration has been
largely on the effects produced by the explosive release of
energy by a flare rather than on the flare itself.

THE SOLAR CYCLE

As discussed in previous Annual Reports the origin of
the solar cycle is believed to be the conversion of the
mechanical energy present in convection in the interior
into magnetic fields. However, because of the complexity
of the problem, a comprehensive, quantitative model of
the operation of the solar dynamo remains far in the
future. At present, various parts of the problem must be
examined separately. For example, during 1971 Stix
(visitor from the Observatory of G6ttingen University)
examined the natural modes of fluid motions (and
magnetic fields) which are set up by the interaction of
rotation and convection in an electrically conducting
body like the sun. He and Roberts (ASP visitor from the
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University of Newcastle upon Tyne) examined some of
the general problems encountered in the theory of
turbulent fluid dynamos, and Nakagawa and Wellck
(FAL) continued the formulation of a nonspherically
symmetric model of the solar interior.

Of course, the fluid motions and resulting electric
currents in the interior are unobserved and we must rely
on the pattern of surface magnetic fields and their
evolution to infer which of the many modes of possible
fluid motions are actually occurring. Thus, Stix inter-
prets the results of Altschuler, Newkirk, Trotter, and
R. Howard (Hale Observatories), that the magnetic field of
the sun is frequently dominated by a dipole or quadrupole
lying in the plane of the solar equator, to mean that
large-scale meridional currents are present deep in the sun.

Another aspect of the same problem is that of the
migration of magnetic patterns seen on the surface. It is
well known that the eruption of new magnetic fields
through the surface progresses from higher latitudes
toward the equator as the sunspot cycle progresses.
However, during their lifetimes individual patterns drift
toward the poles (if they originate at high latitudes) and
toward the equator (if they are at low latitudes). This
migration has never been satisfactorily explained even
though it is a necessary ingredient in almost all theories of
the solar cycle in which the incumbent polar fields are
canceled every 11 years by fields of the opposite polarity
drifting poleward from lower latitudes.

Pneuman and Raadu (visitor from the University of
Manchester) proposed a mechanism to explain this sys-
tematic migration which is based on the tendency of the
solar field to relieve stresses set up by the action of
differential rotation. They examined the latitude distribu-
tion of the mean toroidal magnetic field expected to be
generated beneath the solar surface by differential rota-
tion and found the existence of significant horizontal
stresses which should tend to drive high-latitude magnetic
features poleward and low-latitude magnetic features
equatorward. By assuming that this driving force is
resisted by the turbulent friction of solar material as well
as by pressure forces, they can estimate the migration
velocity. The calculated drift rates agree quite well with
the latitude drifts observed for sunspots, filaments,
unipolar magnetic regions, and coronal features. This
forced diffusion of fields away from middle latitudes is
entirely different from the random walk process originally
introduced into the Babcock-Leighton theory of the solar
cycle in a rather ad hoc manner. In this new theory,
magnetic elements are systematically forced to the poles

by the differential rotation itself at a rate which suggests
that this mechanism should be incorporated into the solar
dynamo models.

INTERACTIONS OF FIELDS AND PLASMA

The spectrum relating the kinetic energy of fluid
motion at various scale sizes can often be used as a
valuable tool to deduce the nature of the underlying
physical mechanism producing the motion. For example,
a fluid may show an energy spectrum

E 0)/3

where Q is the size of the eddy, indicating the presence of
isotropic, stable turbulence in three dimensions. Similarly,
the analysis of terrestrial atmospheric motions shows that
the energy spectrum at intermediate wave numbers can be
interpreted in terms of two-dimensional turbulence. The
solar magnetic field displays an intricate pattern over a
wide variety of scales, and this pattern has generally been
interpreted as resulting from the distortion of the field by
fluid motions in the photosphere. To test this hypothesis,
Nakagawa examined the energy spectrum of the photo-
spheric magnetic field present in one Kitt Peak mag-
netogram covering a solar area of 25 X 450. The result
suggests that, for eddy sizes ranging from the size of the
supergranulation network to one-tenth of that size, the
magnetic energy spectrum can be interpreted as the
consequence of two-dimensional turbulence in the fluid
motions.

Over most of the sun the motions of the material in the
photosphere completely dominate the weak magnetic
fields. However, near sunspots the fields reach values of
2,000 - 3,000 G and the flow of the electrically con-
ducting gas is profoundly influenced by the field. Lillie-
quist, Altschuler, and Nakagawa continued their analysis
of the fluid flow in the neighborhood of a sunspot, which
they assume to have an idealized magnetic configuration.
They first examined the magnetohydrodynamics of a
simple ring of magnetic field in a fluid medium of large
electrical conductivity and found that the ring contracts
at the Alfv6n speed and then splits into two daughter rings
which travel at the Alfv6n speed in opposite directions
along the axis. Although a detailed confirmation using a
combination of magnetic and spectrographic observations
is not yet possible, such a mechanism appears to explain
the so-called moustaches, which appear as tiny regions
with extermely broad wings in the major spectral lines.
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The spectrum demonstrates that narrow jets of gas have,
in fact, been expelled with velocities of several hundred
kilometers per second in opposite directions; however,
until now this phenomenon has had no satisfactory
explanation.

They also studied the configuration of a magnetic ring
immersed in a uniform field. In this case, two fast but
oppositely directed toroidal jet streams are generated on
opposite sides of the magnetic ring, and the lifetime of the
magnetic ring is considerably increased. George Dulk
(University of Colorado) and Altschuler suggest that such
long-lived magnetic toroids occur rather frequently in the
form of Type IV radio bursts which move out into the
corona with speeds of about 300 km/sec and which
display lifetimes of up to hours. In the detailed study of
one such event observed with the CSIRO radioheliograph
at Culgoora, Australia, they discovered that the disturb-
ance did move out along the ambient magnetic field at a
speed consistent with the Alfv6n velocity. However, the
observed polarization of the radio radiation, which gives
an indication of the local magnetic field in the emitting
region, could only be explained if such a toroidal ring of
magnetic field were present. Such expelled rings of
magnetic field with their trapped high energy particles thus
appear to be able to account for many of the features of
these radio bursts.

Above the photosphere gases are so tenuous that even
weak magnetic fields are able to determine the motion of
the material, although this motion in turn may induce
changes in the field. For example, at chromospheric levels
the fibrils visible in Ha outline the distribution of the
local field, which the work of Nakagawa, Raadu (visitor
from the University of Manchester), Donald Billings
(University of Colorado), and McNamara has demon-
strated to be a field incorporating the distortion produced
by electric currents (see 1970 Annual Report).

One of the most difficult problems in solar physics is
to arrive at an adequate mathematical representation of
these so-called force-free magnetic fields. Nakagawa and
Raadu developed a method for solving this problem by
expressing the observed surface fields as a two-
dimensional Fourier expansion and by including a re-
stricted model for the electric currents--one in which
the currents flowing along the magnetic field have a
density proportional to the field strength at the foot-
points. Using magnetic data for several active regions
obtained by J. Harvey (Kitt Peak National Observatory)
and Ha filtergrams supplied by P. Foukal (Big Bear Solar
Observatory), Nakagawa found that although some of the

regions are described adequately by this model, others will
require a relaxation of the restriction on electric current
density which he employed. As part of this study he
found that: the Ha plages can be outlined by ± Gauss
contour lines, the long fibrils characteristic of the chromo-
sphere in active regions appear to connect ± Gauss
contour lines, and the network of bright dots seen in
Ha/1 - A filtergrams appear to follow ± 80 G contour
lines. The exact significance of these results is still unclear.
Apparently, these phenomena are all connected with the
modulation of the mechanical energy transport into the
chromosphere and corona and the resultant filling of
particular magnetic tubes with higher density material.

PROMINENCES

Prominences represent a unique challenge to solar
physicists since in these bodies the plasma, magnetic field,
radiation field, and thermodynamic properties of the gas
are linked together in an intimate and as yet poorly
understood way. The magnitude of this challenge is
reviewed in the forthcoming book, Solar Prominences,
which has occupied much of Tandberg-Hanssen's time for
the past year or so.

Much of HAO's work in past years has been diagnostic
in character--for example, determining what magnetic
fields are present in prominences and how these fields
vary with the type of prominence and from place to place.
Although merely establishing the physical conditions in
prominences remains a problem, since many of the earlier
interpretations of spectroscopic observations were based
on unrealistic assumptions concerning their optical depth
in major spectrum lines, we now realize that a broader
approach is necessary. Thus, the total densities and the
energy balance in prominences must be determined. This
will require combining the solutions of the non-LTE
radiative transfer equations with those governing the
conduction of heat into the body. Without understanding
these processes we cannot understand how quiescent
prominences remain stable for such long periods of time
nor understand how they exist at all. The problem is
complicated by the fact that the important atomic
transitions in the problem are neither optically thin nor
optically thick. Thus, a detailed solution of the radiative
transfer equations is required. The solution of this
problem will also allow one to interpret the He-line
observations in prominences to determine the He abun-
dance in the sun--a poorly known but important
quantity.
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During 1971 Poland and Anzer (1970 visitor from the
Max Planck Institute for Physics and Astrophysics,
Munich) continued the work done by Poland, Skumanich,
Athay, and Tandberg-Hanssen (see 1970 Annual Report)
on the ionization and excitation of hydrogen in quiescent
prominences and spicules. They used an isothermal slab
model of a prominence with a known electron tempera-
ture of 6,000oK, a thickness of 6,000 km, and a density
gradient dictated by a modified Kippenhahn-Schluter
model. (Previous calculations did not include the effects of
a density gradient.) The model was irradiated from both
sides by the coronal, chromospheric, and photospheric
radiation fields, and the radiative transfer problem was
solved for the Lyman continuum and Ha to determine the
net radiative energy loss for hydrogen. They found that,
at least in hydrogen, the net energy loss could easily be
balanced by a conductive energy gain from the surround-
ing corona.

As a continuation of this research, Mihalas and Poland
began developing a completely energy balanced model for
a prominence. The energy gains and losses through
conduction and radiative processes in helium as well as in
hydrogen are being considered. The energy balance
equations determine the temperature distribution
throughout the model (no longer assumed to be isother-
mal), the magnetohydrostatic equilibrium equations deter-
mine the density gradient, and the statistical equilibrium
equations determine the non-LTE population densities of
hydrogen and helium. The results from this fairly com-
plete study, when combined with the observations, should
allow us to measure many of the important parameters in
prominences as well as to account for their stability.

Another important aspect of prominence diagnostics is
that of establishing their microstructure. High resolution
photographs and spectrograms covering many spectral
lines suggest that prominences consist of a collection of
cooler fine filaments immersed in the hot surrounding
corona. However, the scale, internal density, and concen-
tration of such filaments remain unknown. Clearly,
understanding the nature of these filaments is critical in
explaining the thermodynamic stability and even the
existence of prominences.

Hoyt working with House completed an investigation
on the influence of this filamentary geometry upon the
transfer of radiation in solar prominences. The objective
of the study was to use a realistic geometry, in which the
medium is broken up into a collection of cylindrical
threads, to determine if this clumping of the emitting and
scattering medium would significantly alter the profiles of

lines originating in the prominence. Modifications of the
profile could then be used to elucidate further the
filamentary structure. The geometry for the model promi-
nence was assumed to be a thin slab containing up to
2,250 cylindrical threads with an axis parallel to the
infinite dimension of the slab. The incident photospheric,
limb-darkened radiation field was imposed on the model
prominence, and a solution of the transport equation for
the Ca IIK line was obtained by the Monte Carlo
technique in which the history of individual photons is
followed statistically. As they leave the prominence, the
photons are counted and categorized according to their
frequency and their direction and point of exit. From this
information Hoyt and House then constructed the line
profiles.

The principal results of the calculation can be de-
scribed as a function of two important parameters--the
fraction of the prominence occupied by matter, a, and the
number of threads, N. To provide a basis of comparison,
they assumed that the total mass of the prominence is
unchanged as the fractional area and the number of
cylindrical filaments are varied. Their first conclusion was
that the total intensity is smaller for smaller values of a
because there is less radiation intercepted by the threads
and, therefore, less radiation scattered toward the ob-
server. Their second conclusion was that for smaller a, any
existing self-reversal in the line profile is increased since
the threads have larger optical depth and cause more
trapping. It turns out that both these effects are small
compared to changes caused by other variables, such as
changes in total opacity or electron density. As one varies
the number of threads keeping a fixed, the effect on the
profile is again small, but just noticeable above the noise.
For the three values of N selected, 250, 1,000, and 2,250,
a maximum in intensity appears at the intermediate value
of N = 1,000. Two opposing phenomena produce this
maximum. First, there is a decrease in trapping by
individual threads as N becomes large, and second, there is
a decrease in trapping by the prominences as a whole as N
becomes small. However, this analysis suggests that more
powerful tools than the profiles of individual spectral lines
will be required to determine fully the filamentary nature
of prominences.

Although establishing the physical conditions in promi-
nences is important, the question of why they exist at all
still remains. Despite nearly a century of investigation, the
initial formation of prominences, their ability to endure
for months, and the sudden disappearance of quiescent
prominences are still not understood. There exist two
possible sources for the mass which makes up such
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prominences: the material can be injected from below, or
the material can condense out of the surrounding corona.
To show that the latter source is more reasonable for the
formation of these prominences, Hildner studied numeri-
cally the equations governing such a condensation. He
found that the time scale for condensation of the
numerical model agrees reasonably well with the observed
times for formation of quiescent prominences. Also, he
found that the inclusion of an initially horizontal mag-
netic field is required to inhibit the downward flow of the
condensed material; in the absence of such a magnetic
field, gravity would quickly drain the model's prominence
material into the photosphere.

As suggested as early as 1953 by Parker, the basic
mechanism driving the condensation is thermal instability.
Figure 8 shows the variation of the rate of energy loss by
radiation for a corona-like plasma of density P and
temperature T. At typical coronal temperatures (in excess
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Fig. 8 The rate of energy loss by radiation as a function
of temperature. The plasma is assumed to be optically
thin, of composition similar to the corona, at tempera-
ture T, and to have electron density ne. The curve
approximates the published data and is of the form
cooling C(Wm -3) = X(T)neT(T).

of 106 oK), a slight decrease in temperature is accompa-
nied by an increase in energy loss. Consequently, if the
rate of heating of the coronal material is relatively
insensitive to temperature, a slight temperature decrease
from equilibrium leads to a net energy loss, cooling,
lowered pressure, inflow of material, and condensation
until a stable temperature is achieved. Prominence tem-
peratures are observed to lie in the 5,000-10,000 0 K
region, in which a small temperature change results in a
large change in the rate of energy radiated by the plasma.
Thus, the prominence can adapt to a wide range of energy
inputs with a small adjustment in its temperature.

Presumably, the cooling mechanism applies to the
entire corona, and yet we do not see the corona
everywhere collapse into condensations. Hildner's work
shows that condensation resulting from this thermal
instability proceeds slowly at first, then becomes far more
rapid. That is, an infant condensation is susceptible to
being aborted by competing mechanisms which tend to
homogenize the plasma. Stated differently, Hildner's work
indicates that a particular set of initial conditions is
necessary to allow a prominence to form by condensation
from the corona. The work of Pneuman (see the Corona
section) suggests that a closed magnetic arch is an essential
as well as a sufficient condition for this condensation to
occur.

FLARES AND THEIR EFFECTS

A solar flare is probably one of the most spectacular
cataclysmic events we can witness. Most theories that
attempt to explain flares and their rapid release of energy
depend on the conversion into heat of the energy present
in the surrounding magnetic field. However, since the
solar atmosphere is an excellent electrical conductor,
these explanations have some difficulty in accounting for
the short time observed for the annihilation of the
magnetic field. One of the most favorable mechanisms for
converting magnetic energy is the one suggested by
Petschek, in which the magnetic field and density change
drastically over a small distance at an "X"-type neutral
point in the field and the electrical conductivity is, in
effect, decreased. However, the purely qualitative analyses
of this mechanism have left doubts as to whether it really
operates with the speed necessary. Priest (visitor from the
University of St. Andrews, Scotland) began investigating
Petschek's mechanism in a much more quantitative
manner and isolated a major inconsistency in its previous
formulation. He suggested a modification which removes
the inconsistency and leads to only a slight reduction in
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the rate of energy conversion. He also pointed out
outstanding difficulties which remain to be overcome
before the mechanism can be considered fully consistent.

As part or as a consequence of a flare's explosive
release of energy, bursts of high energy particles and
shock waves are produced and can be traced as they sweep
across the chromosphere, the corona, and interplanetary
space (see Solar-Terrestrial Physics section). The study of
such events provides invaluable diagnostic information
about the sun and the interplanetary medium and about
the nature of the flare itself.

Because a flare-induced shock wave can appear in a
variety of apparently unconnected phenomena, a wide
variety of observing techniques is required to obtain a
complete picture. For example, in one such event ob-
served by Kevin Sheridan (CSIRO), a single flare ap-
parently gave rise to an eruptive prominence, a Type II
burst, and, somewhat later, a moving Type IV source.
(For discussions of the coronal influence of such shocks
and their interplanetary effects, see Coronal Transients
and Solar-Terrestrial Physics sections). That the velocity
of the Type II burst (presumably a shock wave) consider-
ably exceeded the (nearly equal) velocities of the Type IV
source and the prominence ejecta suggests at least two
discrete sources of radio emission for this event. Recent
comparisons of 80 - MHz radioheliograph observations of
Type II and moving Type IV radio bursts with calculated
shapes of the coronal magnetic field have shown that, in
many instances, the burst sources appear to move outward
along magnetic field lines rather than only across them, as
had been previously supposed (see 1970 Annual Report).

In an attempt to relate the velocities of these features
to their common origin at the flare, Kopp used an
approximate analytic theory of slow-mode shock propa-
gation in a nonuniform medium to follow the motion of a
flare-generated shock wave through the corona. Assuming
a radially diverging magnetic field in an isothermal corona,
he followed the shock from the time it struck the
chromosphere-corona transition region until it reached a
distance of 5 R.. The strength of the shock incident on
the transition region from below determines both the
ejection velocity of the prominence material, which
subsequently becomes visible at greater heights as the
80 - MHz Type IV source, and the initial velocity of the
Type II shock. Kopp found that a chromospheric shock of
the appropriate strength to produce the observed promi-
nence and Type IV velocities (290 km/sec) strengthened
as it moved outward through the negative density gradient
in the corona by an amount just sufficient to account for

the high velocity of the Type II burst (> 1,000 km/sec).
One qualification of this initial success in describing a
unified theory for the various events caused by a
flare-induced shock wave is that, in this particular event,
the Type II burst dynamic radio spectra were quite
complex and the inferred velocities were somewhat
ambiguous. The examination of other events should prove
fruitful.

Smith (visitor from Stanford University) investigated
another aspect of this same phenomenon in his
examination of the detailed mechanism by which the
shock wave energy is converted into the radiation
observed as a Type II radio burst. He found that for a
collisionless MHD shock wave to produce the Type II
burst, it must also accelerate the corona through which it
travels to a significant velocity. For example, if such a
shock has a velocity of 1,000 km/sec, it may accelerate
the corona to a velocity of up to 600 km/sec. Only a small
part of the energy of this motion need be converted into
relativistic electrons to produce the gyro-synchrotron
radiation seen as a Type IV burst.

A thorough understanding of these shock waves
requires a knowledge of the detailed microscopic
processes which occur in and around the shock front. For
this, laboratory investigations combined with theory
provide many new insights. Perpendicular collisionless
shock waves have been studied experimentally in plasma
machines at the Culham Laboratory (England) and the
Max Planck Institute for Physics and Astrophysics,
Munich. Since the observed shock thickness is less than
the gyration radius for ions but much greater than that for
electrons, the electrons will drift relative to the ions inside
the shock front. The energy involved in this drift motion
is able to make certain waves in the leading edge of the
shock unstable and thereby lead to turbulence behind the
shock. Such turbulence may provide the mechanism for
the acceleration of high energy particles observed to
accompany shocks in the solar atmosphere. The particular
waves thought to be important in the laboratory
experiments are ion acoustic waves and electron Bernstein
waves, and the theory for their instability growth rates has
been well established when the sole cause of the electron
drift is the voltage jump across the shock. However, in the
experiments at Culham and Munich there are large
gradients in density, magnetic field, and temperature
through the shocks. These also give rise to electron drifts,
and Priest and J. J. Sanderson (University of St. Andrews,
Scotland) calculated the resulting instability growth rates,
which turn out to be markedly different from previous
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values and which lead to the conclusion that the ion
acoustic waves dominate the electron Bernstein waves.

Flare-induced shock waves have also been observed to
traverse the chromosphere as Moreton waves. However,
here they display a most unexpected behavior. Rather
than spreading more or less uniformly from the flare,
these waves are always concentrated in a narrow cone of
60 -90° as seen from the flare. S. Smith (Lockheed Solar
Observatory) and Newkirk made a preliminary compari-
son of several such events with the ambient magnetic field
and showed that magnetic channeling of the disturbance
was not important since the waves propagated both along
and normal to the field. Uchida (visitor from the Tokyo
Astronomical Observatory) and Altschuler found that the
concentration of Moreton waves in a narrow sector is a
natural consequence of the refraction of fast-mode MHD
waves in the solar corona. Using the calculated
current-free coronal magnetic fields and known electron
densities (derived from Mt. Wilson surface magnetic data
and K-coronameter observations), they computed the
detailed trajectories of the shock fronts of several
well-observed events. The predicted paths and velocities
agree well with those observed; moreover, the confine-
ment of the waves to a narrow cone occurs as the shock is
refracted in the high-density high-field neighborhood of
the active region. It appears that many aspects--spray
prominences, Moreton waves, coronal transients, Type II
and Type IV radio bursts, and interplanetary shocks--of
flare-induced shock waves are about to fit into a coherent
picture.

Another product of the cataclysmic release of energy
in a flare is high energy particles, some of which find their
way to the earth. Such particles present the physicist with
the many problems of accounting for their acceleration,
understanding how streams of such particles interact with
the corona, determining how they may be stored in the
coronal magnetic field, explaining how they stimulate the
emission of radio radiation, etc.

Type III radio bursts are attributed to the excitation of
plasma oscillations by streams of protons (or electrons)
traveling at about one-third the velocity of light. However,
to complete this explanation, we must assure ourselves
that such a charged particle stream is stable and can
propagate far out into the solar system. One critical
property of such a stream is that it must remain
electrically neutral even though composed of charged
particles. Since the corona is a fully ionized plasma, any
imbalance in electrical charge must be rapdily neutralized;
otherwise, large electric fields would develop and

decelerate the particle stream. Smith examined the
problem of the neutralization of a charged particle stream
and found that, if the front of the stream were fairly
sharp, the neutralization process would set up large
amplitude charges and current oscillations which would
rapidly destroy the stream. This mechanism of stream
dissipation appears fairly inescapable and sets an upper
limit to the ratio of the stream density, ns, to the coronal
density, ne. For example, at about 0.5 R® above the
photosphere, for an electron stream ns/ne < 10 ,
whereas for a proton stream ns/ne < 1.8 X 10 2. These
concentrations of stream particles are compatible with
those required to excite the bursts, and we conclude that
the plasma hypothesis for Type III bursts is self-
consistent.

Another mechanism which might cause a burst of
Type III excitation electrons to dissipate is the two-stream
instability encountered at the boundary between a rapidly
flowing stream and the surrounding medium. One way to
inhibit this destruction is to assume that the plasma
through which the stream passes is "noisy," i.e., it
contains ion-acoustic waves. However, it is far from clear
that the corona contains a sufficient density of
ion-acoustic waves to be effective. As mentioned in the
Corona section, we believe that Type III bursts occur near
coronal streamers. Therefore; Smith considered whether a
streamer (or current sheet) is a natural source of such
waves and concluded that the current sheet must be
extremely thin (<35 km) to qualify as an effective
generator of ion-acoustic waves. Purely dynamical
considerations (see Corona section) set 500 km as an
upper limit for the thickness of this sheet. Although
observations cannot presently resolve this question, we
must conclude that the sheets are, indeed, very thin.
Smith's work offers a plausible explanation for the fact
that Type III bursts always occur in the denser parts of
the corona--only near the dense current sheets is the
density of ion-acoustic waves high enough to stabilize the
stream of Type III particles.

The exact densities encountered in the corona along
the trajectories of Type III bursts are still not known.
Optical data suggest that streamers have densities of two
to five times the background in the lower corona and up
to ten times the background in the outer corona. The
plasma frequencies observed in Type III bursts require
consistently higher enchancement of density. It is
necessary to choose between the two alternatives:
whether the optical determinations are erroneously low
because the geometry of the high density sheet is
unknown, or whether the Type III bursts radiate above
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the plasma frequency and yield an erroneously high
density. Smith examined the possible mechanisms for
emission at frequencies much higher than the plasma
frequency by a stream of particles and found that, for an
electron stream, the most important process is inverse
Compton scattering of thermal plasma waves on the
electrons of the stream. However, for this process to be
effective, the stream density would have to be so large
that it would rapidly lose most of its energy in becoming

charge neutralized as described above. For a proton
stream the most important process is nonlinear scattering
of the stream protons. Again, excessively high densities
would be required for this process to be effective. Thus,
we conclude that the Type III bursts propagate in thin,
high-density coronal current sheets whose thicknesses are
so small that optical observations of coronal streamers
give only an upper limit to the density.



144

SOLAR-TERRESTRIAL PHYSICS

INTRODUCTION

The interdisciplinary field of solar-terrestrial physics
treats the physical relationships among solar, interplane-
tary, geomagnetic, ionospheric, and atmospheric phe-
nomena. These interrelationships have been pursued
through indirect means (e.g., correlations between solar
and geomagnetic activity) since the late 19th century.
Much of the present impetus in this field stems from the
recent availability of in situ observations by spacecraft of
the magnetosphere and interplanetary space. The resulting
direct knowledge of these two regions has led to an overall
picture that is fundamentally different from that of the
pre-satellite era; the role of the solar wind in shaping the
earth's magnetosphere, in transmitting to 1 AU the signals
produced by solar activity, and in initiating geomagnetic
activity was recognized only recently.

In principle, sufficiently detailed knowledge of the
solar boundary conditions (the density, temperature,
velocity, and magnetic field of the corona as functions of
position and time) would permit us to compute the
properties of the solar wind at 1 AU, the resulting
(time-dependent) state of the magnetosphere, and any
effects on the upper atmosphere. In practice, of course,
this problem is far too complex to yield a solution. Real
progress must come by first considering smaller steps (e.g.,
the relationship between solar activity and the solar wind,
the coupling of the solar wind to the magnetosphere, the
nature of plasma motion in the magnetosphere, or the
effects of ionospheric currents on the upper atmosphere)
and by forming the overall picture from these components
once they are understood. The space probe observations
of the solar wind and magnetosphere play a key role in
such an approach and give observational tests of our
success at each step. Theoretical models of several of the
phenomena mentioned above have achieved considerable
sophistication, and their synthesis with observations to
form a coherent physical model has begun to appear
attainable.

It should be immediately clear that HAO has no
comprehensive program in solar-terrestrial physics. How-
ever, the HAO staff is well suited to attack several
important steps in the piece-wise approach outlined above
as the foundation for a broader approach in the future.
Two such areas are emphasized in the detailed reports to
follow. The first concerns the phenomenological descrip-

tion and theoretical modeling of solar wind disturbances.
Some hope of using results from this research to achieve
an understanding of the coupling of solar activity to the
solar wind has emerged. The second concerns the detailed
analysis of observed geomagnetic variations to deduce
ionospheric currents. The relationship between these
currents (and the implied particle drifts) and the general
magnetospheric plasma flow is considered below.

THE SOLAR WIND

Hundhausen spent most of his time preparing a book
on the solar wind. This monograph reviews the initial
decade of in situ solar wind observations with emphasis on
the identification, classification, and physical interpreta-
tion of large-scale solar wind phenomena. Four such
phenomena--the dynamics and energetics of the overall
coronal expansion, the chemical composition of the
expanding corona and solar wind, the structure of
long-lived high-speed plasma streams, and the propagation
of interplanetary shock waves--are the topics of
extensive discussions. The syhthesis of observations with
appropriate theoretical models is employed to relate
these interplanetary features to coronal processes and
structures.

Central to any such discussion are the relationships
between solar wind phenomena and solar activity. One
such relationship, that between shock waves and solar
flares (see also Solar Activity and Corona sections), was
anticipated from the correlation between flares and
geomagnetic activity long before direct probing of
interplanetary space was possible. The in situ observations
have confirmed this general concept and produced a
detailed quantitative description of the shock waves.
Among the most important values inferred from
observations is the mass ejected into the solar wind by
flares; this mass (estimated to be " 3 X 1016 g) is a
sizeable fraction of the mass in the flare or in the entire
corona. In contrast, both observational and theoretical
evidence indicate that the sources of the more common
high-speed plasma streams--the solar "M-regions" that
have long defied identification--are coronal regions with
diverging magnetic fields, not necessarily related to solar
activity. This conclusion is consistent with the discovery
that the solar wind speed (see 1970 Annual Report), mass
flux, and energy flux have varied little during the present
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solar cycle. The overall picture of the coronal expansion
proposed by Hundhausen envisions only an indirect
connection between solar activity and the "normal" solar
wind, with flares providing a direct link when they are
sufficiently energetic to eject a large mass of plasma from
the chromosphere or low corona.

Until recently, no quantitative models of the evolution
of large-amplitude high-speed plasma streams were
available. Hundhausen used a computer code developed in
collaboration with R. A. Gentry (Los Alamos Scientific
Laboratory) to formulate a model valid for a radial,
adiabatic flow of material beyond about 20 R . Figure 9
illustrates the temporal evolution of a stream produced by
a temperature increase near the sun. As the fast-moving
plasma in the stream overtakes the slower moving solar
wind ahead of it, the velocity increase at the front of the
stream "steepens" (ultimately producing a plug of
compressed gas bounded by a pair of shock waves).
DeYoung (visitor from the National Radio Astronomy
Laboratory) and Hundhausen began modifying the model
to include the effects of heat conduction and thereby to
extend its applicability to lower regions of the solar
corona.

Although the model is strictly valid only for a radially
flowing, nonrotating solar wind, it can be applied without
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Fig. 9 The evolution of a high speed stream in the solar
wind produced by an impulsive increase in the tempera-
ture near the sun.

serious compromise to a rotating interplanetary medium.
Here the variation of solar wind speed with longitude
produces high speed streams which overtake slower
moving plasma and compress and heat it in the process.
The fast-moving solar wind likewise runs away from
slower moving plasma, causing a rarefaction to form at the
trailing edge of the high speed streams. Gosling,
Hundhausen, and Pizzo began a statistical study of this
effect. Their preliminary work on this problem indicates
that compression caused by colliding streams is the prime
cause of high particle densities (> 10/cm3 ) in the solar
wind and that these compressions are extremely
constricted spatially, only about 0.04 AU in thickness at
the orbit of the earth. Their study also indicates that the
rarefaction is the prime source of the extremely low
particle densities (< 3/cm 3 ) observed.

Of course, temporal changes in the state of solar
activity are another source of variation in the solar wind
at 1 AU. Gosling began analyzing solar wind data
collected from 1962 to 1970 in an attempt to assess the
relative importance of rotation and temporal evolution in
producing the observed solar wind variability. He found
that solar rotation provides most of the temporal changes
on a time scale of 4 days or less, with temporal changes in
the wind usually becoming, increasingly important
thereafter. His analysis showed that typical velocity
structures extend over about 60° in solar longitude at the
orbit of the earth; hence, these structures are observed as
essentially time-stationary features that rotate past the
earth. However, because of temporal evolution, these
structures usually do not return as recognizable entities on
subsequent solar rotations (27 days later). As might be
expected, Gosling found that the solar wind velocity
structures tend to be more time-stationary near solar
minimum (when the sun is quiet) than near solar
maximum.

GEOMAGNETISM AND THE IONOSPHERE

Most previous investigations of the lunar variations, L,
in the geomagnetic field had been conducted using hourly
values scaled from magnetograms, and hence many years
of data had been required to obtain reasonable results.
Only recently, magnetic tapes of scaled field values for
every 2.5 min became available for a number of world
stations. These data enable us to examine the L variations
fairly accurately even for a small number of days. The
method developed by Matsushita and Wallace Campbell
(NOAA) involved the exclusion of days of high
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solar-terrestrial activity (Kp > 3+); removal of the solar
quiet, Sq, variation; alignment of the data on a lunar time
scale; and, finally, expansion of the data in a Fourier
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series using the first four Fourier components to fit the
averaged 2.5 - min values (Fig. 10). As an example of this
method, they computed the month-to-month, seasonal,
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Fig. 10 Lunar geomagnetic variations (irregular curves)
and their four Fourier components (smooth curves) of
declination (left-hand column), horizontal component
(middle column), and vertical component (right-hand

column) at Fredericksburg, Virginia, April 1966; Hono-
lulu, Hawaii, December 1965; and Huancayo, Peru, April
1966, with respect to Greenwich lunar time.
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and solar-cycle variations of the lunar semidiurnal field
components at Fredericksburg, Virginia, and Huancayo,
Peru, from 1964 through 1966 and at Honolulu, Hawaii,
from 1964 through 1968. They also obtained the
amplitudes and relative phases of the lunar semidiurnal
component between day and night at Huancayo. These
new data thus allow study of the variations of a particular
month of a particular year and of the structure of isolated
events.

Concerning lunar influences on the ionospheric
sporadic E, Jerald Tarpley (NOAA) and Matsushita
further examined theoretically two possible sources:
(1) motions of the sporadic-E layer produced by the
electrostatic field associated with the lunar ionospheric
current system, and (2) wind shears in the lunar-induced
atmospheric tide. From studies of lunar atmopsheric tides
and the lunar ionospheric dynamo, they estimated values
of the electrostatic field and wind shear, and determined
the effects of these electric-field and wind distributions on
the sporadic-E layers. Their theoretical results suggest that
height variations of the sporadic-E layer are produced by
lunar-induced electric fields rather than by wind shears.

Using reasonable models of anisotropic electrical
conductivities and solar and lunar tidal wind systems in
the dynamo region (at an altitude of 90 -150 km),
Matsushita had previously estimated the distribution of
the electrostatic fields required to account for the Sq and
L geomagnetic variations on quiet days in equinoctial
months during moderate sunspot periods. To find the
ionospheric F2 motions which result from the interaction
with these Sq and L fields, Matsushita, during 1971,
mapped these dynamo-region electrostatic fields out to
the ionospheric F2 region (300 km) along the earth's
magnetic field lines and thus computed the resultant
horizontal and vertical drift motions. These motions are
caused by the coupling of the electrostatic and earth's
magnetic fields. The possibility also exists that Sq-type
electric currents in the dynamo region are produced by
the plasmaspheric electrostatic field resulting from
magnetospheric motions (see 1970 Annual Report). He
also computed F2 drift motions caused by this
electrostatic field. He considered which of the two
mechanisms would account for the observed F2 drift
motions and concluded that the plasmaspheric electro-
static fields are dominant.

THERMOSPHERE AND MAGNETOSPHERE

During a geomagnetic disturbance on 13 December
1966, radar observations of the electron drift velocity in

the equatorial electrojet over Jicamarca, Peru, showed
three sudden velocity decreases which corresponded to
three sharp decreases in the geomagnetic horizontal
component at Huancayo, Peru. The equatorial sporadic E
at Huancayo also disappeared simultaneously. This
phenomenon has been observed on several other days.
Matsushita and B. Balsley (NOAA) estimated the equiva-
lent overhead electric current systems for these events
from geomagnetic data obtained at many stations,
particularly those located approximately along the 750 W
meridian and the magnetic equatorial region. On the basis
of the results they questioned the adequacy of the DP2
equivalent current system in explaining these results and
suggested a modification of the currently popular storm
model. Another interesting event on 12 February 1969
showed no electrojet current and no equatorial-type
sporadic E occurring along with an unusual decrease in the
magnetic field strength during several daytime hours. For
this type of event they emphasized a strong interaction
between the thermosphere and the magnetosphere in
middle and low latitudes, and they named the phenomenon
the equatorial substorm. The use of a new name should
avoid the usual interpretation of geomagnetic disturbances
in middle and low latitudes as simple leak currents from
polar electrojets caused by polar substorms.

During 1971 Tomikazu Namikawa (1969 visitor from
Osaka City University) and Matsushita examined the
interaction between hydromagnetic oscillations and
magnetospheric convection caused by the solar wind to
explain the damped geomagnetic pulsations associated
with geomagnetic storms. They concluded that their
theoretical model of magnetospheric convection (the
convection velocity of the magnetospheric plasma is
106 cm/sec and the characteristic length of pulsations is
2.5 earth radii) can explain these damped pulsations.

To examine possible plasmaspheric origin of the Sq
current system, Tsuda (visitor from Kyoto University) and
Matsushita computed the plasmaspheric electrostatic
fields produced by low-energy magnetospheric particles
diffused through the plasmapause by the magnetospheric
electric and magnetic fields. The total flux of particles and
the geographic location of their origin were the assumed
variable parameters of the computation. Although they
did not complete the computation in full detail, they
found a few good examples which were very similar to the
electric field required for the Sq current production. This
computation technique is promising since it provides
applications to the investigation of interactions among the
thermosphere, plasmasphere, and magnetosphere for both
quiet and disturbed conditions.
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OBSERVING FACILITIES

CLIMAX OBSERVATORY

Once again the 40 - cm coronagraph was the center of
the Climax site activities. The acquisition of magnetic
field data on limb features and active disk regions
constituted the main thrust of the observing program. We
reserved the best observing conditions for magnetic field
measurements in the corona using the green coronal line
(5303 A) and for a spectral study of quiescent
prominences in the Balmer discontinuity region.

In the fall of 1971 we resumed special coronal
observations with the 40 - cm coronagraph in an effort to
increase our understanding of mass motion in the corona.
In 1969 we made a series of observations that
concentrated on detecting doppler motion in the green
coronal line; during 1971 we monitored the time
variations of the central intensity of that line using the
nearby continuum as a reference. If one of these effects is
predominant, this should provide a clue to the nature of
the waves producing these mass oscillations. During
September and October we carried out a cooperative
program with W. Neupert (NASA/GSFC) to observe the
magnetic field in regions classified as sources of XUV and
X rays by the instrumentation carried by the OSO-H
satellite. The 13 - cm coronagraph was again used to
acquire the spectral data which enhanced the value of
magnetic field measurements.

During the summer of 1971 we installed the new
apochromatic optical system designed by Rush for the
13 -cm coronagraph. It greatly improves the spatial and
spectral resolution of this coronagraph.

MAUNA LOA OBSERVATORY

We successfully operated the K-coronameter and the
Coronal Activity Monitor throughout 1971. We made
synoptic observations of the white light corona on nearly
every clear day, but we placed increased emphasis on
obtaining observations late in the day when there is
overlap with the observing period of the CSIRO 80 - MHz
radioheliograph in Australia. We also placed added
emphasis on obtaining uninterrupted observations on
cloud-free days. Observations of this type are important
to attempts to describe conditions in the corona before,
during, and after a transient event. As a result of this

emphasis on long observing periods it was necessary to
increase the observing staff in July.

The success of coronal instrumentation on the OSO - 7
satellite has provided an opportunity for the Mauna Loa
K-coronal observations to be used in support of OSO - 7
instruments, especially the NRL solar coronagraph and
the NASA/GSFC XUV spectroheliograph.

We began using an Ha prominence telescope to help
anticipate regions where coronal activity might occur.
This telescope uses a wideband filter (20 A) so that high
velocity disturbances will not be doppler-shifted out of
the passband and become invisible.

Because of its unique location, which is well above the
normal temperature inversion and surrounded by barren
lava, the Mauna Loa station is an excellent site for
clean-air monitoring. A program to monitor ice nuclei is in
progress, involving collaborative efforts of the Cloud
Physics Observatory of the University of Hawaii, the
Environmental Research Laboratory of NOAA, and LAS
and HAO of NCAR.

Since June 1971 Garcia and Cook have maintained and
operated two NCAR ice nucleus counters (developed by
Langer, LAS) to improve the reliability of the data.

ORBITING CORONAGRAPH

The HAO orbiting coronagraph program entered a new
phase of activity during 1971. The flight instrument, to be
installed on the Apollo Telescope Mount (ATM) spar for
the NASA Skylab mission in 1973, was delivered in
February 1971 to NASA for integration and testing
following scattered-light testing and evaluation at the
HAO facility. The prototype coronagraph, the second unit
qualified for orbital operation, continued to progress
through numerous tests at NASA centers and will be
refurbished as a backup instrument.

Following delivery of the flight coronagraph, the
emphasis of the HAO program shifted to areas involving
the training of mission operation scientific and engineer-
ing support personnel and the Skylab astronaut crews, and
involving evaluation of the instrument testing programs.
Ross, with support from Stumph, continued to lead the
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coordination and management of the coronagraph
integration and test programs and the first photographic
camera construction program. In collaboration with other
ATM experiment teams, MacQueen and Gosling developed
a series of detailed Joint Observing Programs, with the
goal of optimum use of all ATM experiments toward the
solution of specified solar problems.

Gosling and Harry Avant (Ball Brothers Research
Corporation) continued studies of the characteristics of
the special film to be employed by the cameras, with
special emphasis on processing to compensate for
latent-image deterioration and sensitivity changes during
the nine-month Skylab mission.

We continued the analysis of results of the Design
Verification Unit balloon flight (see 1970 Annual Report)
and employed the engineering results as teaching aids for
the Skylab astronaut crews. Poland digitized coronal
photographs from that flight, and began studying various
techniques of spatial averaging and Fourier smoothing in
anticipation of the actual orbital results.

APOLLO MISSIONS

Over the past several years Newkirk, Lacey, Gosling,
Ross, and MacQueen have performed systems tests and
formulated recommendations for the observation of the
corona from a lunar orbiting Apollo vehicle. These efforts
were brought to fruition through the increased emphasis
on scientific accomplishments during the July-August
Apollo 15 mission during which several sequences of
coronal photographs were taken by Astronaut Worden.
employing the moon as an occulting disk. Ross, through
his role as a member of NASA's Dim Light Working
Group, has played a central role in planning this effort
and future Apollo coronal sequences. He and MacQueen,
with S. and R. Hansen and A. Dollfus (Paris Observatory),
began examining the outer coronal form as observed over
a period of more than a solar rotation during the
Apollo 15 mission and during a balloon flight carried out
by Dollfus.

OSO-I SATELLITE

A unique opportunity for expanded study of the sun
has been opened up by the advent of space observations.
For example, NASA's OSO-I satellite to be launched in
1973 will carry advanced spectroscopic instruments
designed specifically to take advantage of the recent

progress in radiation transport theory. The instrument
payload will provide detailed spectroscopic data for the
sun and for many stars in the XUV spectrum. These data
will allow studies, heretofore impossible, of the upper
solar chromosphere and the chromosphere-corona transi-
tion region. Athay, White, Mihalas, and Skumanich, in
collaboration with Elmo Bruner (LASP), have been
guiding the scientific program of one of the two major
experiments on OSO-I. Active collaborators in the
experiment have been recruited from all major solar
physics groups in the United States and France. The
second major experiment will be conducted by a French
group under the leadership of Bonnet (Laboratory of
Stellar and Planetary Physics) with the active participation
of research teams from several other countries. This
international venture in space research represents a
milestone in solar physics. The deep involvement of HAO
staff members in this project demonstrates a commitment,
appropriate for a national laboratory, to a large scientific
goal.

SITE SURVEYS

The establishment of a temporary site on Horse Creek
Reservoir to examine the improvement in atmospheric
daytime seeing which might be introduced by having the
line of sight over a large body of water has been described
previously (see 1968, 1969, and 1970 Annual Reports).
The overall evaluation of this location carried out by
White and Emerson shows that, although the presence of
the reservoir definitely improves image stability, the
quality of the observations would be lower than can be
obtained elsewhere. We therefore terminated the program.

We terminated the one-year site survey on top of
Grand Mesa near Grand Junction, Colorado, in June 1971.
The Grand Mesa location clearly offered no improvement
over the Climax site for coronal observing.

Emerson, Lesh, and Querfeld continued the search,
begun in 1970, for a site for ground-based far-infrared
observations. Four sites--Pikes Peak (4,300 m), Ganley
Mountain (3,800 m), Squaw Mountain (3,500 m), and
Crown Point (3,500 m)--have been instrumented with
wind and sunshine recorders, and testing was begun for
precipitable water vapor overhead. In addition we
conducted extensive tests on the summit of Pikes Peak in
April 1971 through the assistance of Fitzsimmons Army
Hospital. The measurements of sky brightness and water
vapor confirmed the expectation that Pikes Peak would
offer superior observing conditions for infrared and
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coronal observations. During this period we also
established conclusively that far-infrared sky scintillations
are completely correlated with the amount of line-of-sight
water vapor.

One of the longest possible total solar eclipses (about
7 min) will occur over Africa on 30 June 1973. Because of
its duration, the planned operation of the ATM in the
same period, and the high probability of clear sky in the
arid Sahara, this eclipse constitutes an especially good
opportunity for investigation of the solar atmosphere, the
ionosphere, and the upper atmosphere of the earth. The
remoteness of the eclipse path and the large numbers of
scientists expected to participate in eclipse expeditions

will result in considerable logistics difficulties; the
National Science Foundation has been designated to
coordinate the U.S. expeditions and has asked NCAR for
assistance.

In response to this request, a task group, comprising
Curtis, and Records and Prantner (both of FAL), was
formed to carry out site surveys and organize and provide
logistics support to the scientific groups that will be
joining the expedition from around the country. In the
fall of 1971 this team spent five weeks visiting possible
sites in Mauritania, Mali, and Niger. The report of this
preliminary survey was published in the NSF Eclipse
Bulletin.
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SEPTEMBER SEMINARS

For the past several years HAO has sponsored
specialized seminars in areas of major scientific interest to
bring together people working actively on a particular
problem in an atmosphere conducive to the free exchange
of ideas. Attendance is restricted to a small number of
participants (about 30) to stimulate informal discussions.
Where desired, however, the participants have been able to

submit manuscripts to be included in the conference
report. Past topics for these meetings were:
1968 - Resonance Lines in Astrophysics, 1969 - The
Chromosphere-Corona Transition Region (sponsored
jointly with Sacramento Peak Observatory), and
1971 - Radiative Transport in the Presence of a Magnetic
Field.
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HIGH ALTITUDE OBSERVATORY PERSONNEL

DIRECTOR

Gordon A. Newkirk, Jr.

ASSISTANT TO THE DIRECTOR

D. Keith Watson

SCIENTIFIC STAFF

Martin D. Altschuler
R. Grant Athay'
John A. Eddy'
John T. Gosling
Richard T. Hansen
Lewis L. House
Arthur J. Hundhausen (from June)
Roger A. Kopp' (on leave from June)
Robert M. MacQueen
William G. Mankin (from September)
Sadami Matsushita
Dimitri M. Mihalas (from September)
Yoshinari Nakagawa
Gerald W. Pneuman
Arthur I. Poland (from June)
Charles W. Querfeld
Joseph H. Rush
Andrew Skumanich
Einar Tandberg-Hanssen
O. Richard White'

CLIMAX STAFF

G. William Curtis,' Scientist-in-Charge
Thomas G. Baur
Helen P. Glasco (to September)
Frank A. Hegwer
Ivan A. Lee
Werner H. Lindscheidt
Gerald E. Ohde
Stephen R. Rogers
Joan F. Sanchez (to October)

1 Observatory Advisory Council

SENIOR RESEARCH ASSISTANTS

Rudolph H. Cook (from July)
Carl G. Lilliequist
Nelder Medrud, Jr.
Dorothy E. Trotter

RESEARCH ASSISTANTS

Astrik Deirmendjian
Gary P. Emerson
Charles J. Garcia
Marjorie E. Gay
John E. Goff
Shirley F. Hansen
Elizabeth L. Kimura
Nadine K. Kurokawa (from June)
David M. Lesh
Elaine L. Miller
William H. Ragland
Charles M. Smythe
Mary Ann Steckling
Victor P. Tisone
Thomas E. Wilson

GRADUATE ASSISTANTS

David N. Anderson (to September)
Benedict A. Domenico (to October)
David F. Elmore
Ernest G. Hildner (to June)
Douglas V. Hoyt (to September)
Bruce W. Lites
Daniel McNamara (from February)
Victor J. Pizzo
Rodney B. Schultz
Daniel J. Vasicek
Douglas C. Wilson

ENGINEERING AND
INSTRUMENTATION STAFF

Victor F. Borgogno (from November)
Morris G. Ellis
Richard R. Euchler (to October)
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George N. Gooras (to January)
Lawrence R. Goter (to November)
Robert G. Hanson
Howard K. Hull, Engineer-in-Charge,

Electronics Shop (from February)
Dean M. Keas (to June)
Alexander Koran (to August)
Leon B. Lacey, Engineer-in-Charge, Machine Shop
Loren D. Laramore
Robert H. Lee, Chief Electronics Engineer
Frank L. Melchior, Jr.
John C. Preston (to March)
Robert E. Rader, Jr. (from August)
Andrew W. Robertson
Charles L. Ross, Program Manager, ATM
Bryan B. Southward
Stephen L. Stumph (from August)

Robert F. Wendler
Werner J. Windbergs
William O. Zelt

ADMINISTRATION AND OFFICE STAFF

Margaret L. Cartano
Diana M. Cummings
Sylvia A. Dickerson (to February)
Karen A. Dominguez (to November)
Cheryl L. Fahey (from December)
Patricia P. Faulkner
Ruby L. Fulk
Carmen R. Kerner
Kathryn A. Strand, Librarian
Rebecca M. Toevs
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NOTE

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

Andre, Jean-Claude: National Meteorology Service, Paris,
France; LAS, October 1971 to June 1972; closure
problems of turbulence.

Bachhuber, Carl C.: Portland State University; LAS,
September 1970 to August 1971; particle
hydrodynamics.

Bartley, Donald G.: Metropolitan State College, Denver;
FAL, June to August 1971; participant, aviation field
study program.

Beard, Kenneth V. K.: University of California, Los
Angeles; LAS, April to December 1971; cloud particle
interactions.

Bengtsson, Lennart: Swedish Meteorological and Hydro-
logical Institute, Stockholm; LAS, January to March
and July to September 1971; numerical weather
prediction.

Benton, Edward R.: University of Colorado; ASP, May to
August 1971; steady nonlinear Ekman-Hartmann
boundary layers.

Birchfield, C. E.: Northwestern University; LAS, June to
July 1971; geophysical fluid dynamics.

Bowling, Sue Ann: University of Alaska; ASP, September
1971 to September 1972; postdoctoral appointee;
aerosols, radiative cooling, atmospheric chemistry.

Brazier-Smith, Peter R.: University of Manchester, Eng-
land; ASP, July to September 1971; cloud drop
electrodynamics.

Breeding, Roger J.: Massachusetts Institute of Tech-
nology; ASP, September 1970 to September 1971;
postdoctoral appointee; internal gravity waves.

Brock, Fred V.: University of Oklahoma; FAL, August
1971; automation of calibrations by minicomputer.

Brown, Robert A.: University of Washington; ASP, Sep-
tember 1970 to September 1971; postdoctoral appoin-
tee; planetary boundary layer modeling, stability
analysis.

Buder, Patricia: Saint Louis University; ASP, June to
September 1971; UCAR Fellow.

Burgmeier, James W.: University of Vermont; LAS, June
to July 1971; aerosol research.

Carr, Fred: Florida State University; LAS, June to
August 1971; tropical dynamics.

Ceselski, Ben: Florida State University; LAS, July to
December 1971; tropical numerical meteorology.

Cha, Milton: University of Hawaii; HAO, October 1970
to October 1971; power spectrum analysis.

Charney, Jule G.: Massachusetts Institute of Technology;
LAS, July to August 1971; dynamic meteorology.

Chow, Julianna: University of Colorado; FAL, June to
August 1971; fellowship program in scientific
computing.

Davies-Jones, Robert: National Severe Storms Labora-
tory, NOAA; ASP, July to October 1971; convective
vortices.

Delache, Phillipe: Nice Observatory, University of Paris,
France; HAO, July to September 1971; coronal
problems.

DeYoung, David S.: National Radio Astronomy Labora-
tory; HAO, July to September 1971; solar wind.

DiCamillo, Robert M.: Drexel University; ASP, June to
September 1971; UCAR Fellow.

Dubach, Peter: Federal Institute of Technology, Ziirich,
Switzerland; ASP, April to October 1971; dynamical
models for ozone transport.

Durney, Bernard: ASP, July 1970 to May 1971; solar
convection.

Dutsch, Hans U.: Federal Institute of Technology,
Ziurich, Switzerland; ASP, April to October 1971;
dynamical models for ozone transport.



158

Fels, Stephen B.: University of California, Los Angeles;
ASP, September 1971 to September 1972 (in residence
at University of Chicago, September 1971 to June
1972); postdoctoral appointee; atmospheric dynamics,
radiative processes.

Foote, G. Brant: University of Arizona; ASP, December
1970 to November 1971; postdoctoral appointee;
cloud physics.

Gammill, Robert C.: University of Colorado; FAL, June
to August 1971; computer graphics.

Gat, Joel R.: Weizmann Institute of Science, Rehovot,
Israel; ASP, August 1971 to August 1972; geochemis-
try, application of radioactive tracer techniques to
cloud physics field observations.

Geisler, John E.: University of Miami; LAS, July to
August 1971; tropical convection.

Goutorbe, Jean-Paul: National Meteorology Service,
Paris, France; LAS, October 1970 to July 1971;
convection.

Greene, Robert: University of Wyoming; ASP, June to
August 1971; institute participant, predoctoral; plane-
tary magnetospheres and auroras.

Griffiths, Lloyd J.: University of Colorado; LAS, June to
September 1971; thunderstorm charging probabilities.

Gustavsson, Nils: Swedish Meterorological and Hydro-
logical Institute, Stockholm; LAS, July to September
1971; numerical weather prediction.

Hamill, Patrick: University of Arizona; ASP, September
1971 to September 1972 (in residence at University of
Chicago, September 1971 to June 1972); postdoctoral
appointee; cloud physics and dynamics.

Hardy, Donald M.: Rice University; ASP, September
1971 to September 1972 (in residence at University of
Chicago, September 1971 to June 1972); postdoctoral
appointee; air pollution effects on cloud physics.

Harris, Ronney D.: Utah State University; ASP, Septem-
ber 1971 to September 1972; upper atmosphere
physics, development of educational program in
aeronomy.

Hauck, James P.: University of California, Irvine; ASP,
June to August 1971; institute participant, predoc-
toral; planetary magnetospheres and auroras.

Hildner, Ernest: University of Colorado; HAO, July 1971
to July 1972; magnetohydrodynamics applied to prob-
lem of stability of prominences.

Hirota, Isamu: University of Tokyo, Japan; LAS, Sep-
tember 1970 to September 1971; stratospheric
circulations.

Hoskins, Brian J.: Cambridge University, England, ASP,
August 1970 to August 1971; postdoctoral appointee;
atmospheric dynamics.

Hruska, A.: University of Alberta, Canada; HAO, July
1970 to July 1971; magnetohydrodynamics.

Hsu, Sheng-I: Oregon State University; FAL, June to
August 1971; fellowship program in scientific
computing.

Hsueh, Y.: Florida State University; LAS, July to August
1971; ocean circulations.

Hurlburt, Harley: Florida State University; LAS, June to
September 1971; ocean circulations.

Israeli, Moshe: Massachusetts Institute of Technology;
LAS, July to September 1971; numerical modeling of
rotating flows.

Jaeger, Erwin F.: University of California, Berkeley; ASP,
June 1971 to June 1972; postdoctoral appointee;
application of plasma physics to magnetospheres and
auroras.

Jaenicke, R.: Max Planck Institute for Chemistry, Mainz,
Germany; LAS, October 1970 to October 1971;
aerosol research.

Johnson, Hollis R.: Indiana University; HAO, September
1971 to July 1972; radiative transfer.

Jones, Galen K.: Metropolitan State College, Denver;
FAL, June to August 1971; participant, aviation field
study program.

Jones, Richard H.: University of Hawaii; GTG/LAS, July
1971; statistical analysis.
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Kanamitsu, Masao: Florida State University; FAL, June
to August 1971; fellowship program in scientific
computing.

Kaylor, Robert: University of Maryland; LAS, June to
August 1971; numerical modeling of planetary flow.

Kennel, Charles F.: University of California, Los Angeles;
ASP, July 1971; institute lecturer; planetary magneto-
spheres and auroras.

Klemp, Joseph B.: Stanford University; ASP, September
1971 to September 1972; postdoctoral appointee;
atmospheric dynamics.

Kobayashi, Teisaku: Institute of Low Temperature Sci-
ence, Hokkaido University, Sapporo, Japan; LAS, June
1971 to June 1972; nucleation and ice crystal growth.

Kreitzberg, Carl W.: Drexel University; LAS, August to
September 1971; numerical modeling of mesoscale
frontal structure.

Krishnamurti, Ruby: Florida State University; ASP,
June to September 1971; nonlinear finite amplitude
convection.

Krishnamurti, T. N.: Florida State University; GTG, June
to September 1971; limited-area forecast models of
tropics, convective parameterization.

Labitzke, Karin: Institute of Meteorology and Geophys-
ics, Free University of Berlin, Germany; LAS, August
1970 to April 1972; stratospheric circulations.

Leary, Colleen A.: Massachusetts Institute of Tech-
nology; FAL, June to August 1971; fellowship pro-
gram in scientific computing.

LeMone, Margaret: University of Washington; LAS, Octo-
ber 1970 to March 1971; roll vortices in planetary
boundary layer, aircraft measurements.

Lester, Peter F.: San Jose State College; LAS, June to
August 1971; mountain-induced turbulence.

Lin, Jung-Tai: University of Iowa; ASP, August 1970 to
May 1971; postdoctoral appointee; turbulence theory.

Locs, Gyula: Research Institute for Physics, Budapest,
Hungary; FAL, July 1971 to June 1972; computer
operating systems and computer graphics.

McGreevy, Gerard: St. Patrick's College, Maynooth, Ire-
land; LAS, August 1970 to August 1971; measurement
of atmospheric aerosols.

McPherson, Ronald D.: National Weather Service, NOAA;
LAS, July to August 1971; dynamical meteorology.

McWilliams, Michael W.: Metropolitan State College, Den-
ver; FAL, June to August 1971; participant, aviation
field study program.

Mahrt, Larry J.: University of Wisconsin, Madison; ASP,
November 1971 to November 1972; postdoctoral
appointee; tropical circulation modeling.

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

Mathur, Makut: Drexel University; GTG, July to Sep-
tember 1971; predoctoral appointee; limited-area
model of hurricane development.

Metcalf, James I.: University of Chicago; LAS, March to
April 1971; aircraft and radar observations of Kelvin-
Helmholtz waves.

Mihalas, Dimitri M.: University of Chicago; HAO, July to
September 1971; stellar atmospheres.

Mooers, Christopher N. K.: University of Miami; LAS,
July to September 1971; dynamic oceanography.

Moore, Lance G.: Metropolitan State College, Denver;
FAL, June to August 1971; participant, aviation field
study program.

Moortgat, Geert K.: University of Detroit; LAS, April
1970 to June 1972; gas kinetics of trace chemicals.

Natusch, David F. S.: University of Illinois; LAS, June to
September 1971; analytical chemistry.

Niiler, Pearn P.: Nova University; LAS, June to July
1971; ocean circulations.

O'Brien, James J.: Florida State University; LAS, June to
September 1971; ocean circulations.

Ogren, Paul J.: Maryville College; ASP, September 1971
to September 1972; postdoctoral appointee; air chem-
istry, development of undergraduate program in envi-
ronmental sciences.
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Olson, Roger: Space Disturbances Laboratory, NOAA;
ASP, September 1970 to July 1972; synoptic study on
auroral activity and circulation patterns.

Orrall, Frank Q.: University of Hawaii; HAO, September
1970 to September 1971; solar corona.

Orszag, Steven A.: Massachusetts Institute of Tech-
nology; LAS, December 1970 to June 1971; turbu-
lence theory.

Patterson, G. Stuart: Swarthmore College; LAS, Septem-
ber 1970 to May 1971; development of computer
programs for simulation of three-dimensional
turbulence.

Pease, Steven R.: University of Wisconsin, Milwaukee;
FAL, June to August 1971; fellowship program in
scientific computing.

Pennell, William T.: University of Minnesota; ASP, July
1971 to July 1972; postdoctoral appointee; instru-
mentation techniques applied to measurement of atmo-
spheric fluid flow.

Perkey, Donald J.: Drexel University; LAS, June to
September and December 1971; numerical modeling of
mesoscale cumulus interactions.

Perry, Michael: HAO, October 1971 to August 1972;
electron density mapping from K-coronameter data.

Piest, Jiirgen: Armed Forces Institute for Hydroacoustics
and Geophysics, Kiel, Germany; ASP, August 1971 to
August 1972; geophysical turbulence theory.

Platte, Steven M.: Iowa State University; ASP, June to
September 1971; UCAR Fellow.

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

Priest, Eric R.: University of St. Andrews, Scotland;
HAO, September 1971 to September 1972; magneto-
hydrodynamic stability.

Raadu, Michael: University of Manchester, England;
HAO, October 1969 to June 1971;
magnetohydrodynamics.

Richards, Francis: Lowell Technological Institute; ASP,
June to August 1971; UCAR Fellow.

Richter, Frank M.: University of Chicago; FAL, June to
August 1971; fellowship program in scientific
computing.

Riley, James J.: Johns Hopkins University; ASP, Sep-
tember 1971 to September 1972; postdoctoral appoin-
tee; turbulent transport processes.

Roberts, Paul H.: University of Newcastle upon Tyne,
England; ASP, September 1970 to September 1971;
fluid mechanics and geomagnetism, dynamo theory.

Russell, Philip B.: Stanford University; ASP, September
1971 to September 1972 (in residence at University of
Chicago, September 1971 to June 1972); postdoctoral
appointee; air pollution measurement, photochemistry,
and transport.

Saito, Kuniji: Tokyo Astronomical Observatory, Japan;
HAO, September 1970 to March 1971; solar corona.

Sakurai, Takeo: Kyoto University, Japan; ASP, Septem-
ber 1970 to September 1971; gas dynamical aspects of
astronomy and meteorology.

Scarpace, Frank L.: University of Wisconsin, Madison;
FAL, June to July 1971; remote sensing of thermal
pollution.

Singleton, Donald L.: Northwestern University; LAS,
November 1970 to November 1972; oxygen atom-
molecule reactions.

Smith, Dean F.: Stanford University; HAO, September
1970 to September 1972; physics of the corona, radio
astronomy.

Snyder, Howard A.: University of Colorado; ASP, June
1971; laboratory modeling of tornadoes.

Sommeria-Klein, Gilles: National Center for Scientific
Research, Paris, France; LAS, October 1971 to June
1972; dynamics of the atmospheric boundary layer.

Spaete, Paul E.: University of Wisconsin, Madison; FAL,
June to August 1971; fellowship program in scientific
computing.

Stenflo, Jan O.: Lunds University, Sweden; HAO, Octo-
ber 1970 to November 1971; solar magnetic fields.
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Stix, Michael: Observatory of G6ttingen University, Ger-
many; HAO, October 1970 to October 1971; solar
differential rotation and magnetic cycle.

Sweet, Roland A.: University of Colorado; FAL, July to
September 1971; ordinary and partial differential
equations.

Thacker, W. Carlisle: University of Illinois; ASP, Septem-
ber 1971 to September 1972 (in residence at Univer-
sity of Chicago, September 1971 to June 1972);
postdoctoral appointee; atmospheric and oceanic
dynamics.

Thiebaux, Martial L.: University of Massachusetts; ASP,
September 1971 to September 1972; elementary par-
ticle physics, application of mathematical techniques
to geophysical turbulence theory.

Thompson, James D.: Florida State University; ASP,
June to September 1971; UCAR Fellow.

Tsuda, Takao: Kyoto University, Japan; HAO, July to
September 1971; ionospheric and magnetospheric
research.

Uchida, Yutaka: Tokyo Astronomical Observatory,
Japan; HAO, July to September 1971; magnetohydro-
dynamic shock wave studies.

Vallance-Jones, Alister: National Research Council of
Canada, Ottawa; ASP, June 1971; institute lecturer;
planetary magnetospheres and auroras.

Vickers, Glenn T.: University of Sheffield, England; ASP,
July to October 1971; convective vortex modeling.

Wallace, John M.: University of Washington; LAS, March
to June 1971; tropical meteorology, GARP planning.

Warner, Thomas T.: Pennsylvania State University; FAL,
June to August 1971; fellowship program in scientific
computing.

Wroblewski, Joseph: Florida State University; LAS, June
to September 1971; ocean circulations.

Yu, E. Y.: Northwestern University; LAS, June to July
1971; meteorological and topological effects on air
pollution dispersion in a lake-bordered urban area.

Zurek, Richard W.: University of Washington; FAL, June
to August 1971; fellowship program in scientific
computing.
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NOTES

Publications of both staff and visitors that appeared during the calendar year are listed with the author's
NCAR affiliation; papers that appeared too late to be included in previous annual reports are also included.
Informal papers, internal reports, abstracts, preprints, and papers presented at meetings are not included in
this list. An asterisk following an author's affiliation indicates that the author is no longer with NCAR.
Theses based on research performed in cooperation with NCAR are given following the formal publications
list.
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NCAR PUBLICATIONS

Adams, J. C. (FAL): 6600/7600 Primer. NCAR Technical
Note TN/IA - 62, 171 pp., 1971.

---------- , and P. A. Rotar (FAL): Library Routines Manual.
NCAR Technical Note TN/IA - 67, 332 pp., 1971.

Altschuler, M. D. (HAO): The geometry of the coronal
magnetic field. Sky and Telescope41, 146-150,
1971.

---------- , G. Newkirk (HAO), D. E. Trotter (HAO), and
R. Howard: Time evolution of the large-scale solar
magnetic field. In Solar Magnetic Fields, Proc. IAU
Symposium No. 43, R. Howard, Ed., D. Reidel Publ.
Co., Dordrecht-Holland, 558 - 594, 1971.

Altshuller, A. P., and R. D. Cadle (LAS): Notes on
monitoring air quality. In Man's Impact on the Cli-
mate, W. H. Mathews, W. W. Kellogg, and G. D. Robin-
son, Eds., MIT Press, Cambridge, Mass., 375 - 394,
1971.

Anzer, U. (HAO*), and E. Tandberg-Hanssen (HAO): On
the orientation of magnetic fields in quiescent promi-
nences. In Solar Magnetic Fields, Proc. IAU Sympo-
sium No. 43, R. Howard, Ed., D. Reidel Publ. Co.,
Dordrecht-Holland, 1971.

Arnolt, H. J., J. A. C. Nicol, and C. W. Querfeld
(HAO): Reflecting spheres in the eyes of weakfishes
(Sciaenidae). Nature 233 (5315), 130 - 133, 1971.

Ashour, A. A. (ASP*): The magnetic field of a plane
current sheet with different uniform conductivities in
different parts with results for an elliptic area. Geo-
phys. J. R. astr. Soc. 22, 401 - 416, 1971.

---------- : Electromagnetic induction in thin finite sheets
having conductivity decreasing to zero at the edge,
with geomagnetic applications. Geophys. J. R. astr.
Soc. 22, 417 - 433, 1971.

---------- : The evaluation of the field of the currents
induced in the earth by an external field whose
distribution is known numerically. Radio Sci. 6 (2),
171 - 173, 1971.

Athay, R. G. (HAO): The chromosphere-corona transi-
tion region. In Physics of the Solar Corona, C. J.
Macris, Ed., D. Reidel Publ. Co., Dordrecht-Holland,
36 - 65, 1971.

--- , and A. Skumanich (HAO): Thermalization
lengths and mean number of scatterings for line
photons. Astrophys. J. 170 (3), 605 - 611, 1971.

Axelrod, H. D. (LAS), J. E. Bonelli (LAS), and J. P.
Lodge, Jr. (LAS): Fluorometric determination of bro-
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