NASA/TM-2012-217578

Remote Measurement of Pollution—A 40-Year
Langley Retrospective: Part Il—Aerosols and
Clouds

Ellis E. Remsberg
Langley Research Center, Hampton, Virginia

e
May 2012



NASA STI Program

Since its founding, NASA has been dedicated to the
advancement of aeronautics and space science. The
NASA scientific and technical information (STI)
program plays a key part in helping NASA maintain
this important role.

The NASA STI program operates under the
auspices of the Agency Chief Information Officer.
It collects, organizes, provides for archiving, and
disseminates NASA’s STI. The NASA STI
program provides access to the NASA Aeronautics
and Space Database and its public interface, the
NASA Technical Report Server, thus providing one
of the largest collections of aeronautical and space
science STI in the world. Results are published in
both non-NASA channels and by NASA in the
NASA STI Report Series, which includes the
following report types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase
of research that present the results of NASA
Programs and include extensive data or
theoretical analysis. Includes compilations of
significant scientific and technical data and
information deemed to be of continuing
reference value. NASA counterpart of peer-
reviewed formal professional papers, but
having less stringent limitations on manuscript
length and extent of graphic presentations.

o TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or of
specialized interest, e.g., quick release reports,
working papers, and bibliographies that contain
minimal annotation. Does not contain extensive
analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

... in Profile

e CONFERENCE PUBLICATION.
Collected papers from scientific and
technical conferences, symposia, seminars,
or other meetings sponsored or co-
sponsored by NASA.

e SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

e TECHNICAL TRANSLATION.
English-language translations of foreign
scientific and technical material pertinent to
NASA’s mission.

Specialized services also include organizing
and publishing research results, distributing
specialized research announcements and feeds,
providing information desk and personal search
support, and enabling data exchange services.

For more information about the NASA STI
program, see the following:

e Access the NASA STI program home page
at http://www.sti.nasa.gov

e E-mail your question to help@sti.nasa.gov

e Fax your question to the NASA STI
Information Desk at 443-757-5803

e Phone the NASA STI Information Desk at
443-757-5802

e Write to:
STI Information Desk
NASA Center for AeroSpace Information
7115 Standard Drive
Hanover, MD 21076-1320



NASA/TM-2012-217578

Remote Measurement of Pollution—A 40-Year
Langley Retrospective: Part Il—Aerosols and
Clouds

Ellis E. Remsberg
Langley Research Center, Hampton, Virginia

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23681-2199

May 2012



Available from:

NASA Center for AeroSpace Information
7115 Standard Drive
Hanover, MD 21076-1320
443-757-5802



Contents

Abstract

Introduction

Studies of aerosols and clouds prior to the RMOP Report

(a) Background

(b) Expertise and recommendations from the members of the RMOP Panel
Evolution of measurement techniques and some key players at Langley
(a) A redirection toward satellite observations of the Earth/atmosphere
(b) Laser radar of lidar

(c) Solar occultation

(d) Limb emission and scattering

(e) Nadir-viewing photometry or radiometry

(f) Aerosol polarimetry

Research on aerosols and clouds from the time of RMOP to the early 1980s
Earth observations in the Space Shuttle era

(a) Changing priorities for satellite measurement technologies at Langley
(b) ERBE and SAGE 11 on the ERBS satellite of 1984

(c) HALOE on the UARS satellite of 1991

(d) ATMOS on the Space Shuttle

(e) The Lidar In-space Technology Experiment (LITE)

The era of NASA’s Earth Observing System (EOS)

(a) Toward studies of global climate science

(b) CERES

(c) SAGE Il

(d) CALIPSO

co oo o @~ WO

12
14
17
18
19
23
25
29
29
31
34
35
35
37
37
40
41
42



(e) Complementary measurements within EOS and from the international community
Present-day, satellite remote sensing of Earth’s radiative budget and aerosols

(a) NASA’s Decadal Survey Plan and responses from Langley

(b) Recent scientific imperatives

Summary

Acknowledgements

Appendix A—Perspective of the author

Appendix B—Acronyms

References

44
44
46
48
49
50

54
64



Abstract

A workshop was convened in 1971 by the National Aeronautics and Space Administration
(NASA) on the Remote Measurement of Pollution (RMOP), and the findings and
recommendations of its participants are in a NASA Special Publication (NASA SP-285). The
three primary workshop panels and their chairmen were focused on trace gas species (Will
Kellogg), atmospheric particulates or aerosols (Verner Suomi), and water pollution (Gifford
Ewing). Many of the workshop participants were specialists in the techniques that might be
employed for regional to global-scale, remote measurements of the atmospheric parameters from
Earth-orbiting satellites. In 2011 the author published a 40-year retrospective (or Part I) of the
instrumental developments that were an outgrowth of the RMOP panel headed by Will Kellogg,
i.e., on atmospheric temperature and gaseous species. The current report (or Part 1) is an
analogous retrospective of the vision of the panel led by Verner Suomi for the measurement of
particulates (or aerosols) and clouds and for their effects on Earth’s radiation budget. The class
of measurement techniques includes laser radar or lidar, solar occultation, limb emission and
scattering, nadir-viewing photometry or radiometry, and aerosol polarimetry. In addition, the
retrospective refers to the scientific imperatives that led to those instrument developments of
1971-2010. Contributions of the atmospheric technologists at the Langley Research Center are
emphasized, and their progress is placed in the context of the parallel and complementary work
from within the larger atmospheric science community.



1 Introduction

By the 1960s climate scientists wondered whether Earth’s environment could be altered due to
anthropogenic activities, perhaps even globally [Landsberg, 1970]. This topic was also the focus
of an MIT report entitled “Study of Man’s Impact on Climate” [SMIC, 1971]. The National
Aeronautics and Space Administration (NASA) responded by emphasizing its Earth applications
program. Making measurements of Earth’s environment was viewed as a natural extension of
their ongoing efforts toward global weather observations from Space. Morris Tepper, Director
of Meteorology Programs, and Jules Lehmann, Manager of Advanced Instrumentation and
Sensor Engineering Programs, both at NASA Headquarters, directed that the Langley Research
Center (LaRC) convene a Working Group on the topic of the Remote Measurement of Pollution
(RMOP). A panel of experts met in August 1971 in Norfolk, Virginia. Their findings and
recommendations can be found in NASA SP-285 [1971]. In particular, the panel reviewed and
reported on the principles of remote sensing and the associated instrument techniques that ought
to be considered for development and eventual deployment on a satellite platform. In Part | of
his 40-year retrospective on the satellite measurement of atmospheric temperature and gaseous
species, Remsberg [2011] concluded that “the historical evidence indicates that the findings of
the RMOP Workshop Report represent the genesis of and blueprint for the satellite Earth-sensing
programs within NASA for the following two decades”. The RMOP Report is an early precursor
to NASA’s Decadal Survey for Earth Science and Applications from Space [NRC, 2007].

The present report (or Part I1) extends the work of Remsberg [2011] and considers satellite
techniques for the measurement of particle air pollution and the sensing of clouds. Members of
the Particle Air Pollution Panel of RMOP are in Table 1, and VVerner Suomi was their Chairman.
Member names in bold print are tied directly to measurement concepts that were successful from
Space following RMOP. Since the term “particles” (or particulates) often brings to mind plumes
from industrial smokestacks, the more general designation “atmospheric aerosols” will be used
instead throughout much of this report. Section 2 provides the motivations for obtaining more
and better measurements of aerosols and clouds. It also mentions the expertise of the members
of the Panel and reviews their recommendations in the RMOP Report. Section 3 recounts the
sensor development for the detection and measurement of aerosols and clouds that occurred at
LaRC prior to RMOP and that continued through the decade of the 1970s. Measurement
techniques that are reviewed include laser radar (or lidar), solar occultation, limb emission and
scattering, nadir-viewing photometry or radiometry, and polarimetry. Several instrument
scientists and program managers at LaRC are recognized for their key roles in those
developments. Section 4 is a brief account of the primary satellite instruments and the findings
from them about aerosols and clouds from 1970 to 1983, just before the era of the Space Shuttle.
Section 5 is focused on several satellite instruments from LaRC that were deployed on or from
the Space Shuttle from 1984 to the mid 1990s. Section 6 describes briefly the prototype, but
near-operational aerosol and cloud sensors of the follow-on Earth Observing System (EOS) era,
and it places them in the context of similar observational programs of laboratories both in the
U.S. and abroad. Section 7 reports on several new measurement approaches, based on
recommendations of the NRC [2007]. Section 8 reflects on the progress that has been made and
the way ahead. An Appendix provides the prospective of the author for this review.
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Table 1. RMOP members of the Particle Air Pollution Panel and their affiliations in 1971.

Verner Suomi, Univ. of Wisconsin, Panel Chair
Henry Blau, Jr., Arthur D. Little, Inc.
Charles Byvik, NASA Langley

Robert Fraser, NASA Goddard

Gerald Grams, NCAR

Thomas Haig, Univ. of Wisconsin
Franklin Harris, Jr., Old Dominion Univ.
Benjamin Herman, Univ. of Arizona
Alfred Holland, NASA Wallops Station
J. Don Lawrence, NASA Langley
William Matthews, MIT

S. Harvey Melfi, NASA Langley

G. D. Robinson, Univ. of Connecticut

Zdenek Sekera, UCLA




2 Studies of aerosols and clouds prior to the RMOP Report
(a) Background

The SMIC and the RMOP Working Groups posed a number of questions related to aerosols and
clouds. In fact, their concerns would presage those of the current series of reports from the
Intergovernmental Panel on Climate Change [e.g., IPCC, 2007]. For instance, does wind-borne
dust or products of combustion alter the nature of cloudiness or precipitation by their role as
condensation nuclei for the droplets [Bryson, 1974; CCSP, 2009]? Are contrails from aircraft
increasing the frequency of occurrence of cirrus clouds in air flight corridors and altering the
atmospheric energy budget of those regions [Angell and Korshover, 1975]? How can climate
scientists better represent and verify effects of aerosols and clouds and the variations in surface
reflectivity in model simulations [Vonder Haar and Suomi, 1971; Rasool and Schneider, 1971]?

Aerosols and clouds have implications for both air quality and climate. For example,
stratospheric aerosols from large volcanic eruptions attenuate the incoming solar radiation and
alter the transmissivity and reflectivity (or albedo) of the atmosphere. Will Kellogg of the
National Center for Atmospheric Research (NCAR) and Chair of the companion Gas Species
Panel of the RMOP study was well recognized for his work on the dispersion of smoke plumes
and of debris from high-altitude atomic bomb tests and later for his studies of the stratospheric
aerosol layer [e.g., Kellogg, 1956; Kellogg et al., 1957; Kellogg et al., 1972]. Aerosol research
in the 1950s and early 1960s in the U. S. was focused on the attachment of radioactive bomb
debris onto aerosols in the stratosphere and its transport to and then within the troposphere
[Junge, 1963; Reiter, 1971]. James Lodge, Richard Cadle, and Ed Martell at NCAR conducted
field studies of radioactive debris, tropospheric freezing nuclei, and stratospheric aerosols and
their precursor gases during the 1960s.

William Castleman of Brookhaven National Laboratory (BNL) and James Friend of Isotopes,
Inc., conducted studies of the composition, size distributions, and microphysical properties of the
stratospheric aerosols. Their work was an extension of earlier findings that were based on the
cascade impactor and condensation nuclei counter measurements of Christian Junge and his
colleagues at both the Air Force Cambridge Research Laboratory (AFCRL) and eventually at the
Max-Planck Institute for Chemistry in Mainz, Germany [Junge and Manson, 1961; Chagnon and
Junge, 1965]. Junge is perhaps best known for his characterization of the background
stratospheric layer near 20 km [Junge, Chagnon, and Manson, 1961]. The so-called “Junge layer
particles” were composed mostly of sulfate material. James Rosen of the University of
Minnesota and later of Wyoming found that the tiny droplets above about 27 km were volatile in
nature, according to their vaporization temperature within the heated inlet of his balloon-borne
particle counter [Rosen, 1969]. He concluded that the Junge aerosols were most likely composed
of concentrated aqueous solutions of sulfuric acid.



Remsberg [1973] conducted laboratory measurements of bulk solutions of sulfuric acid in the
mid-infrared and analyzed those data for their optical constants, both real and imaginary. Palmer
and Williams [1975] verified the measurements of Remsberg and then extended the optical
constants to the visible and near infrared wavelengths. Crutzen [1976] proposed that the bulk of
the background stratospheric, Junge or sulfate layer has its primary source from the
photodissociation of carbonyl sulfide (CSO). In March 1963 the volcanic eruption of Mt. Agung
provided a large perturbation to the Junge layer and led to visible scattering and twilight
refraction phenomena for a year of so thereafter [Volz, 1969]. Major eruptions from Fuego
(1974), St. Helens (1980), El Chichon (1982), and Pinatubo (1991) would enhance the
background layer in coming decades.

Other than ice particles and water droplets, aerosols in the troposphere range from desert dust
composed of silicate compounds to organic, black carbon from the incomplete combustion of
fires and in smoke plumes. Peterson and Weinman [1969] reported on the optical and scattering
properties of silicates for interpreting of the radiative effects of wind-blown dust layers observed
above and downwind from the Rajasthan Desert of northwest India by Reid Bryson of the
University of Wisconsin. Twitty and Weinman [1971] calculated the optical and scattering
properties of organic, black carbon smoke particles. Such information along with estimates of
size distributions and particle shapes is required for interpreting remotely-sensed data about the
spectral extinction, angular scattering, and polarization properties of the aerosol layers. It is also
presumed that the properties of the aerosols are changing with time, as they grow, coalesce,
sediment, and otherwise mix with and evolve chemically in the atmosphere.

Smoke and aerosols from biomass burning or fossil-fuel combustion are sources of pollution in
the lower troposphere, at least in urban regions and often extending across continental
boundaries. The monitoring of atmospheric turbidity had been underway from ground stations in
continental regions [Flowers et al., 1969]. In fact, increases in turbidity were believed to be
responsible for the slight decrease of worldwide air temperatures since about 1940, despite the
increasing amounts of atmospheric CO, [McCormick and Ludwig, 1967; Peterson and Bryson,
1968].

Photopolarimeters and imagers were being used to characterize the size distributions of the
atmospheric dust and smoke plumes and to determine their scattering properties and effects on
the transfer of radiation through them. Ground-based lidar instruments had been put in operation
at a dozen or so stations worldwide. In particular, they were providing information about the
seasonal and global-scale nature of volcanic aerosol layers in the lower stratosphere. Thus, the
members of the atmospheric Particle Panel of RMOP felt that it was appropriate to ask whether
such passive or active sensors could be operated from satellite platforms for a global survey of
the properties and distributions of atmospheric aerosols and for a determination of their transport
from one region to another.



A primary interest at that time for Verner Suomi, Chair of the Particle Air Pollution Panel, was
on a more accurate determination of the effects of clouds on Earth’s albedo and ultimately on the
radiation budget of the Earth and its atmosphere. Suomi had already successfully demonstrated
his visible, spin-scan camera approach for viewing the Earth and its cloud cover from Advanced
Technology Satellites (ATS) in geostationary orbits and was beginning to obtain tropical wind
vectors using the displacements of the high clouds from sequences of their pictures (e.g., see
review by Lewis et al. [2010]). Up until then, the presence of clouds was mostly a nuisance for
the satellite remote measurement of tropospheric temperature and water vapor. Broadband
infrared sounding techniques from Space required clear skies for obtaining the profiles of both,
which were needed as input to global weather forecast models. Later, of course, the advent of
satellite-borne microwave sounders provided for the necessary tropospheric temperature profiles
in the presence of clouds [e.g., Staelin et al. 1977; Smith, 2010]. Two reviews of the developing,
satellite radiation budget measurement programs at LaRC have been published by House et al.
[1986] and Smith et al. [2011], and the reader is referred to their more complete, historical
accounts of the subject. Studies of the diurnal nature of clouds, the distributions of cirrus clouds
and polar stratospheric clouds (PSC), and the verification of the microphysical properties of and
radiative transfer within clouds are discussed briefly in the present report.

(b) Expertise and recommendations from the members of the RMOP Panel

Most of the members of the Particle Air Pollution Panel of Table 1 were selected for their
specific theoretical or measurement expertise and understanding. An exception was Prof.
William Matthews, a civil engineer and an organizer of the SMIC Report. He was a member of
both the Gas Species and Particle Panels of RMOP because of his overall knowledge of the
critical environmental problems of that time. Atmospheric aerosols have important biological
and economic effects on local to regional scales and possibly on larger-scale, climatic effects.
Biologically, high concentrations of particulates can lead to respiratory illnesses. Aerosols can
damage plants and may also cause an increase in the acidity of precipitation, reducing the
productivity of soils, forests, and fish stocks.

The other members of the Panel were conducting research on the composition, sizes, and
distributions of atmosphere aerosols, as well as their sources and effects. To understand some of
the likely measurement issues, Henry Blau and Alfred Holland had conducted laboratory studies
of the aerosol scattering matrix for spheres and irregular particles, respectively. Franklin Harris,
Jr., and Zdenek Sekera were involved with studies of the polarization of light by aerosols. Wind-
blown dust and volcanic plumes are examples of natural occurrences of aerosols that affect
visibility and the incoming solar radiation, sometimes for great distances from their source
regions and for extended periods of time. Robert Fraser, Benjamin Herman, and G. D. Robinson
analyzed how haze layers of the lower atmosphere scatter and otherwise reduce the incoming
solar radiation to the ground. The Panel recognized that it is not easy to distinguish between
natural and man-made particulate matter based on remote measurements of their visible
extinction effects alone. Long-time records of atmospheric turbidity were available from a few
stations that were far removed from local sources of pollution (e.g., Peterson and Bryson, 1968;
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Ellis and Pueschel, 1971). That turbidity data showed both short and long-term variations, much
of which may have been related to variations in the transport within the lower atmosphere. The
Panel believed that sorting out the causes of such variations might be achieved best with a near
global-scale, satellite monitoring program.

G. D. Robinson and Verner Suomi felt that a more immediate task was the improvement of the
understanding of Earth’s radiation budget. Robinson also reported that the interaction of
aerosols with clouds could give rise to an increase in the absorption of shortwave radiation
[SMIC, 1971]. Suomi, Colonel Thomas Haig, and their colleagues at the Space Science and
Engineering Center (SSEC) of the University of Wisconsin were advocates of observing the
cloud cover and of determining the reflected and emitted components of the Earth/atmosphere
radiation using instruments onboard Earth-orbiting and geostationary satellites [Smith et al.,
2011; House et al., 1986]. The RMOP report included recommendations for determining Earth’s
radiation budget that undoubtedly spurred further satellite sensor development within both
NASA and NOAA. A series of Synchronous Meteorological Satellites (SMS) was envisioned
for this purpose—Ilater renamed Geostationary Operational Environmental Satellite (or GOES).

Suomi and co-workers showed that one could relate the changes in the albedo over Los Angeles,
as measured from the ATS-3 spacecraft, to the visibility and local particle count in the lower
atmosphere over the city. They noted that their finding was “perhaps the first quantitative
detection of pollution from a satellite” [NASA SP-285, 1971]. Photographs taken in 1968 by
astronauts also showed clearly the effects of pollution hazes. NASA was developing an Earth
Resources Technology Satellite (ERTS) for obtaining images of the Earth’s surface and cloud
cover and its short-term and seasonal changes. ERTS-1 was launched in 1972 and later renamed
Landsat-1. Its multi-spectral scanners (MSS) observed details about the reflectivity of clouds,
vegetation, land and ice forms, as well as the presence and extent of haze layers on a global
scale.

Professor Suomi also developed and flew balloon-borne, radiometersondes for obtaining
atmospheric profiles of the net infrared fluxes (irradiances) due to clouds, water vapor, and
aerosol layers [Kuhn and Johnson, 1966; Suomi and Kuhn, 1958]. Interpretations of the flux
profiles were limited to a large extent by a lack of information on the spectral (absorbing)
characteristics and/or scattering properties of each of those sources of irradiance. Therefore, the
Panel recommended the initiation of a coordinated, physio-optical research program, whose
purpose would be to advance the understanding of the optical properties and radiative
characteristics of the real atmosphere. Later, Peter Kuhn modified the flux radiometer for the
detection of clear air turbulence (CAT), based on the signal fluctuations in the 26-35 um band of
water vapor [Kuhn et al., 1978].

The Particle Panel recommended the establishment of a world-wide network of atmospheric
turbidity monitors to determine what changes, if any, were occurring due to man-made aerosols.
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They also recommended a number of supporting studies about the elements of the scattering
matrix of atmospheric aerosols and on improvements in their mathematical and computational
modeling. Members of the Panel realized that each of those aspects would be important for the
development of models to assess the effects of both natural and man-made atmospheric aerosols
on climate. Still, the Panel did not assemble a list of specific measurement requirements other
than to note that it would be important to achieve good vertical resolution (~1 km) for the
stratospheric aerosol layers and good horizontal resolution for tracking regional changes in
tropospheric turbidity. With those issues in mind, Panel members J. Don Lawrence, Charles
Byvik, Gerald Grams, and S. Harvey Melfi focused their attention on developing systems for the
measurement of tropospheric and stratospheric aerosols using ground-based, backscatter lidar
techniques.

Panel members made several recommendations for research satellite instruments, too. For
example, they felt that the geographical coverage of a stratospheric aerosol experiment should be
extended to the higher latitudes, like the one proposed for the Orbiting Solar Observatory (or
0SO0-J) by Gas Species Panel member, Ted Pepin, of the University of Wyoming. They thought
that his approach could provide, quickly and economically, the basic data for understanding the
global distribution of stratospheric aerosols. As an aside, it is noted that the originally-planned,
OSO experiment was actually conducted on the Apollo-Soyuz Test Project as a Stratospheric
Aerosol Measurements (ASTP/SAM) experiment in July 1975 [Pepin et al., 1977]. Further, they
urged that a cooled infrared spectrometer be evaluated from a near-earth orbit for the sensing of
distributions of small particles that could not be measured with photometers and, perhaps, for
furnishing information on the chemical nature of the particles, too. The Panel believed that it
was possible to characterize and monitor atmospheric turbidity on a global scale by measuring
the degree of polarization of upwelling radiation with fast-response photopolarimeters [Sekera,
1967]. They recognized though that the target observation area would need to be kept in the
field of view during a satellite traverse, in order to obtain information for a range of scattering
angles. The Panel recommended that studies be made on the use of photopolarimeters from
geostationary satellites, too. The Panel also urged that satellite-based lasers be developed for
monitoring the spatial distributions of tropospheric and stratospheric aerosols on a global basis.

Clouds reflect incoming solar shortwave radiation with an efficiency that depends on their
thickness, or more specifically their optical depth. They also absorb infrared radiation from the
Earth’s surface and from the surrounding atmosphere and re-emit it according to the atmospheric
temperature at the altitude of the cloud top. In fact, the presence of clouds and their top height
may be determined based on temperatures inferred from radiances in the so-called “infrared
window” channels from satellite sounder measurements [e.g., Houghton, 1986]. But, operational
sounder data from polar orbiting satellites are obtained at only two local times per day. Because
cloud frequency and altitude vary diurnally, the sounder data carry time-of-day sampling
uncertainties that make it difficult to obtain a good measure of the radiative budget of the
Earth/atmosphere from a satellite platform. Distributions and occurrences of thin or subvisible
cirrus clouds were not known well, and even thin cirrus can have a significant effect on the
outgoing long-wave radiation [Liou, 1974]. Finally, the finite field-of-view (FOV) of the pixels
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making up satellite images means that the effects of subgrid-scale clouds were also not known
well and had to be parameterized in climate models or estimated by other means for a proper
interpretation of infrared imagery [Slingo, 1980]. Members of the SMIC Working Group asked
for a satellite system for “monitoring the temporal and geographical distribution of the Earth-
atmosphere albedo and the outgoing flux (IR) over the entire globe with an accuracy of at least
1%.”

The report of the RMOP Panel led by Suomi includes a discussion of the seemingly intractable
problem of how to obtain information about the properties and effects of clouds and aerosols
from measurements of their scattering, absorption, and transfer of atmospheric radiation. In one
respect, the determination of the radiative budget of the atmosphere and of aerosol extinction
profiles is fairly straightforward. One only needs to obtain accurate measurements of the
radiances or transmissions. In other words, one does not have to advance to the next step of
conducting retrievals of the remotely-sensed, radiance or transmission, as is most often the case
for obtaining the state parameters of the atmosphere—its temperature versus pressure profiles
and its gas species profiles. For that next step one must also have accurate forward models of the
radiance or transmission, and those models are generally limited by uncertainties in the
spectroscopic line parameters of the given minor or trace atmospheric gases. Yet, the
determination of Earth’s radiation budget from satellite altitude is based only on measurements
of the incoming solar radiance and the outgoing reflected and emitted radiances at top-of-
atmosphere (TOA), and one must know how those measurements vary throughout the day and
night and across all seasons, at various spatial scales, and over a range of scattering angles. In
order to know the effects of clouds and aerosols within the atmosphere itself, one must know
their distributions with altitude and their macroscopic scattering and absorbing properties. It is
also helpful to have an independent measure of the radiation budget at the surface of the Earth, in
order to verify what is being inferred from the reflected shortwave measurements at TOA.

Clouds are also present at high latitudes of the lower stratosphere and in the upper mesosphere.
Stanford and Davis [1974] considered why the so-called mother-of-pearl clouds (MPC) occurred
in the polar lower stratosphere in winter. Pioneer researcher, Otto Jesse, was concerned with the
formation and occurrence of noctilucent clouds (NLC) in the opposing summer season of the
polar upper mesosphere and whether they might be connected to particles from large volcanic
eruptions [Schroeder, 2001]. Knowledge was being obtained on both types of clouds from
ground-based measurements of their scattering characteristics and from in situ measurements
with high-altitude balloons or rocket probes. Poultney [1972] reported that cheap, low-power
lasers having a high-pulse rate could provide ground-based measurements of the upper altitudes
that would rival those from rocket probes. The Panel members believed that satellite
observations obtained with photometers, radiometers, and lidar could provide improved
space/time coverage and perhaps add some information about the cloud particles themselves.
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3 Evolution of measurement techniques and some key players at Langley
(@) A redirection toward satellite observations of the Earth/atmosphere

In the 1960s Langley personnel were actively studying options for a Manned Orbital Research
Laboratory (MORL) in preparation for Skylab and much later for a proposed International Space
Station (ISS). However, toward the end of the decade much of that work was reassigned to the
Marshall and Johnson Space Centers [Hansen, 1995]. Thus, part of the workforce at Langley
was still in transition from the phase down of its Apollo and MORL activities and toward the
planned development and demonstration of the Space Shuttle at the time of the RMOP
Workshop in 1971. As reported in Remsberg [2011] and in the Introduction, the early part of the
1970s was also when NASA was directed to focus more toward Earth applications and on what
atmospheric measurements could be usefully conducted from a satellite or Earth-orbiting
platform. Edgar Cortright, Center Director at Langley from 1968-1975, was largely responsible
for implementing that vision, in addition to overseeing the Viking Project and the major ongoing
research in aeronautics and in hypersonic flight at that time. Prior to coming to Langley,
Cortright had served as Chief of the Advanced Technology Program, Assistant Director for the
Lunar and Planetary Program, and most recently as Deputy Associate Administrator for Manned
Space Flight at NASA Headquarters. In October 1970 Cortright announced a major
reorganization and formed four research Directorates—Aeronautics, Space, Electronics, and
Structures at Langley [Hansen, 1995]. Leading up to and immediately after that reorganization,
the conduct of Earth applications activities was ably directed by Eugene S. Love and William H.
Michael, Jr., of the Space Directorate and by G. Barry Graves, James E. Stitt, Howard B.
Edwards, William Croswell, John Dodgen, and William Mace within the Electronics Directorate.

Figure 1 is an outline of the atmospheric measurement programs at Langley from when they
were primarily focused on aeronautics, to Earth applications since the time of the RMOP report
of 1971, and then on to the planned activities for the upcoming decade. Much of the remote
sensor development at Langley was initiated within the Instrument Research Division (IRD)
from which the Flight Instrumentation Division (FID) was formed in 1965. FID personnel
became engaged with testing and qualifying prototype instruments from balloon, rocket, or
aircraft platforms. Measurement techniques for the effects of aerosols and clouds that they
evaluated included: lidar, solar occultation, limb emission and scattering, photometry or
radiometry, and polarimetry, as well as a number of ground-based and in situ aerosol and cloud
droplet counting, sizing, and polarization techniques that would ultimately be used to validate or
otherwise characterize the remotely-sensed observations. A brief review is provided in the
following subsections of the early work at Langley for each of those remote sensing techniques
(see upper right of Figure 1). Langley had already formed in 1964 the Office of Flight Projects
to include Flight Reentry Programs, the Scout (rocket) Program with launches from Wallops
Island, and the Applied Materials and Physics Division (AMPD). The latter organization was a
reformulation of the Pilotless Aircraft Research Division (PARD). William O’Sullivan and
colleagues of PARD and later AMPD developed and demonstrated several early communications
satellites (ECHO and PAGEOS). His successors went on to develop sensors based on those of
Verner Suomi for the measurement of Earth’s radiation budget from satellite orbit.
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1940’s 1971 Present
Remote Sensing Application

Aeronautics Focus
sLaser radar or lidar from Space.

*Model atmospheres, ground .
*Satellite measurements by solar
to thermosphere for .
occultation (SO).
development of the X-15. . .. .
. ; . sLimb emission and scattering
*Passive sensing studies of L
*Nadir viewing photometry and

i G0 hgrlzon s radiometry for cirrus and aerosols.
spacecraft attitude/reentry. sAerosol|palarimetry

eLaser sensing of fluid flow in
wind tunnels and turbulence
in the atmosphere

Sensors for the Next Decade

eLimb scattering from stratospheric aerosols for
OMPS on NPOESS Preparatory Project (NPP).

SO via SAGE Il from International Space Station.
*High-spectral resolution lidar for the troposphere.
*Continuation of radiation budget record w/CERES.
*Further measurements of aerosols and clouds
w/CALIPSO lidar.

Figure 1. Time line of the development of techniques by NASA Langley for making
measurements of atmospheric aerosols, clouds, and Earth’s radiation budget.
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The report entitled “Research in Aeronautics and Space: Langley Research Center” is a useful
summary of the research programs at Langley during the 1960s [Cortright, 1971]. One can
easily discern some of the origins of atmospheric science research at Langley from that report.
Of particular interest at that time was the ongoing need to characterize the effects of atmospheric
drag and the accompanying heat load for spacecraft re-entering the atmosphere from low Earth
orbit. In addition, it is noted therein that Langley was instrumental in the design of launch
vehicles and their propulsion options for a combined U.S./Canadian meteorological sounding
rocket program.

Sensor concepts for aerosols and clouds that have been demonstrated successfully from Earth-
orbit by Langley researchers are described in the following subsections, along with their primary
advocates. The succession of satellite experiments is recounted in the subsequent chapters from
the time of RMOP and on through to the Space Shuttle and EOS periods. Their achievements
are also placed within the context of concurrent measurement programs of other national and
international research organizations.

(b) Laser radar or lidar

Soon after the development of the laser, optical engineers Don Robinson and Joe Goad of IRD
adapted that new technology for purposes of flow visualization in wind tunnels and for small
particle holography at Langley [NASA, 1970]. Others were already training their optical radar
or lidar systems toward the sky for detecting atmospheric turbulence and for characterizing
smoke plumes and pollutant haze layers in the lower atmosphere [Collis et al., 1964; Clemesha et
al., 1966]. Giorgio Fiocco and RMOP Panel member Gerald Grams made observations of the
Junge aerosol layer in the stratosphere [Fiocco and Grams, 1964] and its volcanic enhancements
following the eruption of Mt. Agung [Grams and Fiocco, 1967]. Further, Grams and Burt
Schuster of NCAR and Robert Fox and James Weinman of the University of Wisconsin went on
to install an organic dye laser in a lightweight lidar system and to obtain measurements of the
Junge layer from the NASA CV-990 aircraft over both the Pacific and the western Atlantic
Ocean regions in the summer of 1971 [Fox et al., 1973]. They found backscattering ratios of
order 1.1 or an aerosol scattering component of only 10%, indicating that the lower stratospheric
layer was nearly devoid of any significant volcanic influence at that time. Paul Davis of
Stanford Research Institute (SRI) also conducted lidar measurements from the CV-990 aircraft,
looking for signatures of cirrus and of boundary haze layers, as part of the Barbados
Oceanographic and Meteorological Experiment (BOMEX) during the summer of 1969 [Davis,
1971]. His measurements were coupled with those from an airborne infrared radiometer, in an
attempt to characterize the radiative forcing from the cirrus particles and the aerosol haze.

During the late 1960s RMOP Panel members, S. Harvey Melfi and J. Don Lawrence, Jr., along
with M. Patrick McCormick and Douglas Woodman mounted their pulsed, ruby lidar system
onto a T-33 jet aircraft and obtained enhancements in backscatter, which they associated with
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regions of light turbulence [Lawrence et al., 1968]. Shortly after, Lawrence took a position as
Chief Scientist of IRD, moving from the Physics Department of nearby College of William and
Mary. Melfi and McCormick were also researchers in IRD. Lawrence and Melfi then moved to
the newly formed Environmental and Space Sciences Division (ESSD) during the reorganization
at Langley of 1970, while McCormick remained in IRD as Head of the Photo-Electronic
Instrument Section. Along with William Hunt of Wyle Labs and William Fuller, Jr., they
assembled a 48-inch mobile lidar system and then participated in a number of field measurement
campaigns over the next decade. Lawrence and colleagues also contributed to BOMEX by
conducting lidar observations from the cruise vessel S. S. Advance from Wilmington, NC, to the
Barbados region and then to the mouth of Amazon River and back. They characterized the
presence of dust layers in the lower stratosphere and also the dust at the top of the planetary
boundary layer that had been transported westward from the African continent [Bach and Smith,
1970]. Their efforts were sponsored by the Research Triangle Institute (RTI) of North Carolina
just prior to the time that the Environmental Protection Agency (EPA) was formed. A
cooperative relationship was maintained between Langley and the EPA for studies of regional air
quality for at least the next decade, and Edgar Cortright was very supportive of those joint
activities.

McCormick and Fuller of IRD and Lawrence and Melfi of ESSD, among others, made upgrades
to the transmitter, receiver, and electronics for what was to become their signature, ground-based
48-inch lidar system and much later a facility instrument at NASA Langley. Their first field
campaign with the system was to Azusa, California, as part of a study activity of the air quality
in the Los Angeles Basin in 1972. They also carried out routine measurements of the
stratospheric layer over Langley during those years and were careful to maintain good
calibrations for the system because of the very low aerosol backscattering ratios of that time
[e.g., Hunt and Poultney, 1975]. Langley remote sensors were an important part of the
Department of Transportation’s Climatic Impact Assessment Program (DOT-CIAP) of the early
1970s. Of course, Langley was also interested in the findings from CIAP because of the
implications for its further research toward a supersonic transport (SST) aircraft.

Lawrence and Ron Greenwood were selected in 1973 to direct a NASA Environmental Quality
Program Office (EQPOQ) at Langley at the request of Morris Tepper. Shortly thereafter, Melfi
left Langley for a supervisory position at the newly-formed, EPA remote sensing laboratory in
Las Vegas, NV. McCormick had assembled an array of remote and in situ aerosol measurement
capabilities and personnel within a new Aerosol Research Branch (ARB) by 1975. Key persons
included William Chu and David Woods along with RMOP Panel member, Franklin Harris, Jr., a
NASA contractor at the nearby Old Dominion University Research Foundation (ODURF).
Burton Northam, Head of a new Lidar Applications Section (LAS) in ESSD, recruited new
employees, Edward Browell and Ellis Remsberg, plus Sherman Poultney and Carolyn Butler at
ODURF in 1973-74. Together IRD and ESSD continued on with the calibration of the 48-inch
lidar system and with the monitoring of the stratospheric aerosol layer. They also evaluated lidar
techniques for their application to atmospheric measurements from the ground and from Space.
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The various techniques included resonance fluorescence, Raman scattering, and differential
absorption lidar (DIAL), in addition to the more traditional method of laser backscattering.

McCormick and Northam conducted lidar measurements and compared them with University of
Wyoming dustsonde profile measurements near San Angelo, Texas, in May of 1974, as part of
requirements to characterize the Stratospheric Aerosol Monitor (SAM I1) and Limb Infrared
Monitor of the Stratosphere (LIMS) prototype instruments that would fly eventually on Nimbus
7in 1978 [Northam et al., 1974; Remsberg et al., 1979]. However, they were all soon distracted
by the much larger, lidar return signals that they observed at Langley, following a major eruption
in Guatemala of the Fuego volcano in October 1974 [McCormick and Fuller, 1975; Remsberg et
al., 1982]. McCormick and Fuller went on to assemble a smaller, 14-inch ruby lidar system and
began to conduct airborne surveys of the dispersal of volcanic aerosol layers and to validate
satellite measurements of stratospheric aerosols and cirrus clouds.

An Advanced Applications Flight Experiments (AAFE) Program Office was set up at Langley in
the early 1970s and managed by Robert Parker, as directed by Cortright and by Leonard Jaffe
and Jules Lehmann of NASA Headquarters [Croswell, www.ieeeghn.org ]. The purpose of the
AAFE Program was to develop instrument concepts for eventual flight on a satellite platform.

In addition, personnel in IRD and ESSD were assigned as technical monitors of study contracts
to assess the potential of lidar measurements from an Earth-orbiting, Space Shuttle platform. An
important outcome of those studies was that Langley and SRI submitted two separate proposals
to an Announcement of Opportunity in 1976 from the NASA Office of Space Sciences (OSS) for
the conduct of lidar measurements of Earth’s atmosphere on the Shuttle-based Spacelab 1.
Simulation studies indicated that it should be easy to obtain near global-scale characteristics of
aerosols and clouds from a lidar system [Remsberg and Gordley, 1978; Russell et al., 1982]. The
Langley proposal was entitled “Tropospheric Aerosol and Cloud Experiment (or TRACE)”, and
it was designed to be a demonstration of what might be achievable with a lidar system from an
Earth-orbiting platform. It received an excellent technical rating and had the strong support of
Lawrence, Donald Hearth (Langley Director), and Paul Holloway (Director for Space). No
selection was made though because of the cost involved and of the competing and overlapping
interests within the OSS and Office of Applications (OA) Programs at NASA Headquarters.
However, the managers at OSS and OA recognized the lidar expertise within Langley. They
later combined their Shuttle Atmospheric Lidar Programs in cooperation with the Centre
National d’Etudes Spatiales (CNES) of France, and that decision led to a Shuttle Lidar Program
Office being set up at Langley [NASA, 1979].

During this time Edward Browell, James Hoell, Syed Ismail, and Scott Shipley of Langley and
Robert Allen and Frank Mills of ODURF continued to develop and demonstrate the use of DIAL
technologies within the Atmospheric and Environmental Sciences Division (AESD), headed by
J. D. Lawrence. A focus for their work in the late 1970s and early 1980s was on the application
of laser measurement techniques in field studies of the regional air quality. The EPA was keenly
interested in understanding how urban haze plumes extended to the regional and continental
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scales. They relied on satellite imagery and the airborne, UV-DIAL lidar measurements of the
haze layers for a verification of their model predictions of the transport of aerosols and ozone. In
particular, Langley personnel participated in the EPA Persistent Elevated Pollution
Episode/Northeast Regional Oxidant Study (PEPE/NEROS) program of 1980, as well as a
subsequent study of pollution episodes in the Tidewater Virginia region [Browell et al., 1985;
Shipley et al., 1984]. Joint studies led by researchers at the University of Wisconsin were also
carried out using their airborne prototype, high-spectral resolution lidar (HSRL) instrument
[Shipley et al., 1983] that was based on the initial optical radar measurements of aerosol-to-
molecular backscatter ratios along with a frequency analysis of their Doppler-broadened spectra
in the manner of Fiocco et al. [1971]. It was anticipated that advances in the HSRL technology
could still be made for providing better measurement stability and aerosol-to-molecular
discrimination.

(c) Solar occultation

Prof. Alfred Nier of the University of Minnesota and his student, Ed Ney, did pioneering work in
mass spectrometry for the separation and analysis of the isotopes of uranium in the early 1940s.
Much later, Nier was responsible for the mass spectrometer that was on the Viking Lander
spacecraft. Ney went on to conduct measurements from high altitude balloons of atmospheric
cosmic rays. Both Ney and later J. D. Lawrence, Jr., worked under the guidance of Prof. Jesse
Beams and were awarded doctoral degrees from the University of Virginia. Ney returned to
Minnesota to accept a faculty appointment in Physics and Astronomy some years later.
Lawrence and his student, M. Patrick McCormick, of The College of William and Mary stayed
abreast of Ney and his research activities, as they undertook their early lidar studies of the
stratosphere. Two graduate students of Ney, James Rosen and Theodore Pepin, had been
conducting measurements with photoelectric particle counters from balloons from 1965 to 1968
that showed the variability and characteristics of stratospheric aerosols and their apparent
systematic changes with time. Before that, Rosen [1964] had been searching for evidence of
meteoritic debris in the stratosphere. Pepin also evaluated solar occultation methods from the
balloon platforms for sensing the aerosol layers. Later, Pepin and McCormick teamed up to
conduct solar extinction measurements using a simple photometer with a diode detector, as part
of the Apollo-Soyuz Test Project (or ASTP) [Pepin et al., 1977]. Comparison measurements for
the ASTP mission were obtained near Kansas City by Rosen with his balloon-borne particle
counter and by McCormick and Fuller with the 48-inch lidar system.

Pepin participated in the RMOP Workshop as a member of its Gas Species Panel and was
initially interested in making occultation measurements of ozone. Based on the quality of the
aerosol extinction from the photometer on ASTP, he and McCormick proposed the Stratospheric
Aerosol Monitor 11 (SAM I1) experiment for flight on the Nimbus 7 satellite in October 1978 and
also the Stratospheric Aerosol and Gas Experiment (SAGE) that flew a few months later on an
Applications Explorer Mission or AEM-2 satellite [McCormick et al., 1979; Russell, 1980]. Ed
Mauldin, I11, was the Instrument Manager for SAM Il and SAGE. Philip Russell of SRI and
RMOP Panel members, Grams and Benjamin Herman, were also members of the Science Teams
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for both experiments. Nimbus 7 was a polar orbiting satellite, which meant that SAM 11 obtained
solar occultation measurements only at the high latitudes. But, the AEM satellite operated from
a highly-precessing orbit at an inclination of 55 degrees, which enabled SAGE to make
occultation measurements across most latitudes of the southern and northern hemisphere at least
within the time frame of a month or so. Together, these two satellite experiments provided
global-scale information on the stratospheric aerosol layer for the first time. Their measurements
were necessarily limited by the fact that tropospheric cloud tops along the occultation tangent
path often obscured the setting or rising Sun. Otherwise, their visible to near-infrared (to 1-pum)
measurements provided many advantages for obtaining the aerosol profiles with good vertical
resolution and accuracy.

McCormick and Leonard McMaster brought additional researchers to Langley, including
Thomas Swissler of Systems and Applied Sciences Corporation (SASC) and Adarsh Deepak.
Soon after, Deepak formed an Institute for Atmospheric Optics and Remote Sensing (IFAORS)
in Hampton, VA. William Chu, Swissler, and Pi Wang (IFAORS) developed the aerosol and gas
species (o0zone and NO,) algorithms for SAM Il and SAGE. Patrick Hamill (SASC), Geoff Kent
(IFAORS), and Glenn Yue (IFAORS) provided detailed assessments of the quality of the aerosol
profile data. SAM Il operated from October 1978 until 1991 and then periodically until near the
end of 1993. SAGE operated from late February 1979 through November 1981. Validation of
the aerosol profiles is described in Russell et al. [1981; 1984]. Kent and McCormick [1984] is a
good summary of stratospheric aerosol optical depth data from SAM Il and SAGE. Distributions
and occurrences of cirrus clouds indicated the low-altitude limit for the extinction profiles from
SAGE [Woodbury and McCormick, 1983]. SAGE also observed the volcanic plume from the
Mt. St. Helens eruption of May 1980 and its subsequent effects for the lower stratosphere of the
northern hemisphere. In addition, SAM Il provided good estimates for the first time of the
wintertime occurrences of the so-named, polar stratospheric clouds (PSC). All during this time,
Rosen and colleague David Hofmann of the University of Wyoming continued to make balloon-
borne, in situ measurements of the aerosols, and a number of other research groups conducted
routine measurements of the aerosol layers with their ground-based lidar instruments.

(d) Limb emission and scattering

In the late 1950s and early 1960s Langley navigation and guidance specialists conducted
measurements of the horizon as part of their development of sensor concepts for controlling the
attitude of spacecraft in Earth orbit. They measured horizon radiances from the ultraviolet (uv)
to the middle infrared region of the spectrum from a Javelin rocket flight out of the Wallops
Flight Facility in 1961 [McKee et al., 1964]. They supported the launch of the Ariel 2 radio
astronomy satellite from a Scout X-3 rocket in March 1964. Ariel 2 carried a photometric
instrument from the UK Meteorological Office, and Miller [1967] reported on the attenuation of
ultraviolet light by ozone from its measurements of the Earth’s limb and on their attenuation at
380 nm by the stratospheric aerosol layer. At about the same time Langley researchers made
complementary measurements in the near to middle infrared region with sensors mounted in the
tail of an X-15 research aircraft [Jalink et al., 1968]. Their exploratory measurements of the
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infrared horizon eventually led to the radiance measurements and retrievals of atmospheric
temperature and constituent profiles by the Limb Radiance Inversion Radiometer (LRIR) on
Nimbus 6 in 1975 and by the LIMS experiment on Nimbus 7 in 1978. John Gille and James M.
Russell 111, Co-Team Leaders of LIMS and members of the RMOP Gas Species Panel, and
Frederick House of Drexel University provided good estimates of the uncertainties that were
present in the registration of the satellite-measured, limb radiances [Gille and Russell, 1984;
Wilson et al., 1979].

With the sponsorship of Morris Tepper of NASA Headquarters and of J. D. Lawrence, Jr., the
first International Interactive Workshop on Inversion Methods in Atmospheric Remote Sounding
was hosted by M. P. McCormick and A. Deepak (IFAORS) in Williamsburg, VA, in December
1976. Experts from that research community presented papers and shared their views on the
information content that could be obtained from limb scattering, emission, and absorption
measurements. Papers related to the retrieval and interpretation of stratospheric aerosol sizes and
their optical parameters were presented by Malchow and Whitney [1977] and Chu [1977], and
by the RMOP Panel members, Herman [1977] and Pepin [1977]. They achieved quantitative
results and placed estimates of uncertainty on the measurements and the retrieved parameters.
They also showed that it should be possible to validate the various retrieved parameters against
auxiliary measurements obtained from airborne sensors or with suitable, ground-based and
balloon-borne techniques obtained along the tangent track viewed by the satellite instrument.

Cox [1981] reported on the significant absorption/emission signatures in the visible from clouds
composed of water or ice. [Liou, 1981] considered the effects of clouds in the infrared,
particularly in those spectral regions where the absorbing effects of gaseous H,O, CO, and ozone
are absent or weak. He also made recommendations for better measurements of the clouds,
especially for cirrus (see also next two subsections). Since cirrus cloud particles are significant
scatterers/absorbers/emitters in the visible through the infrared, they inhibit limb observations of
the troposphere much of the time. As an example, the Nimbus 7 LIMS measurements were
sensitive to radiances from the tops of cirrus clouds, from PSCs, and to a lesser extent from the
aerosols of the Junge layer. The Solar Mesosphere Explorer (SME) was a similar, limb-sounding
experiment launched in October 1981 from a Delta rocket vehicle and managed by the Jet
Propulsion Laboratory (JPL). SME made measurements of scattered and absorbed light in its
ultraviolet and visible channels and of thermal emissions with its two infrared channels [Barth et
al., 1983]. The presence of stratospheric aerosols from the eruption of the EI Chichon volcano in
April 1982 caused the top of that aerosol layer to became the effective low altitude limit for
accurate retrievals of the SME profiles of 0zone and NO; in the uv and visible, at least for some
months thereafter. Its infrared radiances from H,O were also severely affected by the aerosols.
In Section 2 it was noted that Rosen [1971] had inferred that the aerosols were likely composed
of aqueous H,SO4, which is a very effective absorber/emitter in the middle infrared.

(e) Nadir-viewing photometry or radiometry
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In the summer of 1969 Langley and Old Dominion University (ODU) sponsored a preliminary
design study for an operational Earth resources survey system. University faculty and a number
of Langley researchers participated in that joint effort. The information contained in their final
report led to the initial Earth applications activities at Langley [Carver et al., 1969]. It also was a
basis for Langley’s involvement with the RMOP Panel on Water Pollution and the remote
sensing measurements that they advocated. A natural local collaboration developed between
Langley and the nearby Virginia Institute of Marine Sciences of The College of William and
Mary and the Department of Oceanography at ODU and because of the mutual proximity to the
Chesapeake Bay of all three organizations. Langley Director, Cortright, also formed a Space
Technology Division as part of his new Space Directorate in 1970, but it soon took on the name
Space Applications and Technology Division (SATD). Personnel in the Electromagnetics
Research Branch of IRD were also using microwave radiometers to obtain state parameters of
the sea surface [e.g., Swift, 1974]. With support from the AAFE Program, they went on to
conduct airborne and satellite measurements using more-advanced radar scatterometer
instruments over the next decade.

The first Earth Resources Technology Satellite (ERTS-1) contained sensors fashioned after those
on Nimbus 4, an early meteorology satellite managed by NASA Goddard. ERTS-1 was
launched into polar orbit on July 23, 1972 and was renamed Landsat-1. It carried a red-green-
blue (RGB) vidicon camera and a 4-channel, multi-spectral scanner (MSS) radiometer operating
in the infrared. Panel member, Robert Fraser, and colleagues from Goddard combined radiances
from the MSS with calculated values from a radiative transfer model to estimate the mass of
particulates in a vertical column of dust transported westward from northern African and across
the Atlantic Ocean [Fraser, 1976]. Bruce Wielicki of Langley began to use Landsat MSS data by
1980 to develop a higher-resolution source of “cloud truth” for calibrating the cloud properties
determined from the lower spatial resolution, meteorological satellites [Wielicki and Welch,
1986]. Although the Landsat MSS measurements suffered from an inadequate calibration
standard for their radiances, they laid the ground work for the improved MODerate-resolution
Imaging Spectro-radiometer (MODIS) instruments on the EOS satellites that are operating today
[Shenk and Salomonson, 1972; Salomonson et al., 1989].

In the late 1950s Langley was focused on developing unmanned, large inflatable balloons to
serve as passive communications satellites and to provide estimates of atmospheric drag in low-
Earth orbits. Such orbital decay information was important for defining the controlled descents
of the manned spacecraft that would soon follow. Knowledge about orbital drag was also
important for the Mars Viking spacecraft, and the Viking Project was at the top of Cortright’s
agenda during the late 1960s and for its Mars landings in 1976. Remote observations of Mars
had already revealed occurrences of persistent dust storms at the surface of Mars, and those
events became a focus of meteorological studies by Seymour Hess of Florida State University
and Robert Henry of Langley soon after the spacecraft landed on Mars [Tillman et al., 1979].
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Suomi and RMOP Panel member, G. D. Robinson, were more interested in making satellite
measurements of Earth’s radiation budget, however [SMIC, 1971]. Joel Levine, who joined
Langley Research Center in the late 1960s, was focused on studies of the atmospheres of other
planets, including Mars. But prior to that time, he and Al Arking of the Goddard Institute for
Space Studies (GISS) had reported on the relatively low, reflectivity or albedo that they obtained
for the Earth and its atmosphere based on quasi-global data from TIROS VII [Arking and
Levine, 1967]. Even so, they were mindful that the visible-channel reflectivities from TIROS
needed to be corrected upward due to a probable degradation of its sensors during launch.
Several years later, Vonder Haar and Suomi [1971] reported on their analyses of 39 months of
radiation budget measurements. They obtained an estimate of the mean global albedo of 30%
and found a net radiation balance, at least within the measurement accuracies of the radiometers.

In the mid-1970s Langley researchers, Linwood Callis, Robert Boughner, and V. Ramanathan
(NASA/NRC Postdoctoral Fellow) turned their attention to the development of radiative-
convective models and calculated the effects of scattered radiation from the Earth’s surface and
the atmosphere in the uv, visible, and infrared. Bruce Barkstrom, a radiation scattering and
transfer specialist, was a faculty member of George Washington University from 1974-79 in its
Joint Institute for the Advancement of Flight Sciences (JIAFS) that was located at Langley.
Others were considering how to improve on the measurement of Earth’s radiation budget, in part
due to the directives from the RMOP Panel headed by Suomi and in response to his keen interest
in the topic. G. L. Smith, Gary Gibson, Edwin Harrison, and colleagues of SATD conducted
orbital analyses and offered Earth-viewing strategies for obtaining more complete measurements
of Earth’s radiation budget from low Earth orbit [Smith et al., 2010]. They credit George Sweet
of Langley for an initial satellite concept of three spherical integrating detectors, having different
color coatings of black, white, and aluminum and thus different skin temperatures. His concept
was titled Long-time Zonal Earth Energy Budget Experiment (LZEEBE), and its prospects were
judged along with two other proposed measurement concepts from Suomi of Wisconsin and
from Vonder Haar of Colorado State [Yates, 1977]. The LZEEBE and the Wisconsin concepts
required dedicated satellite platforms and orbits that were different from those of the operational
TIROS satellite system. Although the LZEEBE concept was not selected for further funding, it
eventually led to the design of Langley’s Earth Radiation Budget Experiment (ERBE) that would
be launched from Space Shuttle in 1984. Barkstrom was hired by Langley in 1979 to be
Experiment Scientist and Science Team Leader of ERBE (see Sections 4 and 5).

Prior to that time, G. L. Smith of Langley served as a member of the Experiment Teams for the
Earth Radiation Budget (ERB) instruments on both Nimbus 6 and 7. The Nimbus satellites were
polar orbiters and had the same sampling issues as TIROS in both space and time for the
radiation budget parameters that they obtained, in addition to the adequacy of the calibrations of
their radiances. Smith was concerned with how to relate wide FOV radiometer measurements to
radiances emitted at a finer spatial resolution from the top-of-atmosphere [Smith and Green,
1981]. There were also concerns about the low-resolution radiances measured at just two local
times from polar orbiters. To that end, Patrick Minnis and Harrison analyzed GOES satellite
imagery to estimate the effects of the diurnal variability of cloud radiances [Minnis and Harrison,
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1984]. McKee and Cox [1974] developed models of the scattering of visible radiation by clouds
of finite horizontal extent, and Feddes and Liou [1977] considered the effects of multi-layered
clouds on the upwelling radiances. All of these early results were used as an aid in the design of
the ERBE experiment that was launched in 1984. Excellent reviews of the radiation budget
studies up to the time of ERBE can be found in House et al. [1986] and Smith et al. [2010].

Studies had been conducted on the transfer of radiation within the atmosphere before there were
satellite sensors for making top-of-atmosphere measurements. For instance, Panel member,
Robinson, co-authored one of the earliest theoretical studies of the loss of radiant energy to
space, due to infrared emissions from the surface, from cloud layers, and from the diffuse water
vapor, carbon dioxide, and ozone molecules [Goody and Robinson, 1951]. In addition, Suomi
and colleagues obtained some initial measurements of profiles of net radiation in the atmosphere
[Suomi et al., 1954]. John Gergen in collaboration with Ed Ney and colleagues at U. of
Minnesota also conducted balloon-borne measurements of total atmospheric infrared radiation
with their “Black Ball” integrating radiometers [Gergen, 1957]. However, the Black Ball
measurements presented a number of uncertainties. Suomi’s flat plate radiometersonde
measurements were more consistent and easier to relate to the underlying surface or cloud scene.
He also found that radiometersonde measurements near the tropopause were quite sensitive to
the presence of thin cirrus and ozone and to variations in upper tropospheric water vapor.
Pilipowskyj et al. [1968] determined that the downward-directed, infrared irradiance (or flux)
that they measured in spring of 1965 from the subtropical lower stratosphere could not be
explained by the presence of gaseous emitters. They postulated that the excess was due to large
numbers of stratospheric aerosols of small radius, presumably composed of concentrated,
aqueous sulfuric acid according to the independent, vapor pressure measurements of Rosen
[1971]. The quantitative effects of each of these radiative sources are still be evaluated today,
but are being based now on combinations of better radiometric and lidar measurements, as will
be noted in Section 6.

The role of clouds on the radiative balance, energetics, and circulation of the atmosphere was
being considered well before the RMOP Workshop, based in part on the early balloon-borne and
satellite-based radiometric measurements. Early on, Greenfield and Kellogg [1960] reported on
their calculations of the spectral nature of the atmospheric infrared radiation fields that one could
expect to observe looking down on the troposphere, perhaps eventually from a meteorological
satellite. They showed that only about one-third of the surface radiation escapes in the tropics in
the so-called “window region” from 8 to 13 micrometers. In other words, that “window” is not
at all transparent. On the other hand, at the middle latitudes about two-thirds of the upward
emission originates from the ground; the water vapor content of the atmosphere is much lower at
middle latitudes. Similar variations with latitude were observed using the broadband radiation
sensors of the early TIROS satellites [Nordberg et al., 1962]. Gergen [1965] also observed large
variations with both time and space from balloon measurements of the outgoing infrared
radiation at nighttime, and he thought that the changes were due primarily to cirrus clouds. Liou
[1986] and Schiffer and Rossow [1983] concluded that the effects of cirrus clouds were one of
the major unsolved components in weather and climate research. How to estimate the effects of
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aerosols and clouds on the transfer of radiation was addressed analytically by David Adamson of
Langley [Adamson, 1975] and on the inference of the sea surface temperatures (SSTs) from
satellite imagery by Xu and Smith [1986] and Xu and Sun [1991]. Section 6 points to progress
that has been made on that issue by Langley researchers in the current decade, based on passive
and active remote sensing techniques and combinations of satellite datasets obtained with them.

(f) Aerosol polarimetry

Diran Deirmendjian of the RAND Corporation and Alex Green of the University of Florida
developed theoretical models for the detection of aerosol scattering from measurements of the
intensity patterns of the solar aureole [Deirmendjian, 1959; Green et al., 1971]. However, they
stressed that more work was needed to sort out the effects of the underlying surface reflectance
on the scattering patterns. Hariharan [1969] assembled a breadboard photometer and obtained
transmission measurements at three separate viewing angles from the beam direction and, thus,
characterized the aerosols from their polarizing effects. Since the precision of his results were
quite good, the polarimeter concept appeared promising for eventual operation from an airborne
or a Space platform, as envisioned earlier by RMOP Panel Member Zdenek Sekera of UCLA.

The characterizations of aerosol and cloud particle distributions were a focus of the 1976
Workshop on Inversion Methods in Atmospheric Remote Sensing sponsored by Tepper and
Lawrence and hosted by M. P. McCormick and A. Deepak in Williamsburg, VA. In 1971 Prof.
Sekera showed that the effects of aerosols and clouds on the transfer of atmospheric radiation
depend on the optical properties of the scattering/absorbing particles. He and Jacob Kuriyan
went on to model aerosol effects on the flux transfer of radiation through the atmosphere, and
they checked their solutions against multi-spectral extinction measurements and angular
scattering measurements via a polarimeter [Kuriyan, 1977]. They also envisioned making such
measurements from a satellite. Deepak [1977] and Green and Klenk [1977] considered how to
invert scattering patterns within the solar aureole and how to relate those patterns to the
properties of the intervening aerosols. Twitty et al. [1976] conducted airborne measurements of
the solar angular scatter using a scanning photometer and then inverted them to obtain aerosol
size distributions. Their findings agreed reasonably with in situ measurements of the aerosols.
Previously, Panel Member Al Holland demonstrated that non-spherical aerosols would also
reduce the fraction of energy in the backscatter direction, as compared with that from spherical
particles [Holland and Gagne, 1970]. Thus, it seemed likely that remote measurement
techniques could be employed for the characterization of ice versus water clouds and for
identifying the sources of aerosols in tropospheric haze layers, perhaps even from a satellite.

Panel Member, Ben Herman, described methods for inverting lidar angular scatter and solar
extinction data for the determination of aerosol size distributions [Herman, 1977; Herman et al.,
1971]. Platt [1973] used lidar and radiometric measurements of cirrus clouds to obtain better
estimates of their effects on the radiative budget, as recommended in the SMIC and RMOP
reports. At about the same time, Gibson et al. [1977] reported that the backscatter and extinction
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coefficients for cirrus that they observed could not explained, if the cloud particles were spheres
or randomly-oriented. Their findings indicated that one ought to be able to learn more about the
nature of the ice crystals in the clouds from measurements of their depolarization ratios. Once
again, it was clear that improved measurement methods would be needed to sort out the role of
both aerosols and clouds on the transfer of radiation in the atmosphere and for specifying their
effects properly in forecast studies with climate models.

Pioneering studies of the reflectivity of surfaces and suspended aerosols were also conducted in
the laboratory by Jack Margolis and Dan McCleese of JPL and later by RMOP Panel Member,
Robert Fraser, of NASA Goddard [Margolis et al., 1972; Mekler et al., 1984]. Their experiments
provided important data for the verification of theoretical calculations of the diffuse reflectivity
and the scattering of radiances by a layer of aerosols. Kaufman and Joseph [1982] devised
methods for extracting quantitative information on surface albedo and aerosol extinction from
satellite imagery. They employed a two-stream approximation for radiative transfer that William
Meador and Willard Weaver of Langley used for planetary atmospheres [Meador and Weaver,
1980]. Kaufman and Joseph showed that those methods were also successful when applied to a
Landsat image of Saharan dust transported westward off the coast of North Africa.
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4 Research on aerosols and clouds from the time of RMOP to the early 1980s

This section summarizes findings about aerosols and clouds from the early period of satellite
observations, and it places them in the context of similar research programs elsewhere. To begin
with, the U. S. Atomic Energy Commission (AEC) had been assigned the responsibility of
developing regulations, of monitoring for the effects of atmospheric bomb debris, and for the
dispersion of radioactive pollutants from commercial nuclear power plants in accordance with
the Atomic Energy Act Amendments of 1954. Elmer Reiter of Colorado State University
prepared a excellent compendium for AEC on the relationships between the distributions of
radioactive bomb debris, stratospheric aerosols, and ozone [Reiter, 1971]. Elterman et al. [1969]
and Rosen [1969] also contain extensive descriptions of what was known in 1971 about the
distribution and character of the stratospheric aerosols. Early field measurement programs
showed that there were correlations between the radioactive debris, aerosols, and ozone
[Kroening and Ney, 1962; Rosen, 1968; and Danielsen and Mohnen, 1977]. Further, Rosen et al.
[1975] reported on positive correlations between stratospheric aerosols and ozone from series of
balloon-borne profile measurements at selected station locations. They also showed that the
altitude of the peak of the aerosol layer was closely related to the height of the tropopause and its
variation with latitude and season. Reiter explained those correlations as being due to the effects
of atmospheric transport on their respective distributions.

Radiative effects of the volcanic aerosols from the 1963 eruption of Mount Agung in Indonesia
were modeled successfully by Hansen et al. [1978]. They showed how the aerosols cooled the
Earth’s surface and warmed the lower stratosphere, based on detailed information that was
reported on the composition, size, and distributions of the aerosols [e.g., Cadle and Grams, 1975]
and on the concurrent temperature observations. Cadle et al. [1976] and Itabe et al. [1977]
simulated the global dispersion of the observed aerosol cloud from the 1974 eruption of Mount
Fuego in Guatemala using state-of-the-art, two-dimensional transport models. Later, Karin
Labitzke observed an increase of several degrees from her meteorological analyses at the Free
University of Berlin of northern subtropical temperatures in the lower stratosphere following the
1982 eruption of the EI Chichon volcano in the Philippines. McCormick and colleagues
associated that warming with the enhanced aerosol extinction that they measured along
latitudinal transects with their airborne 14-in ruby lidar [Labitzke et al., 1983]. Shortly
thereafter, William Bandeen assembled a group of experts at NASA Goddard to assess the
effects of aerosols and gases from EIl Chichon for the retrieval of Earth/atmosphere temperature
and ozone from the satellite sensors of that time [Bandeen and Fraser, 1982]. Bandeen’s report
includes findings of Michael King and Fraser of Goddard on the combined radiative effects of
the volcanic aerosol layers for measurements of the atmosphere by remote sensors. They found
that sensor signals in the visible and ultraviolet were definitely affected; temperatures obtained
from the infrared sounders were also affected slightly.

The National Air Pollution Control Administration (NAPCA) was established within the U. S.
Department of Health, Education, and Welfare in 1965. NAPCA was primarily concerned with
controlling vehicular emissions, but it also supported programs for the measurement of particle
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concentrations and the dispersal of smoke plumes from stationary power plants [e.g., Pilat and
Ensor, 1970]. Both monitoring and regulatory functions were taken over by the EPA when it
was established in 1971. The effects of tropospheric haze layers on the climate had also been
estimated from a rather, straightforward calculation by Charlson and Pilat [1969], but they were
careful to note the importance of having better information about the relative magnitude of the
backscattering and absorption coefficients of the haze aerosols in addition to their total
attenuation. Herman and Browning [1975] carried out more detailed radiative transfer
calculations of the reflected solar flux, along with the sensitivity of those results to the primary
variables of solar elevation angle, ground albedo, and aerosol refractive index. They showed that
haze aerosols can either increase or decrease the reflected flux, depending on the underlying
ground albedo. They expected a similar outcome for haze layers overlying a low cloud deck.
Rasool and Schneider [1971] conducted initial calculations of what to expect about the combined
effects of increases in atmospheric carbon dioxide and in aerosols on Earth’s climate. James
Hansen of NASA GISS and James Pollack of Cornell University also calculated reflectivity in
the near infrared from both liquid water and ice clouds and then compared the values with
observations. Their goal was to develop better models of the effects of clouds for the transfer of
atmospheric radiation [Hansen and Pollack, 1970].

As indicated earlier in Section 3e, observational studies of tropospheric haze layers were initiated
using multi-spectral scanner data from Landsat-1 [Fraser, 1976] and with the Advanced Very
High Resolution Radiometer (AVHRR) sensors on the NOAA satellites [Griggs, 1983]. Similar
imagery was also available from the SMS or GOES sensors of NOAA and from the Defense
Meteorological Satellite Program (DMSP) sensors of the Department of Defense (DOD).
Weinman et al. [1981] evaluated the sensitivity of such sensors versus wavelength by calculating
the effects of smoke clouds from brush fires that one should expect to see with a nadir-viewing,
infrared channel centered at 11.5 micrometers, as opposed to radiances obtained at shorter
wavelengths. The launch of TIROS-N in 1979 also marked the start of the routine monitoring of
sea surface temperatures (SST) using AVHRR measurements [e.g., Ohring et al., 1989]. Thus,
there was a critical need for the development of additional remote sensing techniques, as
recommended by the RMOP Panel. The obvious goal was to obtain quantitative information
about aerosols and clouds and their effects on the radiative budget of the Earth’s atmosphere.

The World Meteorological Organization (WMO) conducted an international Global Atmospheric
Research Program (GARP) in the 1970s to obtain more comprehensive measurements of the
troposphere and stratosphere for the overall purpose of improving general circulation and
weather forecast models. Primary participants in addition to the U.S. were France, Great Britain,
Japan, and the USSR, although scientists from about 20 nations were involved. The extensive
BOMEX field experiment of the summer of 1969 was a precursor of the GARP Atlantic Tropical
Experiment or GATE of 1974. Fleming and Cox [1974] of Colorado State University modeled
the divergence of the net radiation in the presence of cirrus clouds in anticipation of the activities
of GATE. They showed that the radiative budget at the surface of the Earth was most dependent
on shortwave optical thicknesses of the clouds, while broadband emissivity was more important
for their effects on the atmospheric heat budget. They verified the calculations with the aid of
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satellite photometry and cloud imagery obtained during BOMEX, plus some limited in situ and
lidar measurements. William Shenk and Robert Curran of NASA Goddard had also begun to
classify tropical cloud imagery, according to their broadband spectral signatures as seen with
Medium Resolution Infrared Radiometer (MRIR) on Nimbus 3 during BOMEX [Shenk and
Curran, 1973; Shenk et al., 1976]. They were able to discriminate between clear skies and cirrus
cloud cover, using the MRIR radiances in the water vapor region of 6.5 to 7.0 um. Their studies
led to the inclusion of a Temperature-Humidity Infrared Radiometer (THIR) sensor on Nimbus 6
and 7 as an aid to interpreting the measurements from the Earth radiation budget (ERB)
instruments that were also onboard [Stowe, 1984].

The Nimbus 7 spacecraft of 1978 carried the SAM |1 sensor from Langley. SAM Il obtained
measurements of stratospheric clouds as well as aerosols, but only for the high latitudes because
of the limitation for viewing an occultation event of the rising or setting Sun from a high-
inclination (98°) polar orbit. The AEM-2 satellite of 1979 had an orbital inclination of only 56°.
Thus, its SAGE instrument obtained measurements of stratospheric particles across low and
middle latitudes that were complementary to those of SAM Il [Kent and McCormick, 1984]. In
fact, the SAGE aerosol extinction measurements were also very useful for characterizing the
dispersion of the volcanic layers from the eruption of Mt. St. Helens of 1980 [Deepak, 1982].

Prof. John Stanford of lowa State University had been studying polar stratospheric clouds
(PSCs), particularly their relationship with stratospheric water vapor and temperature [Stanford,
1973; Stanford, 1977; Douglass and Stanford, 1982]. The SAM Il experiment gave new
information on the distribution and occurrence of the PSCs, and the airborne 14-in lidar of
Langley provided information on the phase of the cloud particles from measurements of their
depolarization ratios [Kent et al., 1986]. The Nimbus 7 LIMS experiment also observed regions
of enhanced infrared limb emission in Arctic winter, most likely from PSCs. Austin et al.
[1986a] were able to partially corroborate that inference based on their calculations of ice
saturation using co-located temperatures from the Stratospheric Sounding Unit (SSU) and water
vapor profiles from LIMS. At that time the existence of PSCs was largely a curiosity.
Information about PSCs was limited to model studies for their formation and of the
microphysical growth and decay of their particles [Steele et al., 1983]. Until the mid 1980s it
was still unclear whether or not PSCs contributed to a heterogeneous loss of ozone in polar
springtime [e.g., McCormick and Trepte, 1986].

Nevertheless, the wealth of new data on PSCs, aerosols, and water vapor from SAM Il, SAGE,
and LIMS prompted Robert Watson and Robert Schiffer of NASA Headquarters to sponsor a
Workshop on PSCs that was held in Virginia Beach, VA, in June 1983. Patrick Hamill of San
Jose State University, Adarsh Deepak of IFAORS, and Leonard McMaster of Langley hosted the
Workshop. They brought together a group of 20 experts, including James Pollack, Brian Toon,
and Ed Danielsen of NASA Ames, James Hansen of NASA GISS, Andrew Heymsfield of
NCAR, John DeLuisi and Dieter Kley of the NOAA Aeronomy Laboratory, and David Hofmann
of University of Wyoming, among others. Attendees were grouped into two panels: Radiation
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Balance, Climate and Dynamics (led by Hansen) and Stratospheric Chemistry, Water Vapor, and
Cloud Microphysics (led by M. P. McCormick). Much of the discussion within each panel was
focused on trying to understand the nature of the satellite, airborne, balloon-borne, and ground-
based observations of the PSCs and their precursor species. Each group formulated a number of
outstanding questions, as summarized in the PSC Workshop Report [Hamill and McMaster,
1984]. Their recommendations for further studies became the basis of research focused on
PSCs, stratospheric aerosols, and heterogeneous chemical processes over the following decade,
supported with funds from NASA’s Upper Atmospheric Research Program.
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5 Earth observations in the Space Shuttle era
(a) Changing priorities for satellite measurement technologies at Langley

Proposals were solicited by NASA as early as the mid 1970s for the design, assembly, and
eventual demonstration of Shuttle-borne instruments for making improved observations of the
Earth and its atmosphere. Many of the measurement concepts were an outgrowth of or
reinforced by the RMOP Report and supported by funds from the AAFE Program. It was hoped
that other Federal agencies or commercial interests might decide to underwrite the operational
use of a prototype instrument upon its successful demonstration by NASA. For example, for the
advancement of weather forecasting NASA had already formed a partnership with NOAA to
improve the technology of the remote sensors for its weather satellites. Column ozone
measurements were also demonstrated by NASA on Nimbus 4 and 7, and those prototype
sensors became the basis of operational 0zone measurements using a series of second-generation,
Solar Backscatter Ultraviolet (SBUV 2) instruments beginning with the NOAA-9 spacecraft in
1985 and continuing through NOAA-N’ of 2009. NASA also received a Congressional mandate
to monitor atmospheric ozone as part of the Clean Air Act amendments of 1977. That
monitoring activity began with the Total Ozone Mapping Spectrometer (TOMS) on Nimbus 7 in
1978 and continued on with similar satellite instruments on the Meteor 3 spacecraft of Russia in
1991 and on Earth Probe from a Pegasus launch in 1996. Total ozone is being measured today
with the Ozone Monitoring Instrument (OMI) on EOS Aura that was put into orbit in 2004. The
OMI instrument was constructed by the Netherlands for NASA and is a cooperative effort with
Finland.

Space Transportation System (STS) is the formal name for NASA’s Space Shuttle program,
which was designed to ferry astronauts and instrument payloads to low Earth orbit (LEO). From
the point of view of Earth observations STS was touted as an economical way to gather data with
an engineering model of an instrument, return it to Earth, and then to improve the instrument and
re-evaluate it on another flight. The period for that operational approach extended from the early
1980s to the mid 1990s, when the emphasis for the use of the Shuttle was changed toward the
construction of the International Space Station (ISS). Since the Shuttle was launched from Cape
Canaveral, it was not possible for an instrument to be tested from or inserted into the high-
inclination (polar), Sun-synchronous orbits that were the norm for NOAA’s TOVS and NASA’s
Nimbus satellites. On the other hand, the 57° inclination orbit of Space Shuttle was ideal for the
launch of the ERBE and SAGE Il instruments on the Earth Radiation Budget Satellite (ERBS) in
1984, for the launch of the Halogen Occultation Experiment (HALOE) on the Upper Atmosphere
Research Satellite (UARS) in 1991, and for the demonstration of the Lidar In-space Technology
Experiment (LITE) from the cargo bay of STS-64 in 1994. The focus of this section is on those
four Earth observation experiments from Langley. Although this review of the experiments is
necessarily very brief, the reader can easily access descriptions of their design and operations
and of an extensive set of published scientific findings based on their measurements. Findings
about the composition of the volcanic aerosols will also be noted later in this section, as deduced
from flight observations on STS-45 in March 1992 of the Atmospheric Trace Molecule
Spectroscopy (ATMOS) instrument of C. Barney Farmer and Michael Gunson of JPL.
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In the early 1980s NASA and Langley changed their focus from studies of the urban to regional-
scale pollution that was of interest to the EPA toward studies of long-range transport of aerosols
and source gases and their consequences for climate and air quality on the global-scale. NASA
concluded that its airborne campaigns should be more broadly supportive of the validation of
satellite experiments and/or focused on obtaining a better understanding of specific atmospheric
chemical, microphysical, and/or radiative processes [e.g., CCSP, 2009]. Thus, NASA shifted the
emphasis of its Earth observation and applications programs toward the development of sensors
that could operate from satellites or aircraft and provide data on the critical environmental issues
of the current and coming decades. However, NASA also experienced cutbacks in the money
that was available for the development and demonstration of new sensing concepts and improved
technologies. Much of the success that was achieved from the mid 1980s and through the 1990s
was a result of the funding that had been available through the AAFE Program in the 1970s and
because of the urging of Morris Tepper and his three RMOP Panels.

During the Cortright era, Robert Hess and Frank Allario of Langley made the transition from
plasma physics research and into the newly-formed ESSD headed by William Michaels. They
and their colleagues, James Hoell and Glenn Sachse, began to develop gas lasers and solid state
laser technologies for the remote sensing of the atmosphere. They also applied the laser
heterodyne spectroscopy (LHS) technique for measurements of minor and trace gases from
onboard aircraft. By 1982 much of their laser technology work was relocated to the Electronics
Directorate, where Hess and his team became focused on the measurement of Doppler winds and
gas species. Hess retired in 1995 after logging a distinguished, 50-year career [Hansen, 1995].
Allario had been Head of the Laser Physics and Applications Section, while he was in ESSD and
AESD. In December 1982 he was selected as Chief of the Flight Electronics Division (FED), the
new name for FID after 1976. Allario went on to lead the Electronics Directorate until his
retirement in 1996. In all of those positions he advocated for opportunities to demonstrate active
remote sensors from Space. Today, the members of the Laser Remote Sensing Branch of
Langley’s Engineering Directorate are continuing to refine and apply those technologies for the
sensing of the atmosphere with an eye toward making measurements of atmospheric winds from
a Space platform [e.g., Koch et al., 2007].

The current retrospective does not include an account of the early work on remote measurements
of water quality. Those activities were de-emphasized at Langley in the early 1980s, in part due
to the demonstrated success of the Coastal Zone Color Scanner (CZCS) experiment of
NOAA/NASA Goddard (e.g., see Section 5 of Remsberg [2011]). The CZCS measurement
concept was defined in the early 1970s and operated successfully on Nimbus 7 from 1978 to
1986, providing multi-spectral imagery similar to that from the MSS on Landsat but with
improved S/N and with corrections for the intervening atmospheric aerosols above water
surfaces [Hovis et al., 1980]. The Langley organizations of SATD and ESSD and their personnel
were reformed initially in 1976 into two divisions focused on remote sensing studies of the
atmospheric and marine environment, respectively—AESD headed by Lawrence and the Marine
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Applications and Technology Division (MATD) headed by Brian Pritchard. However, by 1982
many of the researchers in MATD had been integrated into the atmospheric and radiation budget
research activities within AESD. At about the same time McCormick’s Branch (ARB) was
moved to AESD from IRD. A Radiation Sciences Branch (RSB) was also formed under the
leadership of Edwin Harrison. However, the satellite Earth observation programs were still
managed from within Langley’s Projects Office. AESD was becoming well-known as the Earth
Science organization within Langley; it was renamed simply as the Atmospheric Sciences
Division (ASD) in 1982.

All during the 1970s researchers in IRD and in FID/FED had been demonstrating their
considerable expertise toward the application of microwave remote sensing techniques
[Croswell, www.ieeeghn.org]. Linwood Jones and Calvin Swift conducted airborne
measurements with a radar scatterometer funded by the AAFE Program in support of similar
measurements of sea surface winds from Skylab [Jones et al., 1981]. Jones was a member of the
Science Team for a Seasat-A Scatterometer System (SASS) that operated successfully for three
months in 1978 on the Seasat-1 satellite managed by JPL [Born et al., 1979]. Another
instrument on Seasat was a copy of the scanning multichannel microwave radiometer (SMMR)
of NASA Goddard that was flown on Nimbus 7 later that same year. Nimbus 7 SMMR was very
successful and obtained nearly 9 years of sea surface temperatures, sea ice coverage, sea-surface
winds, column water vapor, and rainfall rates [Gloersen et al., 1984]. The Langley group also
had competition from Charles Elachi of JPL, who was preparing his Shuttle Imaging Radar (SIR-
A) for observations of the Earth’s surface as part of an engineering flight of the Space Shuttle in
November 1981 [Elachi et al., 1986]. Even so, the deletion of a proposed National Oceanic
Satellite System (NOSS) [Ruttenberg, 1981] from the NASA/NOAA budget of FY 1982 was a
key factor in the decision by Langley Director, Donald Hearth, to transition away from satellite
microwave remote sensing activities. Funding was also reduced in the NASA/NOAA budget for
any further development of the relevant microwave technologies. Langley funded a final study
showing that it was feasible to transfer their current technologies to other Federal agencies and/or
commercial users [Akey, 1981]. Croswell, Jones, and Swift left Langley shortly after and carried
on with their successful careers in the private sector and/or academia.

(b) ERBE and SAGE Il on the ERBS satellite of 1984

Dedicated measurements of Earth’s radiation budget were begun with the ERB instruments on
the polar orbiting satellites Nimbus 6 and 7, even though their measurements were taken at just
two local times each day. Instead, Langley’s ERBE instrument as launched on ERBS from the
Space Shuttle Challenger (STS-41G) in 1984 was in a slowly precessing orbit. ERBE obtained
measurements across most all local times in about 2 months and provided some information on
the diurnally-varying effects of clouds. ERBE consisted of a scanner and a non-scanner
radiometer package. The scanner package contained three scanning radiometers—a shortwave, a
longwave, and a total radiometer. The nonscanner package consisted of two wide-field-of-view
(WFQV) radiometers for measuring shortwave and total radiation and for viewing the entire
Earth disc. ERBE also had two medium-field-of-view (MFOV) radiometers that observed over a
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much smaller solid angle. The nonscanner also included a solar monitoring radiometer.
Instrument packages identical to these were flown on the polar orbiters, NOAA-9 and NOAA-
10, but with different Equator crossing times (0230 and 0730 LST, respectively). Barkstrom and
Smith [1986] provides an excellent overview of the rationale for and initial results from ERBE.

Although Langley was assigned the responsibility for the Earth Radiation Budget Project (and
ERBE) in 1978, the final experiment design was a melding of three separate proposals including
one from Langley, another from Suomi of University of Wisconsin and a third proposal headed
by Vonder Haar of Colorado State University [Yates, 1977]. Descriptions of the early
developments that led to the ERBE concept can be found in Barkstrom and Hall [1982] and in
more detail in Smith et al. [2010]. Several individuals at Langley were particularly important to
the effort, including George Sweet, Bruce Barkstrom and the 17 members of his ERBE Science
Team, Cal Broome and Charles Woerner (Project Managers), Jack Cooper (Experiment
Manager), Glenn Taylor (Instrument Manager), Mike Luther and Leonard Kopia (Instrument
Engineers), and James Kibler (Head, Data Management Team). Paul Holloway, Director for
Space at the time, gave his full support to the effort. Harry Press, who earlier in his career was
an aeronautical researcher at NACA Langley [e.g., Press and Houbolt, 1955], was Manager of
the NASA Headquarters Meteorology Program Office in 1978 and located at NASA Goddard.
In accordance with recommendations from an independent National Academy of Science Panel,
Press made certain that the instrument package would meet the scientific requirements for
obtaining improved measurements of Earth’s radiation budget. The final selection was made by
Morris Tepper, and shortly thereafter the core science effort at Langley was consolidated into
Lawrence’s AESD within the Radiation Sciences Branch, headed by Edwin Harrison.

The ERBE nonscanner operated for 15 years and the scanner for five. The ERBE datasets and
the validation criteria for judging their acceptability can be found in Barkstrom et al. [1989].
Wielicki and Green [1989], Charlock and Ramanathan [1985], and Ramanathan et al. [1989]
determined the effects of cloud radiative forcing on the radiation budget using the ERBE data.

In fact, Harrison et al. [1990] found that clouds cool the Earth on the average and for all seasons.
On the other hand, Prabhakara et al. [1993] used ERBE data to show that cirrus clouds are very
effective in trapping the outgoing longwave radiation. ERBE also provided the first accurate
diurnal variations of regional radiative parameters over the globe for climate studies, and its data
represented a new “radiation standard” for validating and improving general circulation models
and for the purpose of assessing model studies of climate sensitivity.

ERBS also carried aloft the Stratospheric Aerosol and Gas Experiment Il (or SAGE 1)
[McCormick et al., 1989]. Note that SAGE | operations had ended in November 1981 due to the
failure of its power systems. That meant that no occultation measurements had been obtained for
the low and middle latitudes during the period directly following the eruption of EI Chichon in
April 1982. Principal Investigator, M. P. McCormick of Langley, knew that such a data gap in
the aerosol record was a missed opportunity; he and his colleagues at Langley and at Ball
Aerospace looked forward to continuing those measurements with SAGE 11 on ERBS. The
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Science Team was expanded from that of SAGE 1 to include Derek Cunnold, Giorgio Fiocco,
Motokazu Hirono, Ron Nagatani, Jacqueline Lenoble, David Murcray, and David Rind
[McCormick, 1987]. As it turned out, SAGE |1 operated successfully from 1984 to 2005. SAGE
I1 monitored the decay of the aerosol layer from several years after the EI Chichon event and its
approach to “background conditions” and then witnessed the immense eruption cloud from the
Mt. Pinatubo volcano in June 1991 and its subsequent dispersal and implications for tracer
transport [e.g., Pitari, 1993]. Joe Zawodny, Science Mission Manager at Langley for ERBS,
noted recently that the 21-year record of aerosol data from SAGE Il is almost as important as its
record of ozone measurements. Early on, the SAGE | data of 1979-1981 and the SAGE Il data
1984-1990 were used to generate a climatological distribution for the “background” stratospheric
aerosols [Hitchman et al., 1994]. Further, the long time series of aerosol data from SAGE I, as
described by Thomason and Peter [2006], is important for the assessments of climate models for
the effects of volcanic aerosols on the global surface temperatures.

In the early 1980s the inability of stratospheric chemistry/transport models to properly simulate
the wintertime abundance on nitric acid vapor (HNO3), as measured by the Nimbus 7 LIMS
experiment, led to the prospect that heterogeneous chemical reactions were converting NOy to
HNOj3 on surfaces of stratospheric aerosols [Austin et al. 1986b]. A co-author on that
LIMS/model study, Susan Solomon of the NOAA Aeronomy Laboratory, became focused on the
likelihood that heterogeneous chemical processes on surfaces of PSC particles were releasing
chlorine radicals that were responsible for the catalytic loss of polar stratospheric ozone
[Solomon et al., 1986]. The Airborne Antarctic Ozone Experiment (AAOE) campaign of 1987
obtained crucial measurements of ozone and chlorine monoxide (CIO) that essentially confirmed
the hypothesis of Solomon et al. Upon this realization of the causes of the observed loss of polar
ozone in springtime, it became clear that the measurements from SAM Il and SAGE 11 could
provide the critical time series data about aerosol surface area versus altitude and latitude for
modeling the effects of those heterogeneous reactions [see Thomason and Peter, 2006, and
references therein]. Although the aerosol extinction measurements of SAGE 11 were similar to
those of SAGE I, the SAGE Il instrument contained 4 aerosol channels (from 0.385 to 1 um) for
estimating aerosol concentrations and the size distribution parameters that were needed for the
calculation of aerosol surface area. Extensive correlative measurements were conducted for
those aerosol parameters [Russell and McCormick, 1989], in accord with the stated goal of Don
Lawrence toward the attainment of more useful, quantitative information from the satellite-borne
remote sensors.

The validity of the volcanic aerosol parameters from the SAGE Il data was also evaluated by
Glenn Yue, Lamont Poole, M. P. McCormick, Robert Veiga, and Pi Wang from Langley, at least
for the 6-month period following the Pinatubo eruption [Yue et al., 1995]. They found good
agreement between the SAGE 11 aerosol extinction profiles and the lidar profiles obtained by
their colleagues in Italy. However, they also found that the observed ozone had become reduced
somewhat from that at the altitude of the volcanic aerosol layer just prior to the eruption.
Solomon et al. [1996] showed that such changes at the mid latitudes were also consistent with
their model simulations that included a heterogeneous loss of ozone at middle latitudes. Thus,
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while estimates of the stratospheric aerosol optical depth (AOD) were important for studies of
the Earth’s radiation budget, estimates of aerosol surface area were more important for
understanding the effects of aerosols on ozone.

(c) HALOE on the UARS satellite of 1991

The HALOE instrument used a gas filter approach for the measurement of trace gas profiles in
the stratosphere by solar occultation absorption [Russell et al., 1993]. The concept was proposed
in 1975 and selected for development under the NASA Office of Applications AAFE Program in
1976. Its design phase was completed late in 1979. A brassboard model was constructed and
tested in the laboratory and then from onboard flights of the high-altitude, Convair 990 aircraft in
the early 1980s. Originally, it was hoped that HALOE might be ready in time to be considered
for ERBS and its launch in 1984, but the readiness of the gas filter technology was not really
clear until it was demonstrated in an initial flight of the Measurement of Air Pollution by
Satellite (MAPS) instrument on an engineering flight of the Space Shuttle in November 1981.
Nevertheless, HALOE had been selected for a flight opportunity on UARS that was scheduled
for launch from the Space Shuttle in autumn 1989 [Reber et al., 1993]. Due to the tragic loss of
the Shuttle Challenger in 1986, that opportunity was delayed until September 1991 or 16 years
from the time of the initial HALOE proposal. Even so, HALOE went on to operate nearly
flawlessly from 1991 to November 2005—a significant tribute to James Russell 111, HALOE
Principal Investigator of Langley. He was assisted by a dedicated team of engineers and
technicians, initially at TRW Corporation and then within Langley and by a number of software
specialists plus the members of his HALOE Science Team. Project management for HALOE
was handled by James Raper, Dewey Smith, Thomas Jones, Lloyd Keafer, and Edward Sullivan.
Engineering design and testing was led by Antony Jalink, Robert Spiers, Charley Stump, Alvin
Moore, and Donald Hesketh, while Larry Gordley (GATS, Inc.), Jae Park, and Lance Deaver led
the software development. Edward Sullivan, John Wells, and Warren Hypes were involved with
the HALOE instrument operations and the sets of correlative measurements for the assessment of
the quality of the HALOE data, particularly during its initial 3-yr period. Al Beswick, Gale
Harvey, Curtis Rinsland, and Mary Ann Smith of Langley and Chris Benner and Malathy Devi
of The College of William and Mary conducted and analyzed the important spectroscopic
measurements of the HALOE instrument prior to flight, as well as during the development of the
forward model of the HALOE retrieval algorithm.

The HALOE instrument included gas filter channels for four trace gases (HCI, HF, CH,, and
NO), plus four radiometer channels for O3z, H,O, CO,, and NO,. Mark Hervig (GATS, Inc.) led
the development of an algorithm for the retrieval of aerosol extinction profiles from the four
additional radiometer channels that were in tandem with the gas filter channels. The extinction
profiles that he obtained were evaluated against co-located aerosol measurements from SAGE I
and from balloon-borne optical particle counters of Terry Deshler at the University of Wyoming
[Hervig and Deshler, 2002]. Measurements of aerosol extinction at mid infrared wavelengths
can be related most directly to their mass density profiles, although Hervig supplied estimates of
their surface area density profiles, too.
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From 1991 through 1992 the aerosol extinction profiles from HALOE were enhanced because of
the volcanic layers from the eruption of Mt. Pinatubo. Aerosol extinction effects were more
noticeable for those UARS experiments that operated in the infrared limb emission mode, i.e.,
the Cryogenic Limb Array Etalon Spectrometer (CLAES) and the Improved Stratospheric and
Mesospheric Sounder (ISAMS). In fact, Eluszkiewicz et al. [1997] diagnosed the effects of the
volcanic aerosols from the CLAES data on the diabatic heating rates and the net circulation of
the stratosphere. Aerosol extinction profiles from the visible wavelengths of SAGE Il were
affected, too, and for many more months. Grainger et al. [1993] reported good agreement from
their analyses of infrared emission from the spectral channels of the UARS ISAMS instrument,
using optical constants for concentrated aqueous sulfuric acid for the aerosols. Halperin and
Murcray [1987] came to similar conclusions from earlier analyses of mid infrared spectra of the
El Chichon aerosol layer that they obtained from their balloon-borne infrared limb spectrometer.

(d) ATMOS on the Space Shuttle

The Atmospheric Trace Molecule Spectroscopy (ATMOS) Fourier transform spectrometer of
Barney Farmer of JPL was flown four different times on the Space Shuttle—in 1985, 1992,
1993, and 1994. James Russell was a scientific collaborator for ATMOS on its initial flight in
1985. He focused on an assessment of its retrieved profiles of the nitrogen oxide gases in the
stratosphere [Russell et al., 1988]. The second flight of ATMOS occurred from March 24 to
April 2, 1992, or 9 months following the eruption of Mt. Pinatubo. Curtis Rinsland of Langley
analyzed the broad underlying variations in the ATMOS transmission spectra at mid infrared
wavelengths for extinction due to aerosols composed of sulfate material [Rinsland et al., 1994].
Their forward model for the aerosol extinction was based on aerosol size distributions estimated
from concurrent SAGE Il measurements and also using refractive indices (real and imaginary
components) appropriate for concentrated aqueous sulfuric acid. They reported reasonably good
agreement between their model and the spectral variations of the observed transmission
measurements from ATMOS. The findings from the ATMOS data and from the UARS ISAMS
data are quite in line with the early conclusion of Rosen [1971] that the boiling point of
stratospheric aerosols is consistent with that of a concentrated solution of aqueous sulfuric acid.

(e) The Lidar In-space Technology Experiment (LITE)

Cirrus clouds were identified as a major unsolved component in weather and climate studies by
Bretherton and Suomi [1983] in their proposed plan for an International Satellite Cloud
Climatology Project (or ISCCP). In response, Thomas et al. [1990] of the University College of
Wales used their ground-based, doubled Nd/YAG lidar system for determining the polarizing
character of cirrus cloud crystals. At about the same time Ed Eloranta and colleagues at the
University of Wisconsin upgraded their HSRL instrument that had been initially supported with
funds from the AAFE Program. As a result of their increased transmitter power with a CuCl
laser and of their modifications to the configuration of the system receiver, the Wisconsin group
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was able to obtain stronger backscatter returns and more details about cirrus particles from their
measurements, too [Grund and Eloranta, 1991]. The field programs associated with the First
ISCCP Regional Experiment (or FIRE), managed by Scott Wagner and David McDougal of
Langley, provided information about the scattering and radiative properties of the cloud particles
and was very helpful for the interpretation of the spectral imagery from the satellite sensors [e.qg.,
McDougal, 1993; Cox et al., 1987; Winker and Vaughan, 1987].

As indicated in Section 3b, the development of lidar technologies was continuing to thrive under
the leadership of M. Patrick McCormick and Ed Browell, among many others, and at the urging
of Lawrence. McCormick used his 14-inch ruby lidar in field programs designed to corroborate
the aerosol measurements from SAM Il and SAGE Il. He also led the deployment of several
airborne in situ sensors for the purpose of characterizing the scattering properties of the aerosol
particles. Ed Browell led Langley’s participation in a number of dedicated airborne field
measurement campaigns for ozone and water vapor with his DIAL instruments, which also
provided important information about the aerosol backscatter profiles in the troposphere and
lowermost stratosphere [Browell et al., 1998]. Browell was ably assisted during this period by
Scott Shipley, Syed Ismail, William Grant, Carolyn Butler, Susan Kooi, Marta Fenn, Robert
Allen, and Arlen Carter.

In 1985 Langley researchers carried out design studies for a spaceborne lidar demonstration
experiment, using hardware similar to that of the airborne 14-inch lidar of McCormick and
Fuller. A science steering group submitted a proposal for an instrument called LITE in May
1990 [McCormick et al., 1993], and LITE became a payload on the flight of STS-64 on
September 9, 1994. The LITE experiment team acquired 53 hours of backscatter data, and the
detail from the sequences of the orbital backscatter profiles that they were able to see was quite
astounding. Thus, the relatively simple, LITE experiment provided new information about
tropospheric aerosols in the boundary layer and above, plus information about the vertical
structure and continuity of thin cirrus clouds near the tropopause [Winker et al., 1996]. Such
detail would allow for improved estimates of the effects of aerosols and clouds on the transfer of
radiation throughout the troposphere. Data of this kind were what Suomi and Bretherton were
hoping to obtain, when they put forth in their vision of 1983 that such quantitative information
would be important to have. It was also the culmination of what Lawrence hoped to see from a
spaceborne lidar mission. All through his time at Langley from 1967 until his retirement from
NASA in 1994, Lawrence had promoted the lidar research activities with an eye toward the
achievement of the successful operations of LITE from the Space Shuttle.
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6 The era of NASA’s Earth Observing System (EOS)
(a) Toward studies of global climate science

This section contains a brief review of NASA’s EOS program and places it in the context of the
Earth observation activities of the international community. Because of their proven capabilities
of making satellite measurements of Earth’s radiation budget with ERBE and of atmospheric
aerosols with SAGE Il and LITE, Langley’s engineering and atmospheric science teams were
well positioned to apply their knowledge to the growing research field of global climate change.
Three satellite instruments from Langley will be emphasized and discussed in turn in the next
subsections: Clouds and the Earth’s Radiant Energy System (CERES), SAGE lIl, and Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO). Then a following
subsection will describe how their measurements are complementary with those of the other EOS
instruments and from the satellite observing systems of the international community.

Conway [2007] devotes two entire chapters to the fitful beginnings of EOS in his historical
account of NASA’s atmospheric science programs. He notes that the initial planning for a U. S.
climate observing system got underway in 1977, following closely on the earlier SMIC and
RMOP reports. Verner Suomi urged once again that NASA and NOAA coordinate their
planning for global climate observations. However, the necessary funding for NOAA to move
ahead with its plan was cut back sharply in the early 1980s, along with their participation in the
development of the necessary measurements and the transfer of new technologies from NASA.
Still, NASA continued with developing improved satellite Earth observation techniques but at a
much slower pace. It was nearly ten years later in 1988 that NASA issued an Announcement of
Opportunity (AO) for instrument proposals, science teams, and interdisciplinary investigation
teams for EOS.

An EOS Handbook provides the historical perspective and time line of activities within the EOS
Program [Parkinson et al., 2006]. NASA’s initial vision for EOS was to conduct 15 years of
Earth observations from sets of three successive satellites, each one having a complement of
identical instruments. Payload instruments were selected in 1989, based in large part on the
technologies that were an outgrowth of AAFE. The WMO also hosted a meeting in 1988 on
global climate change, which led to the creation of the first IPCC Panel. Thus, it soon became
clear that the international community would be embarking on its own satellite programs for
monitoring Earth and its atmosphere. As the cost of the U. S. EOS initiative grew larger in the
1990s, the NASA vision was scaled back to just three distinct satellite Earth observation
platforms. Each of the eventual platforms, Terra, Aqua, and Aura, had a different overall
scientific objective, and the requirement was scrapped for each of them to have two follow-on
satellite platforms with identical instruments and spaced over intervals of five years. Instead, it
was decided that it would be more appropriate to collaborate with our international colleagues
and to promote a mutual exchange of datasets.
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It was also realized that it may not have been a good idea to keep fixed the measurement
technologies and data processing systems for an entire 15-yr monitoring period. As part of
NASA’s Mission to Planet Earth (MTPE) initiative of 1993, lead NASA Center roles were
assigned to Goddard (Earth System Science), Langley (Atmospheric Science), JPL (Instrument
Technology), and Stennis (Commercial Remote Sensing). Programs were also re-established in
the mid-1990s for the development of advanced technologies for making observations from
Space—reminiscent of the foregoing AAFE program. Those technology programs included the
New Millenium Program (NMP), the Instrument Incubator Program (11P), and the Earth System
Science Pathfinder (ESSP) Program of the NASA Headquarters Science Mission Directorate
(SMD); today their Program Offices are located at JPL, Goddard, and Langley, respectively.
The NASA EOS Program also brought about a change in philosophy in the management of the
experiments that would be selected. Two classes of instruments were considered: Facility
instruments, such as Moderate-resolution imaging spectroradiometer (MODIS) [King et al.,
2003] on Terra and the Atmospheric Infrared Sounder (AIRS) on Aqua, and Pl-led instruments,
such as the Multi-angle Imaging Spectro-Radiometer (MISR) [Diner et al., 1999]. Initial data
retrieval algorithms would have to be made available prior to flight and documented in
Algorithm Theoretical Basis Documents (ATBD), and the data products would be provided to
the science community via an EOS Data and Information System (or EOSDIS). Effectively, this
requirement meant that in order for a given experiment to be selected, its measurement concept
must have a certain established heritage. Langley had that capability with ERBE and SAGE I1I.

Significant personnel changes occurred in ASD at Langley in the mid 1990s, following the
retirement of Lawrence. McCormick was moving ahead at that time with his new satellite
instruments, SAGE Ill, and another lidar, CALIPSO. Russell was developing Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER), an experiment supported by the
NASA’s Office of Space Sciences (OSS). However, they did not have an experiment on one of
the three primary EOS platforms. They decided to take their retirement from NASA in 1996 and
enlarge their opportunities at nearby Hampton University (HU), where they founded its Center
for the Atmospheric Sciences (CAS). They also continued with their respective Principal
Investigator roles for SAGE Il and HALOE. Robert Seals, who had worked earlier in the Upper
Atmosphere Program Office of Shelby Tilford at NASA Headquarters, served as an interim
Chief directly after Lawrence. Seals had been involved with the UARS Upper Atmosphere Data
Pilot in support of Tilford and later with the Atmospheric Effects of Aviation Program (AEAP)
of Howard Wesoky in the Office of Aeronautics and Space Technology (OAST) at NASA
Headquarters. But Seals would soon move to assist Roy Dunkum in managing the EOS
Distributed Active Archive Center (DAAC) at Langley. Darrell Branscome then appointed Jerry
Newsom to be the Acting Chief of ASD until William Smith, Sr., of the University of Wisconsin
and its Cooperative Institute for Meteorological Satellite Studies (CIMSS) took the helm in 1997.
Smith was already integrally involved with developing improved satellite sounders for both the
EOS and the next-generation, polar and geostationary satellites for NOAA. Of course, he had
been an important player in the design of the radiation budget sensors and the interpretation of
their measurements from Nimbus 6 and 7 and from ERBS. He was also very supportive of the
impending launch of CERES on the Tropical Rainfall Measurement Mission (TRMM) satellite.
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Up and coming researchers began to assume leadership roles for the several experiments
proposed by Langley for EOS. For example, although the CERES experiment was led initially
by Bruce Barkstrom, that role was handed off to Bruce Wielicki in 1996 and then to Norman
Loeb in 2007. Barkstrom became involved at that time with helping to streamline the operations
and to reduce the costs of NASA’s immense EOSDIS. Another atmospheric scientist, Patrick
Minnis, had been working with Edwin Harrison in the early 1980s to estimate the role of
diurnally-varying clouds in the interpretation of the radiation budget measurements from ERBE
[Minnis and Harrison, 1984]. Later, he and David Young verified those estimates using the data
from ERBE plus spectral radiance measurements from the AVHRR sensors on the NOAA GOES
satellites. As an aside, Minnis received early training in the atmospheric sciences at Colorado
State University from Professor Steven Cox, who had been a graduate student of Verner Suomi
at the same time as Thomas Vonder Haar. In the late 1980s Minnis commenced working for his
Doctoral Degree under the guidance of Prof. K.N. Liou at the University of Utah, where they
became focused on the inference of cirrus cloud properties from satellite-observed visible and
infrared radiances. That work led later to his studies of the effects of contrails from aircraft and
their transformation to cirrus particles [Minnis et al., 1998]. Charles Whitlock, Thomas
Charlock, and later Paul Stackhouse (from Colorado State) led a team of researchers focused on
the surface and atmospheric radiation budget (SARB), an important component of the Earth
radiation budget and an expected by-product of the upcoming measurements from CERES.
Stackhouse also began to assemble the short-wave datasets and to analyze them for their seasonal
and regional differences and for their solar energy potential.

Lamont Poole of McCormick’s ARB returned to graduate school at the University of Arizona,
where Sean Twomey and RMOP Panelist Benjamin Herman were faculty members. Poole
conducted theoretical and analytical studies to determine the probable composition and sizes of
the PSC-type particles from measurements of their depolarization ratios of the return signals
from his airborne lidar system [Poole et al. 1988]. David Winker, a lidar specialist, worked with
Poole and Mary Osborn (Hughes STX) to conduct similar airborne lidar studies of the Pinatubo
aerosols in 1991. Winker then served as Deputy Project Scientist for the LITE experiment, and
went on to be the Principal Investigator for CALIPSO. Mike Pitts and Charles (Chip) Trepte
were graduate students in the early 1980s at Georgia Tech under the guidance of Derek Cunnold
(SAGE 11 Science Team Member). They came to Langley to provide validation support for the
SAGE datasets on ozone and aerosols at that time. Trepte attended the University of Wisconsin
and was awarded his doctoral degree in the early 1990s under the guidance of Professor Matthew
Hitchman. Together, they analyzed time series of the stratosphere aerosol distributions from
SAGE Il and found that the tracer-like characteristics of the aerosol layer revealed the effects of
the tropical quasi-biennial oscillation. Trepte and Pitts would later assume leading roles in the
processing and scientific use of the cloud and aerosol data from CALIPSO.

Marty Mlynczak, who received his M. S. degree under the guidance of Verner Suomi in 1984,
began his career at Langley as a member of the HALOE Project. He obtained his doctoral
degree from the University of Michigan in 1989 on the topic of non-local thermodynamic effects
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(NLTE) and retrieval algorithms for mesospheric ozone. Upon James Russell’s move to HU in
1996, Marty retained his role as Associate Principal Investigator for SABER and continued in
that role through its launch in late 2001 and beyond. In 1996 John Wells and Ellis Remsberg
carried on with the responsibilities for the ongoing HALOE Project in coordination with Russell.
Joseph Zawodny, who came to Langley in 1988 from the NOAA Aeronomy Lab, served as
Project Scientist for SAGE Il from 1996-2005. Larry Thomason came to Langley in 1989 from
the Air Force Geophysics Laboratories and from the University of Arizona before that, where he
worked with Professors John Reagan and Benjamin Herman. Thomason subsequently led a
study of the long-term changes in the stratospheric aerosol layer, based primarily on the
measurements from SAGE Il [Thomason et al., 2008]. William Chu, an original member of the
SAGE Il experiment team, became Project Scientist for the EOS experiment SAGE |11 that was
launched onboard the Russian Meteor 3M spacecraft late in 2001. David Flittner, Didier Rault,
Pitts, Poole, Thomason, and Trepte were important contributors to the SAGE I11 Project, as well.
Leonard McMaster, who had been the Assistant Head of McCormick’s ARB for many years,
advanced to serve as the Chief of the Atmospheric Sciences Division from 2001 to 2006. Lelia
Vann returned to the University of Arizona and was awarded her doctoral degree in atmospheric
science in 2003. She was nominated to succeed McMaster in 2006 and is Chief of the current
Science Directorate (SD) at Langley.

New ground-based and airborne lidar systems were being developed during this period for the
purpose of making more detailed measurements of aerosols and clouds. Rich Ferrare came to
Langley from Goddard, where he had been working with former RMOP Panel member, Harvey
Melfi. Rich has conducted lidar measurements at the Department of Energy’s Atmospheric
Radiation Measurement (ARM) site in Oklahoma, as well as in numerous other field programs.
Chris Hostetler, of the University of Illinois (faculty advisor, Chester Gardner) and Jonathan
Hair, of Colorado State University (faculty advisor, Joe She) were hired at Langley in the middle
to late 1990s, whereupon they undertook the development of a new-generation HSRL system.
Ferrare, Hostetler, and Hair are demonstrating the technologies that will be critical to the
measurement strategies for aerosols and clouds and their effects on the radiation budget and
climate in the coming decades (see Section 7).

(b) CERES

The optimal orbits for making the necessary spatial and time-resolved measurements of Earth’s
radiation budget were determined from simulation studies carried out primarily by Edwin
Harrison and Gary Gibson [Harrison et al., 1990]. In fact, Harrison’s group conducted orbital
analyses for the trade studies of many of the instruments proposed for EOS. In particular,
CERES was an investigation to examine the role of cloud/radiation feedbacks for the Earth’s
climate system [Wielicki et al., 1996]. The CERES investigators planned to incorporate the
simultaneous cloud property data derived using the EOS narrowband imagers and profilers,
MODIS and AIRS, to provide a consistent set of cloud/radiation datasets, including SW and LW
radiative fluxes at the surface and at several selected levels within the atmosphere.
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Excellent summaries of the Earth radiation budget studies at Langley prior to CERES, plus a
description of the series of CERES instruments that have been flown so far can be found in
Smith et al. [2010] and Smith et al. [2011]. The proto-flight model of the CERES instrument
was flown in 1997 on the TRMM spacecraft, which was in a precessing orbit with an inclination
of 35°, at an altitude of 350 km, and having a footprint size at the ground of 10 km. That first
instrument operated successfully for 9 months, after which it was turned off because of problems
with the TRMM power supply. Two more CERES instruments began their operations from the
Terra spacecraft in early 2000, and another pair of instruments would obtain measurements from
onboard the Aqua spacecraft to be launched in 2002. All along, a major goal of CERES has been
to measure the Earth’s radiation budget more accurately and over a period of at least at decade
for the purpose of verifying the variations of Earth’s radiation budget, as predicted by climate
models on both the regional and global scales. That effort includes the critical interannual
variations in the global net radiation and their relation to EI Nino/Southern Oscillation (ENSO)
events. Loeb et al. [2006] made use of data from both MODIS and MISR for improving the
angular distribution models (ADM) that they employed for analyzing the TOA radiative flux
measurements from CERES. Sun et al. [2004] developed additional ADMs based on the
Polarization and Directionality of the Earth’s Reflectance (POLDER) measurements [Deschamps
et al., 1994] on the Japanese ADEOS satellite, in order to characterize the phase function of ice
particles and the effects of cirrus on the measured reflectivity at TOA. Over the years the
various CERES sub-teams have worked to bring about a fusion of data from across 11
instruments on 7 spacecraft, in order to obtain the first long-term, integrated observations of the
broadband, surface-to-TOA values of Earth’s radiation budget.

(c) SAGE 111

SAGE I11 was a NASA EOS instrument launched into a Sun-synchronous orbit aboard the
Russian Meteor 3M spacecraft in December 2001. Its measurement heritage follows that of the
earlier SAM Il and SAGE experiments. The SAGE Il instrument had a total of nine aerosol
channels with center wavelengths from 384 nm to 1545 nm and using charge-coupled device
(CCD) detector arrays to improve their measurement S/N [Chu et al., 2002]. Aerosol profile
measurements were obtained from February 2002 through March 2006. They were made mainly
at the higher latitudes, where chemical processes on surfaces of aerosols and PSCs led to an
enhanced loss of polar ozone during winter/spring. SAGE I11 was also an early example of the
international cooperation that has been part of the overall success of NASA’s EOS Program.

The quality of the SAGE |11 aerosol data was verified initially by comparisons with those from
SAGE Il [Thomason and Taha, 2003; Yue et al., 2005] and from the Polar Ozone and Aerosol
Measurement (POAM) satellite instrument [Thomason et al., 2007]. Comparisons were also
conducted as part of a dedicated NASA airborne campaign, entitled SAGE 111 Ozone Loss and
Validation Experiment (or SOLVE IlI). In particular, Russell et al. [2005] found reasonably good
agreement between the aerosol optical depth measurements from SAGE |11 and from their
airborne sun photometer during SOLVE Il. Later, Thomason et al. [2010] reported better
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accuracies for the SAGE 111 aerosol extinction profiles based on an improved, Version 4
algorithm.

(d) CALIPSO

Immediately following the LITE mission of 1994, design studies were begun at Langley for a
free-flying, spaceborne lidar. The basic instrument system was kept fairly simple and closely
related to that of LITE. A proposal was submitted to the NASA ESSP program in May 1998,
and it was selected for funding in December. This lidar experiment is a combined effort between
the U. S. and France, entitled Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(or CALIPSO) [Winker et al., 2003]. CALIPSO was launched in late April 2006 and began its
continuous backscatter measurements by mid June. CALIPSO is in flight formation as part of
EOS Aqua and its A-Train constellation of satellites and is still operational in 2012—a major
achievement. CALIPSO, along with its companion cloud radar on CloudSat [Stephens et al.,
2002], is providing a multi-year global view of the vertical structure of aerosols and clouds that
is crucial to determining their role in the climate system [Winker et al., 2010]. The CALIPSO
payload consists of a two-wavelength polarization lidar system from Ball Aerospace and
Technologies Corporation (BATC) for the determination of optical and microphysical properties
of aerosols and cloud layers in the troposphere. The excellent performance for the two flight
lasers can be traced to the 3-year life test that was carried out from 1998 to 2001 with a space-
qualified, prototype laser—the so-called risk reduction laser or RRL [Winker et al., 2003]. The
CALIPSO experiment also includes a visible, wide field camera (WFC) and the imaging infrared
radiometer (1IR), both supplied by the French Space Agency (CNES). Together, the data from
the three instruments are being used to identify aerosols and cloud layers and their reflective and
absorbing properties [Winker et al., 2009].

An important design study by Langley was focused on how to maintain and properly characterize
the polarized signals at the CALIPSO system receiver [Alvarez et al., 2006]. Then, Hu [2007]
developed an algorithm for delineating the phase of the water in cloud particles, based on the
linear polarization measurements obtained with the lidar system. In another application the
tropospheric returns from CALIPSO have been used to characterize dust aerosols in remote
regions of the globe, where they have not been sampled well by any other means [Huang et al.,
2007]. Numerous other research groups are making use of the CALIPSO datasets. In fact, there
are already more than 500 publications and/or presentations related to the CALIPSO experiment
or that rely on its datasets (see http://www-calipso.larc.nasa.gov ).

(e) Complementary measurements within EOS and from the international community

Other EOS instruments are also focused on clouds and the radiation budget. For instance,
information from MODIS on Terra and Aqua is being used to help with the interpretation of the
CERES data, and the MISR instrument on Terra is providing information about cloud height
[Davies and Molloy, 2012]. Geostationary Earth radiation budget (GERB) data from Europe’s
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Meteosat Second Generation (MSG) satellite are being combined with the radiances from its
companion instrument, Spinning Enhanced Visible and Infrared Imager (SEVIRI), which
provides information on cloud particle phase and size [Sandford et al., 2003; Bugliaro et al.,
2011; Dammann et al., 2002]. In addition, the SABER instrument of Langley is providing
information on the energetics and radiative budgets of the mesosphere and lower thermosphere
and their variations in response to the changes of the solar cycle [Mlynczak, 1997; Mlynczak et
al., 2010].

Another satellite in the EOS A-Train formation is PARASOL, carrying the French instrument
POLDER for obtaining polarization measurements of aerosols and their Stokes parameters. In
many respects the MISR and POLDER measurements of tropospheric aerosols are
complementary to those from CALIPSO. Stratospheric aerosols and PSCs were observed by the
series of Polar Ozone and Aerosol Measurement (POAM) instruments of the Naval Research
Laboratories (NRL) [e.g., Fromm et al., 1999], by the Global Ozone Monitoring by Occultation
of Stars (GOMOS) instrument on ENVISAT [Valhellemont et al., 2005], from the Atmospheric
Chemistry Experiment (ACE) on the Canadian SciSat [Bernath et al., 2005], and with the
SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY)
experiment on ENVISAT [Ovigneur et al., 2011]. Stratospheric aerosol measurements were also
obtained from the Optical Spectrograph and InfraRed Imaging System (OSIRIS) on the Swedish
satellite Odin and were used in an intercomparison study of similar products from SAGE 11l
[Bourassa et al., 2012]. Finally, the Solar Occultation for Ice Experiment (SOFIE) must be
mentioned, in part because it has its heritage from the HALOE Project at Langley [Gordley et al.,
2009]. SOFIE was launched on the Aeronomy of Ice in the Mesosphere (AIM) satellite in 2007.
The AIM Project is led by James Russell at nearby Hampton University, and SOFIE is still
operating successfully today. Its measurements are being used to characterize and explain the
occurrence and persistence of the polar mesospheric clouds that occur in summer at the high
latitudes.

Although the measurement technologies for the EOS instruments were mature when they were
selected in the early 1990s for a flight opportunity, it is important to recognize that their
algorithms were still undergoing improvements post-launch. Once their initial data were
evaluated, improved versions of those datasets were generated for the wider benefit of the
atmospheric research community. One might say that the EOS experiments have really been
providing research datasets because their information content is still being assessed by the
atmospheric scientists as they study the data. The wisdom of the proponents of the EOS program
is evident from the fact that the datasets from the multiple instruments have been truly
complementary for a more complete assessment of the role of clouds and aerosols on Earth’s
radiation budget and for those processes that affect the climate. There has also been redundancy
for the measurements from some of the instruments, such that one can directly compare their
joint findings and obtain a better idea of their mutual uncertainties. That insight has been
important especially for the design of the next-generation, operational remote sensors onboard
the renamed, Suomi NPP (or National Polar-orbiting Partnership) satellite that was launched by
NASA on behalf of NOAA in November 2011.
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7 Present-day, satellite remote sensing of Earth’s radiative budget and aerosols
(a) NASA’s Decadal Survey Plan and responses from Langley

NASA is now following the recommendations found in the National Research Council’s
Decadal-Scale blueprint for the Earth Sciences [NRC, 2007]. In effect, the vision of the NRC
Report builds on the accomplishments since RMOP and EOS but urges that the U. S.
government reinvest in new Earth observing systems. The Report notes alarmingly that future
plans for Earth observations and for the follow-on, operational Joint Polar Satellite System
(JPSS) “are generally less capable than their Earth Observing System (EOS) counterparts”. The
NRC panel did not prioritize the recommended Earth Science measurements but simply placed
the various instrument concepts into Tier 1, 2, or 3 categories, according to their demonstrated
technical readiness levels (TRL).

Following the issuance of the NRC Report, NASA and NOAA restored the Ozone Mapping and
Profiling Suite (OMPS) onto the Suomi NPP that was launched in November 2011. Didier Rault
of LaRC and Robert Loughman of Hampton University are using their limb-scatter algorithm for
obtaining the aerosol profiles for the retrieval of lower stratospheric ozone from OMPS [Rault
and Loughman, 2007]. A copy of the CERES instrument is also aboard Suomi NPP. Initial
results indicate that it is working well, according to CERES Instrument Scientist, Kory Priestley
of Langley. In addition, William Smith of Hampton University and Daniel Zhou, Allen Larar,
and Xu Liu at Langley have shown that one can obtain very high resolution, surface spectral
emissivities (SSE) from the Infrared Atmospheric Sounding Interferometer (IASI) aboard the
European Metop-A satellite, and they are able to clearly distinguish the variations in the land
skin temperature from those of the surface emissivity [Zhou et al., 2011]. Such information is
important for determining variations in the forcings on the surface boundary layer within
operational forecast models. Zhou and colleagues are currently applying their algorithms to the
radiances from the Cross-track Infrared Sounder (CrIS) instrument of Suomi NPP.

The reader should bear in mind that the members of the NRC panel anticipated that both the
Orbiting Carbon Observatory (OCO) satellite of JPL and the Glory satellite of NASA
GSFC/GISS would be launched and operated successfully, prior to the full implementation of
their blueprint. Unfortunately, both missions failed to achieve orbit—OCO in 2009 and Glory in
2011; they are being rescheduled for second flight opportunities in the near future but at the cost
of delaying some of the goals of the original NRC report. The payload for Glory includes an
Aerosol Polarimetry Sensor (APS), a high-spatial resolution cloud camera, and a Total Irradiance
Monitor (TIM). The combined measurements of Glory are intended to characterize the
microphysical and optical properties of aerosols over a range of surface and atmospheric
conditions [Mishchenko et al., 2004].

The NRC Report recommended providing at least two new satellite opportunities related to the
observed climatic effects of gases, clouds, and aerosols: (1) a Tier 1, Climate Absolute Radiance
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and Refractivity Observatory (CLARREQ) mission of low cost for tracking regional changes in
the outgoing radiance with an absolute, spectrally-resolved interferometer and (2) a Tier 2
Aerosol/Cloud/Ecosystems (ACE) mission of higher cost, consisting of a backscatter lidar, a
multi-angle polarimeter, and a Doppler radar focused on studies of the radiative effects of
aerosols and clouds. Candidate instruments were proposed by Langley for those mission
opportunities, and they are introduced briefly in this subsection.

The importance of having accurate spectral radiance measurements from CLARREO was
demonstrated by Harries et al. [2001], using measurements from 1996 of the Interferometric
Monitor of Greenhouse gases (IMG) instrument on board the Japanese ADEOS satellite and their
comparisons with measurements from the Infrared Interferometric Spectrometer (IRIS) on
Nimbus 4 taken some 27 years earlier. Harries et al. [2001] detected variations in the outgoing
longwave radiation at specific wavelengths, and related them to the changes in the greenhouse
gases over that time span. The measurement and calibration requirements for conducting a more
dedicated, joint NOAA/NASA climate monitoring mission are outlined in Ohring et al. [2005].
The concept of CLARREO that was highlighted in the NRC Report is an outgrowth of that
study, and Bruce Wielicki and David Young of Langley have proposed a set of instruments for
the mission based on their experience with CERES. Of particular importance is the fact that they
would measure for the first time the spectral variations of the outgoing radiance from Space
across the far infrared region of 15 to 50 um. Outgoing radiance in that spectral region is
sensitive to emissions from cirrus clouds and from atmospheric water vapor [Kratz et al., 2005].
A balloon-borne, far infrared instrument entitled Far-InfraRed Spectroscopy of the Troposphere
(FIRST) was developed by Langley under the NASA 1IP. Initial measurements were made by
Marty Mlynczak and colleagues from high altitudes in a demonstration of FIRST [Mlynczak et
al., 2005]. However, due to funding constraints the CLARREO mission has been dropped from
the current NASA budget projection as a Tier 1 mission and is undergoing further study.
Hopefully, a climate monitoring mission of this general design will be restored in the near future.

Ramanathan et al. [2001] argued that human activities are releasing tiny particles into the
atmosphere and that these aerosols enhance scattering and absorption of solar radiation. Such
particles may also produce brighter clouds that are less efficient at releasing precipitation and
that increase the solar heating of the atmosphere. The IPCC Report [2007] emphasizes that these
direct and indirect aerosol forcing effects are complex and represent a major uncertainty for the
understanding and prediction of global climate change. Such is the goal of the Tier 2 ACE
mission concept. A new-generation, airborne HSRL (lidar) instrument [Hair et al., 2008] has
been proposed by Langley in support of ACE. HSRL has been used successfully to obtain
datasets on aerosol extinction, aerosol optical thickness, aerosol backscatter, and depolarization
ratios as part of 18 separate field missions over North America since 2006 (see also Burton et al.
[2012]). For several of those field campaigns the HSRL instrument was flown along with the
research scanning polarimeter (RSP) of Brian Cairns of NASA GISS—the RSP is a prototype for
the measurements to be obtained with Glory. The HSRL and RSP prototype instruments
represent a candidate payload for the Tier 2 ACE satellite mission called for in the NRC Report.
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Recently, NASA has also been considering instruments for scientific operations from onboard
the International Space Station (ISS). In fact, following the launch of SAGE I11 on the Russian
Meteor-3M spacecraft in 2001, Langley and Ball Aerospace and Technologies Corporation built
a second instrument with the hope that it could be attached to the 1SS in 2005. However, that
opportunity was put on hold due to a change in the design of ISS, so the copy of the SAGE llII
instrument was stored in a Clean Room at Langley. After the assembly of the ISS was complete
and upon the retirement of the Space Shuttle vehicle, NASA renewed solicitations for instrument
payloads that might be easily accommodated and operated from onboard the ISS. Joe Zawodny
and Patrick McCormick proposed to upgrade and re-calibrate SAGE 11 for ISS, in order to
restart the long time series of measurements of aerosols and ozone of the low and middle
latitudes that they had obtained earlier with SAGE I1l. In support of that goal, Vernier et al.
[2009] had already extended the SAGE Il time series of aerosols with the aid of the
measurements from CALIPSO, at least since mid 2006. Soon thereafter, Solomon et al. [2011]
reported that the variations of the near-background, stratospheric aerosol layer can explain the
observed reductions in the expected rate of increase in global surface temperatures due to the
greenhouse gases. Thus, keeping track of the changes for the stratospheric aerosols is critical to
an understanding of the global surface climate, too. In early 2012 the efforts of Langley to put a
copy of SAGE Il1 on ISS were approved to proceed on to Phase B instrument development and
testing. The refurbished SAGE Il instrument is tentatively scheduled to be ferried from the
Kennedy Space Center into low Earth orbit by late 2014 and attached by astronauts to the ISS.

(b) Recent scientific imperatives

Many of the original atmospheric concerns of the SMIC and RMOP reports about the effects of
clouds and aerosols have been answered by the research community, at least qualitatively, in the
years that have followed. Yet as if often the case, new and more quantitative measurements are
being asked for, and there is now a desire to know about the effects of the observed changes both
regionally and on the global scale. This subsection relates several instances where researchers at
Langley are making progress toward the understanding of those effects.

Hansen et al. [2005] stressed that the reliability of a climate model simulation ought to be tested
against observations, but only if the relevant datasets have been properly characterized and/or
combined. In their commentary Trenberth and Fusallo [2010] reported on a recent disparity for
changes in the net radiation versus the heat content of the oceans, implying that there has been
“missing energy” in the system since 2005. They concluded that the “observations are unable to
fully account for the recent energy variability”. Loeb et al. [2012] re-examined the multi-year
measurements of Earth’s net radiation budget using the reflected solar and emitted thermal
radiation from CERES and the incoming solar radiation from the Total Irradiance Monitor (TIM)
instrument on the Solar Radiation and Climate Experiment (SORCE) satellite, but normalized to
the estimates of the upper ocean heat uptake from the Argo network of buoys that provide better
sampling of the ocean temperatures. Their more detailed analysis indicates no energy imbalance
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on annual timescales, especially after considering the uncertainties for the respective datasets.
More importantly, the relative variations of the net radiation and the buoy data agree, too.

Langley researchers are also making scientific advances about the effects of clouds and aerosols
by considering the multiple satellite and airborne datasets. As an example, Kato et al. [2011]
employed cloud data from CALIPSO and CloudSat with radiances from MODIS to gain better
estimates of both the top-of-atmosphere (TOA) flux and fluxes at the Earth’s surface. Sun et al.
[2011] combined CERES, MODIS, CALIPSO, and AIRS data to obtain a quantitative
assessment of the influence of subvisual clouds on Earth’s shortwave radiation. Atmospheric
aerosols have an impact on the vertical development of clouds and on precipitation, in large part
due to their radiative effects as pointed out by Li et al. [2011] and Bollasina et al. [2011]. In
order to quantify those effects better, Langley researchers have conducted calculations based on
observed datasets from field campaigns with regard to the transport and radiative effects of
mineral dust layers and of carbonaceous aerosols from biomass burning activities [Fairlie et al.,
2007; Natarajan et al., 2012]. Such studies are important for obtaining a good characterization of
effects of the aerosols for simulations of air quality and the regional climate and for estimating
the aerosol optical depth (AOD) and particulate loading from the MODIS and MISR datasets.

Trenberth et al. [2010] showed that in order for climate models to simulate changes in the TOA
net fluxes properly, they must include effects of volcanic aerosols in addition to other factors
such as the sea surface temperatures. Further, Solomon et al. [2011] concluded that even the
rather minor variations of the background stratospheric aerosols are important for such
simulations. Thomason et al. [2008] produced time series of aerosol extinction and surface area
density (SAD) from the SAGE Il data. SAD is an important parameter for determining the
effects of heterogeneous chemistry for ozone in the lower stratosphere. Currently, Larry
Thomason is finding somewhat larger, but more accurate values of total SAD by combining the
infrared aerosol extinctions from HALOE with those from the shorter wavelengths of SAGE II.

Pitts et al. [2009] have been able to distinguish among the several types of particles that compose
PSCs, based on their examination of the CALIPSO data. Vernier et al. [2009] also uncovered a
somewhat unexpected finding about the aerosol backscatter profiles from CALIPSO in the
tropical mid stratosphere. Often it is presumed that the lidar backscatter signal above about 30 to
32 km is wholly due to the molecular scatter component. However, when Vernier et al. used
operational satellite temperature profiles for their calculations of the molecular scatter
contribution, they found that the observed total-to-molecular backscattering ratios from
CALIPSO remained larger than 1.0 up to 35 km or so. Thus, by re-normalizing the CALIPSO
scattering ratio profiles to the higher altitude range of 36 to 39 km, they obtained larger AOD
values for the lower stratosphere, too. This new insight has been applied to the generation of
corrected time series of the stratospheric AOD from the combined series of SAGE Il, CALIPSO,
and GOMOS aerosol measurements [Vernier et al., 2011]. Thus, model studies can now be
conducted on the radiative effects of variations of aerosols for the global climate with better
accuracy, as for example in the recent analyses of Booth et al. [2012].
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8 Summary

It is amazing to reflect on the very significant amount of progress that has been achieved in the
40-year period since the call of Landsberg [1970] for the activation of an adequate worldwide
monitoring system for an assessment of possible anthropogenic changes on the climate. His
urging came at a time when the “subject of climatology” was still somewhat qualitative and
descriptive. As a measure of the average weather, climatology was often thought of in terms of
its role for the economic geography and the living conditions characteristic of a region.
Concerns about aerosols were focused more toward the air quality and visibility in a local region
than to their effects on the global climate. The radiative and microphysical effects of persistent
contrails within known air corridors had been estimated but were largely unverified at that time.
It was clear that better knowledge was critically needed on the radiative, microphysical, and
chemical forcings of the aerosols and clouds, in order to make assessments of changes in the air
quality and for studies of variations of the regional and global climate.

Will Kellogg, G. D. Robinson, and Williams Mathews of the SMIC Study Group of 1971 were
asked by Morris Tepper to take leading roles in the RMOP Workshop. Verner Suomi was
recruited to lead the Particulate Panel of the RMOP. The participants of both studies were truly
visionary, in that they saw the importance of making Earth/atmosphere measurements both
globally and from Space. They were also correct in asking for the development and calibration
of the diverse measurement techniques for obtaining quantitative estimates of the aerosols and
clouds and of the surface emissivity. Langley researchers have played key roles since that time
in the demonstration of the passive radiometric and photometric techniques and of active laser
radar (lidar) sensors, both in the laboratory and from balloon and airborne platforms. The
leaders of AESD/ASD, Don Lawrence and later William Smith and Leonard McMaster, served
as important advocates for moving the various technologies toward their demonstration and
ultimate use from satellite orbit. Lelia VVann, current leader of the Science Directorate (SD),
continues to support those goals. The author provided some highlights of that progress in his
report at the 10™ History Symposium of the American Meteorological Society (AMS); his
presentation can be viewed at the online site for the meeting [Remsberg et al., 2012].

Some of the scientific questions raised in the RMOP Report have already been sorted out with
regard to the atmospheric processes related to aerosols and clouds. Yet, the various
observational datasets must still be merged together carefully, and the uncertainties for their
respective measurements need to be decreased further [IPCC, 2007]. Certainly, the overarching
issues for climate change are contentious and not going away. The task ahead is to proceed with
a dedicated monitoring for any changes in the Earth/atmosphere radiation budget and land/sea
changes and to be able to predict with more certainty the effects of the long-lived, atmospheric
greenhouse gases and of the natural and manmade aerosols. It is also clear that this important
task will require close cooperation among researchers, innovative approaches for the
observational satellite systems of the future, and commitments from governmental agencies, such
as NASA, NOAA, and ESA [NRC, 2012].
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following the eruption of the Pinatubo volcano. Professor Conway Leovy was the sponsor for
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Appendix A—Perspective of the author

This account by EER of the RMOP activity and its legacy is shaped necessarily by his own
background and experience. EER was introduced to remote sensing studies of the atmosphere in
1962, upon his acceptance into a Cooperative Work/Study undergraduate program at what was
then known as the Virginia Polytechnic Institute (or VVPI) in Blacksburg, VA. His seven,
alternating work quarters were spent at the National Radio Astronomy Observatory (NRAO) in
Green Bank, WV, from 1962-65. He received his job assignment for each work quarter from
John Findlay, Deputy Director of NRAO. Findlay had been a noted British ionospheric physicist
at Cambridge University before coming to NRAO as a designer of radio telescope antennas.
Along with Will Kellogg, Findlay was a founding member of the Committee on Space Research
(COSPAR) in 1958. Findlay also served as Chair of the Lunar and Planetary Missions Board
from 1967-71, when he advised NASA on the planning and conduct of missions to the planets
and the Moon and its manned Apollo missions.

In the early 1960s Torleiv Orhaug and V. R. Venugopal reported that variations in atmospheric
water vapor and subvisible cirrus were the likely primary cause of fluctuating and interfering
noise effects for the transmission of sub-millimeter to centimeter wavelength signals from
astronomical sources to the ground-based telescopes at Green Bank [Venugopal, 1963]. In 1964
at the direction of Frank Low and Arnold Davidson, EER conducted and analyzed daily
measurements of the transmission and absorption of the direct sunlight in a water vapor band
centered at 0.9375 micrometers and as a function of the zenith angle of the Sun or the
atmospheric mass path. Measurements were also taken at 0.880 micrometers, a nearby reference
wavelength that was unaffected by the water vapor absorption. Frank Low concluded from the
data that the skies over Green Bank were not always ideal for millimeter-wave astronomy,
although he went on to report on a number of scientific findings from exploratory measurements
of the planets and the Moon with his 5-ft prototype instrument at Green Bank [Low, 1966]. Low
and Davidson surveyed a number of dryer locations with their same hand-held, spectral
hygrometers, as part of a study to determine a suitable location for a proposed, 36-ft infrared
telescope. The Kitt Peak National Observatory, AZ, was the site that they decided upon. The
telescope was built according to a design by Findlay, and they began routine operations in early
1968. It is noted that it was the early, innovative work of Frank Low and his low-noise, infrared
detector technology that led the astronomy community to consider and develop the InfraRed
Astronomical Satellite (IRAS) in 1983, the Infrared Space Observatory in 1995, the Herschel
telescope in 2009, and to give a top priority to NASA’s James Webb Space Telescope (JWST).

EER shifted away from Physics and began graduate studies in the Department of Meteorology at
the University of Wisconsin in 1966. His research studies were on the effects of water vapor and
aerosols on the transfer of radiation in the atmosphere—a focus area of Professor James
Weinman, his thesis advisor for both the MS and PhD degrees. His MS degree work consisted
of an analysis of photographic transparencies of scattered sunlight from near the Earth’s horizon
that were obtained by astronauts L. Gordon Cooper and Charles “Pete” Conrad from Gemini IlI,
IV, and V. He related the vertical extent of the scattering layers and of the profiles of their blue-
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to-red ratios to the presence and sizes of the stratospheric aerosols. EER also held semester-
long, teaching assistantships at that time with Professor Verner Suomi, with climatologist
Eberhard Wahl, and with synoptic meteorologist Frank Sechrist. He remembers witnessing at
the U. of Wisconsin in 1967 the first, RGB-color, global-scale images from Suomi’s Spin-Scan
Camera that was on NASA’s ATS-3 satellite.

EER enjoyed a chance meeting with Christian Junge, the namesake of the stratospheric aerosol
layer, when Junge was visiting Reid Bryson at Wisconsin in 1969. Shortly thereafter, Junge
became a Work Group Leader for the SMIC Study Report. That same year Professor James
Weinman introduced EER to Ed Ney at University of Minnesota, but it was not until many years
later that EER learned that Ney had shifted his attention to infrared astronomy in the mid 1960s
based in part on the work of Frank Low. Further, EER did not meet James Rosen at that time
because Rosen had already taken a position at the University of Wyoming. Thus, EER was
unaware that Rosen had already obtained particle counter data indicating that sulfuric acid was a
likely constituent of the stratospheric aerosol layer. Instead, based on information that he would
glean from the International Critical Tables and solution eutectic diagrams, EER concluded that
the most likely composition for the aerosols was aqueous solutions of concentrated sulfuric acid
or its ternary mixture with nitric acid. But data on the optical constants of these materials did not
exist for confirming their presence in infrared spectra of the atmospheric aerosol layers.

At the urging of Weinman and upon an invitation from Professor Bryce Crawford, Jr., EER
relocated to the Molecular Spectroscopy Laboratory (MSL) group in the Chemistry Department
at Minnesota in September 1969. Crawford and his postdoctoral student Donald Lavery
instructed EER on how to take the measurements in the mid-infrared and over a range of
incidence angles with their laboratory spectrometer. He applied their very sensitive technique of
attenuated total reflectance (ATR) spectroscopy to the concentrated aqueous solutions of sulfuric
acid, nitric acid, and also ammonium sulfate [Remsberg et al., 1974]. It was a bold (or in the
case of EER, naive) undertaking because all the other members of the MSL group at that time
were focused on making spectral measurements and obtaining line assignments of simple
triatomic molecules in their gaseous state. But after making a number of attempts, EER obtained
good quality laboratory spectra from his solution samples by June 1970.

Shortly after his return to Wisconsin, EER presented his new datasets and optical constants at an
NCAR Workshop on atmospheric particulates [Remsberg, 1971]. He then used his newly
acquired data to calculate aerosol extinction profiles and provide an explanation for the excess
emission that Pilipowskyj et al. [1968] observed in the lower stratosphere using Suomi’s
radiometersondes and as verified with ground-based lidar soundings. EER also searched for
signatures of those materials in balloon-borne, measurements of limb infrared spectra of the
lower stratosphere that had been obtained by David Murcray of the University of Denver.
However, the balloon flights of Murcray were made in early 1969, when the aerosol loading in
the stratosphere was small. As a result, EER was unable to conclusively determine whether the
aerosols of that time were due to any of the three materials that he had measured in the
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laboratory. In addition, many in the research community were openly skeptical that sulfuric acid
was really an important component of stratospheric aerosols, despite the indications from the
vaporization temperatures of the particles that were sampled and heated in the balloon-borne
counters of Rosen [1971]. In fact, only years later did Rinsland et al. [1994] confirm that
sulfuric acid was the best candidate for explaining the rather broad absorption features in the
spectra from the Pinatubo aerosols that they observed and analyzed from the 1992 flight of
ATMOS—or some 9 months after the eruption of the volcano. The optical constant data of EER
that Rinsland used have since been added to the refractive index database of Hlgh-resolution
TRANsmission (HITRAN), as discussed by Massie and Goldman [2003].

In the meantime, Frank Low had carried out infrared observations of VVenus with a telescope at
the Catalina Observing Station of the University of Arizona in 1967 and found broad absorption
features in the 8 to 12 micrometer region [Gillett et al., 1968]. Hanel et al. [1968] observed mid
infrared emission spectra for Venus from the Harvard Observatory in 1967 using their Michelson
interferometer. They reported an absorption feature at about 11.2 micrometers that they could
not identify. Later though, A. T. Young [1974] was able to fit the broad features in both their
sets of spectra with his simulations based on the data of Remsberg [1973] for 75% by weight
aqueous sulfuric acid. Samuelson et al. [1975] also found a reasonable match of the spectra that
they obtained at MacDonald Observatory in 1969, based on the optical constants of EER.

EER came to NASA Langley in 1971 and worked as a contract employee through The College of
William and Mary and then with ODURF the following year. Based on his recent PhD work, he
simulated limb infrared emission signals that one might expect to see from a balloon-borne
prototype of the Nimbus 7 LIMS experiment. He developed specifications for a dedicated
aerosol channel in the window region of the spectrum, but the data from that channel in an
instrument on a balloon test flight out of White Sands, NM, were unsuitable for making a
confirming analysis. A similar aerosol channel was specified for the Nimbus 7 LIMS
experiment, but it was deleted from the flight model of that instrument as a cost saving measure.
It is worth noting though that because of the large effect of the aerosol emission from the El
Chichon volcano on the limb infrared measurements of the SME satellite in 1982, the limb
infrared emission instruments on UARS (i.e., CLAES and ISAMS) did include separate channels
for the purpose of measuring the broadband emission from just the aerosols.

In the late 1960s and the 1970s Ney and Pepin adopted the spectral hygrometer or solar
differential absorption approach of Low and Davidson [1965] for judging the changes in column
water vapor during periods when they were making infrared observations from high altitude
balloons. Landau [1982] improved on that initial hygrometer, so that it would be possible to
observe either the Sun or the Moon (day and night sky conditions). In both cases they kept the
same pair of wavelengths, 0.9375 and 0.880 micrometers, used by Low and Davidson. Later,
McCormick and Pepin also made use of the 0.94 micrometer region for their solar occultation
measurements of water vapor with the SAGE Il instrument.
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EER was hired as an employee in the Lidar Applications Section of ESSD at NASA Langley in
1973. J. D. Lawrence, Jr., was fully supportive of his activities during that time, especially those
related to analyses of the stratospheric aerosols observed with the 48-inch lidar and to the
feasibility studies that he made with regard to a future lidar system operating from the Space
Shuttle. However, by 1980 EER became fully focused on the validation and characterization of
the measurements of temperature and gaseous species from Nimbus 7 LIMS and on any possible
contaminating effects for their profiles from the unmeasured aerosols and clouds. From there he
went on to analyze solar occultation measurements from the UARS HALOE experiment for the
distributions and trends of water vapor throughout the middle atmosphere. His involvement in
the remote sensing of the middle atmosphere extends from 1980 until 2010, a span of time when
he was a member of the LIMS, HALOE, and SABER Project and/or Science Teams.
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Appendix B—Acronyms

AAFE
AAOE
ACE
ACE
ADEOS
ADM
AEAP
AEC
AEM
AESD
AFCRL
AIM
AIRS
AMPD
AMS
AOD
APS
ARB
ARM
ASD
ASTP
ATBD
ATMOS
ATR
ATS

Advanced Applications Flight Experiments
Airborne Antarctic Ozone Experiment
Atmospheric Chemistry Experiment
Aerosol/Cloud/Ecosystems

ADvanced Earth Observing Satellite
Angular Distribution Model

Atmospheric Effects of Aviation Program
Atomic Energy Commission

Atmospheric Explorer Mission
Atmospheric Environmental Sciences Division
Air Force Cambridge Research Laboratories
Aeronomy of Ice in the Mesosphere
Atmospheric Infrared Sounder

Applied Materials and Physics Division
American Meteorological Society

Aerosol Optical Depth

Aerosol Polarimetry Sensor

Aerosol Research Branch

Atmospheric Radiation Measurement
Atmospheric Science Division
Apollo-Soyuz Test Project

Algorithm Theoretical Basis Document
Atmospheric Trace Molecule Spectroscopy
Attenuated Total Reflectance

Advanced Technology Satellite
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AVHRR

BATC
BOMEX

BNL

CALIPSO
CAS

CAT
CERES
CIAP
CIMATS
CIMSS
CLAES
CLARREO
CNES
COSPAR
CrlIS

COS

CZCS

DAAC
DIAL
DMSP

DOD

Advanced Very High Resolution Radiometer

Ball Aerospace and Technologies Corporation
Barbados Oceanographic and Meteorological Experiment

Brookhaven National Laboratories

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
Center for the Atmospheric Sciences

Clear Air Turbulence

Clouds and the Earth’s Radiant Energy System

Climatic Impact Assessment Program

Correlation Interferometer for the Measurement of Atmospheric Trace Species
Cooperative Institute for Meteorological Satellite Studies
Cryogenic Limb Array Etalon Spectrometer

CLimate Absolute Radiance and REfractivity Observatory

Centre National d’Etudes Spatiales

Committee on Space Research

Cross-track Infrared Sounder

Carbonyl Sulfide

Coastal Zone Color Scanner

Distributed Active Archive Center
Differential Absorption Lidar
Defense Meteorological Satellite Program

Department of Defense
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DOT Department of Transportation

ENVISAT ENVIronmental SATellite

ENSO El Nino/Southern Oscillation

EOS Earth Observing System

EOSDIS EOS Data and Information System

EPA Environmental Protection Agency

EQPO Environmental Quality Program Office
ERB Earth Radiation Budget

ERBE Earth Radiation Budget Experiment

ERBS Earth Radiation Budget Satellite

ERTS Earth Resources Technology Satellite

ESA European Space Agency

ESSD Environmental and Space Sciences Division
ESSP Earth System Science Pathfinder

FED Flight Electronics Division

FID Flight Instrumentation Division

FIRE First ISCCP Regional Experiment

FIRST Far-InfraRed Spectroscopy of the Troposphere
FOV Field-Of-View

GARP Global Atmospheric Research Program
GATE GARP Atlantic Tropical Experiment
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GATS Gordley and Associates Technical Software

GeoCAPE Geostationary Coastal and Air Pollution Events

GERB Geostationary Earth Radiation Budget
GISS Goddard Institute for Space Studies
GOES Geostationary Operational Environmental Satellite

GOMOS Global Ozone Monitoring by Occultation of Stars

GSFC Goddard Space Flight Center

HALOE HALogen Occultation Experiment

HITRAN High-resolution TRANsmission

HSRL High Spectral Resolution Lidar

HU Hampton University

IASI Infrared Atmospheric Sounding Interferometer
IFAORS Institute For Atmospheric Optics and Remote Sensing
1P Instrument Incubator Program

IR Imaging Infrared Radiometer

IMG Interferometric Monitor of Greenhouse gases
IPCC Intergovernmental Panel on Climate Change

IR InfraRed

IRAS InfraRed Astronomical Satellite

IRD Instrument Research Division

IRIS InfraRed Interferometer Spectrometer

ISAMS Improved Stratospheric And Mesospheric Sounder
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ISCCP International Satellite Cloud Climatology Project

ISS International Space Station

JIAFS Joint Institute for the Advancement of Flight Sciences
JPL Jet Propulsion Laboratory

JPSS Joint Polar Satellite System

JWST James Webb Space Telescope

LaRC Langley Research Center

LAS Lidar Applications Section

LEO Low Earth Orbit

LHS Laser Heterodyne Spectroscopy

LIMS Limb Infrared Monitor of the Stratosphere
LITE Lidar In-space Technology Experiment
LRIR Limb Radiance Inversion Radiometer

LW Long-Wave

LZEEBE Long-time Zonal Earth Energy Budget Experiment

MAPS Measurement of Air Pollution from Satellites
MATD Marine Applications and Technology Division
MFOV Medium Field-Of-View

MISR Multi-angle Imaging Spectro-Radiometer
MIT Massachusetts Institute of Technology

MSL Molecular Spectroscopy Laboratory
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MODIS MODerate-resolution Imaging Spectro-radiometer

MORL Manned Orbital Research Laboratory

MPC Mother-of-Pearl Clouds

MRIR Medium Resolution Infrared Radiometer

MSG Meteosat Second Generation

MSS Multi-Spectral Scanner

MTPE Mission To Planet Earth

NACA National Advisory Committee for Aeronautics
NAPCA National Air Pollution Control Adminstration
NASA National Aeronautics and Space Administration
NCAR National Center for Atmospheric Research
NEROS NorthEast Regional Oxidant Study

NLC NoctiLucent Clouds

NMP New Millenium Program

NOAA National Oceanic and Atmospheric Administration
NOSS National Oceanic Satellite System

NPOESS National Polar-orbiting Operational Environmental Satellite System
NPP National Polar-orbiting Partnership

NRAO National Radio Astronomy Observatory

NRC National Research Council

NRL Naval Research Laboratory

OA Office of Applications
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OAST
0OCO
ODURF
OMI
OMPS
OSIRIS
0SSO
0SS

PAGEOS

PARASOL

PARD
PEPE
POAM
POLDER

PSC

RGB
RMOP
RRL
RSB
RSP

RTI

Office of Aeronautics and Space Technology
Orbiting Carbon Observatory

Old Dominion University Research Foundation
Ozone Monitoring Instrument

Ozone Mapping and Profiler Suite

Optical Spectrograph and InfraRed Imaging System
Orbiting Solar Observatory

Office of Space Sciences

Passive Geodetic Earth Orbiting Satellite

Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled
with Observations from a Lidar

Pilotless Aircraft Research Division

Persistent Elevated Pollution Episode

Polar Ozone and Aerosol Measurement

Polarization and Directionality of the Earth’s Reflectance

Polar Stratospheric Clouds

Red-Green-Blue

Remote Measurement Of Pollution
Risk Reduction Laser

Radiation Sciences Branch
Research Scanning Polarimeter

Research Triangle Institute
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SABER Sounding of the Atmosphere using Broadband Emission Radiometry

SAD Surface Aerosol Density

SARB Surface and Atmospheric Radiation Budget
SAGE Stratospheric Aerosol and Gas Experiment
SAM Stratospheric Aerosol Monitor

SASC Systems and Applied Sciences Corporation
SASS Seasat-A Scatterometer System

SATD Space Applications and Technology Division
SBUV Solar Backscatter Ultra-Violet

SCIAMACHY SCanning Imaging Absorption SpectroMeter for Atmospheric CartograpHY

SD Science Directorate

SEVIRI Spinning Enhanced Visible and Infrared Imager
SIR Shuttle Imaging Radar

SMD Science Mission Directorate

SME Solar Mesosphere Explorer

SMIC Study of Man’s Impact on Climate

SMMR Scanning Multichannel Microwave Radiometer
SMS Synchronous Meteorological Satellite

SIN Signal-to-Noise

SO Solar Occultation

SOFIE Solar Occultation For Ice Experiment

SOLVE SAGE I11 Ozone Loss and Validation Experiment
SORCE Solar Radiation and Climate Experiment

SRI Stanford Research Institute
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SSE
SSEC
SST
SSTs
SSU
STS

SW

THIR
TIM
TIROS
TOA
TOMS
TOVS
TRACE
TRL
TRMM

TRW

UARS

UK

VPI

Surface Spectral Emissivities

Space Science and Engineering Center
SuperSonic Transport

Sea Surface Temperatures
Stratospheric Sounding Unit

Space Transportation System

Short-Wave

Temperature Humidity Infrared Radiometer
Total Irradiance Monitor

Television InfraRed Observation Satellite
Top-Of-Atmosphere

Total Ozone Mapping Spectrometer

TIROS Operational Vertical Sounder
TRopospheric Aerosol and Cloud Experiment
Technical Readiness Level

Tropical Rainfall Measuring Mission

Thompson Ramo Wooldridge

Upper Atmosphere Research Satellite

United Kingdom

Virginia Polytechnic Institute
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WEC Wide Field Camera
WFOV Wide Field-Of-View

WMO World Meteorological Organization

63



References

Adamson, D. (1975), The role of multiple scattering in one-dimensional radiative transfer, NASA
TN-D-8084, NASA Technical Report Server (NTRS), Document ID: 19760005735, Accession
Number: 76N12823.

Akey, N. D. (1981), Technology transfer of NASA microwave remote sensing system, NASA
CR-165791, NASA Technical Report Server (NTRS), Document ID: 19820003642, Accession
Number: 82N11515.

Alvarez, J. M., M. A. Vaughan, C. A. Hostetler, W. H. Hunt, and D. M. Winker (2006),
Calibration technique for polarization-sensitive lidars, J. Atmos. Oceanic Technol., 23, 683-699.

Angell, J. K., and J. Korshover (1975), Variation in sunshine duration over the contiguous
United States between 1950 and 1972, J. Appl. Meteorol., 14, 1174-1181.

Arking, A., and J. S. Levine (1967), Earth albedo measurements: July 1963 to June 1964, J.
Atmos. Sci., 24, 721-724.

Austin, J., R. R. Garcia, J. M. Russell 1, S. Solomon, and A. F. Tuck (1986b), On the
atmospheric photochemistry of nitric acid, J. Geophys. Res., 91, 5477-5485.

Austin, J., E. E. Remsberg, R. L. Jones, and A. F. Tuck (1986), Polar stratospheric clouds
inferred from satellite data, Geophys. Res. Lett., 13, 1256-12509.

Bach, Jr., W. D., and J. R. Smith (1970), Atmospheric and oceanographic support studies for
laser radar experiment aboard the Advance 11 during BOMEX, NASA CR 66978, NASA
Technical Report Server (NTRS), Document ID: 19700029236, Accession Number: 70N38552.

Bandeen, W. R., and R. S. Fraser (1982), Radiative effects of the EI Chichon volcanic eruption:
preliminary results concerning remote sensing, NASA-TM-84959, NASA Technical Report
Server (NTRS), Document ID: 19830011101, Accession Number: 83N19372.

64



Barkstrom, B. R., and J. B. Hall Jr. (1982), Earth radiation budget experiment (ERBE): an
overview, J. Energy, 6, 141-146.

Barkstrom, B., E. Harrison, G. Smith, R. Green, J. Kibler, R. Cess, and the ERBE Science Team
(1989), Earth radiation budget experiment (ERBE) archival and April 1985 results, Bull. Amer.
Meteorol. Soc., 70, 1254-1262.

Barkstrom, B. R., and G. L. Smith (1986), The Earth radiation budget experiment: science and
implementation, Rev. Geophys., 24, 379-390.

Barth, C. A., D. W. Rusch, R. J. Thomas, G. H. Mount, G. J. Rottman, G. E. Thomas, R. W.
Sanders, and G. M. Lawrence (1983), Solar mesosphere explorer: scientific objectives and
results, Geophys. Res. Lett., 10, 237-240.

Bernath, P. F., C. T. McElroy, M. C. Abrams, C. D. Boone, M. Butler, C. Camy-Peyret, M.
Carleer, C. Clerbaux, P.-F. Coheur, R. Colin, P. DeCola, M. DeMazieére, J. R. Drummond, D.
Dufour, W. F. J. Evans, H. Fast, D. Fussen, K. Gilbert, D. E. Jennings, E. J. Llewellyn, R. P.
Lowe, E. Mahieu, J. C. McConnell, M. McHugh, S. D. McLeod, R. Michaud, C. Midwinter, R.
Nassar, F. Nichitiu, C. Nowlan, C. P. Rinsland, Y. J. Rochon, N. Rowlands, K. Semeniuk, P.
Simon, R. Skelton, J. J. Sloan, M.-A. Soucy, K. Strong, P. Tremblay, D. Turnbull, K. A. Walker,
I. Walkty, D. A. Wardle, V. Wehrle, R. Zander, and J. Zou (2005), Atmospheric chemistry
experiment (ACE): mission overview, Geophys. Res. Lett., 32, L15S01,
d0i:10.1029/2005GL022386.

Bollasina, M. A., Y. Ming, and V. Ramaswamy (2011), Anthropogenic aerosols and the
weakening of the South Asian summer monsoon, Science, 334, 502-505.

Booth, B. B. B., N. J. Dunstone, P. R. Halloran, T. Andrews, and N. Bellouin (2012), Aerosols
implicated as a prime driver of twentieth-century North Atlantic climate variability, Nature, 484,
228-232.

Born, G. H., J. A. Dunne, and D. B. Lame (1979), Seasat mission overview, Science, 204, 1405-
1406.

65



Bourassa, A. E., L. A. Rieger, N. D. Lloyd, and D. a. Degenstein (2012), Odin-OSIRIS
stratospheric aerosol data product and SAGE Il intercomparison, Atmos. Chem. Phys., 12, 605-
614.

Bretherton, F. P., and V. E. Suomi (1983), First International Satellite Cloud Climatology
Project Regional Experiment (FIRE) Research Plan, available from U. S. National Climate
Program Office, Rockville, MD, USA, 76 pp.

Browell, E. V., S. Ismail, and W. B. Grant (1998), Differential absorption lidar (DIAL)
measurements from air and space, Appl. Phys. B, 67, 399-410.

Browell, E. V., S. Ismail, and S. T. Shipley (1985), Ultraviolet DIAL measurements of O
profiles in regions of spatially inhomogeneous aerosols, Appl. Opt., 24, 2827-2836.

Bryson, R. A. (1974), A perspective on climatic change, Science, 184, 753-760.

Bugliaro, L. T. Zinner, C. Keil, B. Mayer, R. Hollmann, M. Reuter, and W. Thomas (2011),
Validation of cloud property retrievals with simulated satellite radiances: a case study for
SEVIRI, Atmos. Chem. Phys., 11, 5603-5624.

Burton, S. P., R. A. Ferrare, C. A. Hostetler, J. W. Hair, R. R. Rogers, M. D. Obland, C. F.
Butler, A. L. Cook, D. B. Harper, and K. D. Froyd (2012), Aerosol classification using airborne
high spectral resolution lidar measurements—methodology and examples, Atmos. Meas. Tech.,
5, 73-98.

Cadle, R. D., and G. W. Grams (1975), Stratospheric aerosol particles and their optical
properties, Rev. Geophys., 13, 475-501, doi:10.1029/RG013i004p00475.

Cadle, R. D., C. S. Kiang, and J.-F. Louis (1976), The global-scale dispersion of the eruption
clouds from major volcanic eruptions, J. Geophys. Res., 81, 3125-3132.

66



Carver, K. R., F. D. Hart, C. E. Jarvis, J. D. Lowther, and F. L. Moreadith (1969), TRIAD:
Preliminary design of an operational earth resources survey system, NASA Contractor Report
139347, NTIS, Springfield, VA, 120 pp.

CCSP (2009), Atmospheric aerosol properties and climate impacts, A Report by the U. S.
Climate Change Science Program and the Subcommittee on Global Change Research, M. Chin,
R. A. Kahn, and S. E. Schwartz, Eds., National Aeronautics and Space Administration,
Washington, D.C., USA, 128 pp.

Chagnon, C. W., and C. E. Junge (1965), The size distribution of radioactive aerosols in the
upper troposphere, J. Appl. Meteorol., 4, 329-333.

Charlock, T. P., and V. Ramanathan (1985), The albedo field and cloud radiative forcing
produced by a general circulation model with internally generated cloud optics, J. Atmos. Sci.,
42, 1408-1429.

Charlson, R. J., and M. J. Pilat (1969), Climate: the influence of aerosols, J. Appl. Meteorol., 8,
1001-1002.

Chu, W. P. (1977) The inversion of stratospheric aerosol and ozone vertical profiles from
spacecraft solar extinction measurements, in Inversion Methods in Atmospheric Remote
Sounding, edited by A. Deepak, Academic Press, New York, 505-527.

Chu, W. P., C. R. Trepte, R. E. Veiga, M. S. Cisewski, and G. Taha (2002), SAGE lII
measurements, Proc. SPIE, 4814, 457-464.

Clemesha, B. R., G. S. Kent, and W. H. Wright (1966), Laser probing the lower atmosphere,
Nature, 209, 184-185, doi:10.1038/2091844a0.

Collis, R. T. H., F. G. Fernald, and M. G. H. Ligda (1964), Laser radar echoes from a stratified
clear atmosphere, Nature, 203, 1274-1275, doi:10.1038/2031274a0.

67



Cortright, E. M. (1971), Research in Aeronautics and Space: Langley Research Center, NASA
TM-X 68323, NASA Technical Report Server (NTRS), Document ID: 19720064781, Accession
Number: 72N72653.

Cox, S. K. (1981), Radiation characteristics of clouds in the solar spectrum, in Clouds—their
formation, optical properties and effects, P. V. Hobbs and A. Deepak, Eds., Academic Press,
241-280.

Cox, S. K., D. S. McDougal, D. A. Randall, and R. A. Schiffer (1987), FIRE—The first ISCCP
reginal experiment, Bull. Am. Meteorol. Soc., 68, 114-118.

Croswell, W. (retrieved from “http://www.ieeeghn.org/wiki/index.php/First-
Hand:My_Personal_History, part_3”, IEEE Global History Network,10 pp.

Crutzen, P. J. (1976), The possible importance of CSO for the sulfate layer of the stratosphere,
Geophys., Res. Lett., 3, 73-76.

Dammann, K. W., R. Hollmann, and R. Struhlmann (2002), Study of aerosol impact on the Earth
radiation budget with satellite data, Adv. Space Res., 29, 1753-1757.

Danielsen E. F., and V. A. Mohnen (1977), Project Dustorm report: ozone transport, in situ
measurements, and meteorological analyses of tropopause folding, J. Geophys. Res., 82, 5867-
5877.

Davies, R., and M. Molloy (2012), Global cloud height fluctuations measured by MISR on Terra
from 2000 to 2010, Geophys. Res. Lett., 39, L03701, doi:10.1029/2011GL050506.

Davis, P. A. (1971), Applications of an airborne ruby lidar during a BOMEX program of cirrus
observations, J. Appl. Meteorol., 10, 1314-1323.

68


http://www.ieeeghn.org/�

Deschamps, P. Y., F. M. Breon, M. Leroy, A. Podaire, A. Bricaud, J. C. Buriez, and G. Seze
(1992), The POLDER mission: instrument characteristics and scientific objectives, IEEE Trans.
Geosci. Remote Sens., 32, 598-615.

Deepak, A. (1982), Atmospheric effects and potential climatic impact of the 1980 eruptions of
Mount St. Helens, NASA-CP-2240, NASA Technical Report Server (NTRS), Document ID:
19830003264, Accession Number: 83N11534.

Deepak, A. (1977), Inversion of solar aureole measurements for determining aerosol
characteristics, in Inversion Methods in Atmospheric Remote Sounding, edited by A. Deepak,
Academic Press, New York, 265-295.

Deirmendjian, D. (1959), Theory of the solar aureole, Part 11, Application to atmospheric
models, Ann. Geophys., 15, 218-249.

Diner, D.J., G. P. Asner, R. Davies, N. Gobron, Y. Knyazikhin, J-P. Muller, AW. Nolin, B.
Pinty, C.B. Schaaf, and J. Stroeve (1999), New directions in Earth observing: scientific
applications of multiangle remote sensing, Bull. Amer. Meteorol. Soc., 80, 2209-2228.

Douglass, A. R., and J. L. Stanford (1982), A model of the Antarctic sink for stratospheric water
vapor, J. Geophys. Res., 87, 5001-5008.

Elachi, C., J. Cimino, and M. Settle (1986), Overview of the Shuttle Imaging Radar-B
preliminary scientific results, Science, 232, 1511-1516.

Ellis, H. T., and R. F. Pueschel (1971), Solar radiation: absence of air pollution trends at Mauna
Loa, Science, 172, 845-846.

Elterman, L., R. Wexler, and D. T. Chang (1969), Features of tropospheric and stratospheric
dust, Appl. Opt., 8, 893-903.

69



Eluszkiewicz, J., D. Crisp, R. G. Grainger, A. Lambert, A. E. Roche, J. B. Kumer, and J. L.
Mergenthaler (1997), Sensitivity of the residual circulation diagnosed from the UARS data to the
uncertainties in the input fields and to the inclusion of aerosols, J. Atmos. Sci., 54, 1739-1757.

Fairlie, T. D., D. J. Jacob, and R. J. Park (2007), The impact of transpacific transport of mineral
dust in the United States, Atmos. Environ., 41, 1251-1266.

Feddes, R. G., and K-N. Liou (1977), Sensitivity of upwelling radiance in Nimbus 6 HIRS
channels to multilayered clouds, J. Geophys. Res., 82, 5977-5987.

Fiocco, G., G. Benedetti-Michelangeli, K. Maischberger, and E. Madonna (1971), Measurement
of temperature and aerosol to molecule ratio in the troposphere by optical radar, Nature, 229, 78-
79.

Fiocco, G., and G. Grams (1964), Observations of the aerosol layer at 20 km by optical radar, J.
Atmos. Sci., 21, 323-324.

Fleming, J. R., and S. K. Cox 1974), Radiative effects of cirrus clouds, J. Atmos. Sci., 31, 2182-
2188.

Flowers, E. C., R. A. McCormick, and K. R. Kurfis (1969), Atmospheric turbidity over the
United States, 1961-1966, J. Appl. Meteorol., 8, 955-962.

Fox, R. J., G. W. Grams, B. G. Schuster, and J. A. Weinman (1973), Measurements of
stratospheric aerosols by airborne laser radar, J. Geophys. Res., 78, 7789-7801.

Fraser, R. S. (1976), Satellite measurement of mass of Sahara dust in the atmosphere, Appl. Opt.,
15, 2471-2479.

Fromm, M. D., R. M. Bevilacqua, J. Hornstein, E. Shettle, K. Hoppel, and J. D. Lumpe (1999),
An analysis of polar ozone and aerosol measurement (POAM) Il Arctic polar stratospheric cloud
observations, 1993-1996, J. Geophys., Res., 104 (D20), 24,341-24,357.

70



Gergen, J. L. (1965), Atmospheric energy calculations related to radiation observations, J.
Atmos. Sci., 22, 152-161.

Gergen, J. L. (1957), Atmospheric infrared radiation over Minneapolis to 30 millibars, J.
Meteorol., 14, 495-504.

Gibson, A. J., L. Thomas, and S. K. Bhattacharyya (1977), Some characteristics of cirrus clouds
deduced from laser-radar observations at different elevation angles, J. Atmos. Terr. Phys., 39,
657-660.

Gille, J. C., and J. M. Russell 111 (1984), The limb infrared monitor of the stratosphere:
experiment description, performance, and results, J. Geophys. Res., 89, 5125-5140.

Gillett, F. C., F. J. Low, and W. A. Stein (1968), Absolute spectrum of Venus from 2.8 to 14
microns, J. Atmos. Sci., 25, 594-595.

Gloersen, P., D. J. Cavalieri, A. T. C. Chang, T. T. Wilheit, W. J. Campbell, O. M. Johannessen,
K. B. Katsaros, K. F. Kunzi, D. B. Ross, D. Staelin, E. P. L. Windson, F. T. Barath, P.
Gudmandsen, E. Langham, and R. O. Ramseier (1984), A summary of results from the first
Nimbus 7 SMMR observations, J. Geophys. Res., 89, 5335-5344.

Goody, R. M., and G. D. Robinson (1951), Radiation in the troposphere and lower stratosphere,
Q. J. Roy. Meteorol. Soc., 77, 151-153 and 165-166.

Gordley, L. L., M. Hervig, C. Fish, J. M. Russell IlI, S. Bailey, J. Cook, S. Hansen, A.
Shumway, G. Paxton, L. Deaver, T. Marshall, J. Burton, B. Magill, C.Brown, E. Thompson, and
J. Kemp (2009), The Solar Occultation For Ice Experiment (SOFIE), J. Atmos. Solar-Terr. Phys.,
71, doi:10.1016/j.jastp.2008.07.012.

Grainger, R. G., A. Lambert, F. W. Taylor, J. J. Remedios, C. D. Rodgers, M. Corney, and B. J.
Kerridge (1993), Infrared absorption by volcanic stratospheric aerosols observed by ISAMS,
Geophys. Res. Lett., 20, 1283-1286.

71



Grams, G., and G. Fiocco (1967), Stratospheric aerosol layer during 1964 and 1965, J. Geophys.
Res., 72, 3523-3542.

Green, A. E. S., and K. F. Klenk (1977), Analytic model approach to the inversion of scattering
data, in Inversion Methods in Atmospheric Remote Sounding, edited by A. Deepak, Academic
Press, New York, 297-323.

Green, A. E. S., A. Deepak, and B. J. Lipofsky (1971), Interpretation of the Sun’s aureole based
on atmospheric aerosol models, Appl. Opt., 10, 1263-1279.

Greenfield, S. M., and W. W. Kellogg (1960), Calculations of atmospheric infrared radiation as
seen from a meteorological satellite, J. Meteorol., 17, 283-290.

Griggs, M. (1983), Satellite measurements of tropospheric aerosols, Adv. Space Res., 2, 109-118.

Grund, C. J., and E. W. Eloranta (1991), University of Wisconsin high spectral resolution lidar,
Opt. Engr., 30, 6-12.

Hair, J. W., C. A. Hostetler, A. L. Cook, D. B. Harper, R. A. Ferrare, T. L. Mack, W. Welch, L.
R. Izquierdo, and F. E. Hovis (2008), Airborne high spectral resolution lidar for profiling aerosol
optical properties, Appl. Opt., 47, 6734-6752.

Halperin, B., and D. G. Murcray (1987), Effect of volcanic aerosols on stratospheric radiance at
wavelengths between 8 and 13 pum, Appl. Opt., 26, 2222-2235.

Hamill, P., and L. R. McMaster (1984), Proceedings of a Workshop on polar stratospheric
clouds: their role in atmospheric processes, NASA-CP-2318, NASA Technical Report Server
(NTRS), Document 1D: 19840024881, Accession Number: 84N32952.

Hanel, R., M. Forman, G. Stambach, and T. Meilleur (1968), Preliminary results of VVenus
observations between 8 and 13 micrometers, J. Atmos. Sci., 25, 586-593.
72



Hansen, J. E. (1995), Spaceflight revolution: The NASA Langley Research Center from Sputnik
to Apollo, NASA, Washington, D. C., 542 pp.

Hansen, J., L. Nazarenko, R. Ruedy, M. Sato, J. Willis, A. Del Genio, D. Koch, A. Lacis, K. Lo,
S. Menon, T. Nobakov, J. Perlwitz, G. Russell, G. A. Schmidt, and N. Tausnev (2005), Earth’s
energy imbalance: confirmation and implications, Science, 308, 1431-1435.

Hansen, J. E., and J. B. Pollack (1970), Near-infrared light scattering by terrestrial clouds, J.
Atmos. Sci., 27, 265-281.

Hansen, J. E., W-C. Wang, and A. A. Lacis (1978), Mount Agung eruption provides test of a
global climatic perturbation, Science, 199, 1065-1068.

Hariharan, T. A. (1969), An improved polarimeter for atmospheric radiation studies, J. Sci.
Instrum. (J. Phys. E), 2 (Ser. 2), 1135-1137.

Harries, J. E., H. E. Brindley, P. J. Sagoo, and R. J. Bantges (2011), Increases in greenhouse
forcing inferred from the outgoing longwave radiation spectra of the Earth in 1970 and 1997,
Nature, 410, 355-357 and p. 1124.

Harrison, E. F., P. Minnis, B. R. Barkstrom, V. Ramanathan, R. D. Cess, and G. G. Gibson
(1990), Seasonal variation of cloud radiative forcing derived from the Earth Radiation Budget
Experiment, J. Geophys. Res., 95, 18,687-18,703.

Herman, B. M. (1977), Application of modified Twomey techniques to invert lidar angular
scatter and solar extinction data for determining aerosol size distributions, in Inversion Methods
in Atmospheric Remote Sounding, edited by A. Deepak, Academic Press, New York, 469-503.

Herman, B. M., and S. R. Browning (1975), The effect of aerosols on the Earth-atmosphere
albedo, J. Atmos. Sci., 32, 1430-1445.

73



Herman, B. M., S. R. Browning, and J. A. Reagan (1971), Determination of aerosol size
distributions from lidar measurements, J. Atmos. Sci., 28, 763-771.

Hervig, M., and T. Deshler (2002), Evaluation of aerosol measurements from SAGE Il, HALOE,
and balloonborne optical particle counters, J. Geophys. Res., 107, doi:10.1029/2001JD000703.

Hitchman, M. H., M. McKay, and C. R. Trepte (1994), A climatology of stratospheric aerosol, J.
Geophys. Res., 99, 20,689-20,700.

Holland, A. C., and G. Gagne (1970), The scattering of polarized light by polydisperse systems
of irregular particles, Appl. Opt., 9, 1113-1121.

Houghton, J. T. (1986), The physics of atmospheres, 2" Ed., Cambridge Univ. Press, New York,
271 pp.

House, F. B., A. Gruber, G. E. Hunt, and A. T. Mecherikunnel (1986), History of satellite
missions and measurements of the Earth radiation budget (1957-1984), Rev. Geophys., 24, 357-
377.

Hovis, W. A, D. K. Clark, F. Anderson, R. W. Austin, W. H. Wilson, E. T. Baker, D. Ball, H. R.
Gordon, J. L. Mueller, S. Z. EI-Sayed, B. Sturm, R. C. Wrigley, C. S. Yentsch (1980), Nimbus-7
coastal zone color scanner: system description and initial imagery, Science, 210, 60-63.

Hu, Y. (2007), Depolarization ratio-effective lidar ratio relation: theoretical basis for space lidar
cloud phase discrimination, Geophys. Res. Lett., 34, L11812, doi:10.1029/2007GL029584.

Huang, J., P. Minnis, Y. Yuhong, Q. Tang, X. Wang, Y. Hu, Z. Liu, K. Ayers, C. Trepte, and D.
Winker (2007), Summer dust aerosols detected from CALIPSO over the Tibetan Plateau,
Geophys. Res. Lett., 34, L18805, doi:10.1029/2007GL029938.

74



Hunt, W. H., and S. K. Poultney (1975), Testing the linearity of response of gated
photomultipliers in wide dynamic range laser radar systems, IEEE Trans. Nucl. Sci., NS-22, 116—
120.

IPCC or Intergovernmental Panel on Climate Change (2007), Changes in Atmospheric
Constituents and in Radiative Forcing, in Climate Change 2007, Cambridge Univ. Press, New
York.

Itabe, T., M. Fujiwara, and M. Hirono (1977), Temporal variation of the stratospheric aerosol
layer after the Fuego eruption observed by lidar in Fukuoka, J. Meteorol. Soc., Jpn, 55, 606-612.

Jalink, Jr., A., R. E. Davis, and D. E. Hinton (1968), Radiometric measurements of the Earth’s
infrared horizon form the X-15 in three spectral intervals, NASA Technical Note D-4645, NTIS,
Springfield, VA, 57 pp.

Jones, W. L, P. G. Black, V. E. Delnore, and C. T. Swift (1981), Airborne microwave remote-
sensing measurements of Hurricane Allen, Science, 214, 274-280.

Junge, C. E. (1963), Air Chemistry and Radioactivity, Academic Press, New York, 382 pp.

Junge, C. E., C. W. Chagnon, and J. E. Manson (1961), Stratospheric aerosols, J. Meteorol., 18,
81-108.

Junge, C. E., and J. E. Manson (1961), Stratospheric aerosol studies, J. Geophys. Res., 66, 2163-
2182,

Kato, S., F. G. Rosg, S. Sun-Mack, W. F. Miller, Y. Chen, D. A. Rutan, G. L. Stephens, N. G.
Loeb, P. Minnis, B. A. Wielicki, D. M. Winker, T. P. Charlock, P. W. Stackhouse, Jr., K.-M. Xu,
and W. D. Collins (2011), Improvements of top-of-atmosphere and surface irradiance
computations with CALIPSO-, CloudSat-, and MODIS-derived cloud and aerosol properties, J.
Geophys. Res., 116, D19209, doi:10.1029/2011JD016050.

75



Kaufman, Y. J., and J. H. Joseph (1982), Determination of surface albedos and aerosol
extinction characteristics from satellite imagery, J. Geophys. Res., 87, 1287-1299.

Kellogg, W. W. (1956), Diffusion of smoke in the stratosphere, J. Meteorol., 13, 241-250.

Kellogg, W. W., R. R. Rapp, and S. M. Greenfield (1957), Close-in fallout, J. Meteorol., 14, 1-8.

Kellogg, W. W., R. D. Cadle, E. R. Allen, A. L. Lazrus, and E. A. Martell (1972), The sulfur
cycle, Science, 175, 587-596.

Kent, G. S., and M. P. McCormick (1984), SAGE and SAM Il measurements of global
stratospheric aerosol optical depth and mass loading, J. Geophys. Res., 89, 5303-5314.

Kent, G. S., L. R. Poole, and M. P. McCormick (1986), Characteristics of Arctic polar
stratospheric clouds as measured by airborne lidar, J. Atmos. Sci., 43, 2149-2161.

King, M. D., W. P. Menzel, Y. J. Kaufman, D. Tanre, B.-C. Gao, S. Platnick, S. A. Ackerman, L.
A. Remer, R. Pincus, and P. A. Hubanks (2003), Cloud and aerosol properties, precipitable
water, and profiles of temperature and water vapor from MODIS, IEEE Trans. Geosci. Remote
Sens., 41, 442-458.

Koch, G. J.,, J. Y. Beyon, B. W. Barnes, M. Petros, J. Yu, F. Amzajerdian, M. J. Kavaya, and U.
N. Singh (2007), High-energy 2-um Doppler lidar for wind measurements, Opt. Engr., 46,
116201-1 to 116201-14.

Kratz, D. P., M. G. Mlynczak, C. J. Mertens, H. Brindley, L. L. Gordley, J. Martin-Torres, F. M.
Miskolczi, and D. D. Turner (2005), An inter-comparison of far-infrared line-by-line radiative
transfer models, J. Quant. Spectrosc. Radiat. Trans., 90, 323-341.

Kroening, J. L., and E. P. Ney (1962), Atmospheric ozone, J. Geophys. Res., 67, 1867-1875.

76



Kuhn, P. M., and D. R. Johnson (1966), Improved radiometersonde observations of atmospheric
infrared irradiance, J. Geophys. Res., 71, 367-373.

Kuhn, P. M., I. G. Nolt, L. P. Stearns, and J. V. Radostitz (1978), Infrared passbands for clear-
air-turbulence detection, Opt. Lett., 3, 130-132.

Kuriyan, J. G. (1977), Effective aerosol optical parameters from polarimeter measurements, in
Inversion Methods in Atmospheric Remote Sounding, edited by A. Deepak, Academic Press,
New York, 555-575.

Labitzke, K., B. Naujokat, and M. P. McCormick (1983), Temperature effects on the
stratosphere of the April 4, 1982 eruption of El Chichon, Mexico, Geophys. Res. Lett., 10, 24-26.

Landau, R. (1982), A portable water-vapor monitor for day or night use, Publ., Astron. Soc.
Pacific, 94, 600-604.

Landsberg, H. E. (1970), Man-made climatic changes, Science, 170, 1265-1274.

Lawrence, Jr., J. D., M. P. McCormick, S. H. Melfi, and D. P. Woodman (1968), Laser
backscatter correlation with turbulent regions of the atmosphere, Appl. Phys. Lett., 12, 72-73.

Lewis, J. M., D. W. Martin, R. M. Rabin, and H. Moosmuller (2010) Suomi—jpragmatic
visionary, Bull. Amer. Meteorol. Soc., 91, doi: 10.1175/2009BAMS2897.1.

Li, Z., F. Niu, J. Fan, Y. Liu, D. Rosenfeld, and Y. Ding (2011), Long-term impacts of aerosols
on the vertical development of clouds and precipitation, Nature Geoscience,
d0i:10.1038/NGEO1313.

Liou, K. N. (1986), Influence of cirrus clouds on weather and climate processes: a global
perspective, Mon. Wea. Rev., 114, 1167-1199.

77



Liou, K. N. (1981), Some aspects of the optical properties of ice clouds, in Clouds—their
formation, optical properties and effects, P. V. Hobbs and A. Deepak, Eds., Academic Press,
315-359.

Liou, K. N. (1974), On the radiative properties of cirrus in the window region and their influence
on remote sensing of the atmosphere, J. Atmos. Sci., 31, 522-532.

Loeb, N. G., J. M. Lyman, G. C. Johnson, R. P. Allan, D. R. Doelling, T. Wong, B. J. Soden, and
G. L. Stephens (2012), Observed changes in top-of-the-atmosphere radiation and upper-ocean
heating consistent within uncertainty, Nature Geoscience, doi:10.1038/NGEO1375.

Loeb, N. G., W. Sun, W. F. Miller, K. Loukachine, and R. Davies (2006), Fusion of CERES,
MISR, and MODIS measurements for top-of-atmosphere radiative flux validation, J. Geophys.
Res., 111, D18209, doi:10.1029/2006JD007146.

Low, F. J. (1966), Thermal detection radiometry at short millimeter wavelengths, Proc. IEEE,
54, 477-484.

Low, F. J., and A. W. Davidson (1965), Measurements of atmospheric attenuation at 1
millimeter and a description of a portable spectral hygrometer, NRAO Internal Report, 18 pp.,
available at www.nrao.edu/library/.../Low_Atmospheric_Attenuation_0965.pdf.

Malchow, H. L., and C. K. Whitney (1977), Inversion of scattered radiance horizon profiles for
gaseous concentrations and aerosol parameters, in Inversion Methods in Atmospheric Remote
Sounding, edited by A. Deepak, Academic Press, New York, 217-263.

Margolis, J. S., D. J. McCleese, and G. E. Hunt (1972), Laboratory simulation of diffuse
reflectivity form a cloudy planetary atmosphere, Appl. Opt., 11, 1212-1216.

Massie, S. T., and A. Goldman (2003), The infrared absorption cross-section and refractive-
index data in HITRAN, J. Quant. Spectrosc. Rad. Transf., 82, 413-428.

78



McCormick, M. P. (1987), SAGE II: an overview, Adv. Space Res., 7, 219-226.

McCormick, M. P., and W. H. Fuller, Jr. (1975), Lidar measurements of two intense
stratospheric dust layers, Appl. Opt., 14, 4-5.

McCormick, M. P., P. Hamill, T. J. Pepin, W. P. Chu, T. J. Swissler, and L. R. McMaster (1979),
Satellite studies of the stratospheric aerosol, Bull. Amer. Meteorol. Soc., 60, 1038-1046.

McCormick, M. P., D. M. Winker, E. V. Browell, J. A. Coakley, C. S. Gardner, R. M. Hoff, G.
S. Kent, S. H. Melfi, R. T. Menzies, C. M. R. Platt, D. A. Randall, and J. A. Reagan (1993),
Scientific investigations planned for the lidar in-space technology experiment (LITE), Bull.
Amer. Meteorol. Soc., 74, 205-214.

McCormick, M. P., and C. R. Trepte (1986), SAM Il measurements of Antarctic PSC’s and
aerosols, Geophys. Res. Lett., 13, 1276-1279.

McCormick, M. P., J. M. Zawodny, R. E. Veiga, J. C. Larsen, and P. H. Wang (1989), An
overview of SAGE I and Il ozone measurements, Planet. Space Sci., 37, 1567-1586.

McCormick, R. A., and J. A. Ludwig (1967), Climate modification by atmospheric aerosols,
Science, 156, 1358-1359.

McDougal, D. S. (1993), The FIRE cirrus science results 1993, NASA-CP-3238, NASA
Technical Report Server (NTRS), Document ID: 19940017819, Accession Number: 94N22292.

McKee, T. B., and S. K. Cox (1974), Scattering of visible radiation by finite clouds, J. Atmos.
Sci., 31, 1885-1892.

McKee, T. B., R. I. Whitman, and C. D. Engle (1964), Radiometric observations of the Earth’s
horizon from altitudes between 300 and 600 kilometers, NASA Technical Note D-2528, NTIS,
Springfield, VA, 27 pp.

79



Meador, W. E., and W. R. Weaver (1980), Two-stream approximations to radiative transfer in
planetary atmospheres: a unified description of existing methods and new improvement, J.
Atmos. Sci., 37, 630-643.

Mekler, Y., Y. J. Kaufman, and R. S. Fraser (1984), Reflectivity of the atmosphere-
inhomogeneous surfaces system: laboratory simulation, J. Atmos. Sci., 41, 2595-2604.

Miller, D. E. (1967), Stratospheric attenuation in the near ultraviolet, Proc. Roy. Soc. A., 301, 57-
75.

Minnis, P., and E. Harrison (1984), Diurnal variability of regional cloud and clear-sky radiative
parameters derived from GOES data, 111, November 1978 radiative parameters, J. Clim. Appl.
Meteorol., 23, 1032-1051.

Minnis, P., D. F. Young, D. P. Garber, L. Nguyen, W. L. Smith, Jr., and R. Palikonda (1998),
Transformation of contrails into cirrus during SUCCESS, Geophys. Res. Lett., 25, 1157-1160.

Mishchenko, M. 1., B. Cairns, J. E. Hansen, L. D. Travis, R. Burg, Y. J. Kaufman, J. V. Martins,
and E. P. Shettle (2004), Monitoring of aerosol forcing of climate from space: analysis of
measurement requirements, J. Quant. Spectrosc. Radiat. Trans., 88, 149-161.

Mlynczak, M. G. (1997), Energetics of the mesosphere and lower thermosphere and the SABER
experiment, Adv. Space Res., 20, 1177-1183.

Mlynczak, M. G., L. A. Hunt, B. T. Marshall, F. J. Martin-Torres, C. J. Mertens, J. M. Russell
I11, E. E. Remsberg, M. Lopez-Puertes, R. Picard, J. Winick, P. Wintersteiner, R. E. Thompson,
and L. L. Gordley (2010), Observations of infrared radiative cooling in the thermosphere on
daily ot multiyear timescales from the TIMES/SABER instrument, J. Geophys. Res., 115,
A03309, doi:10.1029/2009JA014713.

Mlynczak, M. G., D. G. Johnson, H. Latvakoski, K. Jucks, M. Watson, D. P. Kratz, G. Bingham,
W. A. Traub, S. J. Wellard, C. R. Hyde, and X. Liu (2006), First light from the Far-Infrared

80



Spectroscopy of the Troposphere (FIRST) instrument, Geophys. Res. Lett., 33, L0O7704,
doi:10.1029/2005GL025114.

NASA (1979), Shuttle atmospheric lidar research program, NASA SP-433, STI Office, 226 pp.

NASA (1971), Remote measurement of pollution, NASA SP-285, STI Office, Washington, D.
C., 253 pp.

NASA (1970), Holographic Instrumentation Applications, B. Ragent and R. M. Brown, Eds.,
NASA SP-248, STI, Springfield, VA.

Natarajan, M., R. B. Pierce, T. K. Schaack, A. J. Lenzen, J. A. Al-Saadi, A. J. Soja, T. P.
Charlock, F. G. Rose, D. M. Winker, and J. R. Worden (2012), Radiative forcing due to
enhancements in tropospheric ozone and carbonaceous aerosols caused by Asian fires during
spring 2008, J. Geophys. Res., 117, D06307, doi:10.1029/2011JD016584.

NRC (2012), Earth Science and Applications from Space: A midterm assessment of NASA’s
implementation of the Decadal Survey, National Academies Press, Washington, DC.

NRC (2007), Earth Science and Applications from Space: National Imperatives for the Next
Decade and Beyond, National Academies Press, Washington, D. C., 426 pp.

Nordberg, W., W. R. Bandeen, B. J. Conrath, V. Kunde, and I. Persano (1962), Preliminary
results of radiation measurements from the TIROS Il meteorological satellite, J. Atmos. Sci., 19,
20-30.

Northam, G. B., J. M. Rosen, S. H. Melfi, T. J. Pepin, M. P. McCormick, D. J. Hofmann, and W.
H. Fuller, Jr. (1974), A comparison of dustsonde and lidar measurements of stratospheric
aerosols, Appl. Opt., 13, 2416-2421.

81



Ohring, G., B. Wielicki, R. Spencer, B. Emery, and R. Datla (2005), Satellite instrument
calibration for measuring global climate change—Report of a workshop, Bull. Amer. Meteorol.
Soc., 86, 1303-1313.

Ohring, G., K. Gallo, A. Gruber, W. Planet, L. Stowe, and J. D. Tarpley (1989), Climate and
global change: characteristics of NOAA satellite data, EOS, Trans. Amer. Geophys. Union, 70,
doi:10.1029/89E000314.

Ovigneur, B., J. Landgraf, R. Snel, and I. Aben (2011), Retrieval of stratospheric aerosol density
profiles from SCIAMACHY limb radiance measurements in the O, A-band, Atmos. Meas. Tech.,
4, 2359-2373.

Palmer, K. F., and D. Williams (1975), Optical constants of sulfuric acid: application to the
clouds of Venus, Appl. Opt., 14, 208-219.

Parkinson, C. L., A. Ward, and M. D. King (2006), Earth Science Reference Handbook, NASA
Goddard, Greenbelt, MD, (eospso.gsfc.nasa.gov/ftp_docs/2006ReferenceHandbook.pdf).

Pepin, T. J. (1977), Inversion of solar extinction data from the Apollo-Soyuz test project
stratospheric aerosol measurement (ASTP/SAM) experiment, in Inversion Methods in
Atmospheric Remote Sounding, edited by A. Deepak, Academic Press, New York, 529-554.

Pepin, T. J., M. P. McCormick, W. P. Chu, F. Simon, T. J. Swissler, R. R. Adams, K. H.
Crumbly, and W. H. Fuller, Jr. (1977), Stratospheric aerosol measurements: Experiment MA-
007, in NASA Johnson Space Center Apollo Soyuz Test Project Report, vol. 1, 127-136.

Peterson, J. T., and R. A. Bryson (1968), Atmospheric aerosols: increased concentrations during
the last decade, Science, 162, 120-121.

Peterson, J. T., and J. A. Weinman (1969), Optical properties of quartz dust particles at infrared
wavelengths, J. Geophys. Res., 74, 6947-6952.

82



Pilat, M. J., and D. S. Ensor (1970), Plume opacity and particulate mass concentration, Atmos.
Environ., 4, 163-173.

Pilipowskyj, S., J. A. Weinman, B. R. Clemesha, G. S. Kent, and R. W. Wright (1968),
Investigation of the stratospheric aerosol by infrared and lidar techniques, J. Geophys. Res., 73,
7553-7560.

Pitari, G. (1993), A numerical study of the possible perturbation of stratospheric dynamics due to
Pinatubo aerosols: implications for tracer transport, J. Atmos. Sci., 50, 2443-2461.

Pitts, M. C., L. R. Poole, and L. W. Thomason (2009), CALIPSO polar stratospheric cloud
observations: second-generation detection algorithm and composition discrimination, Atmos.
Chem. Phys., 9, 7577-7589.

Platt, C. M. R. (1973), Lidar and radiometric observations of cirrus clouds, J. Atmos. Sci., 30,
1191-1204.

Poole, L. R., M. T. Osborn, and W. H. Hunt (1988), Lidar observations of Arctic polar
stratospheric clouds, 1988: signature of small, solid particles above the frost point, Geophys. Res.
Lett., 15, 867-870.

Poultney, S. K. (1972), The capabilities of high repetition rate laser radars for measurement of
atmospheric properties above 30 km, J. Atmos. Terr. Phys., 34, 339-342.

Prabhakara, C., D. P. Kratz, J.-M. Yoo, G. Dalu, and A. Vernekar (1993), Optically thin cirrus
clouds: radiative impact on the warm pool, J. Quant. Spectrosc. Radiat. Trans., 49, 467-483.

Press, H., and J. C. Houbolt (1955), Some applications of generalized harmonic analysis to gust
loads on airplanes, J. Aero. Sci., 22, 17-26.

83



Ramanathan, V., R. D. Cess, E. F. Harrison, P. Minnis, B. R. Barkstrom, E. Ahmad, and D.
Hartmann (1989), Cloud-radiative forcing and climate: results from the Earth radiation budget
experiment, Science, 243, 57-63.

Ramanathan, V., P. J. Crutzen, J. T. Kiehl, and D. Rosenfeld (2001), Aerosols, climate, and the
hydrological cycle, Science, 294, 2119-2124.

Rasool, S. I., and S. H. Schneider (1971), Atmospheric carbon dioxide and aerosols: effects of
large increases on global climate, Science, 173, 138-141.

Rault, D., and R. Loughman (2007), Stratospheric and upper tropospheric aerosol retrieval from
limb scatter signals, Proc. of SPIE, 6745, doi:10.1117/12.737325.

Reber, C. A., C. e. Trevathan, R. J. McNeal, and M. R. Luther (1993), The upper atmosphere
research satellite (UARS) mission, J. Geophys. Res., 98, 10,643-10,647.

Reiter, E. R. (1971), Atmospheric transport processes, Part 2: chemical tracers, National
Technical Information Service, Springfield, VA., 382 pp.

Remsberg, E. E. (2011), Remote measurement of pollution—A 40-year Langley retrospective:
Part I—Temperature and gaseous species, NASA Tech. Memo. 2011-217087, available at
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20110011302_2011011151.pdf, 73 pp.

Remsberg, E. E. (1973), Stratospheric aerosol properties and their effects on infrared radiation, J.
Geophys. Res., 78, 1401-1408.

84



Remsberg, E. (1971), Measurements in the infrared of optical constants of some probable
stratospheric aerosol constituents, in Particulate Models: Their Validity and Application, I. H.,
Blifford, Jr. (Ed.), NCAR Technical Note, NCAR-TN/PROC-68, Boulder, Colorado, August 21,
1970, 119-128.

Remsberg, E., G. Gibson, and M. Ko (2012), Remote measurement of pollution—A 40-year
retrospective: Part Il—Aerosols and clouds, 10" History Symposium, New Orleans, LA,
Recorded presentation of the American Meteorological Society, Boston, MA.

Remsberg, E. E., and L. L. Gordley (1978), Analysis of differential absorption lidar from Space
Shuttle, Appl. Opt., 17, 624-630.

Remsberg, E. E., D. Lavery, and B. Crawford, Jr. (1974), Optical constants for sulfuric and nitric
acids, J. Chem. Engr. Data, 19, 263-265.

Remsberg, E. E., G. B. Northam, and Butler, C. F. (1979), Lidar backscattering measurements of
background stratospheric aerosols, NASA Technical Paper 1381, NASA Technical Reports
Server, Document ID: 19790009217, Accession Number: 79N17388, 32 pp.

Remsberg, E. E., R. E. Turner, and C. F. Butler (1982), A model study of Fuego volcanic aerosol
dispersion in the lower stratosphere, J. Geophys., Res., 87, 1259-1269.

Rinsland, C. P., G. K. Yue, M. R. Gunson, R. Zander, and M. C. Abrams (1994), Mid-infrared
extinction by sulfate aerosols from the Mt. Pinatubo eruption, J. Quant. Spectrosc. Radiat.
Transfer, 52, 241-252,

Rosen, J. M. (1971), The boiling point of stratospheric aerosols, J. Appl. Meteorol., 10, 1044-
1046.

85



Rosen, J. M. (1969), Stratospheric dust and its relationship to the meteoric influx, Space Sci.
Rev., 9, 58-89.

Rosen, J. M. (1968), Simultaneous dust and ozone soundings over North and Central America, J.
Geophys. Res., 73, 479-486.

Rosen, J. M. (1964), The vertical distribution of dust to 30 kilometers, J. Geophys. Res., 69,
4673-4676.

Rosen, J. M., D. J. Hofmann, and J. Laby (1975), Stratospheric aerosol measurements II: the
worldwide distribution, J. Atmos. Sci., 32, 1457-1462.

Russell 111, J. M. (1980), Satellite solar occultation sounding of the middle atmosphere, Pageoph,
118, 616-635.

Russell 111, J. M., C. B. Farmer, C. P. Rinsland, R. Zander, L. Froidevaux, G. C. Toon, B. Gao, J.
Shaw, and M. Gunson (1988), Measurements of odd nitrogen compounds in the stratosphere by
the ATMOS experiment on Spacelab 3, J. Geophys. Res., 93, d0i:10.1029/JD093iD02p01718.

Russell, J. M., lll, L. L. Gordley, J. H. Park, S. R. Drayson, W. D. Hesketh, R. J. Cicerone, A. F.
Tuck, J. E. Frederick, J. E. Harries, and P. J. Crutzen (1993), The halogen occultation
experiment, J. Geophys. Res., 98, 10,777-10.797.

Russell, P. B., and M. P. McCormick (1989), SAGE Il aerosol data validation and initial data
use: an introduction and overview, J. Geophys. Res., 94, 8335-8338.

Russell, P., J. Livingston, B. Schmid, J. Eilers, R. Kolyer, J. Redemann, S. Ramirez, J.-H. Yee,
W. Swartz, R. Shetter, C. Trepte, A. Risley, Jr., B. Wenny, J. Zawodny, W. Chu, M. Pitts, J.
Lumpe, M. Fromm, C. Randall, K. Hoppel, and R. Bevilacqua (2005), Aerosol optical depth
measurements by airborne sun photometer in SOLVE Il: comparisons to SAGE I1I, POAM llI
and airborne spectrometer measurements, Atmos. Chem. Phys., 5, 1311-1339.

86



Russell, P. B., M. P. McCormick, T. J. Swissler, W. P. Chu, J. M. Livingston, W. H. Fuller, J. M.
Rosen, D. J. Hofmann, L. R. McMaster, D. C. Woods, and T. J. Pepin (1981), Satellite and
correlative measurements of the stratospheric aerosol. Il: comparison of measurements made by
SAM I, dustsondes and an airborne lidar, J. Atmos. Sci., 38, 1295-1312.

Russell, P. B., M. P. McCormick, T. J. Swissler, J. M. Rosen, D. J. Hofmann, and L. R.
McMaster (1984), Satellite and correlative measurements of the stratospheric aerosol. 1l1:
comparison of measurements by SAM II, SAGE, dustsondes, filters, impactors and lidar, J.
Atmos. Sci., 41, 1791-1800.

Russell, P. B., B. M. Morley, J. M. Livingston, G. W. Grams, and E. M. Patterson (1982),
Oribiting lidar simulations. 1. Aerosol and cloud measurements by an independent-wavelength
technique, Appl. Opt., 21, 1541-1553.

Ruttenberg, S., Ed. (1981), Needs, opportunities and strategies for a long-term oceanic sciences
satellite program, NASA CR-170275, NASA Technical Report Server (NTRS), Document ID:
19830017068, Accession Number: 83N25339.

Salomonson, V. V., W. L. Barnes, P. W. Maymon, H. E. Montgomery, H. Ostrow (1989),
MODIS - Advanced facility instrument for studies of the Earth as a system, IEEE Trans. Geosc.
Remote Sens., 27, 145-153.

Samuelson, R. E., R. A. Hanel, L. W. Herath, V. G. Kunde, and W. C. Maguire (1975), Venus
cloud properties: infrared opacity and mass mixing ratio, Icarus, 25, 49-63.

Sandford, M. C. W., P. M. Allan, M. E. Caldwell, J. Delderfield, M. B. Oliver, E. Sawyer, J. E.
Harries, J. Ashmall, H. Brindley, S. Kellock, R. Mossavati, R. Wrigley, D. Llewellyn-Jones, O.
Blake, G. Butcher, R. Cole, N. Nelms, S. DeWitte, P. Gloesener, and F. Fabbrizzi (2003), The
geostationary Earth radiation budget (GERB) instrument on EUMETSAT’s MSG satellite, Acta
Astronautica, 53, 909-915.

Schiffer, R. A., and W. B. Rossow (1983), The International Satellite Cloud Climatology Project
(ISCCP): the first project of the World Climate Research Programme, Bull. Am. Meteorol. Soc.,
64, 779-784.

87



Schroeder, W. (2001), Otto Jesse and the investigation of noctilucent clouds 115 years ago, Bull.
Amer. Meteorol. Soc., 82, doi:10.1175/1520-0477(2001)082<2457:0JATIO0>2.3.CO;2.

Sekera, Z. (1967), Determination of atmospheric parameters from measurement of polarization
of upward radiation by satellite or space probe, Icarus, 6, 348-359.

Shenk, W. E., and R. Curran (1973), A multispectral method for estimating cirrus cloud top
heights, J. Appl. Meteorol., 12, 1213-1216.

Shenk, W. E., R. J. Holub, and R. A. Neff (1976), A multispectral cloud type identification
method developed for tropical ocean areas with Nimbus-3 MRIR measurements, Mon. Wea.
Rev., 104, 284-291.

Shenk, W. E., and V. V. Salomonson (1972), A simulation study exploring the effects of sensor
spatial resolution on estimates of cloud cover from satellites, J. Appl. Meteorol., 11, 214-220.

Shipley, S. T., E. V. Browell, D. S. McDougal, B. L. Orndorff, and P. Haagenson (1984),
Airborne lidar observations of long-range transport in the free troposphere, Environ. Sci.
Technol., 18, 749-756.

Shipley, S. T., D. H. Tracy, E. W. Eloranta, J. T. Trauger, J. T. Sroga, F. L. Roesler, and J. A.
Weinman (1983), High spectral resolution lidar to measure optical scattering properties of
atmospheric aerosols, 1: theory and instrumentation, Appl. Opt., 22, 3716-3724.

Slingo, J. M. (1980), A cloud parameterization scheme derived from GATE data for use with a
numerical model, Quart. J. Roy. Meteorol. Soc., 106, 747-770.

Smith, G. L., K. J. Priestley, N. G. Loeb, B. A. Wielicki, T. P. Charlock, P. Minnis, D. R.
Doelling, and D. A. Rutan (2011), Clouds and Earth radiant energy system (CERES), a review:
past, present and future, Adv. Space Res., 48, doi: 10.1016/j.asr.2011.03.0009.

88



Smith, G. L., G. G. Gibson, and E. F. Harrison (2010), History of earth radiation budget at
Langley Research Center, 8" History Symposium, Atlanta, Georgia, Recorded presentation of
the American Meteorological Society, Boston, MA.

Smith, G. L., and R. N. Green (1981), Deconvolution of wide field-of-view radiometer
measurements of earth-emitted radiation, Part I: theory, J. Atmos. Sci., 38, 461-473.

Smith, W. L. (2010), Satellite atmospheric sounding experiments—an evolution beginning with
Nimbus-3, 8" Presidential History Symposium, Atlanta, Georgia, Recorded presentation of the
American Meteorological Society, Boston, MA.

Solomon, S., J. S. Daniel, R. R. Neely Ill, J. P. Vernier, E. G. Dutton, and L. W. Thomason
(2011), The persistently variable “background” stratospheric aerosol layer and global climate
change, Science, 333, 866-870.

Solomon, S., R. R. Garcia, F. S. Rowland, and D. J. Wuebbles (1986), On the depletion of
Antarctic ozone, Nature, 321, 755-758.

Solomon, S., R. W. Portmann, R. R. Garcia, L. W. Thomason, L. R. Poole, and M. P.
McCormick (1996), The role of aerosol variability in anthropogenic ozone depletion at northern
mid-latitudes, J. Geophys. Res., 101, 6713-6727.

Staelin, D. H., P. W. Rosenkranz, F. T. Barath, E. J. Johnston, and J. W. Waters (1977),
Microwave spectroscopic imagery of the earth, Science, 197, 991-993.

Stanford, J. L. (1977), On the nature of persistent stratospheric clouds in the Antarctic, Tellus,
29, 530-534.

Stanford, J. L. (1973), Possible sink for stratospheric water vapor at the winter Antarctic pole, J.
Atmos. Sci., 30, 1431-1436.

89



Stanford, J. L., and J. S. Davis (1974), A century of stratospheric cloud reports: 1870-1972, Bull.
Amer. Meteorol. Soc., 55, 213-2109.

Steele, H. M., P. Hamill, M. P. McCormick, and T. J. Swissler (1983), The formation of polar
stratospheric clouds, J. Atmos. Sci., 40, 2055-2067.

Stephens, G. L., D. G. Vane, R. J. Boain, G. G. Mace, K. Sassen, Z. Wang, A. J. lllingworth, E.
J. O’Connor, W. B. Rossow, S. L. Durden, S. D. Miller, R. T Austin, A. Benedetti, C. Mitrescu,
and the CloudSat Science Team (2002), The CloudSat Mission and the A-Train: A new
dimension of space based observations of clouds and precipitation. Bull. Amer. Meteor. Soc., 83,
1771-1790.

Stowe, L. L. (1984), Evaluation of Nimbus 7 THIR/CLE and Air Force three-dimensional
nephanalysis estimates of cloud amount, J. Geophys. Res., 89, 5370-5380.

Study of Man’s Impact on Climate (SMIC) (1971), Inadvertent climate modification, Matthews,
W. H., W. W. Kellogg, and G. D. Robinson, Eds., M.L.T. Press, Cambridge, MA, 594 pp.

Sun, W., N. G. Loeb, and S. Kato (2004), Estimation of instantaneous TOA albedo at 670 nm
over ice clouds from POLDER multidirectional measurements, J. Geophys. Res., 109,
d0i:10.1029/2003JD003801.

Sun, W., G. Videen, S. Kato, B. Lin, C. Lukashin, and Y. Hu (2011), A study of subvisual clouds
and their radiation effect with a synergy of CERES, MODIS, CALIPSO, and AIRS data, J.
Geophys. Res., 116, D22207, doi:10.1029/2011JD016422.

Suomi, V. E., M. Franssila, and N. F. Islitzer (1954), An improved net-radiation instrument, J.
Meteorol., 11, 276-282.

Suomi, V. E., and P. M. Kuhn (1958), An economical net radiometersonde, Tellus, 10, 160-163.

90



Swift, C. T. (1974), Microwave radiometer measurements of the Cape Cod Canal, Radio
Science, 9, doi:10.1029/RS009i007p00641.

Thomason, L. W., S. P. Burton, B.-P.Luo, and T. Peter (2008), SAGE Il measurements of
stratospheric aerosol properties at non-volcanic levels, Atmos. Chem. Phys., 8, 983-995.

Thomas, L., J. C. Cartwright, and D. P. Wareing (1990), Lidar observations of the horizontal
orientation of ice crystals in cirrus clouds, Tellus B, 42, 211-216.

Thomason, L. W., J. R. Moore, M. C. Pitts, J. M. Zawodny, and E. W. Chiou (2010), An
evaluation of the SAGE Il version 4 aerosol extinction coefficient and water vapor data
products, Atmos. Chem. Phys., 10, 2159-2173.

Thomason, L., and Th. Peter, Eds. (2006), SPARC assessment of stratospheric aerosol
properties, SPARC Report No. 4, World Climate Research Programme (WCRP)-124, World
Meteorological Organization, 322 pp.

Thomason, L. W., L. R. Poole, and C. E. Randall (2007), SAGE Il aerosol extinction validation
in the Arctic winter: comparisons with SAGE Il and POAM l11, Atmos. Chem. Phys., 7, 1423-
1433.

Thomason, L. W., and G. Taha (2003), SAGE I11 aerosol extinction measurements: initial
results, Geophys. Res. Lett., 30, doi:10.1029/2003GL017317.

Tillman, J. E., R. M. Henry, and S. L. Hess (1979), Frontal systems during passage of the
Martian north polar hood over the Viking Lander 2 site prior to the first 1977 dust storm, J.
Geophys. Res., 84, doi:10.1029/JB084iB06p02947.

Trenberth, K. E., and J. T. Fasullo (2010), Tracking Earth’s energy, Science, 328, 316-317.

91



Trenberth, K. E., J. T. Fasullo, C. O’Dell, and T. Wong (2010), Relationships between tropical
sea surface temperature and top-of-atmosphere radiation, Geophys. Res. Lett., 37, L03702,
d0i:10.1029/2009GL042314.

Twitty, J. T., and J. A. Weinman (1971), Radiative properties of carbonaceous aerosols, J. Appl.
Meteorol., 10, 725-731.

Twitty, J. T., R. J. Parent, J. A. Weinman, and E. W. Eloranta (1976), Aerosol size distributions:
remote determination from air-borne measurements of the solar aureole, Appl. Opt., 15, 980-989.

Vanhellemont, F., D. Fussen, C. Bingen, E. Kyr6lg, J. Tamminen, V. Sofieva, S. Hassinen,

P. Verronen, A. Seppald, J. L. Bertaux, A. Hauchecorne, F. Dalaudier, O. Fanton d'Andon,

G. Barrot, A. Mangin, B. Theodore, M. Guirlet, J. B. Renard, R. Fraisse, P. Snoeij, R. Koopman,
and L. Saavedra (2005), A 2003 stratospheric aerosol extinction and PSC climatology from
GOMOS measurements on Envisat, Atmos. Chem. Phys., 5, 2413-2417.

Venugopal, V. R. (1963), Meteorological conditions and radio astronomy observations at X-
band, J. Atmos. Sci., 20, 372-375.

Vernier, J. P., J. P. Pommereau, A. Garnier, J. Pelon, N. Larsen, J. Nielsen, T. Christensen, F.
Cairo, L. W. Thomason, T. Leblanc, and I. S. McDermid (2009), Tropical stratospheric aerosol
layer from CALIPSO lidar observations, J. Geophys. Res., 114, DOOH10,
doi:10.1029/2009JD011946.

Vernier, J. P., L. W. Thomason, J. P. Pommereau, A. Bourassa, J. Pelon, A. Garnier, A.
Hauchecorne, L. Blanot, C. Trepte, D. Degenstein, and F. Vargas (2011), Major influence of
tropical volcanic eruptions on the stratospheric aerosol layer during the last decade, Geophys.
Res. Lett., 38, L12807, d0i:10.1029/2011GL047563.

Volz, F. E. (1969), Twilights and stratospheric dust before and after the Agung eruption, Appl.
Opt., 8, 2505-2517.

92



Vonder Haar, T. H., and V. E. Suomi (1971), Measurements of the Earth’s radiation budget from
satellites during a five-year period. Part I: extended time and space means, J. Atmos. Sci., 28,
305-314.

Weinman, J. A., Harshvardhan, and W. S. Olson (1981), Infrared radiation emerging from smoke
produced by brush fires, Appl. Opt., 20, 199-206.

Wielicki, B. A., B. R. Barkstrom, E. F. Harrison, R. B. Lee Ill, G. L. Smith, and J. E. Cooper
(1996), Clouds and the Earth’s radiant energy system (CERES): an Earth observing system
experiment, Bull. Amer. Meteorol. Soc., 77, 853-868.

Wielicki, B. A., and R. N. Green (1989), Cloud identification for ERBE radiative flux retrieval,
J. Appl. Meteorol., 28, 1133-1146.

Wielicki, B. A., and R. M. Welch (1986), Cumulus cloud properties derived using Landsat
satellite data, J. Clim. Appl. Meteorol., 25, 261-276.

Wilson, R. G., A. Jalink, Jr., and W. M. Kahlbaum, Jr. (1979), Spatial-frequency response of the
limb infrared monitor of the stratosphere (LIMS) radiometer, Opt. Engr., 18, 432-4309.

Winker, D. M., R. H. Couch, and M. P. McCormick (1996), An overview of LITE: NASA’s lidar
in-space technology experiment, Proc. IEEE, 84, 164-180.

Winker, D. M., J. Pelon, J. A. Coakley, Jr., S. A. Ackerman, R. J. Charlson, P. R. Colarco, P.
Flamant, Q. Fu, R. M. Hoff, C. Kittaka, T. L. Kubar, H. Le Treut, M. P. McCormick, G. Megie,
L. Poole, K. Powell, C. Trepte, M. A. Vaughan, and b. A. Wielicki (2010), The CALIPSO
mission: a global 3d view of aerosols and clouds, Bull. Amer. Meteorol. Soc., 91, 1211-1229,
d0i:10.1175/2010BAMS3009.1.

Winker, D. M., J. Pelon, and M. P. McCormick (2003), The CALIPSO mission: spaceborne lidar
for observation of aerosols and clouds, Proc. of the SPIE, 4893, 1-11.

93



Winker, D. M., and M. A. Vaughan (1994), Vertical distribution of clouds over Hampton,
Virginia observed by lidar under the ECLIPS and FIRE ETO programs, Atmos. Res., 34, 117-
133.

Winker, D. M., M. A. Vaughan, A. Omar, Y. Hu, K. A. Powell, Z. Liu, W. H. Hunt, and S. A.
Young (2009), Overview of the CALIPSO mission and CALIOP data processing algorithms, J.
Atmos. Oceanic Technol., 26, 2310-2323, doi:10.1175/2009JTECHA1281.1.

Woodbury, G. E., and M. P. McCormick (1983), Global distributions of cirrus clouds determined
from SAGE data, Geophys. Res. Lett., 10, 1180-1183.

Xu, L., and W. L. Smith (1986), Numerical simulation of the influence of volcanic aerosols on
VAS derived SST determinations, Appl. Opt., 25, 1137-1144.

Xu, L., and B. Sun (1991), Influence of cirrus clouds on the VISSR atmospheric sounder-derived
sea surface temperature determinations, Appl. Opt., 30, 1525-1536.

Yates, H. W. (1977), Measurement of the earth radiation balance as an instrument design
problem, Appl. Opt., 16, 297-299.

Young, A. T. (1974), Venus clouds: structure and composition, Science, 183, 407-400.

Yue, G. K., C.-H. Lu, P.-H. Wang (2005), Comparing aerosol extinctions measured by
Stratospheric Aerosol and Gas Experiment (SAGE) 11 and 111 satellite experiments in 2002 and
2003, J. Geophys., Res., 110, D11202, doi:10.1029/2004JD005421.

Yue, G. K., L. R. Poole, M. P. McCormick, R. E. Veiga, P.-H. Wang, V. Rizi, F. Masci, A.
D’Altorio, and G. Visconti (1995), Comparing simultaneous stratospheric aerosol and ozone
lidar measurements with SAGE 11 data after the Mount Pinatubo eruption, Geophys., Res., Lett.,
22,1881-1884.

94



Zhou, D. K., A. M. Larar, X. Liu, W. L. Smith, L. L. Strow, P. Yang, P. Schluessel, and X.
Calbet (2011), Global land surface emissivity retrieved from satellite ultraspectral IR
measurements, |IEEE Trans. Geosc. Remote Sens., 49, 1277-1290.

95



REPORT DOCUMENTATION PAGE oMo ApDroved o

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and
Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person
shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) |2. REPORT TYPE 3. DATES COVERED (From - To)
01-05 - 2012 Technical Memorandum
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Remote Measurement of Pollution - A 40-Year Langley Retrospective: Part[s; " GRANT NUMBER
Il - Aerosols and Clouds

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Remsberg, Ellis E. 5e. TASK NUMBER

5f. WORK UNIT NUMBER
479717.02.01.01.38

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

NASA Langley Research Center REPORT NUMBER
Hampton, VA 23681-2199

L-20150
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
National Aeronautics and Space Administration NASA

Washington, DC 20546-0001

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

NASA/TM-2012-217578

12. DISTRIBUTION/AVAILABILITY STATEMENT
Unclassified - Unlimited

Subject Category 46

Availability: NASA CASI (443) 757-5802

13. SUPPLEMENTARY NOTES

14. ABSTRACT

A workshop was convened in 1971 by the National Aeronautics and Space Administration (NASA) on the Remote Measurement of Pollution (RMOP), and the
findings and recommendations of its participants are in a NASA Special Publication (NASA SP-285). The three primary workshop panels and their chairmen
were focused on trace gas species (Will Kellogg), atmospheric particulates or aerosols (Verner Suomi), and water pollution (Gifford Ewing). Many of the
workshop participants were specialists in the techniques that might be employed for regional to global-scale, remote measurements of the atmospheric
parameters from Earth-orbiting satellites. In 2011 the author published a 40-year retrospective (or Part I) of the instrumental developments that were an
outgrowth of the RMOP panel headed by Will Kellogg, i.e., on atmospheric temperature and gaseous species. The current report (or Part 1) is an analogous
retrospective of the vision of the panel led by Verner Suomi for the measurement of particulates (or aerosols) and clouds and for their effects on Earth’s
radiation budget. The class of measurement techniques includes laser radar or lidar, solar occultation, limb emission and scattering, nadir-viewing photometry
or radiometry, and aerosol polarimetry. In addition, the retrospective refers to the scientific imperatives that led to those instrument developments of
1971-2010. Contributions of the atmospheric technologists at the Langley Research Center are emphasized, and their progress is placed in the context of the
parallel and complementary work from within the larger atmospheric science community.

15. SUBJECT TERMS

Earth radiation budget; aerosols; clouds; history; pollution; remote sensing; satellite

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF or. .
a. REPORT [b. ABSTRACT [c. THIS PAGE PAGES STI Help Desk (email: help@sti.nasa.gov)
19b. TELEPHONE NUMBER (Include area code)
U U U uu 100 (443) 757-5802

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




	Up and coming researchers began to assume leadership roles for the several experiments proposed by Langley for EOS.  For example, although the CERES experiment was led initially by Bruce Barkstrom, that role was handed off to Bruce Wielicki in 1996 an...
	Lamont Poole of McCormick’s ARB returned to graduate school at the University of Arizona, where Sean Twomey and RMOP Panelist Benjamin Herman were faculty members.  Poole conducted theoretical and analytical studies to determine the probable compositi...
	Marty Mlynczak, who received his M. S. degree under the guidance of Verner Suomi in 1984, began his career at Langley as a member of the HALOE Project.  He obtained his doctoral degree from the University of Michigan in 1989 on the topic of non-local ...

