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ERRATA SHEET

p. 45 - Col.2 under "Coronal Magnetic Fields,"
para.l, last sentence should read:

However encouraging their results may
be, the analysis is still made with-
out benefit of direct observations
of the coronal magnetic field.

p. 47 - Col.2 head should be:

Physics of Coronal Streamers

p. 49 - Col.l, para.2, line 10 should read:

relative frequency of high speeds
(> 550 km/sec) in any

p. 50 - Col.l, last two lines should read:

conclude that the particle size dis-
tribution and composition of Kaiser's
model are correct.

p. 76 - Col.2, last para., line 1, delete:

(ASP)

p. 78 - Col.2, last para., lines 2 and 3
should read:

with the GCM using real atmospheric
data of January 1958 and December
1967 to determine the best height for

p. 94 - Col.2, under "Stratospheric Par-
ticles," para.2, last sentence,
delete:

resulting from volcanic activity

p. 97 - Col.l, 9th line up from bottom of
page should read:

in a frozen state to preserve this
size. A freezing drop falling
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FOREWORD

This ninth Annual Report of the Research and Facilities Programs at the National Center for
Atmospheric Research describes our activities during a year in which important changes took place in the
atmospheric sciences-changes sure to affect our activities for many years.

First, 1970 was a year in which representatives from the United States and 25 other countries, meeting
in Belgium, adopted and began implementation of a plan for the Global Atmospheric Research Program
(GARP). The plan calls for a major tropical experiment to be followed by a global experiment. Although
NCAR has long been involved in GARP planning, and was represented in the U.S. delegation at the meeting,
the formal endorsement of the GARP plan as an international effort significantly increases the commitment
from NCAR in directing our future activities toward the successful conduct of the program.

Also during the year, NCAR organized, received funding for, and began the National Hail Research
Experiment (NHRE), a concentrated national effort to understand and possibly modify damaging
hailstorms. The experiment will be conducted for several years in northeastern Colorado. NCAR not only
will study hailstorms but will provide the planning and logistics support for a number of other organizations
(universities and government agencies) who will also participate.

These programs have made it necessary for us to create new organizational mechanisms. A subdivision of
NCAR was created for NHRE, led by a scientific director and a management logistics expert who are
assisted by other part- or full-time NCAR personnel temporarily transferred to the hail program. For the
GARP effort, in which the number of participating universities will be much larger than in the hail program,
we have designed a dual mechanism consisting of a UCAR/GARP Council and an NCAR GARP Task
Group. The Council, consisting of one scientist from each of the UCAR member universities, is the major
mechanism for communication among those portions of the scientific community involved in GARP. The
Task Group, on the other hand, consists of active workers who are either undertaking GARP research at
NCAR, working on the GARP Joint Organizing Committee in Geneva, Switzerland, providing liaison with
government agencies in Washington, or providing planning support for any of the other activities. The Task
Group's Chairman will coordinate the work of the Group with university and government activities and will
maintain the schedule and momentum of the NCAR GARP effort; the Chief Scientist has the primary
responsibility for handling major scientific questions involved in the GARP planning.

The primary goal in all of these large, complex projects, either under way or proposed, is to solve the
basic physical problems of atmospheric systems using sophisticated models that require large digital
computers. Consequently, we find that our Computing Facility assumes an increasingly active role in both
our internal projects and in our cooperative efforts with other organizations.

As we look ahead, we see GARP, NHRE, the numerical modeling program, and similar projects as
increasingly representative of the research programs of NCAR, of UCAR universities, and of the entire
national atmospheric science community. Although there will continue to be important and crucial
problems best suited to individual researchers, the problems related to the earth's atmosphere, the space
between the sun and the earth, an,! the solar atmosphere are all large and complex, and our understanding
has advanced to the point where we can benefit from engaging in large coordinated efforts to understand
major parts of the atmospheric system.

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 Advanced Study Program, the Facili-
ties Laboratory, the High Altitude Observatory, the Laboratory of Atmospheric Science, and the National
Hail Research Experiment. 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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Meeting of the Solar MHD Club.
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INTRODUCTION

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

During the year we pursued these objectives through
(a) continuing programs of one-year postdoctoral appoint-
ments of varying lengths to visiting senior scientists;
(b) seminars on subjects of special interest to the post-
doctoral appointees or on subjects designed to give a
broader view of the atmospheric sciences; and (c) the
summer colloquium.

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

Sydney Chapman, Senior Scientist in ASP since 1965,
died in Boulder on 16 June at the age of 83. Since 1955
he had been a member of the High Altitude Observatory
which a few years later became one of the scientific
divisions of the newly established National Center for
Atmospheric Research. Throughout his fifteen years of
close association with HAO and NCAR, Chapman con-
tributed immeasurably to the scientific work of our
organization both through his research and his advice.
NCAR has lost not only one of its finest scientists, but
also a man who had won the affection of all who were
privileged to know him.

SEMINARS

Members of ASP participated in the regular HAO and
LAS seminars. These seminars brought our visitors and
postdoctoral fellows in contact with a broad range of
problems in astrophysics, and in atmospheric physics,
chemistry, and dynamics, emphasizing the body of theory
common to many fields.

The monthly seminars on aeronomy (Boulder Aero-
nomy Group), organized by Fogle in the fall of 1969,

continued throughout 1970. Participants and speakers are
mainly from NOAA, the University of Colorado,
and NCAR.

In October Gilman organized a Solar MHD Club which
meets semimonthly for discussions of topics in solar
magnetohydrodynamics. Participants include interested
scientists from NOAA, the University of Colorado,
and NCAR.



SUMMER COLLOQUIUM

We organized a summer colloquium in 1970 on the
physics and dynamics of convective clouds. This topic was
chosen primarily to encourage more and closer contacts
between students of the microphysical processes and of
the larger scale aero- and thermodynamics of condensa-
tion and precipitation. Another reason for this choice was
the growing interest in weather modification which
requires an understanding of the underlying physical and
dynamical processes.

The principal lectures were given by Peter V. Hobbs of
the University of Washington and Richard S. Scorer of the
Imperial College of Science and Technology in London. In
addition to the daily lectures by Hobbs and Scorer, special
seminars were presented in conjunction with the colloqui-
um. Twelve graduate students were appointed to attend
the colloquium; several additional graduate students and a
number of postdoctoral participants attended with sup-
port from their home institutions or at their own expense.
The regular attendance, including participants from
NCAR, NOAA, and other agencies, was about 35 people.

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

Edwin F. Danielsen (LAS): Hail Growth in a Cumulus
Model: Its Size Distribution and Mie Scattering

James W. Deardorff (LAS): Numerical Simulation of
Cloud Dynamics-in Two Dimensions or Three

Ronald L. Drake (LAS): Time Evolution of Droplet Size
Spectra

Douglas G. Fox (LAS): Numerical Simulation of Three-
Dimensional Thermals

Alistair B. Fraser (University of Washington): The Influ-
ence of Clouds on the Environment; Meteorological
Optical Phenomena

John Hallett (Desert Research Institute): The Ice Crystal
Economy of Clouds and its Relation to Dynamical
Processes

Charles A. Knight (LAS): Characteristics of Hailstorms
According to Hailstones

Roger M. Lhermitte (NOAA): Observation of Convective
Storm Circulation by Dual Doppler Radar Techniques

Roland List (University of Toronto): Hail Growth in
One-Dimensional Models of Clouds; Dynamics and
Flow Patterns of Particle Ensembles

Morris Neiburger (University of California, Los
Angeles): Some Aspects of the Interaction Between
the Microphysics and Dynamics of Clouds

Harold D. Orville (South Dakota School of Mines and
Technology): The Life History of a Rain Shower

Hans R. Pruppacher (University of California, Los
Angeles): The Aerodynamics and Mechanics of
Droplets

J. Doyne Sartor (LAS): Electricity and Rain
Patrick Squires (Desert Research Institute): Microstruc-

ture of Cumuli
R. C. Srivastava (University of Chicago): Precipitation

Particle Size Distribution by Doppler Radar
Jack Warner (Desert Research Institute): Models of Con-

vective Clouds



UCAR FELLOWSHIP PROGRAM

The fellowship program was established by the Univer-
sity Corporation for Atmospheric Research (UCAR) to
attract outstanding students into graduate study in the
atmospheric sciences and related fundamental disciplines.
UCAR Fellows in 1970 were:

Thomas J. Beasley, University of Colorado
Noah Chodes, University of Colorado
Robert M. DiCamillo, Drexel Institute of Technology
Janet E. Guin, David Lipscomb College
Steven M. Platte, Iowa State University
Thomas W. Schlatter, Saint Louis University
James D. Thompson, The Florida State University

During the summer of 1970, Edward R. Benton (visitor
from the University of Colorado) organized a series of
informal luncheon meetings and discussions for the UCAR
Fellows. The discussions were designed to orient and
introduce the Fellows to the scientific programs and
overall structure of NCAR. Presentations were given by
Roberts (UCAR), Firor (ADM), Cadle, William Jones,
Kellogg, Leith, Sartor (all of LAS), Newkirk (HAO), Rex
(FAL), Swinbank (NHRE), and Thompson.

Blumen (visitor from the University of Colorado) also
held informal discussions on dynamical meteorology with
the UCAR Fellows.



STAFF -RESEARCH

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

Chapman and Ashour (visitor from the University of
Cairo, Egypt) studied the effects of oceans and extended
coastlines on geomagnetic variations; these effects had
previously been considered only for infinitely conducting
models. The new models assume conductivity to be finite
and to decrease to zero at the coast. In contrast to the
earlier perfectly conducting models, the field is now finite
at the coast where the vertical component is very much
enhanced but without sign reversal. The horizontal com-
ponent is enhanced at the continental shelf but is not
much changed in magnitude and phase on land and on the
coastline. Further, Chapman and Ashour investigated the
deformation of electric currents by mid-oceanic islands
and calculated the resulting additional magnetic fields.
This work extended earlier computations for circular and
elliptic areas in which the conduction is uniform, but
different from that of the environment, to areas in which
the conduction is not uniform. They also determined the
field induction effects of proposed auroral electric cur-
rents, and obtained formulas connecting any particular
component of the extraterrestrial fields with the corre-
sponding element of the terrestrial field. These relation-
ships are obtained without expressing the potential of the
external field by spherical harmonics.

Fogle nearly completed the analysis of noctilucent
cloud spectra obtained in the summer of 1969. The data
show that the noctilucent cloud spectrum is continuous
and that emission and absorption features are absent. He
continued his studies of long-term variations in noctilu-
cent cloud activity and their possible causes. Preliminary
results suggest that several periods of enhanced activity of
one to six years duration occurred during 1885-1970 and
that these periods of enhancement may have been related
to explosive volcanic eruptions of the Plinian type and to
nuclear weapons tests in the troposphere which discharge
much water vapor into the high atmosphere. Assisted by
Lodge, Frank, Dye, and Knight (all of LAS), Fogle began
devising new particle sampling experiments to look for ice
particles, and with David Murcray (University of Denver),
he began planning measurements of water vapor concen-
tration profiles in the high atmosphere.

Gilman continued his work on problems in magneto-
hydrodynamics, particularly those related to the sun. To
determine how convection in a confined rotating fluid
generates and maintains differential rotation, Gilman
devised linear and nonlinear mathematical models for
convection in a rotating annulus uniformly heated from
below, including specialization to a laboratory annulus
and an equatorial beta-plane model for the solar convec-
tion zone. The laboratory annulus model is an extension
of a model constructed earlier in collaboration with
Davies-Jones (visitor from the University of Colorado).
Working with Howard Snyder (University of Colorado),
Gilman began laboratory investigations of convection in a
rotating annulus. In the study of nonlinear hydromagnetic
dynamo models based on his nonlinear convection mod-
els, he found a generalization to hydromagnetic calcula-
tions of the energy-conserving staggered grid formulated
by Lilly and G. Williams (Geophysical Fluid Dynamics
Laboratory, NOAA). Working with Cadez, Gilman ex-
tended his analysis of magnetic buoyancy instabilities in
spherical and rotating systems.

Haurwitz, assisted by Cowley, began a spherical har-
monic analysis of the solar diurnal, semidiurnal, and
terdiurnal oscillations of the surface pressures to deter-
mine their global distributions not only for the annual
mean, but also for the different seasons. This analysis may
give new insights into the response of the atmosphere to
solar heating. During the winter quarter, while on leave of
absence from NCAR, Haurwitz gave a course on Atmo-
spheric Tides at The Florida State University. During the
fall quarter he again gave a course on Geophysical Fluid
Dynamics at Colorado State University.

Thompson devoted much of his time to the planning
and design of GARP and to other large-scale observational
programs. He concerned himself primarily with problems
related to or arising from numerical prediction experi-
ments. Thompson devised a method for a finite difference
estimate of a derivative in terms of the auto-correlation
function for the variable to be differentiated. Such
estimates, which employ the known statistical properties
of the class of functions to be differentiated, are
significantly more accurate than schemes based on simple
Taylor expansions. He also continued his turbulence
studies.
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ADVANCED STUDY PROGRAM PERSONNEL

DIRECTOR SUPPORT

Philip D. Thompson (on leave from September)

PROFESSIONAL

Sydney Chapman (deceased, June)
Benson Fogle
Peter Gilman (from September)
Bernhard Haurwitz (Acting Director from September)

Susan Atkinson
Vladimir Cadez (to December)
Ann D. Cowley
Pamela Weigle
Betty Wilson
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New NCAR hangar at Jeffco airport.
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INTRODUCTION

The Facilities Laboratory (FAL) operates four facilities
for joint use by NCAR and non-NCAR atmospheric
scientists: the Research Aviation Facility (RAF), the
Scientific Ballon Facility, the Computing Facility, and the
Field Observing Facility (FOF). We also operate the
Global Atmospheric Measurements Program (GAMP), a
developmental facility for new global observation systems
(based primarily on the superpressure balloon), and the
Research Systems Facility, a new R & D department
within FAL which is described below.

FAL had a productive year, with important advances in
operational procedures, additions to physical facilities,
and improvements in organizational structure. Progress in
each of these categories has significantly increased our
ability to support present and future research in the
atmospheric sciences. In October NSF acquired the
32-hectare Marshall Field Site, which had been used by
FOF since 1964 as a maintenance, test, and research site.
This acquisition will allow us to make many improve-
ments there which were withheld while our title to the
site was leasehold. Construction of NCAR's new hangar at
the Jeffco Airport was completed just before Christmas
and the new facilities now house our RAF group and the
four NCAR aircraft. Another important event was the
signing of a contract for lease of a Control Data Corp.
7600 computer to be installed during late spring 1971.
This addition will substantially increase our ability to
meet the computing needs of NCAR and university
scientists.

A change of major importance in our organization was
effected late in 1970 with the creation of the Research

Systems Facility (RSF). This group will be responsible for
all major development work within FAL. Formerly each
facility was responsible for developmental projects within
its own area of interest, but operational commitments
often took precedence over development of the new
techniques and equipment needed in current atmospheric
research. RSF was formed by adding to the staff of the
former Design and Prototype Development Facility other
FAL engineers and technicians already experienced in the
activities of each operational facility. The group's tasks
will be to provide new observing techniques and systems;
to plan and evaluate multi-element atmospheric and
oceanographic observing systems; to provide engineering
design and test services; to make information available on
the state of the art in atmospheric research systems; to
provide instrument calibration services within FAL; and
to plan and conduct field training and orientation
programs for students.

In November the NCAR Director established the
NCAR GARP Task Group and made it responsible for
promoting university participation in GARP field experi-
ments and for coordinating GARP-related activities al-
ready in progress at NCAR. He appointed William S.
Lanterman, Jr., our FOF Manager, to serve with the
group, and asked me to serve as the group's initial
Chairman. During the term of our commitment to this
assignment Charles A. Palmer, Jr., will serve as Acting
Director of FAL, and Walter L. Records as Acting
Manager of FOF.

Daniel F. Rex
Director
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RESEARCH AVIATION FACILITY

The Research Aviation Facility provided 1,054 flight
hours in support of 24 research programs during 1970. We
operated NCAR's North American Sabreliner, de Havil-
land Buffalo, and Beechcraft Queen Air A80 aircraft for
the entire year. In June we acquired a Queen Air B80; we
used it until September for projects requiring limited
instrumentation, and placed it in full-time research use in
October after instrumentation was completed at our
Jeffco operations base.

The RAF Advisory Panel convened in May and
October. Reviewing 13 university requests for flight
support, the panel recommended approval of six and
denial of two; three requests were tabled until additional
information could be supplied by the investigator, and
one was deferred pending our acquisition of an inertial
navigational system for the Sabreliner. At the panel's
request, we planned and, with the American Meteorologi-
cal Society, cosponsored a symposium on Remote Sensing
of the Atmosphere from Aircraft, held in Denver from 28
to 30 April 1970.

We updated and distributed NCAR Technical Note
TN- 6, Aircraft and Instrumentation in Atmospheric
Research, a summary of available data on U.S. atmo-
spheric research aircraft and their instrumentation. We
also conducted a survey of the scientific community to
determine what atmospheric problems will be investigated
and what aircraft support requirements will probably
develop over the next five years.

We submitted a statement of projected requirements
for additional aircraft support of NCAR research pro-
grams by the United States Air Force. USAF Headquar-
ters approved the request and directed the Air Weather
Service to provide support within its assigned priorities
and available resources. We subsequently arranged for a
number of research support flights by high performance
military aircraft.

AIRCRAFT MODIFICATIONS AND
ENGINEERING

Research Modifications

Our major efforts in aircraft modification were concen-
trated on the new Queen Air B80. Aviation Facility

engineers supervised major structural modifications during
the manufacture of the aircraft, and with the assistance of
maintenance personnel we completed the installation,
testing, and certification of the most important meteoro-
logical sensing systems during October. Drawing on our
previous experience with Queen Air aircraft, we instru-
mented the B80 to serve as a platform for several
simultaneous experiments and provided for quick and
convenient installation of special instrumentation. Modifi-
cations to the B80 included a separate electrical system
for research use; extra wiring ducts within the wings and
fuselage; a pitot-static system; reinforced structure in the
wings, the top fuselage, and the nose section for mounting
instrumentation and a nose boom; a downward-looking
view port; special vacuum air lines; and a high capacity
oxygen system. Special avionics installations included
doppler radar, a NARCO CLC - 60 course line computer,
and a Mitchell flight director system. An ARIS data
system was installed to record measurements of air
temperature, humidity, pressure, liquid-water content,
aircraft altitude, airspeed, ground speed, drift, and head-
ing. A time lapse camera for cloud photography and an
electrostatic disdrometer, or Keily probe, are also
mounted in the aircraft.

We refined both the installation of the inertial system
and the recording interface on the Buffalo aircraft, and
installed a radar altimeter for low-level operations. We also
installed an observation dome and a station for a scientific
observer where readouts of heading, airspeed, and flight
altitude are provided. The capacity of the electrical
system for research was increased by the installation of an
additional transformer rectifier unit. We modified the
intercommunications system to enable the scientist-
observer in the cabin to communicate directly from air to
ground on either UHF or VHF channels. Pilots can now
carry on necessary flight operation communications on a
separate channel without interfering with the scientist's
communications.

Modifications to our Sabreliner included the installa-
tion of an air sampling system and a special window for
astronomical viewing; the principal improvement to our
Queen Air A80 was the installation of two new solid-state
isolation amplifiers to update the intercommunications
capability.



Microsphere Generator

We installed Garrett downed-aircraft-locator beacons
and high intensity strobe lights on all aircraft early in
1970, and an altitude alerting system on the Sabreliner in
December.

ARIS

We completed fabrication of the ARIS II data monitor
and used it in support of three field programs. This
equipment provides a means of playing back data tapes in
the field. The data are displayed in numerical form on a
television screen and are available in analog form from
four independent digital-to-analog converters for strip
chart recording. A time code output is provided for the
strip chart recorder to allow time correlation of all data
recorded. We completed the design and acquired the
major components for our ARIS III computer-compatible
recording system which is scheduled for flight testing in
early 1971. ARIS III allows data tapes to be taken
directly to a field computer for immediate data reduction
and analysis; its data acquisition and processing capabili-
ties are comparable to those of ARIS II.

TEST AND EVALUATION

Reverse Flow Temperature Probe

After completing wind tunnel tests to determine
dynamic corrections for the reverse flow system, we made
comparative tests against the FOF's AMT - 4B radiosonde
system to analyze and correct systematic errors. The final
series of sounding ascents (to a flight level of 450 mb), in
which the instrumented aircraft flew a spiral path around
the AMT - 4B, showed that the reverse flow probe and the
radiosonde system agreed to within 0.5 0C.

Optical Flowmeter

We began flight testing the electrooptical flowmeter, a
device to measure liquid-water content in warm clouds
and rain showers. The test model operated well in showers
and heavy rain cloud conditions, but its limited collection
efficiency reduced its effectiveness in clouds with small
droplet spectra.

To facilitate wind tunnel testing of airborne meteoro-
logical sampling equipment, we developed a microsphere
generator capable of producing large quantities of uniform
water drops. Present capacity of the generator is 106
droplets/sec, each approximately 100 pm in diameter; we
are attempting to increase the capacity through engi-
neering modifications.

Microwave Refractometer

We contracted with the U.S. Department of Commerce
for the acquisition of a solid-state microwave refractom-
eter which that agency has developed. The instrument will
be used to measure refractive indexes in studies of
atmospheric propagation, and to provide fast-response
humidity data for evaluating other instruments.

Inertial System

The A7 prototype digital inertial system was installed
and tested in a Queen Air aircraft after laboratory testing
had been completed in May. The system was first used in
a study of air motion over eastern Colorado during July
and August.

Dropsonde System

We conducted final environmental tests on the internal
heating system of our Sabreliner dropsonde pod. The tests
(conducted at the Denver plant of Martin Marietta Corp.)
were run by simulating the ambient temperature profile of
a flight mission. The results indicated that the system can
maintain the desired sonde temperature of 15 -25°C

during the aircraft's ascent to 14 km and while it remains
on station for 30 min with ambient temperatures as low as
-65 0C.

OPERATIONS

Flight Services

In support of research programs we conducted flight
operations from temporary bases in 12 states, Canada, and
the Bahama Islands, as well as from our permanent base at

13

Safety Equipment
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Jeffco Airport. Missions were flown over the Carribbean
Sea and the Atlantic and Pacific Oceans. Among the
topics studied were:

* Atmospheric composition (aerosols, particulate matter,
gases)

* Thunderstorm electric fields

* Thunderstorm structure

* Lake surface temperatures and vertical water vapor
distribution

* Hailstorm environment and the associated hailswath

* Use of wave clouds as model steady-state cloud
laboratories

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

* Dynamic structure of mountain lee waves

* Dynamics of incipient clouds

* Development of convection over a homogeneous
surface

* Atmospheric perturbations induced by a heated island

* Atmospheric structure in the unstable boundary layer

* Aircraft instrumentation and sensor testing

Hours flown in support of research programs for
universities, NCAR, and other users are tabulated below.
The totals include flight time for test and ferry as well as
for research; they do not include 109.1 hr flown for pilot
proficiency and aircraft maintenance purposes.

FLIGHT SUPPORT, 1970

Research Total
Flight Time Flight Time

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

Universities 206.5 30.9 361.2 34.3
NCAR (LAS) 300.4 45.0 364.7 34.7
NCAR(HAO) 4.0 0.5 6.0 0.5
NCAR (FAL) 36.4 5.5 68.5 6.5
Joint NCAR-

University 117.1 17.6 249.6 23.7

NOAA 4.0 0.5 4.0 0.3

Total 668.4 100.0 1,054.0 100.0

The Buffalo was flown primarily in support of a joint
university-NCAR study of atmospheric motions. Exten-
sive testing of the inertial system was conducted early in
the year at Reno, Nevada, and Van Nuys, California.
Research programs were conducted from San Diego,
California; Dover, Delaware; Grand Bahama Island; Wal-
lops Station, Virginia; Shreveport, Louisiana; Battle
Creek, Michigan; and Denver, Colorado. In early April we
used the Sabreliner to flight test parametric navigation
techniques for an HAO experiment.

Operations Base

In March bids were opened for construction of a
15,000ft2 hangar with adjacent offices, shops, and
instrumentation laboratories at Jeffco Airport; the con-
tract was awarded to the Bickel Construction Co., Denver,
Colorado. Construction was completed and we moved
into the new facility in late December. Throughout the
year we obtained numerous items of ground support
equipment enabling us to provide more efficient support
for our Jeffco- and field-based flight operations.

Staff Training

Seven members of our staff and two contract mechan-
ics attended a five-day ground refresher course on the
Sabreliner, conducted in October by Remmert-
Werner, Inc., St. Louis, Missouri. Flight refresher training
in the Sabreliner for all our pilots was conducted the
following week in Boulder.

Student Training

We conducted our annual Graduate Student Summer
Training Program from 15 June to 21 August. For the
second year this was a joint NCAR-CSU (Colorado State
University) program. Instructors were Herbert Riehl and
Stephen Cox from CSU, and Robert E. Ruskin from the
Naval Research Laboratory. Eleven students from eight
universities attended the program; seven were sponsored
by NCAR and four by CSU. One NCAR-sponsored
student enrolled for graduate credit through CSU.
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SCIENTIFIC BALLOON FACILITY

The Scientific Balloon Facility conducted 71 balloon
flights in support of scientific research and 12 flights in
support of development efforts in scientific ballooning.
The flights serve 38 scientific groups from 28 institutions
and five countries; they were launched at Palestine, Texas;
Hobbs and Socorro, New Mexico; Lakehurst, New Jersey;
Minneapolis, Minnesota; Chico, California; and Parand,
Argentina. We also assisted an Australian crew in con-
ducting five flights for American scientists in Australia. Of
the 83 flights flown by the NCAR crew, 85% were
operationally successful.

The Advisory Panel on the Scientific Use of Balloons
met in February, May, and October. In addition to
performing its usual review of our activities and plans, it
assisted us in preparing and evaluating a questionnaire
designed to assess scientific ballooning requirements dur-
ing the 1970s. Based on its review of the results, the panel
recommended that we give first priority to the develop-
ment of balloon systems capable of flights of long
duration; our initial emphasis should be on zero-pressure
flights up to 72 hr duration, as well as on improved
telecommand, telemetry, and data handling systems. The
panel also recommended that NCAR pursue the develop-
ment of a high quality balloon facility in the southern
hemisphere whose activities could be supplemented by
field expeditions to meet specific scientific requirements.
The panel unanimously endorsed a proposal to construct a
new launch pad and staging building at the Scientific
Balloon Flight Station at Palestine, Texas.

DEVELOPMENT

Electronics Support Systems

Basic UHF telemetry equipment was extensively flight
tested during the year and determined to be operationally
suitable. Our development and testing of UHF systems
places us in a position to comply with the requirement for
conversion to UHF telemetry frequencies by January
1973; the equipment, however, is expensive. We began our
implementation of a new generation telemetry system by
purchasing high-bit-rate, computer-controllable ground
station components. We will continue to purchase proto-
type equipment and to integrate it into the new system.

We improved our full-range atmospheric-pressure sens-
ing system so that it now provides more convenient
calibration signals and uses less power. We also began
work on a circuit to convert pressure readouts to heights
in the U.S. Standard Atmosphere, 1962. This circuit will
provide real-time, linear altitude readout for operational
control of balloons. The miniature PCM data encoder for
the existing telemetry system has been modified to obtain
greater operational reliability.

We improved circuitry for measuring the resistance of
microthermistors to permit more accurate digital transmis-
sion of temperature data. We also began evaluation of an
alternate VHF radio command receiver and found early
results to be favorable. We investigated the use of radar
transponders suitable for balloon applications and learned
that such devices may be commercially available in the
near future.

A study completed by an outside contractor indicated
the feasibility of using the Omega navigation system for
balloon tracking; circuitry design and evaluation of
commercial equipment are proceeding. Another contrac-
tor completed a study of design parameters for a standard
flight package, and detailed design has begun. Develop-
ment of the package will require some equipment modifi-
cation and interface design.

We provided instrumentation services for flight tests of
superpressure polyethylene balloons. Assisting GAMP, we
adapted and fabricated special telemetry packages (based
on GHOST system circuitry concepts) for the balloon
tests.

Balloon Design and Dynamics

Our greatest balloon design effort during the year was
devoted to development of a superpressure polyethylene
balloon. Such balloons hold promise for long-duration
flights, and could fulfill an important scientific need. A
series of test flights demonstrated that the basic structural
concept is adequate, but that details of the manufacturing
process require improvement to achieve a tight gas barrier.
Special operational techniques and electronics were devel-
oped for flight tests of this type of balloon.
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We began to investigate the equations of motion of a
balloon system during a dynamic launch, and by the end
of the year had made progress with a two-dimensional
numerical model simulating a dynamic launch under
normal conditions. The model will be expanded to
incorporate wind and the motion of the launch vehicle,
and will finally be compared with actual balloon launch
data for empirical determination of proper aerodynamic
coefficients. The completed model will be used as a guide
in analyzing complex balloon launch operations.

We continued to investigate basic biaxial properties of
balloon films, and to evaluate potential new film materi-
als. We found one promising new film and a new
pressure-sensitive repair tape.

Ballooning Systems and Techniques

In flight tests our prototype in-flight deployment
system performed, better than we had expected; we are
now confident that the system can be enlarged for
advantageous use with very large balloon systems. The
tests suggested that other configurations for the system
may also be useful.

The results of field tests enabled us to refine our
prototype restraint device for single-cell balloons. Further
field testing will still be necessary to achieve operational
reliability.

Our cryogenic hydrogen inflation system was subjected
to an extensive field test at Palestine Balloon Flight
Station, and operations personnel received training in
procedures for using cryogenic systems and liquid hydro-
gen safely. Successful simulations showed that the system
is now suitable for expeditionary use in remote areas.

A flight test of an inflatable tube for opening a
parachute before its release from a balloon demonstrated
that a parachute opened in this way has loading character-
istics considerably superior to those of conventional
parachute arrangements. The system holds promise for
applications in which high parachute opening shock loads
must be avoided.

Our studies of the aerodynamic characteristics of wind
screens continued; we constructed and instrumented a
wind screen 3 m high and will soon test it in actual winds.

OPERATIONS

Palestine Flight Station

The NCAR Scientific Balloon Flight Station at Pales-
tine, Texas, remained the principal center for our balloon
launches. During the year 53 flights were flown from
Palestine; the Palestine flight crew also launched nine
flights from New Mexico. The total number of launches
between January and June was greater than in any
previous year.

The year's activity at the Palestine Flight Station was
in some respects routine and in other respects marked by
significant highlights. Although total flights, as well as the
average balloon volume, flight durations, and float alti-
tudes did not differ significantly from the past two years,
the average payload weight did increase significantly and
more large balloons were successfully flown. We flew one
760,000-m 3 balloon, three 570,000 -m3 balloons, and
five 420,000 - m3 balloons--an abrupt increase from our
total of only three balloons in these size categories in
1969 and only two balloons larger than 300,000 m3 prior
to that. None of the larger balloons launched in 1970
failed in flight. A 2,330 - kg payload flown for the
University of Chicago was the heaviest payload ever flown
on a single-cell balloon. The gross lift of the balloon at
launch was 3,743 kg. We flew three other loads during the
year which exceeded 1,982 kg.

Our overall success rate was the best to date: 85% of all
flights were operationally successful, compared to 84% in
1969 and 81% in 1968. Again this year the largest
contributor to operational failures was failure of the
balloon. But considering the delicacy and size of modern
scientific balloons, it is remarkable that fewer than 6% of
the balloons failed during flight.

Requirements for telemetry and command services
continued to increase. Several scientists used our UHF
telemetry, although only the prototype equipment that
we used in developing the system is available.

The launch pad at Palestine was covered with a light
layer of gravel early in the year; this improvement and the
emergency repairs made last year have slowed the pad's
deterioration significantly. To reduce wear and tear on the
pad we replaced the single wheel on Tiny Tim (our
principal launch vehicle) with a double wheel, and we
changed the steering system to a hydraulic proportionate
steering system.
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Operations from Other Sites

In January and February, our operations crew flew
eight balloons from Hobbs and one from Socorro, New
Mexico. These locations allowed longer winter flights than
could be achieved from Palestine. The cost of flying from
New Mexico was not excessive, but facilities for the
scientists and the launch crew were inferior to those
available at Palestine.

Two balloons were flown from Lakehurst, New Jersey,
for GAMP. This location was chosen for the flights
because the balloons could be inflated and checked inside
a large hangar before launch. The balloons were large My-
lar superpressure balloons; their payloads weighed ap-
proximately 110 kg, the heaviest known to have been
carried by Mylar superpressure balloons. The first flight
was aborted at launch because the load suspension system
was inadequate; the second was successful.

In September, a balloon was flown for NCAR from
South St. Paul, Minnesota, by the crew of Winzen
Research, Inc. The flight went well, but the termination
command failed to terminate the flight. The balloon
system moved westward about 1,600 km over the Pacific
before turning back. Nearly two weeks after launch it
descended near Regina, Saskatchewan. One of the two
experiments actually benefitted from the protracted
flight, and the flight is considered to have been scientif-
ically successful.

In October and November, part of the Palestine crew
conducted six flights in Argentina. Information on winds
at high levels was very poor, and the first flight had to be
terminated early when it moved eastward toward Uru-
guay. The other five flights were operationally successful,
and two of the three scientists stated that they had
obtained all of the data they could have hoped for. An
equipment failure on the third scientist's flight limited the
success of the series for him.
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COMPUTING FACILITY

In 1970 the use of the Control Data 6600 computer in
the Computing Facility reached its point of saturation.
There were 14% more jobs run, 30% more pages printed,
and 33% more frames of microfilm exposed, but about 4%
fewer cards used. The number of central processing unit
(CPU) hours was down by about 9%, undoubtedly due to
the introduction of our new operating system. The 6600
system was saturated during several periods, particularly
in the summer and fall, when some of the work presented
could not be processed during a 24 - hr period.

The workload of the first shift reflected an increase in
3- to 5 - min jobs, each requiring more of the available
computer resources (core, drums, tapes, and input/output
[I/O] devices). This change caused a gradual slowdown in
turnaround. The second shift continued to time-slice the
longer jobs, and some programs were submitted several
times to get the requested amount of CPU time. The third
shift continued to handle the large-scale programs, and
simultaneously ran some short I/O-bound jobs. The
keypunch workload increased 10% over last year, with a
moderate decrease in data jobs but a significant increase in
Fortran and machine language programs.

Figure 1 summarizes the 6600 CPU utilization for
1970. The average monthly workload was as follows:
12,350 jobs submitted, of which 41% required magnetic
tape use; 311,000 pages printed; 204,000 cards punched;
292,000 frames of microfilm produced. The computing
time by division was: LAS, 69%; HAO, 9%; FAL, 6%;
ASP, 4%; National Hail Research Experiment, administra-
tion, summer student projects, and Control Data Corp.,
1%. Non-NCAR users accounted for 11% of the total
hours, an increase of nearly 4% over 1969. There were 35
new regular non-NCAR users, and the hours for such use
increased from 429 in 1969 to 494 in 1970; there were 23
new sponsored non-NCAR users and the hours for this use
increased from 37 in 1969 to 129 in 1970. There was also
a marked increase in the use of the remote terminals (for
the General Electric time-sharing system) at PSRB-2
and HAO.

The new operating system for the 6600 was installed in
May with remarkably little disruption of the normal flow
of work. As soon as the decision to acquire a new
computer was firm, the systems development group
turned its attention to the development of the necessary
operating system.

800

700

600

500

ct 400
I .

300

200

100

O

Hi i

JAN FEB MAR APR MAY JUN JJL AUG SEP OCT NOV DEC

Hours in month

Hours available to NCAR

Fig. 1 Control Data 6600
totals.

Power off

Scheduled maintenance

Emergency maintenance

Non-overlapped PPU time
and unused time

CPU time

use during 1970, monthly

The benchmark tests on the Control Data 7600 and the
IBM 360/195 were completed in early February. The
7600 performed better on the 2.50 Global Circulation
Model (GCM) benchmark, but the 360 performed better
on some of the smaller benchmark problems which did
not involve the use of I/O. When the results of the
benchmark tests were reported to the Computing Facility
Advisory Panel, it unanimously confirmed the selection
of the 7600, noting that the easy transition from the 6600
software was an important consideration.

Increased use of the computer by the scientific staff
and our preparation for delivery of the 7600 have
required an increase in our staff. We added 19 members to
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our regular staff which now numbers 53; 38 are program-
mers and applied mathematicians, and most of the others
are involved in support of computer operations.

We continued to monitor the development of two
advanced array computers, the ILLIAC IV at the Univer-
sity of Illinois, and the STAR at the Control Data Corp.
Development of both of these computers, particularly the
ILLIAC IV, has been delayed by technical problems. The
first version of the STAR hardware will probably be
available for delivery to the Lawrence Radiation Labora-
tory at Livermore, California, during 1971, and a bench-
mark version of the NCAR GCM will probably undergo
tests on the ILLIAC IV during the same period. Our
liaison with the ILLIAC program is described in a later
section.

The Computing Facility Advisory Panel met in March
and October to review our operations and to act on 16
requests from non-NCAR users. As noted above, the panel
confirmed selection of the 7600 computer on the basis of
benchmark tests. A suggestion by the panel prompted the
convening of a Conference on Numerical Analysis for
Atmospheric Dynamics at NCAR in July.

HARDWARE

The basic subcontract with the Control Data Corp. for
the 7600 computer was signed in June. Plans for
equipment layout and machine room modifications were
completed, and a contract for this work is expected to be
signed by January 1971. Installation of the 7600 is
expected before mid-1971.

The Control Data GRID system (an interactive graphics
terminal) was installed in January, and was integrated into
the software system installed in May. In November two
6681 tape controllers were replaced by two 6684 tape
controllers. The 6684 hardware provides the capability to
translate both internal BCD (binary-coded decimal repre-
sentation) and display code. The Control Data 821 disk
file order was canceled since the 7638 disk file, included
with the 7600 configuration, will serve essentially the
same purpose.

In September wrapped heads and snap-hubs were
installed on the 607 tape transports to upgrade perform-
ance, to make data transfer more reliable, and to decrease
noise. A Honeywell K-716 keytape became operational in
the spring. This device prepares 7-channel, 800 - BPI

magnetic tape directly from a keyboard, and can convert
paper tape to magnetic tape. A Bendix Datagrid system
was delivered in March. It is used to digitize graphical
information such as strip charts and contour maps.

SOFTWARE

Rotar, Adams, Biro, Kitts, O'Lear, Robertson, and
Schumacher continued work on software development.
Final debugging of the new 6600 operating system was
completed during the first part of the year. Limited
production testing continued for about ten days in May.
We had hoped that users would submit runs and convert
decks during this period, but it became evident that a
more direct approach would be needed. Therefore, we
started full-time operation of the new monitor on 25 May
and discontinued use of the old monitor. Initially, the
system was not very stable. It collapsed every hour or two
during the day shift for about a month. However, it has
been steadily improved, and is now nearly as stable as the
one it replaced.

In September the systems group began converting the
new monitor for use on the 7600. When the system is
finished, we will have a single source tape for both the
6600 and 7600 versions. The user will be able to use the
same control cards, source and object decks, and tapes on
both machines. However, jobs specifically requiring the
large core memory of the 7600 will be limited to its use
alone. The I/O sections of the 7600 have required
extensive revisions to the 7600 simulator program, since it
was difficult initially to determine the exact details of
7600 channel operation. Our first 7600 tests (scheduled
for the end of January 1971) will be a verification of the
simulation as well as an effort to test the monitor. In
other work, the systems group made extensive revisions to
the NCAR compiler and tied the GRID into the system.

Gary and Helgason began work on a programming
language for partial differential equation problems. It will
be implemented as a preprocessor for our Fortran
compiler. The language will provide for mesh declarations,
finite difference operators on these meshes, grouping of
data to simplify use of the drum, special I/O file
structures and file manipulation commands suited to mesh
data, instructions to plot and graph data for these file
structures, and some format-free printing commands.
Eventually we hope to integrate a graphics terminal and
large file store into this language to simplify the selection
and viewing of output data from a large partial differential
equation code such as the GCM.



20

Gary and Drake are investigating possible gain in
execution speed from the use of "stack loops" on the
6600. The loop subroutines were obtained from the
Lawrence Radiation Laboratory by Leith (LAS). If the
potential speed gain is large enough, it would be desirable
to write a Fortran preprocessor to automate the genera-
tion of the calls to the stack-loop subroutines.

During the summer and fall Gammill (visitor from the
University of Colorado) and Robertson wrote the basic
software for the GRID. Although the GRID is still not in
general use, the initial software makes it relatively easy to
use. We use the card image as the basic unit of
communication. This enables programs to be made non-
interactive during periods when the GRID is down, and
eases the problem of converting an existing batch program
to an interactive program.

DATA SYSTEMS AND PROJECTS

Jenne, Joseph, and Bundy were responsible for acquir-
ing meteorological records and facilitating their use in
research projects. During the year we updated the files
from the National Meteorological Center (NMC) and the
Air Force. We obtained 400 tapes with data from NMC
for 1968 and 1969, and we revised the format of 50 tapes
of daily upper air data for stations in and near the tropics.

We completed a set of computer-produced microfilm
data containing the basic climatological charts and many
derived calculations; the seven reels of film are available
for purchase from the National Climatic Center. A revised
version of the computer-generated motion picture A
Selected Climatology of the Southern Hemisphere became
available for purchase from NCAR, and is accompanied by
a printed description of the major climatological features
shown by the film. Two films showing the movement of
daily weather systems in the southern and northern
hemispheres, and a color film showing the seasonal
movement of rainfall areas over Africa were also made
available.

Our set of climatological data on magnetic tape was
used by a number of organizations. One important
application was its use by NMC in preparation of forecasts
for the emergency recovery of Apollo 13.

We summarized more Air Force grid cloudiness data
for use by Julius London (University of Colorado); we
calculated more southern hemisphere daily IGY wind data

and prepared NMC equatorial wind data for use by
Shih-Kung Kao (ASP visitor from the University of Utah);
and we prepared plots for Tom Heinsheimer (Aerospace
Corp.) that show a comparison of balloon track data with
observed winds. The plots were made for a French
100 - mb balloon and for a 50- and a 30 - mb GHOST
balloon.

Julian (LAS) used NMC tropical wind data to compute
the probable length of time that balloons released in the
tropics would remain in those latitudes. We provided basic
daily 300-mb and derived maps for Roberts (UCAR) and
Olson (ASP visitor from the Space Disturbances Labora-
tory, NOAA) to use in studying the possible relationships
of changes in these charts to solar activity. Portions of the
stratospheric grid data from Germany are being processed
to support work by Labitzke (LAS visitor from the Berlin
Free University). We also supplied grid data or station
data for use in projects by Blifford, Bleck, van de
Boogaard, Julian, Madden, Pate, Danielsen, and Washing-
ton (all of LAS).

We furnished grid analysis data and station data to
Bonneville Power Administration, Colorado State Univer-
sity, The Florida State University, French Meteorological
Service, Massachusetts Institute of Technology, University
of Michigan, NASA, NMC, New York University, The
Pennsylvania State University, University of Utah, and the
University of Wisconsin.

ILLIAC IV LIAISON

Hildebrandt continued serving on the ILLIAC IV Advi-
sory Committee, and Oliger and Wellck continued the
liaison between NCAR and the ILLIAC IV applications
group at the University of Illinois. The ILLIAC IV
applications group adopted the NCAR GCM as its large
test program. Reorganization of the ILLIAC IV group at
the University of Illinois interrupted coding of the GCM,
but a programmer in the new Center for Advanced
Computation at the University of Illinois will resume
coding.

The development of TRANQUIL, the proposed high-
level language for the ILLIAC IV, was discontinued in
1970, and GLYPNIR adopted instead. A Fortran-like
language is now under development as well. The
ILLIAC IV is given a 90% chance to be operating by
September 1971.
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The Center for Advanced Computation plans to de-
velop an "I/O station" which will improve the user inter-
face to the ILLIAC IV (or to any other large computer).
The station will consist of a PDP-11, a small disk, a Gould
electrostatic printer, and storage tube graphics terminals.
It will be interfaced to the ILLIAC IV and to the laser
beam storage device through the ARPA net. Gary plans to
provide some suggestions concerning file structure, graph-
ics support software, debugging aids, and text editor for
the I/O station. We would like to follow the development
of the station, because it could be useful as a program-
ming aid at NCAR.

NUMERICAL ANALYSIS

The documentation of the new GCM code was com-
pleted by Oliger, Wellck, Kasahara (LAS), and Washington
(LAS). Kreiss (visitor from the University of Uppsala,
Sweden), Oliger, and Browning investigated the use of
fourth-order finite difference operators for spatial deriva-
tives and mesh refinement for hyperbolic partial differen-
tial equations. This work is nearly completed.

Oliger, Williamson (LAS), and Ellis developed a global
shallow-water-wave code which has sufficient generality to
allow tests of various mesh structures, of computational
methods to handle the coordinate singularities at the
poles, and of various finite difference schemes. Several
resultant investigations are now being undertaken.

Gary, Washington, Williamson, and Oliger worked on
the determination of proper boundary conditions for a
limited-area forecast. This requires a better understanding
of the nature of the primitive equations, and in particular
of the boundary conditions required for a properly posed
problem. It also requires selection of a stable finite
difference scheme.

Swarztrauber and Nakagawa (HAO) continued their
numerical investigations of solar phenomena. They devel-
oped a model to integrate the hydromagnetic and hydro-
dynamic equations of motion between two hemispherical
shells. Their work resolved several problems, including the
numerical integration of the variables at the poles, which
are singular points of the coordinate system. The model
assumes the fluid to be incompressible, and pressure is
therefore obtained as a solution to Poisson's equation,
subject to Neumann boundary conditions. In its discrete
form the pressure is given as a solution to a singular
system of linear equations. In other work, Swarztrauber

continued to investigate unsteady free boundary prob-
lems, and obtained results concerning the numerical
solution to the Dirichlet problem for a region of general
shape.

Cline investigated several approximation-oriented prob-
lems. As a continuation of his dissertation work, he
considered extensions of the standard approximation
theory for real-valued functions to the complex-valued
case, and experimented with several algorithms for com-
plex approximation. Working with Fulker, Cline tested
many algorithms for the solution in the L2 norm (the
least-squares solution) of overdetermined linear systems of
equations, with emphasis on very ill-conditioned prob-
lems. Cline also developed and tested an algorithm for the
solution, in the uniform (Chebyshef) sense, of over-
determined systems employing an iterative refinement
approach.

SUBROUTINE LIBRARY

The computer subroutine library acquired several new
programs in various fields of interest. One of these
programs is an optimized 6600 stack-loop generator. It
can create subroutines to perform array replacements of
the form D = AoBoC, where o = +,-,* (component-
wise multiply) and A, B, C are either arrays of equal
dimension or scalar. The subroutine so created is capable
of handling two components of each of the three operand
arrays simultaneously, and its coding is optimized to fit
the 6600 stack. Average execution speed is about twice
that of the usual Fortran coding using DO loops.

Other library additions included two new quadrature
programs for Romberg integration of single and multiple
integrals, and several statistical subroutines to compute
various distribution functions. A program to test the
difference between an empirical and a theoretical distribu-
tion uses the Kolmogorov-Smirnov limiting distribution
and will test the empirical distribution against the normal
exponential, Cauchy, and uniform distributions. The user
may also select a theoretical distribution of his choice.
Two more random number generators were also added to
the library: one computes randomly drawn gaussian
deviates and the other creates random numbers from
random digits read from a tape generated at The RAND
Corporation.

Several programs have been added to improve the
efficiency of existing programs. Among these are a fast
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Fourier transform program that allows the data to be
stored on direct access storage and thus reduces the
amount of memory in the 6600 needed for the data.
Another program computes the roots of a quartic with
real coefficients when the coefficient of the linear term is
small.

TRAINING FOR NCAR STAFF

Two beginning Fortran classes, an intermediate class,
an assembly language class and a systems orientation class
were offered to NCAR staff during the year. In the two
advanced level classes we emphasized the code resulting
from different kinds of Fortran statements using the
NCAR compiler. New Computing Facility staff members
attended most of the classes offered to general users and
were also given special orientation on the NCAR operating
system.

The FAL Computer Seminar Series was continued.
Gustafsson (visitor from the University of Uppsala,
Sweden) gave a seminar on determination of stable
boundary conditions for the difference approximation in
mixed problems, and Kreiss gave a series of lectures on
numerical methods for the equations of evolution as
applied to the atmosphere and the ocean. The seminars on
graphical output included an introduction to the GRID
system by Robertson and a talk on the development of a

general purpose Communications Management (COM)
language by Gammill.

Classes in APL were given throughout the year by
Helgason and Rew. APL, described briefly in the 1969
Annual Report, is a programming language in which many
operations may be expressed for an entire vector by a
single reference, rather than element-by-element, as in
Fortran. This language is available at time-sharing termi-
nals. Other languages such as BASIC and SNOBOL are
also available for time-sharing use.

SUMMER PROGRAM

The 1970 summer workshop was offered as a fellow-
ship program to eight graduate students. Since the
students were already skilled in Fortran programming, the
workshop emphasized more advanced techniques, includ-
ing assembly language programming and compiled code.
Special seminars dealt with program design for large
problems including the GCM. The summer program
originated several years ago as an introduction to comput-
ing, but is now an advanced seminar for graduate students
in the atmospheric sciences. During his stay each student
worked on a computer problem with an NCAR scientist.
Some of the projects included simulation models, others
were experimental programs in numerical methods. A
collection of papers written by the students to describe
their work is available from the Computing Facility.
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FIELD OBSERVING FACILITY

Our activities during the year were all related to the
support of field programs. We provided personnel and
equipment to programs in Mexico, South Dakota, Califor-
nia, Washington, and at Grand Bahama Island. Two of our
heaviest manpower commitments were to local field
programs; ten man-months were provided to the Joint
Hail Research Project in northeastern Colorado, and eight
man-months to the Boulder-based Colorado Lee Wave
Experiment. During the year we logged a total of 40
man-months in the field--a slight increase over last year.
In over 50 trips we logged 104,000 km of truck travel. We
continued to increase our capability to support field
programs by acquiring or designing and building new
equipment.

Negotiations to acquire the 32 - hectare Marshall Field
Site were concluded in October, and full development
of the site can now begin. Long-term development
plans include construction of a new building to house
our administrative offices, to provide laboratory and
shop space for our electronics and meteorological support
sections, and to provide a permanent installation for
our wind tunnel and environmental chamber.

The FOF Advisory Panel met in February and Septem-
ber. It acted on requests for support to non-NCAR
institutions and reviewed evaluation reports on programs
previously supported. The panel also reviewed our support
to NCAR programs such as the Colorado Lee Wave
Experiment, and discussed the role of FOF in the
reorganized Facilities Laboratory. Our mission is now
more closely concentrated on the planning and execution
of field programs. We will continue to improve our
operational techniques, and to acquire and find new
applications for meteorological observing equipment; the
development of radars and other new hardware will be
continued in the Research Systems Facility.

DESIGN AND DEVELOPMENT

Minicomputer

As our radars, rain gage nets, high resolution sondes,
and other measurement systems have become more
sophisticated, the data handling problems have become

more complex. The scope of the programs in which we are
becoming involved has also broadened, so that we finally
decided it would be more economical to design a system
to handle a large number of data sources simultaneously
than to build separate acquisition systems for each
experiment. We recognized that such a system should be
flexible enough to fit the requirements of a given program
without extensive modifications.

Our original plan was to build a system around a
commercially purchased core memory which would sim-
ply act as buffer storage between high speed sampling
instruments and slower recording devices. A small calcula-
tor would be used to handle the control operations, and
certain I/O operations would be handled by teletype. A
simple outboard processor would perform limited on-line
processing. Since the integration of the necessary compo-
nents would have essentially amounted to building a small
computer, the FAL Data Management Advisory Commit-
tee felt that our needs would be better served by the
purchase of a suitable minicomputer. It would incorporate
the memory, control, and processing circuitry in a single
unit, and thus eliminate a good deal of the engineering
and fabrication cost required for the calculator/memory
approach.

Late in the year we acquired a NOVA minicomputer
with 4,000, 16 - bit word memory (expandable to 32,000
words); 2.6 - psec cycle time; 200 instruction set size;
227,500 word/sec transfer rate to peripheral equipment;
and 4 accumulators. Our first field use of the NOVA will
be with a 10 -cm noncoherent radar at Watford City,
North Dakota, during the summer of 1971. The computer
will be used to program radar functions and to preprocess
data.

Calibration Facility

We made important progress toward completion of our
automated calibration facility. Calibration-quality sensors
were acquired to measure temperature, humidity, and
pressure in the environmental chamber. The temperature
standard is a 100- 2 platinum resistance thermometer
with a special readout system that linearizes the tempera-
ture output and provides a 5 - digit numerical display and
a BCD output. The measurement range is -200 to
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+2000 C, the resolution is 0.01oC, and the accuracy is
0.150 C. The humidity standard is a dew point sensor; a
servo system with optical sensing maintains a mirror
surface at the dew or frost point, and a platinum
resistance thermometer senses the temperature of the
surface. The thermometer's output goes to a readout
system identical to the one used for the temperature
standard. Stated accuracy of the dew point standard is
0.30 C with a sensitivity of 0.05 C, a range of -75 to
+90°C, and a maximum depression of 550 C. This sensor
will be used as the calibration standard and as the
humidity controller. The pressure standard is an aneroid
cell that is read out by the force balance method. It
provides both a 6 - digit numerical display in hundredths
of millibars and a BCD output. Hysteresis is held to the
vanishing point by the constant cell position. The instru-
ment's range is 0 to 1,100 mb, the readout resolution is
0.01 mb, and the accuracy is 0.015% of the pressure
above 267 mb, and 0.04 mb below 267 mb. Reference to
a high quality mercury barometer is required at three-
month intervals. We have determined the acceleration of
gravity at the Marshall Field Site to perform calibration
checks from our 15-mm-bore mercury barometer.

Late in the year the wind tunnel was operated for the
first time at speeds up to 27.7 m/sec, which is 3% faster
than the anticipated maximum. A smooth, continuous
increase of wind speed from below typical anemometer
starting speed to full output can be accomplished either
manually or automatically by a 0- to 5 - mA control
current. The automatic mode is used for selection of
predetermined speeds through a calibrated speed sensor
and servo control. Reference speeds will be established by
pitot tube, Hook gage, and manometers. The servo control
sensor is a helicoid propeller anemometer with tachometer
generator output. Precision switch-selectable reference
voltages are established in the control circuitry repre-
senting up to 15 speed steps in five different units. The
sensor and reference voltages feed a high gain operational
amplifier which drives a current generator to satisfy the
SCR controller requirement. Provisions have been made
for automatic programming of calibration runs, and for
addition of a coupler, digital printer, and digital tape
recorder to permit total machine handling and storage of
all calibration data. Recent advances in the minicomputer
field were anticipated in the design of the tunnel and the
environmental chamber; the addition of a minicomputer
will permit automatic programming and on-line processing
of calibration results with teletype printout.

Radar Development

Our intent to develop or acquire improved radars for
tracking and storm analysis has been partially realized. In
1969 we successfully built an analytical radar by modify-
ing a surplus FPS - 18 radar, and used the system in the
1970 Joint Hail Research Project. Realizing that a
tracking radar with the desired features would have to be
purchased new, we enlisted the help of many potential
users and developed performance specifications for pro-
spective vendors. Quotations greatly exceeded available
funding and we decided to abandon attempts to acquire a
tracking radar, at least for the present. We have instead
diverted the available funds to the modification of a
second FPS - 18 radar for storm analysis.

A related development during the year was the design
and fabrication of a special system for recording radar
reflectivity data. The project was a joint venture with the
South Dakota School of Mines and Technology and
fulfilled specific needs of that institute. The system
consists of a profiler, a coupler, and a recorder. It was
built during the early months of the year, and was used
during the summer at Lemmon, South Dakota, to record
reflectivity of thunderstorms detected by an M33 radar
driving a 10 - ft (3.1 - m) dish antenna. The profiler
receives the radar video signal, converts it into digital
form, then generates and stores a digital representation of
the average of a number of successive radar returns. It
consists of a high-speed, 6-bit analog-to-digital converter; a
12-bit parallel adder; and a shift register with 256 12-bit
word storage. Each word consists of the sum of the
digitized samples from 64 successive radar returns. The
samples are taken at intervals of 4.0 psec, giving a range
width of 0.6 km. The number of words represents the
number of range gates. The initial range gate corre-
sponding to the minimum distance can be set by the radar
operator. The radar returns have a repetition rate of
500 Hz. The averaging of the returns is performed by
dividing the sum obtained from successive samples by 64.
The coupler combines digital inputs from the profiler,
antenna angle information, and time information into a
format suitable for recording on computer tape. The
0.8 sec required by the recorder to enter each record is
the limiting speed of the system. The recorder accepts
8.5 - in. magnetic tape reels, which record approximately
2.5 hr of continuous data.
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Rain Rate System

During the summer we field tested our rain rate system
northeast of Rapid City, South Dakota. It provided useful
data on rainfall rates to supplement radar returns, and
functioned well in its first full test. The system's ten rain
gages were placed from 8.2 to 31.7 km from the central
station. Strong signals were received from all transmitters,
with signals ranging from over 30 db at the closest station
to 7.5 db at the most distant one. From the first
operational experience it was apparent that the system
provides a unique way of simultaneously observing radar
returns and rainfall at the ground from the same storm.
The system, designed and developed by Pike, is described
in the 1969 Annual Report. Difficulties still requiring
correction include failure of radio transmitters to hold
their deviation adjustment, failure of pulsers to turn the
transmitters off if pulsed a number of times in the hot
sun, failure of some of the active filters in the decoder,
and failure of two power supplies, possibly due to
lightning. We plan to add two-way voice communication
on the telemetry channel to facilitate installation and
check-out of the system by one man.

Boundary Profile System

Complete boundary profile (BP) systems were used
during the summer in support of the Joint Hail Research
Project in Colorado and in a study at Grand Bahama
Island. Before summer operations began we improved the
humidity sensor, and we later refined the circuitry. The
humidity sensor had been a wet-bulb psychrometer
employing a venturi arrangement to ventilate the bulb.
Although we were aware of the errors introduced by
variable ventilation rates, the high current drain of the
entire package had ruled out the addition of a motor
driven fan. However, Pike had achieved some reduction in
current drain through circuit refinements, and subse-
quently Gerd Stilke (University of Hamburg, Germany)
renewed our interest in finding a miniature motor by
describing how he had finally adopted forced ventilation
of the wet bulb in his tethered sounding system. Lichfield
(GAMP) located a miniature dc motor 15 mm diam by
20 mm long, drawing only 20 mA at 1.2 V and weighing
less than 15 g complete with fan. The BP package now
employs forced ventilation of the wet- and dry-bulb
thermistors through a duct made of two concentric
casings. Late in the year we installed integrated circuits
that were not available when the system was designed.
The resulting reduction in current drain should now

permit 6 - 7 hr of operation per battery charge. Other
refinements have improved the temperature stability of
the package to acceptable limits over the range -20
to +40 0C.

OPERATIONS

During the year we provided equipment or field
personnel for the following universities: Colorado, Colo-
rado State, Denver, Hawaii, Illinois, Maryland, Miami,
Michigan, Oklahoma, South Dakota School of Mines and
Technology, Virginia Polytechnic Institute, Washington;
and for the Research Triangle Institute of North Carolina.
We lent equipment for use in Hawaii, Baffin Island,
Antarctica, the Virgin Islands, Argentina, and Ascension
Island; we supplied equipment and staff assistance for
research in Mexico and at Grand Bahama Island; and we
conducted survey trips to Brazil and Bimini to assess
needs for future research support. We provided substantial
support to the Colorado Lee Wave Experiment, the Joint
Hail Research Project, and a program at Lemmon, South
Dakota, conducted by the South Dakota School of Mines
and Technology. Three of the more significant programs
are described below.

1970 Eclipse Expedition

HAO mounted an expedition to southern Mexico to
observe the total eclipse of the sun on 7 March. The site
selected was in a remote mountain area, and survey trips
indicated that we would need to provide supporting
instrumentation, equipment, and living facilities. Vaughan
served as logistics manager and was charged with arranging
for transportation of 28,000 kg of equipment from
Boulder to the field site and return, and for transportation
of personnel between Oaxaca and the field site; estab-
lishing and managing the camp facilities; supplying pota-
ble water and food; providing electricity for the camp and
the scientific equipment; and procuring construction
materials and petroleum products from local sources. The
Air National Guard transported the expedition equipment
to Tehuantepec, Mexico, and later delivered liquid helium
and nitrogen to Oaxaca in three 100 - shipments on
scheduled dates. All equipment arrived promptly and was
then transported by truck to the 2,745 - m mountain site.
The advance party, made up of four FOF members, the
scientific coordinator from HAO, a cook, and two
Zapotec Indian men, cleared a camp area, located a water
source, set up living and dining tents, installed electrical
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generators, built a cook shelter, and prepared other camp
facilities before the scientists arrived. Sky conditions were
discouraging during the preparatory period but the eclipse
day, which dawned with strong northerly winds, was
cloudless and exceedingly clear. HAO described the
program as "highly successful."

Grand Bahama Island Study

A study conceived by University of Miami scientists
Mariano Estoque and Chandrakant Bhumralkar sought to
test a numerical model of the heating effect of a small
island. Conditions near the ground were documented by a
network of eight stations provided by FOF, and condi-
tions aloft were documented by a Queen Air flown by
RAF. Baynton served as project manager, and arranged
for transportation of equipment from Boulder to Grand
Bahama Island, food and housing for all project personnel,
and coordination with local agencies. The U.S. Air Force
Eastern Test Range lent valuable support to the project by
providing food and lodging, office and laboratory space,
access to restricted areas for installing measurement
stations, transportation of equipment to outlying stations,
and standby emergency assistance. The Utah Air National
Guard flew equipment to Grand Bahama Island, and the
Oklahoma Air National Guard flew it back after the
project ended. As requested by Estoque and Bhumralkar,
data were obtained on eight days between 17 and
30 August when no upper cloud deck was present and
daytime heating of the island could occur. The interesting
and varied weather regime during this period was well
documented by instruments and cameras at ground level.
Bhumralkar has begun to introduce refinements into his

numerical model based on insights gained from the field
program.

1970 Colorado Lee Wave Experiment

A field program based at Boulder and directed by Lilly
(LAS) and Joachim P. Kuettner (NOAA Research Labora-
tories) was designed to observe lee wave profiles and
associated momentum flux, and to compare these with
theoretical models of lee flow; to observe characteristics
of the generation and subsequent decay of clear air and
rotor cloud turbulence, and to compare these with
theoretical predictions; and to observe conditions in the
free atmosphere associated with downslope windstorms in
the Boulder area, especially those conditions whose
observation might lead to better forecast techniques.
During the data gathering period from 11 February to
24 March, observations were made by aircraft, rawin-
sondes, and a network of seven wind measuring sets.
McBeth served as full-time assistant to Biter (RAF) who
was the operations manager for the experiment. Eleven
agencies and about 50 persons participated. FOF provided
or arranged for rawin soundings both east and west of the
continental divide. Operating a GMD -1 system and an
M33 radar at the Marshall Field Site, we provided 21
soundings during the observational period, with radar
tracking included for nine. The 6th Weather (Mobile)
Squadron provided a GMD - 2 sounding system and a
5- man crew, and carried out 42 soundings on 27 days
from Kremmling. The network of surface-wind measuring
sets continued to be an important element in the
documentation of Boulder windstorms. As in past years,
we provided and installed the equipment, and we serviced
it for the period 1 December 1969 to 1 May 1970.
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GLOBAL ATMOSPHERIC MEASUREMENTS PROGRAM

This was a year of reassessment for GAMP. We
evaluated the capabilities and limitations of the superpres-
sure balloon in terms of the most recent formulation of
requirements for GARP experiments. Out of this evalua-
tion has developed a concept for a system, named Mother
GHOST, to obtain a complete vertical profile for winds,
temperature, and humidity over the tropical oceans, using
a radiosonde dropped from a carrier balloon. The original
concept of thousands of superpressure balloons flying at
several levels has been modified to a concept in which
balloons at a single reference level will provide data on
winds, temperature, and the height of the pressure
surface. Readings obtained from a satellite infrared
sounder can be "anchored" to these data.

NIMBUS 4/IRLS PROGRAM

After three years of preparation we conducted a
program from Ascension Island in which 27 balloons were
launched, each equipped with an electronics package for
interrogation by the Nimbus 4 satellite. In spite of
occasionally difficult launch conditions, the balloons
performed well. Thirteen flights were made in June and
July at altitudes of 20 km (50 mb) and 24 km (30 mb).
The four 30- mb flights averaged 85 days, just under our
design goal of 90 days. The nine 50 - mb flights averaged
just under four months, and one balloon is still flying.
Because of electronics problems with the balloon interro-
gation package (BIP), the second scheduled series of
flights was delayed until October and November. With
half of the balloons still flying, it appears that their
performance will be comparable to that of first flight
series; however, the performance of the BIP worsened.
Fortunately, a backup system which measures sun angles
to determine balloon positions performed satisfactorily on
all flights so that the overall objectives of the program will
probably be achieved. The June and October flight series
were conducted at the peak of the easterly winds in the
tropical stratosphere, and together with a test flight series
conducted in January 1969 during the peak of the
westerly regime, they encompass a complete cycle of the
quasi-biennial stratospheric oscillation. Analyses of the
data are being conducted by James K. Angell (NOAA),
Richard J. Reed (University of Washington), Solot,
Schumann, and others.

EXPERIMENTAL OPERATIONAL PROGRAM

The Southern Hemisphere Experimental Operational
Program has been endorsed by the World Meteorological
Organization (WMO) Executive Committee. It is a plan to
fly from 50 to 100 balloons each year at the 200 -mb

level in the southern hemisphere. The balloons will be
tracked by the existing network of GHOST receiving
stations around the world. A digital telemetry system has
been under development to provide improved precision in
the telemetry of sun-angle and magnetometer data from
which locations and winds are determined. During 1970
four flights were made to test the telemetry system. The
final flight in November was the first completely success-
ful test in which the magnetometer data met the basic
system accuracy requirements. Unexpected difficulties in
developing the digital telemetry system have in the
meantime caused us to examine alternate possibilities. It
may be possible to implement a useful operational system
in the southern hemisphere at an earlier date by concen-
trating our efforts on a location system using the
Nimbus F satellite. Except for differences in the fre-
quency and mode of transmission, the flight systems re-
quired for the Experimental Operational Program are not
substantially different from those required for the
Nimbus F location system. We plan to continue testing
the GHOST digital telemetry system and to use it as a
vehicle for testing the Nimbus F electronics. A decision
whether to proceed with the Experimental Operational
Program or to adopt the much more accurate satellite
system will be made early in 1971.

THE REFERENCE LEVEL

The GARP requirements call for a reference level to be
provided in the southern hemisphere by superpressure
balloons floating at an altitude of 150 or 200 mb. The
balloon vehicle has now been adequately tested for this
requirement. The method of locating the balloon and
telemetering data remains to be decided, but a proposed
program for the Nimbus F system should provide the
solution. The basic concept, developed at the Goddard
Space Flight Center, is to locate balloons by measuring
the doppler shift of random transmissions to the space-
craft from a large number of balloon vehicles. The
reference level test will be combined with experiments to
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measure tropical winds and energy transfer in cross-isobar
flow. During 1970 most of the elements required for the
balloon system were tested. These include lightweight
temperature controls for stable oscillators, an absolute
altimeter for determination of geometric height above sea
level, digital telemetry equipment compatible with the
absolute altimeter, and thermal housing for the complete
electronics package. Eight flights were made in the tropics
to obtain a first estimate of the probable trajectories of
150 -mb balloons. If the program is approved, the
Nimbus F experiment, which will be conducted in late
1973 or early 1974, will provide a useful test of the
application of large numbers of superpressure balloons to
provide a reference level for the satellite sounder.

MOTHER GHOST PROGRAM

The Mother GHOST concept was endorsed by the
WMO-ICSU Joint Organizing Committee for GARP in
Brussels in March. During the remainder of the year we
performed a number of experiments to demonstrate the

ability of the system to obtain detailed wind data over the
tropical oceans at reasonable cost. The technique involves
the flight of a mother balloon in the tropical stratosphere
at 24 km. Dropsondes are released on command, and
these relay Omega signals through the mother balloon to a
synchronous satellite for transmission to the ground. We
developed a complete ground system for processing the
Omega data, and fabricated six dropsondes for initial
tests. Ground tests and simulated flight tests demon-
strated that the system will provide wind data of the order
of 1 m/sec for 2 - min averages. Complete demonstrations
of the system will be conducted in January 1971 from
Palestine, Texas. The Nimbus 4 flights from Ascension
Island demonstrated that stratospheric balloons will re-
main in the tropical circulation longer than two months.
A successful flight test of the mother balloon vehicle was
made in July from Lakehurst, New Jersey. The flight was
terminated after 30 hr. A second balloon was flown in
December from Christchurch, New Zealand, but failed at
altitude. We will conduct additional flight tests until we
have perfected a vehicle for carrying the required 100 - kg
payload.
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RESEARCH SYSTEMS FACILITY

On 1 October the Design and Prototype Development
Facility (DPD) expanded to become the Research Systems
Facility (RSF), consolidating the major developmental
efforts within FAL. The need for a developmentally
oriented facility had been dictated by several considera-
tions which are outlined in the FAL Director's Introduc-
tion. The new facility has two major divisions, one for
engineering and one for fabrication. Large development
efforts are undertaken by systems teams assembled from
the individual groups within the engineering division.

During our first three months we have devoted our
efforts largely to completing or phasing out R & D efforts
begun before the reorganization. The major efforts to
which RSF is formally committed are a cloud seeding
rocket system (described below), and a telemetry, com-
mand, and control system for the Scientific Balloon
Facility. The latter includes both airborne and ground-
based telemetry systems for transmission of data from
scientific balloon payloads and of commands to the
payloads.

Until its expansion to the new facility, DPD had
remained much the same as during previous years. Its
fabrication section, consisting of the machine and glass
shops, became, with essentially no changes, the fabrica-
tion division for RSF. The mechanical design group was
the next in size with a complement of six designer/
draftsmen and one engineer. The electrical engineering
section added two engineers and three technicians to its
staff and became the electrical engineering section
of RSF.

Because of increasing space requirements in the Mesa
Laboratory, the mechanical and electrical engineering
groups of DPD had joined the rest of FAL in PSRB-2 on
the University of Colorado campus. The machine and glass
shops remained at the Mesa Laboratory because a move
would have been difficult and expensive.

The move of the engineering groups to PSRB-2 brought
them into much closer contact with the rest of FAL for
whom they perform the majority of their projects. It also
brought the inconvenience of a physical separation from
the machine shop. To reduce the difficulty of communica-
tion between the engineers and the machinists, we in-
stalled an engineering office adjacent to the machine shop.

This office is available to any engineer when his project
requires continuous and close contact with machinists.

During the year our meteorology team engineer for the
NASA Viking Project became a firmly established member
of that program. We anticipate that in the long run this
assignment will occupy about half of his time. His role is
to work with, advise, and provide liaison between the
Viking meteorology team and the Martin Marietta Corp.,
prime contractors for the Viking Project.

DPD provided engineering and shop services to the
NASA-funded ENCAR II rocket-borne air sampling pro-
gram under the direction of Martell (LAS). The payload
was completed and launched in October, but unfortu-
nately an electrical malfunction caused the mission to fail.

Programs within NCAR to which we gave major
support during the year included:

* Redesign of a truck (BULVA) for launching scientific
balloons. The vehicle has been delivered to SBF.

* Design, fabrication, and mounting of measurement
equipment on a research sailplane for the Cloud Physics
Program of LAS.

* Modification of a door for the NCAR Sabreliner jet
aircraft to accommodate a large window for measurement
purposes. The first window installed permits astronomical
observations in the infrared. The work is being done for
RAF and HAO.

* Participation in the design and fabrication of
dropsonde- and ballast-releasing devices for use in testing
the Mother GHOST concept. The project is being done
for GAMP.

* Determination of specifications for the system to be
used for the selection of ATM white light coronagraph
data for analysis. The specifications will assist HAO in
formulating a request for proposal.

* Design, fabrication, and installation of a calibration
wind tunnel for FOF.
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* Design of cloud-seeding payloads for the 2.75 -in.
(6.99 - cm) Folding Fin Aircraft Rocket. Our initial task
has been the design and testing of a parachute system that
can lower the spent motor and payload safely to the
ground. The results of an initial series of test flights at the
White Sands Missile Range were encouraging; some fabric
failure occurred at high-speed deployment, but we are

correcting this problem through the selection of new
fabrics. No failures occurred in parachute ejection and
deployment on receipt of command. The goal of this
program is to deliver cloud-seeding payloads into hail-
storms for the National Hail Research Experiment; the
developmental effort remains a strong commitment
of RSF.



31

FACILITIES LABORATORY PERSONNEL

DIRECTOR'S OFFICE

Management

Daniel F. Rex, Director
Charles A. Palmer, Jr., Acting Director

Support

Gertrude Dunn (from September)
Richard Garrelts
Patrick Gerrells (from May)
Howard R. Hansen (to October)

SCIENTIFIC BALLOON FACILITY

Management

Billie J. Wheat

RESEARCH AVIATION FACILITY

Management

John W. Hinkelman, Jr., Manager

Professional

Cleon J. Biter
Edward N. Brown
Frank A. Brunot (to October)
J. William Bullock (to July)
Robert H. Burris (from February)
James E. Covington
Albury J. Dascher (to October)
John B. Dee, Jr.
Robert L. Foltz
Walter C. Glaser (from November)
Daniel R. Marshall (from October)
Loyd E. Newcomer
Clay A. Orum
Gene D. Prantner (to October)
Lester M. Zinser
M. Norman Zrubek

Support

Phyllis Akins (to October)
Melvin E. Busch (from April)
Toni A. Chapman (to January)

Alvin L. Morris, Manager
Frank E. McCreary, Superintendent,

Palestine Balloon Flight Station

Professional

Jack M. Angevine (to October)
Daniel D. Christianson
Oscar L. Cooper
Richard H. Cormack (to October)
Mack O. Gore
Arthur H. Gusa, Jr.
Robert S. Kubara (to December)
William J. Landsperger
Rudolph F. Michel (from June)
William C. Paschall
Gerald A. Rhoads
Alfred Shipley
James M. Shoemaker
Justin H. Smalley
Ronald L. Snyder (to October)
John W. Sparkman, Jr.
Karl H. Stefan
John C. Warren (to December)
Boyce D. Worley (from April)

Support

Brian M. Bigelow (from August)
Billy B. Blevins (to September)
Donald F. Brooks
Charles E. Burris
Robert Collett
Caswell E. Defreece
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Willard M. Goff (fromMay)
Eugene W. Gore
William C. Harriman
Billy L. Harrison
Delbert L. Hoefling
Elizabeth P. Holdsworth
J. O. Hollingsworth
Philmon Huddleston
Lawrence C. Huffman
Timothy J. Hurley (to October)
John M. Ingram :
Lionel J. Johnson
Theo B. Johnson
Stephen W. Kovacs (to October)
Lloyd T. Lasiter (from July)
Marian L. Luly
Tom R. Lumpkin
Della Lynch
Jack T. May
Marvin E. Riley
Earl E. Smith
Vicki L. Swift (to December)
Joe K. Taylor
Homer C. Woody (from April)
Nuel A. Woolverton

COMPUTING FACILITY

Management

William B. Frye
David W. Fulker
Sandra J. Fuller
Bonnie L. Gacnik (from July)
John M. Gary (from September)
Richard V. Helgason
Roy L. Jenne
Dennis H. Joseph
David J. Kennison (from October)
Cheryl M. Kingry (from July)
David L. Kitts
Robert L. Lackman
Richard J. Lorenzen (from September)
Jack S. Miller
Bernard T. O'Lear
Joseph E. Oliger
Celeste P. Peterson (from July)
E. Cicely Ridley (from September)
David Robertson
Paul A. Rotar
Eugene P. Schumacher (from March)
Paul N. Swarztrauber
Joyce A. Takamine
Linda G. Thiel (from May):
Robert E. Wellck
Nancy E. Werner
Thomas J. Wright (from July)

Technical Support

Kenneth S. Hansen
T. W. Hildebrandt, Head Fred P. Walden

Professional

Jeanne C. Adams
Daniel L. Anderson (from July)
Robert P. Biro
Gerald L. Browning
Dorothy J. Bundy (from January)
Alan K. Cline (from August)
Leonard C. Cohen (to August)
Patrick D. Coyle (from July)
Gloria S. DeSanto
Margaret A. Drake (from July)
Michael B. Ellingson (to July)
Chester W. Ellis
Raymond C. Fabec (to August)
Dean H. Frey

Support

Donald W. Cellars (to September)
Mary D. Chambers (from August)
Santiago E. Cordova (from July)
Edgar W. Davis
Richard J. Frank
Lois K. Harrison
Janet L. Ivarie
Michel D. Magers
Jack B. Martindale
Robert R. Niffenegger
Richard A. Oye (from July)
Berten E. Pelca (from October)
Judith A. Slater
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FIELD OBSERVING FACILITY

Management

William S. Lanterman, Jr., Manager
Walter L. Records, Acting Manager

(from December)

Professional

Harold W. Baynton
Joseph J. Boyajian
Donald A. Eklund
Grant R. Gray
Robert S. Kubara (from December)
George O. Langer (to October)
Thomas H. R. O'Neill (from September)
Julian M. Pike (to October)
Gene D. Prantner (from October)
Walter L. Records
George H. Saum, Jr. (to October)
Harry B. Vaughan (to December)
John C. Warren (from December)

Support

Richard W. Bobka
Robert K. Bowie (from July)
William W. Bragg
Leo G. Crouch
William P. Diesch (to October)
Roy B. Eis
Edward A. Elsberry
Donald Ferraro (from November)
Russell M. Gowin (to August)
William Haab (from November)
Jerry M. Janssen
Robert L. King (to October)
Brian W. Lewis
Robert B. McBeth
Dale B. McKay (to October)
Rita M. Rikoff
Alan L. Sorenson

GLOBAL ATMOSPHERIC
MEASUREMENTS PROGRAM

Management

Vincent E. Lally, Head

Professional

Neil Carlson
Donna Decuir (from July)
Robert W. Frykman
Ernest W. Lichfield
Claude Morel (from August)
A. Brewster Rickel
Aubrey P. Schumann
Samuel B. Solot
Sig Stenlund (from September)
Jack D. Tefft
Marcel L. Verstraete

Support

Nancy K. Leach

RESEARCH SYSTEMS FACILITY

Management

Stig A. Rossby, Manager

Engineers

Jack M. Angevine (from October)
Frank A. Brunot (from October)
Arden Buck (from August)
Harold L. Cole (from August)
Richard H. Cormack (from October)
Albury J. Dascher (from October)
H. Paul Johnson
Julian M. Pike (from October)
George H. Saum, Jr. (from October)
Ronald L. Snyder (from October)

Designer/Draftsmen

Charles C. Catlin
Michl B. Howard
H. Fred Knoblock
Edward D. Lambdin
Richard E. Morrissey (to December)
Ben L. Novak
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Technicians

William P. Diesch (from October)
Howard R. Hansen (from October)
Timothy J. Hurley (from October)
Robert L. King (from October)
Stephen W. Kovacs (from October)
Bryan R. Lee (from September)
Dale B. McKay (from October)
Kenneth D. Norris (from May)

Owen D. Evans
Henry P. Geisert
Gilbert G. Granger
Alvin J. Helfrich
Hayden F. Mathews
Earl E. Morrison
Allen F. Price
Orvil C. Starr
Russell D. White
Frederick J. Zimmer
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The orbiting coronagraph, developed for flight in the NASA Skylab I in early 1973,
was tested during a balloon flight from Palestine, Texas, on 7 June 1970.
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INTRODUCTION

The year's activities are highlighteýdby the success of
HAO's expedition to observe the total solar eclipse of
7 March 1970. Supported by the Field Observing Facility,
some 20 scientists and engineers set up equipment in the
highlands near Quiechapa, Mexico. Although the eclipse
was preceded by several weeks of poor weather, the day
of eclipse was clear and all equipment operated perfectly
during the 3.5 min of totality. The results of preliminary
analysis of the eclipse data are described in the text of this
report.

This year was one of retrospection and evaluation of
emerging opportunities. Some of the retrospection
doubtless was stimulated by the calendar--NCAR
completed its tenth year, and HAO marked its thirtieth.
When HAO was founded, the magnitude of the coronal
temperature was just being recognized, the existence of a
chromosphere-corona transition region was hardly sus-
pected, the presence of magnetic fields outside of
sunspots was unknown, and our concept of such a
fundamental property of the sun as its magnetic cycle was
lodged in often-conflicting, unprovable speculations.

Now we are at last able to construct a coherent picture
of what might be called the solar-terrestrial environment.
New observations and theoretical models are beginning to
answer the broad questions concerning the energy budget
and dynamics of the solar photosphere, chromosphere,
and chromosphere-corona interface. Infrared observations
from aircraft and from the ground, and observations from
spacecraft have allowed us to observe the solar corona
over the entire disk, and have led to a level-by-level

specification of physical conditions from the photosphere
through the lower corona. The crucial role played by
magnetic fields in modifying the structure of the entire
solar atmosphere is increasingly well documented. Finally,
we now have in situ observations of the state of the solar
atmosphere at 1 AU, and we can begin to ask how this
state is influenced by conditions in the lower solar
atmosphere.

In the future we expect to place more emphasis on
problems of the solar-terrestrial environment as an organic
whole; many such problems present themselves for study.
However, we can attain a measure of focus if we set for
ourselves the goal of reaching such a state of knowledge of
the solar-terrestrial environment that we can specify, for a
particular state of solar activity, the radiation, particles,
and magnetic fields reaching the earth's atmosphere.

In the past, we have maintained a high level of activity
in the study of the outer solar atmosphere. Continuing
research at this level should result in rapid progress in
describing the solar portion of the solar-terrestrial
environment. However, additional studies of the interplan-
etary medium will be necessary if we are to carry out a
balanced program. In 1970 we initiated administrative and
scientific changes to strengthen our efforts in this area;
the results of these changes should be apparent in the
future.

Gordon A. Newkirk, Jr.
Director
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THE PHOTOSPHERE AND CHROMOSPHERE

TEMPERATURE STRUCTURE

The high temperature of the corona is clear evidence
that the solar atmosphere is not in radiative equilibrium.
A significant fraction of the energy flowing outward from
the sun is transported as mechanical waves, which
dissipate in the chromosphere and corona to create the
apparently anomalous temperature structure. We have yet
to understand fully the mechanisms of mechanical energy
transport: current theories are crude, and we lack
knowledge of the physical conditions above the
photosphere. The value of the temperature minimum
(4,3000K) and the explanation of this low temperature as
a result of the blanketing effect of Fraunhofer lines (1968
and 1969 Annual Reports) suggested that mechanical
energy is not deposited in the low chromosphere, and that
the total energy required to heat the upper chromosphere
and corona is less than previously supposed.

We now seek to determine more accurately the
physical conditions in the layers just above the
temperature minimum. As in studies of the temperature
minimum, we must observe the radiance at the center of
the disk and at the limb in spectral regions where most of
the radiation originates in order to determine these
conditions. To continue the analysis of the temperature
structure of the region of initial temperature rise in the
low chromosphere, Eddy, MacQueen, Mankin (visitor
from the University of Massachusetts), and Lee
constructed a new airborne spectroradiometer. This will
be used on the NCAR Sabreliner in 1971 for examination
of the solar continuum radiation in the spectral region
from 300 to 1,000 pm. The new instrument is capable of
high spectroscopic resolution (0.1 cm -1).

TRAPPED OSCILLATIONS IN THE
SOLAR CHROMOSPHERE

The chromosphere as observed in Ha and other spectral
lines oscillates vertically with a period of about 5 min.
According to the accepted explanation, this oscillation
results from trapping of waves in the region of the
temperature minimum, between the upper photosphere
and lower chromosphere. The waves originate in the
subphotospheric convection zone. Much of our under-
standing of this phenomenon comes from analytic

solutions of the equations of motion in simplified
atmospheric models which do not contain magnetic fields.
Nakagawa and Trehan (visitor from Panjab University,
Chandigarh, India) examined the general formulation of
the problem and, with Lorenzen (FAL), Nakagawa
carried out a numerical solution of the equations for the
Bilderberg atmospheric model. This study showed not
only that the eigenfrequencies deduced numerically
resemble those observed as well as those of the analytic
solutions tested for simplified models, but also showed
that the numerical solutions successfully reproduce the
observed ratio of amplitudes of oscillation of the
photospheric lines and upper chromospheric lines (K3 ).

MATHEMATICS OF RADIATIVE TRANSFER

The rapid development of modern high-speed large-
storage computing machines has led to the solution of
many important problems of radiative transfer but has
also produced a haphazard development of the numerical
procedures for solving them. Brute-force methods tend to
be exploited with little regard for their efficiency, and
numerical programs are developed which are complex and
difficult to classify. For the solution of many important
problems of radiative transfer using integral equation
methods, we need a systematic use of operator language,
one which will reflect the logic behind a particular
method of solution and make it easy for us to examine
the implications of any approximation in a well defined
and unambiguous way. The introduction of "algebraic
operator methods" (formerly called operational calculus)
can help to develop the analytic basis for new, efficient
numerical models.

Skumanich therefore began to apply the language of
functional analysis (operator theory, as developed
historically in quantum mechanics) to the integral
equation method of solving radiative transfer problems.
The insight and confidence derived from this approach to
the numerical work led Skumanich and his collaborators
to attack such complicated problems as: (1) transfer in
multidimensional media (with H. P. Jones, University of
Colorado), (2) transfer of radiation within a system of
coupled atomic transitions--the so-called multi-line
problem--(with Domenico), and (3) transfer of recombi-
nation radiation (with Poland, visitor from Indiana
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University, and Domenico). The multidimensional prob-
lem was solved in the case with a lateral temperature
variation but with no lateral density variation. To be
realistically applicable to the solar atmosphere, the
analysis must be extended to include lateral temperature
and density variations. The multi-line radiation problem
was successfully treated with gains in efficiency of factors
of ten or more compared to the brute-force methods
previously used.

Athay devoted the major part of 1970 to the
preparation of a book on radiation transport in spectral
lines. Most of the material for this book is a direct
outgrowth of work done at NCAR by Athay, Skumanich,
House, and their student collaborators. The remainder
draws heavily upon the work of other groups, particularly
those at the Joint Institute for Laboratory Astrophysics,
Harvard University, and the University of Hawaii.

Athay's book contains a review of what is now known
about photon transport processes in spectral lines, with
emphasis on stellar and solar spectra. Although much of
the material is derived from computer output, Athay
emphasized attempts to understand the physical processes
affecting the line source function and the mapping of this
function as an observed line profile.

A substantial portion of the material in the text,
particularly a discussion of the behavior of the line source
function for multilevel atoms, is not available in the
current literature. Most published literature on solutions
for the line source function apply to the case of an
idealized two-level atom in an isothermal atmosphere; this
limitation has led to a set of established ideas concerning
the behavior of the source function, ideas that frequently
cannot be applied when more complex atoms and more
realistic atmospheres are considered. Figure 1 illustrates
an example of the behavior of the source function, S, for
four interlocking spectral lines in a model solar
atmosphere and shows, for comparison, the solution
obtained for one of the lines (S3,1) when the remaining
three are ignored and the atmosphere is isothermal. The
multilevel effects depend on the model atmosphere and
various atomic parameters. Thus, the large effects shown
in Fig. 1 represent a combination of effects from the
multilevel atom and the model atmosphere and clearly
illustrate the danger of generalization based on the
two-level case.

Even in the simple two-level case the model
atmosphere may have profound effects on the depth

C)
0
0-_1

LOG rT,,

Fig. 1 The source function, S, compared to the Planck
function, B, for four interlocking spectral lines produced
in an atmosphere similar to that of the sun. The energy
levels, the transitions between them, and the wavelengths
of the lines appear in the lower right. Note the large
departure of the source function for the 3,1 line when the
existence of the other lines is ignored, compared to the
case when they are included; 73,1 is the optical depth in
the 3,1 line.

variation of S. In the past some of these effects have been
used to explain such phenomena as the emission reversals
in the solar H and K lines of CaII. However, the
magnitude of some of these effects has not been fully
appreciated in some cases. Figure 2 shows the effect on S
of allowing the doppler width (AXD) of the line
absorption coefficient to change rapidly at a particular
optical depth range. In the examples shown, AXD
decreases by about a factor of three in the optical depth
range 10 -4 to 10 -7 in one case, and increases by a like
amount in the same optical depth range in the second
case. The effects on S are large and extend throughout the
visual layers of the atmosphere, i.e., log Tc < 0.
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Fig. 2 The variation of the source function, S, for a line
similar to the H and K lines of Ca II is influenced by
changes in the doppler width AXD of the line in the depth
range 10 - 7 < c  10 -4. A complete understanding of
such effects on the source function is required to interpret
the profiles of strong spectral lines.

A chapter is devoted to the effect of the lines in
determining the thermal structure of the atmosphere
itself. The explanation of this blanketing effect is
developed explicitly in terms of the material presented in
the book, following the earlier work of Athay and
Skumanich (1968 and 1969 Annual Reports).

SPICULE AND PROMINENCE DENSITIES

Spicules and prominences present a radiative transfer
problem of extraordinary difficulty, largely because of
their complex geometry. Without the solution of the
transfer problem, however, we remain in ignorance of the
physical conditions in these objects, and cannot determine
how spicules are involved in the overall energy balance of
the solar atmosphere nor understand how prominences
exist at all; Moreover, it is in prominences that we have
the best opportunity to determine the absolute abundance
of He in the sun- a poorly known parameter critical to
our understanding of the overall structure of the sun and
other stars.

Observations of the Balmer line emission from
prominences and spicules enable us to determine the
electron density, but the total hydrogen density must be
determined either from UV observations of the Lyman
continuum (the hydrogen recombination emission), or
from theoretical estimates of the hydrogen ionization
state. Since the ionization depends intimately on the
internal radiation field, theoretical estimates require a
complete solution of the radiative transfer problem.

In a theoretical study of the hydrogen ionization state
of prominence and spicule models, Skumanich and Avery
(University of Colorado) uncovered numerical errors and
inconsistencies in the approximate analysis published by
Giovanelli (Commonwealth Scientific and Industrial
Research Organization, Australia [CSIRO]). In an effort
to resolve these inconsistencies, Skumanich and Poland
reanalyzed hydrogen ionization in illuminated slabs which
approximate prominence and spicule geometries. They
showed that Giovanelli's estimates of the degree of
hydrogen ionization were correct and unaffected by the
errors in his collision rates. However, they also found that
his estimates of the Ha emission coefficients were in error
and inapplicable to those spicules which are almost
optically thin. The correlation reduces (by a factor of ten)
the contribution of the intrinsic emission to the
prominence or spicule line intensity (scattered and
intrinsic) and results in a pure-scattering line formation
situation.

Skumanich and Poland's results corroborate the
hypothesis that the opacity of prominences and spicules
in the Balmer lines uniquely determines the electron
density. When the Balmer line opacity has been
determined from emission line observations, the results
can be used to obtain total hydrogen density.

STELLAR CHROMOSPHERES

The chromosphere of the sun is rather small compared
to that of some other stars (1969 Annual Report). A
stellar chromosphere results from a complex interaction
among the star's structure, rotation, magnetic fields, and
the convection beneath its photosphere, all of which are
related to the star's age. Since the presence of a
chromosphere implies the existence of a stellar wind,
which can influence the loss of stellar angular momentum,
stars with chromospheres may have evolved quite
differently than those without chromospheres.

m
(I)
(9
0
I

)



41

Observational data in absolute units are essential to
studies of stellar chromospheres. In his continuing
research on these chromospheres, Skumanich attempted
an absolute calibration of the emission characteristic of
the chromospheres, in particular of the Ca+ emission
doublet at 3933 A (K line) and 3968 A (H line). He
compared recent absolute measures of the Ca+ emission
line intensity integrated over wavelength in the red
Hyades stars by Kraft (Lick Observatory) with the relative
measures of yellow Hyades by Wilson (Hale Observato-
ries). Skumanich's analysis yields an average Ca+ emission
loss of 6 x 10s ergs/cm 2 sec for the sun, and shows that
the radiation from Ca II is as important as that from Mg
and H (radiative loss of 106 ergs/cm2 sec) in controlling
the temperature of the solar chromosphere.

By including the Pleiades stars in the sample (by means
of Kraft's Ca+ emission measures), Skumanich extended
and corroborated the quantitative square-root relation
between chromospheric emission and stellar age reported
in the 1969 Annual Report. These stars are 100 times
younger than the sun and have chromospheres whose Ca+
emission is ten times as strong as the sun's. The
implication of the age-emission relation for main sequence
stars was explored only qualitatively; discussions were
hampered by the absence of a quantitative relationship.
The above result, coupled with the observation that on
the sun the Ca+ emission is proportional to surface
magnetic field strength, indicates that the magnetic field
energy must be decaying with time. Since a rotational
dynamo mechanism, which arises from the interaction of

rotation and convection, is believed to be responsible for
the surface fields, it follows that the stellar rotational
energy also decays with time (the convective state is
believed to be unaltered for stars as they "cook" on the
main sequence). Thus rotational braking seems to occur;
direct but low-precision measures of rotational velocities
support the concept of rotational braking, which (again
generalizing from the sun) must be due to a stellar wind.
The age-emission relationship represents a constraint on
possible stellar (and hence solar) wind models: the torques
the wind exerts on the star must yield a rotational decay
consistent with observations.

Na D AND Mg b PROFILE ANALYSIS

Several years ago White and Curtis made extensive
observations of the solar limb darkening in the Na D lines
and two of the Mg b lines. By comparing profiles of
different lines originating at the same point in the low
chromosphere, they found that the cores of the lines are
congruent within the accuracy of the measurement. This
congruence was questioned by Athay and Richard
Canfield (University of Colorado) because it does not
agree with their model of anisotropic turbulence, although
the model was based on Curtis and White's data. White
and Curtis found a degree of congruence in the Ha and Mg
lines and in recent observations of Fe lines which strongly
suggests that the line broadening must be isotropic; there-
fore, the assumptions underlying analyses that yield
anisotropic turbulence are suspect.
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THE CORONA

EMISSION LINE PROFILES

A telescope-echelle spectrograph combination con-
structed for the 1970 eclipse (1969 Annual Report) was
shipped to the HAO eclipse site in Mexico. There, during
totality, Kopp and Gosling, with the assistance of Wendler
and Gooras, obtained photographs of the profiles of the
6374 A (Fe X) and 5303 A (Fe XIV) coronal emission
lines (Fig. 3) at several position angles around the sun and
extending to about 0.4 solar radii above the solar limb.
The densitometry of these photographs was performed
using the Sacramento Peak Observatory's computer-
programmed scanning microdensitometer; rigorous com-
puter analysis of the resulting data was begun to remove
the ambiguities of a nonuniform instrumental response
function. From the corrected emission line profiles
Gosling and Kopp expect to determine vertical tempera-
ture profiles for several typical coronal features, and to
establish which of the several theoretical models for the
heating of the corona is the most realistic.

Gosling and Kopp devised a scheme for correcting
non-eclipse spectra (i.e., spectra from the 40 - cm
coronagraph at Climax) for contamination by photo-
spheric light scattered by the earth's atmosphere into the
instrument. This scattered light seriously distorts the
shape of the green line because of the presence of a strong
absorption line at 5302 A, and constitutes the major
difficulty in using the green line as a coronal temperature
probe. Fortunately, the light scattered by the atmosphere
affects the basic coronal spectrum in a purely additive
manner. The method used by Kopp and Gosling involves a
point-by-point subtraction of a pure sky spectrum from
the contaminated coronal spectrum. It is important that
the two spectra be obtained under identical operating
conditions with the same instrument. A preliminary test
of this subtraction procedure was carried out using spectra
obtained at Climax in 1969; although these spectra were
of low photometric quality, the test showed that the
method can be used to completely restore the profile of
the green line (Fig. 4). An analysis of photometrically
accurate spectra of the 5303 and 6374 A lines taken out
of eclipse will allow investigation of differences in
temperature structure among a much larger variety of
coronal regions than can be studied at eclipse.

Fig. 3 A comparison of radial-slit spectra of the green
(upper) and red (lower) coronal emission lines obtained
during the 1970 eclipse. Height in the corona increases
upward from the moon's limb in the green spectrum and
downward from the limb in the red spectrum. Spectral
dispersion is horizontal. Note the striking difference in
radial intensity variations between the two lines which
are emitted along the same line of sight through the
corona.

EMISSION LINE POLARIZATION

The continuum radiation of the corona, which is due
to the scattering of photospheric radiation by free
electrons, is highly polarized. This polarization permits us
to distinguish coronal radiation from the much brighter
sky radiation and makes possible day-by-day observations
with the K-coronameter. Since the degree of polarization
depends on the position of electrons in the corona,
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Fig. 4 Left: The heavy line is a scan of a Climax spectrogram in the 5303 A region, showing the asymmetry introduced
in the coronal green line by the sky-scattered Fraunhofer absorption line at 5302.31 A. For comparison, the light line
depicts the pure sky spectrum. Right: The difference between the two spectra represents the coronal contribution. The
restored emission line profile has a nearly gaussian shape. For the example shown here, which corresponds to a particular
height in the corona, a least-squares gaussian fit (heavy solid curve) to the data points yields a line-width temperature
of 2.8 x 106 K.

measures of the polarization during an eclipse can be used
to estimate the three-dimensional position of such
features as coronal streamers.

The emission lines of the corona, formed partly by
resonance scattering by the various ions, are also
polarized. However, with such ions the simple process of
resonance scattering is often perturbed by collisional
excitation or de-excitation and by the precession of the
ions in the coronal magnetic field. Moreover, the degree
and sign of the polarization to be expected from the
resonance scattering from a particular ion is intimately
related to the atomic structure of the ion. Although
polarization of emission lines is thus inherently more
complex than polarization of the continuum, it offers a
greater opportunity to investigate the physical conditions
of the solar atmosphere. For example, sensitivity of the
emission line polarization to collisions allows us to clarify
the excitation processes going on in the corona and to
estimate the density with greater precision. Also, the

variation of the collisional parameters from ion to ion
creates a new tool for the identification of the spectral
lines observed. Finally, the sensitivity of the polarization
to the ambient magnetic field permits us to determine the
direction of the field.

Largely because of the difficulty in observing the weak
polarizations present in many emission lines and the
complexity of interpreting the measurements, the
technique has not been fully exploited in solar physics.
Initial measurements of coronal emission line polarization
at HAO (made by Eddy, Malville, Schmahl, Firor, and Lee
[1967 Annual Report]) were restricted to one or two
spectral lines and were designed to investigate the spatial
variation of the polarization. During the 1970 eclipse
Beckers and William Wagner (Sacramento Peak Observa-
tory) operated a spectrograph-polarimeter designed for
studies of emission lines from 3300 to 9000 A in the very
low corona. Preliminary analysis of the spectra shows no
polarization greater than 0.5% in any of the coronal lines
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observed. The implications of this result have yet to be
determined.

A critical deficiency in the analysis of emission line
polarization has been the lack of a theory capable of
including the effects of collisions, magnetic fields, and
complex geometry on the emergent radiation. House
continued to study the quantum theory of scattering of
polarized radiation in the presence of weak magnetic
fields or anisotropic radiation fields. His principal goal is
the development of theoretical computational tools that
will allow observations of polarized radiation from the
solar atmosphere to be interpreted more accurately in
terms of the strength and direction of magnetic fields in
the regions from which the radiation originates (1969
Annual Report). In particular, if the scattering takes place
in weak fields where the Zeeman components of the line
are not well separated, coherency effects arise which
distort the expected frequency, polarization, and angular
properties of the scattering event.

House derived a general scattering redistribution
function which is applicable to any dipole transition and
which accounts for all coherency effects. Numerical
calculations were completed for the specific transition
J = 0 to J = 1, the normal Zeeman triplet corresponding
to the resonance line of Ca I (4227 A) present in
prominences, and to the forbidden line of Fe XIII
(10747 A) observed in the corona. Figure 5 is a simplified
illustration of the way the magnetic field strength
influences the resulting polarization. This figure displays,
as a polar plot, the intensity of the electric vector of
scattered radiation for various values of the parameter A,
which is proportional to the magnetic field. These plots
show that at zero magnetic field the familiar pattern of
scattering by a dipole is obtained. Here the maximum
polarization would be 100%. As the strength of the field
increases, the degree of polarization decreases and the
angle of maximum polarization rotates clockwise toward a
limit of 45°. Ultimately, as the magnetic field becomes
large enough (A >> 10), the radiation will be completely
depolarized. This diagram also illustrates that for the
fields expected in solar prominences (about 5 - 50 G, or
0 <A < 10 for CaI (4227 A) the interpretation of
polarization measurements in terms of the theory of
strong Zeeman splitting is incorrect.

Scattering of the radiation of forbidden lines from the
solar corona corresponds to the simplified case of a strong
magnetic field because of the low transition probabilities
and consequent long lifetimes of excited states. A general

computer program was developed to predict the degree of
polarization and the angle of maximum polarization for
an arbitrary configuration of coronal magnetic fields and
for an arbitrary distribution of coronal temperature and
density. Application of this model to the coronal
magnetic field distribution (calculated from the observed
distribution of surface fields according to the methods
developed by Altschuler and Newkirk, 1968 and 1969
Annual Reports), and to the detailed observations of
polarization of the 10747 A line (by Eddy, Firor, and
Lee, 1967 Annual Report) will provide a major test of the
theory of emission line polarization. Moreover, we will for
the first time have at our disposal a tool for determining
magnetic fields in the solar corona.

Fig. 5 Polarization diagrams for a normal Zeeman triplet
for several values of A which is proportional to the
magnetic field. Unpolarized radiation is incident from the
left. The magnetic field and line of sight are perpendicular
to the direction of the incident unpolarized light.

DENSITY STRUCTURE

At our Mauna Loa (Hawaii) field station, Garcia and
R. Hansen continued their extensive program of measure-
ments of the white light corona. Observations were made
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with the K-coronameter and the coronal activity monitor
throughout every day (weather permitting) from just
above the chromosphere (at 1.1 solar radii) to 2 radii from
the center of the sun. The basic objectives are: to study
the evolutionary development of individual coronal
features and their relationship to other solar activity, to
correlate the detailed structure of the corona with
interplanetary phenomena such as magnetic sector
boundaries and galactic cosmic ray modulating regions,
and to detect coronal transients which are thought to
occur sometimes with flares and ascending prominences.

In previous annual reports we described studies of
coronal brightness variations and rotation rates based on
K-coronameter observations during 1964 - 67. Extending
this work, R. and S. Hansen, Garcia, and Trotter found
that invariably the coronal intensity is enhanced above
plages with a peak brightness proportional to the area of
the underlying plage. This observation supports the
hypothesis that the flux of matter into the corona is
enhanced by the presence of strong photospheric
magnetic fields. The Hansens have nearly completed a
study of the six most prominent high latitude (40 - 700)
streamers observed during 1964 - 67. They found that
these streamers consistently appeared over active region
plages and then gradually drifted to higher latitudes, much
like the poleward-drifting filaments.

Eclipse observations of the K-corona, such as those
obtained by Newkirk and Lacey during the 1970 eclipse,
are valuable in determining the three-dimensional
distribution of coronal material. Lilliequist combined
eclipse data with near IR photographs of the outer corona
that he and Schmahl (University of Colorado) had taken,
and will use them to study the dynamics of coronal
streamers. He also combined them with UV spectra
obtained by Parkinson and Reeves (both of Harvard
University) for investigations of coronal ionization.

TRANSIENT EVENTS

On 11 August 1970, our continuous monitoring effort
with the optical coronagraph at Mauna Loa was rewarded
by detection of a rare, short-lived coronal transient event
observed concurrently with the 80 - MHz radioheliograph
at Culgoora, Australia. Just as a complex outgoing radio
source passed through the corona, the white light
intensity at 1.5 solar radii in the same region abruptly fell
to half its previous value. The preliminary interpretation is
that a portion of the corona was ejected by a
flare-initiated disturbance.

Another opportunity to observe coronal transients was
afforded by the high speed coronal photographs procured
by Newkirk and Lacey during the 1970 eclipse. The
experiment was designed to detect the presence of waves
or ejections in the corona down to a scale of about 1 sec
of arc (700 km) with a time resolution of 0.08 sec.
Although the equipment operated successfully during the
entire period of totality, no coronal motions were
revealed. Apparently the shock waves believed to be
responsible for heating the corona are present in such an
incoherent pattern that integration along the line of sight
through many such waves prevents their detection by this
technique.

Although oscillations of the solar photosphere and
chromosphere have been observed for many years, the
influence of such motions on the overlying corona has
remained largely unknown. Billings (University of
Colorado) and Lilliequist tentatively identified fluctua-
tions in the width of the 5303 A line with a period of
about 180 sec. A full understanding of these fluctuations
would answer several questions concerning the mechanical
coupling of the chromosphere and the corona, as well as
the mechanisms responsible for heating the corona. In the
fall of 1969 Curtis and Morel (then of the University of
Colorado, now FAL) began an observational program in
an attempt to detect line-of-sight oscillation in the corona
by carefully recording the doppler motion of the green
coronal line over periods of several hours. On a dozen
days during 1970 it was possible to view the coronal
spectrum for enough consecutive hours to obtain such
data. The data reveal the presence of oscillations with
periods of 185 and 270 sec and indicate that the velocity
responsible for the shift is on the order of 1.1 km/sec.
Morel will base his master's thesis on a Fourier analysis of
these data.

CORONAL MAGNETIC FIELDS

Our earlier work compared coronal magnetic fields
with shapes observed in the corona during the time of the
1966 eclipse (1968 and 1969 Annual Reports). Trotter,
Altschuler, and Newkirk extended this comparison to
other eclipses and to rocket and balloon observations of
the corona and substantiated the conclusions of the earlier
study. However encouraging their results may be, the
analysis is still made without any check on the validity of
the calculations of coronal magnetic fields.

Solar radio bursts are produced in the corona as a
consequence of plasma oscillations triggered by the
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passage of high speed particles (Type III bursts) or of
Alfv6n waves (Type II bursts) through the gas or by the
synchrotron radiaton of relativistic electrons (Type IV
bursts). The intensity and polarization of the emergent
radiation are influenced by the local density and magnetic
field at the point where the burst originates and by the
density and field along the path followed by the radio
waves as they escape from the corona. Moreover, the path
followed by the original exciters (waves or particles) may
be determined by the coronal magnetic fields. Even crude
knowledge of the magnetic fields, when combined with
detailed observations of radio bursts, can therefore be
expected to resolve many perplexing questions regarding
the excitation of radio bursts and to improve understand-
ing of the conditions which obtain in the solar corona.

Altschuler, Newkirk, and Trotter began to compare the
coronal magnetic fields which they have calculated from
surface magnetic observations made by Howard (Hale
Observatories) with the new high resolution 80 - MHz

radioheliograph observations of the corona analyzed by
Wild and Smerd (both of CSIRO) and Dulk (University of
Colorado). Preliminary examination of this wealth of
material uncovered many exciting and unexpected
phenomena. For example:

1. There is clear evidence of the shock wave
disturbance (Type II radio burst) initiated by a flare
propagating along the magnetic field lines that spread out
from the flare region in a manner contrary to some
accepted theories for the generation of such bursts. Some
of the energy of the shock wave appears to have been
channeled by the field to the surface, where it caused the
disappearance of a filament. Some also excited a Type IV
burst high in the corona (Fig. 6).

2. A Type IV burst appeared to progress out along
nearly radial magnetic field lines following the eruption of
a spray prominence.

Ia
S

Disappearing port of filament
LONGITUDE OF DISK CENTER = 1700

Fig. 6 Comparison of calculated coronal magnetic fields (left) with 80 - MHz radioheliograph observations (CSIRO) to
demonstrate the channeling of a directed shock by the magnetic field. This shock gave rise to a complex of Type II (line
labeled 2, 1, 3, 4), Type IV (M1 and M2 ), and Type III (light-enclosed regions in north) radio events and a disappearing
prominence. The (x) marks the position of the initiating flare.
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3. In a stationary Type IV burst, an expanded
magnetic loop appears to have acted as a container for the
relativistic particles responsible for the burst.

Altschuler and Dulk followed up these preliminary
observations with detailed analyses of a few particularly
well observed events.

Valdez (visitor from the University of Minnesota) and
Altschuler examined the calculated coronal magnetic
fields (assuming a current-free corona) using data
collected before and after several large proton flares in
1966. They found that large-scale changes occurred in the
photospheric (and consequently the coronal) magnetic
field concomitantly with large proton flares. Low
magnetic arches in the corona, with the proton flare lying
just inside the arches, seemed to characterize the situation
before the occurrence of the flare. Such arches have been
proposed as the storage region for high energy particles
associated with such flares. After the flare, the magnetic
arches disappeared and the field lines diverged from the
active regions.

In connection with Pneuman's work on the influence
of magnetic fields on coronal differential rotation (1969
Annual Report), Raadu (visitor from Manchester Univer-
sity, England) investigated the equilibrium structure of the
resulting twisted magnetic field. The time scale of
adjustment of coronal magnetic fields by propagation of
Alfv6n waves is small compared with the differential
rotation time. For large-scale features in the inner corona,
the dominant forces are magnetic. The time development
could be described by a series of force-free magnetic field
solutions, with the boundary constraints given by the
normal field component and the instantaneous positions
of the foot points of field lines resulting from the surface
differential rotation. Raadu followed the twisting of a
quadrupole field and found that after 30 days the energy
of the field had increased by about 30%, mostly in the
toroidal field component. A general expansion of the field
and a crowding of field lines onto the axes and the
equatorial plane accompanied this energy increase. The
noticeable change in field structure over a single solar
rotation raises several questions:

1. What is the validity of the potential field
assumption used by Altschuler and Newkirk to study the
influence of magnetic fields on coronal structure?

2. Is there some limiting process to the steady increase
of magnetic energy in the corona resulting from this
rotation?

3. Do the magnetic stresses resident in the corona react
back onto the surface to influence the differential
rotation?

The answers to these questions may well be found in
the interaction of the solar wind and the reconnection of
field lines in the outer corona.

PHSYICS OF CORONAL STREAMERS

Pneuman and Kopp continued their theoretical
investigation of the physical properties of coronal
streamers. These structures, clearly visible during solar
eclipses, consist of closed loops near the sun surrounded
by open magnetic field lines distended outward into
interplanetary space by the solar wind. The transition
from closed to open field configurations in the solar
corona is of considerable interest since the associated
neutral points and sheet currents are believed to play an
essential role in the overall dynamics and evolution of the
corona and interplanetary medium.

Pneuman, Kopp, and Werner (FAL) developed a
numerical technique which can, in principle, be used to
determine the properties of the solar wind as modulated
by solar magnetic fields in the inner corona and the
interplanetary medium. These properties are functions of
conditions at the coronal base (temperature, density,
magnetic field distribution, energy flux, etc.) which can
be observationally determined. With the numerical
techniques, it may be possible to study the physical
connections between the steady-state and transient
properties of the solar wind as observed at the earth's
orbit and on the sun. At present the computer program
can be applied only to simple axisymmetric solar field
distributions; energy considerations have not yet been
incorporated. Nevertheless, the present model was useful
in clarifying the complex interplay of inertial, kinetic,
gravitational, and magnetic forces which mold the
structure of the solar wind.

The electrical conductivity in the solar corona is
enormous; theory suggests that spatial changes in the
polarity of coronal magnetic fields should occur in
extremely thin sheets where the electric current density is
very high. These regions are commonly observed by
spacecraft orbiting the earth and are normally referred to
as sector boundaries. Since they are so thin, they are
difficult to observe in the inner corona by normal
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photometric methods unless the line of sight coinciden-
tally lies along the plane of the sheet. Current sheets
presumably exist along the axis of coronal streamers, and
there is reason to believe that Type III radio emissions
observed during solar flares are associated with such
sheets. Type III bursts probably are produced by pulses of
electrons traveling outward from the flare region along the
sheet at about one-third the velocity of light. Each pulse
excites oscillations in the corona at the local plasma
frequency. Since observations of radio bursts could be a
valuable diagnostic tool for studying the corona at
intermediate distances between the sun and earth, the
structure of these neutral sheets should be understood.

Pneuman and Smith (visitor from Stanford University)
began investigating the physical properties of current
sheets as they might exist in the solar corona. The
thickness of a sheet is governed by two physical
considerations: (1) the magnitude of the electrical
conductivity which regulates the reconnection of field
lines, and (2) the effectiveness of the gas pressure in the
sheet in limiting the approach of oppositely directed field
lines toward the axis.

SOLAR RADIO BURSTS

Type III radio burst data contain a wealth of
information about coronal regions. A Type III burst
presumably represents a damped plasma oscillation which
has been excited by a pulse of high speed electrons
moving out through the corona along magnetic lines of
force. As the pulse reaches layers of successively lower
density, the burst drifts toward lower frequencies and its
decay time rapidly increases. The usual interpretation of
the frequency-decay-time observations (that the plasma
oscillation is damped by electron-ion collisions) yields a
relationship between electron density and temperature
along the path described by the electron pulse. The
problem is to determine the manner in which each of
these quantities varies with distance from the sun.

Kopp and Pneuman analyzed the published observa-
tions of burst decay times and drift rates in terms of a
theoretical model of the exciter path. They assumed that
the burst exciter traces out a specific magnetic flux tube
during its outward propagation and that the ambient
coronal gas threaded by the flux tube is in a state of
steady outward expansion. They found a unique solution
for temperature, electron density, expansion velocity, and
flux tube cross-sectional area as functions of distance.
This solution reproduces the empirical density-

temperature relationship and satisfies the conservation
laws for mass, momentum, and energy within the flux
tube. Their approach has an advantage over other burst
analyses in that no assumptions need be made regarding
the structure of the corona outside the specific region
responsible for the burst.

Pneuman and Kopp's model showed that the
temperature in the burst-emitting flux tube decreases as
the distance from the sun increases and the velocity of the
electron pulse is nearly constant at about one-third the
velocity of light. These results agree well with previous
studies. In addition, the model predicted a rapid
broadening of the flux tube with distance, a result which
was completely unexpected from previous analyses. If this
prediction is correct, the emitting region must be
extremely narrow near the sun; otherwise the flux tube
would occupy all space at a distance of only a few solar
radii. Investigations began of the possibility that Type III
bursts are emitted by the narrow neutral sheet separating
regions of opposite magnetic polarity and of the
possibility that the duration of the bursts may be
influenced as much by the stability of the sheet as by
electron-ion collisions (see Physics of Coronal Streamers).

One of the rarer forms of solar radio activity is a
Type II or slow drift burst, so called because the emission
drifts from high to low frequencies in about 10 min. This
drift corresponds to an exciter velocity of 1,000 km/sec, a
velocity higher than the Alfv6n speed in the corona
through which the source moves. Hence it has been widely
hypothesized that the source is a collisionless, magneto-
hydrodynamic shock wave. By using this hypothesis with
a self-consistent theory for the emission from these
shocks, we should be able to determine an upper limit to
the magnetic field in the corona from 100,000 km to a
few solar radii above the photosphere. Smith developed a
self-consistent model for emission from such shocks. The
model, which is based partly on laboratory observations
because a complete theory of these shocks does not exist,
assumes a small angle between the shock front and the
local magnetic field. In the shock wave the fast electrons
produced by the shock are able to outrun the shock and
to produce plasma oscillations in the ambient corona
ahead of the shock. The analysis thus establishes that the
radio burst represents conditions in the ambient corona
rather than in the shock itself. When we can determine
whether the observations are measuring the true source or
merely an image of the source as scattered by the corona,
we can use the model to determine magnetic fields in the
corona out to several solar radii.
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SOLAR WIND

One of the more remarkable features of our sun is the
solar cycle--the waxing and waning of solar activity with
a period of approximately 22 years. Solar activity can be
observed in a number of discrete, but probably related,
solar phenomena. The most obvious manifestations of
changes in solar activity in the photosphere and
chromosphere are the changes in the number of sunspots
and in the number and size of solar flares. The corona also
changes as the solar cycle progresses. At solar maximum
the white light corona is about twice as bright (i.e., about
twice as dense) as it is at solar minimum. The brightness
(density) is also more uniformly distributed around the
solar disk at solar maximum. The corona is probably also
hotter at solar maximum since emissions from Ca XV and
Fe XIV are both enhanced at that time.

What is the effect of these changes on the average
properties of the expanding corona (i.e., the solar wind)?
In an attempt to answer this question, Gosling and
R. Hansen, in collaboration with S. J. Bame (Los Alamos
Scientific Laboratory), undertook a study of solar wind
speeds observed directly by satellites during the recent
solar cycle. They found that the average solar wind speed
is remarkably constant from year to year, usually about
400 km/sec regardless of the phase of the solar cycle. The
relative frequency of high speeds (> 55 km/sec) in any
given year was, surprisingly, greater near solar minimum
than near solar maximum. Thus, contrary to a number of
predictions, the increase in the average density and
temperature at the base of the corona with increasing
solar activity does not lead to higher solar wind speeds at
the earth. Gosling, Hansen, and Bame speculate that
although the average temperature and density of the inner
corona may increase during the solar cycle, those regions
of the corona which are expanding to form the solar wind
observed near the earth are neither hotter nor denser at
solar maximum.

This evidence may explain why Gosling and Hansen
have had such difficulty in relating daily solar wind
variations at 1 AU to the synoptic K-coronameter
observations of the inner corona. Further insight into the
problem of the K-corona and the solar wind was provided
by Gosling in a study of solar wind data from several
satellites widely spaced in the ecliptic plane along the
earth's orbit. If the solar wind is emitted uniformly over a
wide range of solar longitude, and if the emission from
any one point on the sun is constant in time, then it
should be possible to predict the arrival of a particular

solar wind speed at one satellite on the basis of earlier
measurements at another. Gosling showed that for
satellite separations of 0.5 AU or less along the earth's
orbit such predictions are reasonably accurate; for larger
separations they are generally inaccurate. He interpreted
this as evidence of one or both of the following:
(1) boundary conditions on the coronal expansion at the
base of the corona are a very sensitive function of
longitude, or (2) the boundary conditions at any one
point on the sun evolve sufficiently in about four days to
significantly alter the speed of the wind at 1 AU.

To further examine the effects of such a nonuniform
expansion, Kopp began a study of the three-dimensional
flow pattern which would result from a hot, dense coronal
condensation imbedded in an ambient background
corona. Clearly such a local enhancement will tend to
expand laterally as well as radially. Coronal magnetic
fields act to inhibit the expansion within the condensation
itself, but are unlikely to suppress it completely. Kopp
assumes that a first approximation to the flow pattern
outside the condensation itself can be obtained by
neglecting the field. The principal objectives of the study
are to determine the fraction of space at 1 AU which is
filled with solar wind from a typical condensation, and to
compare properties of the solar wind flow over a coronal
enhancement with those of the background corona.

THE T-CORONA

The zodiacal light and F-corona are due to the
scattering of sunlight from solid particles orbiting the sun
in the interplanetary medium. Interplanetary particles are
subject to a variety of forces in addition to the sun's
gravity. Two forces of great importance for particles with
radii of a few micrometers or less are solar radiation
pressure and Poynting-Robertson drag. The former
reduces the effect of solar gravity and may actually blow
very small (r < 0.3 um) particles away from the sun, as in
the tails of comets. The latter acts largely on particles
with radii of several micrometers and causes them to spiral
slowly as they fall toward the sun. The steady-state
precipitation of particles into the neighborhood of the
sun, where they become hot enough to vaporize, gives rise
to the T-corona, which represents the thermal radiation of
the vaporizing particles.

The T-corona was discovered in 1966 (1967 Annual
Report), and subsequent analyses of the observations
suggested that the particles consist of "dirty" quartz and
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that measurements in the 8- to 12-pm region of the
spectrum would confirm this interpretation. The special
telescope-interferometer constructed by MacQueen, Man-
kin, and Lee (1969 Annual Report) to observe the
T-corona was successfully operated during the 1970
eclipse. The ultimate sensitivity of the system was
determined by fluctuations in the thermal emission of the
telluric sky during the period of totality, with this
limitation being some six times that imposed by the
detector itself. The radiance of the T-corona in the 8- to
12-/.m region was insufficient to permit spectral
measurements; however, broad-band photometry as a
function of elongation angle was accomplished. The
observed radiance (Fig. 7) closely compares with that
predicted by Kaiser (Gordon College and Divinity School)
(1967 Annual Report). MacQueen, Mankin, and Lee
conclude that the partial size distribution and composi-
tion of Kaiser's model is correct.
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Fig. 7 The observed 8- to 12-pm wavelength T-coronal
radiance (solid line), as a function of elongation angle,
compared with that predicted by Kaiser (dashed line).
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SOLAR ACTIVITY

SOLAR CYCLE

The existence of the 22-year solar magnetic cycle has
never been satisfactorily explained. Even describing the
cycle is difficult. Until recently the growth of an
azimuthal subsurface magnetic field, its eruption to the
surface in the form of active regions, subsequent dispersal
of the active regions by supergranulation connection, and
the final reversal of the poloidal field to begin a new
magnetic cycle seemed adequately explained by the
Babcock-Leighton model. However, one naturally asks if a
rigorous, quantitative calculation would corroborate the
model. More sensitive magnetic observations and fresh
examinations of existing data have revealed features which
are not explained by current theories. For example, we
now know of the existence of a weak, long-lived sector
structure in the surface magnetic field which appears to
correspond to the sector structure present in the
interplanetary magnetic field. This persistent large-scale
field pattern extends for several tens of degrees in
longitude and stretches across the equator with the same
magnetic polarity.

Although this pattern was discovered during analysis of
satellite data, Altschuler, Newkirk, Trotter, and Howard
(Hale Observatories) showed that it appears in older
observations contained in The Atlas of Solar Magnetic
Fields. They expanded the magnetic data for each solar
rotation during the years 1959 -1966 in surface har-
monics of the form Pm(0) cos mo and Pm(0) sin mb,
where P,(0) are the associated Legendre polynomials.
By examining the relative magnitude of the coefficients
for each of the harmonics they determined whether, at a
given time, the sun contained a significant dipole magnetic
field, a sector structure, etc. For example, they found that
in 1959 -1962 the dominant harmonic was that of a
dipole lying in the plane of the equator (n = m = 1); in
1962 -64, a four-poled sector structure (n = m = 2)
with the same polarity extending across the equator
became dominant.

Expansion of the surface field in spherical harmonics is
advantageous in that it permits a simple geometric picture
of the gross field structure and facilitates theoretical
analyses. For example, Stenflo (visitor from Lunds

University, Sweden) is using the harmonic expansion to
study the evolution of the magnetic field over entire
longitude belts; Raadu is examining theoretically the
influence of differential rotation on the various
harmonics.

Nakagawa and Swarztrauber (FAL) continued their
numerical model study of the 22-year cycle of solar
magnetic activity (1969 Annual Report). They completed
a trial study of a nonaxisymmetric incompressible model
and reproduced the onset of solar activity near a
heliographic latitude of 30°. However, their preliminary
study failed to reproduce subsequent behavior of the solar
cycle because the axisymmetric boundary conditions
dominate the long-term behavior of fluid motions.
Specifically, they found that the initial nonaxisymmetric
fluid motions were transformed into axisymmetric flows
by the axisymmetric boundary conditions, with the
subsequent growth of a viscous boundary layer. They
directed their efforts to what may be called the kinematic
dynamo problem, a search for the flow patterns which
could produce the solar cycle. This line of research
resembles the investigation of the eigenvalues of the fluid
flow by Stix (visitor from Gottingen University,
Germany).

Nakagawa and Shoji Kato (former visitor from Tokyo
University, Japan) investigated the thermal generation of a
magnetic field in rotating stars. They based their study on
a postulated variation of Ohm's law which incorporates
the effect of radiation pressure (1968 Annual Report).
Stix pointed out, however, that one of the possible effects
of radiation was neglected in this variation of Ohm's law.
To clarify the argument, Nakagawa and Kato derived the
generalized Ohm's law from the kinetic theory of ionized
gases, properly evaluating the momentum exchange
between photons and electrons. They showed that photon
momenta can be transferred to electrons and that as a
result an electric field could be built up by charge
separation. Such an electric field buildup is most
important in the hydrogen and helium stellar ionization
zones. A strong rotational shear across such ionization
zones could lead to the generation of powerful toroidal
magnetic fields; such shear may be responsible ultimately
for the solar magnetic cycle.
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PROMINENCES AND MAGNETIC FIELDS

Observations

Observations of magnetic fields in active prominences
continued at Climax during 1970. Tandberg-Hanssen,
Curtis, and Ohde have studied about 275 such
prominences. For most of these they determined the
magnetic field in various parts of the prominences. The
mean longitudinal field strength, B I, was determined for
all the prominences and found to range from close to zero
to over 100 G. The overall mean value, <B II>, for this set
of prominences is 6.8 G. Comparing these results with
corresponding data for quiescent prominences (1969
Annual Report), Tandberg-Hanssen and his colleagues
found that whereas the overall mean field for active
prominences is close to that of quiescent prominences, the

spread is much greater. In particular, they found many
surge prominences with small longitudinal fields, as would
be expected if the prominences followed existing
magnetic field lines or dragged the field lines out with
themselves. Analyses of surges ejected at small angles to
the line of sight may make it possible to resolve these two
alternatives.

In the sample of quiescent prominences, only a small
number (4%) showed strong fields (B | > 15 G). However,
11% of the active prominences showed strong fields,
among them a number of bright, short-lived knots seen as
brilliant mounds above the limb and above some loop
prominences. The observations of these objects suggest
that they consist of filled flux tubes: the field is found to
reach its maximum at the tops of the loops or arches
(Fig. 8).

Fig. 8 Longitudinal magnetic field observed in several parts of a complex rising prominence of 22 October 1968. Whereas
the field in any one part of the prominence remains fairly constant (b and d), the various parts of the arches are pervaded
by magnetic fields of greatly differing strengths.
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Theory

Anzer (visitor from the Max Planck Institute of Physics
and Astrophysics, Munich, Germany) and Tandberg-
Hanssen used data obtained at Climax to develop models
of the magnetic field in quiescent prominences. Many
quiescent prominences show a helical structure, which can
be seen when they rise in the solar atmosphere as huge
arches. Anzer and Tandberg-Hanssen proposed a model
for such helical prominences in which two magnetic fields
are involved, one produced by currents along the long axis
of the prominence, and another, the supporting field,
anchored in plage regions of opposite magnetic polarity
on either side of the prominence. In their model Anzer
and Tandberg-Hanssen assumed--for lack of evidence to
the contrary--that the supporting field has components
of equal strength along (By) and at right angles to (Bx)
the prominence axis. Later they studied the supporting
field to determine the relative strengths of Bx and By.
They analyzed the magnetic field measurements of about
130 well documented prominences to obtain a relation-
ship between the longitudinal component Bii and the
angle 0 between the long axis of the prominence and the
north-south direction of the sun. From this relationship
they deduced a distribution function for the magnetic
field vector in quiescent prominences in terms of the angle
between the field vector and the long axes of the
prominences. The mean angle for these prominences
turned out to be small, 15", indicating that the
magnetic field traverses quiescent prominences at a small
but finite angle.

In Ha photographs, chromospheric fibrils and filaments
often show spiral topological features near sunspots. Since
a current-free potential magnetic field cannot produce a
spiral topology, Nakagawa concluded that these features
must result from the presence of an electric current and a
force-free magnetic field in the chromosphere or
prominence. With the collaboration of Raadu, Billings,
and McNamara (University of Colorado), he showed that a
striking similarity can be obtained between these observed
features and the configuration of axisymmetric force-free
magnetic fields. Figure 9 gives an example in which two
theoretical solutions are compared with an Ha photograph
taken at Sacramento Peak Observatory. Nakagawa and
Raadu extended this study to bipolar sunspots and more
general magnetic fields. They also began to examine the
effect on the topology of the density variation associated
with the magnetic field.

Nakagawa has examined the basic problem of
formation and maintenance of a prominence through an

Fig. 9 A comparison of the spiral structure visible in Ha
fibrils near a unipolar sunspot (Sacramento Peak
Observatory photograph, 20 April 1970) and the force-
free magnetic field lines around a magnetic monopole
calculated for several pitch angles 0. Increasing pitch angle
corresponds to increasing electric current. The simplest
possible solution is represented in a; the topology of a
general solution is shown in b.
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analysis of its thermal and dynamic stability (1969
Annual Report). His analysis shows that an excessive
radiative cooling associated with density perturbations
could lead to the development of prominences via
condensation of coronal material, and that after
prominences form, a slight shear in the magnetic fields
could maintain them. Hildner partly confirmed this
prediction with numerical integrations of the nonlinear
equations of the problem. In agreement with Nakagawa's
earlier calculations, Hildner's study showed that a
condensation develops by radiative cooling where an
initial density perturbation is introduced and that
hydromagnetic instabilities of short wavelengths appear as
the condensation develops. Poland and Anzer emphasized
the role of radiative cooling in the formation of
prominences in an analysis of the energy budget of
quiescent prominences. They concluded that in a
steady-state prominence the net radiative loss can easily
be replaced by a small amount of conduction from the
high temperature corona.

SUNSPOTS

Lilliequist, Altschuler, and Nakagawa computed the
decay of a ring of toroidal magnetic field and solved
numerically the nonlinear partial differential equations of
magnetohydrodynamics. Axisymmetry and incompressi-
bility were assumed. When a poloidal magnetic field was
introduced at the location of the magnetic ring, a toroidal
velocity field was generated with opposite directions
above and below the ring. The magnitude of the toroidal
velocity flow increased until equipartition of energy with
the magnetic ring was achieved. If toroidal magnetic fields
exist in the photosphere around sunspots, they may set up
a velocity field which would rotate the sunspot or sunspot
group. Rotating sunspot groups are often associated with
solar flares; if strong (several kilogauss) toroidal magnetic
fields do contribute to sunspot rotation, they may also be
related to the onset of solar flares.
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SOLAR-TERRESTRIAL PHYSICS

GEOMAGNETISM AND THE IONOSPHERE

The earth's magnetic field may be considered from
several viewpoints: as a phenomenon in itself, as an agent
which controls the flow of winds in the uppermost
atmosphere, and as a detector of the field in
interplanetary space. As a detector, the geomagnetic field
is sensitive to a wide variety of nonmagnetic disturbances,
and thus is far from ideal. However, the large volume of
geomagnetic data available often permits the discovery of
small disturbances which would escape detection in
records from manmade magnetometers.

Theories for the generation of cosmic rays and the
presence of interstellar polarization suggest that a galactic
magnetic field must exist, even though it has eluded direct
detection. A galactic component of the geomagnetic field
has been recently discovered by Campbell and Bender
(both of NOAA) and Matsushita using magnetograms
from Honolulu, Hawaii; San Juan, Puerto Rico; and
Hermanus, Republic of South Africa. Measurements taken
at night during periods of solar quiet from 1 March 1965
to 28 February 1966 indicated that the galactic com-
ponent shows a clear diurnal variation with respect to
local sidereal time. The amplitude of the variation is
0.5 - 1 min of arc in declination and a few gammas in the
horizontal and vertical components; this is almost the
same amplitude as is shown by the geomagnetic variation
caused by the lunar tidal effect. A preliminary analysis
indicates that nighttime ionization from x-ray stars in our
galaxy creates the variations as ionospheric current
perturbation, and that this galactic component is not a
consequence of the galactic magnetic field.

Lunar tidal variations of ionospheric sporadic E were
established by Matsushita more than 15 years ago using
the critical frequency, foEs. However, another parameter
of sporadic E, blanketing frequency or fbEs, has been
measured since the IGY. As discussed in the 1968 Annual
Report, the peak electron concentration in sporadic E
corresponds to the blanketing frequency fbEs more
closely than to the critical frequency foEs. Accordingly,
lunar tidal variations of sporadic E were reexamined by
Tarpley (ASP visitor from the University of Colorado) and
Matsushita using the Chapman-Miller method for fbEs
obtained at ten stations during the years 1958 - 1965. The
lunar semidiurnal oscillations in fbEs ranged from 0.01 to

0.04 MHz; maxima occurred from 7 to 9 hr lunar time.
The amplitude of the lunar tide in fbEs was an order of
magnitude less than that in foEs, but the phases in fbEs
and foEs were found to be nearly the same. Two sources
of lunar influence on sporadic-E electron density can be
considered: (1) wind shears in the lunar tide acting to
augment or decrease the wind shears responsible for
sporadic E, and (2) interaction of sporadic E with
electrostatic fields associated with the electric current
system by the lunar tide in the dynamo region.

DYNAMO REGION AND MAGNETOSPHERE

Matsushita extended his investigations of interactions
between the ionospheric dynamo region and the
magnetosphere for Sq and L variations. Matsushita and
Tarpley proposed a new dynamo theory for producing
electric current systems for Sq and L geomagnetic
variations using theoretically acceptable solar and lunar
tidal wind models (1969 Annual Report). They estimated
dynamo-region electrostatic fields and ascertained the
effects of these fields on the magnetosphere by mapping
the electric fields along magnetic field lines. In 1970
Matsushita used the same mapping procedure in reverse to
determine magnetospheric electrostatic field effects on
the dynamo region and to explain highly localized
geomagnetic variations during relatively quiet periods. He
also examined a possibility that Sq-type electric currents
in the dynamo region may be produced by the
magnetospheric electrostatic fields caused by motions in
the plasmasphere. Similarly, the electrostatic fields in the
F-layer caused by F winds may also produce Sq-type
electric currents in the dynamo region. Matsushita's study
shows that future direct measurements of electrostatic
fields by various techniques (barium cloud, whistler,
balloon-rocket-satellite probes, and incoherent scatter
radar) may determine which of the two mechanisms
(dynamo action or plasmasphere-F-layer motions) is the
major cause of the production of the Sq-current system;
the dynamo action seems to be the main cause of L
variation. If the electrostatic field distribution is as shown
in the top diagram of Fig. 10, the dynamo action is
important. If the field is similar to the bottom diagram,
plasmasphere-F-layer motions are the main cause of the
production of the Sq-current system. Since wind
measurement by chemiluminous trails is inadequate for
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daytime observations, electrostatic field measurements are
important in determining which of the proposed two
models is the more realistic.

Hruska (visitor from the University of Alberta,
Edmonton, Canada) and Matsushita used the model of
plasmaspheric motions to estimate theoretically the
density distribution of plasmaspheric particles in the
equatorial plane. Their results satisfy the observed pattern
of density distribution in the magnetospheric equatorial
plane during quiet periods. Concerning the application of
the theory of the magnetospheric plasma streaming to
their estimate of density distribution, Hruska suggested
that the streamlines should coincide with the lines of
constant plasma density N if one or both of the following
apply: (1) the value of I grad NI tends to infinity, or (2) if
the vector grad N is parallel or anti-parallel to the vector
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grad (B Bp), where B is the total strength of magnetic
fields and Bp is the irrotational part of B. He also
suggested that plasma streams flow across the plasmapause
mainly in the dusk-bulge region and that the flow is
stronger during geomagnetically quiet periods than during
disturbed periods.

Using the IMP-3 satellite magnetic field data, Hruska
analyzed the current system in the magnetospheric tail.
To explain observed results from theoretical points of
view, he concluded that electric currents of considerable
density should flow outside the neutral sheet of the tail
from dawn to dusk; their return flow should be inside the
magnetopause. He also began a theoretical examination of
possible models of the plasma motions in the magneto-
sphere based on the satellite data.

BALL LIGHTNING

Altschuler, House, and Hildner examined several cases
of extremely high energy ball lightning. They speculated
on the possibility that the phenomenon may derive its
energy from nuclear reactions. If enough protons can be
accelerated by lightning strokes to energies of between 0.1
and 1.0 MeV, a significant amount of the beta-unstable
isotopes 015 and F 1 7 may be produced in the atmosphere
by the reactions

14N + p - 150 + ,

160 + p - 1 7 F +

The decay of these isotopes may produce the
phenomenon of ball lightning through the following beta
processes:

150 15N + e + v (123-sec half-life)
17F 170 + e+ + V (66-sec half-life)

The positrons (e+) would dissociate the air to form a glow
discharge. After passing through approximately 2 m of air,
the positrons annihilate with electrons and produce
500 - keV gamma rays, which dissipate the energy
throughout a volume with a radius of 100 - 200 m. A
lightning ball with an energy of 107 J would emit 1018
positrons/sec or about 105 W. In the event that the ball
were to contact water, its energy would be absorbed by
the water within about 40 cm of the point of contact,
causing boiling and possibly steam explosions.

Altschuler, House, and Hildner identify two major
difficulties with this speculation: (1)the acceleration of
sufficient quantities of protons to the high energy
protons; and (2) the confinement of the proton reactions
in the lightning stroke.

CM

18 21 24

Fig. 10 Two models of electrostatic field distributions in
the dynamo region, plotted in 10° steps by latitude and
longitude. The top model is for the dynamo action by the
(1, -1) tidal mode and the bottom model is for the
plasmasphere-F-layer motions, as the major cause of
Sq-current production. Measurements of the electrostatic
field would enable us to determine which mechanism is
dominant.
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FIELD STATIONS

CLIMAX OBSERVATORY

The 40- cm coronagraph was the core of Climax
observing activities during 1970. The main program was
directed at acquisition of magnetic field data on limb
features, using a variety of emission lines. Also, whenever
observing conditions were appropriate, the magnetograph
was used to measure radial velocities in the green coronal
line. During the best observing periods in the fall of 1970,
fine-grain and large-dispersion coronal spectra were taken
at 5303 and 6374 A. Kopp and Gosling used these spectra
in a continuation of their eclipse work and in a study of
quiescent prominences in the Balmer discontinuity region.

The small dome continued in its auxiliary role of
providing spectra to be used in conjunction with
magnetograph observations. The coronal programs with
the 13 - cm coronagraph consisted of joint observations
with the Sacramento Peak Observatory for calibration
purposes and continued attempts at coronal spectroscopy
in the 7000 - 11000 A region.

A new computer-controlled raster, with a minimum
step on the order of 1.4 sec of arc, was put into operation
on the 40 - cm coronagraph. This system permits
completely automatic scanning of a region of the solar
disk or limb, with both positional and subject (e.g.,
magnetic field) data controlled and recorded by
computer. The new optics for the 13 -cm coronagraph
was checked, sent back for final coating, and returned to
us. The modified system produces an achromatic image of
the sun at the slit of the spectrograph rather than a series
of images of which only one wavelength is in focus. It also
extends the transmission to the near UV region
(approximately 3388 A).

HORSE CREEK RESERVOIR SITE

Emerson continued to examine the Horse Creek
Reservoir dam as a location where the presence of a large
body of water stabilizes the atmosphere and improves the
seeing (1968 and 1969 Annual Reports). The firm of
Boller and Chivens delivered the 35 - cm vacuum telescope

designed by Malville, and preliminary testing (Fig. 11) by
Emerson showed that although the telescope could secure
excellent high resolution observations of the solar
photosphere, some modifications would be required to
make the focus less sensitive to small drifts in
temperature. Installation was begun of the modified
system on a new, more rugged mounting in preparation
for the 1971 observing season.

Fig. 11 Observation of the solar photosphere in the
McMath region #760 of a complex sunspot, made on
26 May 1970 with the 25 - cm vacuum telescope at the
Horse Creek Reservoir site. Elongation of the granulation
pattern, presumably by magnetic fields, can be discerned
near the center of field. (Film type: high contrast copy.
Exposure: 0.001 sec. Filter: 100 A bandpass centered on
4885 A.)
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MAUNA LOA OBSERVATORY

Over the last two years, atmospheric dust in the
vicinity of our observing facility at Mauna Loa has been
greatly reduced by paving and substantially improved
maintenance of the 26 - km access road from the public
highway (2,000 m elevation) up the lava slopes to the
station (3,400 m). The three scientific users of the site
(NOAA, the Atomic Energy Commission, and NCAR)
now cooperate with several county and state agencies in
maintaining this road.

From early December 1969 through April 1970, the
K-coronameter was out of operation because of high
voltage breakdown of the new electro-optic light
modulator used in the polarization analyzer. Nonetheless,
we were able to obtain an extraordinarily fine sequence of
observations with the coronal activity monitor during the
period around the 1970 eclipse, enabling us to identify
the location of the principal steamers in relation to the
plane of the sky. Cooperative analysis was begun of
synoptic coronagraph observations made at Mauna Loa,
Pic du Midi (France), and Norikura (Japan) during the
eclipse period.

SURVEY FOR INFRARED
OBSERVATION SITE

Solar observations in the infrared are seriously
degraded by the presence of water vapor in the terrestrial
atmosphere; the attenuation is so serious at some
wavelengths that high altitude aircraft (1968 Annual
Report) or stratospheric balloons must be employed to
make the necessary measurements. Yet because of the
complexity and weight of the apparatus, many experi-
ments must be performed from a surface site, carefully
chosen to minimize the attenuation of water vapor. The
choice of such a site must go through a meteorological or
climatic stage in which desirable geographical locations are

determined and a "local circumstances" stage in which
unpredictable properties of selected sites are monitored.

Medrud completed his study of water vapor as a factor
in the selection of solar observation sites. This study
includes an investigation of the problem as viewed from
both the descriptive and dynamic aspects of regional
climatology and provides statistical and graphic data
describing the common state and variability of the
atmosphere as well as spatial and temporal variations of
pertinent moisture parameters. Influences of topography
receive special attention.

Following Medrud's work, Querfeld initiated a survey
for a site within 2 - 3 hr of Boulder for a proposed
far-infrared interferometer and large-aperture telescope.
Radiation in the spectral region to be viewed by the
instrument, 5 - 30 cm-1, is strongly absorbed by
atmospheric water vapor. Since the site selected must
minimize the absorption, it should be at high altitude to
reduce the total water vapor overhead and the effects of
pressure broadening. The site will be used primarily in the
winter, for cold, dry air favors visibility; wintertime
accessibility must also be considered. Preferably the site
should be located east of the continental divide in a
predominately descending airflow; it is desirable that
electrical power be available on site.

Although there are few sites in Colorado which meet
all these criteria, three sites have been instrumented with
wind and sunshine recorders. Lesh and Querfeld began
testing sites on Squaw Mountain (3,500 m altitude) and
Norway Mountain (3,800 m) for overhead water vapor.
Ganley Mountain (3,800 m) proved inaccessible because
of snow conditions. When a suitable snow vehicle is
available, Ganley Mountain, Crown Point (3,500 m),
Mt. Evans (4,300 m), and Pikes Peak (4,300 m) will also
be instrumented and tested for water vapor. We began
monitoring cloud conditions on Pikes Peak and Mt. Evans
from Squaw Mountain with a time-lapse movie camera.
Water vapor at Climax is monitored spectroscopically.
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ORBITING CORONAGRAPH

The development of an orbiting coronagraph to be
carried aboard the Apollo Telescope Mount (ATM) as part
of the NASA Skylab program neared completion. Ball
Brothers Research Corporation delivered the flight
coronagraph to HAO for scattered light testing. The
prototype unit, one of the two coronagraphs qualified for
orbital operation, was delivered to NASA for flight
integration and testing in May. In June the design
verification unit of the coronagraph was flown to 35 km

altitude on a balloon gondola. This flight, made with the
assistance of the Scientific Balloon Facility, enabled us to
test the engineering operation of the system and to assess
the scattered light present in the instrument under
conditions of deliberate misalignment of various elements.
Photographs of the corona with streamers visible out to
the limits of the field (6 solar radii) were obtained, and
their analysis was begun.
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NATIONAL HAIL RESEARCH EXPERIMENT

Following upon its endorsement of the Plan for the
Northeast Colorado Hail Experiment (NECHE) on
19 April 1969, the Interdepartmental Committee for
Atmospheric Sciences (ICAS) 1 requested the National
Science Foundation (NSF) to assume management respon-
sibilities for the project. In September 1969 NCAR was
requested by the Director of NSF to manage the National
Hail Research Experiment (NHRE) and to proceed with
its implementation.

The original NECHE plan called for an intensive
investigation of hailstorms to be conducted over a
five-year period of field operations. NCAR was to direct
the program and to collaborate in research with universi-
ties and government agencies. NSF set 1972 as the first
year for full-scale field operations, and approved funding
of the project through FY 1972. The continuation of the
experiment for the remainder of the recommended
five-year period was made contingent upon the approval
of the National Science Board. The level of funding by
NSF up to the time of the review at the end of 1972 was
not to exceed $4,700,000. These stipulations now apply
to the project under its designation of NHRE.

A project office has been established within NCAR to
plan and direct NHRE, and is directly responsible to the
NCAR Director. At present it comprises the Director of
NHRE, a senior scientist, a project manager, a research
scientist, a radar meteorologist, two communications
engineers, a programmer, two technical assistants, and a
secretary. Further appointments are proposed.

In accordance with the authorizing letter of
16 September 1969 from NSF, two major objectives of
the project have been specified: (1)to gain an increased
understanding, by observation and analysis, of all aspects
of the cloud dynamics and microphysics governing the
severe convective storms that produce damaging hailfall at
the ground; and (2) equipped with this increased knowl-
edge, to develop, if possible, a practicable method for
suppressing the occurrence of damaging hail.

These two goals will be pursued simultaneously. The
minimal requirements for the first have been specified as a

1 A committee of the Federal Council for Science and Tech-
nology, U.S. Department of Commerce.

knowledge of the following variables throughout the life
cycle of the storm: (1) the storm synoptic and mesoscale
environment, (2) the radar reflectivity profile, (3) the
vertical velocity profile, (4) the distribution of liquid-
water content, (5) the population of freezing and conden-
sation nuclei at the cloud base and in the environmental
air, and (6) the spectra of cloud droplets at cloud base.
The second objective requires the development of: (1) a
seeding system, (2) a ground network for the detection
and analysis of hailfall and rainfall, and (3) a statistically
well designed experiment to test the efficacy of the
seeding technique.

We have decided to conduct the experiment in the area
in northeastern Colorado which has been the site of the
Joint Hail Research Project for several years. This site
satisfies specifications for the efficient conduct of the
project. The operational headquarters will be at Grover,
and steps are being taken to lease the site and to provide
the necessary installations.

Although the first season of full-scale operation is
planned for the summer of 1972, the 1971 season has
been designated as a period in which to field test all of the
ready and available equipment, and to develop procedural
techniques. The systems presently planned for these trials
include:

* A dual-wavelength radar system (3 and 10 cm), with
l beam (including 10- cm doppler facility) now under
development jointly by the University of Chicago and the
Illinois State Water Survey (this system provides reflec-
tivity profiles and is designed to measure liquid-water
content and to detect hail. It is scheduled to be ready
for testing in Illinois in the summer);

* The NCAR 3- and 10 - cm matched radar systems to
provide reflectivity profiles;

* Two 3 - cm doppler radars developed in the Wave
Propagation Laboratory, NOAA, to provide measurements
of air motions in and around the lower cloud levels;

* A data gathering and real-time display system now
being designed under contract with the Desert Research
Institute of the University of Nevada, in consultation with
NCAR;
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Fig. 1 Proposed area for the National Hail Research Experiment

* A communications system for coordination and con-
trol of the experiment;

* A number of aircraft from NCAR, universities, and
NOAA, with their associated sensing and telemetry
systems, including the armored cloud-penetrating airplane
developed at the South Dakota School of Mines and
Technology;

* A ground network of precipitation sensing and measur-
ing stations designed jointly by NOAA and NCAR;

* A rocket-borne cloud seeding system (separate systems
are under development at Colorado State University and
NCAR);

* A ground network of anemometers, barometers, ther-
mometers, and hygrometers for studies of the energy and
momentum budgets of selected hailstorms.

NHRE is a collaborative project coordinated under
NCAR's direction; each participating group will contrib-
ute its particular expertise in hail research. The university
groups already actively involved are from: University of
Chicago, Colorado State University, Desert Research
Institute, South Dakota School of Mines and Technology,
University of Wyoming; and from the Illinois State Water
Survey. Discussions are underway with a number of
others. Participation by universities and private institu-

tions will be funded by direct subcontract with NCAR; it
is expected that participating government agencies will be
self-supporting. NOAA will continue and, it is hoped,
expand the role it played in the Joint Hail Research
Project. The Department of Defense (U.S. Army) has
agreed to provide personnel and equipment for rawin-
sonde operations, and both the Department of Agriculture
and the Atomic Energy Commission have expressed their
intention to cooperate in the study. The Federal Aviation
Administration is planning to grant a waiver to permit the
firing of rockets from aircraft between stated levels in the
experimental area.

An Advisory Panel has been formed to advise on the
conduct of the experiment, and will meet approximately
twice a year throughout its duration. The panel members
are experts in hail studies but are not involved directly in
the project. The participants in NHRE have also begun to
hold symposia at suitable intervals to provide a forum for
the exchange of views on hail studies; when appropriate,
preliminary findings from the project will be presented. A
symposium on thunderstorm modeling and one on thun-
derstorm electricity were held in mid-1970, and a third is
planned for January 1971 on procedures for the cloud
seeding experiment.

William C. Swinbank
Director

.Wý



67

NATIONAL HAIL RESEARCH EXPERIMENT PERSONNEL

PROFESSIONAL

William C. Swinbank

DEPUTY DIRECTOR

Guy G. Goyer, Senior Scientist (from March)

PROJECT MANAGER

Richard W. Sanborn

SCIENTISTS

Peter J. Eccles (from July)
Thomas G. Kyle (from April)

Donald L. Morris (from January)
Ackley C. Smith (from December)
Robert C. Wilson (from June)

SUPPORT

Toni A. Chapman (from January)
Charles L. Reynolds (from November)
Janet M. Wood (from May)

DIRECTOR





~



70

A Brazilian and an NCAR scientist sample atmospheric
trace gases in the Amazon Basin in Brazil.
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INTRODUCTION

The Laboratory of Atmospheric Science (LAS) is a
group of scientists, with 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 the sun and
the other planets. The skills and tools of this group are
those of meteorology, physics, chemistry, mathematics,
and engineering. Its particular advantage is that it can
combine forces to work on problems that involve several
disciplines, and such is the case with most of the
important problems in atmospheric science.

What are the most important problems in atmospheric
science? we must then ask, since LAS with its 115 people
can hardly be expected to cover the entire range. This is a
question that has threaded through our discussions since
the inception of LAS in 1960. Although there can never
be a final or completely satisfactory answer, a review of
past Annual Reports of NCAR shows a clear vectoring of
the LAS research toward a few major problem areas. In
the past year, in connection with the general review of the
first decade of NCAR and an attempt to visualize the
decade ahead, we have tried to define our "important
problems" more explicitly.

Atmospheric science, dealing as it does with so many
aspects of the environment in which we live and breathe,
cannot be divorced from the needs and aspirations of
mankind. Therefore, the choices that we make in guiding
the LAS research program--or the research program of
the entire community of atmospheric scientists, for that
matter--must depend on certain human goals, the main
ones being:

* Improved prediction of the weather

* Weather and climate modification

* Conservation of the quality of the atmosphere

Each of these goals is clearly very far-ranging, and one
hundred years from now atmospheric scientists will
almost surely still be reaching for them. We can see certain
main thrusts now, however, in which progress is being
made. These will probably continue to be our important
problems for the decade ahead.

Relative to the first of the three goals, it is in the
prediction of the large-scale motions of the atmosphere
that we see the most progress now and in the years
immediately ahead. The NCAR mathematical model of
the general circulation, developed by Akira Kasahara,
Warren Washington, and their colleagues (described in the
report of the Atmospheric Dynamics Department) has
now achieved a remarkable degree of realism when
compared to the real atmosphere. It is being used now to
experiment with forecasts using real data, and to test
various combinations of global observing systems (some
proposed by NCAR) by simulating their influence on a
global forecast. All this is, of course, a direct and
substantial contribution to the international Global
Atmospheric Research Program.

Toward the second goal, we are currently concen-
trating our efforts in a two-pronged attack on the
modification of cumulus clouds. The National Hail Re-
search Experiment, under the direction of William Swin-
bank, is a logical extension of the LAS joint thunderstorm
project (with Colorado State University and NOAA). LAS
is participating in this major field experiment to gain
further insight into the mechanisms of hail-producing
thunderstorms and to test seeding techniques that may
modify the sizes and numbers of hailstones falling out of a
cloud.

The other part of this attack on cumulus clouds is to
develop mathematical models that simulate the dynamics
of convection and the conversion of cloud droplets to
rain, snow, and hail. This is at least as demanding of talent
and computer time as the development of the general
circulation models referred to above, and several groups
have already undertaken separate approaches, notably the
teams of Edwin Danielsen and Rainer Bleck, Douglas Lilly
and Douglas Fox, and Ronald Drake and M. H. Davis.
Doyne Sartor has been trying to see that these efforts,
each in a different department, are suitably cross-
pollinated and that the necessary auxiliary information is
obtained.

In pursuit of the third goal, we are generally concen-
trating our efforts on the chemistry and quality of
the global atmosphere, although there is a marked in-
crease now in our emphasis on the regional modification
of pollutants immediately downwind from populated
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areas. The transport of trace gases and particles (aerosols)
between the troposphere and stratosphere, the chemistry
of the air over tropical jungles, the sources and life cycles
of aerosols in the lower atmosphere, etc. are all parts of
the complex chemical system that Richard Cadle and his
colleagues in the Atmospheric Chemistry Department are
currently studying.

These, then, are some of the main thrusts of the LAS
research program. The thoughtful reader will have already
noted that there must be many subproblems that need to
be solved before we can hope to make progress on the big
ones. Indeed there are! Many of these subproblems are
important and challenging in their own right, and their
place in the hierarchy of research merely brings a
heightened sense of urgency to their solution. They are
the backbone of the LAS program.

The three important goals and problem areas of the
atmosphere that we have cited are echoed in the names of
the three LAS departments: Atmospheric Dynamics, un-
der Cecil Leith; Atmospheric Chemistry, under Richard
Cadle; and the newest one, Atmospheric Physics, under
Doyne Sartor. However, the nature of our program is such
that much of the work reaches across department bounda-
ries, and we constantly work to keep the channels of
communication within LAS (as well as without) cleared
and overhauled.

One mechanism for encouraging such communication
is the annual LAS Retreat, where we spend a couple of
days in a relaxed atmosphere away from our telephones.
Last year's meeting was again in Bailey, Colorado, and the

agenda was largely structured around our three major
problem areas. It seems that a sense of identification of
the individual with the aims of the group can come only if
there is such free and friendly communication on all sides.

There have also been many other meetings and
seminars throughout the year on special topics, the most
active series being the almost weekly seminars on dynam-
ics organized by Douglas Fox and David Williamson.

The NCAR prize for the outstanding scientific paper
published between November 1969 and November 1970
was awarded to two LAS scientists, the husband-and-wife
team of Charles and Nancy Knight, for their trilogy on
hailstones that appeared in the Journal of Atmospheric
Sciences, July 1970. This annual award was established in
1967 by UCAR President Walter Orr Roberts.

I should conclude with one final word about how we
view our research program and the important problems
that I have outlined. Such problems that require the joint
effort of many people are, to some extent, our stock in
trade, but we will always maintain that our real worth lies
in the individual talent of our scientists, whether they are
working on these major projects or doing creative work by
themselves. It is the scientists who do the research, not
the organization.

In the reports that follow it is the scientists themselves
who speak.

William W. Kellogg
Director
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Atmospheric Dynamics

A major part of the research in the Atmospheric
Dynamics Department is directed toward a better
understanding of planetary-scale atmospheric motions. We
judge the extent of this understanding largely by our
ability to simulate these motions numerically in the
NCAR Global Circulation Model (GCM). This simulation
has become so realistic, at least in middle latitudes, that
we now feel confident in using the GCM as an
experimental tool. During the year, for example, GCM
experiments answered many questions about how our
ability to predict the behavior of the atmosphere depends
on the kind, resolution, and accuracy of meteorological
field observations. Such questions are particularly timely,
since observing systems for GARP and WWW are now
being chosen.

The GCM combines the many influences on the
behavior of the atmosphere into a complex whole, but
tends to obscure the nature of the parts. To clarify a
number of details of atmospheric behavior, we have
developed and used zonally symmetric climate models,
two-dimensional turbulence models, and linearized wave
models.

The atmosphere is not an isolated system; much of our
effort is invested in trying to understand the dynamics of
the oceans and of the mesosphere and thermosphere so
that we may better account for their interaction with the
lower atmosphere.

Another kind of influence on planetary-scale motions
is the aggregate effect of many smaller scale phenomena.

Mesoscale motions (with dimensions of 10- 500km) are
too small to be detected in a global observing network or
to be explicitly described in the GCM, yet they exert a
powerful influence on planetary-scale motions, and
constitute the sensible weather that affects our daily lives.

Most of the energy that drives the atmosphere as a
whole is released in tropical regions as latent heat of
condensation. Satellite and surface observations indicate
that an important mesoscale structure exists in these
regions of energy release. Using the limited observations
available, we have been studying the problem of the
interactions between tropical mesoscale structures and
planetary-scale motions. We wish to describe this problem
clearly enough so that the GARP Atlantic Tropical
Experiment planned for 1974 can be designed to solve it.

We made good progress in our study of small-scale
atmospheric motions--the motions of turbulence and
convection. Our airborne turbulence measuring system
operated successfully in several observational programs.
Numerical simulation of a convective and turbulent
planetary boundary layer has been extraordinarily
successful, and is leading to improved boundary layer
prescriptions for the GCM. Numerical models of single
convective elements still seemlimited by the resolution
possible with our present computer, but we expect
improvement with the installation of the Control Data
7600 in 1971.
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PLANETARY-SCALE MOTIONS

NUMERICAL SIMULATION OF THE
GLOBAL CIRCULATION

The NCAR GCM

Kasahara and Washington continued their work on the
NCAR GCM, and carried out numerical experiments to
simulate the global climate. The standard version of the
GCM uses a grid network of six height levels plus the
surface level, with vertical increments of 3 km, and covers
the entire globe with a horizontal spacing of 5° in
longitude and latitude. To determine the effect of varying
horizontal grid resolution on the simulation of January
climate, Wellck (FAL), Kasahara, Washington, and
DeSanto (FAL) investigated differences resulting from the
use of 10°, 5°, and 2.5" horizontal grid increments.
Several zonally averaged meteorological variables, includ-
ing mean and eddy meridional fluxes of momentum, heat,
and water vapor, were computed on the three grids. The
three runs showed that although zonally averaged
temperature and specific humidity fields are practically
unaffected by changes in the horizontal resolution,
simulation of the wind field improves noticeably as the
horizontal mesh becomes finer. In particular, the intensity
of eddy kinetic energy given by the model with a 2.50
mesh is much more realistic than that given by the model
with a 5" mesh, not only in the small-scale end of the
energy spectrum but also in the large-scale motions of
wave numbers 1 to 4 (Fig. 1). Although the 50 mesh is
marginally satisfactory for climate simulation, we expect
to adopt the 2.5° - mesh model as a standard version for
climate simulation experiments and real-data forecasts as
soon as the Control Data 7600 computer is installed. The
7600, whose power is about five times as great as the
6600, will take about 1.5 hr to run one atmospheric day
with the 2.5° - mesh model.

The GCM now takes into account various physical
processes that govern large-scale motions of the
atmosphere, including the dynamic effect of the earth's
orography and the effect of continental surface
temperature. This year we added a calculation of
cloudiness and its influence on solar and atmospheric
radiation. This calculation, based on relative humidity and
vertical motion, gives a stronger coupling between
radiative processes and atmospheric circulation systems,

IUUU.U

10000

<n

S100.0100

Ew I.o

0.1o.I

0.01

10° MESH

- I I 1 111l1

A A
A -SA  AA

* 4.5 km
A 7.5 km

I I i lll 1 I
2 4 6 8 10 20 40

50 MESH

OBSERVED

Fig. 1 Spectra of kinetic energy (KE) as a function of
wave number (k) for three mesh resolutions, compared
with observed spectra. The straight line shows a -3 power
law spectrum as a reference. The spectra were computed
for the model at 400 N (e) longitude and 7.5 km (A)
altitude; they were observed at 40 and 47.50 N longitude
and at 500 mb (about 6 km) altitude.

and improves the simulation of eddy kinetic energy. The
computed time-averaged geographical distribution of
cloudiness agrees favorably with a long-term mean
distribution based on satellite data and ship reports.

We are currently working on analyses of angular
momentum, water vapor, heat, and energy balances from
the results of the simulation of January climate with the
5° - mesh, six-layer GCM. These analyses will include all
the physical processes that we have parameterized in the
model so far. The simulation compares favorably with
various observed data on atmospheric transport by eddy
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and mean meridional motions, although observed statistics
of some quantities are very meager, particularly in the
southern hemisphere.

Since the GCM is sufficiently realistic for climate
simulation, and useful for real-data forecasts and for
experiments to simulate observing systems, details of the
GCM code were presented in a report by Oliger (FAL),
Wellck (FAL), Kasahara, and Washington for scientists
and programmers who plan to use the code in their
research.

For the simulation of seasonal climate with the GCM,
we use the sun's declination and the distribution of ocean
surface temperatures as the two input variables. So far we
have worked on the simulation of the winter climate
(using mean January data) and the summer climate (using
mean July data). To facilitate experiments on seasonal
transitions and annual cycles, Washington and Thiel
compiled monthly maps of ocean surface temperatures
over the entire globe. These temperatures will be
interpolated to daily maps which can then be used to
update the model as the model's calculation progresses.

New Form of Horizontal Diffusion

In the GCM the subgrid-scale diffusion of momentum,
water vapor, and heat has been based on a theory of
three-dimensional turbulence proposed by Smagorinsky.
According to his theory, the eddy viscosity coefficient is
proportional to the deformation of the horizontal flow.
The three-dimensional theory predicts a kinetic energy
spectrum which obeys a k -s5  distribution for zonal
wave numbers (k) greater than 6 to 8. Analyses of real
data and GCM-simulated data show that the kinetic
energy spectrum is better represented by a k -

distribution. The two-dimensional turbulence theories of
Leith and Kraichnan predict a k-3 distribution of the
kinetic energy spectrum for high wave numbers.
Therefore, it appears more logical to base the form of
eddy viscosity in the GCM on the two-dimensional
turbulence theories.

Oliger and Wellck worked out changes in the GCM
based on the two-dimensional turbulence theory, in which
the eddy viscosity is proportional to the gradient of the
vorticity. This is advantageous, since the rate of horizontal
dissipation increases with growing rapidity as the scale of
motion becomes smaller. Oliger and Wellck are now
evaluating the role of the new eddy viscosity form.

Simulation of the Indian Monsoon

Success in simulating atmospheric climate has been
judged by the extent to which GCM results agree with
observed statistics of momentum, water vapor, and energy
transport, averaged with respect to longitude and time. As
the prediction models become more sophisticated, we
seek agreement not only in global characteristics of the
flow but also in portrayal of regional climates, which
depend on the geographical character of the atmospheric
flow.

A well known example of regional climate is the Indian
summer monsoon. In connection with his experiments to
simulate the July climate, Washington found the synoptic
features of the Indian monsoon to be reasonably well
reproduced in the model. The low-level flow closely
agreed with observed patterns, especially above the
western part of the Indian Ocean. The tropical easterly jet
was also simulated with approximately correct intensity
and position. However, the model showed excessive
rainfall over the Arabian Desert, probably because of the
assumption that the earth's surface is saturated, and
because the model cannot distinguish between dry and
moist land areas. The heating over the Arabian Desert is
believed to derive from sensible heat transport from the
ground rather than from liberation of latent heat of
condensation.

Washington is now trying to improve the depiction of
regional climates by incorporating in the model an
equation to predict moisture content of a soil layer 15 cm
deep. This equation will take into account precipitation,
evaporation, and snow melt. If the soil layer becomes
saturated, excess water will be assumed to go into river
runoff. A snow-cover equation accounts for precipitation
in the form of snow, evaporation or sublimation, and
snow melt; if the ground temperature is above freezing,
melted snow becomes soil moisture. The amount of solar
radiation absorbed at the surface also varies with
snow-cover depth.

Thermal Pollution Experiments

One of the possible future uses of global circulation
models is to find out how increasing industrialization
might change the climate. When we compute the heat
energy released over the United States for a single year,
we find that almost all of the energy is released in local
areas ("urban heat islands"). Washington used the GCM to
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see what would happen to the world's climate if 100 times
this amount of industrial heating were released from all
land surfaces. By using an exaggerated amount and an
exaggerated distribution of heat release, Washington
hoped to observe a large quantitative effect rather than
small, poorly defined changes. The model was run for
some time to establish a new "equilibrium climate." The
January simulation then showed that surface temperatures
had risen as much as 8 Co over northern Canada and
Siberia, but had risen only 1 or 2 Co in the tropics.
Present levels of thermal pollution probably have no
distinguishable effect on global climate, although locally
they can be very important under certain weather
conditions.

Real-Data Forecasting

Another important application of the GCM is the
prediction of atmospheric conditions starting from real
data. For the simulation of climate, computations were
deliberately started from unbiased initial conditions, such
as an isothermal atmosphere at rest. For prediction of the
real state, however, we must start from real initial
conditions.

The atmosphere has not yet been fully observed and
analyzed on a daily basis in a manner satisfactory for use
as initial conditions for large-scale forecasts. Baumhefner
analyzed the two-week period 6 - 21 December 1967,
plotting all meteorological data (pressure, wind, and
moisture) and incorporating a daily global satellite
nephanalysis derived by Orton from TIROS data. Analysis
of seven levels of pressure, six layers of velocity, and four
layers of relative humidity was completed for 6 December
1967, and analysis of surface-pressure and 500 - mb height
data for the two-week period was begun.

We undertook an extensive project to digitize
objectively the analyzed meteorological fields. Using a
newly acquired Bendix Datagrid digitizer, Baumhefner
performed experiments to compare subjective and
objective methods. Joseph (FAL), Diane Wagener (NCAR
casual), Ridley (FAL), and Lubeck wrote 20 software
programs to handle and check the data input from the
digitizer to the prediction model, and to digitize scalar
and vector fields to various grid meshes. The complete set
of data for 6 December 1967 was processed by Orton and
Lubeck to a 2.5° mesh over the globe.

For experiments using a 2.5° or finer mesh, we need an
accurate and high resolution set (approximately 0.25°) of

orographic data over the globe. Orton began digitizing
topographic maps from the Times Atlas of the World
(Mid-Century Edition) to provide a data source from
which orographic fields can be generated for models of
different horizontal mesh.

Data Initialization

In the prediction model, meteorologically significant
forecast patterns may be masked by excessive noise arising
from high frequency inertial gravity waves unless the
initial fields of wind and pressure are suitably adjusted.
The technique to suppress this noise from observed data is
called "initialization." Baumhefner and Washington,
working with David Houghton (University of Wisconsin),
have extended their original initialization schemes for
global data to include the divergent component of the
horizontal wind after calculation of the vertical motion
from a quasi-geostrophic theory. They found that at the
end of five days the difference between two forecasts with
divergent and nondivergent initial states was very small.

Browning (FAL) programmed and tested two initializa-
tion schemes for a 2.50 - mesh model. His mixed version
of the balance equation, which uses both pressure and
wind fields, is now being checked with the 6 December
1967 data. Complications resulting from the fine
resolution of the data mesh make the balance equation
difficult to solve efficiently for middle latitudes;
alternative techniques are being sought to overcome this
problem.

Baumhefner showed that conventional initialization
methods using diagnostic relations such as the balance
equation are not completely adequate for short-range
forecasting because of the continued presence of
large-amplitude gravity waves in the initial phase of the
forecasts. Williamson and Dickinson began to develop a
new initialization method based on normal mode theory.
Observed initial conditions are expanded into the normal
modes of the forecast model and compared to the
climatology of the normal modes of the model. Modes
present in the initial conditions, which are not usually
present in the forecast model, are subtracted from the
initial conditions. To demonstrate this method, William-
son and Dickinson derived and wrote a program for the
tangent-plane barotropic model. They are currently
developing the method for the NCAR GCM.

Weigle (ASP) began working on the problem of
initialization for a primitive model by incorporating



77

observational data into the model as it runs forward
toward the initial time. He hopes in this way to
demonstrate a better method for the control of gravity
waves.

Experimental Short-Range Forecasts

Using real data sets and the GCM, Baumhefner carried
out numerical experiments in three basic areas:

1. He completed a study of the effect of the tropics
and southern hemisphere on northern hemisphere
midlatitude numerical forecasts (1969 Annual Report). In
addition, he tested three boundary conditions at an
artificial wall at 200N for their influence on the
midlatitude forecasts. Another test with a 2.50 - grid
model and a wall at the equator yielded results nearly
identical to those of the 5° - grid global experiments.

2. He began a series of experiments to examine in
detail the effect of the model's orography formulation.
The effects of a steep slope blocking one or more levels of
the model were tested with real initial data. One problem
related to surface pressure interpolation in mountainous
regions was solved; however, the problem of ground
temperatures appearing to be too cold over high
mountains remains.

3. He ran a 2.5°- grid version of the GCM with the
new data from 6 December 1967 for one week
(approximately 56 hr on the Control Data 6600). This
forecast is being compared to the 5° version and real
verification data. Several runs were also made with the
2.50- hemispheric model (with a wall at the equator) to
determine the optimum subgrid-scale viscosity coefficient
for short-range weather prediction. Wagener started a 2.5°
processor series to examine the output of the fine-mesh
calculations.

Limited-Area Fine-Mesh Models

Although results of a 2.5° - mesh model are promising,
we still need a much finer resolution model for detailed
analysis and prediction in connection with planned
tropical experiments such as those for GARP. Browning,
in cooperation with Washington and Williamson, therefore
began coding a fine-mesh prediction model designed to
forecast over a limited area of the globe. Coding for this
model is based on the existing code of the GCM; it uses

the same coordinate system and retains the essential
structure of the GCM. The fine-mesh model uses
boundary values taken from the global GCM mesh into
which it fits. Various formulations for the boundary
conditions of the fine-mesh model are currently being
tested.

Kreiss (FAL visitor from the University of Uppsala,
Sweden), Browning, and Oliger began investigating the
formulation of boundary conditions for a fine-mesh
limited-area forecast using one- and two-dimensional
shallow-water equations.

Shapiro continued research on incorporating frontal-
scale processes into the initialization of numerical
prediction models. He developed a scheme which yields
stable boundary conditions on a fine-mesh limited-area
barotropic forecast model whose inflow boundary
condition is derived from a coarse-mesh forecast for the
northern hemisphere. The horizontal resolution of this
model has recently been decreased from 100 to 33 km to
minimize truncation errors of finite difference approxima-
tions in the vicinity of frontal-scale shear zones. Shapiro
plans to incorporate the baroclinic processes which occur
on the scale of frontal zone and jet stream systems into a
short-range (one- to three-day) multi-level primitive
equation prediction model.

Numerical Model of the Boundary Layer

In numerical modeling of atmospheric general circula-
tion, atmospheric equations are solved by combining
lower boundary conditions which simulate the physical
processes taking place at the atmosphere-earth boundary.
In principle, the rates of exchange of momentum, heat,
and moisture at the boundary can be determined by
solving both the appropriate transport equations in the
boundary layer and the physical equations at the
boundary. The detailed calculations, however, are
time-consuming if they must be done at every grid point
for large-scale motions; a simplified method is needed to
express the complex physical processes through a limited
number of parameters. To aid the parameterization,
Sasamori continued work on the development of a
one-dimensional boundary layer model which permits
moisture, heat, and momentum exchange between the
atmosphere and the ground. The model was applied to the
study of energy balance at the soil surface with specific
attention to the wetness of the soil. If the surface is
sufficiently wet, almost all of the net radiative energy is
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transformed to latent heat, which is then released into the
atmosphere; if the soil surface is dry, the evaporation of
water vapor becomes negligible, and almost all of the net
radiation is transformed directly into sensible heat. These
characteristics compare favorably with observations. The
numerical experiments also showed that the time taken
for a transition from the wet to dry energy balance
depends on the composition and structure of the soil, and
ranges from a few hours for sand to a few days for clay. A
simplified version of Sasamori's soil boundary layer model
is now being incorporated into the GCM.

OBSERVING SYSTEMS
SIMULATION EXPERIMENTS

As described in a recent GARP Joint Organizing
Committee report, various numerical experiments are
needed to aid in designing atmospheric observing systems
for GARP. Two sources of data can be used for these
numerical experiments: real atmospheric data analyzed in
the conventional manner, or simulated data generated by
a prediction model as "idealized data." Each presents
certain problems: simulated data are only as realistic as
the prediction model, and real data are limited by large
gaps in observational networks and by inconsistency or
error in analytical procedures.

Assuming we now possess "correct" atmospheric data
from a fairly long run of the GCM, we simulate
"observed" data from proposed measuring devices,
including or excluding the conventional aerological
network. Using a scheme for assimilating and processing
various kinds of simulated observations, we reconstruct a
less accurate and less detailed approximation from the
"correct" state of the atmosphere. At the same time, we
forecast the future state of the simulated atmosphere
using the prediction model. If this forecast is satisfactory,
in that it agrees with the "correct" data after a few days,
we then conclude that the proposed observing procedure
is sufficient. If it is not, we vary the accuracy, density,
and frequency of the measurements, alter the data
assimilation schemes, or add more data from other
observing systems, and repeat the experiment until we
obtain a satisfactory forecast.

Charney (MIT), and Jastrow and Halem (both of God-
dard Institute for Space Studies) made such experiments
using a two-layer general circulation model developed at
the University of California, Los Angeles (UCLA), to
study the utilization of temperature data derived from IR

vertical sounding measurements from satellites. To help
evaluate new observational devices, Williamson and
Kasahara began a series of numerical experiments using
the six-layer NCAR GCM. Their experiments will aid the
planning for the Tropical Wind, Energy Conversion, and
Reference Level Experiment (TWERLE) which has been
proposed jointly by the University of Wisconsin, Goddard
Space Flight Center, and NCAR.

To generate "correct" atmospheric data, the six-layer
5° GCM was run for 72 simulated days. It was then rerun,
starting from basically "correct" data, but with random
perturbations in some of the variables. Random errors
grow with time, and error growth runs furnish initial
conditions for experiments designed to study the effect of
introducing data derived from various observing systems.
We hope by this technique to learn to what extent the
prediction model will adapt the new data to produce
better forecasts. Williamson and Kasahara carried out
several adaptation and updating experiments. One
experiment examined the effect that periodically updated
pressures have on the prediction of winds. Starting from a
time when an introduced error has grown sufficiently, the
"correct" pressures are substituted into the model at all
levels every 12 hr; the winds are then examined to
determine how closely they return to the "correct" winds.
In other experiments the frequency of updating is
changed, or the "correct" pressure is modified to
correspond to a specified random temperature error, and
the effect on the wind field is again examined. In a
different series of experiments, the "correct" wind field is
substituted into the model with and without error to
determine the effect on the pressure or temperature.

Other experiments are designed to examine the amount
of data in the vertical and the error tolerances needed to
force the entire solution back to a predetermined error
tolerance. In these experiments "correct" data are
periodically introduced at a few levels and the errors are
examined at intermediate levels.

Baumhefner and Julian began numerical experiments
with the GCM using real atmospheric data from January
1958 to December 1967 to determine the best height for
a pressure reference level. (A "reference pressure" is
needed at some known height to allow determination of
pressure distribution from temperature profiles.) Baum-
hefner and Julian compared the accuracy of pressure
profile calculations and resulting forecasts with a surface
or a 12- km reference level. Their data relate directly to
the selection of reference levels and of instrumentation
for GARP (see also TWERLE).
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Another series of experiments along these lines was
started by Houghton and Baumhefner. They introduced
two spatial error distributions into the initial state,
allowed the GCM to forecast five days ahead, and
compared the results with an unmodified forecast to show
the lateral spread of error.

TWO-DIMENSIONAL TURBULENCE
AND PREDICTABILITY

Lilly and Fulker (FAL) continued their numerical
simulation studies of two-dimensional, homogeneous,
isotropic turbulence, with emphasis on tests and
demonstrations of two-dimensional flow predictability
and its relation to the question of theoretical predict-
ability of the large-scale atmosphere. They performed
predictability experiments by comparing the evolution of
pairs of turbulence simulation calculations, initially
differentiated from each other only by small white noise
errors. Each turbulence simulation was in a statistically
steady state, maintained by forcing turbulence and
dissipating it by viscosity and simulated surface drag; the
scale and mechanism of the forcing and dissipation were
varied. The results showed a strong similarity with those
of predictability experiments using models of the
large-scale atmosphere (described in the preceding
section). Lilly and Fulker calculated error growth spectra
and other statistics; their calculations show a strikingly
high degree of intermittency of the region of forecast
error growth. They investigated this intermittency as a
stability problem by conducting further experiments in
which the growth of forecast error is predicted with a
linearized model that artificially holds the mean flow
constant.

TWO-DIMENSIONAL STATISTICAL
TURBULENCE THEORY

There are two approaches to the study of two-
dimensional turbulent flows. In one, the Navier-Stokes
equation describing the evolution of an individual flow is
approximated as closely as possible by a numerical model
that is then used to generate typical turbulent flows.
Statistical properties of these flows are available from
averages over time, space, or Fourier modes. This
approach has been used by Lilly and Fulker; it is also the-
approach used in Deardorffs planetary boundary layer
calculations and in the GCM studies. Such calculations are
limited by available computing power to a range of about

50 in the scale of the motions described. In the other
approach, an equation derived from the Navier-Stokes
equation is used to describe the evolution of statistical
properties directly. The main advantage of the statistical
equations is that they deal with the average energy
spectrum. This is a smooth function of wave number,
unlike the amplitudes of individual flows, and numerical
approximations can be used to study a range of several
thousand in scale.

The crucial point in a statistical turbulence theory is
the closure approximation. The eddy-damped Markovian
approximation is a modification of the quasi-normal
approximation based on two ideas put forward by Orszag.
The first involves the use of a phenomenological damping
rate for third moments that in its present form is based on
a simple dimensional analysis. The second involves the use
of a Markovian approximation that replaces integrals over
past history by the best current estimate, making it
unnecessary to remember the relevant Lagrangian past
history. The resulting equations are those of a known
stochastic model, so that the energy spectrum can never
become negative as it does in the quasi-normal
approximation.

Leith applied a finite numerical approximation to the
eddy-damped Markovian approximation to study the
nonlinear transfer and growth of error in an ensemble of
two-dimensional flows whose average energy spectrum
matches that observed for the planetary scales in the
atmosphere. These studies indicated that the error
doubling time, and thus the atmospheric predictability
time, is inversely proportional to the square root of the
eddy kinetic energy for a given spectral shape. We
therefore consider that the predictability experiments
carried out with the GCM are valid now that the eddy
kinetic energy level in the model is close to the observed
level (Fig. 1). The error spectra computed in the GCM, in
the two-dimensional turbulence amplitude calculations of
Lilly and Fulker, and in the statistical calculations of
Leith have the same general shape.

FINITE DIFFERENCE
INTEGRATION METHODS

As numerical models for simulation of atmospheric
phenomena become more sophisticated, the models
become more time-consuming to run. Even with high
speed computers, we must continually search for
improved methods to obtain accurate and efficient
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numerical solutions of the atmospheric equations. Some
of the new methods developed in the field of numerical
analysis may be useful for solution of atmospheric
problems, although the methods needed in atmospheric
dynamics differ in many ways from those of general
numerical analysis. To increase communication between
atmospheric dynamicists and numerical analysts, the
Computing Facility and the Department of Atmospheric
Dynamics held an informal conference on Numerical
Analysis for Atmospheric Dynamics at NCAR from 20 to
24 July. The participants felt that the conference
stimulated a fruitful exchange of ideas.

In a search for improved methods, Williamson
developed second-order finite difference schemes for the
spherical geodesic grid and compared them to first-order
conservative schemes. The second-order schemes required
a time step half as long as that required by the first-order
schemes, and required the addition of a damping term for
stability. The first- and second-order schemes produced
very similar large-scale solutions; however, for a given
value of eddy viscosity coefficient the second-order
solutions had less small-scale noise than did the first-order
solutions.

Because the spherical geodesic grid is not clearly
superior to grids based on normal geographic coordinates,
Williamson and Oliger began to reexamine various
numerical methods for improving spherical grids. One
problem has arisen from singularities at the poles in the
spherical coordinate system: although the vector equa-
tions are defined everywhere on the sphere, the velocity
components are not defined in spherical coordinates at
the poles. This problem has been avoided by transforming
the spherical coordinates near the poles to a coordinate
system that does not have a singularity there. In this
manner both second- and fourth-order approximations
corresponding to the schemes commonly used on the rest
of the sphere have been derived at and near the poles for
the primitive barotropic model. Ellis (FAL), in coopera-
tion with Williamson and Oliger, coded a primitive
equation barotropic model to investigate regular spherical
grids. This model is being used to study the effects of
skipping and not skipping points near the poles, and of
using higher order interpolation, second- and fourth-order
schemes, and explicit and implicit schemes.

SEASONAL VARIATION OF
TROPOSPHERIC ZONAL WINDS

Dickinson continued work on an analytic model for
zonal winds in the tropics, with special emphasis on the

variation of the tropospheric mean structure according to
season and hemisphere. The zonal wind model described
in the 1969 Annual Report was modified by addition of a
layer of high static stability above 100 mb to represent
the stratosphere. The calculations indicate how basic
features of the annual variation of the zonal winds and
temperatures from the tropics to middle latitudes can be
reproduced in terms of the annual variation of tropical
rainfall and the horizontal eddy flux of momentum.

In passing from summer to winter, the divergence of
horizontal eddy momentum flux in the tropics increases,
as does the convergence in middle latitudes. These
increases accompany a large increase in the Hadley
circulation, bringing momentum into the tropical upper
troposphere and an increase in the strength of the zonal
westerlies. The winter shift of the latitude of the
maximum momentum flux toward the equator is
accompanied by a shift of the maximum momentum
convergence toward the equator. The model reproduces
this observed shift of the zonal westerlies. According to
Dickinson's model the zonal westerlies of the northern
hemisphere summer are weak compared to those of the
southern hemisphere summer because of the small amount
of momentum convergence in middle latitudes; this in
turn results from the small amount of westerly
momentum made available in the summer tropics by the
meridional circulation.

The greater strength of the southern hemisphere
summer zonal westerlies relative to those of the northern
hemisphere is necessarily accompanied by a stronger
poleward decrease of temperature below the maximum
winds. This stronger temperature gradient is produced in
Dickinson's model troposphere largely by the gradient of
adiabatic cooling due to the vertical branch of the
meridional circulation forced by the horizontal eddy
momentum fluxes. This greater baroclinicity in the
southern hemisphere matches the greater poleward
temperature decrease at the surface. That is, the largely
oceanic lower boundary in the southern hemisphere
summer at middle latitudes imposes a larger poleward
temperature gradient on the atmosphere than does the
largely continental northern hemisphere surface in July.

Since the mean displacement of the tropical rainbelt
into the northern hemisphere can also be ascribed, at least
in part, to the difference in the relative amount of land in
the two hemispheres, our interpretation supports the
contention that the difference between the summer zonal
circulations derives largely from the same cause.
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OCEAN CIRCULATION MODELS

Before we can combine our numerical simulations of
atmospheric and oceanic circulations, we must investigate
more closely the complex influences that the two systems
exert on each other despite their entirely different
natures. Atmospheric circulations have a characteristic
time scale of ten days, whereas deep ocean circulations
have a time scale of ten years. (Meteorologists recognize
that this long response time of the oceans is a major factor
in controlling climatic fluctuations.) However, the
uppermost layer of the oceans, where air-sea interactions
occur, changes with a time scale similar to that of the
atmosphere.

Schulman continued work on a barotropic model of
wind-driven circulation in the southern hemisphere. He
emphasized the systematic study of the effects of bottom
topography and nonlinearity on the path and structure of
the Antarctic Circumpolar Current. Of those topographic
features studied, the strongest influence resulted from
shallowing in the region of the Drake Passage: if the Drake
Passage is given a minimum depth of 2 km in the model,
water transport is only 25% as great as it is when the
Passage is given a depth of 5 km like the rest of the basin.
Furthermore, even though the topography of the Drake
Passage covers a rather small area, it has a significant
influence on circulation patterns in the entire Southern
Ocean: it leads to the more southerly penetration of the
South Atlantic gyre and the Brazil Current, and to the
intensification of the Falkland Current.

The Scotia Ridge, lying east of the Drake Passage,
distorts the streamlines considerably to the north. The
wide and shallow continental shelf off South America
causes the flow to be displaced from the coast and forces
the intensified currents to follow isobath lines.

The dynamics of the oceans can be expressed as the
sum of two parts: (1) an interior region (encompassing
most of the total ocean) in which the variables are slowly
changing, and (2) boundary layer regions in which flow
variables change greatly in small distances, as in the Gulf
Stream, the Antarctic Circumpolar Current, and the flow
near regions of rapidly varying topography.

Use of a uniform grid in numerical calculations is
inadequate to describe the flow in the interior and
boundary layers essential to the calculation. Increasing the
number of grid points to resolve the boundary layer
would probably raise the calculation time beyond

practical limits. Schulman therefore introduced a
numerical scheme employing a change of variables; with a
new "stretched" variable, the equations lose their
boundary-layer character and the grid spacing can be
uniform. He used this technique successfully in the model
of the southern hemisphere ocean.

This same technique can probably be used to study the
influence of small-scale forcing on oceanic circulation, as
it can show the effect of small-scale but relatively
large-magnitude variations in wind stress and bottom
topography. If so, it would have significant value in the
interpretation of midoceanic data.

Several intensified boundary layers in western parts of
the oceans are theoretically possible. These involve the
balance between the advection of planetary vorticity and
dissipation due to lateral viscosity, dissipation due to
bottom friction, or nonlinear advection of relative
vorticity (i.e., an inertial boundary layer). Oceanographic
observations indicate that the primary balance is inertial.
However, all attempted theoretical and numerical studies
have required strong frictional dominance somewhere in
the boundary layer. Schulman began developing a
numerical model to eliminate the need for viscosity, and
thus to allow study of a purely inertial boundary layer.
This model should help us to understand the role of
dissipation and, in particular, why circulation patterns
seem to depend greatly on the type of dissipation.

DYNAMICS OF THE UPPER ATMOSPHERE

Over the last several years many aeronomers have
become convinced that studies of the earth's thermo-
sphere in the next decade will bring about increased
understanding of the role of dynamics of the neutral
(non-ionized) gas in determining temperature structure,
composition, and other features of the high atmosphere.
Aeronomers now look to atmospheric dynamicists for
further work along these lines. Since no collection of
clear-cut observations exists for interpretation by dynamic
models, experimentalists and theoreticians must collabo-
rate in developing new observational techniques.

Atmospheric Heating in the Auroral Red Arc

During a geomagnetic storm a significant amount of
energy is pumped into the magnetosphere from the solar
wind. Part of this energy is transferred to the lower
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thermosphere or ionosphere in the aurora. More gradual
transfer of energy from the magnetosphere to the
ionosphere occurs in the stable auroral red arc which
occurs in middle latitudes. Roble, in collaboration with
colleagues from the University of Michigan, investigated
the red-arc phenomenon to determine the excitation
source and its effect on the ionosphere.

The stable auroral red arc is believed to be the sink for
the energy causing the Dst variation during a geomagnetic
storm. Heated electrons excite the (1D) term of atomic
oxygen by collisional impact, and give rise to the X6300
emission characteristic of the red arc. The lifetime of the
red arc is of the order of 10hr or longer; it can be
considered a manifestation of a slow release of energy
which is stored in the magnetosphere during a
geomagnetic storm. The bulk of the energy conducted
into the ionosphere by the electrons and ions is ultimately
transferred to the neutral gas through elastic and inelastic
collisions among the electrons, ions, and neutral particles.

Roble and Dickinson examined the dynamic response
of the neutral atmosphere to the heating within the stable
auroral red arc. They formulated a two-dimensional
steady-state dynamic model to calculate the temperature
perturbation and circulation pattern within the arc region.
Pressure forces originating from the heating of the red arc
drive a thermal cell with upward motion in the red-arc
region and with slow subsidence over a much greater area
outside the arc. Adiabatic warming and cooling by these
motions significantly reduce the neutral temperature
within the red arc compared with the increase obtained
theoretically in the absence of motion, but the warming
and cooling enlarge the horizontal scale of the region of
temperature increase. For normally observed red-arc
intensities, the temperature perturbation in the neutral
thermosphere is small. Thus, the red arc makes only a
minor contribution to the overall thermospheric heating
observed during a geomagnetic storm.

Fabry-Perot Interferometer Techniques

The Fabry-Perot interferometer is used at ground-based
airglow observatories to measure properties of the upper
atmosphere through emission lines in the night-glow and
aurora. Roble and P. B. Hays (University of Michigan)
devised a technique for recovering doppler line profiles
from Fabry-Perot interferometer fringes of very low
intensity. From these profiles they can deduce tempera-
tures and winds in the airglow-emitting regions above

90 km. With their technique, which takes the instrument
function into consideration, they can also specify the
accuracy of an individual temperature, intensity, and wind
measurement that can be determined from low-intensity
fringes having a random statistical noise variation
superimposed on the basic doppler profile. This technique
is particularly useful for reduction of the large quantities
of data obtained during a single night at an airglow
observatory.

Transports of Energy and Momentum
by Wave Motions

Many investigators have recognized the important role
that wave motions play in carrying energy and momentum
from the troposphere into the stratosphere, mesosphere,
and thermosphere. Walter Jones investigated the general-
ized theory of energy and momentum transport by linear
waves; this theory uses the concept of an energy-
momentum tensor derived from a Hamiltonian variational
principle, a concept that is well established in relativistic
field theory but not applied extensively to waves in fluids.
The theory is analogous to the quantum-mechanical
theory of photons. A wave packet consists of phonons
which transport energy and momentum; the momentum
need not lie in the direction of motion of the phonons. In
nondissipative media the number of phonons is conserved.
A conservation equation for the wave energy-momentum
tensor describes the exchange of energy and momentum
between the phonons and the material the wave travels
through; the exchanges are brought about by time and
space variations in the material mean state.

Within the WKB approximation, very simple expres-
sions have been obtained for phonon energy and
momentum, although the physical significance of these
expressions has been obscure. Jones' principal effort has
been to show how the wave energy-momentum tensor can
be interpreted physically. The results of the theory appear
to be applicable to many geophysical and astrophysical
wave phenomena.

Recently Durney (ASP) published results of numerical
experiments showing that large-scale instabilities in the
solar atmosphere transport momentum in the sense
necessary to account for the solar differential rotation.
Jones extended the Hough function normal modes for
waves on a rotating sphere to unstable growing solutions.
These show the same sense of momentum transport as in
Durney's experiments, but the transport is not concen-
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trated at the proper latitudes. The traditional approxi-
mation neglecting horizontal components of rotation is
not valid when the buoyancy, rotation, and wave fre-
quencies are comparable; this condition may be met in the
deeper layers of the solar convection zone. When signifi-
cant, the horizontal component of rotation produces
azimuthal asymmetries in both internal gravity wave
propagation characteristics and instability growth. These
asymmetries may produce differential rotation through
vertical momentum transport, whereas the vertical com-
ponent of rotation leads to lateral transport. Jones began
investigating these possibilities through simplified models
and the energy-momentum tensor formalism.

A wave propagating upward in the atmosphere carries
momentum which modifies the mean flow of the
atmosphere and hence changes the propagation character-
istics of the wave. Jones and Houghton demonstrated this
effect numerically for internal gravity waves. Taroh
Matsuno (a former visitor from Kyushu University,
Fukuoka, Japan) has shown strong interaction of this type
for planetary waves; he associates the resulting changes
with sudden warmings. Jones assisted Breeding (ASP) in a
numerical study of nonlinear internal gravity waves,
including both the wave and mean-flow interaction and
the energy cascade to higher wave numbers. Studies so far
indicate that the mean flow is modified to produce strong
reflection of the incident wave. The results of the study
will relate to nonlinear mountain lee waves as well as to
the "breaking" of internal gravity waves in the upper
atmosphere.

THE ATMOSPHERE OF VENUS

Venus, like the earth, receives virtually all of its energy
from solar radiation. The energy influx at the top of the
Venusian atmosphere is approximately 3.8 cal/min
through a 1- cm2 surface perpendicular to the direction
of the solar beam. Heating of the atmosphere is greatest at
the subsolar point on the sunlit side and vanishes to zero
on the dark side beyond the terminator. This differential
heating drives the atmospheric motion. Sasamori investi-
gated the circulation of the Venusian atmosphere using a
numerical model similar to the dynamic framework of the
NCAR GCM.

In the first version of the model, solar heating was
assumed to be stationary, as if the same side of the planet
always faced the sun. The atmospheric circulation was
calculated in a vertical plane on the spherical underlying

surface. The horizontal wind moved from the subsolar to
the antisolar point in the upper part of the atmosphere,
where radiative differential heating dominated; the wind
velocity reached a maximum (8 m/sec at the 8 - mb level)
near the terminator. In the lower part of the atmosphere,
a weak horizontal wind moved in the opposite direction;
that is, from the antisolar to the subsolar point.
Diagnostic analysis of the energy balance of the
atmosphere showed that upward motion cools the
atmosphere near the subsolar point, where the atmosphere
is heated by insolation, and downward motion warms the
atmosphere near the antisolar point, where infrared
cooling prevails. The temperature gradient is very small
between the subsolar and antisolar points. The energy
balance is consistent with observed temperature character-
istics; the planetary radiation budget and calculated
horizontal energy transport are also in agreement with
observations.

In the second version of the numerical model solar
heating was assumed to move with the rotation of the
planet, and resulting effects were investigated in
conjunction with a recent study by Shubert and Young.
Sasamori's calculation did not appear to support the
theory that moving solar heating should be influential in
accelerating the horizontal wind in the opposite direction.

Small perturbations with time periods of four to five
earth days, which appeared in the model, were identified
as planetary-scale gravitational oscillations. In contrast
with the terrestrial atmosphere, this oscillation deserves
special attention because on Venus inertial modulation by
the Coriolis force is very slow and scarcely interferes with
gravitational oscillations. The numerical calculations did
not account for the 100 m/sec retrograde circulation
reported by some observers.

The effective depth of a planet's thermosphere is much
greater than that of its troposphere, but the features one
can hope to describe are only large-scale horizontal
motions. Consequently, the ratio of horizontal to vertical
degrees of freedom necessary to resolve significant
features in thermospheric models is essentially reversed in
comparison with tropospheric models. Since we are
interested in the Venusian atmosphere from an altitude of
one to several hundred kilometers, we must have a large
number of grid levels for adequate resolution. On the
other hand, for modeling large-scale, horizontally
axisymmetric features, we need to consider only a few
spherical harmonic components in addition to the global
mean state.
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For a first attempt at modeling the dynamics of the
Venusian thermosphere, Dickinson performed a two-step
calculation. First, he defined the global mean structures
consisting of a balance between heating by absorption of
UV and IR solar radiation, cooling by 15 - pm CO2
radiation, and heating or cooling by conduction. Second,
he computed the deviation temperature field and
circulation in response to deviation sources and sinks of
heat.

For the UV heating calculation, Dickinson used solar
fluxes observed recently by the OSO III satellite and
various rockets; several laboratory studies of CO2 cross
sections were used to obtain the absorption of these
fluxes. Dickinson obtained the UV heating in wave
numbers 0, 1, and 2 as a function of pressure level.

Dickinson also devised a fast, simple, accurate method
for computing the exchange of IR radiation with space.
Since the CO2 molecule energy levels are not in local
thermodynamic equilibrium (LTE) in the thermosphere,
Dickinson had to do a non-LTE radiative transfer
calculation to obtain the population of the first excited
states of the CO 2 bending mode to obtain the 15 - pm
cooling. He considered only the coupling between this
level and the ground level, so his calculation is essentially
the "two-level atom" model of astrophysics. The inversion
of integral equations is solved by an iterative procedure
rather than by direct matrix inversions. He used a similar
calculation to obtain the heating in the three fundamental
bands of 2.0 pm, the two 2.7 - pm fundamentals, and the
4.3 - pm fundamental; a cruder formulation was used for
cooling and heating by overtone bands. An effective
"Newtonian cooling coefficient" was derived from the
15 - m cooling calculation to be used in the dynamic
model.

For the dynamic model Dickinson neglected rotation
and assumed axial symmetry between the antisolar and
subsolar points. The most recent model calculations,
which apply to medium solar cycle conditions, use
programs developed by Ridley, and indicate rising motion
over the dayside with velocities up to 3 m/sec and
nightside subsidence with about half that amplitude. The
horizontal wind from dayside to nightside exceeds
500 m/sec; the dayside exospheric temperature exceeds
the mean value by more than 200 C°. These large
amplitudes indicate that some distortion of this solution
would result from the inclusion of nonlinear terms, so far
neglected.

SOUTHERN HEMISPHERE CIRCULATION

Using grid-point data from 500 - mb analyses of the
southern hemisphere for the 18 months of the IGY,
van Loon and Jenne (FAL) computed the harmonics of
the height field on a daily basis for hemispheric wave
numbers up to 6. Preliminary results show that south of
40°S only the first wave is truly stationary, and the
average phase velocity of the third wave is smaller than
that of the second wave. In latitudes near 500 S, wave
number 3 accounts for more of the total geopotential
variance than does wave number 2. The third wave is
apparently associated with the three lower latitude
continents whose influence thus extends into subpolar
latitudes.

There is a significant exchange of angular momentum
between the northern and southern hemispheres, so that
in studies of the latter it is desirable to appraise the
momentum budget over the whole globe. The exchange
between earth and atmosphere takes place mainly through
surface frictional torques; however, significant torques are
also exerted by pressure differences between the west and
east faces of mountain complexes. Using recently
published aerological atlases, Newton computed the
mountain torques for four midseason months. His results
broadly confirm R. M, White's computations for part of
the northern hemisphere that indicate angular momentum
losses by mountain torques in middle latitudes and gains
in the tropics. These losses and gains enhance the surface
frictional torques and exceed half their magnitude in
northern spring and summer in the midlatitude westerlies,
but are relatively much smaller in the southern westerlies.
Large seasonal variations are present, especially in the
tropics, where in each hemisphere the mountain torques
add momentum in winter but remove it in summer. There
are also large regional variations; for example, on an
annual average the Andes produce a large drag, but this is
essentially canceled by the opposite (eastward) torque
exerted by Africa.

ANNUAL TEMPERATURE CHANGES

Van Loon and Jenne computed the annual wave in the
temperature of the troposphere and low stratosphere for
the whole earth. The characteristic decrease of amplitude
with increasing latitude over the oceans from roughly 35
to 55°S is found throughout the troposphere but weakens
upward and vanishes at the tropopause. The same
phenomenon is observed over the eastern North Atlantic
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Ocean and western Europe. In the low stratosphere the
wave has marked peaks between 25 and 40°S and between
30 and 450 N, coinciding with areas where maximum
temperature is reached in the winter of either hemisphere.
This pattern is related to the stronger decrease of the west
wind above its subtropical maximum at 200 mb in winter,
a decrease which requires that the equatorward
temperature gradient there should be steeper in winter
than in summer. This temperature gradient results from a
substantial increase in temperature from summer to
winter in the low stratosphere on the poleward side of the
subtropical jet, presumably with subsidence as a factor.

TWERLE

In 1968 Thompson (ASP), Lally (FAL), and
Masterson, with C. Laughlin (Goddard Space Flight
Center) proposed an investigation of the dynamics of
upper tropospheric tropical wind fields and a study of the
interaction between the circulation systems of the tropics
and the large-scale circulation systems in middle latitudes.

This experiment, to be called the Tropical Wind, Energy
Conversion, and Reference Level Experiment (TWERLE),
will use constant-level balloons. Data will be collected by
a Nimbus F satellite using a random access doppler
technique to locate the balloons. The original scientific
objectives of the experiment have now been expanded in
an amended proposal that includes a southern hemisphere
reference level experiment and an energy conversion
investigation, both made possible by the addition of a
radio altimeter and pressure sensors on the constant-level
balloon. Julian has analyzed hypothetical balloon
trajectories from a variety of tropical launch sites, using
real data on winds, to determine the best launch locations
and to estimate residence times for balloons at
150 -200 mb in the tropics. The Global Atmospheric
Measurements Program (GAMP), under Lally's direction,
has been experimenting with real balloon trajectories in
the tropics (see report of the Facilities Laboratory). The
conduct of the experiment (scheduled for 1973) will be
the responsibility of a team that includes Kellogg, Julian,
Lally, Laughlin, and Verner Suomi (University of
Wisconsin). Final approval and funding of this proposal
are pending.
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MESOSCALE MOTIONS

TROPICAL CIRCULATIONS

Mesoscale Phenomena in the Tropics

The mechanisms by which mesoscale, convection-
dominated circulations interact with the larger scale
circulations of the tropics, and exchange important
amounts of energy, are a continuing subject of
investigation. Using data from the Line Islands Experi-
ment (LIE), the 1968 Barbados Experiment, and BOMEX,
Zipser is studying the subsynoptic-scale aspects of tropical
disturbances.

Because the subcloud layer is important to an
understanding of convective and mesoscale phenomena,;
the extensive 150 - m altitude flight data obtained in all
three programs have great value. Serial rawinsonde data
and low-level aircraft data seem to confirm initial
indications that the squall-line mode of scale interaction is
a very frequent occurrence over tropical oceans. Why the
squall mode should dominate in some disturbances and
not in others is not known, but one can speculate that a
dry middle troposphere and significant wind shear favor
the squall mode. Comparison of the "disturbance lines" of
West Africa with the ocean squalls has shown no
fundamental differences in structure or behavior. One
hypothesis that is being investigated is that the presence
of ocean squalls in a tropical disturbance inhibits tropical
cyclone development, while their absence may be a
necessary condition for such development. Zipser is
seeking better ways to quantify the role of these squalls in
energy transfers through the tropical troposphere.

Atmospheric Structure near the Equator

Madden analyzed LIE data in an effort to relate wind
regimes to synoptic disturbances. Time sections of the
meridional wind and cross-spectrum analysis between
levels reveal that there were local upward-propagating
wind regimes in the low troposphere and downward-
propagating wind regimes in the low and middle
stratosphere over Christmas, Fanning, and Palmyra Islands
during the period of LIE. These regimes recurred every
four or five days during March 1967, and at less frequent
and less regular intervals during April. Madden digitized

ESSAIII satellite pictures by visually estimating the
percentage of cloud cover in 1° squares. He found that
during March, when the intertropical convergence (ITC)
was relatively strong and located near 8°N, cloudiness in
the vicinity of the Line Islands varied with a four- to
five-day period (a periodicity similar to that of the low
tropospheric winds), but that during April, when the ITC
was weak, this regularity broke down. Madden initiated
further studies of a large cloud system that moved from
east to west across the entire Pacific, and over the Line
Islands on 22 and 23 March, when extreme values of
vertical wind shear occurred (1969 Annual Report).

Recent interest in large-scale motion in the tropics has
been stimulated by the discovery of a dominant temporal
variation in the meridional component of the winds in the
stratosphere. This wave mode has a period of four to five
days. Japanese meteorologists, applying variance or
power-spectrum analysis to four months of rawinsonde
data, claim to have found such a wave mode throughout
the tropical troposphere; other workers have found a
similar variability in the lowest 4 km. Madden's analysis of
LIE data, however, did not show a peak in the spectra of
the meridional component in the upper troposphere in the
four- to five-day range.

Madden and Julian therefore began investigating
variance spectra of meteorological variables in the tropics.
Because sampling fluctuations are likely in spectra from
short-period records, they assembled station records three
to ten years in length for six radiosonde stations in the
equatorial belt (10oN to 10°S). Jenne and Joseph (both of
FAL) assisted in obtaining these data.

Julian performed a spectrum analysis on the zonal and
meridional wind components at 850 mb (low tropo-
sphere) and 200 mb (upper troposphere) for five stations
at various longitudes. He confirmed a peak in the
850 - mb meridional wind spectra at the four- to five-day
period range, but only for stations in the central Pacific.
These analyses also showed that organized motion systems
in the upper tropical troposphere are not simple in
character; none of the spectra at 200 mb indicated a peak
at comparable periods, or showed any other significant
feature. Madden's analysis of a ten-year rawinsonde record
at Canton Island confirmed the low tropospheric feature
and, at comparable periods, slight peaks at stratospheric
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levels. However, the waves in the two portions of the
atmosphere are apparently independent of each other.

One extremely interesting result of the Canton Island
analysis was the discovery of a highly significant peak in
zonal wind spectra in the lower and upper troposphere.
This oscillation, absent in the middle troposphere, shows a
period of about 45 days and is marked by a very strong
out-of-phase relation between the zonal wind near the
ground and that near the tropopause. Surface pressure at
Canton Island shows a similar feature, in phase with the
low tropospheric zonal wind. Behavior of this wave is
similar in some ways to that of the large-scale convective
phenomenon described by Bjerknes. Further studies are
being carried out on this puzzling wave phenomenon.

Julian applied a statistical technique called "complex
demodulation" to the tropical wind component data in an
effort to learn about the temporal variation in the
occurrence of the four- to five-day oscillation. This wave
mode seems to have a definite preference for the lower
troposphere in the central Pacific during the northern
hemisphere autumn. The complex demodulation tech-
nique gives information on the structure of time series
which is not given by spectrum analysis.

Using the long-term upper air record from Canton
Island, along with mean monthly sea surface temperatures
and rainfall data, Conrad, Larry Sapp (NCAR casual), and
Madden attempted to relate large-scale sea temperature
changes to changes in rainfall and attendant latent heat
release. It had been thought that these changes associated
with the lower atmosphere might vary with a time scale
similar to that of the quasi-biennial oscillation evident in
the stratospheric zonal winds at Canton Island, but
Conrad, Sapp, and Madden were not able to verify such a
relationship. Some of the statistics computed for this
study revealed that the average of over 2,600 daytime
temperature-humidity soundings was warmer and dryer
than the average of a like number of nighttime soundings.
This difference had been found in the shorter LIE record.
The temperature difference is probably due to instrument
bias and the humidity difference has recently been shown
definitely to be caused by an instrument bias.

Zipser and Robitaille broadened their study of the
so-called double-helix circulation found at times in the
lowest 250 mb of the atmosphere on both sides of the
equator. In examining nine years of wind data from
Canton Island they found that for 50% of the soundings
with a poleward current in the lowest 50mb, an

equatorward current appeared somewhere in the layer
from 900 to 750 mb.

Robitaille, with Deardorff and Sasamori, tried to
simulate this double-helix circulation by performing
numerical integrations in two dimensions using the
equation set of the NCAR GCM. Initial conditions of a
realistic sea-surface temperature gradient that are used in
this model generate reasonable patterns of up-and-down
motions for the first 2 - 4 hr. After that, the effects of
internal gravity waves dominate. They plan to incorporate
frictional, radiational, and latent heat terms, and
eventually to arrive at a more sophisticated model.

GARP Planning

The U.S. scientific community devoted much thought
and effort during 1970 to planning the GARP Atlantic
Tropical Experiment (GATE) scheduled for 1974. Data
from earlier field programs must be analyzed and
summarized as soon as possible, and the lessons learned
during these programs considered in developing realistic
plans for GATE. To that end, Zipser reviewed LIE and
LIE-related research; his survey encompasses program
accomplishments and highlights areas of opportunity for
future work. Comparison of satellite-derived wind data
with observed wind data should, for example, aid in
coordinating techniques and learning more about the
interactions of cloud environments. LIE is viewed in
retrospect as one of the first significant field programs
expressly designed to study convective-synoptic interac-
tions in the tropics, a study identified as a major GARP
objective.

Tropical Field Experiments

In collaboration with Mariano Estoque and Chandra-
kant Bhumralkar (both of the University of Miami),
van de Boogaard participated in the Grand Bahama Island
Experiment in August. This field program was designed to
obtain data to test a theoretical "heated island" model
formulated by Estoque and Bhumralkar. Support for the
experiment was provided in part by NCAR's Field
Observing and Research Aviation Facilities; included were
nine surface observing stations, a captive radiosonde
system, pilot balloon-observation platforms, and equip-
ment for panoramic cloud photography. Data reduction
was begun in late fall. Van de Boogaard and Estoque also
began analyzing synoptic-scale circulations using BOMEX
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observations; in this study they used computer graphic
displays developed to portray sounding data.

Van de Boogaard provided meteorological advice and
assisted with balloon tracking for two series of launches
by GAMP during the periods 20 May to 9 July and
20 October to 16 November. Launched from Ascension
Island under the NASA/NCAR Nimbus D Satellite
Balloon Project, the GHOST balloon flights (at levels
between 30 and 150 mb) provided information about the
effect of local atmospheric conditions on trajectories
during ascent and on the nature of the long-term
trajectories; they also provided a test for the balloon
electronics package and for the satellite interrogation,
recording, and location system (IRLS). Flights at 80, 100,
and 150 mb are planned for February 1971 from Darwin,
Australia, to gain information on trajectories in the
high-tropospheric easterlies over the Indian Ocean, in
preparation for the planned GARP balloon experiment.

CONVECTIVE STORMS

Fankhauser combined results from two field experi-
ments conducted with National Severe Storms Laboratory
observing facilities (aircraft, radar, and surface and
rawinsonde meso-network observations) to produce a
generalized interpretation of three-dimensional circulation
within and around isolated Great Plains cumulonimbus
clouds. His analyses support the contention that
thunderstorm efficiency, vigor, and persistence are
enhanced when environmental vertical wind shear and
veering with height are great. Such a regime favorably
organizes the contributions of moisture and momentum in
the storm's dynamics by supplying moist air with low
horizontal momentum in the subcloud layer and dry,
high-momentum air at midcloud levels.

Accumulating evidence shows that large thunderstorms
may sometimes divide, and their entities persist while
traveling along widely divergent paths to the right and
(less commonly) to the left of the mean winds in the
troposphere. Left-moving members of these couplets
consistently move more rapidly than their right-moving
counterparts, apparently because when the wind veers
with height the low-level moist air that feeds the updraft
has an initial momentum along the direction of motion of
the left-moving storm. Propagation (new growth at
existing storm boundaries) is an additional factor
contributing to the more rapid movement of the
left-moving storm, and depends on the motion of a storm

relative to the surrounding wind. Preliminary analysis by
Newton and Fankhauser indicates that in a given wind
regime two possible modes of storm movement satisfy the
requirements for water vapor supply to the updraft and
dry air supply for evaporation of water in the chilled
downdraft. These correspond to the left- and right-moving
storms noted above; the direction of movement of any
individual storm depends on storm size.

Fankhauser, using frequent (90 - min) and closely
spaced (80- to 90 - km) upper-air soundings, is now
directing his diagnostic studies toward appraisal of
sensible heat, water vapor, and momentum transfer by
organized convection. Although limits in sounding
frequency and spacing prohibit a direct assessment of
internal cloud processes, careful syntheses of mesoscale
environmental wind, moisture, and temperature patterns
should help to reveal how convective systems interact
with broader scale synoptic circulations.

THE 1970 COLORADO LEE WAVE
EXPERIMENT

NCAR organized and conducted a large multi-agency
observation program on mountain lee flow and associated
turbulence during February and March. Lilly was the
principal NCAR scientist, and Biter (FAL) was Field
Operations Manager. Major facilities and services were
provided by NCAR's Research Aviation and Field
Observing Facilities, NOAA's Environmental Research
Laboratories, and the USAF Air Weather Service. The
experiment was an extension of lee wave observational
studies conducted over recent years, especially during a
similar intensive period in 1968.

As in 1968 weather conditions were somewhat
disappointing, but a number of successful flights were
conducted in moderate to strong mountain wave and
turbulence conditions. Data and data analyses will be
made widely available for scientific use. Again, among the
most striking findings was the high frequency of
stratospheric turbulence, evidently induced by topo-
graphic forcing. Figure 2 shows the field of potential
temperature on one of the operational days, derived from
flight data from three aircraft. The isolines may be
considered as flow streamlines. The flow regime near
100 mb east of the mountains was the strongest
stratospheric turbulence recorded in this program and one
of the strongest ever encountered by instrumented
aircraft.
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Fig. 2 The field of potential temperature (oK) along an east-west section near Boulder, Colorado, on 17 February 1970.
The dashed lines show the flight paths of aircraft and sounding balloons.

This program has demonstrated the ability of well
instrumented aircraft, and of the NCAR Buffalo in
particular, to measure vertical momentum flux directly by
the covariance method. This ability, which depends
strongly on the long-term stability of the inertial
navigation system, may be an important capability for
GARP studies.

FRONTAL ZONES

In conjunction with the 1970 Colorado Lee Wave
Experiment, Shapiro and Zipser carried out a pilot study
to determine the feasibility of using NCAR research

aircraft to measure wind, temperature, and turbulence
within jet-stream-related frontal zones. The success of this
study has prompted planning for a more comprehensive
experiment to take place in 1971.

In preparation for the larger program, Shapiro
developed a generalized filter routine for separating the
various scales of motion contained within time-series
aircraft data. The filter is particularly useful in removing
the high frequency "noise" characteristic of doppler-
derived wind measurements, and it accepts data from the
Aviation Facility calibrated tapes with minimal program-
ming by the user.
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TURBULENCE AND CONVECTION

AIRBORNE SYSTEM FOR MEASURING
TURBULENCE AND AIR MOTION

The instrumentation system of the NCAR Buffalo
aircraft, developed primarily by Lenschow and James
Telford (Desert Research Institute) (1969 Annual Report)
became operational during 1970 and was used in several
major research programs. In January airborne measure-
ments were taken in atmospheric layers detected by a
radar at Wallops Station, Virginia. These high-altitude
clear-air radar echoes indicate turbulence and wave
structure in the atmosphere. The radar did not receive
many echoes while the Buffalo was flying, but in one case
the Buffalo measured temperature, refractivity, and air
motions within a layer seen by the radar. The Buffalo
measurements showed a 2 - km wave structure and light to
moderate turbulence. On another flight, the Buffalo
penetrated an unusual low-level roll-shaped cloud several
miles offshore and about 70 m above the water; this case
is also being investigated. The temperature inside the
cloud was 12°C colder than that outside the cloud, and
the change in wind speed was about 15 m/sec.

During February and early March the Buffalo
participated in the 1970 Colorado Lee Wave Experiment,
described above. Some of the data from the Buffalo, as
well as some from earlier Queen Air lee wave flights, were
used by Peter F. Lester (Colorado State University) to
show that clear air turbulence is highly intermittent and
that turbulence statistics vary with the sampling method.

In June the Buffalo was used to measure the structure
of the strong temperature inversion off the coast of
southern California. The aircraft also flew through waves
in inversion layers detected by a vertically pointed radar.
James Metcalf (University of Chicago) is using the in situ
measurements obtained on these flights to verify
predictions of dynamical variations of the atmosphere
based on radar echoes.

In September the airplane was again flown in the
vicinity of the Wallops Station radars. This time the radars
were used to locate an individual convective cell in the
boundary layer and to guide the airplane through it. The
inertial system then guided the airplane back through the
cell to observe its evolution.

In November the Buffalo was used in flights across
Lake Michigan and Lake Huron to measure air-mass
modification at several levels during an outbreak of cold
air. Typically, the height of the convective layer increases
from near the surface on the upwind side to more than
1 km on the downwind side. LeMone (visitor from the
University of Washington) plans to use these and other
Buffalo aircraft data in a study of longitudinal rolls in the
boundary layer.

Planetary Boundary Layer

Deardorff extended his three-dimensional numerical
model, previously used to study turbulence in a constant-
density planetary boundary layer, to include density
fluctuations and an upward transport of heat. His results
showed, among other things, that: (1) even with very
slight thermal instability the depth of the boundary layer
is confined not by the influence of the earth's rotation,
but by the presence of an inversion base at some level h;
and (2) with rather strong thermal instability, the wind
shear is nullified over such a large fraction of h that the
flow structures exhibit no tendency toward elongation
either in a downstream direction or in any preferred
direction. This conclusion was obtained with a model
containing 32,000 grid points in a volume with horizontal
area 4h X 4h and depth h. The appropriate measure of
thermal instability was found to be the ratio of h to the
negative Monin-Obukhov length.

While visiting the Department of Meteorology at
UCLA, Deardorff has been developing a parameterization
of the planetary boundary layer for use in a general
circulation model. The main results so far are:

1. The direction of the wind and stress at the surface
can be obtained from a knowledge of the surface pressure
gradient and the vertical gradient of Reynolds stress near
the surface. The latter quantity can be related to h and to
the surface stress itself, and does not depend on geo-
strophic wind speed.

2. The complicated micrometeorological formulations
may be integrated and combined with profiles in the
planetary boundary layer to obtain surface fluxes of
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momentum, heat, and moisture as explicit functions of a
bulk Richardson number. The latter quantity depends on
differences between air properties at the earth's surface
and mean values within the planetary boundary layer.

3. It appears to be essential to use a prognostic
equation for the local height of the planetary boundary
layer.

Rayleigh Convection

Willis made further laboratory explorations of the
dependence of roll diameter (X) upon Rayleigh number
(R) for a few fluids of different Prandtl number (a). The
manner in which X increases with R was found to cause
the heat-flux transition at R = 8,200 in air. Willis found
that fluids with much larger a have roll diameters that are
highly dependent on past history, but that also tend to
increase with R. For such fluids a heat-flux transition
occurs at R = 20,000 when R is slowly increased. This
transition appears to be associated with the development
of bimodal convection, in which new rolls of shorter
wavelength form at right angles to the original rolls.

Three-Dimensional Convection Simulation

Fox continued to develop a numerical model of
three-dimensional convection. Programming by Fox and
Kingry (FAL) improved the model by increasing spatial
resolution, generalizing boundary conditions, and intro-
ducing various parameterizations for subgird-scale turbu-
lent motions. The constant viscosity model produces a
thermal that is stable (i.e., not turbulent) up to the largest
Reynolds number we can compute. Nevertheless, Fox's
results compare well with the mean motions in turbulent
laboratory thermals at much higher Reynolds numbers.
They suggest that turbulence may be suppressed by the
assumed fourfold symmetry of the model as well as by the
low Reynolds number. When the symmetry is removed,
the effective resolution in the thermal must be reduced,
but some large-scale motions develop. A formulation for
subgrid-scale turbulence similar to that developed by Lilly
and Deardorff has made the simulation more realistic. The
parameterized thermal develops greater tangential motion
and hence better represents the mixing environment of a
thermal.

Orszag, Fox, and Fulker (FAL) are developing a new
numerical approach to fluid flow simulation. Orszag has
shown that a Fourier mode discretization of the Navier-
Stokes equations can produce significantly more accurate
solutions than can the finite difference approximations
with only slightly increased computer time. Use of the
fast Fourier transform permits computation of products
in physical space and derivatives in Fourier space. Aliasing
errors can then be removed and the lengthy calculation of
convolution sums avoided. To take advantage of this
improved accuracy with physically realistic boundary
conditions, Fox and Orszag use the transform method
horizontally and a finite difference method vertically.
They then can easily apply diverse boundary conditions
(slip, no-slip, etc.) on the upper and lower boundaries.
The setup of the code allows a buffered calculation so
that memory limitations on mesh size are encountered
only in the Fourier-analyzed horizontal surfaces. These
surfaces, however, require less resolution for more infor-
mation than a finite difference approximation would
require. They therefore can simulate flows of higher
Reynolds numbers than would be possible with finite
differences. Results for the classical Taylor-Green initial
value problem show that simulation with 16 X 16 X 32
modes is equivalent to a 16 X 16 X 16 completely
Fourier calculation or a 32 X 32 X 32 completely finite
difference calculation. Fox and Orszag are currently
performing hydrodynamic stability investigations of a
class of viscous and inviscid parallel flows to determine
the breakdown of the linear stability analysis for these
problems and the effects of three-dimensionality in the
nonlinear regime.

In his formulation of plume theories, Fox is including
some effects of turbulence by integrating turbulent kinetic
energy and turbulent flux equations. The resulting semi-
phenomenological theories are still limited by a severe
lack of data concerning the turbulent structure in plumes.
As data become available these more refined plume
theories should yield more realistic entrainment
relationships.

Studies of the theory of convection and the develop-
ment of numerical models of convective clouds are also
being pursued by Danielsen and Bleck in the Chemistry
Department and by Drake in the Physics Department.
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Atmospheric Chemistry

Atmospheric chemistry is largely the science of
sources, sinks, and chemical reactions of natural and
manmade atmospheric constituents. It has, however,
extremely important interactions with other disciplines
and especially with atmospheric dynamics and other
branches of atmospheric physics. For example, measure-
ments of trace constituents (ozone, sulfate, and radioac-
tive particles) have provided much information concerning
the mechanisms and rates of exchange of air between the
stratosphere and the troposphere.

An especially important effort of the Atmospheric
Chemistry Department this year has been planning for an
intensive field program to determine the extent to which
cities contribute to regional and worldwide air pollution.
The program is designed to provide data on the extent to
which pollutants are removed from the air by chemical
reactions with soil and vegetation close to their origin
before they can contaminate the air regionally or world-
wide. An important aspect of our field work will be
pooling resources with other laboratories that will study
the same city at the same time but with somewhat
different objectives.

Atmospheric trace constituents, natural and manmade,
affect the climate in a number of ways. There are several
possible ways to evaluate the role of man in these effects;
a fairly straightforward way is to monitor the atmosphere
for several years for trace constituents believed to be of
importance. Monitoring is not one of NCAR's usual
activities, but because of our expertise in the development
and application of analytical techniques for measuring
atmospheric trace constituents at concentrations often
less than one part per billion, we are developing a
prototype monitoring and research station. We expect to
place and operate such stations in several remote loca-
tions. We expect that NOAA and the Environmental
Protection Administration will cooperate with us in the
program and that eventually the stations will be incorpo-
rated into an expanded network operated by an interna-
tional organization.

We completed our study of tropical jungles as sources
and sinks of minor atmospheric constituents. The results
recently obtained in Amazonas (Brazil) confirmed those
obtained earlier in Panama. We expect to place one of the
first of the monitoring and research stations in the
Brazilian jungle.

Using airborne filters and impactors, we continued
research on the layer of particles existing over most of the
earth at an altitude of about 18 km. These studies provide
composition and mass concentration data with which to
evaluate the possible contamination effects of the strato-
spheric flights of SST aircraft. Sample collections made on
cellulose fiber filters show concentrations of nitrate as
large as those of sulfate; this may result from the
absorption of nitric acid vapor by the filters. The
collection flights are coordinated with lidar measurements
of the sampled layer.

Previous studies at NCAR to determine relative concen-
trations of minor atmospheric constituents suggested that
gravity waves as well as vertical motion in the frontal zone
play an important role in the mechanisms of the midlati-
tude exchange of air between the stratosphere and
troposphere. This work involved collection of data by a
U.S. Air Force (USAF) RB-57F and an NCAR Queen Air
aircraft; data were obtained during traverses in a vertical
plane. During 1970 we began analysis of data from a series
of flights by four USAF RB-57Fs; these traverses covered
a vertical plane and a set of horizontal planes intersecting
the vertical plane.

During the last decade estimates of the residence times
of tropospheric aerosols have been continually reduced. In
1970 we used long-lived radioactive daughters of Rn
(Pb 2 1 , Bi2 1 0, and Po 2 1 0) to determine that residence
times in the lower atmosphere are very much shorter than
the widely accepted values based on earlier experiments.

Working in the area between atmospheric physics and
chemistry, we found that severe storms contain two main
populations of aerosol particles: normal background
aerosol particles and airborne soil particles raised by the
storm. Condensation nuclei are derived principally from
the first source, whereas newly raised soil particles provide
freezing nuclei.

Our previous laboratory studies of individual chemical
reactions in photochemical smog have been restricted to
systems of free radicals and nitrogen oxides. These earlier
studies are now being used as the basis for studying
three-component systems such as nitrogen dioxide-
oxygen-acetaldehyde and a number of important results
have already been obtained which are described below.
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ATMOSPHERIC CHEMICAL RECONNAISSANCE STATIONS

Our society has become increasingly concerned over
the possibility that worldwide atmospheric contamination
may already be affecting the world's climate. Our experi-
ence in detecting atmospheric trace constituents makes it
appropriate for us to establish a preliminary network of
"Atmospheric Chemical Reconnaissance Stations" to de-
termine the present levels of substances that are not yet
global pollutants and to identify those global pollutants
that are increasing.

Present plans call for a prototype station to be installed
on the roof of the NCAR Mesa Laboratory by early spring
1971. The system is designed to collect an integrated
24 - hr sample (once every one or two weeks) of atmo-
spheric trace gases and particles. After a test period the
prototype will be moved to Niwot Ridge in early summer
1971. Once the system is proven we will construct six
additional units and place them in other relatively
unpolluted areas. This project is being carried out in close

cooperation with NOAA, which is undertaking a comple-
mentary program devoted largely to measurement of
physical parameters of relatively unpolluted air. The Air
Pollution Control Office of the Environmental Protection
Administration may also participate. We anticipate that
eventually this small pioneer network will be operated and
expanded by an international scientific organization.

Axelrod was given responsibility for this program and
for design of the prototype stations; laboratory work in
support of this project has begun. Working with Axelrod,
LaHue developed an accurate and simplified technique for
measuring atmospheric N2 0 . Teck evaluated the effect of
various filter materials on the trace gas content of air.
Most techniques of trace gas analysis require removal of
particles ahead of the gas collector; the necessary prefil-
ters must therefore be carefully selected to remove the
particles without disturbing the trace gases.

TRACE CHEMISTRY OF THE MOIST TROPICS

Our study of the trace chemistry of the moist tropics,
which is now in its fifth year, was essentially completed.
Two successful field operations of three weeks each were
conducted by Pate, Wartburg, and Sheesley in the vicinity
of Manaus, Brazil; the first study was conducted in April
and the second in late September and early October.
Some samples were analyzed in the field, and others were
analyzed in Boulder by LaHue and Frank. The data
collected in Brazil agreed well with those from an earlier
and much more extensive study in Panama. Nearly all of
the Panamanian data have been prepared for the com-
puter, which will produce final summaries.

We have taken steps to continue a collaborative
relationship with the National Institute for Research in

the State of Amazonas in Manaus by placing one of the
first stations of the Atmospheric Chemical Reconnais-
sance Network in Amazonas and by directly involving
Brazilian scientists in the planning of that network.

Frank supported the field studies with electron micro-
scopic analyses of collected particulate matter. She found
that samples collected in Panama contained significant
amounts of mineral matter and sulfuric acid mist, but that
Brazilian samples contained almost no mineral particles
and contained H2 SO4 only during the dry season and
then only in trace amounts. An enormous variety of
biological products makes up the bulk of the Brazilian
samples.
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THE ST. LOUIS STUDY
We began preliminary planning for our participation in

a multi-organization study of the pollution around a large
city. St. Louis, Missouri, was selected for the study
because its pollution is relatively typical of cities of its
size, it is surrounded by comparatively flat terrain, and
previous studies have already produced much information
about the sources of pollution in the city. Our particular
responsibility will be to measure the plume of pollutants

80 -120 km downwind from the city. We hope to
investigate the plume with sufficient precision to deter-
mine the nature of the chemical changes occurring at
these distances and to gain insight into the rate at which
the pollutants merge with the geochemical background.
Pate and Lodge share primary responsibility for planning
the study, which will probably take place during the
summer of 1973 and the winter of 1973 - 74.

STRATOSPHERIC PARTICLES
Our studies of the composition and concentrations of

particles in the stratosphere have had an unexpected
practical application. The data provide a base with which
to evaluate the possible contaminating effect of SST
aircraft on the atmosphere. These studies of the particle
layer at altitudes from 18 to 20 km involve several
programs in the Chemistry Department. Sample collec-
tions are made with filters and impactors flown from
USAF RB-57F aircraft. The layer consists primarily of
sulfuric acid droplets; no cation other than hydrogen has
been found to account for the sulfate. Certain samples
also contained significant amounts of nitrate, again
unbalanced by any metallic cation. Initially we thought
this layer might contain some mixed anhydride of nitric
and sulfuric acids, but subsequent studies showed that the
nitric acid is present in the vapor state. Certain types of
filter materials remove it from the passing air, whereas
other filters pass it through unchanged. We also accumu-
lated samples large enough to permit determination of the
isotopic composition of the sulfate. The 018 content,
measured for us by Irving Friedman (U.S. Geological
Survey), is difficult to interpret because much of the
oxidation probably occurs in the atmosphere. The meas-
urement did, however, rule out the hypothesis that the
sulfate at this level originated in sea salt. The sulfur
isotope ratio, as determined by Bernard Manowitz (Brook-
haven National Laboratory) supports the hypothesis that
most of the sulfate at this altitude is of volcanic origin.
Nitric acid concentrations seem to be comparable in both
hemispheres, strongly suggesting that urban pollution is
not the primary source of the fixed nitrogen.

Lazrus and Gandrud began testing a new atom source
for atomic absorption spectrometry. They use a high
voltage glow discharge to sputter the collected sample into
the atomic state, rather than relying on the much less
efficient gas flame.

Sulfate continues to be the most prevalent chemical
species encountered. Our filter collections indicate that
the sulfate mixing ratio in the stratosphere at middle and
equatorial latitudes is more than an order of magnitude
greater than the impactor values reported by Junge and
his collaborators in the early 1960s. This disparity may be
explained in part by the difference in collecting devices
(impactors collect over a limited range compared to fiber
filters), and in part by the increase since the early 1960s
in volcanic activity which has probably injected debris
directly into the stratosphere.

Shedlovsky and Pollock found the average Cl/Br ratio
to be 20 ± 2 in nine filter samples collected in the
stratosphere from Albuquerque, New Mexico, to the
U.S.- Canadian border. This is significantly lower than
reported values for sea salt or crustal rock but is similar to
values we measured in many tropospheric samples. The
concentrations of these halogens in these stratospheric
samples are about 20% of the tropospheric values. It is not
yet known whether these elements are manmade contami-
nants, reflecting the use of halogenated hydrocarbons in
leaded gasoline, or are natural materials resulting from
volcanic activity.

Frank's electron micrographs of the particles collected
from the stratosphere by impactors showed large numbers
of droplets and occasional hexagonal crystals that may
have been (NH 4 )2 SO4. A few weeks after the widespread
brush and forest fires in southern California, samples were
collected by impaction from the stratosphere. The sam-
ples contained numerous particles consisting of branched
chains of spheres that bore a remarkable resemblance to
particles of soot. Similar particles occasionally collected
from the stratosphere have previously been called "fluffy
meteorites"; it seems likely that the aggregates we
observed, however, were smoke.
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TROPOSPHERIC PARTICLES

Work continued on a worldwide basis on the size
distributions, refractive indices, absorptivities, and chemi-
cal behavior of tropospheric particles. These measure-
ments are needed to predict the effect of tropospheric
particles on the world's climate.

Tropospheric aerosol impactor samples collected by
Blifford at Scottsbluff, Nebraska; Death Valley, Califor-
nia; and a position of 250 km west of Santa Barbara,
California, were examined by Gillette. Blifford had previ-
ously determined by x-ray fluorescence the elemental
concentrations in aerosol samples collected at altitudes up
to and including 9.1 km; Gillette, using other methods,
checked the elemental concentrations in several of these
samples. The data were then processed to yield chemical
concentrations of aerosols, elemental mass ratios, and
correlation coefficients of pairs of elements as a function
of altitude. Individual profiles of chemical concentrations
taken over Death Valley and the Pacific Ocean were
examined along with their associated air-mass trajectories
for maritime-continental influences. Findings are summa-
rized as follows:

1. The elemental concentrations and mass ratios of
aerosols seemed to be distributed according to log-normal
functions.

2. Soil dust was an important component of the total
aerosol at all locations. Evidences of this were the strong
correlations of Ti, Si, Ca, and K. The mass ratios of these
elements were similar to values for the earth's crust.

3. Elemental concentrations decreased rapidly with
height at low altitudes but remained nearly constant with
height at higher altitudes.

4. The mass median diameters of the elemental con-
stituents were less than 1 pm.

5. The chemical concentrations in the lowest kilome-
ter of the troposphere were strongly influenced by
maritime and continental sources. The size-vs-number
distribution for the entire atmospheric aerosol content
and for chemical constituents at altitudes greater than
1 km did not show these strong influences, however.

Simultaneously with Blifford's impactor collections,
Shedlovsky and Pollock collected aerosols at the same

locations with a large air filter system capable of sampling
at about 10 m3 /min. The samples were analyzed by
neutron activation techniques for Na, Si, Cl, K, Mn, and
Br. Their results were similar to some of Blifford's
findings:

1. Average concentrations of elemental masses at all
three locations decrease by about a factor of ten in the
first 2 km over the local surface. Thereafter, the average
concentration values are roughly constant to 9 km.

2. The higher level samples at all three locations were
predominantly silicates, and all the elements measured
were strongly correlated to Si. Evidence is increasing that
the upper tropospheric aerosol is primarily a mineral
aerosol, even over the oceans. Continental sources thus
appear significant in terms of the total atmospheric
aerosols.

Finally, DeLuisi, in collaboration with Blifford, devel-
oped a linear regression method for predicting the
probable size distribution of atmospheric aerosols. Particle
size distribution data obtained by Blifford at the locations
mentioned above were used to develop the method. The
particle number concentration in the measured size
distribution range was treated as an independent variable.
The models indicated some, but not great, variation with
location. They also depicted a variation of size distribu-
tion with altitude on the basis of decreasing particle
concentration with altitude. These models were fitted to
Diran Deirmendjian's (The RAND Corporation) modified
gamma distribution function by least squares. From these
functions large-particle-scattering optical effects were cal-
culated from Mie's solutions. The results indicated that
the scattering and extinction cross sections for these
aerosols were practically wavelength independent and that
they were in agreement with observations made by other
investigators of a fairly clean atmosphere.

Ronald Fegley (NOAA Wave Propagation Laboratory,
Boulder) put into working order the automatic filter
photometer designed and constructed at NCAR by Blif-
ford and Dolan. Testing and calibrating have begun at the
NOAA north Boulder site and the instrument will
eventually be mounted in a trailer with the Royco particle
counter, double-stage impactor, and rotating impactor
furnished by Jaenicke (visitor from the Max Planck
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Institute for Chemistry, Mainz, Germany). This equip-
ment will be in simultaneous operation during the aircraft
flights at the University of Nebraska Scotts Bluff Experi-
ment Station. It is anticipated that this coordinated group
of measurements will be valuable in interpreting the
optical data.

Blifford and Gillette began preliminary planning for a
study of windblown dust, which will also be measured in
conjunction with the Scotts Bluff aircraft sampling
program. The study will include ground level measure-
ments of aerosols and dust, direct comparison of soil
samples, and optical measurements. They plan to incorpo-
rate soil erosion estimates into the coagulation-
sedimentation aerosol model in an effort to determine the
relative importance of the soil component of atmospheric
aerosols.

C. E. Junge (Max Planck Institute for Chemistry,
Mainz, Germany) and J. W. Burgmeier (NCAR consultant
from the University of New Mexico) completed the final
review of the outline of NCAR's theoretical work on the
atmospheric aerosol size distribution. Several of the
programs developed by Burgmeier were modified by
Gillette to permit additional data analysis and to enable
computation of theoretical size distributions. Burgmeier
and Blifford began modifying their coagulation-
sedimentation calculations to include a source term.

Twice in February Blifford obtained aerosol samples
from air entering and leaving a stable mountain wave
cloud. He obtained characteristic size distribution curves
from the upwind and downwind airstreams.

Our ability to determine the elemental composition of
individual aerosol particles was greatly increased by the
acquisition of electron microprobe equipment: a basic
microprobe/scanning microscope made by Materials Anal-
ysis Company, and a custom-designed computerized sys-
tem manufactured by Canberra Industries. Most of the
basic units were delivered early this year, and their
installation is essentially complete. The instrument is one
of the most advanced of its kind and can produce digital
magnetic tape images of small particles for later analysis
using the Control Data 6600 computer. Preliminary
examinations of volcanic fume samples, aircraft (RB-57F)
impactor collections, and silver iodide crystals have
already demonstrated the usefulness of the instrument.

Gillette developed a program to compute a size

distribution of aerosol particles from a magnetic tape
recording of the output of the electron microprobe. The
output (signal values from a rectangular grid of points of
the electron beam trained on the sample) is proportional
to a chosen elemental concentration in aerosol particles or
intensity of backscattered or secondary electrons. Shape
factors are measured as well as size and number. From the
measured parameters a Baysian statistical method is used
to classify the particles as either crystalline or noncrystal-
line. The program was tested and operated satisfactorily
for the copper image of copper particles and for other test
particles.

Sturdy, before her transfer to the Photochemistry
Program, completed a detailed study of the factors
affecting the growth of photochemically produced parti-
cles in air. The work proved that the order of mixing of
the ingredients is as important as the chemistry of the
nuclei on which the particles form. Particle growth is also
more strongly affected by hydrocarbon concentration
than by nitrogen dioxide concentration.

Studies by Kvetoslav Spurny, a previous visitor from
the Czechoslovakian Academy of Sciences, had suggested
that Nuclepore filters of large pore size should possess
very pronounced penetration maxima. If this is true it
should be possible to use the filters to separate very
narrow size fractions from initially polydispersed aerosols.
McGreevy (visitor from St. Patrick's College, Maynooth,
Ireland) began investigating this phenomenon experimen-
tally; he was supported in this work by the electron
microscopy of Frank.

Volcanoes occasionally emit tremendous quantities of
particles into the troposphere and stratosphere. We have
been determining the nature and quantities of such
emissions for several years and have shown that sulfuric
acid droplets and sulfates are important components of
volcanic particles, especially those from oceanic volca-
noes. For example, we analyzed the composition of the
particles emitted during the early, very explosive phases of
the eruption of the Hekla volcano in Iceland in the spring
of 1970 and found that the ratio of sulfate to Si (a major
constituent of the ash) was about 0.6. Thermodynamic
considerations suggest that most of the sulfur in the
magma beneath a volcano exists in compounds other than
sulfates (S, H2 S, SO2 ). However, studies we made at
Kilauea volcano in Hawaii during an eruption last year
indicate that such sulfur compounds appear to be largely
oxidized to H2 SO4 and sulfates by atmospheric oxygen.
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CONDENSATION AND FREEZING NUCLEI

An important aspect of our atmospheric aerosol
research is determining the behavior of airborne particles
that act as condensation and freezing nuclei.

Rosinski found two populations of aerosol particles in
severe storms: normal background aerosols and local soil
particles. Soil-particle concentrations, which depend on
the wind (gust) velocity and soil conditions, may be
orders of magnitude (e.g., 1,000 times or more) higher
than those of normal background aerosols. Condensation
nuclei are derived principally from background aerosols.
Concentrations of ice-forming nuclei, which derive from
the local soil particles, increase during storms to values up
to 100 times the prestorm value. This increased concentra-
tion is less than that of the total aerosol population,
indicating that only a fraction of soil particles exhibits
ice-nucleating properties. The fraction of soil particles
active as ice-forming nuclei in a given particle size range
increases with particle size; however, the concentration of
ice-forming nuclei in air is counteracted by a decrease in
the concentration of aerosol particles with increasing size.

Supercooled water drops are nucleated by insoluble
particles (hydrosols) inside them; it seems that the water
soluble soil compounds also nucleate ice at temperatures
as high as -5.3"C. This possibility is being studied to gain
a basic understanding of ice nucleation in warm clouds.

The complex roles that condensation and freezing
nuclei play in the formation of hailstones have been
defined in new ways by Rosinski and his colleagues, based
on a combination of field observations, laboratory experi-
ments, and theory. One finding, for example, was that
each raindrop in the front of an approaching storm
contained one giant hydrosol particle, suggesting that
raindrops were formed through coagulation of cloud
droplets on giant aerosol particles. Raindrops up to
6.4 mm in diameter were collected; these must have fallen
in a frozen state to preserve this size. A frozen drop falling
through a supercooled cloud releases water vapor into that
cloud. Nagamoto and Kerrigan conducted theoretical and
experimental studies of the quantity of water vapor
released during the freezing of supercooled water drops.
This quantity depends primarily on the size of the water
drops and, to a much lesser degree, on the temperature at
which the freezing takes place. Another outcome of these
considerations is the effect of the water vapor released

during freezing on other particles and smaller droplets.
The released water vapor from a freezing drop 5 mm in
diameter, for example, will produce a 2% supersaturation
with respect to the water drop in a volume of air of
10s cm3 that passes the drop as it falls. This excess water
vapor released by the freezing drop recondenses on cloud
droplets and particles that can act as condensation nuclei
at the higher supersaturation in the drop's wake. Some of
the freezing nuclei present will form ice particles in this
supersaturated wake, and will propagate the ice phase in
the updraft. This mechanism of ice phase propagation is
especially important in severe storms where large water
drops are formed around giant aerosol particles; large soil
particles raised from the ground by the storm itself may
thus be responsible for the formation of ice at the lowest
altitude (or warmest temperature).

Rosinski experimented with hailstones collected at
various places (mostly in the New Raymer, Colorado,
area), to determine the efficiency of soil particles acting as
freezing nuclei in the central core (embryo) compared to
the efficiency of the nuclei in the various outer shells of
the hailstones. The technique was to melt the ice from
various parts of a stone and then to determine the
temperature at which the water refroze. Most of the
hailstones (especially those from New Raymer) had
formed initially around freezing nuclei that required
relatively low temperatures for freezing. This indicates
that the majority, but not all, of the hailstone embryos
form at higher altitudes in the updraft (lower temperature
zones), rather than at the freezing level corresponding to
the location of most active freezing nuclei. This finding,
combined with that described in the previous paragraph,
emphasizes the important role played by giant aerosol
particles in production and freezing of larger water drops
and propagation of the ice phase with updraft.

Ice nuclei in the residues from hailstones, rain, and
snow were the subject of further study with the NCAR ice
nucleus analyzer developed by Langer. These residues
occasionally consist of large amounts of hygroscopic
material. Nagamoto used an optical counter to measure
the particulate matter in some 200 sections of hailstones
and Langer handled the computer analysis of the data.
From these studies we expect to obtain a better statistical
count of the large particles and a better estimate of their
positions in the stones.
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Another technique for studying the structure and
particle content of hailstones was brought to NCAR
by Prodi (visitor from the Monte Cimone Laboratory,
Bologna, Italy). He developed an x-ray technique for non-
destructive determination of the density of the different
types of ice in a hailstone and of the insoluble particle
content in a hailstone.

Langer investigated the response of the NCAR ice
nucleus counter to various types of ice nuclei and its
operation at temperatures above about -15°C. Operation
of the counter with artificial nuclei at temperatures as
high as -8°C has required only minor changes. Silver
iodide was found to act as an ice nucleator principally by
contact with supercooled water drops. This finding was
verified by experiments with membrane filters; much
higher counts were obtained when the droplets were
allowed to settle directly on the nuclei.

Langer, in conjunction with the Ft. Collins Ice and
Condensation Nuclei Workshop, participated in a prelimi-
nary cooperative effort with the University of Minnesota's
Particle Laboratory to develop more quantitative proce-
dures for evaluating ice and condensation nuclei. At the
workshop he operated a modified Bigg-Warner expansion
chamber, an NCAR ice nucleus counter, the NCAR cloud
condensation nucleus counter, and a membrane devel-
oping system for ice nuclei. His modified expansion
chamber proved to be much more reliable than the
unmodified version.

We continued our efforts to gather worldwide data on
natural ice-forming nuclei on a continuous basis, In
cooperation with the Atomic Energy Commission, an
NCAR counter was set up for use at the Zugspitze
Observatory in Germany. In response to a request by the
University of Hawaii, two other units were put into
operation on the island of Hawaii with support from the
HAO observatory at Mauna Loa.

Data from the counter that has been operated by the
East African Meteorological Department for over a year
were analyzed. Consultation continued with Utah State
University on counting ice nuclei for the Wasatch Range

Seeding Project. Similar assistance was extended to the
University of Montana on the Bridger Range Seeding
Project. An NCAR aircraft and counter were used to
sample ice nuclei for Colorado State University's Climax
Seeding Study directed by Lewis Grant.

Langer continued the study of Denver smog as a source
of local ice nuclei. The lead particles from leaded gasoline
can become ice-forming nuclei when they are exposed to
short wavelength radiation (UV light).

To learn more about the ice crystals and snowflakes in
snowfall, Langer tested a device, based on an acoustic
sensor, that continuously counts snowflakes settling on a
unit area. The instrument operated constantly during two
weeks of heavy snowfall. With concurrent counts of ice
nuclei in an air mass and analysis of the particle residue of
the flakes from the same air mass, we hope to generate a
theoretical snow model that delineates the influence of
airborne dust on snowfall.

Aerosol particles were sampled by Rosinski and col-
leagues at ground level during 1969 for about 100 days at
north latitudes of 65, 48, 40, and 19.5°, and at south
latitudes of 0.5, 25.5, and 43.5°. Determinations of the
concentrations and size distributions of magnetic
spherules in these samples continued (1969 Annual
Report) and will be followed by chemical analysis. It will
require several years to provide substantial results. How-
ever, preliminary estimates of the concentrations of
magnetic spherules collected during October 1969 re-
vealed that a strong simultaneous concentration peak
existed at all latitudes; this peak can be explained only by
the arrival of particles of extraterrestrial origin into the
earth's atmosphere during that time. The meteorological
implications of this, however, are not at all clear, nor is
the mechanism for downward transport of these particles.

Nagamoto developed and operated a sampler for the
magnetic fraction of aerosol particles in the submicron
range. Magnetic spherules below 0.1 pm in diameter were
not collected during several sampling periods in 1969,
suggesting the existence of a lower size limit for magnetic
spherules in the earth's atmosphere.
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PHOTOCHEMISTRY

We continued our laboratory studies of elementary
chemical processes by photochemical and kinetic tech-
niques. The majority of the reactions studied were chosen
initially because of their possible role in the development
of polluted environments. As our experience broadened,
however, we found that an increasing number of these
reactions are also intimately related to the dynamic
equilibrium existing between atoms, radicals, and elec-
tronically excited molecules and their environments in the
stratosphere and mesosphere. Thus, there is clearly dual
justification for studying these elementary processes--
they lead to a better understanding of how our atmo-
sphere has evolved to its present state and of how we are
polluting our natural habitat.

Allen and Englert extended their studies of the
reactions of organic free radicals to systems containing
mixtures of oxygen and nitrogen oxides. The static
photolysis procedure described in the 1967 Annual
Report was vastly improved by the incorporation of a new
type of sampling valve designed and constructed by
Englert, Allen, and Grahek. Analyses of the reactor
contents are now reliable and reproducible. Material
balances relating the quantity of input reactant material
used up to the quantity of the product formed indicate
that a complete and quantitative analysis has been
performed.

Allen and Englert's previous studies of reactions of free
radicals with nitrogen oxides provided the basis for
studying photolysis of the three-component system nitro-
gen dioxide-oxygen-acetaldehyde. The resulting reactions
are of critical importance to an understanding of the
development of photochemical smog. These studies
yielded information on: (1)the reactions of the alkyl-
peroxy radicals produced by the combination of alkyl
radicals with oxygen; (2) the reactivity of the alkylperoxy
radicals relative to that of the corresponding alkyl radicals
with other species; (3) the changes in mechanism and
ultimate products resulting from the formation of alkyl-
peroxy radicals rather than alkyl radicals; (4) the fates of
the alkylperoxy radicals which are undoubtedly produced
by photochemical reactions in the ambient polluted
atmosphere; and (5) the formation of peroxyacetyl ni-
trate, a reactive component of smog, and its dependence
on system parameters such as light intensity and reactant
concentrations. All of these reactions occur in the

ambient polluted atmosphere, but little is known concern-
ing their efficiency.

Carbon monoxide has long been considered to be a
chemically inert pollutant. Its production by combustion
processes is exceeded only by that of C0 2 , and conse-
quently it may achieve a high concentration during
periods of heavy pollution. Recently it has been suggested
that the presence of CO in smog can accelerate the
production of photochemical pollutants by its reaction
with hydroxyl radicals to initiate a series of reactions. In
some of their studies Allen and Englert observed that CO
was produced in the early stages of the reaction and was
used up by the reaction in the later stages. This
observation supports the conclusion that CO is a reactive
constituent of photochemical smog. Suppression of the
formation of CO in the presence of 02 provides evidence
that CO results solely from thermal decomposition of acyl
radicals. In the presence of 02, the acyl radicals are
rapidly converted to acylperoxy radicals which may
thermally decompose to alkoxy radicals and C0 2, or they
may react with NO 2 to form peroxyacyl nitrates.

The photooxidation of SO2 was studied further by
McQuigg (visitor from Ohio Wesleyan University) and
Allen, and later by Bonelli. This continued effort was
prompted by apparent inconsistencies in the previously
obtained data and a need for analytical techniques
complementary to the photometric monitoring system
currently used. The variable results obtained in these
studies have now been attributed to the highly corrosive
nature of the photooxidation product, SO3 . The use of
silicone high-vacuum grease, teflon, and stainless steel in
the reaction chamber brought little improvement to the
results. We have, therefore, begun work on the design of
an inert system capable of handling SO.3 We improved the
photometric measurements by incorporating a facility to
monitor incident and transmitted light intensities simulta-
neously. The effect of additives on the photooxidation of
SO 2 is now considered to be of prime importance, since
the uncatalyzed process has a low conversion efficiency
(on the order of 5 X 10 -3). Uncatalyzed gaseous photo-
oxidation is, therefore, negligible in the conversion of SO 2
to sulfate aerosol, a chemical transformation observed in
the atmospheric sulfur cycle.

We continued to study the three-body atom-molecule
reactions using the gas-phase discharge flow system
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incorporating electron spin resonance (esr) detection of
paramagnetic species. Moortgat (visitor from the Univer-
sity of Detroit) replaced McKenzie (1969 visitor from the
University of Cambridge, England) on this study. Moort-
gat and Allen extended the capabilities of this apparatus
by incorporating a moveable reactant-inlet probe and
providing facilities for studying these reactions over a
wide range of temperatures. Previous kinetic studies made
by McKenzie and Allen were carried out by varying the
flow of reactants at room temperature. Study has now
begun of the reactions of hydrogen atoms with NO, CO,
and 02. A third body is necessary to conserve energy and
momentum in these reactions. Some of these reactions
have been studied elsewhere, but the techniques used have
been criticized. Indirect methods, such as those using
chemiluminescent emission, involve assumptions concern-
ing the chemiluminescent and competing processes,
whereas direct methods, such as mass spectrometric
sampling, invariably perturb the system being analyzed.
The esr method suffers from neither of these disadvan-
tages and is capable of identifying and measuring any
paramagnetic species unequivocally and absolutely. Using
this technique McKenzie and Allen concluded that the
surface reaction of hydrogen atoms with NO was signifi-
cant and determined that appropriate corrections should
be applied to published data. Qualitatively it appears that
similar corrections should be applied to data from studies
of the reactions of hydrogen atoms with CO2 and 02. The
reaction of hydrogen atoms with molecular oxygen is
receiving the most attention because it is the main process
for removing hydrogen atoms in photochemical smog and
in the upper atmosphere. The product, a hydroperoxy
radical, is a reactive species leading to several other
products, and the complexity of the competition of the
various reactions for hydrogen atoms in this system will
ultimately require computer analysis.

Singleton (visitor from Northwestern University) and
Allen began designing and building a fast-flow system for
the study of oxygen atom-molecule reactions using a
molecular beam inlet system to a quadrupole mass
spectrometer. This system is expected to be capable of
providing a detailed quantitative analysis of reaction
ingredients. In addition, rate coefficients will be deter-
mined with greater accuracy than has been possible with
the reliable but less sophisticated flowing afterglow
system that we have used for several years in this
laboratory.

Allen and Thomas Beasley (UCAR Fellow and NCAR
casual) investigated the possibility of using a commercial
microbalance to study the photolysis of lead halides by
weight change. They found that the sensitivity of such a
system was inadequate for measuring the low conversions
expected. Subsequently with the assistance of Grahek,
they designed and constructed a vacuum-tight cross-cell
which is used primarily for studying photolyses in the
sampling beam of the IR spectrophotometer. Ultraviolet
radiation is made perpendicular to the infrared analyzer
beam. Preliminary experiments suggested that this tool
will be valuable in determining the presence of reactive
intermediates in photooxidation processes involving oxi-
dants such as 03, H2 02 , etc.

Sturdy and Allen began investigating the feasibility of
using the aerosol channel-analyzer flow system, developed
by Lodge and the late Alexander Goetz, for studying the
gas-gas reactions that produce aerosols, a subject seriously
neglected in the past. They will determine the dependence
of aerosol formation on the reaction parameters of time
and reactant concentration.
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ATMOSPHERIC RADIATION

The transmission, absorption, and scattering of solar
radiation by the trace gases and aerosols in the atmo-
sphere play an important role in determining the heat
balance of the atmosphere. We now know that mankind as
well as nature can alter the optical characteristics of the
atmosphere and consequently its heat balance, and there
is growing concern that such alterations may cause
climatic change. The role of aerosols is especially critical,
since their concentrations may fluctuate considerably (see
below) and their scattering and absorption effects are
poorly understood. In this respect, atmospheric radiation
studies are closely related to the aerosol research de-
scribed above.

Another motive for our research on atmospheric
radiation is the development of indirect optical techniques
for probing the atmosphere. Observing ozone distribution
in the stratosphere from the ground and from satellites is
now feasible by measuring scattered solar UV radiation;
similar techniques can probably be used to study aerosol
distribution from the ground, although these are not as
well developed.

The NCAR ultraviolet double monochromator
(UVDM) was proven capable of measuring the intensity of
direct and scattered solar radiation. Shelden and Crooi-
mans thus completed their arduous assignment to make
the instrument operational by the end of the year. Some
design revisions were necessary to achieve this deadline;
for example, they made spectral calibration with a stan-
dard spectral radiance lamp rather than by the multi-
stepped integrating sphere method, and they used digital
voltmeter readout to measure photomultiplier response
instead of the pulse-counting method. Data are being
obtained, but it is too early to report results.

SDeLuisi and Carl Mateer (Canadian Meteorological
Office) applied the optimum statistical inversion tech-
nique (16 levels) to twilight Umkehr observations made
concurrently with balloon-borne ozonesonde observations
of vertical ozone distribution. They evaluated 111 obser-
vations from Aspendale, Australia; Tallahassee, Florida;
and Arosa, Switzerland, and concluded that (1) the
results, as compared to those from the World Ozone Data
Center's (WODC) nine-level system, were improved be-
cause of a more knowledgeable approximation of the
standard ozone distribution; (2) because direct sounding

results become progressively less reliable above the ozone
maximum, Umkehr results should provide a more accurate
estimate of ozone concentration near 30 km where
ozonesondes generally report too little 03; and (3) in the
absence of direct balloon soundings, efforts should be
directed toward the development and improvement of
regression techniques employing total 03 as the indepen-
dent variable.

DeLuisi investigated the errors inherent in the nine-
level inversion system used by the WODC; this system
does not take into account the results of an earlier study
of the effect of the temperature dependence of ozone
absorption on the transmitted solar radiation. He found
that the deduced ozone distributions were in greatest
error at the highest and lowest levels. Because of the
seasonal variation of the mean vertical temperature
profile, an erroneous seasonal variation exists in the
deduced ozone distribution. In the highest layer, the
temperature-effect error contributed to the apparent
worldwide anomalous variation of 03 in that layer. The
contribution was, however, less than that resulting from
the optical effects of atmospheric particles reported
below.

DeLuisi and Furukawa examined the effects of sea-
sonal variation of atmospheric turbidity on the apparent
ozone concentration above 40 km, as deduced from
Umkehr measurements. This investigation was made in
response to the report by Rangarajan of a worldwide
seasonal anomaly of ozone concentration at these levels.
They compared ozone distributions deduced from
Umkehr curves, corrected and uncorrected for haze, and
found that increased turbidity reduced the apparent
ozone concentration at 45 km. They also found that the
maximum seasonal change in turbidity can nearly account
for the apparent maximum seasonal change in ozone
concentration.

Furukawa made UV reflectivity measurements of the
surface from an airborne platform, since a better under-
standing of surface reflectivity is needed for the analysis
of the Nimbus 4 backscattered ultraviolet (BUV) experi-
ment, for which Mateer is the co-investigator. Furukawa
planned and specified flight requirements including selec-
tion of target areas and flight profiles on the basis of solar
elevation, probable weather, aircraft capabilities, and
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Nimbus BUV experimental requirements. Use of the
NASA CV - 990 solely for the reflectivity measurements
was approved and funded by the Goddard Space Flight
Center, and successful flights were made on 3, 7, 9, and
12 November 1970. During each of these flights three
vertical profiles were obtained concurrent with a
Nimbus 4 satellite overpass, and a total of eight vertical
profiles of the upward and downward UV fluxes were
made. Preliminary analyses indicated approximate UV
albedos of 0.06 over dry grassland, 0.045 over the ocean
surface, and 0.28 - 0.37 over altostratus clouds. These
values are comparable to those reported by Drummond
from BOMEX measurements and to those presented in the
Smithsonian Meteorological Tables (6th rev. ed., 1966).

Furukawa and DeLuisi examined longer term trends in
atmospheric turbidity. Records of pyroheliometric meas-
urements taken in Uccle, Belgium (1951-1965), Taipei,
Taiwan (1948-1965), and at several stations in eastern
Asia (1935-1967) were used to derive turbidity factors. At
each of the locations, they noted a general increase in
turbidity which was inverse to the cooling trend indicated
by the mean global temperature over the last three
decades. Although the data showed an increase in turbid-
ity in several widely separated regions of the earth, they
concluded that the global coverage was insufficient to
warrant any firm conclusion as to whether the increase
was worldwide.
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ATMOSPHERIC COMPOSITION AT ROCKET ALTITUDES

Denton and Lueb are continuing the development of
an improved rocket-borne cryogenic air sampler and
Martell, Ehhalt, and Heidt are investigating the application
of it to studies of the composition of the upper
stratosphere and mesosphere. Main activities during 1970
included the development of improved air-sample transfer
and analysis techniques, and the development, testing, and
flight of an improved rocket sampler.

The new cryogenic air sampler was designed to use
liquid neon rather than liquid hydrogen and to withstand
a sample chamber preflight bakeout at 450°C. These
features make. it possible to obtain much better data on
the concentration, isotopic composition, and tritium
content of water vapor and molecular hydrogen in high
altitude air samples.

Ehhalt and Heidt developed techniques and equipment

for the fractional distillation of large air samples at
liquid-nitrogen temperature for the separation of H2 , Kr,
and Ar for isotopic composition and radioactivity meas-
urements and for the quantitative enrichment of CH 4 and
other trace gases to increase the sensitivity of their
measurements.

Following engineering tests, sampling simulation tests,
and experimental preparations, the liquid-neon sampler
was flown at White Sands Missile Range on 28 October
1970. Because of a power failure, the sampler did not
function. The added weight of the unused neon gas that
was retained in the sampler because of the malfunction
overtaxed the recovery parachute and the sampler was
severely damaged upon impact. Reusable components are
being incorporated into another liquid-neon sampler
which is expected to be ready for flight by September
1971.

AEROSOL AGES AND REENTRAINMENT STUDIES

Long-lived radioactive daughters of Rn (Pb 2 1 0 Bi 2 
1 ,

and Po 2 10) serve as tracers for determining the atmo-
spheric residence times of natural and manmade aerosols
in experimental studies being carried out by Martell, Poet,
and Moore. They extended their work to include evalua-
tion of the extent of reentrainment into the air of natural
fallout from vegetation and soil surfaces.

Poet and Martell made preliminary determinations of
tropospheric aerosol residence times from measurements
of Pb 2 1 0 /Bi2 

1 O/Po2 
1 /SrO ratios. They found a large

excess of atmospheric Po 2 10 from natural and manmade
terrestrial sources. These findings indicate that published
aerosol residence times based on Po 2 10• /Pb 2 

10 ratios are

much too high. Even the short apparent aerosol ages based
on the Bi 2 1 /Pb 2 10 ratio must be revised downward by
an amount depending on the extent to which Pb 2 

10 and
Bi2 1 0 accompany the excess Po 2 1 component from its

various sources.

Important manmade sources of excess atmospheric
Po 2

10 include (1) release of volatile compounds of Po
from the combustion of fuels and industrial processing of
materials containing Ra; (2) release of an equilibrium
mixture of Pb 2

10, Bi2 1 , and Po 2 1
0 in fly ash from fuel

combustion, trash incineration, forest fires, etc.; and
(3) production of Pb 2 10 in nuclear tests. In remote areas
of Colorado and other clean environments, the reentrain-
ment in air of Pb2

1 0, Bi2 1 0, and Po 2 1 0 from vegetation
and soil surfaces may account for most of the observed
excess Po 2 1 0. The role of these processes is being assessed
by measurement of the steady-state activity ratio of
Pb2 

10, Bi 2 1 
0, and Po 2 

10 on the surface of growing and
dormant trees and plants, by measurements of Ra 2 2 6 and
its long-lived daughters in tropospheric aerosol samples,
by determining the radon daughter activity ratios for the
soluble and insoluble fractions of aerosols in rains and
air-filter samples, and by related experiments.

Studies of aerosol ages were extended to the upper
troposphere and lower stratosphere using air-filter collec-
tors on the NCAR Sabreliner and USAF RB-57F aircraft.
These studies demonstrated that residence times for
natural and manmade aerosols in the lower atmosphere
are very much shorter than widely accepted values based
on earlier experiments. Further studies of reentrainment
processes and similar measurements in other environments
are expected to yield additional insights into the genera-
tion, modification, and redistribution of natural and
manmade aerosols in the atmosphere.



104

ISOTOPIC TRACERS AND TRACE GAS STUDIES

The NCAR Isotope Geochemistry Group began con-
ducting a wide range of atmospheric trace gas studies on
samples collected by instruments on the ground and on
aircraft, balloons, and rockets. Analytical techniques
include mass spectrometry and isotopic analysis by
Ehhalt and Leiker, gas chromatography of H2 , CH4, N2 O,
and other gases by Heidt, and radioactive trace gas
measurements by Ehhalt and Moore.

We made considerable progress on the development of
improved air-sampling devices for use on aircraft and
balloons. Assisted by Munnich (visitor from the University
of Heidelberg, Germany), Ehhalt developed and tested on
the NCAR Sabreliner a liquid N2 cold-trap technique for
quantitative recovery of H2 O and CO 2 in the upper
troposphere and lower stratosphere. Moore determined
that this liquid N2 collector with auxiliary equipment can

also be used for the quantitative collection of Rn in the
upper troposphere and lower stratosphere. A balloon-
borne air-sampling system, designed to collect eight 4 - £
air samples in evacuated stainless vessels at selected levels
during descent from an altitude of 30 km, was augmented
to collect one 60 - £ sample for isotopic measurements.
We successfully employed this new sampler in a balloon
flight from Palestine, Texas, on 18 June 1970.

Measurements of the concentration and isotopic com-
position of the trace gases incorporating hydrogen and
carbon are carried out to evaluate the main features of the
atmospheric hydrogen and carbon cycles. Ehhalt meas-
ured the T/H and D/H ratios of water vapor and
precipitation samples to investigate their usefulness as
tracers in the study of hurricanes, other precipitation
systems, and the general atmospheric water balance.



105

METEOROLOGY AND CHEMISTRY

For several years a small group of meteorologists
headed by Danielsen has been an important part of the
Chemistry Department, providing meteorological support
for the chemists and other LAS scientists.

In 1970 the group worked intensively on cumulo-
nimbus and hailstorm modeling including hail growth by
stochastic coalescence in 40 size categories; organized
simultaneous flights of four RB-57F aircraft to measure
radioactivity, ozone, and water vapor in the lower
stratosphere; and began developing a vertical-meridional
diffusion model to study water vapor and ozone in the
stratosphere.

Danielsen and Haagenson modified their one-
dimensional steady-state cumulus model to simulate bet-
ter the vertical velocities associated with cumulonimbus
clouds in eastern Colorado. The model was used opera-
tionally from June to August as an aid in predicting
thunderstorms and hail for the Northeastern Colorado
Hail Experiment. Although the model is clearly an
oversimplification of a cumulonimbus, it serves as a very
useful prediction aid.

Danielsen and Morris (NHRE) modified Bleck's one-
dimensional time-dependent cumulus model to study the
dependence of hail growth on maximum vertical velocity,
initial cloud-droplet distribution, drop-freezing tempera-
tures, and the rate of drop coalescence. They prepared a
movie to illustrate the most important results. The
computer program is now being modified to include the

heat balance for growing, melting, and evaporating hail-
stones. These modifications, which will greatly increase
computation time, were considered necessary to simulate
the life cycle of hail including the formation of "spongy"
ice layers.

Bleck programmed in cylindrical coordinates a two-
dimensional (r,z) time-dependent model. Tests were begun
to determine what portion of the complicated cloud
physics can be included without exceeding the NCAR
computer's capacity. He also generalized the coalescence
program to include the collection efficiencies currently
recognized as best estimates by specialists in the field. The
effects of electric fields can now also be included.

The first of a new series of USAF RB-57F flights was
made on 24 November 1970, to study further the
behavior of gravity waves in the region of the tropopause
and into the stratosphere. Flying a cross pattern at two
altitudes, the RB-57Fs provided synoptic information on
ozone variations produced by gravity waves. Serial ozone-
sondes provided the corresponding vertical variations.
With these data it may be possible to measure the three
wave numbers kx, ky, and kz and thereby to identify the
waves. The first flights established that the flight pattern
was feasible, but the aircraft encountered moderate to
severe turbulence over Colorado, and the pilots were
reluctant to repeat flights in similar conditions of turbu-
lence. A flight on 16 December 1970 followed a similar
pattern to that of the 24 November flight and only slight
turbulence was encountered.
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Atmospheric Physics

The research program of the Atmospheric Physics
Department was formed from existing programs in Cloud
Physics, Lidar and Nucleation, Thunderstorm Measure-
ments, and Ice Physics. Our work interacts strongly with
the aerosol studies of the Atmospheric Chemistry Depart-
ment and with the convective modeling and scale interac-
tion work of the Atmospheric Dynamics Department.

Much of our research effort, including theoretical,
laboratory, and field studies, is devoted to the microphys-
ics of clouds and the effects of particle interactions on
precipitation growth and cloud electrification develop-
ment. Whenever possible our laboratory and field studies
are designed to offer direct input into numerical models
of cloud growth. We attempt to include in this input the
interaction of microphysical cloud processes with convec-
tive air motion.

Jointly with the Atmospheric Chemistry Department
we began studying radiative absorption and aerosol-layer
scattering by simultaneous lidar probing and aerosol
sampling from aircraft. Included were lidar studies of

several atmospheric aerosol layers and of the vertical
profile of water vapor.

Through our Thunderstorm Measurement Program we
supported the National Hail Research Experiment with
dropsonde operations, analysis of dropsonde data, and the
installation and operation of radar reflectivity equipment.
Studies of hail growth and structure contribute informa-
tion on the microphysics of hail formation and provide
inferences about air motion in thunderstorms. These
studies are concerned with the action of hygroscopic
nuclei, the formation of new ice crystals at the surface
between ice and supercooled water (which occurs tran-
siently in hailstone growth), and the heterogeneous
nucleation that accompanies contact freezing of super-
cooled water drops.

In 1970 we pursued several major instrument projects.
These include development of dropsondes, installation
and modification of the lidar instrument, instrumentation
of a Schweizer 2-32 sailplane for cloud and air motion
studies, and modification of our particle control chamber.
Each of these projects is described in the following
sections.
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PRECIPITATION FROM CONVECTIVE CLOUDS

Many of the theoretical models of convective cumulus
cloud motion and the associated numerical models of the
growth of cloud drops and ice crystals by water vapor
diffusion and accretion have become quite rigorous and
sophisticated. In most of these models it is tacitly
assumed that throughout a sizeable volume the cloud
particles are randomly distributed but that particle size
spectra are uniform; that the collision efficiencies, aerosol
distributions, and humidity of the air entering the base of
a cloud are uniform in time and space; and that many
other parameters, including the mesoscale and synoptic
state of the atmosphere, are negligible or are constant
during the life of a cloud or cloud system.

Our theoretical studies and laboratory and field experi-
ments are designed to provide information regarding these
assumptions, improved input data for selected models,
and a better understanding of cumulus convection and.
precipitation growth.

MICROPHYSICS

Nucleation and Ice Crystal Growth

Plooster and Gitlin carried out studies of heterogene-
ous nucleation directed toward achieving a better under-
standing of the mechanisms at the molecular level by
which a solid surface influences phase transitions in the
surrounding medium. This work included investigations of
phase equilibria in water adsorbed on solids and of the
effects on adsorption and nucleation of the interactions of
adsorbed molecules with each other and with a surface.

Plooster and Gitlin confirmed their preliminary results
concerning phase transitions in water adsorbed on silica
surfaces (1969 Annual Report). They found that the
structure of water layers adsorbed on silicas is modified
from that of the bulk phases and that the phase-transition
temperature is depressed below 0°C. Both the heat and
the entropy of this transition are lower than for the
water-ice transition. The effect of the surface extends
through adsorbed layers many molecules thick and in-
creases with an increase in the hydrophylic character of
the surface. Their work implies that many hydrophilic
substances found as atmospheric particles are poor freez-

ing nuclei, not only because they do not promote ice
crystal formation, but also because they actually inhibit
freezing by lowering the melting temperature of films
adsorbed on their surfaces. Unfortunately, the calorimet-
ric method for studying these phenomena cannot be used
with substances like AgI because of their much smaller
surface areas.

Plooster developed a computer model of the deposition
of water vapor molecules at a solid surface to study the
effects of molecular interaction energies on the formation
of coherent layers of adsorbed molecules. The model uses
Monte Carlo techniques to determine the probabilities of
condensation or evaporation of individual molecules at a
lattice point on a surface. These probabilities are deter-
mined by the interaction energies of the molecule in
question with the surface and with neighboring adsorbed
molecules. Comparison of calculated adsorption isotherms
with observed isotherms allows an estimate of the surface
interaction energy. For AgI, the model shows that water
molecules interact less strongly with the surface than they
do with each other. Consequently, ice embryos at a silver
iodide surface form at water vapor pressures near ice
saturation only if some sites interact much more strongly
with water molecules than with the remainder of the
surface. Studies were begun of how such active surface
sites may be formed without destroying the crystallo-
graphic fit between the silver iodide and ice structures.
This work on phase transitions indicates that if the silver
iodide lattice parameters are substantially changed in the
process of creating an active adsorption site, the phase-
transition temperature may be depressed and nucleating
ability lost.

As an extension of this work, Plooster and Gitlin
searched for a system, other than the H2 0 - AgI system,
in which a good lattice fit was present and in which the
molecule-surface interaction was stronger than the interac-
tion between two adsorbed molecules. The Ar - CaF 2
system appears to meet these requirements; preliminary
experiments on the nucleation of solid argon were
done, but served only to delineate some experimental
problems.

They also used single silver iodide crystals to study the
relative activity of a silver iodide surface nucleating ice
from the vapor phase (deposition), contacting a super-
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cooled droplet (contact), and contacting a droplet placed
on the crystal at high temperatures and then cooled
(freezing nucleation). They examined several of these
crystals with Blifford's scanning electron microscope in an
attempt to identify sites which might be favorable for
nucleation. However, inadequate control of temperature
and humidity precluded meaningful conclusions, and they
began designing experiments with better control of these
parameters.

Stein (visitor from Northwestern University) was pri-
marily concerned with the computation of electron
diffraction patterns from various water dimer configura-
tions. These diffraction patterns will be compared to
experimental patterns obtained from a neutral molecular-
beam electron-diffraction apparatus.

C. and N. Knight continued their work on the contact
angle of water on ice and on ice crystal multiplication.
They completed a theoretical study of the nucleation of
new crystals at the interface between a crystal and its own
supercooled melt, with special reference to the ice-
supercooled water system. Their study not only estab-
lished that the nucleation of new crystals upon collision
of a supercooled drop with ice can readily be understood
in terms of classical nucleation theory, but also explained
phenomena such as the development of preferred crystal
orientations in hailstones and the curved, dendritic growth
from supercooled water. (See descriptions of other related
hail studies below.)

Collision Efficiencies

Davis, in collaboration with James Klett (New Mexico
Institute of Mining and Technology), attempted to im-
prove calculations of the collision efficiencies of small
drops by including the Oseen-type hydrodynamic forces
in the numerical calculations. Davis refined Klett's original
formulation, and we believe that now the theory includes
the Oseen forces as well as possible.

Davis and Jonas (visitor from the British Meteorologi-
cal Office) worked together on calculations of drop
collisions in shear flow.

Cloud Droplet Growth by Condensation

Davis and Paluch developed a numerical model of the
growth of cloud droplets by condensation in an inhomo-

geneous medium. The model depends neither on mixing
nor on the type of condensation nuclei present but rather
on small local variations in initial relative humidity
coupled with droplet sedimentation. Numerical experi-
ments showed that this model can produce a broad
droplet spectrum as well as local fluctuations in droplet
number concentration and liquid-water content over a
wide range of conditions and indicated that the required
variations in initial relative humidity in clouds are
probably small enough to occur frequently.

Precipitation Growth in Thunderstorms

In extending his work on precipitation growth in
thunderstorms, Sartor used solutions that he and Davis
had previously obtained for the hydrodynamic forces on
cloud drops, solutions derived from Davis' theory for
electrostatic forces, and empirically determined drag
forces on the larger drops. With these he obtained the
instantaneous mass growth rate (the product of the
collected drop volume, the drop collision efficiency, and
its velocity relative to its collector) over the full cloud-
drop, raindrop, and hailstone size range in thunderstorms.
Winn, using rockets with electric-field sensors, found that
fields of several hundred volts per centimeter exist
throughout large volumes of active thunderstorms. Al-
though fields of this magnitude do not significantly affect
raindrop and hail growth rates they do cause an order-of-
magnitude increase in the growth rate in the cloud-drop
size range. Precipitation-size particles normally develop in
a thunderstorm in 2 - 7 min. This is much faster than can
be explained by aerodynamic forces alone unless unusu-
ally large nuclei or aerosols are assumed. Since the
electrostatic forces affect the size range in which the
coagulation equations show the slowest growth, it is likely
that the prevailing electrical environment of thunder-
storms provides the accelerating processes necessary for
the production of continued or intense rainfall. The
calculations showed that with or without electrical forces
spheroidal hail growth occurs primarily through the
collection of drops with radii greater than a few hundred
micrometers--another conclusion requiring accelerated
growth of cloud droplets to provide the larger hail-feeder
drops at the observed rate.

Coagulation Equation

Drake finished a comprehensive, general mathematical
survey of the coagulation or "coalescence" equation. This
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survey includes: the histories and derivations of various
kinetic equations used in describing the time evolution of
aerosol and droplet spectra; theoretical results concerning
the existence and uniqueness of solutions; a description of
the "kernels" and initial spectra used in the equations; a
collection of known exact solutions and techniques for
obtaining approximate solutions; some of Drake's results
concerning the relationship between the kernels and the
integral power moments of the spectra; new exact
solutions; and new approximate solutions.

Convection Modeling

Drake applied his work on interacting convective cells
in a two-dimensional anelastic system to the generation of
small thermals and their coalescence into larger thermals
as they rise in a below-cloud environment. He modified
his numerical methods and ran several calculations of the
growth and coalescence of random thermals under atmo-
spheric conditions ranging from stable to unstable. These
results will be used to design a mesoscale environmental
model of Lake Ontario and to plan field observations over
the Great Lakes (see below).

Similarity Transformation

Similarity transformation is a useful mathematical tool
for studying subjects such as soil moisture, heat conduc-
tion, and various types of diffusion. This technique
reduces the number of independent variables in a problem
if the governing nonlinear, partial differential equation
and the corresponding auxiliary conditions satisfy certain
requirements; when these requirements are not met, a
similarity solution does not exist. Drake found that even
though all of the requirements for a similarity solution are
not met, the transformation could lead to reasonably
accurate numerical solutions with less computation time
when applied to the radial flow equation of soil moisture
and heat conduction. He began applying the method
to a nonlinear Fokker-Planck equation with reasonable
success.

Electrification of Convective Clouds

Sartor generalized his numerical model of the cloud
electrification process to include noninductive processes
and the effect of the electrical relaxation time of ice,
which increases with decreasing temperature. If the

strongest of the noninductive processes (the Reynolds,
Gourley, and Brook process) is used, the electric field in
the model grows more rapidly in the early stages than
when the fair-weather field and inductive processes alone
are involved. After the initial fast-growth period the
inductive processes take over, as would be expected of
feedback mechanisms that depend on the strength of the
electric field itself. Calculations now include the quanti-
tative evaluation of the electrical relaxation time and the
time during which charge transfer between particles is
possible (the "passage" time). These calculations exhibit a
greatly reduced electric-field growth when the interacting
particles are colder than -10 0C, confirming earlier quali-
tative estimates and offering a possible explanation of the
relative infrequency of thunderstorm activity in cold
seasons and in cold climates. Furthermore, these results
agree well with observations that the strongest electrifica-
tion in clouds is found at altitudes where the temperature
is near 00 C.

Laboratory Research

Laboratory research on particle interaction, growth,
and charge transfer was somewhat curtailed this year since
we devoted much of our effort to instrument develop-
ment and testing and to extensive modifications of our
particle control chamber. These modifications will enable
us to control the test-section air temperature from the
laboratory ambient temperature to -20 0 C and to control
the dew-point temperature from -40"C to saturation. We
will use accessory equipment to convert the chamber to a
refrigerated vertical still-air column. With these modifica-
tions and the addition of electrodes at the test-section
walls, we can perform experiments with ice and water
particles in environments having ranges of temperature,
humidity, and electric-field strength associated with the
growth of precipitation.

During 1970 the particle control chamber was used
without temperature or humidity controls to obtain
trajectories of drops approaching the electrostatic drop
sampling probe. Before the chamber was shut down for
modifications a few trajectories of drops 15 pm in radius
were photographed; they compared favorably with trajec-
tories calculated by Drake.

Bachhuber (visitor from Portland State University)
began using pairs of interacting spheres in a large tank
of oil to test the capability of present hydrodynamic
calculation techniques to predict their trajectories.
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Comparison of measured and calculated trajectories is
expected to reveal information on the importance of some
of the computational procedures used in cloud-drop
collision-efficiency calculations.

A camera developed by Cannon to photograph cloud
particles (1969 Annual Report) was modified for installa-
tion on the Explorer sailplane (a Schweizer 2-32) by
Marshall (FAL). The camera was tested in the laboratory,
and a variable-speed rotating-mirror control was cali-
brated to compensate for the motion of the particles
relative to the sailplane.

Joint LAS Wave Cloud Experiment

The Wave Cloud Experiment (1969 Annual Report)
resumed in November 1970 as part of the LAS Joint
Aircraft Use Plan. The primary goals of the Wave Cloud
Experiment, carried out in cooperation with members of
the Atmospheric Chemistry Department, are to study the
condensation and coagulation growth of cloud droplets
and the alteration of the aerosol distribution and cloud
condensation nucleus concentrations by the physical and
chemical processes taking place in wave clouds. Experi-
ments performed in 1969 and 1970 showed that the
aerosol distribution within a packet of air can be altered
by its passage through the cloud. Work at the University
of Washington has shown that the cloud condensation
nucleus concentration can be increased by a factor of four
or five by in-cloud processes. (The Wave Cloud Experi-
ment is distinct from the 1970 Colorado Lee Wave
Experiment discussed in the Atmospheric Dynamics
Section.)

Three aircraft were used in 1970 for the study:
NCAR's Sabreliner and Queen Air B80, and the Schweizer
2-32 sailplane jointly operated by NOAA and NCAR. The
Sabreliner was used, in cooperation with Blifford, to
measure the flow pattern, parameters of state, and total
aerosol distribution. The sailplane was used to measure
the parameters of state, vertical air motion, and raindrop
and particle size distributions within a wave cloud. The
Queen Air was flown upwind and downwind from a cloud
to measure the parameters of state and aerosol distribu-
tions (also in cooperation with Blifford).

The study will be continued into the early part of 1971
and will possibly be expanded to include measurements
with the Queen Air of condensation nuclei using a thermal
diffusion cloud chamber designed by Dye after a model
borrowed from Paul Alee of NOAA.

Joint LAS Summer Cumulus Experiment

From 15 June to 17 July, a Queen Air was used each
morning for joint aerosol-cloud physics studies. Because
of instrument difficulty, most of the allotted time was
spent testing the electrostatic disdrometer and in investi-
gating small growing cumuli. Although data were collected
on a number of occasions, most were prejudiced by
spurious signals from the electrostatic disdrometer. There
were sufficient data, however, to show that unless the
cloud is well developed, the size distribution in most
Colorado summer cumuli is very narrow with a small
median size. More flights to study the growth and
distribution of cloud droplets are planned for 1971.

Electrostatic Disdrometer Tests

Abbott almost totally redesigned the electrostatic
cloud drop disdrometer before it was used in the Wave
Cloud experiments. On several occasions it unexpectedly
produced data in fairly dense clouds at temperatures of
-15°C--far below the temperature at which it was
expected to operate. (Of course, instrument reliability at
these temperatures is uncertain.) Abbott began designing a
prototype disdrometer with a 56 - W heater built into the
tip for use in these studies.

With the electrostatic disdrometer operational, it was
deemed necessary to obtain comparative measurements.
This proved, however, to be a difficult problem. Earlier,
comparisons were made using a slide gun with MgO-coated
impactor slides (1969 Annual Report). When Dye joined
the Cloud Physics Program in June 1970, he suggested
using the biological stain eosin as a replicating medium
since it gives sharp impressions with very little graininess.
Cloud-base droplets with radii less than 2 pm were
replicated using this technique.

Although the impactor slide gun gives a comparison, it
has a sample time of only 12 msec, whereas the electro-
static disdrometer sample time is 0.5 sec. Furthermore,
the samples are taken at separate locations on the aircraft.
Consideration began of a continuous replicator with an
eosin-coated tape.

Field Experiments with a Sailplane

The feasibility of using a sailplane for research in cloud
physics was demonstrated during two field experiments,
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the Joint LAS Wave Cloud Experiment (previously dis-
cussed in this section) and the 1970 Colorado Lee Wave
Program (discussed in the Atmospheric Dynamics sec-
tion). These studies provided a convenient opportunity to
test the sailplane's ability to sample lee wave clouds and
their environment. During the Lee Wave Program, an
effort headed by Lilly and Joachim Kuettner (NOAA),
the Schweizer 2-32 flew on five days. The pilot was able
to use lee wave system updrafts to investigate clouds
during four flights on three of these days. The maximum
altitude reached was 9.9 km, and on all of the flights the
updrafts kept the sailplane airborne longer than the
4 - 5 hr needed for completion of the observations.

In another experiment the sailplane was flown on four
days in July to obtain data on cumulus clouds. On three
of these days cumulus clouds were entered and data were
obtained.

Lake Ontario Study

NCAR and Colorado State University (CSU) began a
joint project for the International Field Year on the Great
Lakes with a feasibility study concerned with modeling
the interaction between Lake Ontario and its drainage
basin and the surrounding environment. This mesoscale
model will be used to assess and predict the influences of
various present and future environmental conditions on
the large-scale hydrologic cycle over the lake and its
drainage basin.

CSU will study the small-scale mass, momentum, and
heat-transfer processes in the region just above the water
and land surfaces. From this work, Drake will obtain drag
coefficients for the transfer of mass, momentum and heat,
surface temperatures, and various atmospheric soundings
to be used for initial and boundary conditions and for
physical checks in the mesoscale model.

Hail Studies

Our work on hailstone structures continued. (See also
Nucleation and Ice Crystal Growth above.) Equipment to
collect hailstones and to measure their fall velocities and
attitudes was designed and set up in New Raymer,
Colorado, but no hail occurred at the site during the 1970
hail season. The system consisted of two 16 - mm movie
cameras mounted at a right angle to each other and
arranged to view a 0.6 - m3 volume of air. This volume

was lighted and was defined by a backdrop. With the
cameras operating at 64 frames/sec, falling hail would
appear as streaks on two or more frames. Special foam
plastic hail pads in which hailstones of any size would
embed themselves were developed and positioned to
collect the individual hailstones whose terminal velocities
had been measured. We tentatively plan to make this
system portable for the 1971 hail season.

Small spongy hail from a Boulder storm was collected
and quenched in hexane at -78°C; this method perfectly
preserved the details of the "sponge."

Fifty hailstones collected from a storm on 3 September
1970 at Coffeyville, Kansas, included one stone weighing
over 765 g and several weighing over 500 g. C. and
N. Knight began making thin sections and photographs of
all of these stones.

Goyer and his colleagues have studied the heat transfer
to falling ice spheres and the rate of freezing of spongy
hailstones (see previous annual reports). Since the
boundary conditions for the problem are nonlinear,
correlation of experimental results with theory required
numerical solution of the heat conduction equation. In a
continuation of studies of the freezing problem, Plooster
found a simple approximate solution which agrees well
with the more accurate numerical solutions. The approxi-
mate solution allows rapid calculation of the freezing rate
of a spongy ice sphere as a function of its size and
liquid-water content and of the ambient air temperature.

THUNDERSTORM MEASUREMENTS

Rockets for Observing Electric Fields

In the summer, Winn again fired his electric-
field-sensing rockets into active thunderstorms in coopera-
tion with Charles B. Moore (New Mexico Institute of
Mining and Technology). The rockets provide information
mainly on the horizontal component of electric fields.
Using these data Winn concluded that electric fields
greater than 100 V/cm are common and extend through
large volumes of the cloud and that, although electric
fields do not vary rapidly, they vary significantly over
distances of 500 m. He also found that the pattern of the
field measured on the rising half of a rocket trajectory
tends to be similar to that obtained on the falling portion.
This similarity increases our confidence in the measure-
ments and hence in the deduced field structure.
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Numerical Simulation of Lightning Discharges

Plooster completed a study of the properties of the
return stroke of a cloud-to-ground lightning discharge. In
the study the growth of the conducting channel and the
pressure wave are simulated numerically. He established
the validity of the numerical integration scheme for
describing pressure waves from line sources of energy. The
model allows computation of the properties of an
electrical discharge from an assumed electric current wave
form. Comparison of the model's results with experimen-
tal measurements on laboratory spark discharges showed
good agreement and thus encourages use of the model to
simulate lightning discharges, for which few measurements
are available. The literature contains estimates of the
strength of the pressure wave produced by lightning
strokes, but many of these estimates are probably far too
high.

Dropsonde Operations

Sixty dropsondes were dropped from the Sabreliner
into six thunderstorms in northeastern Colorado. Two
ground stations, set up by Chu, Weber, and Booton,
provided two-coordinate tracking records. The teleme-
tered signals, which were analyzed by Glover and Green-
wood, showed highly variable updraft and downdraft
structures correlated horizontally from sonde to sonde.
This variability, which also showed in the 1967 data, does
not fit well into existing thunderstorm models. The
variations in the vertical speed are perhaps 4 m/sec over a
vertical distance of 1 km. The one horizontal position plot
produced by Chu showed similar horizontal variability.

Dropsonde Engineering

During the 1970 hail season the horizontal tracker
performed well. Having actual in-flight signals to work
with, Chu was able to complete the program for computer
processing of the tracking data.

An electrostatic cloud probe for aircraft installation is
being developed in the Cloud Physics Program. In the
Thunderstorm Measurement Program many versions of
this probe were tried in an effort to modify it for use on
dropsondes, and a practical model of such an instrument
was calibrated. Although dispersion of signals for this
model ranges up to 50%, we believe this would be
acceptable for thunderstorm studies where we have

virtually no data in the heart of the updraft. We began
packaging the laboratory form of this spectrometer for
dropsonde tests.

Radar

Because of the great interest in thunderstorm radar
data, Bushnell arranged to have field data digitized. Data
from 35 - mm RHI and PPI film records from the New
Raymer 10 -cm radar were digitized by the automatic
densitometer at Holloman Air Force Base. The digitized
data were then processed on the NCAR computer.

We again operated an M33 radar at New Raymer as
part of the Joint Hail Research Program, making 10- and
3 - cm reflectivity records. Robert Fischer (CSU) collected
the dual-wavelength data. Reccabarren (visitor from the
University of Mendoza, Argentina) and Nunez (visitor
from the University of Buenos Aires, Argentina) partici-
pated in the New Raymer radar operations of the Joint
Hail Research Program

Since the Field Observing Facility (FOF) Cloud Physics
Radar No. 1 was operating at Ft. Morgan, Colorado, we
were able to make extensive RHI records this year, which
improved the coverage. John Marwitz began using these
data in his doctoral studies at McGill University.

The 8.5 - m radar antenna will be delivered early in
1971; Bushnell devoted considerable time to plans for
integration of this antenna with the doppler radar
(FPS- 18) being built by FOF. He also worked with
Eccles (NHRE) on planning for digital processing and
analysis of doppler data for the National Hail Research
Experiment field trials scheduled for 1971.

LIDAR STUDIES

Lidar Systems

Significant improvements were made on both lidar
systems. Working at the Marshall Site, Frush and Wyman
used a gas laser directed into the 152-cm-diameter mirror
on System A (the original NCAR lidar) to tune the mirror
and increase its efficiency by 70%. Frush found that the
System A laser was capable of using the transmitting
prism as a cavity resonator. He built an output resonator
which extended the laser cavity by 2 m. This configura-
tion is capable of producing very large pulses without
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afterpulsing. In addition, it obviates the use of the passive
Q-switch and beam collimator, decreases ruby rod dam-
age, and allows use of previously damaged rods. System A
is now capable of providing returns from altitudes of up
to 58 km, a 65% increase in range.

System B, with a 76-cm-diameter mirror of much
better quality than the 152-cm mirror, was operating at a
low sensitivity. Under Grams' supervision the receiver was
realigned and modified with a consequent order-of-
magnitude increase in receiver gain. The trailer housing
this system was modified for all-weather operation.

The 20 - km Aerosol Layer

Beginning in May, routine lidar soundings by Schuster
and Grams revealed the disappearance of the 20 - km
aerosol layer (sometimes known as the Junge layer) from
above the NCAR Mesa Laboratory. Ratios of the observed
signal return to that expected from a standard molecular
atmosphere were down to 1.05 (the resolution limit of the
system) compared to 1.5 for the same period in 1969. The
ratios reported by the lidar group at the University of the
West Indies also decreased, but not as dramatically. These
trends also agree with the twilight scattering measure-
ments of F. Volz (Air Force Cambridge Research Labora-
tories). Seasonal variations with summertime minima were
measured by Grams at MIT in 1964- 65. Data taken in
October 1970, which were not completely processed by
the end of the year, indicate that the ratio was then
starting to increase. This is consistent with the seasonal
variation seen earlier. During this entire operating period
the atmosphere was much cleaner (i.e., lower in aerosols)
than during 1969.

Tropospheric Aerosols

With Blifford and the Research Aviation Facility, we
conducted a series of simultaneous lidar soundings and
aerosol collections over the NCAR Mesa Laboratory.
DeLuisi, using the aerosol distributions provided by

Blifford and a standard molecular atmosphere, computed
theoretical ratios for comparison with the lidar data.
Preliminary evaluation of the data shows agreement that
is, at best, semiquantitative because of the resolution
limits of the lidar. The last experiment of the series had
not been evaluated at the end of the year, but because
there were fewer equipment problems than on earlier
experiments, we anticipate better data.

Water Vapor Profiles

The data obtained by Cooney from the laser Raman
backscatter experiment to measure humidity profiles
(1969 Annual Report) were processed. The results of
these measurements show that the accuracy of laser
measurements of water vapor profiles equals the accuracy
of radiosonde measurements. Laser measurements of the
integrated water vapor between 500 and 2,000 m differed
by an average of 10% from radiosonde measurements.

Inversion of Lidar Data

Schuster formulated a method for obtaining lidar
transmission as a function of altitude. Experimental
verification was attempted, but spurious signals defeated
the experiment. The instrument has been modified, and
the experiment will be repeated.

The high incidence of extremely low-noise atmospheric
return signals prompted Grams to attempt an inversion
procedure for obtaining temperature profiles. Evaluation
of the accuracy of these profiles began.

The key to obtaining temperature profiles from lidar
data is the separation of the aerosol contribution to the
scattering and attenuation from the molecular contribu-
tion. Schuster, by extending the transmission formulation
to two wavelengths, developed an iterative procedure for
performing this separation. A computer simulation will
test the accuracy of the method and the effect of
error-introduction in the initial data.
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NOTE

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

Allen, John S., Jr.: The Pennsylvania State University;
LAS, June to August 1970; numerical simulation
studies.

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

Ashour, Attia A.: University of Cairo, Egypt; ASP,
January to October 1970; mathematical problems of
geophysical electromagnetic induction.

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

Bachhuber, Carl G.: Portland State University; LAS,
September 1970 to June 1971; atmospheric electricity.

Benton, Edward R.: University of Colorado; ASP, May to
August 1970; effects of strong inertial nonlinearity and
magnetic fields on the solar spin-down problem.

Betchov, Robert: University of Notre Dame; LAS, July
1970; turbulence theory.

Blumen, William: University of Colorado; ASP, August
1970; hydrodynamic stability of the atmosphere.

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

Breeding, Roger J.: Massachusetts Institute of Tech-
nology; ASP, September 1970 to September 1971;
postdoctoral appointee, internal gravity waves.

Brown, Robert A.: University of Washington; ASP,
September 1970 to September 1971; postdoctoral
appointee, planetary boundary layer modeling and
stability analysis.

Burton, Ellis: U.S. Weather Bureau; LAS, February to
March 1970; clear air turbulence.

Byrum, Jerry W.: University of Oklahoma; FAL, June to
August 1970; aviation training program participant,
airborne experimentation.

Caplan, Peter M.: State University of New York at
Oswego; ASP, July to August 1970; postdoctoral
colloquium participant, physics and dynamics of
convective clouds.

Carr, Frederick H.: The Florida State University; FAL,
June to August 1970; aviation training program
participant, airborne experimentation.

Cha, Milton: University of Hawaii; HAO, October 1970
to October 1971; power spectrum analysis.

Chan, Shu-Kwan: Massachusetts Institute of Technology;
ASP, June to August 1970; postdoctoral colloquium
participant, physics and dynamics of convective clouds.

Chandik, John F.: University of Wisconsin; FAL, June to
August 1970; aviation training program participant,
airborne experimentation.

Chang, Yun-Mei: University of California, Los Angeles;
ASP, July to August 1970; predoctoral colloquium
participant, physics and dynamics of convective clouds.

Chodes, Noah: University of Colorado; ASP, May to
September 1970; UCAR Fellow; predoctoral collo-
quium participant, microphysics of clouds.

Clark, John H. E.: The Florida State University; ASP,
August 1969 to July 1970; postdoctoral appointee,
stratospheric dynamics.

Cox, Stephen: Colorado State University; FAL, July to
August 1970; aviation training program instructor.

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

DiCamillo, Robert M.: Drexel Institute of Technology;
ASP, June to August 1970; UCAR Fellow; predoctoral
colloquium participant, physics and dynamics of
convective clouds.
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Dietrich, David E.: The Florida State University; ASP,
June to September 1970; numerical modeling of
annulus circulation.

Durney, Bernard: ASP, July 1970 to January 1972; solar
convection.

Foote, G. Brant: University of Arizona; ASP, November
1970 to November 1971; postdoctoral appointee,
cloud physics.

Forbes, Richard E.: Mississippi State University; ASP,
July to August 1970; postdoctoral colloquium
participant, physics and dynamics of convective clouds.

Fried, Herbert A.: University of Miami; FAL, June to
August 1970; aviation training program participant,
airborne experimentation.

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

Gammill, Robert: University of Colorado; FAL, May to
July 1970; computer graphics.

Geisler, John E.: University of Miami; LAS, June to
August 1970; tropical convection.

Gille, John C.: The Florida State University; ASP, July to
December 1970; atmospheric radiative transfer, strato-
spheric and mesospheric soundings from satellites.

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

Goutorbe, Jean-Paul: National Meteorology Service,
Paris, France; LAS, September 1970 to July 1971;
convection and other small- and medium-scale
atmospheric processes.

Guin, Janet E.: David Lipscomb College; ASP, June to
July 1970; UCAR Fellow; predoctoral colloquium
participant, mathematics and microphysics of clouds.

Gustafsson, Bertil A.: University of Uppsala, Sweden;
FAL, January to June 1970; numerical analysis.

Hantel, Michael: University of Bonn, Germany; ASP, July
to October 1970; ocean-atmosphere interaction.

Hatch, Marshall: Research Flight Facility, NOAA; LAS,
February to March 1970; clear air turbulence.

Haymes, Robert C.: Rice University; FAL, August 1970
to August 1971; astronomical observations from
balloons.

Hirota, Isamu: University of Tokyo, Japan; LAS,
September 1970 to September 1971; stratospheric
circulation.

Hoskins, Brian J.: Cambridge University, England; ASP,
August 1970 to August 1971; postdoctoral appointee,
atmospheric dynamics.

Hruska, Antonin: University of Alberta, Edmonton,
Canada; HAO, July 1970 to July 1971; magnetohydro-
dynamics.

Hurlburt, Harley: The Florida State University; LAS,
June to August 1970; ocean circulations.

Jaenicke, R.: Max Planck Institute for Chemistry, Mainz,
Germany; LAS, October 1970 to October 1971;
aerosol research.

Jonas, Peter: Meteorological Office, Bracknell, Berk-
shire, England; LAS, November to December 1970;
droplet collision problems.

Kamra, Adarsh K.: State University of New York at
Albany; FAL, June to August 1970; aviation training
program participant, airborne experimentation.

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

Kimpel, James F.: University of Wisconsin; FAL, June to
August 1970; aviation training program participant,
airborne experimentation.

Kraus, Eric B.: University of Miami; ASP, July to August
1970; ocean-atmosphere interaction.

Kreiss, Heinz-Otto: University of Uppsala, Sweden; FAL,
July to August 1970; numerical analysis.

Labitzke, Karin: Institute of Meteorology and Geophys-
ics, Berlin Free University, Germany; LAS, August
1970 to August 1971; stratospheric circulation.

Lagos, Pablo: Massachusetts Institute of Technology;
LAS, August 1969 to February 1970; motions of
neutral gas in the thermosphere.
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Lax, Peter D.: Courant Institute of Mathematical Science,
New York University; LAS, July 1970; numerical
analysis of atmospheric dynamics.

LeMaire, Phillippe: National Scientific Research Center,
Verrieres-le-Buisson, France; HAO, September to
December 1970; radiative transfer.

LeMone, Margaret A.: University of Washington; LAS,
October 1970 to March 1971; boundary layer
observing program.

Lin, Jung-Tai: University of Iowa; ASP, August 1970 to
August 1971; postdoctoral appointee, fluid mechanics.

List, Roland: University of Toronto, Canada; LAS, July
to August 1970, ASP colloquium lecturer; cloud
physics.

Lucero, Omar A.: University of Buenos Aires, Argentina;
LAS, May to August 1970; hail suppression.

McGehee, Ralph M.: New Mexico Institute of Mining and
Technology; ASP, July to August 1970; postdoctoral
colloquium participant, physics and dynamics of
convective clouds.

McGreevy, Gerard: St. Patrick's College, Maynooth,
County Kildare, Ireland; LAS, August 1970 to August
1971; measurement of atmospheric aerosols.

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

Mach, William H.: University of Washington; ASP, June
to August 1970; predoctoral colloquium participant,
physics and dynamics of convective clouds.

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

Matthews, David A.: Colorado State University; FAL,
June to August 1970; aviation training program
participant, airborne experimentation.

Miller, James R.: University of Maryland; ASP, June to
August 1970; predoctoral colloquium participant,
physics and dynamics of convective clouds.

Mitchell, F. A.: Lockheed California Company; LAS,
February to March 1970; clear air turbulence.

Moore, Michael J.: The Johns Hopkins University; ASP,
June to September 1970; postdoctoral colloquium
participant, physics and dynamics of convective clouds.

Moortgat, Geert K.: University of Detroit; LAS, April
1970 to April 1972; gas kinetics of trace chemicals.

Mudrick, Stephen E.: Massachusetts Institute of Technol-
ogy; FAL, June to August 1970; fellowship program in
scientific computing.

Munnich, K. O.: University of Heidelberg, Germany;
LAS, July to October 1970; atmospheric water vapor
profiles.

Neiburger, Morris: University of California, Los Angeles;
ASP, July to September 1970; cloud physics and air
pollution interrelationships.

Newquist, David L.: Iowa State University; FAL, June to
August 1970; fellowship program in scientific
computing.

Nunez, Mario Nestor: University of Buenos Aires,
Argentina; LAS, May to August 1970; hail suppression.

O'Brien, James J.: The Florida State University; LAS,
June to August 1970; ocean circulations.

Olson, Roger: Space Disturbances Laboratory, NOAA;
ASP, September 1970 to July 1971; synoptic study on
auroral activity and circulation patterns.

Orrall, Frank Q.: University of Hawaii; HAO, September
1970 to June 1971; solar corona.

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

Papetti, Angel: University of Buenos Aires, Argentina;
LAS, May to June 1970; hail suppression.

Parrish, David F.: Nova University; FAL, June to August
1970; fellowship program in scientific computing.

Patterson, G. Stuart: Swarthmore College; LAS, Septem-
ber 1970 to September 1971; numerical analysis of

isotropic turbulence.
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Perret, Robert F. D.: Massachusetts Institute of Technol-
ogy; ASP, June to August 1970; predoctoral
colloquium participant, physics and dynamics of
convective clouds.

Pielke, Roger A.: The Pennsylvania State University;
FAL, June to August 1970; fellowship program in
scientific computing.

Platte, Steven M.: Iowa State University; ASP, June to
August 1970; UCAR Fellow; predoctoral colloquium
participant, scientific programming and microphysics
of clouds.

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

Presley, John D.: University of Nevada; ASP, July to
August 1970; predoctoral colloquium participant,
physics and dynamics of convective clouds.

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

Raadu, Michael: University of Manchester, England;
HAO, October 1969 to June 1971; magnetohydro-
dynamics.

Rao, M. V. Ranga: The Florida State University; ASP,
July to August 1970; predoctoral colloquium partici-
pant, physics and dynamics of convective clouds.

Reccabarren, Armando Alberto: University of Mendoza,
Argentina; LAS, June to August 1970; hail
suppression.

Rhea, John Owen: Colorado State University; FAL, June
to August 1970; aviation training program participant,
airborne experimentation.

Riehl, Herbert: Colorado State University; FAL, June to
July 1970; aviation training program instructor.

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

Roberts, Paul H.: University of Newcastle upon Tyne,
England; ASP, September 1970 to September 1971;
fluid mechanics and geomagnetism.

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

Rodenhuis, David R.: University of Maryland; LAS, June
to August 1970; tropical dynamics.

Roeckner, Erich: Max Planck Institute of Aeronomy,
Lindau, Germany; LAS, October to December 1970;
planetary atmospheres.

Ruskin, R. E.: U.S. Naval Research Laboratory; FAL,
July to August 1970; aviation training program
instructor.

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.

Schlatter, Thomas W.: Saint Louis University; ASP, June
to July 1970; UCAR Fellow; dynamical meteorology.

Schmidt, Frank: University of Bonn, Germany; LAS,
August to December 1970; general circulation
modeling.

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

Shepardson, Wilfred B.: Middlebury College; FAL, June
to August 1970; fellowship program in scientific
computing.

Sher, Michael: University of Illinois; ASP, July to August
1970; postdoctoral colloquium participant, physics and
dynamics of convective clouds.

Sherretz, Lynn A.: University of Hawaii; FAL, June to
August 1970; aviation training program participant,
airborne experimentation.

Singleton, Donald L.: Northwestern University; LAS,
November 1970 to November 1972; oxygen atom-
molecule reactions.

Slinn, W. George: Battelle Memorial Institute; ASP, July
to August 1970; postdoctoral colloquium participant,
physics and dynamics of convective clouds.
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Smith, Dean F.: Stanford University; HAO, September
1970 to September 1971; physics of the corona and
radio astronomy.

Smith, James M.: University of Miami; FAL, June to
August 1970; fellowship program in scientific
computing.

Stein, Gilbert D.: Northwestern University; LAS, June to
July 1970; cloud physics.

Stenflo, Jan Olof: Lunds University, Sweden; HAO,
October 1970 to May 1971; solar magnetic fields.

Stix, Michael: Observatory of G6ttingen University,
Germany; HAO, October 1970 to October 1971; solar
differential rotation and magnetic cycle.

Stokes, Robert A.: University of Kentucky; HAO, June
to August 1970; radiation detection techniques.

Strang, Gilbert: Massachusetts Institute of Technology;
LAS, June to September 1970; new mathematical
techniques for atmospheric problems.

Streete, Jack: Southwestern at Memphis; HAO, June to
September 1970; optics.

Sweet, Roland: University of Colorado; FAL, July to
August 1970; numerical analysis.

Taljaard, J. J.: Weather Bureau, Pretoria, South Africa;
LAS, September to December 1970; synoptic
meteorology.

Tarpley, Jerald D.: University of Colorado; ASP, July
1969 to August 1970; postdoctoral appointee, ion-
ospheric dynamics.

Taylor, Elden C.: Colorado State University; FAL, June
to August 1970; aviation training program participant,
airborne experimentation.

Terpstra, Theodore B.: University of Chicago; FAL, June
to August 1970; fellowship program in scientific
computing.

Thompson, James D.: The Florida State University; ASP,
June to July 1970; UCAR Fellow; convective storm
momentum budgets.

Tillotson, Kenneth: U.S. Weather Bureau; LAS, February
to March 1970; clear air turbulence.

Travis, John R.: Purdue University; ASP, June to
September 1970; predoctoral coll9quium participant,
physics and dynamics of convective clouds.

Trehan, S. K.: Panjab University, Chandigarh, India;
HAO, May to June 1970; magnetohydrodynamics.

Tsay, Ching-Yen: University of Utah; FAL, June to
August 1970; fellowship program in scientific
computing.

Valdez, Jesusa: University of Minnesota; HAO, January
to June 1970; coronal magnetic fields.

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

Vickers, Glenn T.: Queen Mary College, University of
London, England; ASP, August 1969 to August 1970;
postdoctoral appointee, stellar convection.

Weiss, Irving: University of Colorado; FAL, May to
August 1970; statistics.

Wilhelmson, Robert B.: University of Illinois; ASP, July
to August 1970; predoctoral colloquium participant,
physics and dynamics of convective clouds.

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

Publications of both staff and visitors that appeared during the calendar year are listed together 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 separately given following the formal
publications list.
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NCAR PUBLICATIONS

Allen, E. R. (LAS): Chemical factors regulating free alkali
metal atoms in the upper atmosphere. J. Geophys.
Res. 75 (15), 2947 - 2950, 1970.

Altschuler, M. D. (HAO), L. L. House (HAO), and
E. Hildner (HAO); Is ball lightning a nuclear phenome-
non? Nature 228 (5271), 545 - 547, 1970.

Angevine, J. M. (FAL): A listing of computer programs
available at NCAR for solving recurring problems in
ballooning. In Proc. 6th AFCRL Scientific Balloon
Symposium, L. A. Grass, Ed., AFCRL-70-0543, Spec.
Rept. No. 105, 197- 226, 1970.

- and D. W. Fulker (FAL): Forces in a Cable-
Restrained Balloon System. Technical Note NCAR-
TN-47, 107 pp., 1970.

Anzer, U. (HAO), and E. Tandberg-Hanssen (HAO): A
model for quiescent prominences with helical struc-
ture. Solar Phys. 11 (1), 61 -67, 1970.

Asai, T. (ASP*): Three-dimensional features of thermal
convection in a plane Couette flow. J. Meteorol. Soc.
Japan 48 (1), 18 - 29, 1970.

Athay, R. G. (HAO): Radiation and structure of the solar
atmosphere. In Reports on Astronomy, IAU Trans.,
Vol. 14a, C. DeJager, Ed., 111 - 123, 1970.

-- : Emission cores in H and K lines. V. Asymmetries
in K2 and K3 . Solar Phys. 11 (3), 347 - 354, 1970.

: Velocity effects on the profiles of Ha and two
FE I lines. Solar Phys. 12 (2), 175 - 185, 1970.

--------- : Theoretical line intensities. IX. Comment on
the effectively thick approximation. Astrophys. J.
161 (2), 709- 711, 1970.

: A non-LTE line-blanketed solar model. Astro-
phys. J. 161 (2), 713 - 735, 1970.

--- : The chromospheric abundance of iron. Astron. &
Astrophys. 7 (2), 305 - 310, 1970.

and R. C. Canfield: A self-consistent model
atmosphere program with applications to solar OI
resonance lines. In Spectrum Formation in Stars with
Steady-State Extended Atmospheres, H. G. Groth and
P. Wellmann, Eds., National Bureau of Standards Spec.
Publ. 332, 65 - 83, 1970.

- and --- : Bandwidth requirements in spectral
line transfer calculations. In Spectrum Formation in
Stars with Steady-State Extended Atmospheres, H. G.
Groth and P. Wellmann, Eds., National Bureau of
Standards Spec. Publ. 332, 179 - 188, 1970.

Avery, L. W. (ASP): The formation of the Ca II K line in
a spinning spicule. Solar Phys. 13 (2), 301 - 311, 1970.

Axelrod, H. D. (LAS), J. E. Bonelli (LAS), and J.P.
Lodge, Jr. (LAS): Fluorimetric determination of sul-
fur dioxide as sulfite. Anal. Chem. 42(4), 512-515,
1970.

-- , --- , and --- : Fluorimetric determination of
trace nitrates Anal. Chim. Acta 51, 21 - 24, 1970.

-- , J. B. Pate (LAS), R. Barchet (LAS), and J.P.
Lodge, Jr. (LAS): Dynamic trace-gas dilution sys-
tem. Atmos. Environ. 4, 209- 212, 1970.

Baumhefner, D. (LAS): Global real-data forecasts with
the NCAR two-layer general circulation model. Mon.
Wea. Rev. 98 (2), 92 - 99, 1970.

Beckers, J. M. (HAO), and W. J. Wagner: A photographic
polarimeter for solar observations. Appl. Optics 9 (8),
1933- 1934, 1970.

Berkshire, F. W. (ASP*), and F. W. G. Warren
(ASP*): Some aspects of linear lee wave theory for the
stratosphere. Quart. J. R. Met. Soc. 96 (407), 50 - 66,
1970.

Bieri, R. H., M. Koide, E. A. Martell (LAS), and T. G.
Scholz (LAS): Noble gases in the atmosphere between
43 and 63 " kilometers altitude. J. Geophys. Res.
75 (33), 6731-6735, 1970.
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Bilhorn, T. W. (FAL*), C. M. Brandauer (FAL*), and
G.R. Gray (FAL): Sky Brightness Photometer. Tech-
nical Note NCAR-TN-53, 65 pp., 1970.

Bleck, R. (LAS): A fast, approximative method for
integrating the stochastic coalescence equation.
J. Geophys. Res. 75 (27), 5165 - 5171, 1970.

Blifford, I. H., Jr. (LAS): Tropospheric aerosols. J. Geo-
phys. Res. 75 (15), 3099 - 3103, 1970.

and J. W. Burgmeier: Computer cinematography
for portrayal of large scale fallout. Atmos. Environ. 4,
187- 197, 1970.

Bohlin, J. D. (HAO*): Solar coronal streamers.
I. Observed locations, general evolution, and classifica-
tion. Solar Phys. 12 (2), 240 - 265, 1970.

Bojkov, R. D. (ASP*): Computing the vertical ozone
distribution from its relationship with total
ozone. J. Appl. Meteorol. 8 (2), 284 - 292, 1970.

Brown, J. A., Jr. (LAS*): Comparative measures of
potential to kinetic energy conversion. Tellus 21 (5),
668 - 672, 1969.

Cadle, R. D. (LAS): The role of nitrogen oxides from
automobiles in smog. In Planning Challenges of the
70's in the Public Domain, Vol. 22, W. J. Bursnall,
G. K. Chacko and G. W. Morgenthaler, Eds., American
Astronautical Society, 429 - 435, 1970.

- : Is clean air possible in an industrialized society?
In Agenda for Survival, The Environmental Crisis--2,
H.W. Helfrich, Jr., Ed., Yale University Press, New
Haven, Conn., 135 -148, 1970.

S and E. R. Allen (LAS): Atmospheric photochemis-
try. Science 167 (3916), 243- 249, 1970.

--- , A. L. Lazrus (LAS), W. H. Pollock (LAS), and
J. P. Shedlovsky (LAS): The chemical composition of
aerosol particles in the tropical stratosphere. In Proc.
AMS-WMO Symposium on Tropical Meteorology, Uni-
versity of Hawaii, Honolulu, extended abstract K-IV,
1970.

Cannon, T. W. (LAS): High-speed photography of air-
borne atmospheric particles. J. Appl. Meteorol. 9 (1),
104- 108, 1970.

--- : A camera for photographing airborne atmo-
spheric particles. Image Technol. 12(3), 37 -42,

1970.

Chang, M.-S (ASP*): Cylindrical flow of fluid con-
taining deformable structure. Int. J. Engr. Sci. 8,
731 -741, 1970.

Chapman, S. (ASP): Auroral physics. In Annual Review
of Astronomy and Astrophysics, Vol. 8, L. Gold-
berg, Ed., Annual Reviews, Inc., Palo Alto, Calif.,
61 -86, 1970.

-- : Geophysics and Germany, men and enter-
prises. Z. Geophysik 36 (4), 393 - 398, 1970.

-- and R. S. Lindzen (LAS*): Atmospheric Tides.
D. Reidel Publ. Co., Dordrecht-Holland, 200 pp., 1970.

--- and S. R. C. Malin (ASP*): Atmospheric tides,
thermal and gravitational: Nomenclature, notation and
new results. J. Atmos. Sci. 27 (5), 707 - 710, 1970.

--- , J. C. Gupta (ASP*), and S. R. C. Malin
(ASP*): Note (2) on the computation of the solar and
lunar geomagnetic variations. Gerl. Beitr. Geophys.
79 (1), 5-10, 1970.

Clark, J. H. E. (ASP): A quasi-geostrophic model of the
winter stratospheric circulation. Mon. Wea. Rev.
98 (6), 443 -461, 1970.

Cooney, J. A. (LAS): Remote measurements of atmo-
spheric water vapor profiles using the Raman compo-
nent of laser backscatter. J. Appl. Meteorol. 9 (1),
182- 184, 1970.

-- : Laser Raman probing of the atmosphere.
In Laser Applications in the Geo-Sciences, J. Gauger
and F. F. Hall, Eds., Western Periodicals Co., Los
Angeles, Calif., 51 - 68, 1970.

Cooper, O. L. (FAL): Evaluation of UHF radio frequency
equipment for balloon telemetry. In Proc. 6thAFCRL
Scientific Balloon Symposium, L. A. Grass, Ed.,
AFCRL-70-0543, Spec. Rept. No. 105, 117-142,
1970.

-- : PCM command control system. Facil. Atmos.
Res. 12, 19-21, 1970.
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Danielsen, E. (LAS), and R. Bleck (LAS): Tropospheric
and stratospheric ducting of stationary mountain lee
waves. J. Atmos. Sci. 27 (5), 758 - 772, 1970.

-- , --- , J. Shedlovsky (LAS), A. Wartburg (LAS),
P. Haagenson (LAS), and W. Pollock (LAS): Observed
distribution of radioactivity, ozone, and potential
vorticity associated with tropopause folding.
J. Geophys. Res. 75 (12), 2353 - 2361, 1970.

Davies-Jones, R. P. (ASP): Thermal convection in an
infinite channel with no-slip sidewalls. J. Fluid Mech.
44 (4), 695- 704, 1970.

and P. Gilman (ASP): On large-scale solar
convection. Solar Phys. 12 (1), 3 - 22, 1970.

Deardorff, J. W. (LAS): A numerical study of three-
dimensional turbulent channel flow at large Reynolds
numbers. J. Fluid Mech. 41 (2), 453 - 480, 1970.

--- : A three-dimensional numerical investigation of
the idealized planetary boundary layer. Geophys.
Fluid Dynam. 1, 377-410, 1970.

- : Preliminary results from numerical integrations of
the unstable planetary boundary layer. J. Atmos. Sci.
27 (8), 1209- 1211, 1970.

--- : Convective velocity and temperature scales for
the unstable planetary boundary layer and for Rayleigh
convection. J. Atmos. Sci. 27 (8), 1211- 1213, 1970.

-- : Discussion of paper by V. H. Regener and
L. Aldaz, 'Turbulent transport near the ground as
determined from measurements of the ozone flux and
the ozone gradient.' J. Geophys. Res. 75 (21), 4184-
4186, 1970.

--- and R. L. Peskin (LAS*): Lagrangian statistics
from numerically integrated turbulent shear flow.
Phys. Fluids 13 (3), 584 - 595, 1970.

DeLuisi, J. J. (LAS), and P. M. Furukawa (LAS): An
explanation for the worldwide anomaly in the
concentration of ozone above 40 km. J. Atmos. Sci.
27(6), 968-970, 1970.

Denton, E. H. (LAS): Rocket-borne cryogenic air
samplers. Sci. Prog. 58, 539 - 561, 1970.

Dickinson, R. E. (LAS): Development of a Rossby wave
critical level. J. Atmos. Sci. 27(4), 627 - 633, 1970.

-- : Response of tropical zonal winds to seasonal
changes in the distribution of sources of momentum
and heat. In Proc. AMS-WMO Symposium on Tropical
Meteorology, University of Hawaii, Honolulu, ex-
tended abstract I - IV, 1970.

Drake, R. L. (LAS), and M. B. Ellingson (LAS): The
application of a local similarity concept in solving the
radical flow problem. J. Comp. Phys. 6 (2), 200 -218,
1970.

-- and -- : Numerical solutions for the radial
subsurface flow problem. Ground Water 8 (6), 39 - 47,
1970.

Dulk, G. A., J. A. Eddy (HAO), and J. P. Emerson: Search
for visual aurorae on Jupiter. Astrophys. J. 159 (3),
1123- 1124, 1970.

Durney, B. (ASP): Non-axisymmetric convection in a
rotating spherical shell. Astrophys. J. 161 (3), 1115 -
1127, 1970.

- : The interaction of rotation with convection.
In Stellar Rotation, A. Slettebak, Ed., Reidel
Publ. Co., Dordrecht-Holland, 30 - 36, 1970.

-- and I. W. Roxburgh (HAO): Models of close and
contact binary stars. I. Polytropic models. Mon. Not.
R. astr. Soc. 148, 239 - 247, 1970.

Eddy, J. A. (HAO): Book review of Early Solar Physics,
by A. J. Meadows. Sky and Telescope 40 (6), 375 -
379, 1970.

------- , R. H. Lee (HAO), P. J. Lena (HAO*), and R. M.
MacQueen (HAO): Far infrared airborne spectros-
copy. Appl. Optics 9 (2), 439 - 446, 1970.

Eden, P. A. (FAL): Niwot Ridge Remote Meteorological
Data Acquisition Station. Technical Note NCAR-
TN-50, 76 pp., 1970.

Ehhalt, D. H. (LAS), and G. Haumacher: The seasonal
variation in the concentration of strontium 90 in rain
and its dependence on latitude. J. Geophys. Res.
75 (15), 3027 -3031, 1970.
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---------- and H. G. Ostlund: Deuterium in Hurricane Faith
1966: Preliminary results. J. Geophys. Res. 75 (12),
2323- 2327, 1970.

Emerson, J. P., J. A. Eddy (HAO), and G. A.
Dulk: Hydrogen abundance in Jupiter's atmosphere.
Icarus 11, 413-416, 1969.

Emrich, K., D. H. Ehhalt (LAS), and D. C. Vogel: Carbon
isotope fractionation during the precipitation of
calcium carbonate. Earth Planet. Sci. Letters 8(5),
363-371, 1970.

Firor, J. W. (ADM): The individual scientist in GARP.
Bull. Am. Meteorol. Soc. 51 (2), 152- 154, 1970.

Fogle, B. (ASP), C. Willmann, J. Paton, and A. Christie:
International Noctilucent Cloud Observation Manual.
World Meteorological Organization Publ. No. 250,
TP-138, 39 pp., 1970.

Fox, D. G. (LAS): The forced plume in stratified
fluid. J. Geophys. Res. 75 (33), 6818 - 6835, 1970.

Frank, E. (LAS), J. P. Lodge, Jr. (LAS), J. Shedlovsky
(LAS), and B. Fogle (ASP): Particles collected during
a noctilucent cloud display. J. Geophys. Res. 75 (33),
6853- 6856, 1970.

--------- , K. R. Spurny (LAS*), D. C. Sheesley (LAS), and
J. P. Lodge, Jr. (LAS): The use of Nuclepore filters
in light and electron microscopy of aerosols.
J. Microscopie 9 (6), 735 - 740, 1970.

Fraser, G. (ASP*), and A. Kochanski: Ionospheric drifts
from 64-108 km altitudes at Birdlings Flat. Ann.
Geophys. 26 (3), 675 - 687, 1970.

-------- and R. A. Vincent (ASP*): A study of D-region
irregularities. J. Atmosph. Terr. Phys. 32 (9), 1591 -
1601, 1970.

Gary, J. M. (FAL): PDELAN--A Programming Lan-
guage for the Solution of Partial Differential
Equations. ILLIAC IV Doc. 225, University of Illinois,
29 pp., 1970.

--- and R. Helgason (FAL): A matrix method for
ordinary differential eigenvalue problems. J. Comp.
Phys. 5 (2), 169 - 187, 1970.

Gebhart, R. (ASP*), J. London, and R. Bojkov
(ASP*): Stratospheric ozone: A comparison of ob-
served and computed models. Beitr. Phys. Atm. 43,
209- 227, 1970.

Gilman, P. (ASP): Instability of magnetohydrostatic
stellar interiors from magnetic buoyancy. I. Astro-
phys. J. 162 (3), 1019 -1029, 1970.

Gitlin, S. N. (LAS): Shock waves and freezing. J. Appl.
Meteorol. 9 (4), 716 - 717, 1970.

Hansen, R. T. (HAO), S. F. Hansen (HAO), and C. J.
Garcia (HAO): Mauna Loa coronagraph observations
around the 7 March 1970 eclipse. Solar Phys. 15 (2),
387 - 393, 1970.

Haurwitz, B. (ASP), and A. D. Cowley (ASP): The lunar
barometric tide, its global distribution and annual
variation. PAGEOPH 77(6), 122 -150, 1969.

--- and B. Fogle (ASP): Wolken Leuchten in der
Nacht. Kosmos 66, 36 - 41, 1970.

Hauser, R., and K. Stefan (FAL): Test specification for
unsupported balloon films. In Proc. 6th AFCRL
Scientific Balloon Symposium, L. A. Grass, Ed.,
AFCRL-70-0543, Spec. Rept. No. 105, 335 -338,

1970.

Hidy, G. M. (LAS*), R. Bleck (LAS), I. H. Blifford, Jr.
(LAS), P. M. Brown (LAS), G. Langer (LAS), J.P.
Lodge, Jr. (LAS), J. Rosinski (LAS), and J. P. Shedlov-
sky (LAS): Observations of Aerosols over Northeast-
ern Colorado. Technical Note NCAR-TN-49, 64 pp.,
1970.

House, L. L. (HAO): The resonance fluorescence of
polarized radiation. I. The general scattering function.
J. Quant. Spectrosc. Radiat. Transfer 10 (8), 909 - 928,
1970.

- : The resonance fluorescence of polarized radia-
tion. II. Scattering in the normal Zeeman triplet
(J= 0-J"= 1). J. Quant. Spectrosc. Radiat. Transfer
10(11), 1171-1189, 1970.

---- and L. W. Avery (ASP): The Monte Carlo
technique applied to radiative transfer. J. Quant.
Spectrosc. Radiat. Transfer 9 (12), 1579- 1591, 1970.
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Jenne, R. L. (FAL), H. van Loon (LAS), J. J. Taljaard
(LAS), and H. L. Crutcher: Zonal means of climato-
logical analyses of the southern hemisphere. Notos 17,
35- 52, 1968.

Jones, H. P. (HAO*), and A. Skumanich (HAO): Line
formation in multi-dimensional media. In Spectrum
Formation in Stars with Steady-State Extended
Atmospheres, H. G. Groth and P. Wellmann, Eds.,
National Bureau of Standards Spec. Publ. 332,
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