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PREFACE

The work described in this report was conducted by the NASA Atmospheric
Lidar Working Group, which was formed by the NASA Offices of Space Science and
Applications. The working group was coordinated by the Atmospheric Lidar Study
Office at the NASA Langley Research Center. The purpose of this working group
was to

(1) Review. and expand upon the scientific rationale for a spaceborne atmo-
spheric lidar described in the 1973 report: "Science Objectives of the Atmo-
spheric, Magnetospheric, and Plasmas in Space (AMPS) Payload for Spacelab/
Shuttle™ and consider additional applications objectives.

(2) Identify the equipment to conduct this research and, in the case of
development items, assist NASA in defining a program of technological research
and development that will eventually lead to the necessary flight systems.

(3) Identify areas of theoretical and laboratory research which must be
undertaken to support the program.

The working group was initially convened in September 1977. The material
presented in this report is a result of eight meetings of the working group,
with each meeting lasting several days. The membership of this international
working group is

Shelby G. Tilford (Chairman) NASA Headquarters

Edward V. Browell (Project Scientist) NASA Langley Research Center

Vincent Abreu University of Michigan

Sidney A. Bowhill University of Illinois

Allan I. Carswell York University, Canada

Marie-Lise Chanin Centre National de la Recherche
Scientifique, France

Giorgio Fiocco Laboratorio Plasma Spazio, Italy

Gerald W. Grams Georgia Institute of Technology

Richard Hake, Jr. SRI International

E. D. Hinkley Jet Propulsion Laboratory

Robert D. Hudson NASA Goddard Space Flight Center

Charles L. Korb NASA Goddard Space Flight Center

M. P. McCormick NASA Langley Research Center

S. H. Melfi NASA Goddard Space Flight Center

A. Mooradian MIT Lincoln Laboratory

C. M Penney General Electric Corporation

Wolfgang Renger German Aerospace Establishment,
West Germany

Philip B. Russell SRI International

Robert K. Seals, Jr. NASA Headquarters

Gary Swenson NASA Marshall Space Flight
Center
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Lance Thomas Appleton Laboratory,
United Kingdom
Thomas D. Wilkerson University of Maryland

Edward V. Browell, Project Scientist
Langley Research Center
National Aeronautics and Space Administration
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INTRODUCTION

A Multiuser Shuttle lidar facility is needed to provide unique and essen-
tial information about processes governing the composition, transformations,
and dynamics of the Earth's atmosphere. It is well known that the concentra-
tions of certain atmospheric constituents have been increasing steadily and
that there are projections of concomitant changes in global temperature,
climate, weather, and air quality., While some of these increases are due to
natural causes, others result from the activities of mankind - to what extent
we don't know. Since the consequences mav seriously affect life on Earth, it
is of the utmost importance that every technique which may bring us closer to
an understanding of the Earth's atmosphere be explored.

One of the significant conclusions that has emerged from research con-
ducted to date is that the classical way of viewing the atmosphere as independ-
ent layers, i.e., the troposphere, stratosphere, etc., is not suitable for
studying current problems. These atmospheric layers are strongly coupled, and
the understanding of any one requires knowledge about the others. This has led
to the need to measure many parameters simultaneously, over an extended alti-~
tude range, with the global or synoptic coverage obtainable only by satellite.

Passive instruments are being developed for satellite-based remote sensing
of the atmosphere; they include infrared radiometers, interferometers, hetero-
dyne receivers, millimeter-wave spectrometers, and ultraviolet and visible
spectrometers. Each of these instruments has limitations, and several operate
only during solar sunrise or sunset transitions. Active laser systems on an
orbiting satellite will provide capabilities not possible with passive sensors,
Such laser systems are now being evaluated by experiments involving ground-
based, aircraft, and balloon-borne platforms. Their potential for synoptic
measurements with high sensitivity, high specificity, high spatial resolution,
and day or night operation is evaluated in this report.

Space Shuttle provides the ideal platform for performing important lidar
experiments: both for improving understanding of the Earth's atmosphere and
for developing active laser systems that will eventually be placed on free-
flying satellites. 1In order to develop the rationale for a Shuttle atmospheric
lidar system, an international working group of scientists was convened by the
National Aeronautics and Space Administration (NASA) in September 1977. Their
charter included the definition of a general set of science and applications
objectives and experiment classes that could be conducted with a Shuttle borne
lidar. The working group assessed the current technology in the areas of
lasers, receivers, and detectors and proposed a model for the sequence of lidar
experiments. The key considerations and conclusions of the study, determined
from the coordinated efforts of the NASA Atmospheric Lidar Working Group, are
discussed in this report.

The primary goals of the Shuttle atmospheric lidar program are to contrib-
ute to an understanding of the processes governing the Earth's atmosphere and



to evaluate atmospheric susceptibility to manmade and natural perturbations.
Lidar measurements from space have a variety of features that are important to
such a program. Among these are high spatial resolution, control of the source
wavelength and intensity, and high measurement specificity. This report pre-
sents the rationale for exploiting these unique features from the Space Shuttle
in pursuit of these goals.

Lidar can make an important contribution to seven major science and appli-
cations objectives identified by the working group:

(1) Determination of the global flow of water vapor and pollutants in the
troposphere and lower stratosphere.

(2) Improvement of chemical and transport models of the stratosphere and
mesosphere.

(3) Evaluation of radiative models of the atmosphere.
(4) Augmentation of the meteorological data base.

(5) Investigation of excitation, propagation, and dissipation of wave
motions in the upper atmosphere.

(6) Investigation of chemistry and transport of thermospheric atomic
species.

(7) Investigation of magnetospheric aspects of Sun/weather relationships.
Each of these objectives and their requirements are discussed in this report.

The working group also identified a set of 26 candidate experiment classes
which significantly contribute to the seven science objectives:

(1) Cloud-top heights

(2) Tropospheric cloud and aerosol profiles

(3) Cirrus ice-water discrimination

(4) Noctilucent clouds and circumpolar particulate layer profiles

(5) Surface albedo

(6) Stratospheric aerosol profiles

(7) Alkali atom density profiles (Na, K, Li)

(8) Ionospheric metal ion distributions (Mg*, Fet, Ca

(9) Water-vapor profiles

(10) Trace species measurements (O3, H70, NH3, CFM's, etc.) - Total
burden; rough profiles

(1) Chemical release diagnosis

(12) sStratospheric ozone profiles

(13) Upper atmosphere trace species profiles (two-satellite)

(14) Na temperature and winds

(15) Surface and cloud-top pressure measurements

(16) Tropospheric pressure profiles

(17) Tropospheric temperature profiles

(18) Trace species (03, Hy0, NH3, CoHy, etc.) profiles

+)



(19) Cloud-top winds

(20) Aerosol winds

(2') OH density profiles

(22) Metal atom/ion/oxide profile (Mg/Mg*/Mgo, 80 to 600 km)
(23) Tropospheric NO5 burden profile

(24) Stratospheric aerosol composition

(25) NO density profiles (70 to 150 km)

(26) Atomic oxygen profiles (80 to 150 km)

These experiment classes serve as a basis for the establishment of requirements
for a lidar system which would be flexible enough to permit a wide range of
potential investigations. This report examines these experiment classes as to
feasibility, uniqueness, and specialized requirements, as well as to how they
address the science and applications objectives.

This report also describes an evolutionary program flow that incorporates
realistic hardware development constraints into a coordinated sequence of lidar
investigations to address the seven science objectives.

Appendixes A, B, C, and D contain detailed descriptions of each candidate
experiment, as well as technology assessments of laser sources, transmitting
and receiving optics, and detectors for potential use on Shuttle lidar. A
glossary of acronyms, abbreviations, and symbols is included as appendix E.

Use of trade names or names of manufacturers in this report does not
constitute an official endorsement of such products or manufacturers, either
expressed or implied, by the National Aeronautics and Space Administration.




SCIENTIFIC INVESTIGATIONS WITH SHUTTLE LIDAR

RATIONALE FOR LIDAR ON SPACE SHUTTLE

Since the early 1960s, the development of atmospheric probing instrumenta-
tion incorporating lasers has led to a variety of lidar techniques for observ-
ing the atmosphere. The number of laser atmospheric studies has steadily
increased since 1963 when the first measurements of atmospheric properties -
lidar echoes from dust layers in the upper atmosphere - were reported. Rapid
advances in the development of lasers and concomitant advances in electronics
technology have contributed to the development of reliable, efficient lidar
systems for use in atmospheric studies. The feasibility of making lidar mea-
surements has now been firmly established in a wide variety of field measure-~
ment programs. Although the first lidar experiments were carried out from
fixed ground-based sites, the advantages of operating a lidar system from a
moving platform have been demonstrated by a number of lidar systems that have
been developed and successfully operated from research aircraft, ships, and
instrumented trailers or vans. The use of a space-borne platform would capi-~
talize on the unique capabilities of the lidar technique to probe the atmo-
sphere with high spatial resolution, providing global observations of certain
species and atmospheric parameters on a continuous around-the-clock basis. For
some experiments, such as those which examine the evolution of the atmosphere
on a global scale, this ability to obtain an effectively instantaneous "snap-
shot" of the atmosphere is essential.

Although a variety of in situ and passive remote sensing techniques are
available for measuring some of the atmospheric parameters needed for an under-
standing of the Earth's atmosphere, the combination of spatial resolution and
sensitivity inherent in a Shuttle borne lidar can seldom be equalled by these
other measurement systems., For the lidar technique, the vertical distribution
of a species is derived directly from observations of the magnitude of the laser
echo as a function of the time interval from laser pulsing; with passive remote
sensors, on the other hand, vertical profiles must be inferred by using spectral
or geometric inversion techniques. Typical laser pulse lengths of order 30 ns
correspond to lidar range resolutions of less than 5 m. The horizontal resolu-
tion for a single laser pulse is also high. For example, the pulse diameter of
a 1 mrad laser beam at a range of 300 km is only 300 m; the beam diameter can be
made correspondingly narrower or wider by varying the divergence of the trans-
mitted laser pulse. Frequently, a number of consecutive laser echoes will be
averaged in order to achieve an adequate signal-to-noise ratio for a specific
experiment; the horizontal resolution is then determined by the distance that
the spacecraft travels while the required number of pulses are being trans-
mitted. Many atmospheric experiments may not require the high vertical resolu-
tion inherent in the lidar technique. For such cases, simple trade-offs between
horizontal and vertical resolution are accomplished by integrating individual
laser echoes over much longer range intervals (e.g., over 500 m range incre-
ments) to achieve the required signal-to-noise ratio with fewer laser pulses.
While certain in situ techniques may provide comparable spatial resolution in
one dimension (e.g., vertical profiles of atmospheric constituents obtained by
rocket-borne instruments), they cannot provide the nearly instantaneous two-
dimensional cross sections that would be obtained with a Shuttle borne lidar.
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In certain cases, such as for studies of cloud-top heights in the tropo-
sphere or studies of wave propagation through the sodium layer in the upper
atmosphere, the superior vertical resolution made possible by the lidar tech-
nique is essential to the science objectives being addressed. Furthermore, the
use of a space-borne lidar to obtain range-resolved vertical profiles appears
to be the only technique that can provide global observations of tropospheric
aerosol particles, tenuous cirrus clouds, and surface reflection characteris-
tics. The range resolution inherent in the pulsed-lidar technique is also
needed when it becomes necessary to characterize the three-dimensional distri-
bution of a target such as the product of a chemical release; although passive
observations can provide some range information by triangulation, this is
usually done at the expense of operational convenience and data quality. For
other experiments, such as in studies of the horizontal inhomogeneity of aerosol
layers on scales of less than 200 km, passive limb scanning sensors are not able
to provide the required information at all, and passive nadir-viewing sensors
have neither the vertical resolution nor the sensitivity that lidar can provide.
In general, the spatial and spectral characteristics of the laser can often be
tailored to provide a measurement sensitivity which is superior to that of pas-
sive techniques. For example, this is the case when pulsed lasers are used to
locate and measure subvisible cirrus clouds and aerosol layers and when tuned
lasers are used to generate narrow spectral lines to access strong absorption
features associated with infrared-active molecules that would not otherwise be
detected by conventional solar-absorption or thermal-emission sensors.

A space-borne lidar can carry out measurements involving radiation at
wavelengths that cannot effectively be propagated through the lower atmosphere.
For example, the ultraviolet wavelengths required for measurements of metal-ion
species in the mesosphere ,and for two-photon atomic oxygen experiments in the
upper atmosphere are severely attenuated by absorption in the lower atmosphere,
and the experiments are not possible from the ground. Furthermore, since lidar
provides its own jllumination source, it can often perform the observations in
both daytime or nighttime conditions, in contrast to many of the passive sensors
which require sunlight or twilight conditions for operation. Actually, night-
time-is the favorable period for the many lidar experiments that use wavelengths
in the solar spectrum and must overcome sunlight background. Even though many
of these experiments may be restricted to nighttime operation, they still
deliver a greater concentration of data than twilight experiments. Lidar can
also provide data that are complementary to the passive daytime data with the
possibility of improved resolution and other benefits mentioned above. Other
space-borne experiments for which a lidar system would provide a unique obser-
vational capability include direct measurements of alkali-atom densities in the
upper atmosphere, discrimination between ice crystals and water droplets in
clouds by polarization-sensitive backscatter, remote measurements of the sur-
face pressure, and direct measurements of tropospheric,  stratospheric, and
mesospheric winds by Doppler sensitive active probing.

Coordinated measurements with other Shuttle experiments would also be pos-
sible and are highly recommended; the multi-instrument design of the Shuttle
provides an opportunity for synergistic experiments involving lidar and other
sensor systems located on the same spacecraft. As an example, simultaneous
lidar and passive infrared measurements of cloud-top heights would provide both
a means for testing conventional measurement techniques and the necessary data



for improving passive analysis algorithms. Activeé perturbation experiments
involving excitation by the lidar beam and detection by other sensors are also

attractive possibilities.

At its present stage of evolution, lidar instrumentation is relatively
large and requires a large fraction of the power available on the Shuttle.
Improvements in size and efficiency are steadily being made, however, and the
multiple~reflight nature of the NASA Shuttle program is ideal for an instrument
of this type, permitting the evolutionary process to occur with a wide variety
of initial experiments and with the implementation of more advanced systems
with greater flexibility and measurement effectiveness for subsequent flight

programs.



SCIENTIFIC OBJECTIVES

Introduction

In identifying those problems which are best addressed by an orbiting
lidar system, the special features of the lidar must be considered. These
features are

(1) The ability to actively probe the atmosphere
(2) Very good vertical resolution when used in the pulsed mode

(3) Fine horizontal resolution with the capability to probe the
troposphere between the clouds

(4) Very high sensitivity in aerosol and thin-cloud detection

(5) The ability to select atmospheric constituents by narrow spectral
features, such as in resonant scatter or in absorption

(6) The ability to measure temperatures of these constituents by the spec-
tral shape of the features, given adequate spectral purity of the
laser

(7) The possibility of measuring the spectrum of the lidar return either
by high-resolution interferometry or by heterodyne detection, with
sufficient resolution to determine the Doppler shift; thence, after
eliminating the satellite motion, to deduce the atmospheric motion
field

(8) The ability to obtain global-scale data rapidly

(9) The ability to point the lidar system in any direction, subject to the
restriction of slew rate and scattered sunlight

The scientific objectives presented in this section, while of great inter-
est and significance themselves, are not the entire range of scientific problems
of interest in the atmosphere. Rather, they are a set of very important prob-
lems to which the orbiting lidar can make a unique contribution - problems that
cannot be solved by other techniques alone. Some of them can be addressed by
lidar itself without any accompanying observations; in other cases, complemen-
tary observations by passive techniques, in situ probes from balloons or rock-
ets, or radio probing from the ground are needed to obtain the maximum scien-
tific benefit. These correlative observations are indicated for each objective.

As a consequence of special features (2) and (3) given above, an orbiting
lidar will have a view of the troposphere that is unique among spaceborne sen-
sors. That is, although passive limb scanners can have quite good vertical
resolution, their view of the troposphere is usually blocked by clouds; on the
other hand, passive nadir viewing sensors, which can view between the clouds,
have less vertical resolution and often less sensitivity. Lidar's unmatched




ability to probe between clouds with good vertical resolution opens up a whole
class of global tropospheric studies that only spaceborne experiments can pro-
vide. Examples of these studies are mentioned below and elaborated on in later
sections.

It also happens that the capabilities of orbiting lidar make it particu-
larly suitable for studies of the stratosphere and mesosphere. This region,
between 10 and 100 km altitude, is known as the "middle atmosphere." The sci-
entific problems for this region were studied at a 1976 conference in Urbana,
Illinois, and are documented in the Middle Atmosphere Program Planning Document
(1976). Further discussions of the problems are contained in the Upper Atmo-
sphere Research Satellite planning document (1978) and in "Upper Atmosphere
Research in the 1980's -~ Ground-Based Rocket and Airborne Techniques," a docu-
ment in preparation by the Committee on Solar Terrestrial Research, National
Academy of Sciences - National Research Council, Washington, DC 20418,

As a result of strong international scientific interest, the Middle
Atmosphere Program (MAP) has been approved by the International Council of
Scientific Unions as a program of cooperative research in the period 1982-1985,
with the participation of four scientific unions, the Scientific Committees on
Space Research and on Solar-Terrestrial Physics, and the World Meteorological
Organization.

One of the questions of prime scientific concern in the middle atmosphere
is the mechanism by which long-lived chemical compounds and particulates make
their way from the Earth's surface into the middle atmosphere. Simplified one-
or two-dimensional models parameterize this flow in terms of an eddy transport
coefficient. However, the situation in the real atmosphere is much more com-
plex. Not only are the sources unevenly distributed over the surface of the
globe, but the vertical transport is dominated by troposphere/stratosphere
exchange like that found in the tropics and that associated with tropopause
folding at medium latitudes. Scientific objective 1 addresses itself to the
problem of tracing the actual paths followed by various tracers and relating it
to the general circulation. 1If the Spacelab lidar is operational during the
period of MAP from 1982 to 1985, it will be able to make a substantial contri-
bution to this international cooperative effort.

The global distribution of natural and artificial minor constituents in
the middle atmosphere is of great importance in determining the chemistry of
ozone. The Spacelab lidar will be capable of measuring ozone and other related
chemical species and can make a substantial contribution to the knowledge of
ozone chemistry. As described under scientific objective 2, the scientific
yield from the lidar measurements will be greatly enhanced by combining them
with passive measurements from space, balloon, and rocket measurements of minor
constituent concentrations.

All models of the terrestrial climate involve assumptions about radiative
parameters of the atmosphere. Since a lidar system is capable of measuring a
wide range of radiatively active constituents with precision in altitude, it
can provide a new data base for global radiative models, as described in sci-
entific objective 3. In fact, since the largest amounts of radiatively active
constituents (e.g., aerosols, water vapor, CO;) are located in the troposphere,
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lidar's unique view of this atmospheric layer (mentioned above) is especially
applicable to this objective. As an example, the unique ability of Shuttle
lidar to make global measurements of tropospheric aerosols with the required
vertical resolution and sensitivity has been cited in the planning document,
"Guidelines for the Aerosol Climatic Effects Special Study: An Element of the
NASA Climate Research Program" (1979).

The Global Atmospheric Research Program (GARP), which is intended to
provide data to test new global circulation models of the atmosphere, can
benefit from certain limited but important measurements of temperature,
pressure, and cloud-top height which will be derived from the Spacelab lidar
program., The benefits and limitations of these data are explored under
scientific obijective 4.

Scientific objectives 5, 6, and 7 relate to a number of problems in the
atmosphere above the stratosphere accessible to neither balloons nor satel-
lites. 1In this region, scatter from aerosols is much less frequent and
Rayleigh scatter by air molecules is too weak for use by lidar. However, a
number of species are present which can scatter resonantly, for example, atmo-
spheric metals, metal ions, and hydroxyl. These will be used as tracers to
study thermospheric dynamics (objective 5), chemistry (objective 6), and
electrodynamic coupling to the solar-terrestrial environment (objective 7).
Together with ground-based optical and radar probing and the use of rockets
where appropriate, lidar is expected to give a new perspective on the physics
and chemistry of this interesting and complex part of the atmosphere.

References
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June 1976,

Upper Atmosphere Research Satellite Program - Final Report of the Science Work-
ing Group. JPL Publ. 78-54, NAS7-100, July 15, 1978, (Available as
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Scientific Objective 1: Global Flow of Water Vapor and Pollutants

The purpose of scientific objective 1 is to trace the global flow of
water vapor and pollutants in the troposphere and lower stratosphere.

Introduction

Understanding atmospheric transport processes requires understanding the
transformation and flow of water vapor and pollutants from local chemical and
microphysical processes through the general circulation of the atmosphere
itself. 1In recent years, the atmosphere has increasingly been viewed as one of
our natural resources, and the possibility that it would suffer from contamina-
tion by anthropogenic pollutants has increased our interest in the transport of
such impurities over long distances by atmospheric motions. The understanding
of transport processes is therefore of vital interest, not only for local air
pollution control and planning but also for studies of global contamination of
the atmosphere by widespread application of fertilizers, by the use of CFM's in
aerosol spray cans, by nuclear experiments, by aviation, and by space technology.

The use of trace constituents of the atmosphere for establishing the
effects of the general circulation on the transport of pollutants has been
actively pursued. The global nature of the problem, however, requires new
approaches to augment our understanding of global transport processes in the
atmosphere and of the general circulation, especially outside and above the
radiosonde networks. 1In particular, it appears possible to use a lidar on
Shuttle or some other spacecraft to trace the global motion of particulates and
gaseous pollutants which react only slowly with the surrounding constituents of
the atmosphere or with the Earth's surface and which are generated in specific
source regions, Ground-based lidars have already been used, for example, to
document the time history of the changes in the height and concentration of
aerosol particles in the stratosphere after the eruption of the Mt. Agung vol-
cano in Bali in 1963 and after the eruption of the Fuego volcano in 1975. These
observations, made at various times and locations by a number of different lidar
groups, have been used to study stratospheric transport processes (e.g., Cadle
et al., 1976). It would be extremely interesting to carry out a similar series
of global observations of stratospheric aerosols from Shuttle for a 2- or 3-year
period when another major volcanic eruption occurs. It is not necessary, of
course, to wait for dramatic natural events such as a large volcanic eruption
to study atmospheric transport processes. Measurements of dust particles trans-
ported in distinct layers over large distances from desert regions in Africa and
Asia would provide data for use in studying tropospheric transport processes.
Also, measurements of aerosol particles or gaseous pollutants such as 03, SOj,
or the CFM's downwind of major urban areas could be used as input for testing
and validating models of atmospheric dispersion by mesoscale flow fields.

There are a number of other problems that are of current interest in
the scientific community. One is that of understanding the mechanisms for
troposphere~stratosphere exchange processes involving such phenomena as the
intrusion of ozone from the stratosphere to the troposphere in extremely thin
(e.g., 1/2 km) layers or the injection into the stratosphere of tropospheric
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air with relatively high concentrations of water vapor in the vicinity of
thunderstorms (Kuhn et al., 1977). Another subject having considerable cur-
rent interest is that of atmospheric CO;. The increase in the CO; content of
the atmosphere has been well documented since 1958; however, the increase is
equivalent to only about 50 percent of that known to have been produced by
fossil fuel burning during the same period. Controversy exists on the process
responsible for removing the excess CO;. Accurate measurements of the concen-
tration (or mixing ratio) of COy near the Earth's surface might help to identify
important sources and sinks of the molecule and thereby contribute to a resolu-
tion of that debate.

Previous Lidar Research

The presence of aerosol layvers near or below the mesopause has been estab-
lished by numerous visual observations of noctilucent clouds. Lidar measure-
ments have been conducted at high latitudes where noctilucent clouds are
observed (Fiocco and Grams, 1966 and 1969). The measurements indicate that the
altitude region between 60 and 70 km contains an appreciable amount of particu-
late material during periods of noctilucent cloud activity; observations of
transient features of a noctilucent cloud were also obtained during those
experiments. Lidars have also detected mesospheric scattering layers at lower
latitudes. During October and November of 1966 in England, Bain and Sandford
(1966) detected layers at about 71 km with scattering 2.5 times that expected
from a molecular atmosphere. McCormick et al. (1967) observed echoes from the
65 to 85 km region during February 1967 in Maryland. Latitudinal and seasonal
changes in the vertical distribution of extraterrestrial aerosols below 100 km
have been related to the general circulation of the upper atmosphere (Fiocco
and Grams, 1971)., The aerosol layers observed near 70 km are presumably of
extraterrestrial origin. Estimates of the mass flux of extraterrestrial dust
based on lidar data obtained at high latitudes (Fiocco and Grams, 1969) are in
agreement with results obtained by other techniques (summarized, for example,
by Parkin and Tilles, 1968).

The layer of aerosols found in the interval from about 15 to 25 km has
also been observed extensively by Lidar. The existence of the layer was con-
firmed in the early 1960's by Junge and his collaborators (Junge and Manson,
1961; Chagnon and Junge, 1961; Junge et al., 1961) using balloon-borne impac-
tors. Gruner and Kleinert (1927) and Gruner (1942) had previously concluded
from twilight observations that there was dust above the tropopause, as had
Bigg (1956) and Volz and Goody (1962) from more sophisticated twilight sky
intensity measurements. The "Junge layer" has since been verified and studied
extensively by many investigators employing both in situ and remote sensing
techniques. The first lidar observations of the layer were reported by Fiocco
and Grams (1964), These investigators carried out a 2-year study of the layer
in 1964-65 in Massachusetts (Grams and Fiocco, 1967). The lidar profiles indi-
cated a layer in the 15 to 20 km region for which the backscattering was almost
twice as large as that expected from a dust-free molecular atmosphere; i.e., the
backscattering from the aerosols and molecules was approximately equal. Compar-
isons between these results and those obtained earlier by other techniques indi-
cated that the stratospheric aerosol concentration was about one order of magni-
tude higher, presumably because of the eruption of Mt. Agung in March 1963,
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Since then, other investigators have used lidars for stratospheric aerosol stud-
ies. These results indicate a long-term trend toward decreasing aerosol concen-
trations after the Mt. Agung eruption which continued until late 1974, when high
backscattering ratios were again observed following the eruption of the Fuego
volcano. The temporal variation of the lidar returns from the stratospheric
aerosol layer is summarized in figure 1. Results obtained with balloon-borne
photoelectric particle counters are also shown for comparison. The lidar
results shown in figure 1 appear to bracket the natural variability of the back-
scattering cross section of the stratospheric aerosol, with the exception of
times and locations very close to volcanic injections.

The trapping of aerosol particles below temperature inversions is an effect
that can be detected by lidar and used in boundary-layer studies. For example,
a vertically pointing laser radar operated at a fixed location to determine
time-~-height data on aerosol concentration can define the height of the boundary
layer continuously throughout the diurnal cycle, as demonstrated by Uthe (1972)
and Russell et al. (1974) and illustrated in figure 2. Alternatively, spatial
variations of boundary-layer height have been obtained with a ground-based scan-
ning lidar measuring two- or three-dimensional aerosol concentration profiles
(Collis, 1969; Olsson et al., 1974) and with an airborne lidar looking downward
(Grams et al., 1975; Melfi et al., 1974), as illustrated in figure 3. Lidar
applications involving the acquisition of data on pollutant particles have been
discussed by a number of authors, including Johnson (1969 and 1971), Barrett and
Ben-Dov (1967), Hamilton (1966, 1967, and 1969), and Ruppersberg and Renger
(1976).

Shuttle Studies

The above discussion underlines the fact that lidar observations of aerosol
layers in the atmosphere are of considerable scientific interest. While many of
the reported studies were obtained with ground-based systems, a number of exper-
iments using airborne lidars have also been carried out. These studies reflect
an interest in using lidars for mapping the spatial distribution of the airborne
particles over large geographic areas to study, for example, the dispersion of
pollution particles in the urban boundary layer (Melfi et al., 1974) or the
meridional distribution of particulates in the stratospheric aerosol layer (Fox
et al., 1973). It is apparent that the ability of the Shuttle lidar to detect
and trace the global flow of aerosol particles in the mesosphere, stratosphere,
and troposphere will attract the interest of the scientific community. While
other satellite techniques can obtain data above the tropopause (e.g., the
SAM II or SAGE solar occultation measurements), the ability of an active lidar
system to operate continuously along the Shuttle orbit provides a unique abil-
ity to obtain high-resolution horizontal aerosol data for use in models of aero-
sol transport. Furthermore, lidar represents the only technique available for
studying aerosol vertical distributions in the troposphere from an orbiting
platform. Table I summarizes the parameters to be measured for experiments to
trace the global flow of pollutants. The table lists the accuracies and
resolutions required for each measurement.

Large-scale transport of atmospheric aerosol layers.- In considering the
use of the Shuttle lidar for studies of aerosol transport, it is noteworthy
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that there are a number of interesting research topics associated with aerosol
particles generated in specific source regions and transported in distinct
layers for distances measured in thousands of kilometers. The most notable
examples in the troposphere are the dust layers generated in vast desert
regions such as the Saharan desert in Africa and the Takla Makan and Gobi
deserts of eastern Asia. In the stratosphere, as discussed earlier, large
amounts of volcanic ash and gases can be injected by violent volcanic eruption;
the ash and particles formed from gases such as SO; or COS are then dispersed
by atmospheric transport processes over the entire globe.

The existence of lidar data on the temporal and spatial distribution of
stratospheric aerosol particles after the eruption of the Mt. Agung and Fuego
volcanos has already led to quantitative studies of the dispersion in the
stratosphere. Cadle et al. (1976) used lidar data obtained over a 2-year
period in Massachusetts (Grams and Fiocco, 1967) after the eruption of
Mt. Agung to test a two-dimensional stratospheric transport model. Figure 4
(from Cadle et al., 1976) shows a comparison between predicted aerosol concen-
trations at 18 km altitude and the corresponding temporal variation of concen-
tration determined from lidar observations after the Mt. Agung eruption, Fig-
ure 5 shows the meridional distribution of stratospheric aerosol particles at
various times after the Mt. Agung eruption as predicted by the model of Cadle
and his colleaques.

Dust layers from the Saharan and Asian deserts are interesting examples
of cases for testing models for long-range transport of particulates in the
troposphere. One of the most striking examples of long-range transport of
atmospheric particulates is the layer of particles observed over the northern
tropical Atlantic Ocean during the summer months. The major fraction of the
aerosols in this layer is composed of mineral particles originating in the
arid and semiarid regions of West Africa (Savoie and Prospero, '977) and trans-
ported into the oceanic area in large-scale Saharan air outbreaks (Prospero and
Carlson, 1972). These massive outbreaks are known to carry large amounts of
dust from the west coast of Africa to the Caribbean (Prospero et al., 1970).
Figure 6 shows a vertical profile of the aerosol concentration as measured by
Kondratyev et al. (1976) with aerosol-particle counters operated on an aircraft
over the Atlantic during the GATE program in summer 1974, The Saharan dust
layer is typically several kilometers thick, with the base of the dust layer
located some 1 to 1.5 km above the ocean surface. The high concentrations of
dust in the layer cause considerable attenuation of solar radiation, with the
optical thickness often exceeding unity. The dust cloud significantly increases
the albedo of the Earth atmosphere system, and the Saharan dust outbreaks are
clearly visible in satellite photographs as large bright areas over the ocean
with horizontal dimensions often greater than 1000 km. Such layers would easily
be detected by the Shuttle lidar and, along with photographic images from geo-
synchronous satellites, would significantly increase our ability to understand
long-range transport processes by mapping the vertical and horizontal dispersion
of the dust layer as it moves across the Atlantic.

Recently, Rahn et al. (1977) suggested that some Arctic haze layers were,
in fact, dust layers transported over long distances (9000 to 12 000 km) from
the Takla Makan and Gobi deserts in eastern Asia. The term "Arctic haze" refers
to turbid layers of air found regularly over the pack ice north of Alaska during
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periods of clear weather. These layers are hundreds to thousands of kilometers
wide, 7 to 3 km thick, and can occur as single or multiple bands of haze at
nearly any level of the troposphere. Although they are generally difficult to
detect visually from the ground, they can be viewed from aircraft since horizon-
tal and slant visibilities within the layer can be as small as 3 to 8 km. An
observation program involving the operation of surface stations and an air-borne
sampling program by the Universities of Alaska and Rhode Island (Rahn et al.,
1977), Shuttle lidar observations of the temporal variation in the vertical
distribution and horizontal extent of the Arctic haze layers, and an appropriate
three-dimensional transport modeling effort could form the basis for a compre-
hensive study of the transport of tropospheric dust over long distances.

Boundary-layer aerosol morphology.- Observing aerosol particles associated
with smaller scales of atmospheric motion will require additional levels of ,
sophistication for both the lidar system and the supporting modeling efforts.
In particular, higher horizontal resolution would be desired for studies of
mesoscale transport processes. Figure 7 shows the results of analyzing the sur-
face visibility in the vicinity of St. Louis, Missouri, during the METROMEX pro-
gram (Shea and Auer, 1978). It is apparent that studies of the downwind trans-
port of urban pollution particles would be possible when horizontal measurements
of high spatial resolution (e.g., 10 km) are available.

Sources and transport of tropospheric species.- The techniques described
for studying aerosol transport can be applied to gaseous constituents when
lidar techniques such as DIAL become operational. For example, ozone distribu-
tions display maximum concentration values downwind of pollution sources in
urban areas. Figure 8 shows a mesoscale analysis of ozone concentration (in
parts per billion by volume) in southern Ontario (Chung, 1977).

Quantification of transport models for tropospheric and stratospheric
pollutants using wind and temperature measureménts.- All the transport studies
described above would have to rely on data obtained by other techniques such as
analysis of data from the existing network of meteorological stations or special
measurement programs carried out as part of a specific Shuttle experiment as
input to the dispersion models. The spatial resolution of this data may not
be adequate, especially over the oceans and other data-sparse regions. The
transport studies will be able to take advantage of more sophisticated modeling
efforts with a more complete set of data, including lidar temperature profiles
and data on wind speed and direction as well as the lidar observations of the
spatial and temporal distribution of the pollutant particles or gases.

Extension of pollutant transport models to include profiles of additional
trace species.- New insight into the fate of atmospheric pollutants would fol-
low from studies involving a number of atmospheric constituents that can react
with each other during the transport process. Thus, simultaneous measurements
of SO concentrations and aerosol concentrations downwind of an extended urban
source region may provide new information on the rate of conversion of SOj to
sulfate particles. Studies of this type would necessarily require a consider-
able amount of confidence in the transport model, as well as the amount and
quality of the concentration data used as input for predicting the long-range
transport of aerosols and gases, before gas-to-particle conversion rates could
be deduced.
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TABLE I.- PARAMETERS TO BE

MEASURED TO TRACE GLOBAL FLOW OF POLLUTANTS

Height |Ax,|Az, Lidar
Parameter range, |(km {km Remar ks exper iment
km (a) | (b)
Aerosols 0 to 10{100{|1 20 percent, haze layers, thin 2, 3
cirrus, Saharan and Asian dust
10 to 30|500]2 20 percent, stratospheric 6, 24
aerosols
H50 0 to 10{100]1 20 percent 9, 10
10 to 205002 20 percent
Total 100{---120 percent
03 0 to 10|100{7 20 percent 10, 12
10 to 30(500/(2 20 percent 18, 17
XY: e.g., SOy, 0 to 101001 20 percent 10, 18, 23
CHy, NH3, NO,, 10 to 50|500(3 20 percent
NoO, CFM's, etc.| Total 100|---{20 percent
Temperature 0 to 3 |{100|0.2{1 K; define boundary layer 17
5 to 2050011 2 K; define tropopause
Vy 0 to 10{100]1 5 m/s 19, 20
10 to 50|500]2 10 m/s
Vg 0 to 10|100{1 5 cm/s
10 to 50{500]2 10 cm/s
COo mixing ratio 0 to 3 |(100]3 1 percent; identify sources and
sinks

QHorizontal resolution.
byertical resolution.

18




3.0 ]
2.0 Lidar ]
R x (» =694 nm)
5 g
10| ?%i o -,
x .8 : .E
g e * );( o
34 e i _d
4 —
x GF ]
22— o YE
e RH
.1 — —]
d T T TR T W
10" —] o! 4=
8 — —_
6 0 o Balloon-borne counter « |
— (o] o .
— o o~—_—
~ 4| o R o
3) I (o] (o] o ]
5 R o
g 2 — o fo) OOO ¢ :.
U)“ .‘ o. ¢
tgé‘ 106 — o « ° by .- p—
L 8 o Minneapolis ¢ . -
s — & Wallops Island I Y ]
— 6 « Laramie - . 7
I — 5 * .
E 4 — OZ -g } —
- ™ & = Z
2 ” - OZ s E1 2 = oz & <,
B |9 S| 29| x=|8 S| =
< |® Bl S &
1 I N TS W T I T T A M s A |
1962 1964 1966 1968 1970 1972 1974

Figure 1.- Comparison of stratospheric aerosol measurements obtained by lidar
and balloon-borne dustsondes between 1962 and 1975. Lidar observations
obtained by:

GF (Grams and Fiocco), S (Schuster), F (Fox et al.),
Mass. Colo. Hawaii and Bermuda

CL (Collis and Ligda), O (Ottway), YE (Young and Elford),
Calif. ] Jamaica Australia

C (Clemesha et al.), FS (Frush and Schuster), RH (Russell and Hake)
Jamaica Colo.

CR (Grams and Rosen)

(From Grams and Rosen, 1978, courtesy National Center for Atmospheric
Research)

19



20

Figure 2.- Comparison of atmospheric time sections obtained by lidar and
acoustic sounders at St. Louis, Missouri, on Aug. 14, 1972. Darkest
areas are associated with strongest echoes. (From Russell et al.,
1974)
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Figure 3.- Concept for observations of boundary-layer height using airborne
lidar. Scattering ratio is obtained by dividing observed backscattering
intensities by those expected from a dust-free atmosphere, with appropri-
ate transmission corrections. (From Grams, 1975, courtesy National
Center for Atmospheric Research)
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Figure 4.- Comparison between model calculations and lidar observations for
temporal variation of aerosol concentration in lower stratosphere.
Curve A shows lidar observations of Grams and Fiocco (1967) at the alti-
tude of peak scattering ratio; curve B shows calculated maximum concen-
trations of HySO4 droplets; curve C shows HSO4 concentration at 18 km
altitude. (From Cadle et al., 1976, courtesy American Geophysical Union)
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Figure 6.- Vertical distribution of aerosol particles in Saharan dust layer as
observed with photoelectric particle counters during 1974 GATE program,
(From Kondratyev et al., 1976)
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Figure 7.- Surface visibility in vicinity of St. Louis, Missouri, during
METROMEX program in August 1974. (From Shea and Auer, 1978, courtesy
American Meteorological Society)

Figure 8.~ Averaée afternoon ozone maximums (in ppb) for high ozone situa-
tions during August 1976 in southern Ontario. (From Chung, 1977, courtesy
American Meteorological Society)
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Scientific Objective 2: Stratospheric and Mesospheric Chemistry and Transport

The purpose of scientific objective 2 is to test and improve models of
stratospheric and mesospheric chemistry and transport.

Introduction

Within the past few years, concern has been expressed as to the ability of
man to inadvertently modify the upper atmosphere and, in particular, the ozone
content (Molina and Rowland, 1974; Johnston et al., 1976). Any estimates of
the impact of anthropogenic emissions on the ozone content must be made with
sophisticated atmospheric models (Climatic Impact Committee, 1975; Panel on
Atmospheric Chemistry, 1976; Hudson, 1977). The fundamental limits on the
accuracies of these estimates are not the reactions or concentrations of the
pollutants themselves but rather the knowledge of the many different processes
which influence the overall chemical composition, energy budget, and dynamic
behavior of the natural atmosphere - as well as the ability to model these
complex processes.

Of necessity, therefore, the models employed must use approximations and
simplifications in order to make such predictions. The purpose of objective 2
is to provide the information required to test these simplifications and
improve the models.

Present Understanding

The structure of the stratosphere and mesosphere is the result of an
intricate interplay among a large number of processes which, for simplicity,
can be subdivided into the categories of radiation, chemistry, and dynamics.
In this section, we will consider the latter two; radiation is considered in
objective 3.

In general, a qualitative understanding of the chemistry of the sources,
sinks, and budgets of most of the known upper atmospheric constituents now
exists. Discussion of upper atmospheric chemistry can be divided into studies
of a few families of constituents such as those containing nitrogen, hydrogen,
chlorine, and sulfur (Crutzen et al., 1978). These families contain three
basic types of species: source molecules (relatively stable compounds),
radicals (short-lived derivatives of the source molecules), and sink molecules
(more stable forms into which the radicals can be recombined). Concentration
profiles of selected upper-atmosphere trace species are shown in figure 1
(Upper Atmosphere Research Satellite Program, 1978).

Stratospheric odd nitrogen, NOy, is thought to come mainly from the attack
of 0('p) on N9O which is produced by bacterial denitrification in soils and the
ocean (Liu et al., 1977; McElroy et al., 1976). The major sinks for NOy should
be diffusion to the troposphere, followed by rainout of soluble HNO3 and photo-
dissociation of NO in the upper stratosphere, followed by reaction of N(4s)
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with NO to form Np. Mesospheric odd nitrogen is produced from a variety of
ionization and dissociation processes and also from direct dissociation of Nj.

The hydrogen oxide budget is thought to be driven by a near photochemical
equilibrium between formation by reaction of O('D) and H,0 and destruction
(mainly) by reaction of OH and HO, to reform H50 (Liu et al., 1976; Luther and
Duewer, 1978). The water budget is probably controlled by two main processes:
transport from the troposphere and oxidation of CH4. Rainout in the tropo-
sphere leads to significant reduction of water-vapor concentration with
increasing altitudes. Thus, only a small residual penetrates the "cold trap"
at the tropopause where a deep minimum in the temperature profile is found.
The loss processes are condensation in the troposphere and dissociation in the
upper mesosphere, followed by escape of a fraction of the H atoms.

The budget of chlorine is less well-known. The major sources are thought
to be CCly and CH3Cl which are transported to the stratosphere where photolysis
produces Cl atoms (Crutzen et al., 1978). Direct injection of HCl into the
stratosphere is thought to be less important because of its high solubility
in water. Manmade CFCl3 and CF7Clj, photolyzed in the stratosphere, supply
an increasing fraction of the injected chlorine. Other halocarbons such
as CH3CClj (methyl chloroform) may be significant sources. The only known
sink for the resultant Cly is diffusion to the troposphere followed by rainout
of HC1.

The atmospheric sulfur cycle is not well understood. Theories suggest
that sulfur compounds emitted at ground level in both natural and anthropogenic
processes diffuse into the stratosphere where they are oxidized, giving sulfur
trioxide which later reacts in the presence of water to form sulfuric acid. Tt
is believed that clusters of sulfuric acid molecules can act as condensation
nuclei leading to the growth of stratospheric aerosols which are observed to
exist in a 75-percent solution with water and are the principal components of
the Junge layer. The sink for sulfur occurs when the heavier aerosols settle
out of the stratosphere into the troposphere forming a dilute "acid rain.”

The dynamics of the stratosphere below 25 to 30 km are at least crudely
characterized and understood from studies of the transport tracers and the
extension of tropospheric global circulation models (Johnston et al., 1976;
Mahlman and Moxim, 1978). The dynamics of the atmosphere above 30 km is poorly
characterized due to the lack of suitable experimental data for testing calcu-
lations. Most three-dimensional global circulation models extend to about
30 km; above this altitude, velocity fields are usually deduced from observed
pressure and temperature fields or from sparse wind data. Suitable tracers
are not available for testing because this is a region of coupled dynamics and
chemistry.

The mean meridional winds are toroidal circulations, characterized, for
example, at solstice by two cells between equator and pole in the stratosphere,
connecting to a single pole-to-pole cell in the mesosphere. The direct cells
in the tropics are driven by absorption of solar radiation in the troposphere,
with the resulting motions extending high into the stratosphere. The meso-
spheric cell is similarly generated; thus, both these cells are indirect in
that sinking motions take place in the warmer regions. (See fig. 2, from
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Cunnold et al., 1975). These motions are clearly the result of a driving force
and convert kinetic to potential energy.

The Coriolis torque acting on these meridional motions gives rise to the
mean zonal motions. Unlike the meridional motions, these mean zonal motions
are in geostrophic balance; that is, the Coriolis force is balanced by the mean
horizontal-pressure gradient. As such, they can be deduced from the density
field. These zonal motions are not constant in time; the winds have an annual
change of direction as the winter and summer poles change places. In addition,
a semiannual oscillation in the zonal flow is observed, with maximum westerlies
occurring just after the equinoxes and maximum easterlies occurring just after
the solstices. There is also a very strong oscillation of the mean zonal wind
in the lower tropical stratosphere with a somewhat irregular period that aver-
ages out to about 26 months, the so-called "quasi-biennial oscillation." 1In
addition to these cyclic variations, there are a number of irregular short-term
and year-to-year variations.

In many respects the testing of both the chemical and the transport models
should proceed concurrently., In practice, tests of the models can be devised
that will verify either independently. Thus, the basic photochemistry can be
tested at altitudes where photochemical equilibrium exists; i.e., the transport
lifetimes are short compared to the chemical lifetimes. Measurements of the
altitude profile of ozone density can, for example, be used to test photochemi-
cal theories above 30 km altitude and used to test the transport models below
30 km. :

Currently Available Measurements

Measurements are currently being made in the stratosphere and mesosphere
by satellite, balloon, rocket, aircraft, and ground-based experiments. Here
we will discuss the satellite measurements only. Current satellite experiments
for long-duration observation are focused on the measurement of aerosols and
gases involved in the ozone-nitrogen chemistry of the stratosphere. These
experiments include the Limb Infrared Monitor of the Stratosphere (LIMS), the
Stratosphere and Mesosphere Sounder (SAMS), the Solar Backscatter Ultraviolet/
Total Ozone Mapping System (SBUV/TOMS), the Stratospheric Aerosol Measurement II
(SAM II), and the Stratospheric Aerosol and Gas Experiment (SAGE). The first
four experiments are part of the Nimbus G spacecraft and the last is a Scout
launched solo payload. 1In addition, the SBUV is planned for operational use
by the National Oceanic and Atmospheric Administration (NOAA) on the Tiros N
payload. Each of these experiments measures a specific parameter or set of
gases. The parameters to be measured, the instrument/experiment approach,
and the schedule are given in table I.

The Atmospheric Trace Molecules Observed by Spectroscopy (ATMOS) is planned
for flight on Spacelab 1. Unlike the others, ATMOS employs a survey instrument
technique capable of providing data on a wide range of molecules including the
NOx, HOyx, ClOy, and O3 chemistry. However, as it only obtains data at solar
occultation, its spatial coverage is limited, The Cryogenic Limb-Scanning
Interferometer and Radiometer (CLIR) on the other hand is a limb scanning
instrument and will provide global coverage with greater density and time.
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Future satellite experiments include the Halogen Occultation Experiment
(HALOE), Laser Heterodyne Spectrometer (LHS), and Solar Mesosphere Explorer
(SME), followed by the Upper Atmosphere Research Satellite (UARS) experiment
to bring together the 03, NOg, ClOy, and solar flux measurements in a simulta-
neous data set.

Science Requirements

At present, some models treat chemistry and transport independently,
whereas others combine these effects. 1In general the relative emphasis for
the latter models will favor one of the processes. Thus, the one-dimensional
models contain full chemistry but average all transport using a one-dimensional
diffusion constant, while the full global-circulation models have little or no
chemistry. Thus the science requirements are varied.

To study the chemistry, we can conveniently look at the families of spe-
cies. To study those species in photochemical equilibrium, more than one spe-
cies in the family needs to be measured. 1In addition, considerably more infor-
mation can be obtained if the diurnal variation of these species is measured.

Transport in the models can be verified in two ways: first, by observing
the densities of conserved quantities such as CH4, O3, and N,O and aerosols
below 30 km or the sodium atom above 80 km, and second, by direct observation
of the horizontal winds.

Table II (from Upper Atmosphere Research Satellite Program, 1978) gives

a list of those species that can be used for the verification of chemistry/
transport models, with the required accuracies and spatial resolutions.

Shuttle Lidar Contribution
Table III gives a list of those species that are proposed for measurement

in the experiments sections. 1In most cases, the resolution and accuracies meet
or exceed the requirements given in table II.
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TABLE I.- MEASUREMENTS, APPROACH, AND SCHEDULE OF SATELLITE EXPERIMENTS

RELEVANT TO SCIENTIFIC OBJECTIVE 2

Satellite Measurements Instrument/experiment Schedule

experiment approach

LIMS 03, Hy0, NOj, HNO3, Limb emission radiom- Nimbus G, 1978
temperature (2 to etry (6 to 17 um)
4 km resolution;
10 to 70 km altitude)

SAMS CO, NO, N5yO, CHy4, H5O, |Limb emission pressure Nimbus G, 1978
temperature, wind (15 modulated radiometer
to 90 km altitude) (2 to 16 Um)

SBUV/TOMS |03 (vertical profile Nadir solar backscatter Nimbus G, 1978;
greater than 30 km; Tiros N, 198
5 km resolution;
total O3 maps)

SAM II Aerosol extinction Limb occultation Nimbus G, 1978
(1 km resolution; photometer (1 um)
8 to 50 km altitude)

SAGE 03, aerosol, NOj Limb occultation AEM-II, 1979
extinction photometer
(7 km resolution; (0.3 to 1 Um)
8 to 65 km altitude)

ATMOS Survey (2 km Limb occultation Spacelab 1, 1980;
resolution; 10 to inter ferometer Spacelab 3, 1981
100 km altitude) (2 to 15 Um)

CLIR Multiple species (2 km | Limb emission Space Shuttle, 1984
resolution; 20 to spectrometer /radiometer
140 km altitude)

UARS Chemistry; radiation; Variety of instruments Launch, 1984
transport

HALOE 03, HC1, HF, NO, CHy, Limb occultation gas Spacelab 3, 1981;
H50, CFy, Cl,, filter and broad band ERBSS-A, 1983
pressure (2 km radiometer (2 to 11 um)
resolution;
10 to 70 km altitude)

LHS 03, HNOj3, CF3Cl,, Limb occultation laser Space Shuttle, 1984

CFCl3
(2 km resolution;
10 to 70 km altitude)

heterodyne radiometry
(9 to 12 um)
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TABLE II.- SCIENCE REQUIREMENTS

Parameter Altitude range, km Ax, km Az, km Accuracy, percent
03 10 to 60 500 1 10

60 to 90 3 25
NO 25 to 100 500 3 10
NO» 25 to 60 500 3 10
HNO3 20 to 30 500 3 10
N>0 10 to 40 500 3 20
OH 25 to 40 500 3 10

60 to 90 25
H50 10 to 70 500 3 10
Ho09 25 to 50 500 3 10
HO, 25 to 50 500 3 10
HC1 20 to 50 500 3 10
Cclo 25 to 40 500 3 10
C10NO9y 20 to 30 500 3 10
CHy 10 to 60 500 3 20
CFM's 10 to 40 500 3 20
Na 80 to 100 100 1 10
Aerosols 10 to 100 500 1 30
Wind 15 to 60 1000 3 2 m/s

65 to 100 1000 3 10 m/s




TABLE III.- SHUTTLE LIDAR CONTRIBUTION

Parameter Altitude range, Altitude resolution, | Accuracy, Lidar
km km percent exper iment

03 Stratosphere burden 8 10
10 to 70 1 2 13

NO 45 to 55 1 20 13
70 to 150 3 20 25

NO» 35 to 45 1 10 13
HNO3 10 to 20 1 10 13
N,O Stratosphere burden 1 10
OH 50 to 60 1 20 13
35 to 100 3 10 21

H,0 10 to 30 1 2 13
10 to 40 1 to 5 10 to 20 9

Hy09 25 to 35 T mme—————— 13
HO, 25 to 35 1 20 13
HC1 Stratosphere burden 10 10
20 to 30 1 5 13

Clo 30 to 35 20 13
C10NO9 20to 30 | | memeem—e— 13
CHy 10 to 20 1 5 13
CFM's Stratosphere burden 1 10
10 to 20 1 10 13

Na 80 to 100 1 10 7
Aerosol 10 to 30 1 30 6
wind 80 to 100 1 5.5 m/s 14
10 to 30 1 2 to 3 m/s 20
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Scientific Objective 3: Radiative Models

The purpose of scientific objective 3 is to test and improve atmospheric
models of radiation, radiatively active substances, and radiative effects.

Introduction

Scientific objective 3 encompasses two major research areas. The first
is that of providing input data for models which describe radiative energy
exchange in the Earth's atmosphere and the effects on this exchange of
altered atmospheric composition. The second is that of providing input data
for studies which test the basic assumptions used to analyze data from passive
remote sensors. Here again, changes in atmospheric constituents (aerosol par-
ticles or thin cirrus, for example) may affect the values of the atmospheric
parameters inferred from the data.

A major reason for the current interest in radiative energy exchange is
that alterations in this exchange can in turn alter the climate. Within the
past few years, public concern for problems associated with climatic €fluctua-
tions has increased dramatically. The impact of climate variability has been
vividly demonstrated by the effects of record cold winters on energy demands;
the loss of life and property caused by record snowfalls, extreme flood events,
mudflows, and landslides; and the effect on food and water supplies of droughts
in England, the U.S.S.R., Africa, and the Western United States. We are also
aware that man's activities, in part by altering atmospheric composition and
surface albedo, have already affected local and regional climates and may
affect the global climate as well.

A growing concensus and sense of urgency concerning the Nation's needs for
understanding and anticipating climatic changes has led to the development of A
United States Climate Program Plan (1977) by the Interdepartmental Committee
for the Atmospheric Sciences, which calls for the development and coordination
of needed climate research and services by the Federal Government. In response
to this call, the NASA Goddard Space Flight Center developed a Proposed NASA
Contribution to the Climate Program in 1977, which shows how our practical
understanding of the behavior of the climate system could be advanced by con-
certed use of space-based global observations and by application of NASA's
data management, analysis, and coordination capabilities. Shuttle lidar could
play an important role in this process by providing unique data on atmospheric
constituents and surface properties that affect the radiation budget, while
coordinated measurements could document the radiative quantities per se. (See
examples in the section "Earth Radiation Budget Studies.")

In parallel with the current interest in radiative effects on climate,
there is an ongoing interest in the effects of minor atmospheric constituents
on passive remote sensors. This interest derives from the major and growing
role that these passive sensors play in a variety of applications. For exam-
ple, Aata from passive, nadir-viewing temperature sounders are routinely used
in operational weather forecasts, and the impact of these data is expected to
increase as more and better sounders are flown. (See scientific obiective 4.)
Also, current and future limb-emission radiometers are expected to provide data
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on minor constituents (e.q., O3, Hy0, NOy,, and CFM's) that are vital to our
understanding of the ozone depletion threat and other fundamental problems.
(See scientific objective 2.) The outputs of both these types of radiometers
can be affected by emissions from aerosol and cloud particles within the field
of view. These effects, if significant, must be properly accounted for in
reducing the radiometric data. However, this has been very difficult in the
past because of the highly variable nature of aerosol and cloud particles, and
the attendant difficulty in determining the presence, height, and effects of
particles in specific data sets. Here again, data from a Shuttle borne or
free-flying lidar, obtained with simultaneous data from the passive sensors,
could provide unique advances in resolving some of these important questions.
(See section entitled "Effects on Passive Sensors.")

Table T summarizes the measurements needed to provide significant advances
in verifying radiative models for both the climatic and remote-sensing applica-
tions. The table lists the required accuracies and resolutions and relates
these needs to specific lidar experiments and correlative sensor types. One
parameter in table I that requires special mention is OV(X). This parameter
is used to identify the collective effects of aerosol or cloud particles on the
transfer of solar and terrestrial radiation as required in a particular study.
Thus, OV(X) could represent the spatial distribution of extinction or absorp-
tion cross section as a function of wavelength A, or the scattering cross sec-
tion as a function of scattering angle (i.e., the phase function), or a combi-
nation of these. (None of these cross sections is measured directly by lidar,
but with careful use of conversion factors, lidar can often provide the best
remotely sensed data available; we will return to this point below.) To char-
acterize the radiation field sufficiently, the models also require information
on gaseous constituents for the same location as the aerosol and cloud data.
These important gases are also listed in table I. 1In each case, accuracies
and vertical resolutions are varied with altitude in a manner that reflects
the importance of the contribution of each constituent to variations in the
total radiation field. Temperature profiles are also required, both as inputs
to infrared radiative calculations and to verify the heating profiles that the
calculations yield. It does not appear necessary to specify profiles of CO,
directly since temperature data and the common assumption that the CO5 mixing
ratio is constant above the boundary layer can be used to calculate a suffi-
ciently accurate €Oy concentration profile.

The final entries in table I reflect the need of radiative climate models
for data on the albedo of the Earth's surface or the albedo of the Earth's
atmosphere underlying a height of interest. Proper treatment of information
on clouds, such as the fractional cloud cover, cloud heights, and the presence
of thin cirrus layers, is also very important in both the radiative climate
models and the analysis of passive sounding data.

With reference to the parameter OV(X), it was mentioned above that lidar
does not directly measure the particulate extinction, absorption, and angular
scattering coefficients required by the radiative models. While this is
strictly true, it is also true that occasional, carefully designed correlative
studies using in situ or passive remote sensors in conjunction with ground-,
air-, or space~based lidar can yield reliable factors for converting lidar-
measured backscattering to certain of the desired quantities. This procedure
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has already been used with good success in the case of the stratospheric aerosol
(e.g., Northam et al., 1974; Russell et al., 1976). These correlative studies
yield optical models on which the conversion factors are based. For a given
subsequent lidar observation, the optical model is never certain, but it can
often be sufficiently bounded (by using multiwavelength lidar data, expected
variabilities from intermittent correlative measurements, information on the
source, height, and temperature of observed particles, etc.) so that conver-
sion uncertainties are understood and are minimized. When such carefully
bounded conversion factors are combined with the unique spatial resolution and
high sensitivity of lidar, the resulting description of particulate radiative
parameters is usually more accurate than can be obtained by any other downward-
looking remote-sensing technique (as must be used for global coverage of the
troposphere). This is especially so because aerosol and cloud concentrations
can be highly variable in space and time and are often confined to narrow
layers. Thus in many cases, lidar-derived particulate radiative parameters do
not need to be highly accurate to represent a significant and useful improve-
ment over what is otherwise available. Examples of such cases include tenuous
(often subvisible) cirrus clouds and Saharan, Mongolian, or urban haze layers.

In the following sections, we present more specific examples of important
studies in which a Shuttle borne lidar could provide important data not attain-
able by other means.

Earth Radiation Budget Studies

Because of the widespread concern regarding possible climate change, many
investigators (e.g., Charlson and Pilat, 1969; Atwater, 1970; Ensor et al.,
1971; Rasool and Schneider, 1971; Mitchell, 1971; Barrett, 1971; Neumann and
Cohen, 1972; Yamamoto and Tanaka, 1972; Braslau and Dave, 1973a and 1973b;
Chylek and Coakley, 1974; Shettle and Green, 1974; Harshvardhan and Cess,
1976; Coakley and Grams, 1976; Luther, 1976; Pollack, et al., 1976; Fiocco
et al., 1976 and 1977) have developed models to assess the possibilities
quantitatively. These models describe the radiative energy exchange in the
Earth atmosphere system and what might be the effects on this exchange of
changing aerosol, cloud, and trace-gas amounts, as well as changing surface
albedos.

The well-documented effects of the injection of volcanic dust into the.
Earth's stratosphere by the Mt. Agung eruption of 1963 (see scientific
objective 1) can be used to test a number of the climate theories. Following
the eruption, anomalous increases in the stratospheric temperature were attrib-
uted to the presence of volcanic dust (e.g., Newell, 1971). One figure from
Newell's paper is reproduced here as figure 1. It shows the difference in
stratospheric temperature between January 1963 and January 1964 as a function
of geographical location at an altitude of about 19 km. A large temperature
increase is evident in the latitude strip between 0° and 20°S, with maximums
around central Africa and New Guinea and over South America. Mugnai, et al.
(1978) calculated stratospheric heating rates induced by aerosol particles at
the 19 km level using data on the mean winter-time values of the planetary
albedo as a function of latitude and longitude obtained from satellite obser-
vations (Vonder Haar and Ellis, 1974), the concentration and composition of
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aerosol particles at the 19 km level predicted by a two-dimensional model of
global-scale dispersion of the volcanic debris (Cadle et al., 1976), and data
on temperature and concentration profiles for 03, CO3, and Hy0 from the U.S.
Standard Atmosphere Supplements, 1966. The results are shown in figure 2. A
very high degree of correlation between the temperature differences in figure 1
and the heating rates in fiqure 2 is evident. Maximum heating rates of about
0.4 K per day are associated with temperature differences of about 8 K, thereby
suggesting radiative relaxation time constants on the order of 20 days at the
19 km level. ’

In another test of the climatic perturbation of the Mt. Agung volcano,
Hansen et al. (1978) computed the vertical temperature profile at low latitudes
using a one-dimensional radiative-convective model. Their results, computed as
a function of time before and after the eruption, also show good agreement with
observations. Results for the stratosphere and the troposphere are shown in
figures 3 and 4, respectively.

Although these models have provided many valuable new insights, a persis-
tent lack of suitable global input data and of model verification has prevented
predictions of future radiative-climatic conditions. In part because of this
situation, a major parallel effort has been mounted to monitor the radiation
budget directly on a global scale. Satellite-borne radiometers, such as the
Earth Radiation Budget (ERB) sensors on Nimbus 6 and Nimbus 7, provide a power-
ful means of doing this. More complete data will be provided in the future by
the multisatellite Earth Radiation Budget Satellite System (ERBSS). (See, e.qg.,
Woerner and Cooper, 1977; Woerner, 1978.) Whereas the data from these sensors
will by themselves be very instructive, they will be most beneficial when used
with the radiation models mentioned above, and with simultaneous data on the
radiatively important atmospheric constituents and surface properties. Coordi-
nated studies of this sort can provide well-constrained checks of the mutual
consistency of atmospheric constituent measurements, radiative calculations,
and measured radiative effects. It is in this way that the most rapid progress
will be made toward a reliable capability to predict future changes in Earth
radiation balance and climate resulting from natural and manmade factors. For
example, much could be learned from measuring and modeling the change in the
Earth atmosphere albedo along a track passing from the South Atlantic, through
the region of the Atlantic Saharan dust layer (see scientific objective 1), and
into the North Atlantic, with the model constrained by simultaneously measured
input data on the aerosol heights and densities and the surface reflectivity.

An attractive means of obtaining these coordinated data sets is by flying,
along with ERB sensors, other sensors that measure the important atmospheric
constituents and surface properties in the same region as viewed by the ERB
sensors, and at the same time. Unfortunately, passive nadir-viewing sensors
cannot provide aerosol and gas data with the required vertical resolution and
accuracy, nor can they unambiguously separate surface from atmospheric effects;
moreover, passive limb-scanning sensors are largely limited to the stratosphere
and above, and cannot view the ERB sensed area simultaneously with ERB. These
shortcomings are critical since the bulk of many radiatively important constit-
uents (e.g., aerosols, tenuous clouds, and water vapor) is usually confined to
thin layers in the troposphere, and rapid changes in these constituents often
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provide the most instructive and least ambiguous tests of radiative models
(e.g., Russell et al., 1979).

The lidar data could include aerosol and cloud particle backscattering
coefficients and Hy0, O3, and other gas concentrations, all with a vertical
resolution equal to or better than that specified in table I. Also, total gas
density profiles, or temperature profiles (using a more advanced lidar), could
be measured and used to specify the CO, vertical profile. Surface reflectivity
could be simultaneously monitored, and this, coupled with suitable models and
"ground-truth" measurements, could provide a useful input on surface albedo to
the radiative calculations.

Another lidar-measured parameter of value to the radiative calculations
is the top height of opaque clouds within the ERB FOV. As noted in table I,
variations in the height by as little as 0.1 km can be important in ‘determining
radiative fields and equilibrium temperatures; this is an accuracy that cannot
be provided by passive sensors but can be achieved by lidar.

The unique ability of lidar to detect subvisible cirrus clouds is also
worthy of mention. Previous ground-based and airborne lidar studies have
detected tenuous cirrus clouds with water (ice) contents that were at least
two orders of magnitude less than those associated with visible cirrus layers.
Repeated lidar measurements in many latitudes have suggested that these subvis-
ible cirrus layers are quite prevalent, but the lidar measurements to date have
been too sporadic to provide a useful global or regional census. Also, these
tenuous cirrus layers cannot be globally monitored by satellite multispectral
radiometers since they are difficult to resolve unambiguously against complex
backgrounds and are not discernible in the visible spectral ranges. Such
tenuous clouds could produce measurable effects in certain ERB channels and,
if widespread and persistent, could significantly perturb the global radiation
budget. Only a space-borne lidar, co-aligned with an ERB sensor, could deter-
mine whether subvisible cirrus clouds were present in the ERB FOV during times
of measured albedo changes. Such a space-borne lidar could also provide the
first global census of the occurrence, height, density, and thickness of these
tenuous clouds.

Effects on Passive Sensors

Both visible and subvisible clouds can influence the retrieval of tempera-
ture profiles from nadir-viewing multispectral infrared radiance measurements
(e.g., Smith et al., 1972; Chahine, 1974). Procedures for adjusting for the
influence of visible clouds have been developed, but they require an appropri-
ately scaled specification of the height and amount of the clouds. Uncertain-
ties in passively inferred cloud heights can thus introduce error into these
procedures. Simulations by Halem and Chow (1976) indicate that the profile
errors become significant for errors in the heights of high clouds with cover-
age of more than 50 percent. Although these simulations cannot be considered
definitive because of persistent uncertainties in their treatment of cloud
radiative properties, they nonetheless point to the need for improved cloud
measuirements, both as a check on the simulations and as an aid in develop-
ing improved analysis methods. A Shuttle borne lidar, co-aligned with a

38



temperature-~sounding radiometer so that the fields of view of the radiometer
and lidar are coincident, could provide the height information on visibl.
clouds for this purpose, as well as height, thickness, and density information
on subvisible clouds; these latter clouds are not accounted for in current
data-reduction schemes (as their presence is not detectable), but their emis-
sivities may make them significant contributors to the measured radiances and
hence a significant source of error.

Dave (1978) has reported the results of an investigation aimed at estimat-
ing the effect of stratospheric and tropospheric particulate pollutants on total
ozone measurements obtained from the Backscatter Ultraviolet (BUV) spectrometer
aboard the Nimbus 4 satellite. His study showed that the total ozone in an
atmospheric column could be in error by about +2 percent due to particulate con-
tamination encountered in the terrestrial atmosphere under average conditions
and that the error could be expected to rise to about *8 percent under strong
particulate contamination conditions. A Shuttle borne lidar, co-aligned with a
BUV instrument, could be used to test these predictions by obtaining simulta-
neous data on the vertical distribution of aerosol particles and ozone.

A variety of other experiments could also be performed to test other
possible effects of aerosol particles on the passive sensors used to infer
concentrations of various molecular constituents. Limb-scanning radiometers
that infer stratospheric and mesospheric constituent profiles from measured
infrared emissions can also be influenced by subvisible aerosol layers. For
example, the Limb Radiance Inversion Radiometer (LRIR) on Nimbus 6 and the Limb
Infrared Monitor of the Stratosphere (LIMS) on Nimbus 7 both determine ozone
profiles by observing the infrared radiation emitted in the spectral interval
from about 9 to 10 um. Although the composition of the stratospheric aerosol
layer is still quite uncertain, a number of investigators (e.g., Rosen, 1971;
Toon and Pollack, 1973; Russell et al., 1976) have suggested that the strato-
spheric particles are a 75 percent by weight mixture of sulfuric acid in water.
Figure 5 (from Mugnai et al., 1978) shows absorption cross sections for the
75-percent sulfuric-acid mixture that may be large enough to affect the 9 to
10 um radiation detected by the limb-scanning radiometers for strong aerosol
loading in the stratosphere - such as after the Mt. Agung and Fuego volcanic
eruptions. Future detailed studies of this problem, and other similar problems
involving the effects of infrared aerosol absorption or emission on concentra-
tions of minor species detected by satellite sensors, may suggest additional
Shuttle borne lidar experiments for testing and improving our techniques for
obtaining data on atmospheric constituents.
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TABLE I.- SUMMARY OF MEASUREMENTS TO VERIFY RADIATIVE MODELS

Parameter Height range, km {4x, km| Az, km Remarks Correlative sensors Lidar experiment
gg(h)a 0 to tropopause 100 |0.5 to 1|10 percent to factor 3; ERB sensorC; 1, 2, 3
haze, clouds, dust layers, thin temperature and
cirrus Hy0 sounder s4
Tropopause to 100 200 2 to 4 |10 percent to factor 5; ERB sensor®; 4, 6, 24
stratospheric aerosols, temperature and
mesospheric aerosols, noctilu- Hy0 sounders
cent clouds
H20 0 to tropopause 500 2 20 percent ERB sensor€; 9, 10, 18
Tropopause to 30 500 3 50 percent to factor 2 temperature and
H90 sounders
03 0 to tropopause 500 3 20 percent (5 percent of total O3)|ERB sensor®; BUV sensord 10, 18
Tropopause to 50 500 3 10 percent 10, 12
co, | emme e e B ST 10 percent below 50 km; ERB sensorC;
can be obtained from T(z) temperature and
H,0 sounders
CO mixing ratios 70 to 100 1000 5 20 percent needed for input on 13
radiative transfer for
non-noctilucent conditions
Minor species (e.g., CFM's)| 0 to tropopause 500 2 20 percent 10, 18
Tropopause to 50 500 3 20 percent
Temperature 0 to tropopause 500 2 1 K 17
Tropopause to 30 5