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Abstract

The Earth Science Reference Handbook provides a guide to the satellite missions and
other elements of NASA’s Earth science program. This volume updates the 1999 EOS
Reference Handbook, now that the major missions of the Earth Observing System (EOS)
have been launched and are transmitting data, and broadens the coverage to include not just
EOS but also additional NASA Earth science missions. The book begins with overviews
of NASA'’s Earth science program and its following aspects: Earth observations, the data
and information system and policies regarding the data, the applied sciences program,
the education program, the technology program, and the collaborative efforts with other
nations and with other agencies within the U.S. This preliminary material constitutes the
first 25% of the book. The remaining 75% centers on NASA’s satellite Earth-observing
missions (many of them joint with other nations and/or agencies), beginning with the
Active Cavity Radiometer Irradiance Monitor Satellite (ACRIMSAT) and proceeding
alphabetically through the Upper Atmosphere Research Satellite (UARS). The chapters on
individual missions include summaries of the mission and its science goals, descriptions of
each instrument on the spacecraft and its relevance to the mission, a list of data products,
points of contact, and a list of references. The program as a whole is collecting hundreds
of Gigabytes a day of data about the Earth system; these data are being processed by
numerous data centers and are being made available to the research community, weather
forecasters, and a wide variety of additional users.
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NASA’s Earth Science Program

Introduction

NASA'’s Earth science program is dedicated to understand-
ing the total Earth system and the effects of natural and
human-induced changes on the global environment. The
vantage point of space provides information about Earth’s
land, atmosphere, ice, oceans, and biota that is obtain-
able in no other way. NASA is studying the interactions
among these components to advance the new discipline
of Earth system science, with a near-term emphasis on
global climatic change. Our research results contribute
to the development of sound environmental policy and
economic investment decisions.

NASA develops innovative technologies and appli-
cations of remote sensing for solving practical societal
problems in food and fiber production, natural-hazard
mitigation, regional planning, water resources, and na-
tional-resource management in partnership with other
Federal agencies, with industry, and with state and local
governments. Earth science discoveries are shared with the
public to enhance science, mathematics, and technology
education and increase the scientific and technological
literacy of all Americans. Earth science combines the
excitement of scientific discovery with the reward of
practical contributions to the sustainability of our home
planet.

Background
In the 215 century, planet Earth faces the

dressing these issues through research efforts coordinated
under the U.S. Climate Change Science Program (CCSP),
encompassing the Climate Change Research Initiative
(CCRI) and the U.S. Global Change Research Program
(USGCRP); the International Geosphere-Biosphere Pro-
gram (IGBP); and the World Climate Research Program
(WCRP). The strategy of NASA’s Earth Science Program
is explained in the document, Earth Science Enterprise
Strategy (NASA 2003), which can be accessed at: science.
hq.nasa.gov/strategy/index.html.

Scientific research shows that Earth has continually
undergone changes throughout its history and continues to
change. Human activity has altered the condition of Earth
by reconfiguring the landscape, by changing the composi-
tion of the atmosphere, and by stressing the biosphere in
countless ways. There are strong indications that natural
change is being accelerated by human intervention. In its
quest for improved quality of life, humanity has become a
force for change on the planet, building upon, reshaping,
and modifying nature—often in unintended ways.

The by-products of human activities, such as carbon
dioxide, methane, nitrous oxide, and other gases, once in
place in the atmosphere, trap heat emitted from Earth’s
surface, thus potentially warming the global atmosphere.
Measurements over the past several decades have docu-
mented a rapid rise in concentrations of these greenhouse
gases (Figure 1). Changes in other variables, such as global
cloudiness, concentration of atmospheric dust particles,
sea ice concentrations, and ocean-circulation patterns, also
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rising sea level, deforestation, desertifi- 370
cation, atmospheric ozone depletion, in- 365
creased acid rain, and reduced biodiver-
sity. Such changes could have a profound
impact on all nations and on the natural
system, but many important scientific
questions remain unanswered. For exam-
ple, while most climate scientists agree
that global warming is occurring, details 330
on its magnitude, timing, and causes 325
(especially at the regional level) are quite 320
uncertain. Additional information on the 315
rate, causes, and effects of global change
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ing needed to cope effectively with it.
NASA is working with the national and
international scientific communities to

Figure 1. Atmospheric carbon dioxide monthly mean mixing ratios as observed by
Tans and Keeling at Mauna Loa, Hawaii. Data prior to May 1974 are from the Scripps

Institution of Oceanography, and data since May 1974 are from the National Oceanic

establish a sound scientific basis for ad-
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have impacts on Earth’s climate. Prior to the late 1990s,
space-based systems for global monitoring lacked the spa-
tial, temporal, and spectral coverage necessary to provide
observations with the accuracy and precision desired to
interpret the interactions among these variables and their
individual and combined contributions to global climate.
Furthermore, modeling of these interactive processes did
not represent them with sufficient accuracy to generate
reliable predictions of the magnitude and timing of global
climate change.

Overview

NASA uses space-, ground-, and aircraft-based measure-
ment systems to provide the scientific basis for under-
standing the Earth system, especially its climate, weather,
and natural hazards components. NASA contributes ongo-
ing and near-term satellite missions, new missions under
development, planned future missions, management and
analysis of satellite and in situ data, and a continuing basic-
research program focused on process studies, modeling,
and data analysis. The space-based components of NASA’s
Earth science program provide a constellation of satellites
to study Earth from space. Sustained observations allow
researchers to monitor Earth’s climate variables over time
to determine trends; however, launching satellites alone
is not sufficient. A comprehensive data and information
system, a community of scientists performing research
with the data acquired, and extensive ground and airborne
campaigns are all important components. More than any
other factor, the commitment to make Earth science data
easily available to the research community is critical to
mission success.

Satellites operating in a variety of orbits form the
space component of NASA’s Earth science program. No
single orbit permits the gathering of complete information
on Earth processes. For example, the low-inclination orbit
of the Tropical Rainfall Measuring Mission (TRMM) was
chosen specifically because TRMM was designed to study
tropical rainfall and the associated release of energy that
helps to power the global atmospheric circulation. High-
inclination, polar-orbiting satellites are needed to observe
phenomena that require relatively detailed observations on
a routine basis, often from a constant solar-illumination
angle. Geostationary satellites are needed to provide con-
tinuous monitoring of high-temporal-resolution processes;
an international array of these platforms now provides
coverage on a near-global basis. This coverage may be
improved in the next few years by geostationary satellites
with advanced instrumentation planned by NASA and its
international partners.

Advances in observing and information technologies,
research, and modeling are all required to fulfill NASA’s
long-term vision for Earth system prediction. The observ-
ing system of the future will continue to include satellites

2 [ NASA's Earth Science Program ]

in a variety of orbits. These will include a ‘sensorweb’ of
small, smart satellites in low Earth orbit, large-aperture
sensors in geostationary orbits, and sentinel satellites at
the Lagrangian points L1 and L2 (about 1.5 million kilo-
meters from Earth) to provide synoptic day/night views
of the entire globe from pole to pole. Onboard data pro-
cessing and high-speed computing and communications
will enable delivery of tailored information products from
satellites direct to users at the cost of today’s international
telephone calls.

Earth Science Mission, Goals, and
Objectives

NASA’s Earth-Sun Exploration Division is currently in
charge of NASA’s Earth science program and plans its
scientific and programmatic endeavors in accord with
NASA'’s Vision and Mission, in the context of current
scientific, societal, and national imperatives:

The NASA Vision:
To improve life here,

To extend life to there,
To find life beyond.

The NASA Mission:
To understand and protect our home planet,
To explore the universe and search for life,
To inspire the next generation of explorers.

The former Earth Science Enterprise (ESE) expanded
the Earth-oriented parts of the NASA Vision and Mis-
sion to the following ESE mission statement:

“To understand and protect our home planet by using
our view from space to study the Earth system and
improve prediction of Earth system change.”

One of NASA’s goals is: “Understand the Earth sys-
tem and apply Earth system science to improve the predic-
tion of climate, weather, and natural hazards,” and among
NASA’s objectives within this goal are: “Understand how
Earth is changing; better predict change and understand
the consequences for life on Earth.” These objectives are
at the core of the Earth science mission and lead to the fol-
lowing fundamental question guiding scientific research
and applications in NASA’s Earth science program:

“How is Earth changing, and what are the conse-
quences for life on Earth?”

Earth Science Reference Handbook



NASA’s Earth Science Satellite Program:
1991-2004

The Earth Observing System (EOS)—consisting of a sci-
ence segment, a data system, and a space segment made up
of a series of polar-orbiting and low-inclination satellites
for long-term global observations of the land surface,
biosphere, solid Earth, atmosphere, and oceans—is the
centerpiece of NASA’s Earth science satellite program.
In concert with EOS, the polar-orbiting and mid-inclina-
tion platforms from Europe, Japan, and NOAA form the
basis for working with the Committee on Earth Observa-
tion Satellites (CEOS) to construct an Integrated Global
Observing Strategy (IGOS). In combination, the programs
from NASA, Japan, and the European Space Agency
(ESA) establish an international Earth-observing capabil-
ity covering all major Earth-system processes.

Table 1 identifies the NASA, other U.S., and interna-
tional contributions of recent Earth observing satellites,
beginning with the launch of the Upper Atmosphere
Research Satellite (UARS) on September 12, 1991. Ad-
ditional details on many of these satellite missions are
presented later in this Handbook. EOS satellites carry
two classes of instruments, both geared to overall NASA
objectives. These two classes are: Facility Instruments,
supplied by NASA in response to general mission re-
quirements, and Principal Investigator (PI) Instruments,
selected through a competitive process and aimed at the
focused research interests of the selected investigators.
The individual mission sections provide details on the
science being accomplished and the high-level engineer-
ing specifications for the instruments now included in the
program.

The program has a number of major elements other
than the EOS spacecraft and instruments. These essential
elements—Research Program, Earth Observing Program,
EOS Data and Information System (EOSDIS), Applied
Sciences Program, Education Program, Technology
Program, International Cooperation, and Interagency
Coordination—receive coverage in the next sections of
this Handbook.

The data-collection segment of the program—EOS,
Pathfinders, geostationary satellites, and aircraft- and
ground-based programs—provides the comprehensive
global observations necessary to understand how the
processes that govern global change interact as part of
the Earth system. With the help of the resultant increased
knowledge, models are being developed to help predict
future environmental change on local, regional, and global
scales. For those who make observations of the Earth
system and develop models of its operation, Earth system
science involves the creation of interdisciplinary models
that couple elements from formerly disparate sciences,
such as terrestrial ecology and meteorology.
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NASA’s Earth Science Satellite Program:
2004 and Beyond

Future plans include a new generation of satellites in
geostationary orbit and additional Pathfinder satellites
addressing specific Earth science investigations. NASA
has a Technology Program for developing a new gen-
eration of sensor technologies. These technologies will
eventually migrate into future flight programs. The data-
system aspects will continue throughout and beyond the
lifetime of the EOS mission.

Several mission categories have been identified to
provide critical Earth science measurements not provided
by the current international constellation of satellites.
NASA is pursuing collaborations with domestic and/or
international partners in the following disciplines: Global
change, global precipitation, solid-Earth topography,
and ocean topography. Additional Earth System Science
Pathfinder (ESSP) missions will be launched as particular
observations are requested by the national and interna-
tional science community, or as data gaps develop. The
main driver behind this program is the need to provide
focused missions in a more-expeditious manner, alleviat-
ing lengthy procurements. These small-to-moderate-sized
satellites have highly focused objectives and obtain
measurements that are not provided by other instrument
suites.

EOS missions will provide high-spatial-resolution
global information. The various orbits of these spacecraft
will give Earth scientists a comprehensive, cohesive set
of observations of Earth system processes, over a wide
range of scales.

Research Program Focus Areas

NASA’s Earth science research program is guided by the
fundamental two-part question: “How is Earth changing,
and what are the consequences for life on Earth?” This
question leads to the following three-part quest for Earth
system science: 1) to explore interactions among the
major components of the Earth system—Iland, oceans,
atmosphere, ice, and life; 2) to distinguish natural from
human-induced causes of change; and 3) to understand
and predict the consequences of change. NASA has es-
tablished the following six science focus areas for these
complex processes, along with Applied Sciences program
elements for each focus area (in each focus area an Earth-
Sun connection is implicit):

* Climate Variability and Change

» Atmospheric Composition

* Carbon Cycle, Ecosystems, and Biogeochemistry
» Water and Energy Cycles

» Weather

* Earth Surface and Interior

[ NASA's Earth Science Program | 3



In each of these areas, NASA seeks the input of the Earth
science community in government, in universities, and
elsewhere to identify the scientific questions to be ad-
dressed and to define effective strategies to pursue the
answers to those questions. NASA chartered the Solid
Earth Science Working Group, led by a member of its
external Earth System Science and Applications Advisory
Committee (ESSAAC) and comprising experts from
around the Nation, to lay out a course of research for the
next two decades. The report of this group was the starting
point for an Earth Surface and Interior science-focus area
roadmap leading to a predictive capability over the next 10
years. Similarly, future contributions have been defined in
other science focus areas. For example, the U.S. Weather
Research Program’s priorities are the basis for NASA’s
planning in the Weather science focus area.

The next challenge is to further integrate these six fo-
cus areas into a comprehensive understanding of the Earth
system, represented by process models and coupled mod-
els. NASA will develop these models around scientific
prediction questions for each focus area. The magnitude
and scope of the fundamental question, mentioned above,
are too large to allow a simple answer. A second tier of five
questions provides a structure constituting the conceptual
approach NASA is taking to improve our knowledge of
the Earth system. These five questions define a pathway
of ‘variability, forcing, response, consequences, and pre-
diction’ that is taken to further enumerate a third tier of
24 more-specific questions which provide direction and
focus to the program. The five second-tier and 24 third-tier
questions, taken from the NASA Earth Science Enterprise
Strategy (NASA 2003), are:

1) How is the global Earth system changing?
(Variability)

*  How are global precipitation, evaporation, and the
cycling of water changing?

* How is the global ocean circulation varying on inter-
annual, decadal, and longer time scales?

*  How are global ecosystems changing?

*  How is atmospheric composition changing?

*  What changes are occurring in the mass of Earth’s
ice cover?

*  How is Earth’s surface being transformed by naturally
occurring tectonic and climatic processes?

2) What are the primary forcings of the Earth system?
(Forcing)

e What trends in atmospheric constituents and solar
radiation are driving global climate?

*  What changes are occurring in global land cover and
land use, and what are their causes?

e What are the motions of Earth’s interior, and how do
they directly impact our environment?

4 [ NASA's Earth Science Program ]

3) How does the Earth system respond to natural and
human-induced changes? (Response)

*  Whatare the effects of clouds and surface hydrologic
processes on Earth’s climate?

*  How do ecosystems, land cover, and biogeochemical
cycles respond to and affect global environmental
change?

* How can climate variations induce changes in the
global ocean circulation?

* How do atmospheric trace constituents respond to
and affect global environmental change?

*  How s global sea level affected by natural variability
and human-induced change in the Earth system?

4) What are the consequences of change in the Earth
system for human civilization? (Consequences)

*  How are variations in local weather, precipitation, and
water resources related to global climate variation?

*  What are the consequences of land cover and land use
change for human societies and the sustainability of
ecosystems?

*  What are the consequences of climate change and
increased human activities for coastal regions?

*  What are the effects of global atmospheric chemical
and climate changes on regional air quality?

5) How will the Earth system change in the future and
how can we improve predictions through advances in
remote sensing observations, data assimilation, and
modeling? (Prediction, the six questions correspond
to the six science focus areas.)

* How can weather forecast duration and reliability be
improved?

* How can predictions of climate variability and change
be improved?

* How will future changes in atmospheric composition
affect ozone, climate, and global air quality?

* How will carbon cycle dynamics and terrestrial and
marine ecosystems change in the future?

* How will water cycle dynamics change in the fu-
ture?

* How can our knowledge of Earth surface change be
used to predict and mitigate natural disasters?

The following strategic principles govern the formula-
tion and implementation of the Earth science research
program:

* Choose scientific questions for which NASA technology
and remote sensing can make a defining contribution;

 Pursue answers to these questions using an ‘end-to-end’
systems approach that includes observation, research
and data analysis, modeling, and scientific assessment
in collaboration with our partners;
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» Engage the broader Earth science community through-
out the process, from question formulation to the final
release of findings to decision makers and the public;

* Identify and generate a specific set of validated climate-
data records in collaboration with the science commu-
nity and our domestic and international partners;

» Create data-assimilation capabilities for available di-
verse data types;

» Develop computational modeling capabilities for re-
search focus areas;

* Participate in national and international scientific as-
sessments of the state and directions of Earth system
change in support of policy and economic decision-
making processes, aligning our science priorities with
those of major national imperatives;

» Establish and maintain critical linkages to NASA’s
space science program in areas such as the Sun-Earth
Connection theme, Living with a Star program, astro-
biology, and comparative planetology.

The six science focus areas are interrelated and must
eventually be integrated to arrive at a fully interactive and
realistic Earth system representation. For each science fo-
cus area, NASA has developed a decadal roadmap guiding
investments and describing how we intend to achieve the
outcomes listed above. These roadmaps show the science
products being produced today and those we believe we
can deliver, or enable others to deliver, 10 years from now.
In between, the roadmaps show the steps required to get
there and the needed observation and modeling capabili-
ties. Fully detailed roadmaps for each science focus area
can be accessed at: earth.nasa.gov/roadmaps.

A detailed discussion of the Earth science re-
search program—and of the associated Programs on
Observation and Information Management, Advanced
Technology, Applications, and Education—can be
accessed in the document Earth Science Enterprise
Strategy (NASA 2003) and other related documents, at:
science.hq.nasa.gov/strategy/index.html
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Science Investigations

In 1988, NASA issued an Announcement of Opportunity
(AO) for the selection of instruments, science teams, and
interdisciplinary investigation teams in support of EOS.
In response 455 proposals were received, and in 1989
NASA announced the selection of 30 instruments and their
instrument teams plus 28 Interdisciplinary Science (IDS)
Investigation teams. Altogether, 551 individuals became
members of EOS teams. The instrument teams were in
charge of algorithm development to convert the measure-
ments from each individual instrument to the desired
geophysical parameters. The IDS teams were selected to
conduct basic research, develop methods and models for
analysis of EOS observations, develop and refine models
of Earth system processes, and forge new alliances among
scientific disciplines fostering a unique perspective into
how Earth functions as an integrated system. As the pro-
gram evolved over the years a number of IDS investiga-
tions were added, and some were discontinued.

Starting in 1995, NASA has issued many NASA Re-
search Announcements (NRAs) to add new investigations
and augment the EOS instrument and interdisciplinary
science teams. In each case, selections were made based
on peer reviews done by scientific experts from academia
and government.

A number of groups and programs contribute to the
IDS investigations. For example, the EOS instrument-
science teams help define the scientific requirements for
their respective instruments and generate the algorithms
that are used to process the data into useful data products
used in the investigations. Further, the science teams are
responsible for validation of the algorithms and data prod-
ucts they produce. Listings of instrument-science teams
can be found at: eospso.gsfc.nasa.gov/directory/instru-
ment/. Listings of Algorithm Theoretical Basis Documents
(ATBD) can be found at: eos.gsfc.nasa.gov/eos_homep-
age/for_scientists/atbd/.

As described at the beginning of this Section, NASA
has identified six science focus areas that generally en-
compass individual discipline components of the Earth
system. However, NASA stresses the importance of
interdisciplinary science and emphasizes that the imple-
mentation of the IDS program builds on the strength of
the existing Earth science disciplines.

Many of the important scientific questions being
studied by EOS scientists require analyses by interdisci-
plinary teams using data and information from multiple
EOS and international instruments and in situ observa-
tions. The IDS investigation teams bring together highly
talented experts from diverse fields to tackle specific areas
of uncertainty regarding the functioning of the Earth as a
coupled system. All investigations exploit the EOS data,
with research results being made available through the
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EOS Data and Information System (EOSDIS) to enhance
broad participation by the science community at large.

Another route for scientists to enter into the EOS
community is through the New Investigator Program
(NIP) in Earth Science, which is directed at scientists near
the beginning of their careers (usually within five years
of obtaining a Ph.D. degree). The NIP was established
in 1996 to encourage Earth system science research and
education by scientists and engineers at the carly stage
of their professional careers. The program, designed for
investigators in Earth system science and applications at
academic institutions and non-profit organizations, em-
phasizes the early development of professional careers of
these individuals as both researchers and educators. The
program encourages scientists and engineers to develop a
broader sense of responsibility for effectively contributing
to the improvement of science education and the public’s
science literacy. For this, it provides an opportunity for
the investigators to develop partnerships and/or enhance
their skills, knowledge, and ability to communicate the
excitement, challenge, methods, and results of their work
to teachers, students, and the public. An NIP Announce-
ment is issued about every one-and-a-halfyears. On March
31,2004, NASA announced the selection of 31 proposals,
from 126 submitted in response to an NRA to conduct
research and education activities under NIP.

The roadmap and focus for both IDS and NIP inves-
tigations are encompassed in the fundamental question
and associated hierarchy of science questions, set forth
in the Earth Science Enterprise Strategy (NASA 2003)
and discussed earlier in this Section.

NASA’s Role in U.S. Climate Change
Science and Technology Programs

In February 2002, the President created a new Cabinet-
level management structure, the Committee on Climate
Change Science and Technology Integration, to oversee
the full scope of federal climate-change research and
technology development. Within this structure, CCSP in-
tegrates research and related activities sponsored by the
U.S. Departments of Agriculture, Commerce, Defense,
Energy, Health and Human Services, Interior, State, and
Transportation, as well as the Environmental Protection
Agency, NASA, National Science Foundation, Smithso-
nian Institution, U.S. Agency for International Develop-
ment, Office of Science and Technology Policy, and Of-
fice of Management and Budget.

The Director of the Climate Change Science Pro-
gram Office (CCSPO) is the Assistant Secretary of
Commerce for Oceans and Atmosphere. CCSP encom-
passes CCRI and USGCRP. CCSPO has produced a vi-
sion document and strategic plan that can be accessed at
www.climatescience.gov. NASA’s Earth system science
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research paradigm, science focus areas, and program ele-
ments are well aligned with corresponding elements of
CCSP.
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Launch
1991
1991-

2000

1991

1992

1996

1997

1997

1999

1999

1999

1999

2000

2000

2000

2001

2001

Satellite

UARS

NASA Shuttle Missions

Meteor-3/TOMS

TOPEX/Poseidon

Earth Probe/TOMS

Orbview-2/SeaWiFS

TRMM

Landsat 7

QuikSCAT

Terra

ACRIMSAT

CHAMP

EO-1

SAC-C

Jason

Meteor-3M/
SAGE Il

Mission Objectives

Measure upper atmospheric characteristics to examine stratospheric
and mesospheric chemistry and dynamic processes.

Measure atmospheric ozone (SSBUV), atmospheric and solar dynamics
(ATLAS), atmospheric aerosols (LITE), and surface height (SLA), through
a series of Shuttle-based experiments. Shuttle Radar Topography
Mission (SRTM), including X-SAR, SIR-C, and GPS instruments, was
launched February 11, 2000 (joint with Germany and Italy).

Monitor and map atmospheric ozone (joint with Russia).

Monitor changes in sea-level height to study ocean circulation (joint with
France).

Monitor and map atmospheric ozone. Together with TOMS aboard
Nimbus-7 (launched 1978) and Meteor-3 (launched 1991), the Earth
Probe TOMS provides a data set of daily ozone for over two decades.

Monitor ocean productivity (an ocean-color data purchase).

Measure precipitation, clouds, lightning, and radiation processes over
tropical regions (joint with Japan). Data from CERES instruments on
Terra, Aqua, and TRMM extend the long-term radiation-budget record
that began with the three-satellite configurations of ERBS (launched
1984), NOAA-9, and NOAA-10, each carrying the Earth Radiation
Budget Experiment (ERBE) instrument.

Monitor the land surface through high-spatial-resolution visible and
infrared measurements (joint with USGS).

Measure ocean surface wind vectors, with the SeaWinds instrument.

Collect global data on the state of the atmosphere, land, and oceans,
and their interactions with solar radiation and with one another
(includes Canadian and Japanese instruments). See TRMM entry for the
radiation-budget measurements with the CERES instruments on Terra,
Aqua, and TRMM.

Monitor total solar irradiance.

1) Map Earth’s gravity field and its temporal variations; 2) map
Earth’s global magnetic field and its temporal variations; 3) perform
atmospheric/ionospheric sounding (cooperative with Germany).

Collect data to allow paired scene comparisons between EO-1
Advanced Land Imager (ALl) and Landsat 7 Enhanced Thematic Mapper
Plus (ETM+).

Perform various environmental, magnetic, navigation, space radiation,
and other experiments. (Cooperative mission with Argentina, with
contributions from Brazil, Denmark, France, and ltaly).

Monitor ocean height to study ocean circulation (joint with France).
Retrieve global profiles of atmospheric aerosols, ozone, water vapor,

other trace gases, temperature and pressure in the mesosphere,
stratosphere, and troposphere (joint with Russia).

Table 1. NASA Earth Science Satellite Program, 1991-2010.
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Launch Satellite Mission Objectives

2002 GRACE Measure Earth’s gravity field and its variations with time (joint with
Germany).
2002 Aqua Monitor atmospheric, land, ocean, and ice variables for improved

understanding of the Earth’s water cycle and improved understanding
of the intricacies of the climate system (includes Brazilian and Japanese
instruments). See TRMM entry for the radiation-budget measurements
with the CERES instruments on Terra, Aqua, and TRMM.

2002 ADEOS Il Monitor ozone, aerosols, atmospheric temperature, winds, water vapor,
(Midori Il - Japan) SST, energy budget, clouds, snow and ice, ocean currents, ocean
color/biology, from visible-to-thermal-infrared radiance/reflectance,
microwave imaging, and scatterometry (includes French and U.S.

instruments).

2003 ICESat Measure elements of ice-sheet mass balance, cloud-top and land-
surface topography, and vertical profiles of aerosol and cloud
properties.

2003 SORCE Measure the total and spectral solar irradiance incident at the top of

Earth’s atmosphere.

2004 Aura Measure atmospheric chemical composition; tropospheric/stratospheric
exchange of energy and chemicals; chemistry-climate interactions;
air quality (includes joint Netherlands/Finland and joint U.K./U.S.

instruments).

2006 CALIPSO Measure the vertical distribution of clouds and aerosols (joint with
France).

2006 CloudSat Measure cloud characteristics, to increase the understanding of the role

of optically thick clouds in Earth’s radiation budget (joint with Canada).
Planned

~2008 Glory* Determine atmospheric aerosol properties from the polarization of
backscattered solar radiation. Also, measure total solar irradiance.

~2008 OSTM* Determine ocean surface topography to study ocean circulation and
its environmental applications (follow-on to Jason; cooperative with
France, EUMETSAT, and NOAA).

~2008 (e]e0) Provide space-based observations of atmospheric carbon dioxide, the
principal anthropogenic driver of climate change.

~2008 NPP Extend key measurements in support of long-term monitoring of
climate trends and global biological activity (joint NOAA-DoD-NASA
mission). NPP extends the measurement series being initiated with EOS
Terra and Aqua by providing a bridge between NASA’s EOS missions
and NPOESS, scheduled to replace the separate NOAA and DoD
operational systems in about 2010.

TBD LDCM* Extend the Landsat record of multispectral, 30-m resolution, seasonal,
global coverage of Earth’s land surface (joint with USGS).

~2009 Aquarius* Measure global sea surface salinity (cooperative mission with
Argentina).

Table 1. NASA Earth Science Satellite Program, 1991-2010 (cont.).
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Launch Satellite

~2008 DSCOVR*

Mission Objectives

Continuously observe the Earth from the Sun-Earth libration point, L1
(1,500,000 km away from Earth) (cooperative project with NASA’s space
science program).

Operational*

GOES Series
Operational*

~2010 GPM* Monitor precipitation globally (joint with Japan and other international
partners, building on the success of TRMM).
POES Series Provide global coverage of numerous atmospheric and surface

parameters for weather forecasting and meteorological research, as well
as data collection, search and rescue, and environmental monitoring.

Provide weather imagery and quantitative sounding data to support
weather forecasting, severe-storm tracking, and meteorological
research, disaster management, public health, and aviation safety.

* Mission is currently under study; hence, the information is preliminary.

# NASA is responsible for the integration and launch of NOAA satellites.

Table 1. NASA Earth Science Satellite Program, 1991-2010 (cont.).
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Earth Observing Program

Introduction

Planning for the Earth Observing System (EOS) Program
began in the early 1980s, and an Announcement of Op-
portunity (AO) for the selection of instruments and science
teams was issued in 1988. 458 proposals were received
in response to the AO. Early in 1990, NASA announced
the selection of 30 instruments to be developed for EOS.
The corresponding science-team members were also
identified, as were the members of 29 Interdisciplinary
Science (IDS) teams.

EOS was recognized in 1990 as part of the Presiden-
tial initiative, receiving its ‘new start’ from Congress in
October. The EOS Program was funded under a continu-
ing resolution, and ramped up to its full funding with the
approval of the FY 91 budget in January 1991. A NASA
research announcement (NRA) for the selection of new
investigations, instrument teams, and young investigators
was issued in 1995, and 309 proposals were received in
response. On July 1, 1996, NASA announced the selec-
tion of team members for 5 instrument teams, 31 IDS
Teams, and 21 New Investigators. An NRA was issued
in 1997, resulting in the establishment of Landsat 7 and
Jason Science Teams. NRAs issued in 1998 resulted in the
augmentation of the Tropical Rainfall Measuring Mission
(TRMM) Science Team and the selection of members
of the Instrument Incubator Program (IIP) and the New
Investigator Program (NIP), as well as the selection of
members of the New Millennium Program/Earth Observ-
ing-1 (NMP/EO-1) Science Team. The Ozone Monitoring
Instrument (OMI) on Aura is a contribution of the Neth-
erlands’ Agency for Aerospace Programs (Nederlands
Instituut voor Vliegtuigontwikkeling en Ruimtevaart, or
NIVR) in collaboration with the Finnish Meteorological
Institute (FMI). A Netherlands/Finnish Instrument Science
Team was formed in 1999, and, following the issuance
of an NRA, a U.S. OMI Instrument Science Team was
formed in 2000.

Additional NRAs led to the following sequence of
NASA announcements:

September 8, 2003—Selection of 24 proposals, from 68
submissions, to form a Science Team for the National Po-
lar-orbiting Operational Environmental Satellite System
(NPOESS) Preparatory Project (NPP) satellite.

October 29, 2003—-Selection of 59 proposals, from 348
submissions, to perform IDS research.

December 22, 2003—Selection of 192 proposals, from
566 submissions, to reconstitute Science Teams to perform
Earth system science research using data and products
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from Terra, Aqua, and the Active Cavity Radiometer
Irradiance Monitor Satellite (ACRIMSAT).

March 31, 2004—Selection of 31 proposals, from 126
submissions, to conduct research and education activities
under NIP.

The names of the selected investigations and their prin-
cipal investigators can be found at: research.hq.nasa.
gov/code_y/archive.cfm.

EOS Science Objectives

The EOS program was designed to initiate a new era of
integrated global observations intended to advance our
understanding of the entire Earth system on a global scale
through developing a deeper understanding of the com-
ponents of that system, their interactions, and how Earth
is changing. The extent of Earth system changes, e.g., the
change in average temperature and the time scale over
which it will occur, is presently unknown. Causes can be
either natural or human-induced. Both must be understood
to determine how to alter human behavior appropriately
to avoid climate changes that prove most detrimental to
the environment. The regional consequences of climate
change, e.g., changes in precipitation patterns, length of
growing seasons, severity of storms, and change of sea
level, must be understood to determine which aspects of
climate change are most harmful, and how to adapt to
those changes that the human species cannot avoid.

The EOS Investigators Working Group (IWG) de-
fined the following seven science and policy priorities
for EOS observations, based on scientific recommenda-
tions by national and international programs such as the
Intergovernmental Panel on Climate Change (IPCC) and
the Committee on the Environment and Natural Resources
(CENR):

1) Radiation, Clouds, Water Vapor, and Precipita-
tion
Cloud formation, dissipation, and radiative properties,
all of which influence response of the atmosphere to
greenhouse forcing, plus water vapor and precipitation
and their roles in climate and global change.

2) Oceans
Exchange of energy, water, and chemicals between the
ocean and atmosphere, and between the upper layers
of the ocean and deep ocean (includes sea ice and
formation of bottom water).
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3) Greenhouse Gases
Links to the hydrologic cycle and ecosystems, trans-
formations of greenhouse gases in the atmosphere, and
interactions inducing climate change.

4) Land-Surface Hydrology and Ecosystem Pro-
cesses
Improved estimates of runoff over the land surface and
into the oceans, sources and sinks of greenhouse gases,
exchange of moisture and energy between the land
surface and atmosphere, and changes in land cover.

5) Glaciers, Sea Ice, and Ice Sheets
Changes in the global ice cover and predictions of
sea-level change and global water balance.

6) Ozone and Stratospheric Chemistry
Chemical reactions, solar-atmosphere relations, and
sources and sinks of radiatively important gases.

7) Volcanoes and Climate Effects of Aerosols
Volcanoes and their role in climatic change.

These seven science priorities, defined by IWG in the EOS
Science Plan (King et al., 1999, and Greenstone and King,
1999), are in full accord with the six science focus areas
and with the fundamental question and its hierarchy of five
pathway questions and 24 subsidiary questions set forth in
the Earth Science Enterprise Strategy (NASA 2003) and
discussed in the preceding section of this Handbook.

Prior to the receipt of a new start from Congress in
1990, the IWG—consisting of all selected IDS Principal
Investigators (PIs) and Co-PIs; Instrument PIs and Co-PIs;
and Facility Team Leaders and Team Members—began
meeting every nine months or so to discuss the scientific
objectives of the program and other matters in coordina-
tion with the national and international community. At
that time Science Working Groups for the major EOS
satellite missions, certain Functional Panels, and Panels
for a number of scientific disciplines were established.

The EOS Program provides resources to support the
scientific research required to turn satellite measurements
into science data products for inclusion in, or comparison
with, model results. Specifically, EOS has supported sci-
entific investigations through IDS investigations, Instru-
ment Teams, and NIP, all selected through a competitive
process. Many of the IDS investigations centered on
development and refinement of integrated Earth system
models, to be used with EOS instrument observations
to advance the understanding of the Earth as a system.
NASA generally issues NRAs every 18 months-to-two
years to allow broader participation in the EOS Program
by members of the Earth-science community.

Prior to launch, EOS Instrument Teams help define
the scientific requirements for their respective instruments
and generate the algorithms that will be used to process

12 [ Earth Observing Program |

the data into useful data products. (See the Algorithm
Theoretical Basis Documents [ATBDs] for an in-depth
presentation of the algorithms. Each ATBD can be
downloaded at: cos.nasa.gov/eos_homepage/for_scien-
tists/atbd/.) After launch, the Instrument Teams maintain
and refine the algorithms, analyze the data, and undertake
validation studies.

EOS investigations are intended to characterize the
Earth system as an integrated whole, while also quantify-
ing the regional processes that govern it. EOS Research
was based initially on the existing sources of ground- and
space-based observations and has continued through and
beyond the launch of the EOS satellites. Efforts to un-
derstand these Earth system elements will shed light on
how Earth functions as a coupled and integrated system,
how it responds to human-induced perturbations, and how
this response manifests itself in the continuing course of
global climate change. A discussion of the different types
of products made available by the EOS Data and Informa-
tion System (EOSDIS) is provided in the next section.

The sections on Interagency Coordination and Ap-
plied Sciences describe the roles played by other Federal
agencies, in cooperation with NASA, to make and analyze
observations of Earth. Later sections detail the missions
and instrument suites that fit into the Integrated Global
Observing Strategy (IGOS). Payload configurations and
launch dates of planned future missions are always subject
to change.

EOS Program Revisions

Starting in 1991, and continuing over the decade that
followed, there was a series of major revisions of the
EOS Program, generally prompted by substantial budget
reductions. Readers interested in the details of these revi-
sions are referred to the 1999 EOS Reference Handbook
(Greenstone and King, 1999, pp. 17-19). The various
revisions set the tone for a new strategy for planning future
missions—one more flexible, more responsive to science
needs, and more accommodating of partnerships.

Pre-EOS Satellites That Strongly
Influenced the EOS Program

During the period 1964-1986 twelve satellites were
launched that strongly influenced EOS. The Nimbus
program consisted of seven 3-axis-stabilized satellites, in
sun-synchronous orbits, that tested for the first time more
than 40 instruments/systems, including cameras, visible/
infrared/microwave imaging radiometers, infrared/micro-
wave atmospheric sounders, radiation-budget instruments,
sensors for measuring ozone and other trace constituents in
the troposphere/stratosphere, direct readout systems, and
data-collection and platform-location systems. Many of
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these instruments/systems were forerunners of advanced
instruments/systems that are flying (or scheduled to fly) on
current and future EOS/Earth System Science Pathfinder
(ESSP)/NMP missions and National Oceanic and Atmo-
spheric Administration (NOAA) operational satellites.

The Applications Technology Satellite (ATS) program
launched two satellites into geosynchronous orbits in
December 1966 (ATS-1) and November 1967 (ATS-3).
ATS-1 carried a Spin Scan Cloud Camera (SSCC), and
ATS-3 carried a Multicolor Spin Scan Cloud Camera
(MSSCC). These sensors were forerunners of the vis-
ible/infrared imagers currently flying on Geostationary
Operational Environmental Satellites (GOES).

The Earth Radiation Budget Satellite (ERBS) was
deployed in orbit from the Space Shuttle Challenger,
launched on October 5, 1984. ERBS was part of a
three-satellite experiment, the two other satellites being
NOAA-9, launched on December 12, 1984, and NOAA-
10, launched on September 17, 1986. Each of these
satellites carried an Earth Radiation Budget Experiment
(ERBE) instrument to investigate how energy from the
Sun is reflected from or absorbed and re-emitted by Earth.
This three-satellite experiment was the forerunner of the
subsequent more-advanced radiation budget measure-
ments made by the Clouds and the Earth’s Radiant Energy
System (CERES) instruments flying on TRMM, Terra and
Aqua.

Status of the Program in 2006

Mission schedules as of 2006 are illustrated in Figures
2a, 2b and Table 2, including EOS, NMP, and ESSP mis-
sions. The resulting data-communication requirements
are shown in Table 3. Note that PM-1 was renamed Aqua,
and CHEM was renamed Aura since publication of the
1999 Handbook.

More information about the condition of Earth can
be obtained from coordinated observations from several
satellites than would be possible from the sum of unco-
ordinated observations. Aqua, launched on May 4, 2002,
Aura, launched on July 15, 2004, and Polarization and
Anisotropy of Reflectances for Atmospheric Sciences
coupled with Observations from a Lidar (PARASOL-
France), launched on December 18, 2004, are flying in
nearly the same orbit, in a line with Aqua in the lead and
Aura in the rear. These three will be joined by CloudSat
and the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO—a joint effort with
France), both launched on April 28, 2006; and eventually
by the Orbiting Carbon Observatory (OCO), scheduled
for launch in 2008. Since all six of these satellites will
fly in a coordinated fashion in essentially the same orbit,
the set is referred to as a constellation, or, alternatively,
a formation. Furthermore, since this constellation is
composed of missions with equator crossings in the
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early afternoon, around 1:30 p.m. local time (and in the
middle of the night, around 1:30 a.m.), it is referred to as
the Afternoon Constellation or, because of the prominent
positions of Aqua and Aura, as the ‘A-Train’ (see Figure
3). Flying these satellites in formation facilitates the inte-
gration of their data on clouds, aerosols, and atmospheric
properties and chemical composition into greatly enriched
scientific information products. In many ways this type
of constellation acts as a giant virtual observatory, and it
points the way toward the development—with national
and international partnerships—of the space-based com-
ponent of a future Earth system model suite. Such a suite
would integrate remote sensing, suborbital, and in situ
measurements with accurate predictive capabilities, and
ultimately enhance the prediction of Earth system change
and improve life on Earth in this century (NASA 2003).

The French PARASOL mission carries a polarimeter
(Polarization and Directionality of the Earth’s Reflectanc-
es—POLDER), which provides unique information to the
A-Train data mix. POLDER is a camera with nine spectral
channels, of which three (at 443, 670, and 865 nm) have
three polarization filters that are moved sequentially in
front of the aperture, for a POLDER total of 15 channels.
Aecrosols, cloud particles, and certain land-surface types
strongly polarize reflected light; and POLDER is able to
obtain additional information on aerosol types and cloud
particle size distributions from its polarization informa-
tion. POLDER was also flown on the Japanese Advanced
Earth Observation Satellite (ADEOS) I satellite, launched
in December 2002 and operational until October 2003.

Another constellation, consisting of Landsat 7, EO-1,
Satellite for Scientific Applications (SAC-C, with Argen-
tina), and Terra—all flying in the same orbit with equator
crossings in mid-morning around 10:30 a.m. local time
(and around 10:30 p.m.)—is called the ‘Morning Constel-
lation’ (see Figure 4). Flying these satellites in formation
facilitates the integration of their data on vegetation and
land-surface cover, surface temperature and processes,
ocean characteristics, and cloud properties. Further, hav-
ing the Moderate Resolution Imaging Spectroradiometer
(MODIS) and CERES instruments on both the Terra and
Aqua satellites provides scientists an opportunity to ex-
amine aspects of the diurnal cycle of the many parameters
being measured by these instruments.

More details concerning the status of EOS missions
and related Earth Science Programs appear later in this
Handbook, in sections on the individual missions.

Implementation of the Earth Science
Program

NASA has developed a strategy for exploring our home
planet over a period of 10 years and beyond to develop
a scientific understanding of the Earth system and its re-
sponse to enable improved prediction of climate, weather,
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and natural hazards for present and future generations
[Earth Science Enterprise Strategy (NASA 2003)].

NASA’s Office of Earth Science, in consultation
with its Earth System Science and Applications Advisory
Committee (ESSAAC) and selected members of the
broader Earth science community, prepared the document
Understanding Earth System Change: NASA's Earth Sci-
ence Enterprise Research Strategy for 2000-2010 (NASA
2000), which also incorporates comments from a formal
review by the National Academy of Sciences. This Re-
search Strategy is one of a family of strategy documents
being published to guide NASA’s Earth science program
for the next decade and beyond. The full set of planning
documents can be obtained at: earth.nasa.gov/visions/.

Concurrent with the development of these plans
is a longer-term effort to provide a vision for NASA’s
activities over the time period from 2010 to 2025. The
longer-term broader-scale effort is designed to integrate
more completely the technology, research, and applied
science goals of NASA’s Earth science program in a
way that will allow for detailed end-to-end planning such
that the scientifically and societally important questions
posed can be answered, in particular with technologi-
cal approaches specifically developed for that purpose.
The resulting information will be provided to the scien-
tific community and disseminated to the broader public
through collaboration between NASA and its partners in
the public and private sectors [Earth Science Enterprise
Strategy (NASA 2003)].

Contributions of NASA to National
Objectives

In pursuit of U.S. policy relative to global change,
NASA undertakes observations from space and performs
interdisciplinary science studies to interpret and apply
these observations. Integrated and conceptual models,
substantiated by space-based observations, have already
provided policymakers with a firm basis for making sound
environmental policy decisions related to substances that
deplete the ozone layer, e.g., the Montreal Protocol on
Substances that Deplete the Ozone Layer, adopted in 1987,
and subsequent protocols. In the EOS era, the correspond-
ing challenges include prediction of El Nifio events, the
implications of increased emissions of greenhouse gases
for global warming, and impacts of land-cover change on
the carbon budget, biodiversity, and agricultural produc-
tivity. Fuller discussion of these challenges is found in
the Earth Science Enterprise Strategy (NASA 2003) and
the EOS Science Plan (King et al., 1999, and Greenstone
and King, 1999).

A basic question relevant to policy decisions con-
cerns the issue of whether changes now being observed
throughout the world are systematic (relatively persistent
long-term changes) or more oscillatory. Another basic
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question concerns how much of the change is tied to
human impacts versus being part of normal climate vari-
ability. Further, if the changes are systematic, are they
sufficiently significant in impact to warrant action by
policymakers? Do we know well enough whether the
observed changes are attributable to human activities?
Are appropriate technological alternatives or restrictions
on human activities available to mitigate the changes or
their impacts, and is it reasonable to impose such restric-
tions? Are the consequences of imposing restrictions more
damaging to our quality of life, e.g., because of major
disruptions in the world’s economy, than the anticipated
changes in the global climate system?

The physical-modeling and data-gathering and analy-
sis activities of the EOS Program are intended to make a
major contribution to establishing the distinction between
natural variability in the Earth system and changes that are
introduced by human activities. The findings of NASA-
supported scientists in the U.S. and their counterparts
around the world provide valuable information to decision
makers as they consider intervention strategies to mitigate
undesirable changes.

NASA offers a new perspective on the functioning of
planet Earth through coordinated, long-term, space-based
and in situ observations, and a program of interdisciplinary
research addressing priority issues of Earth system sci-
ence. Following the EOS mandate from the Administration
and Congress in 1990, NASA has placed itself at the fore-
front of Earth observing satellite technology development
and data management. The improved measurement and
modeling capabilities that result directly support the U.S.
and international global-change-research programs, and
reinforce the U.S. position as a world leader in space-based
remote sensing.

EOS Data Quality: Calibration and
Validation

Data quality for EOS is sought and checked through
comprehensive calibration and validation programs. The
primary objectives of these two programs are to charac-
terize and document the accuracy and precision of EOS
observations and derived geophysical and biophysical
products over all relevant temporal and spatial scales.
More specifically, these programs provide, respectively:
1) radiometric calibration and characterization of EOS
instruments, and 2) validation of the observations and
state variables, fluxes, and parameters derived directly
from EOS observations, or in conjunction with data as-
similation methods and integrated Earth system models.
These programs involve hundreds of scientists and en-
gineers around the world and are supported by the EOS
Calibration and Validation Scientists, both of whom are
part of the EOS Project Science Office, NASA Goddard
Space Flight Center.

Earth Science Reference Handbook



Calibration Program

In order to achieve the EOS goal of understanding the
Earth system, EOS produces time series of satellite data
sets from multiple instruments on multiple platforms
averaged over different geographic regions, from local to
global. The correct interpretation of scientific information
from these data sets requires the ability to discriminate
between satellite-instrument on-orbit changes and changes
in Earth variables being monitored. The ability to make
this discrimination on a pre-launch, post-launch, inter-
instrument, and inter-platform basis crucially depends
on the calibration of the instruments with respect to a set
of recognized physical standards or processes and on the
careful characterization of instrument performance at the
subsystem and system levels.

In EOS, calibration is the set of operations or pro-
cesses used to determine the relationship between satellite
instrument output values (i.e., voltages or counts) and
corresponding known values of a standard, expressed
in Systeme Internationale (SI) units. Characterization is
the set of operations or processes used to quantitatively
understand the operation of an instrument and its response
as a function of the gamut of operating and viewing
conditions experienced by the instrument on-orbit. The
complete calibration of an EOS instrument requires and
implies that the instrument be well characterized. EOS
instrument calibration and characterization are performed
both pre-flight and on-orbit.

There are three types of radiometric calibration
activities currently being conducted as part of the EOS
Calibration Program: 1) laboratory calibration prior to
launch, 2) in-flight calibration with onboard calibrators,
and 3) vicarious calibration after launch.

1) Laboratory calibration activities focus on calibration of
individual instruments with traceability to radiometric
standards accepted by the national and international
metrology community and implemented by organiza-
tions such as the U.S. National Institute of Standards
and Technology (NIST). These activities also include
the intercalibration of instruments that operate in the
same region of the electromagnetic spectrum and that
measure similar characteristics of the Earth system.
For example, transfer radiometers have been used in
round-robin intercomparisons that enable the transfer
of metrology scales, maintained at national standards
laboratories, to surface-imaging instruments such as
the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER), MODIS, and the
Multi-angle Imaging SpectroRadiometer (MISR) on
the Terra satellite. Preliminary results of a round-robin
aperture-area comparison for exo-atmospheric solar
irradiance have been reported by Johnson et al. (2003).
The goal of this comparison was to quantify the relative
differences in measurements of aperture area made by
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institutions involved in the on-orbit measurement of
total solar irradiance and those made by NIST. Data on
sets of six apertures from two institutions, referred to
as Lab A and Lab B, were received, and the results are
shown in Figure 5. The average percent bias for Labo-
ratory A is 0.013%, and the average percent bias for
Laboratory B is 0.065%. These equate to differences in
total solar irradiance measurements of 0.18 W/m? and
0.89 W/m? for an assumed total solar irradiance value
0f 1366.3 W/m?2. Additional aperture-area comparisons
are expected in the future, followed by publication
of the carefully analyzed and interpreted results in a
refereed publication.

2) In-flight calibration utilizes calibration lamps, refer-
ence panels with known reflectivity/emissivity, deep
space, and ratioing radiometers.

3) Vicarious methods include the use of bright and dark
target scenes on Earth, coincident sub-orbital flights
of well-calibrated spectroradiometers over well-char-
acterized Earth surfaces, and the use of the moon as a
stable reference target that is characterized from high-
spectral-and-spatial-resolution measurements made
from ground-based observatories over the libration
cycle of the moon.

The key components of the EOS Calibration Program
are:

Pre-flight EOS Instrument Calibration

¢ Instrument Calibration Plans

* Calibration Peer Reviews

» Radiometric Measurement Comparisons
» EOS Calibration Panel

* Artifact Round-robins

Post-launch EOS Instrument Calibration

* On-orbit Platform Maneuvers, e.g., calibration attitude
maneuvers

» The USGS Lunar Radiometric Measurement Program

* Level 1B Validation, e.g., vicarious calibration cam-
paigns

Current information concerning the EOS Calibration
Program is available at: eos.nasa.gov/calibration/.
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Launch Spacecraft Instrument Complement See Note(s)
1991 Meteor-3T (Russia)/TOMS TOMS 1
1991 UARS ACRIM, CLAES, HALOE, HRDI, ISAMS (U.K.), MLS, 1
PEM, SOLSTICE, SUSIM, WINDII (C, F)
1992 TOPEX/PoseidonT ALT, DORIS (F), GPSDR, LRA, Poseidon-1 (F), TMR 1
(France)
1996 EP/TOMS TOMS 1
1996 ADEOS (Midori) (Japan)  NSCAT, TOMS 1
1997 Orbview-2T (data buy) SeaWiFS 2
1997 TRMM (U.S./Japan) CERES, LIS, PR (J), TMI, VIRS 3
1999 Landsat 7 ETM+
1999 QuikSCAT SeaWinds
1999 Terra ASTER (J), CERES (2), MISR, MODIS, MOPITT (C) 4,5
1999 ACRIMSAT ACRIM 3
2000 CHAMP? (Germany) ACC (G), DIDM (G), GPS, LRR (G), OVM/FGM (G)
2000 EO-1 ALI, Atmospheric Corrector, Hyperion 6
2000 SAC-CT (Argentina) DCS (A), GOLPE, HRTC (A), HCS (A), ICARE (F), 7
INES (1), ISTI (I), MMP (D), MMRS (A), SHM,
[System Testing (B)], Whale Tracker Exp. (A)
2001 Jason-1T (France) DORIS (F), JMR, LRA, TRSR, Poseidon-2 (F)
2001 Meteor-3MT (Russia) SAGE llI
/SAGE llI
2002 GRACEt GPS, KBR, SuperStar (U.S./F) 8
(U.S./Germany)
2002 Aqua AIRS, AMSR-E (J), AMSU-A, CERES (2), HSB (B),
MODIS 4
2002 ADEOS II (Midori Iyt AMSR (J), GLI (J), ILAS-2 (J), POLDER (F), SeaWinds 9
(Japan)
2003 ICESat GLAS, GPS
2003 SORCE SIM, SOLSTICE, TIM, XPS
2004 Aura HIRDLS (U.K./U.S.), MLS, OMI (N, Fin), TES
2004 PARASOLT (France) POLDER
2006 CALIPSOT (France) CALIOP, IIR (F), WFC 8
2006 CloudSat CPR (U.S./C) 8
Planned
2008 Glory APS, TIM 10
2008 NPP ATMS, CrlS (IPO), OMPS (IPO), VIIRS (IPO) 10
2008 OSTMt (France) DORIS (F), Microwave Radiometer, 10
Poseidon Altimeter (F), TRSR
2008 OCO Three grating spectrometers 8
2008 DSCOVR EPIC (9-channel Earth Polychromatic Imaging Camera) 10
NIST Advanced Radiometer (single-pixel, broadband)
2009 AquariusT (Argentina) LBR, LBS 8
2010 GPM CORE DPR (J), GMI 3,10

Table 2. Instrument Complement of the Coordinated Earth System Science Satellite Measurements of NASA and Its Partners.
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Notes:

1. Meteor-3/TOMS ceased operations in 1994, ADEOS (Midori) ceased operations in 1997, and UARS and
TOPEX/Poseidon ceased operations in 2005. EP/TOMS, although degraded, is still providing useful data,
greatly exceeding its designed lifetime.

2. OrbView-2 is a ‘data buy’ from industry. It is not provided or operated by NASA.

3. TRMM and GPM are joint U.S./Japan missions.
4. AIRS, AMSU-A, HSB, AMSR-E, and MODIS data are available via direct broadcast (X band).
5. ASTER data are available via direct downlink.

6. The New Millennium Program (NMP) is charged to develop and flight-validate breakthrough technologies that
will reduce the cost of high-priority science missions of the 21st century while enhancing their scientific
capability.

7. SAC-C is an international cooperative mission between the Argentine Comision Nacional de Actividades
Espaciales (CONAE) and the U.S. NASA, with contributions from Brazil, Denmark, France, and Italy.

8. The Earth System Science Pathfinder (ESSP) program is designed to explore Earth’s dynamic systems and
to achieve maximum science value while complementing existing or planned flight missions. The Principal
Investigator for each ESSP mission is responsible for developing the flight mission hardware from selection to
a launch-ready condition within 36 months and, along with the mission team, is responsible for accomplishing
the science objective.

9. ADEOS Il (Midori ll) is a Japanese mission. It ceased operations prematurely in October 2003.

10. These missions are currently under study or are in the Formulation Phase. Current information is preliminary
and will be made final at future Mission Confirmation Reviews.

Spacecraft marked with ‘1’ are not provided or only partly provided by NASA.
Instruments in italics are not funded by NASA.

Key to countries/organizations providing the instruments:
Argentina (A), Brazil (B), Canada (C), Denmark (D), France (F), Finland (Fin), Germany (G), Italy (I), Japan (J),
Netherlands (N), United Kingdom (U.K.), United States (U.S.), NOAA-DoD-NASA Integrated Program Office
(IPO)

Table 2. Instrument Complement of the Coordinated Earth System Science Satellite Measurements of NASA and Its Partners (cont.).
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Instrument  Platform# 1997 1998 1999 2000 2001 2002 2003 2004 2005
ACRIM Il 19 >
AIRS 3 >
ALI 5 >
AMSR-E 3 _
AMSU-A 3 >
ASTER 1 >
(CALIPSO) 18 —
CERES 1,3, 14 : > z : : : >
(CloudSat) 9 —
ERBE 21 > >
ETM+ 2 >
GLAS 6 >
(GRACE) 17 >
HALOE 15 >
HIRDLS 4 —>
HRDI 15 >
HSB 3 >
JMR 11 -
LIS 14 >
MISR 1 >
MLS 4 > = =]
MODIS 1,3 2 2 2 >
MOPITT 1 >
oMl 4 —_—
PEM 15 >
Poseidon-1 13 > _a
Poseidon-2 11 _
SAGE Il 10 >
SeaWiFS 12 P
SeaWinds 7,8 z P
SOLSTICE 15 >
(SORCE) 16 >
SUSIM 15 > >
TES 4 —
TMR 13 >
TOMS 20 S >

Average Data Rate Mbps 0.071  0.071 30.9 33.1 33.2 40.9 41.4 47.2 47.3

Instruments Operating 12 12 21 22 25 33 36 39 41

in Flight

Table 3. Instrument Complement Satellite Platform Instrument Counts and Data Rates.
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1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Platform # and Average Data Rates

Terra
17.848 Mbps

Landsat 7
12.963 Mbps

Aqua
7.755 Mbps

Aura
5.856 Mbps

EO-1
2.188 Mbps

ICESat
0.450 Mbps

QuikSCAT (SeaWinds)
0.040 Mbps

ADEOS II/Midori Il (SeaWinds)
0.040 Mbps

CloudSat
0.025 Mbps

Meteor-3M (SAGE lIl)
0.024 Mbps

Jason
0.024 Mbps

OrbView-2 (SeaWiFS)
0.023 Mbps

TOPEX/Poseidon
0.020 Mbps

TRMM (CERES & LIS)
0.016 Mbps

UARS
0.011 Mbps

SORCE
0.007 Mbps

GRACE
0.005 Mbps

CALIPSO
0.003 Mbps

ACRIMSAT
0.001 Mbps

EP/TOMS
0.0005 Mbps

ERBS
0.0003 Mbps

Notes

In the table on the left page, thirty-two instruments are entered in

a column and the numbers beside them (Platform #) correspond to
the numbers of the satellite platforms on which they fly, listed on this
page in descending order of average data rates. Four of the entries
in the Instrument column are actually satellite platform names
(CALIPSO, CloudSat, GRACE, and SORCE), and these names are
enclosed in parenthesis.

Four platforms launched before 1997 (i.e., ERBS, 1984; UARS,
1991; TOPEX/Poseidon, 1992; and EP/TOMS, 1996) are beyond
their designed lifetimes but are still providing useful data as of early
2006. (The two oldest missions have deteriorated considerably from
their original states; e.g., the scanner on ERBS stopped working in
1990, and data are being acquired from only five of the original 10
instruments on UARS.)

Numbers along the timeline bars indicate copies in orbit once the
instruments have commenced routine operations. For example,
there were three CERES instruments operating after the launch of
Terra in 1999: one onboard TRMM and two onboard Terra. (See
Table 2.)

The ‘Instruments Operating in Flight’ row provides the maximum
number of instruments operating at the same time during the year.

The real-time data rate of the ALI instrument onboard EO-1 is 105
Mbps. However, only 4 snapshots are taken each day and their total
readout time is only about 30 minutes (or 1/48 of a day). Hence, the
data rate averaged over a day is given as 105/48 = 2.188 Mbps.

All missions except ADEOS Il (which ceased operations on 10/25/03)
are shown as continuing beyond 2005, although some have already
exceeded their design lifetime and may fail. However, a number

of new missions, currently in the ‘Formulation Phase’, are being
planned for the remainder of the decade and beyond. (See Table 2.)

Table 3. Instrument Complement Satellite Platform Instrument Counts and Data Rates (cont.).

Earth Science Reference Handbook

[ Earth Observing Program ]

21



Validation Program

NASA manages a comprehensive Validation Program to
verify geophysical measurements obtained by satellite
sensors. In support of the program, the EOS Instrument
Science Teams are responsible for algorithm validation
and specification of the uncertainties in the high-level
geophysical quantities derived from calibrated instrument
measurements. Guidelines, policies, coordination, and the
review process for EOS-wide validation activities are the
responsibility of the Earth-Sun Exploration Division, with
support and implementation by the Validation Scientist
within the EOS Project Science Office. Pre-launch activi-
ties include development and verification of algorithms
and characterization of uncertainties resulting from param-
eterizations and their algorithmic implementation. Post-
launch activities include refinement of algorithms and
uncertainty estimates based on near-direct comparisons
with correlative measurements and selected controlled
analyses or application implementations. Airborne mea-
surements using specifically designed EOS instrument
simulators and community airborne instruments also play
an essential role in pre-launch and post-launch studies.
The Airborne Science Program complements the Vali-
dation Program by providing aircraft capable of both in
situ and remote sensing to perform scientific experiments
that demonstrate the feasibility of new sensors before pro-
ducing a space-based system and to validate the measure-
ments of new satellite-borne sensors. Examples of recent
airborne campaigns are described briefly in Table 4.
Current information concerning the EOS Validation
Program is available at: eos.nasa.gov/validation/.
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Figure 3. Satellites of the A-Train, showing the schematic alignment of six of the satellites, flying in essentially the
same orbit with equatorial crossings at about 1:30 a.m. and 1:30 p.m., local time, that will constitute the afternoon
constellation or ‘A-Train’. The Glory satellite is expected to join the A-Train also, after its planned launch in 2008.
Aqua, PARASOL, and Aura were all in orbit by the end of 2004.

Y i & s 2 = i s L

Figure 4. Satellites of the morning constellation, showing the schematic alignment of the four satellites, currently flying
in essentially the same orbit with equatorial crossings at about 10:30 a.m. and 10:30 p.m., local time.
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Aperture Designation

Figure 5. Results of a round-robin aperture-area comparison, showing preliminary calibration results on six aperture
measurements made at two laboratories. Results are shown as the ratio of the laboratory area to the area measured
by NIST. The vertical lines correspond to the combined expanded uncertainties.
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1. SAFARI 2000 (Southern African Regional Science Initiative - Dry Season Campaign)

Objective: Increase understanding of the Southern African ecological and climate system. Interdisciplinary science
activity involved satellite overpasses and field measurement teams covering eight countries.

Lead Investigator: Michael D. King (NASA/GSFC)

Location: Polokwane (Pietersburg), South Africa

Time Period: August - September 2000

Aircraft: NASA ER-2, SAWS Aerocommander 690A (2 aircraft), U. Wash CV-580

Primary Airborne Sensors on the ER-2: MAS, MOPITT-A, AirMISR, SSFR, CPL, S-HIS, LAS, RC-10 Camera

2. CLAMS (Chesapeake Lighthouse and Aircraft Measurements for Satellites)

Objective: Perform closure experiment with the CERES Ocean Validation Experiment (COVE) sea platform. Validate
Terra satellite-based retrievals of aerosol properties and vertical profiles of radiative flux, temperature, and water
vapor.

Lead Investigator: William L. Smith Jr. (NASA/LaRC)

Location: Chesapeake Bay Lighthouse, VA

Time Period: July - August 2001

Aircraft: NASA ER-2, NASA OV-10, U. Wash CV-580, Proteus, Cessna 210, Learjet
Primary Airborne Sensors on the ER-2: AVIRIS, MAS, AirMISR, S-HIS

3. SMEXO02 (Soil Moisture Experiment 2002)

Objectives:

1) Validate the soil moisture algorithm developed for the Aqua AMSR-E over a well-understood target region.

2) Validate Aqua AMSR-E brightness temperature products over land using aircraft and ground-based microwave
radiometry.

3) Explore new instrument technologies.

Lead Investigators: Tom Jackson (USDA) and Eni Njoku (NASA JPL)
Location: Ames, lowa

Time Period: Late-June to mid-July 2002

Aircraft: NASA P-3B, NASA DC-8, NCAR C-130

Primary Airborne Sensors: PSR, ESTAR, AirSAR, PALS, GPS

4. CRYSTAL-FACE (Cirrus Regional Study of Tropical Anvils and Cirrus Layers - Florida Area Cirrus Experiment)

Objective: Investigate tropical cirrus cloud physical properties and formation processes. Understanding the produc-
tion of upper tropospheric cirrus clouds is essential for the successful modeling of the Earth’s climate.

Lead Investigator: Eric Jensen (NASA/ARC)
Location: Jacksonville, FL, South Florida
Time Period: July 2002

Aircraft: NASA ER-2 WB-57, Proteus, Twin Otter, UND Cessna Citation Il, NRL P-3 (more than 50 instruments on six
aircraft)

Primary Airborne Sensors on the ER-2: MAS, CPL, CRS, COSMIR

Table 4. Representative Airborne Field Campaigns.
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5. AMSR-E Rainfall Physical Validation

Objective: Investigate the several assumptions in the retrieval of rainfall from the observations of AMSR-E on Aqua,
by using an instrumented aircraft flying over precipitation while Aqua is passing overhead.

Lead Investigator: Thomas Wilheit (Texas A&M)

Location: Yokota Air Base (Wakasa Bay and surrounding water and land areas), Japan
Time Period: January - February 2003

Aircraft: NASA P-3B

Primary Airborne Sensors: PSR, PR-2, Cloud Radar, MIR, AMMR (21/37 GHz up-looking)

6. AMSR-E Arctic Sea Ice Validation

Objective: Validate the AMSR-E standard products of sea ice concentration, sea ice temperature, and snow depth
on sea ice by making intercomparisons among in situ (near Barrow and at a Beaufort Sea ice camp), aircraft, and
satellite measurements, including those from Aqua (AMSR-E, MODIS), ICESat, RADARSAT, and Landsat 7.

Lead Investigator: Donald Cavalieri (NASA/GSFC)

Location: Fairbanks, AK, Barrow, AK, Bering Sea, Beaufort Sea, Chukchi Sea
Time Period: March 2003

Aircraft: NASA P-3B

Primary Airborne Sensors: PSR-A, PSR-CX, TAMMS, ATM

7. Hawaii-2003 — THORpex, ASAP, NPOESS Validation Techniques, MODIS/AIRS Validation, GLAS Validation

Objectives for each of the five parts of this cooperative campaign:

* THORpex - Investigate impact of Gulf of Alaska weather on 0-10 day forecasts

* ASAP - Investigate the relationship between weather products and aircraft safety (part of the NASA Advanced
Satellite Aviation - weather Products Program)

* NPOESS - Validate AIRS/AMSU-A/HSB observations (using the NPOESS Airborne Sounder Testbed, NAST)

* MODIS/AIRS - Validate Terra/Aqua MODIS & Aqua AIRS observations

e GLAS - Validate ICESat/GLAS observations

(Note: THORpex is an international research program to search for better ways to observe parts of the atmosphere

crucial to forecasting extreme weather more than a week ahead.)

Lead Investigators (respectively): M. Shapiro (NOAA/IPO), J. Murray (NASA/LaRC), William L. Smith, Sr. (NASA/
LaRC), S. Ackerman and C. Moeller (U. Wisc.), J. Spinhirne (NASA/GSFC)

Location: Hawaii, Pacific Ocean, Gulf of Alaska

Time Period: February - March 2003

Aircraft: NASA ER-2, NOAA Gulfstream IV (MOBY buoy)

Primary Airborne Sensors: MAS, NAST-I/M, CPL, S-HIS, LaRC O3 Probe, RC-10 Camera, Dropsondes

8. CLPX 03 (Cold Land Processes Experiment 2003)

Objective: Develop and test methods for the remote sensing of cold land processes in three study areas in Colo-
rado.

Lead Investigator: Donald Cline (NOAA National Operational Hydrologic Remote Sensing Center)

Location: Colorado

Time Period: Late February and late March 2003

Aircraft: NASA P-3B, NASA DC-8 (late March only), Twin Otter (NOAA Aero Commander, U. Wyoming King Air)
Primary Airborne Sensors: PSR, AirSAR, POLESCAT, WindRad, AVIRIS

Table 4. Representative Airborne Field Campaigns (cont.).
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9. SMEX 03 (Soil Moisture Experiment 2003)

Objectives:

1) Validate Aqua/AMSR-E soil moisture products for a range of land cover types.
2) Develop and verify soil moisture retrieval algorithms.

3) Demonstrate new soil moisture retrieval concepts.

Lead Investigators: Tom Jackson (USDA) and Eni Njoku (NASA JPL)
Location: Oklahoma, Georgia, Alabama

Time Period: June-July 2003

Aircraft: NASA P-3B, NASA DC-8

Primary Airborne Sensors: PSR, AirSAR, 2DSTAR, GPS

10. AMSR-E Antarctic Sea Ice (AASI) validation campaign

Objectives:

1) Assess the accuracy of sea ice parameters derived from Aqua AMSR-E data using the AMSR algorithm

2) Establish the optimum values of the reference AMSR brightness temperatures for sea ice and open water

3) Quantify the variability of the emissivity and temperature of sea ice, and improve algorithm performance at the
marginal ice zone.

Lead Investigator: Josefino Comiso (NASA/GSFC)

Location: Punta Arenas, Chile, Weddell Sea, Bellingshausen Sea

Time Period: October 2004 (Note: This mission was originally scheduled to be flown in 2003 but was aborted be-
cause of aircraft engine problems and was rescheduled for 2004.)

Aircraft: NASA P-3B (NSF Ship)
Primary Airborne Sensors: PSR-A, PSR-CX, GPS, THOR system, TAMMS, ESTAR, ATM D2P

Below: Locations of Representative Airborne Field Campaigns. The circled numbers correspond to the numbered
campaigns in this table.

Table 4. Representative Airborne Field Campaigns (cont.).
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Earth Observing System
Data and Information System

The success of NASA’s Earth Science Mission is contin-
gent on providing easy access to Earth science data for a
wide community of users. To meet this commitment, the
Earth Observing System Data and Information System
(EOSDIS) has been operating since August 1994 at eight
Distributed Active Archive Centers (DAACs) around the
United States and has also been interoperating with six
foreign sites.

At present, EOSDIS is managing unprecedented
amounts of data from NASA’s past and current Earth
science research satellites and field-measurement pro-
grams and also providing data archiving, distribution,
and information-management services. Since its inception
in 1990, EOSDIS has used an adaptive approach. Over
the years, several steps have been taken to distribute the
responsibility for provision of basic services and thereby
increase the flexibility of EOSDIS. Most of the science
data products are generated on Science Investigator-led
Processing Systems (SIPSs) under the direct control of
the instrument teams, while a few products are generated
using the science data-processing systems in the DAACs.
In either case, the respective instrument teams provide the
algorithms and scientific quality assurance. The subsys-
tems/components deployed in EOSDIS consist of both
centrally developed large-scale elements (the EOSDIS
Core System [ECS], and the EOS Data and Operations
Systems [EDOS]) and smaller-scale specialized capabili-
ties developed by DAACs and other organizations.

The components of EOSDIS interface with each other
and with external systems to support the data flows needed
for capturing, processing, archiving, and distributing the
data. Examples of data are: command data uplinked for
operating the spacecraft and instruments; housekeeping
and engineering telemetry for monitoring the health and
safety of the spacecraft and instruments, science data from
satellites, ancillary data and other instrument data needed
for generation of science data products from a given instru-
ment, quality-assessment data from the instrument teams
to be associated with the data products to be archived, and
requests for data from users employing one of several
search-and-access mechanisms. Data are transmitted to
users via electronic networks.

EOSDIS elements cooperate with other U.S. and
international organizations in all aspects of development,
operations, data processing, and distribution. EOSDIS and
its DAACs provide access to science data products from
EOS spacecraft, other Earth science spacecraft, and in situ
data.
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Services Provided by EOSDIS

EOSDIS is a comprehensive data and information system
designed to perform a wide variety of functions in sup-
port of a heterogeneous national and international user
community. To this end, NASA’s comprehensive Earth
Science data systems provide a spectrum of services, pri-
marily intended for research scientists working in NASA’s
Science Focus Areas and specific research disciplines
but open also to the general public and the international
science community. The entities providing these services
may vary over time as a result of an adaptive approach,
including both for the infrastructure provided by EOSDIS
and Mission data systems and for competed community
elements. Services provided by EOSDIS are comple-
mented by other data system activities selected through
NASA Research Opportunities in Space and Earth Science
(ROSES) announcements such as the Research, Educa-
tion, and Applications Solutions Network (REASoN) and
Advancing Collaborative Connections for Earth System
Science (ACCESS) projects. In addition, NASA funds
mission-specific data systems outside the EOS Program
and measurement data systems such as the Ocean Color
Data Processing System and the Precipitation Processing
System. The primary services provided by EOSDIS are
summarized below. Spacecraft Command and Control,
Data Capture and Level 0 Processing, and Networks/
Communications are all handled by Mission Systems of
EOSDIS and are managed by the Earth Science Mission
Operations (ESMO) Project at the Goddard Space Flight
Center (GSFC). The remaining services are handled by
Science Systems of EOSDIS and are managed by the
Earth Science Data and Information System (ESDIS)
Project at GSFC.

Spacecraft Command and Control—The EOSDIS con-
trol center performs command and control, and planning
and scheduling for the spacecraft and onboard instruments.
These functions include processing data-acquisition
requests, coordination of multi-instrument observations,
ensuring that the commands generated are valid and
within resource constraints, monitoring and maintenance
of the health and safety of spacecraft and instruments,
analyzing spacecraft data, and maintaining history of
spacecraft and instrument operations. The control center
provides the instrument teams a web-based interface to
monitor instrument and spacecraft activities. EOSDIS
also provides appropriate interfaces to ensure command
and control of International Partners’ instruments onboard
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EOS spacecraft and EOS instruments onboard non-EOS
spacecraft.

Data Capture and Level 0 Processing—EOSDIS cap-
tures ‘raw’ data from all EOS spacecraft and processes
them to remove telemetry errors, eliminate communication
artifacts, and create Level 0 Standard Data Products that
represent raw science data as measured by the instruments
(see Key EOSDIS Science Data Product Terminology later
in this chapter). Some EOS instruments are designated as
prototype operational environmental-monitoring instru-
ments. The data from those instruments are made available
to the National Oceanic and Atmospheric Administration
(NOAA) within three hours of data acquisition, to support
operational weather forecasts. For EOS instruments fly-
ing on non-EOS spacecraft, the EOS-instrument data are
captured by the respective ground systems and received
by EOSDIS for higher-level data processing, archiving,
and distribution.

Product Generation—EOSDIS supports data product
generation from EOS instrument observations. EOS in-
vestigators develop algorithms and software for EOS data
products as part of their scientific studies. NASA and the
EOS Project Science Office (PSO) review specifications
for standard products to ensure that they are complete
and consistent and that they satisfy the goals of the EOS
mission. Prior to the launch of each instrument, a group
of Earth scientists participated in a peer review of the
physical, chemical, and biological bases for these products
and the soundness of the approach used to generate them.
NASA sets the priorities for the processing and reprocess-
ing needed to generate standard products, in consultation
with the appropriate Earth science communities. The
priorities are assigned based on scientific requirements,
technical considerations, and cost.

Data Archive, Management, and Distribution—The
data holdings archived, managed and distributed by
EOSDIS include data products derived from the satellite
missions and scientific campaigns, plus other related data
and information. EOSDIS stores all the standard products
computed from the EOS instruments during the mission
life and distributes requested data to users electronically
(via networks). In addition, EOSDIS stores and distrib-
utes data from non-EOS sources that are needed for EOS
standard-product generation. Also, product-generation
algorithms, software, documentation, calibration data,
engineering specifications, and other ancillary data are
stored and provided to users upon request. Sufficient in-
formation is stored about the system-configuration history
to be able to regenerate products in case of accidental or
catastrophic loss. Access to the current suite of EOSDIS
data holdings may be obtained via the DAACs. Also al-
lied with the EOSDIS DAAC:S is the Global Hydrology
Resource Center (GHRC).
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Information Management—EOSDIS provides conve-
nient mechanisms for electronically locating and access-
ing products of interest. The look and feel of the system
is intuitive and uniform across the multiple nodes from
which EOSDIS can be accessed. EOSDIS facilitates col-
laborative science by providing extensible sets of tools
and capabilities such that investigators may provide
access to special products (or research products) from
their own computing facilities. EOSDIS has a currently
operational EOS Data Gateway (EDG) that provides
‘one-stop-shopping’ access to the data holdings at all the
EOSDIS DAACs and participating data centers from other
U.S. and international agencies. Several EDGs around the
world permit users to access Earth science data archives,
browse data holdings, select data products, and place data
orders. These gateways provide access to information
about EOS data products plus other Earth science data.
The EOS products include a suite of metadata attributes
and values that provide enhanced search capabilities.
In addition, specialized services at each of the EOSDIS
DAACs can be accessed via their individual interfaces. A
new paradigm in data search and retrieval is being intro-
duced with the EOS Clearing House (ECHO). ECHO is a
clearinghouse of spatial and temporal metadata enabling
the science community to exchange data and information.
ECHO technology can provide value-added services and
work as an order broker (middleware) between client and
data partners while supporting efficient discovery and ac-
cess to Earth science data. The EDG will be replaced by
a new client, Warehouse Inventory Search Tool (WIST),
which retains the essential features of EDG. ECHO also
facilitates development of focused, discipline-specific
clients for searching and accessing data.
Complementary to the above information manage-
ment services is the Global Change Master Directory
(GCMD), which provides descriptions of Earth science
data sets and services relevant to global change research.
The GCMD holds more than 16,200 data set descriptions
and 1,400 Earth science service descriptions, which con-
sist of information on how to obtain the data or service
and often include direct access to the data or service. Over
4,000 EOS and Earth Science Information Partner (ESIP)
data sets and services are searchable from the GCMD. The
GCMD encompasses all areas of Earth science, including
atmosphere and climatology, biosphere and environmental
science, hydrosphere and oceans, snow and ice, geosci-
ence, paleoclimatology, land surface, Sun-Earth connec-
tions, and human dimensions of climate change. The Earth
science services cover areas such as data and visualization
and GIS products, data handling, models and decision
support tools, and environmental and hazard advisories.

User Support—The DAACs have User Support Services
to assist users in data acquisition, search, access, and us-
age. While most of the interaction by users with EOSDIS
is through human-computer interfaces, occasional consul-
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tation will be needed with the User Support Services staff
for assistance with specialized questions regarding the
data or the system. The DAACs provide support services
to users from the public and private sectors, including
research scientists, educators, students, users in public
agencies responsible for operational applications such as
weather forecasting and environmental monitoring, policy
makers, and the public in general.

EOSDIS Components

EOSDIS uses a distributed, open-system architecture.
This permits allocation of EOSDIS elements to various
locations to take best advantage of different institutional
capabilities and science expertise. EOSDIS includes
several major components—EOS Mission Operations
System (EMOS), EDOS, EOS Networks, DAACs, Sci-
ence Data Processing Segment (SDPS), and the SIPSs.
EMOS, EDOS, and EOS Networks constitute the Mission
System of EOSDIS, managed by GSFC’s ESMO Project.
The remaining components form the Science System of
EOSDIS managed by GSFC’s ESDIS Project.

An overview of the EOSDIS components and their
interrelationships is shown in Figure 6. The following
paragraphs provide details of each of the major com-
ponents. Each component is essential to the successful
operation of EOSDIS.

EOS Mission Operations System (EMOS)—EMOS
consists of the EOS Operations Center (EOC) located
at GSFC and a number of Instrument Support Termi-
nals (ISTs) at the instrument teams’ facilities. The EOC
controls the Terra, Aqua, and Aura spacecraft, provides
mission planning and scheduling, and monitors health and
safety of the spacecraft and instruments. It provides tools
to coordinate observations from multiple instruments and
develop conflict-free schedules, validates commands to
assure safety, accommodates unplanned schedule changes,
develops and provides mission timelines, and develops
and implements contingency plans. It interacts with the
various elements of the ground systems and space net-
work, as necessary, to send commands to EOS spacecraft
and to receive health and safety data from the spacecraft.
It interacts with the International Partners’ instrument-
control centers for exchange of planning and command
and control information. The EOC is implemented using
a combination of commercial mission-control systems
and custom software.

EOS Data and Operations System (EDOS)—EDOS
captures high-rate science and engineering data from the
EOS spacecraft and instruments, processes telemetry to
generate Level 0 products, and maintains a backup archive
of Level 0 Science Data Products for the Terra, Aqua, and
Aura missions. [t removes telemetry artifacts, creates sets
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of non-overlapping raw data as sensed by the individual
instruments over specific time intervals, and sends these
data to the appropriate DAAC. In the case of a data loss
at any of the DAACs, the data can be recovered from the
backup archive within EDOS. In the case of loss of a part
ofthe backup Level 0 data within EDOS, the correspond-
ing data can be recovered from the appropriate DAAC.
Level 0 data are provided by EDOS to a DAAC as Produc-
tion Data Sets (PDSs) or Expedited Data Sets (EDSs) for
processing by the DAAC or an associated SIPS.

The EOS Real Time Processing System (ERPS)
provides the interface between control centers and ground
stations for Terra, Aqua, and Aura. ERPS provides ground
services for data processing, distribution, and storage for
low-rate return-link data, and processing, delivery, and
logging for forward-link data conforming to the Consulta-
tive Committee for Space Data Systems (CCSDS) Rec-
ommendations for Space/Ground Data Communications.
ERPS provides the capability to use Transmission Control
Protocol/Internet Protocol (TCP/IP) for the transfer of
real-time data between the Goddard Space Flight Center
(GSFC)-based EOC and the remote ground terminals.

EOS Networks—Effective access to EOSDIS depends
on network connectivity between users and data sources.
The DAACSs and Mission Systems are connected through
the EOS Mission Support network (EMSn), which uses
the NASA Integrated Services Network (NISN)-provided
Premium IP (PIP) network to assure security, timeliness,
and predictable response. This network moves Level 0 Sci-
ence Data products from EDOS to DAACs and supports
inter-DAAC data flows for generation of interdependent
EOS products. The EMSn also provides secure, reliable
communications for low-rate forward-and-return-link
operations.

The EOS Science Support network (ESSn) provides
connectivity between DAACs and users’ systems. Sev-
eral organizations provide ESSn services including: 1)
NISN Standard IP (SIP) service for access to other NASA
centers, the commodity Internet, and some National and
International High Performance Research and Educa-
tion Networks, and 2) the Mid-Atlantic Xroads (MAX)
GigaPoP and the University Corporation for Advanced
Internetworking Development’s (UCAID) Abilene Net-
work for access to most universities and most International
High Performance Research and Education Networks.

Distributed Active Archive Centers (DAACs)—Eight
DAACS, representing a wide range of Earth science
disciplines, carry out the responsibilities for processing,
archiving, and distributing EOS and related data, and for
providing a full range of user support (Table 5). These
institutions are custodians of Earth science data from EOS
and several non-EOS/heritage missions and ensure that
data will be easily accessible to users. Acting in concert,
DAAC: provide reliable, robust services to users whose
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needs may cross traditional discipline boundaries, while
continuing to support the particular needs of their respec-
tive discipline communities. The DAACs are currently
serving a broad and growing user community with increas-
ing use of both EOS and non-EOS data. Each DAAC has a
working group of users to provide advice on priorities for
scientific data, levels of service, and needed capabilities.
The DAACs have actively participated in the design and
implementation of EOSDIS.

Science Data Processing Segment (SDPS)—SDPS sup-
ports data archiving, data distribution, and information
management. SDPS hardware and software, developed
as a part of ECS, reside and operate at the DAACs. SDPS
provides for ingest and storage (temporary or permanent,
depending on data type) of data sets needed from other
data centers for supporting the generation of standard
data products. It supports the extraction of appropriate
subsets of standard data products to assist in scientific
quality control by respective investigators; and it also
provides software toolkits to assist instrument teams in
their development of product-generation software at their
Science Computing Facilities (SCFs).

Science Investigator-led Processing Systems (SIPSs)
—With the exception of the standard products derived
from the ASTER instrument on Terra, MISR on Terra, and
AIRS/AMSU/HSB on Aqua, all EOS standard products
are produced at SIPSs. These facilities are under the direct
control of the instrument Principal Investigators/Team
Leaders (PIs/TLs) or their designees. SIPSs are generally,
but not always, collocated with the PIs/TLs Scientific
Computing Facilities. For those Standard Data Products
generated by a SIPS, a DAAC captures the Level 0 and
ancillary data products and stores them for retrieval by
SIPSs. Products produced at SIPSs, using investigator-
provided systems and software, are sent to appropriate
DAAC: for archiving and distribution. One exception to
this is the Ocean Color Data Processing System, which
processes, archives, and distributes the MODIS ocean
products.

EOSDIS Evolution

Due to the extended operational lifetimes of the mis-
sions it supports and the science community’s desire to
continually increase access to the large data holdings of
EOSDIS, the ESDIS Project has undertaken an evolution
process to accommodate changes in technology and user
requirements and to address improvements in data ac-
cess. Some of the key science goals in the original design
of the system included the need to support data search
and access, dynamic product life cycle and extensible
product sets, interactive investigations, information-rich
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logical data collections, integration of independently
developed investigators’ tools and software, user-to-user
collaboration, distributed administration and control, and
site autonomy. The evolution process seeks to continue
to meet these goals while making improvements across
the board.

To reach its joint goals for science support and evolu-
tion, EOSDIS has been developed as a logically distrib-
uted system with the DAACs and SIPSs. It has sufficient
modularity and standard interfaces to enable migration
and/or replacement of components. It is built with a se-
lection of subsystems and services tailored to particular
data types and other specific needs. It permits autonomy
for service providers, while providing for coordination
among them.

Evolution of EOSDIS is discussed below in the
context of the overall evolution of Earth science data
systems supported by NASA. The first subsection be-
low presents the evolution of the EOSDIS components
and services, and the second presents comments on the
other data systems activities supported by NASA that are
complementary to EOSDIS.

Evolution of EOSDIS Components and Services—Over
the course of its development, many EOSDIS design
changes have been implemented in response to changes
in user needs and/or advances in data- and information-
systems technology. The integration of EDG and SIPSs
with ECS, to provide information-management and
data-processing services, are two examples. Another is
the implementation of facilities called data pools, which
are large caches of on-line storage that hold the latest and
most popular data collections. The data pools provide
direct access to these data collections with a growing set
of available services including subsetting and standard
interfaces.

While EOSDIS is managing a large amount of data
and successfully serving a broad user community, its de-
sign and development originated more than 10 years ago.
Many advances have occurred in information technology
during the intervening years. Although there have been
on-going technology infusion, incremental improvements
in processing and performance, and new functionality
added in user access, distribution, and archive manage-
ment over the years, the underlying design has remained
essentially the same. During this time frame, data volumes
have grown dramatically and the science community has
gained considerable experience in processing and analyz-
ing the data. More recently, through examination of cur-
rent operations and a series of lessons learned, there has
been a desire to re-examine current operations in search of
system improvements in a variety of areas. To this end, in
2004 NASA convened two groups: an EOSDIS Elements
Evolution Study Team to provide an external viewpoint
and offer guidance, and an EOSDIS Elements Evolution
Technical Team to develop an approach and implementa-
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tion plan that would begin to fulfill the objectives set forth
ina 2015 Vision developed in February 2005 by the Study
Team. The objectives set by NASA’s Science Mission
Directorate for the EOSDIS evolution were:

* Increase end-to-end data system efficiency and oper-
ability

* Increase data usability by the science research, applica-
tion and modeling communities

* Provide services and tools needed to enable ready use
of NASA’s Earth science data in next-decadal models,
research results, and decision support system bench-
marking

* Improve support for end users

The vision formulated by the Study team and the
plans formulated by the Technical Team address the above
objectives. More detail on these can be found at: eosdis-
evolution.gsfc.nasa.gov/.

Evolution of NASA Earth Science Data-Management
Systems—While the evolution of EOSDIS is driven in
part by changes in user requirements and technology,
it is also in response to guidance from NASA and its
advisory panels to move toward a more distributed and
heterogeneous collection of data- and information-systems
providers to satisfy the data-management needs of the
Agency. To that end, NASA has sponsored several initia-
tives complementary to EOSDIS. The first was the award
of the Earth Science Information Partners (ESIPs) in 1999
followed by the initial REASoN awards in 2004 and AC-
CESS awards in 2006. These projects comprise teams from
government, academic, and commercial institutions that
are funded to produce value-added products and services
consistent with the goals and objectives of NASA’s Earth
Science programs.

In order to foster community involvement in the evo-
lution of NASA’s Earth Science Data Systems, four Earth
Science Data System Working Groups have been estab-
lished. These are: the Standards Process Group, Metrics
Planning and Reporting Working Group, Software Reuse
Working Group, and Technology Infusion Working Group.
These working groups are open to all interested parties
and have membership from the ESDIS Project, DAACs,
SIPS, and REASoN and ACCESS Projects. They conduct
focused studies on data management issues in their respec-
tive areas and make recommendations to NASA’s Science
Mission Directorate for incorporation into its planning.
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Key EOSDIS Science Data Product
Terminology

Standard Data Products (SDPs)—Data products are to
be considered SDPs if they are:

 generated as part of a research investigation using EOS
data,

» of wide research utility,

* routinely generated, and

* produced for spatially and/or temporally extensive sets
of data.

Level Definitions for EOS SDPs—The various levels
of data referred to in this document are identical to those
defined by the EOSDIS Data Panel, and are consistent
with the Committee on Data Management, Archiving,
and Computing (CODMAC) definitions. For some instru-
ments, there will be no Level 1B product that is distinct
from the Level 1A product. In these cases, the reference
to Level 1B data can be assumed to refer to Level 1A
data. Brief definitions follow:

e Level 0

Reconstructed, unprocessed instrument/payload data at
full resolution; any and all communications artifacts,
e.g., synchronization frames, communications headers,
duplicate data removed. In most cases these data are
provided by EDOS to a DAAC as Production Data
Sets for processing to the SDPs in the DAAC or by
the SIPSs to produce the higher-level products.

e Level 1A
Reconstructed, unprocessed instrument data at full
resolution, time-referenced, and annotated with ancil-
lary information, including radiometric and geometric
calibration coefficients and georeferencing parameters,
e.g., platform ephemeris, computed and appended but
not applied to the Level 0 data.

* Level 1B
Level 1 A data that have been processed to sensor units
(not all instruments have Level 1B data products).

e Level 2
Derived geophysical variables at the same resolution
and location as the Level 1 source data.

e Level 3
Variables mapped on uniform space-time grids, usually
with some completeness and consistency.

* Level 4
Model output or results from analyses of lower level
data, e.g., variables derived from multiple measure-
ments.
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All EOS instruments must have Level 1 SDPs; most
have products at Level 2 and Level 3; and some have Level
4 SDPs. Some EOS Interdisciplinary Science Investiga-
tions have also generated Level 4 SDPs. Specifications for
the set of SDPs to be generated are reviewed by EOSPSO
and NASA Headquarters to ensure completeness and
consistency in providing a comprehensive science data
output for EOS. Standard data products are produced at
DAAC:s or SIPSs.
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Data and Information Policy

NASA Earth Science Statement on Data
Management

NASA’s Earth Science program was established to use
the advanced technology of NASA to understand and
protect our home planet by using our view from space to
study the Earth system and improve prediction of Earth
system change. To meet this challenge, NASA promotes
the full and open sharing of all data with the research and
applications communities, private industry, academia, and
the general public. The greater the availability of the data,
the more quickly and effectively the user communities
can utilize the information to address basic Earth science
questions and provide the basis for developing innovative
practical applications to benefit the general public.

A common set of carefully crafted data exchange and
access principles was created by the Japanese, European
and U.S. International Earth Observing System (IEOS)
partners during the 1990s and the early years of the 21
century. From these principles, NASA has adopted the
following data policy (in this context the term ‘data’ in-
cludes observation data, metadata, products, information,
algorithms, including scientific source code, documenta-
tion, models, images, and research results):

* NASA will plan and follow data acquisition policies
that ensure the collection of long-term data sets needed
to satisfy the research requirements of NASA’s Earth
science program.

* NASA commits to the full and open sharing of Earth
science data obtained from NASA Earth observing
satellites, sub-orbital platforms and field campaigns
with all users as soon as such data become available.

* There will be no period of exclusive access to NASA
Earth science data. Following a post-launch checkout
period, all data will be made available to the user com-
munity. Any variation in access will result solely from
user capability, equipment, and connectivity.

* NASA will make available all NASA-generated stan-
dard products along with the source code for algorithm
software, coefficients, and ancillary data used to gener-
ate these products.

e Al NASA Earth science missions, projects, and grants
and cooperative agreements shall include data manage-
ment plans to facilitate the implementation of these data
principles.
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* NASA will enforce a principle of non-discriminatory
data access so that all users will be treated equally. For
data products supplied from an international partner or
another agency, NASA will restrict access only to the
extent required by the appropriate Memorandum of
Understanding (MOU).

* In keeping with the Office of Management and Budget
(OMB) Circular A-130, NASA will charge for distri-
bution of data no more than the cost of dissemination.
In cases where such dissemination cost would unduly
inhibit use, the distribution charge will generally be
below that cost.

* Through MOUs and agreements with appropriate
interagency partners, NASA will ensure that all data
required for Earth system science research are archived.
Data archives will include easily accessible information
about the data holdings, including quality assessments,
supporting relevant information, and guidance for locat-
ing and obtaining data.

* NASA will engage in ongoing partnerships with other
Federal agencies to increase the effectiveness and re-
duce the cost of the NASA Earth science program. This
interagency cooperation shall include: sharing of data
from satellites and other sources, mutual validation
and calibration data, and consolidation of duplicative
capabilities and functions.

* NASA will, in compliance with applicable Federal law
and policy, negotiate and implement arrangements with
its international partners, with an emphasis on meeting
the data acquisition, distribution, and archival needs of
the U.S.

* NASA will collect a variety of metrics intended to
measure or assess the efficacy of its data systems and
services, and assess user satisfaction. Consistent with
applicable laws, NASA will make those data available
for review.

The data collected by NASA represent a significant public
investment in research. NASA holds these data in a public
trust to promote comprehensive, long-term Earth science
research. Consequently, NASA developed policy consis-
tent with existing international polices to maximize access
to data and to keep user costs as low as possible. These
policies apply to all data archived, maintained, distributed
or produced by NASA data systems.
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Applied Sciences Program

NASA’s objective for its Applied Sciences Program is to
expand and accelerate the realization of economic and
societal benefits from Earth science, information, and
technology. This objective is accomplished by using a
systems approach to facilitate the assimilation of Earth
observations and predictions into the decision-support
tools used by partner organizations to provide essential
services to society, services that include management of
forest fires, coastal zones, agriculture, weather prediction,
hazard mitigation, and aviation safety. In this way, NASA’s
long-term research programs yield near-term practical
benefits to society. Thus, the Applied Sciences Program
enables NASA’s Earth science efforts to be citizen-cen-
tered, results-oriented, and market-driven.

The Applied Sciences Program focuses on forging
partnerships with other Federal agencies and views this
as the most efficient means to extend the benefits of Earth
science information and technology to the Nation and
beyond. Federal agencies such as the Department of Agri-
culture (USDA), Federal Emergency Management Agency
(FEMA), Environmental Protection Agency (EPA), and
others have charters to provide essential services to meet
national needs. These agencies have existing webs of
connections to end users in state, local, tribal, national,
and foreign organizations and governments to whom
improvements in those services can be extended, so that
by working together NASA does not have to forge its
own connections. Furthermore, Federal agencies have the
information infrastructure and decision-support systems
capable of taking advantage of NASA’s Earth science data
and information.

As depicted in Figure 7, NASA remote-sensing
systems and Earth system models are inputs generating
observation and prediction outputs that in turn are used
as inputs to our partners’ decision-support systems. The
outcomes are improved decision-support tools enabling
positive impacts on national policy and management deci-
sions in a range of activities from coastal evaluations of
hurricane impacts to positioning of fire-fighting resources
in national forests. The target impacts are improvements
to the quality and effectiveness of policy and management
decision making by enabling decision makers to benefit
from decreasing uncertainties associated with complex
and dynamic Earth system processes. The outputs shown
in Figure 7 indicate the bridge that the Applied Sciences
Program and its partners build between Earth science
results and decision-support tools. This area is the focus
of the Applied Sciences Program.

The Applied Sciences Program employs the following
strategic principles in pursuit of its objectives:

* Enable the practical use of Earth science information
and technology in ways that are systematic, scalable,
and sustainable, thus magnifying the benefit of Earth
system science to the nation.

* Partner with other federal agencies having decision-sup-
port systems that can, or can be enhanced to, assimilate
observations from remote-sensing systems and predic-
tions from Earth system models. NASA works with its
partner agencies to benchmark (measure) the improve-
ment from use of new observations and predictions.
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Figure 7. Applied Sciences Program Approach to Integrated Systems Solutions.
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* Employ NASA’s systems engineering expertise to en-
able the effective assimilation of NASA Earth science
results, information, and technology in our partners’
decision-support systems.

* Engage the capacity of universities, industries, and oth-
ers through competitive solicitation for products, tools,
and techniques employing remote-sensing observations
and Earth system models in sponsored applications
projects.

* Engage in national efforts to coordinate geospatial
information principles and practices (interoperability,
standards, metadata, etc.), such as the Geospatial On-
eStop (www.geodata.gov) and the Federal Enterprise
Architecture, to assure the utility of the vast quantity
of data collected by several agencies engaged in in situ,
airborne, or satellite remote sensing.

* Employ the national Commercial Remote Sensing
Policy as a guide to the acquisition and use of com-
mercially available remote-sensing data for research
and applications.

The Applied Sciences Program’s purpose, approach, and
intended outcomes are consistent with the recognition by
the U.S. government’s executive and legislative branches
of the value of using Earth science information and tech-
nology to improve the many decision-support systems em-
ployed by the public and private sectors to deliver essential
services. The Climate Change Science and Technology
Programs have both embraced the paradigm proceeding
from observing systems to models to decision-support
systems, underpinned by research, as a structured means
of delivering science for society. This basic approach also
serves as one basis for the next phase of international col-
laboration on Earth observation. The beginning of this new
phase was marked by the international Earth Observation
Summit held in July 2003, which inaugurated planning
for a global Earth observation system aimed at providing
environmental information necessary for improving the
quality of life and stewardship of planet Earth.

The 12 Applied Science Program
Elements

NASA has 12 program elements under the Applied Sci-
ences Program. It forms partnerships with other federal
agencies that can significantly benefit from NASA’s ob-
servations and research results.

The program elements are detailed and summarized
in the following paragraphs and in Table 6. In addition,
each program element interfaces with one or more of the
six science focus areas (described in the Earth Science
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Program section) as depicted in the matrix shown in
Figure 8.

Agricultural Efficiency

An increased understanding of weather and climate can
help to improve agricultural competitiveness, especially
through the improved accuracy and lead-time of event
prediction.

Economies all over the world are impacted by inter-
annual climate anomalies, and the consequences can be
severe. Many of these anomalies can be linked to global
phenomena such as El Niflo or La Nifia. Scientists from
NASA and partner agencies seek to better understand the
complexities of the seasonal variability of climate, which
can contribute to providing accurate and timely informa-
tion to farmers and organizations responsible for food
and water management. The results of NASA research
and development in Earth science and technology can
be integrated into local and regional decision-support
systems addressing issues related to weather and climate
predictions in agriculture management. Improvements in
the accuracy of these decision structures lead to improved
crop-production assessments and increased agricultural
productivity and reliability.

Air Quality

In recent decades, considerable focus has been placed
on improving the quality of the air we breathe. Global
measurements reveal that pollution is not exclusively a re-
gional issue. NASA researchers and others have confirmed
that pollutants are lofted high into the atmosphere and
transported hundreds, even thousands of miles—crossing
oceans and national boundaries. Research conducted at
NASA and measurements taken by various NASA mis-
sions support improved models of pollution initiation and
transport. The measurements serve as input into a model-
ing system maintained by EPA that helps to improve the
accuracy and lead-time of pollution forecasts and allows
for robust emissions-control planning.

Aviation

To compete effectively in the global economy of the
215t century, the U.S. needs a healthy and vibrant avia-
tion industry. Since weather is a contributing factor in
approximately 30% of all aviation accidents, aviation
meteorologists need accurate upper-air data and timely,
accurate data concerning volcanic eruptions and plume
dispersion in order to route air traffic around dangerous
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natural phenomena. Improved aviation forecasts are
critically dependent on accurate upper-air observations
(often from radiosonde or satellite soundings). Studies
have shown that the impact of weather and other natural
phenomena upon aviation could be substantially mitigated
if existing satellite information were utilized more ef-
fectively. To address these challenges, NASA is utilizing
satellite remote-sensing systems to provide the frequent,
densely distributed observations needed by the NASA
Advanced Supercomputing system. NASA and its part-
ners are working diligently to make sure that information
available from instruments on current and future satellite
missions is infused into operational forecasting techniques
in a more timely fashion.

Carbon Management

Carbon is the basis for the food and fiber that sustain life on
Earth and is also a primary energy source around the globe.
Carbon dioxide (CO,) is a major greenhouse gas whose
concentration increased over 25% in the 20 century,
with undetermined climate and societal consequences.
Natural ecosystems on land and in the oceans serve as
carbon sinks, absorbing over half of the CO, that human
activities insert into the atmosphere each year. Research
indicates that changes in land-management practices
could enhance the effectiveness of these terrestrial and
oceanic carbon sinks in offsetting potential harmful effects
of increased atmospheric CO, concentrations. NASA is
uniquely poised to contribute information relevant to this
research; its space-based missions are making significant
contributions to carbon management studies by enabling
global and regional measurements and/or analysis of:
the concentrations of CO, in the troposphere; the impact
of regional land, atmosphere, and ocean interactions on
CO, concentrations; the impact of soil-carbon concentra-
tion and farming practices on soil-carbon-sequestration
activities and effectiveness; and the amount of vegeta-
tion biomass as a measure of carbon sources and sinks
on land. The results of these efforts can be integrated
directly into local, regional, and global decision-making
tools and should lead to improved ability to assess how
carbon sources and sinks may be altering the global CO,
concentration and the development of a carbon-trading
regime.

Coastal Management

Earth’s coastal regions provide the habitat for vital eco-
systems incorporating many marine and terrestrial species,
as well as providing crucial resources for humans, birds,
and other life forms. Our shorelines are under siege from
a number of natural and human-affected phenomena.
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Global warming threatens to raise the level of the oceans
and inundate our coastal lands. Harmful algae blooms
and hypoxia, caused by excess nutrient concentrations
from runoff, starve our waters of dissolved oxygen and
wreak havoc on marine ecosystems and coastal econo-
mies. Over 7000 square miles of the Gulf of Mexico are
hypoxic—the largest swath in the Western Hemisphere.
Since 1978, NASA has been collecting information rel-
evant to coastal-management studies. NASA works with
its partners to provide these quality science observations
and predictions as input into coastal-management models.
The anticipated result is improved ability to forecast these
menacing threats to our coasts and improved ability to plan
for them and mitigate their harmful impacts on society.

Disaster Management

Community preparedness for disaster management in-
volves assessments of vulnerability, risk, and response to
short-lived phenomena in Earth’s atmosphere, land, and
oceans. Particular episodic events of concern are thunder-
storms, tornadoes, hurricanes, tsunamis, flooding, volcanic
ash, forest fires, earthquakes, harmful ocean blooms,
and human-made disasters such as petroleum releases in
rivers and oceans. Correct forecasts of natural phenom-
ena are vitally important to allow for proper evacuation
and damage-mitigation strategies without unwarranted
expenditures and loss of public confidence that occurs
when incorrect warnings are issued. NASA Earth science
data are being incorporated into improved decision-sup-
port systems to meet the requirements of planners, early
warning systems, and first responders, and to contribute
to impact assessments, risk communication, mitigation,
and implementation of relief efforts.

Ecological Forecasting

Ecological forecasting uses Earth observation data and
models to predict the impacts of environmental changes
on the ecosystems upon which society depends for its
very existence. It links the physical world of climate and
geology to the living world of biology and ecology. The
goal is reliable forecasts of changes in living systems with
uncertainties and estimates of error explicitly stated. There
will no doubt be limits to what can be forecasted but dis-
covering these limits and their causes will enhance overall
understanding of the ecosystems and enhance efforts to
manage and preserve them. NASA is currently involved
in several international and domestic partnerships under
the theme of ecological forecasting. The decision-sup-
port systems engendered will be vital to efforts to build
economies while at the same time sustaining the natural
ecosystems that provide all-important free services such
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as: clean air, fresh water, fertile soils, waste removal, and
biodiversity. The desire is to create a win-win situation
where various critical ecosystems are maintained even
as the economies dependent on a particular ecosystem
expand and as populations living within the confines of
that ecosystem increase.

Energy Management

The commercial and residential demand for energy is af-
fected by natural and human influences. Growth in urban
areas changes land surfaces from green areas to heat
islands, creating complex microclimates. Population con-
centrations increase localized gas emissions of pollutants
that impact local air quality and contribute to the overall
greenhouse effect. These human activities occur against
a backdrop of natural variability such as seasonal weather
patterns, climatic extremes (floods, droughts, severe cold),
and interannual climate variations that account for changes
in energy consumption. The challenge facing decision
makers is to predict accurately the variability of both
natural and human influences on climate in order to plan
more effectively for energy use and conservation. Devel-
opment of decision-support systems for energy forecast-
ing will impact government and industrial organizations
at all levels. A major component of NASA is dedicated
to understanding Earth’s energy and hydrological cycles
from remote sensing and modeling.

Homeland Security

Since the terrorist attacks of September 11, 2001, efforts
to protect our nation have redoubled. The nation’s air
and water resources could be particularly vulnerable to
future attacks. Contamination and disruption in these basic
environmental quantities, be it by terrorist attack or other
human-induced or natural disasters, would have profound
consequences for society. Thus, it is essential that proac-
tive monitoring and forecasting efforts be implemented
to minimize the vulnerability of these vital resources.
NASA’s measurements, observations, and modeling
can provide data and information to Homeland Security
networks to support risk, vulnerability, and mitigation as-
sessments. Earth science data and information can support
decision making to ensure the adequacy of preparing for,
preventing, responding to, and recovering from terrorist
threats or attacks. NASA’s current and future space-based
missions will offer a wealth of information relevant to
monitoring the quality of the water we drink and the air
we breathe. The combination of adequate soil-moisture
and precipitation data and global-scale air-quality mea-
surements, all combined with improved understanding of
climatic phenomena such as ocean-circulation anomalies,

40 [ Applied Sciences Program ]

will greatly enhance weather and climate forecast skill,
thus enabling us to better cope with future homeland
security threats.

Invasive Species

Non-indigenous invasive species pose among the most for-
midable threats of the 215 century. An ‘invasive species’ is
defined as a non-native species whose introduction causes,
or is likely to cause, harm to the economy, environment, or
human health. Non-indigenous invasive species include:
1) mosquitoes responsible for diseases such as malaria and
West Nile Virus that affect public health; 2) agricultural
pathogens; and 3) plant and animal species that compete
with native species and/or have significant negative eco-
nomic impact. The issue has developed diverse interested
stakeholders, including land-management agencies, states,
the agricultural industry, conservation organizations, and
private landowner groups. NASA and the U.S. Geological
Survey (USGS) are combining their resources and shared
expertise to create a National Invasive Species Forecast-
ing System for the management and control of invasive
species. The end product will be a dynamic and flexible
system to generate electronic and paper maps of ‘hot
spots’ for potential exotic species invasions. These maps
will be used by private and public national, state, and lo-
cal management agencies for remediation, management,
and control. NASA currently provides measurements that
map key ecosystem attributes needed to predict invasive-
species distributions and contribute to improvements in
weather and climate predictions and ecological forecast-
ing. NASA also provides the computational capabilities
and expertise in large-scale, coupled, Earth system mod-
eling needed to ensure the successful transfer of the data
and technology into operational decision-support systems.
These contributions assure operational, robust, and early
detection and monitoring of outbreaks of invasive species
to protect natural and managed ecosystems.

Public Health

Many chronic and infectious diseases are related to en-
vironmental conditions. Recent outbreaks of West Nile
Virus and other vector-borne diseases have illustrated the
importance of having accurate and timely information to
predict and respond to epidemics. Organisms such as ticks
and mosquitoes (called vectors) transport these diseases;
and variabilities in rainfall and temperature have a major
influence on the distribution and quantity of these organ-
isms. NASA aims to help determine how weather, cli-
mate, and other key environmental factors correlate with
the occurrence of chronic and infectious diseases. Once
verified, validated, and benchmarked, these relationships
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can be assimilated into surveillance systems such as the
Environmental Public Health Tracking Network to track
and predict disecase. NASA’s satellites offer a wealth of
information for input into the decision-support systems
used for public health. The result of incorporating all of
this information into decision support systems will be
improved surveillance systems and more accurate and
precise disease predictions allowing for increased lead-
time on forecasts

Water Management

Viewed from above, our home planet is wonderfully mul-
ticolored, although with such an abundance of water on its
surface that it is sometimes referred to as a ‘blue marble’.
Still, only a small amount of this water is fresh and suit-
able for consumption by plants, animals, and humans.
Potable water availability, quality, and conservation issues
impact every region of the country. Monitoring the qual-
ity of both surface and ground water, and identifying the
location and magnitude of existing and potential pollution
sources and impacts are essential to ensuring an adequate
uncontaminated supply of this vital natural resource. Sur-
face water includes both (a) flowing water in streams and
rivers and (b) impounded water in natural lakes, polar ice
caps, and human-made reservoirs. Ground water includes
the large amounts of water stored beneath Earth’s surface
in aquifers. Increased demand threatens to deplete these

reservoirs. A number of NASA missions contribute to
our understanding of these and other key water-manage-
ment concerns. These missions are providing data for
studying water movement across the Earth’s surface and
are expected to allow for improved assessments of water
storage both on and beneath the Earth’s surface. Future
missions will contribute more information leading to
even better understanding of these issues. Incorporating
this information in decision-support systems will lead to
improved capability to predict water availability, protect
water quality, and plan for water conservation.

Figure 8. Earth Science Re-
search and Applied Sciences
Matrix.
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LBV B

Application

Partner
Agencies

NASA
Contributions

Partner Agencies’
Decision Support Tools

Decadal Outcomes of
Agencies’ Use of NASA
Data and Information

motion, extended weather
forecasts via Aqua,
SeaWinds, SRTM, Landsat,
suborbital missions, and,
eventually, GPM.

National Disaster
Information (CINDI).

Agricultural USDA, EPA Seasonal temperatures and * Crop Assessment Data ¢ Improved crop production

Efficiency precipitation data, extended Retrieval and Evaluation assessments
weather forecasts, and soil (CADRE). e Increased agricultural
moisture data via Aqua, Terra, productivity and reliability.
Landsat, suborbital missions,
and, eventually GPM, NPP,
and Aquarius.

Air Quality EPA, NOAA, Measurements of aerosols, e Community Multiscale Air | e Multiple-day air quality forecasts

USDA, FAA ozone, emissions, and Quality modeling system and robust emissions control
modeling of aerosol and (CMAQ) planning.
chemical atmospheric * AIRNow and Air Quality
transport via Terra, Aura, Index.
suborbital missions, and,
eventually, NPP and Glory.

Aviation DOT/FAA Monitoring of volcanic National Airspace System ¢ Enhanced National Airspace
aerosols via Terra, Aqua, Aura, (NAS): System, AWIN, and Synthetic
suborbital missions, and, e Controller/pilot decision Vision System that aim to
eventually, NPP-Bridge, GPM; aids reduce the aviation fatal
improved weather nowcasting; | ® Runway incursion accident rate by a factor of 10
improved cockpit capabilities prevention. by 2002
via: ¢ Improved operational efficiency
® Aviation Weather in a 2:1 ratio.

Information Network
(AWIN)
® Synthetic Vision System.
Carbon USDA, EPA, Measurements of carbona- * CQUEST tools developed * Operational decision support
Management DOE, USGS, ceous gases and aerosols, to implement Section system with improved
: USAID terrestrial biomass and marine 1605(B) of the Energy assessment of carbon sources
3 productivity via Terra, Aqua, Policy Act of 1992: and sinks for a carbon trading
Aura, suborbital missions, voluntary sequestration of regime.
and, eventually, NPP and greenhouse gases.
OCO.

Coastal NOAA, EPA Measurements and modeling e Harmful Algae Bloom ¢ Improved capability of decision

Management of ocean temperatures, Mapping System/Bulletin support systems to forecast
winds, color and salinity (HABMap/Bulletin). HAB initiation, transport, toxic
associated with harmful algae severity, landfall, and demise.
blooms via Terra, Aqua,

SeaWinds, Landsat, Jason,

and, eventually, NPP.
Disaster FEMA, USGS, Observations of topographic ¢ HAZUS Risk Prediction ® Enhanced risk assessment,
Management NOAA, USDA change and crustal strain and ® Center for Integration of warning and response for

hurricanes, tornados, flooding,
earthquakes, and landslides.

Table 6. Applied Science Program Elements showing Partner Agencies, NASA Contributions, Partner Agencies’ Decision Support Tools,
and Projected Decadal Outcomes of each program element.
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Decadal Outcomes of

National Partner NASA Partner Agencies’ Agencies’ Use of NASA
Application Agencies Contributions Decision Support Tools  Data and Information
Ecological USGS, USDA Observation of land cover ¢ Models of habitat change | e Enhancing ecosystem
Forecasting USAID change, vegetation structure, ¢ Impacts of El Nifio and sustainability as economics and
" . and biomass, and use in other oceanic oscillations populations shift and grow.
ecosystem models via on fisheries
Landsat, suborbital missions, * Regional visualization and
and, eventually, NPP. monitoring system for the
Mesoamerican Biological
Corridor.
Energy DOE, EPA Extended weather forecasts, * RET Screen * Energy Management sources
Management seasonal climate prediction, ¢ Natural Resources and their integration into the
and distribution of incoming Canada (NRCan). power grid through use of
solar radiation via Terra, Aqua, RET Screen
SORCE, and, eventually, e Location of Energy Management
CloudSat, NPP, and GPM. Facilities
e Biomass crop selection and
maintenance strategies.
Homeland DHS, NIMA, Observation and modeling of ® Department of Homeland ¢ Improved capabilities of
Security USDA, USGS, atmospheric chemical Security (DHS) homeland security officials to

NOAA, DoD transport and precipitation via Situation Control. prepare, warn, and respond to
Terra, Aqua, Aura, suborbital homeland security threats,
missions, and, eventually, especially air and water
NPP and GPM. exposure.

USGS, USDA Observations and modeling of ¢ Invasive Species e Operational, robust, and early
land cover change, biomass Forecasting System detection and monitoring of
and climate influencing (ISFS). plant invasions to protect natural
species proliferation in areas and managed ecosystems.
where they have been newly
introduced, via Terra, Aqua,

Landsat, and, eventually, NPP.
Public Health CDC, DoD, Observations and modeling of e Environmental Public ¢ Arbovirus Surveillance Network

NIH, EPA, weather, climate and other Health Tracking Network (ArboNet)

USGS, NOAA environmental factors (EPHTN) e Integrated environmental factors
influencing disease vectors e Arbovirus Surveillance into EPHTN
and air quality via Aura, Aqua, Network (ArboNet) ® Improved accuracy and
Terra, Jason, and, eventually, ® Malaria Modeling and precision of disease predictions
NPP and GPM. Surveillance (MMS). with a corresponding increase in

warning time.

USBOoR, EPA, Improved models of water ® RiverWare * Improved water quality and

USDA, USGS transport, storage and quality ® Better Assessment quantity assessments
using observations of snow Science Integrating Point ® Forecasts of precipitation and
cover, soil moisture and and Nonpoint Sources daily crop water use towards
topography via Aqua, Terra, (BASINS) reduction of unnecessary
GRACE, Landsat, suborbital o Agricultural Water irrigation
missions, and, eventually, Resources and Decision e Seasonal predictions for
NPP and GPM. Support (AWARDS). optimum vegetation selection

and improved water use
efficiency.

Table 6. Applied Science Program Elements showing Partner Agencies, NASA Contributions, Partner Agencies’ Decision Support Tools,
and Projected Decadal Outcomes of each program element (cont.).

Earth Science Reference Handbook

[ Applied Sciences Program ] 43






Education Program

Introduction

An essential element of inspiring the next generation of
explorers is educating them to give them the skills they
need to be pioneers of the 215t century. Through its educa-
tion programs, NASA is well positioned to help motivate
students toward careers in science, technology, engineer-
ing, and mathematics (STEM), provide educators with the
tools they need to improve STEM instruction, and increase
scientific literacy among the general public. They offer a
diverse array of programs, activities, and resources based
on NASA’s unique missions and results.

Inspire the Next Generation of Earth Explorers
(available at: science.hq.nasa.gov/education/) presents
NASA'’s plan for Earth science education through 2008
and explains how Earth science education aligns with the
framework set forth in the Agency’s first Education Enter-
prise Strategy, Learning in a Whole New Light (available
at: education.nasa.gov/about/strategy).

NASA’s Earth science educational activities provide
unique inquiry-based Earth system science content to
engage students in new technologies and prepare them for
participation in the 21st century global society. The Earth
system science concept, in addition to changing the way
research is conducted, is changing the way Earth science
is taught at elementary through post-graduate levels and
the way it is presented to the public by the media and
informal learning communities.

Goals and Objectives

NASA views the concept of Earth explorers broadly. The
elementary-school student questioning if E1 Nifio occurs in
oceans other than the Pacific, the researcher investigating
connections between Arctic ozone depletion and global
climate change, the consumer comparing hydrocarbon
versus hydrogen-powered cars, the citizen scientist inter-
ested in how changing climate and/or changing land cover/
land use affects animal migration patterns, the business
person projecting future needs for harvest, transport, and
storage of crops, and many others in various roles are all
Earth explorers. All share a vital interest in Earth system
processes and their impacts for life on Earth.

The following education program goals and associ-
ated objectives are aligned with Agency goals and objec-
tives for education as outlined in the Education Enterprise
Strategy:

Goal 1: To inspire and motivate students to pursue STEM
careers by providing stimulating and challenging content
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using the results of Earth system science and Earth sci-
ence applications.

Objectives

* Draw on the compelling nature of Earth system sci-
ence to support teacher professional development and
promote student achievement in STEM.

* Ensure the continued training of a highly qualified
and diverse workforce to support Earth system science
research and Earth science applications.

* Inspire and support underrepresented and/or under-
served communities through each sponsored education
program.

+ Increase student, teacher, and public access to Earth
system science education resources via electronic
information infrastructures.

Goal 2: To increase public scientific literacy of Earth
system science and climate change by engaging the public
in shaping and sharing the experience of exploration and
discovery.

Objectives

» Provide engaging Earth system science content and hu-
man-resource support to informal learning institutions
for the benefit of all learners.

+ Cultivate citizens’ abilities to get the data, resources,
and information they need to satisfy their own curiosity
on how the Earth system works and/or to take actions
to meet individual or societal needs.

NASA Education Program Operating
Principles

NASA established Agency-wide Education Program
Operating Principles to ensure alignment of all NASA
education programs with the 2003 NASA Strategic Plan,
to ensure adherence to NASA value-transformation
principles, and to promote excellence. The six operating
principles are outlined in Table 7.

The 2003 NASA Strategic Plan describes a new para-
digm for exploration and discovery where: 1) all parts of
NASA contribute to a common set of Agency objectives;
2) education programs utilize human space-flight activities
to enhance learning opportunities; 3) education programs
utilize technology to improve student learning; 4) educa-
tion is built into all programs from their inception; and 5)
all programs operate together as one NASA.
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Approach

The approach chosen for inspiring the next generation
of Earth explorers has two critical and complementary
components. The first is the use of digital-information
infrastructures as a principal mechanism for the systematic
delivery of educational resources. The second is the forma-
tion of a network of partners to facilitate the integration of
resources into existing education programs and activities.
Figure 9 outlines the process by which these components
contribute to the delivery of education activities for so-
cioeconomic benefit.

To be fully utilized by the education community, science
data sets and other resources must be easily accessible in
easy-to-use formats. Efforts are ongoing to develop and
apply hardware and software for research and education
in a systematic way. Meanwhile, NASA works together
with other federal agencies, educational administrations,
academic institutions, professional societies, international
organizations, and other industries to maximize the im-
pact of education activities. These partnerships facilitate
widespread dissemination and effective use of NASA’s
educational resources, promote alignment of the education
program with national, state, and local STEM priorities,
and support the development of a highly qualified Earth
system science workforce. NASA and its partners are
especially focused on increasing participation and reten-
tion of women, minorities, and persons with disabilities
in the Earth sciences.

The content for NASA Earth Science educational re-
sources and programs is based on the six major science
focus areas for research regarding the Earth system: cli-
mate variability and change; atmospheric composition;

carbon cycle, ecosystems and biogeochemistry; water and
energy cycles; weather; and Earth surface and interior.
NASA, along with other federal agencies and affiliated
laboratories, institutions of higher education, and non-
governmental organizations (NGOs), engages in research
supporting these six focus areas.

Programs, Activities, and Resources

NASA targets both formal and informal education audi-
ences, providing wide-ranging opportunities for learners
of all ages to investigate Earth system processes using
the Agency’s unique resources. Educational content
is based on the six science focus areas listed above. A
complete listing of programs, activities, and resources
is available online at: earth.nasa.gov/education/catalog.
They are also featured in the “For Kids,” “For Students,”
and “For Educators” sections of the NASA portal
(www.nasa.gov), NASA’s electronic point of entry for the
nation and the world.

Sponsorship of educational projects is through competi-
tive sourcing with specific focus and through efforts that
are embedded in Directorate research programs and flight
missions. The Earth-Sun System Education Program, in
the Science Mission Directorate at NASA Headquarters,
is primarily responsible for program planning, selection,
reporting, and integration. The education offices at the
NASA Centers also participate in the planning and imple-
mentation of Agency-level education programs and lead
the development of education programs that are unique to
their Centers. Center education offices ensure compliance
of these activities within the priorities established by the
Education Program Office.

Criteria Description

Customer Focused

Diversity

Evaluation

Partnership/
Sustainability

Programs or products have been designed to respond to a need identified by the
education community, a customer or customer group.

Content Programs or products make direct use of NASA content, people, or facilities to
involve educators, students, and/or the public in NASA science, technology, engi-
neering, and mathematics.

Pipeline Workforce-related programs or products make a demonstrable contribution to at-
tracting diverse students to NASA careers and lifelong learning in science, technol-
ogy, engineering, and mathematics.

Programs or projects reach identified targeted groups.

Programs or products implement an evaluation plan to document outcomes and
demonstrate progress toward achieving goals.

Programs or products achieve high leverage and sustainability through intrinsic
design or the involvement of appropriate local, regional, or national partners in their
design, development, and dissemination.

Table 7. NASA Education Program Operating Principles [adapted from Table 3.1 of the Earth Science Education Plan, p. 27].
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Measures

The success of NASA’s education program is measured
on three levels—descriptive statistics, evaluation, and per-
formance measures. Descriptive statistics provide general
information (funding levels, number and demographics of
participants, etc.) about the overall program and specific
activities. Individual projects provide internal evaluations
to gauge project performance and assess student learning,
while Education Program evaluation activities ensure
compliance of individual projects with NASA education
program operating principles. Performance measures that
are routinely collected include information on program
accessibility, partnerships, and community-recognition
awards.

Relationship with NASA’s Outreach
Program

There is a natural and inherent link between education
and outreach. While both of these elements have unique
implementation plans, education and outreach are
mutually supportive towards achievement of Agency
goals, objectives, and outcomes. Education is concerned
with what is being delivered, how it is being delivered,
and the specific learning that takes place. Outreach is
concerned with informing targeted audiences about what
the Agency is accomplishing and learning, why it is doing
so, and how Agency activities are relevant to them.

Knowledge Earth Science
Education Program
Understanding Earth Elements
system process « Earth Expl
Program
* GLOBE
Tools and Facilities o Earth System
. Science Graduate
Data, technologies, Student
and models Fellowship
Program
* New
Investigator
People | Program
* Embedded
Career and role Activities
models in Earth (REASON,etc.)
system science
and related fields
INPUTS OUTPUTS

Education &3
Support \___-/
Systems Industry  Government International Academic
Value and
Benefits to
Citizens and
Society
A  Continuous, Public literacy
infrastriciy " engaging and about the Earth
dynamic System and the
learning of the w environment
Earth System at
all levels of Competitive
~ formal and science and
 informal technology
“education workforce for
socioeconomic
benefit
t'-"' UTCOMES IMPACTS

U.S. Formal & Informal Education Systems

Figure 9. Earth Science Education Program Approach [adapted from Table 3.2 of the Earth Science Education Plan, p. 27].
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Technology Program

Introduction

NASA'’s Science Mission Directorate conducts a technol-
ogy program that develops advanced technical capabilities
for future NASA Earth science and applications systems.
Advanced technologies provide the foundation for a new
generation of sensors, instruments, information systems,
and high-end modeling frameworks. When infused into
mission systems, new technologies yield improvements
in our ability to observe, process, and disseminate data
and information products to NASA customers.

The Earth Science Technology Office (ESTO) is
responsible for development of a comprehensive tech-
nology-investment portfolio that meets the Directorate’s
needs. A crucial part of this role is the integration of NASA
technology-management and strategic-planning activities
into a single program that maintains an effective balance of
the overall technology investment. This role also includes
fostering cooperative relationships with internal NASA
programs and partnering with other Federal agencies,
academia, and private industry.

Goals and Objectives

Using NASA Earth Science needs as the focal point, ESTO
identifies promising scientific and engineering concepts
and supports their development. ESTO identifies capabil-
ity needs from NASA science objectives and maintains
traceable links between these needs and technologies in
the investment portfolio. These activities are implemented
through a process whereby ESTO:

* Plans observing systems and information and comput-
ing-system technology investments based on annual
needs reviews held in collaboration with the Earth
Science community. These activities identify specific
technology needs that drive the focus of technology
solicitations.

* Develops technologies through peer-reviewed com-
petitive solicitations using formal procurement vehicles
such as NASA Research Announcements (NRAs).
Progress of technology-development tasks is monitored
by ESTO using an on-line tracking system.

* Infuses mature technologies into NASA missions and
infrastructure for both space- and ground-based sys-
tems. ESTO collaborates with Earth Science program
planners to identify short-, mid-, and long-term infusion
opportunities for new missions.
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Portfolio Planning Process

The requirements described below are the means by
which development activities within ESTO are executed.
Portfolio-planning activities culminate in technology so-
licitations whereby NASA selects proposals submitted by
technology developers for funding. Requests for Propos-
als (RFPs) are formulated through a process that begins
with a gap analysis that identifies candidate technology
areas for the call, continues through selection of a specific
technology-focus area for the solicitation, and ends with
NASA approval and formal release of the RFP. Program
elements of the Earth science technology focus areas are
illustrated in Figure 11.

Earth Science Technology Program
Elements

Advanced Technology Initiative (ATI)—develops
new ideas and concepts, performs technical-assessment
studies, and supports planning of architectures, systems,
and component technologies for advanced observing
systems.

Instrument Incubator Program (IIP)—develops new
instrument and measurement techniques. This element
includes laboratory development and airborne validation
of new measurement systems.

Advanced Information Systems Technology (AIST)—
develops innovative on-orbit and ground capabilities for
communication, processing, managing of data, and the
efficient dissemination of information products.

Investment Portfolio

Program-element solicitations are conducted on a bi-an-
nual basis. These solicitations have covered a variety of
topics as illustrated in Table 8.
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Current Technology Challenges for Future
NASA Earth Science Programs

* Active remote-sensing sensors to enable atmospheric,
cryospheric, and Earth-surface measurements.

* Large deployable apertures to enable global-weather,
climate, and natural-hazards measurements from geo-
synchronous orbits.

* Intelligent distributed observing systems using ad-
vanced communication, onboard reprogrammable
processors, autonomous network control, data compres-
sion, and high-density storage.

* Integrated modeling systems with automated informa-
tion processing and knowledge-capture capabilities,
data fusion, and 3-D visualization techniques.

References

NASA, 2003: Earth Science Enterprise Strategy, October
2003. NASA Headquarters, Code Y, 300 E Street, SW,
Washington, DC 20546. [Available online at: earth.nasa.
gov/visions/.]

NASA Earth Science Technology Olffice:
esto.nasa.gov/

NRA Solicitations Year Focus

IIP Round 1 (Instruments) 1998 Open and unconstrained, covering active and passive optical and
active and passive microwave instruments

IIP Round 2 (Instruments) 2001 Microwave radiometry, radar, laser/lidar instruments

IIP Round 3 (Instruments) 2002 Topography & surface change, Gravity-field measurements, sea ice
thickness, snow cover, GEO (tropospheric profiles, atmosphere-
temperature-moisture and rainfall, coastal region), libration points
L1 or L2 innovation

ATl Component Technology 1999 Core-instrument technology, covering active and passive optical
(ACT Round 1) and active and passive microwave instrument components

ACT Round 2 (Components) 2002 Antenna, electronics, detectors, and optics components

AIST Round 1 (Info Systems) 1999 On-board space-based information systems applications including

data processing, organization, analysis, storage, and transmission;
intelligent sensor and platform control; and network configuration

AIST Round 2 (Info Systems) 2002 Space/Ground-based Computational Technology

NMP EO-1 (Space Validation) 1996 Validate technologies contributing to cost reduction and increased
capabilities for future land-imaging missions (Landsat data)

NMP EO-3 (Space Validation) 1998 Validate technologies contributing to cost reduction and increased
capabilities for future weather forecasting (future GOES)

Table 8. Investment Portfolio.
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Figure 10. Program Elements of Earth Science Technology Focus Areas.
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International Gooperation

NASA’s Earth science missions include many important
contributions from international partnerships. In order
to tackle the global challenge of understanding the total
Earth system, NASA relies in part on international partners
who, through space agencies and other organizations,
are making significant financial and hardware commit-
ments to space-based Earth science. These international
partnerships take many forms, including, for instance,
NASA’s providing an instrument for flight on another
country’s satellite and launch vehicle (or vice versa) and
exchanges of scientific data resulting from independent
U.S. and non-U.S. missions. The goal is to share as much
useful scientific information as possible in order to answer
some of the most pressing questions facing humanity to-
day—questions about how our planet is changing and how
humans are contributing to those changes. International
partnerships and data sharing also promote efficiency by
eliminating the need for different nations to fly multiple
copies of the same (or virtually the same) scientific instru-
ment. Furthermore, they enhance the scientific return of
research missions by involving more trained minds in the
analysis of the resulting scientific data.

Since its inception in 1958, NASA has sought out
mutually beneficial cooperation with other nations and
groups of nations in the peaceful application of its activi-
ties. Recognizing that Earth science is inherently inter-
national in its scope and function and that international
cooperation is critically important to our mission, NASA
currently has over 300 cooperative international agree-
ments in Earth sciences signed since 1994. Additionally,
NASA is an active participant in a number of Earth-
science-related international and multilateral forums.
International participation is essential to the successful
achievement of NASA’s goals and objectives. In order
to study the various components of global change, it is
necessary to gather data with a global scope and to observe
and analyze phenomena that occur in different parts of the
world. This requires globally dispersed test sites, ground
and air campaigns, and space-based sensors. Further, the
calibration and validation of space-based observations
requires regional experts and in situ data from around the
world. Finally, scientific results are most accessible and
useful to different nations if their scientists and assets are
part of the process of discovery.

A primary vehicle for promoting international coop-
eration among countries with space-based Earth observa-
tion research programs has been the Committee on Earth
Observation Satellites (CEOS). CEOS brings together
the space-faring nations of the world to coordinate their
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planned Earth observation activities, promote the shar-
ing of data and researchers, foster the interoperability of
information systems and services, and ensure the quality
and accuracy of Earth observation research data through
a focus on data calibration and validation. CEOS is also
taking a lead in addressing the space component of a
broader Integrated Global Observing Strategy (IGOS)
that will encourage coordination among space and in situ
observations. Even countries without space programs can
contribute through providing access to ground-based or
other in situ data and through analysis of the results of
shared information from spacecraft. Ultimately, if the
nations of the world are to take steps to address global
change, they must have confidence in the research data.
For that, it is important that these nations and their scien-
tists be involved in the data production.

A top-level International Earth Observation Summit
was held during July 2003 in Washington, DC. Ministe-
rial-level representatives from thirty-three nations plus the
European Commission adopted a declaration that signi-
fies political commitment to move toward development
of a comprehensive, coordinated, and sustained Earth
observation system (or systems). The Earth Observation
Summit attracted a distinguished group of government
dignitaries from around the world who are committed to
significantly advancing our collective ability to gather
Earth observation data.

The Summit participants affirmed the need for timely,
quality, long-term, global information as a basis for sound
decision making. In order to monitor continuously the
state of Earth, to increase understanding of dynamic Earth
processes, to enhance prediction of the Earth system, and
to carry out environmental treaty obligations, participants
recognized the need for a comprehensive, coordinated,
and sustained Earth observing system or systems.

To further this goal, the Summit participants launched
the intergovernmental ad hoc Group on Earth Observa-
tions (GEO) to develop a 10-year implementation plan.
The group, co-chaired by the United States, the European
Commission, Japan, and South Africa and joined by
more than 21 international organizations, began its work
by organizing five subgroups as well as a secretariat to
support its activities. The conceptual framework for a 10-
year implementation plan was presented at a ministerial
meeting in Tokyo in April 2004, and the plan itself was
presented at an Earth Observation Summit in Brussels in
February 2005.

Following the establishment of GEO, a U.S. Inter-
agency Working Group on Earth Observations IWGEO)
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Contributing
Partner

Argentina

Argentina

Australia

Belgium

Brazil

Brazil

Canada

Canada

Canada

Canada

Canada

Central America

Denmark

Denmark

ESA

ESA

France

France
France

France/
EUMETSAT

Germany/
France/
New Zealand

Germany/
France

Contribution Type

Spacecraft, instrument, mission
operations and data analysis
(MO&DA)

Spacecraft, instruments
MO&DA

Spacecraft, launch, instrument,
MO&DA

Hitchhiker, ATLAS Instrument
NASA aircraft overflight support
and in-situ measurements
Instrument on Aqua

Instrument on Terra Spacecraft
SAR instrument/ spacecraft
Atmospheric Chemistry
Experiment

Cloud radar components

Satellite data collection, instru-
ments, aircraft, Pls

In-situ measurements, ground
support

Magnetic mapping payload/Oer-
sted-2

Spacecraft, instruments, MO&DA

Provision of scientific data

Provision of scientific data

Spacecraft, instruments,
spacecraft operations

Spacecraft, instruments

Spacecraft, instruments,
validation; science

Spacecraft, instruments,
operations, ground systems, data
archival

Science data analysis,

validation

Spacecraft, launch, instrument
(France)

Project or
Instrument

SAC-C

SAC-D/Aquarius

FEDSAT

SOLCON

LBA

HSB

MOPITT

RADARSAT-1

SciSat-1

CloudSat

BOREAS

SERVIR

SAC-C

Oersted-1

ERS-1/ERS-2

Envisat

CALIPSO

TOPEX/Poseidon

Jason-1

OSTM

Orbiting Carbon
Observatory (OCO)

CHAMP

Launch or
Campaign Date

November 21,
2000
2008
December 14,
2002

3 flights flown
(1997, 1998, 2003)

Ongoing 6 year
Campaign

May 4, 2002

December 18,
1999

November 4,
1995

August 12, 2003

April 28, 2006
Ongoing Campaign
Ongoing Decision
Support System

November 21, 2000
February 23, 1999

July 17,1991/
April 21, 1995

February 28, 2002

April 28, 2006

August 10, 1992

December 7, 2001

2008

2008

July 15, 2000

Vehicle

Delta Il

Delta Il

Japanese H-IIA
Space Shuttle (lost
on STS-107)

N/A

Delta Il

Atlas Il AS

Delta Il

Pegasus

Delta Il

N/A

N/A

Delta Il

Delta Il

Ariane-4

Ariane-5

Delta Il

Ariane-4

Delta Il

Delta Il

Taurus

Russian COSMOS

Table 9. Foreign Contributions to NASA Earth Science Satellite Missions.
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Contributing
Partner

Germany

Germany

Germany

India

India

Japan
Japan

Japan

Japan
Japan

Japan

Japan
Japan
Netherlands

Russia

South Africa
Taiwan

United Kingdom

Over 30 Countries

Over 30 Countries

Contribution Type

MOS ocean color sensor

Launch, satellite operations, data
downlink

X-SAR instrument, engineering,
mission operation, calibration,
data processing

Access (with NOAA) to data from
meteorological and remote
sensors on Indian satellites and
in-situ measurements

Spacecraft and launch

Instrument on EOS Aqua
Spacecraft, instruments, launch

Spacecraft, instruments, launch

Spacecraft, instruments, launch
Instrument on Terra Spacecraft

Launch, precipitation radar
instrument

Data analysis
Launch, instruments
Instrument on Aura

Spacecraft, launch

Spacecraft, instruments, MO&DA
Microsatellites (6), instruments

Subsystems for instrument on
EOS Aura

In-situ data collection
VLBI/SLR/GPS system

investment and
operation

Project or
Instrument

IRS-P3/MOS

GRACE

SRTM

Earth and
Atmospheric
Science Cooperation

IRS-P3/MOS

AMSR-E
ADEOS |

ADEOS Il (also
known as Midori Il)

JERS
ASTER

TRMM

QuikSCAT
GPM
oMl

SAGE Il /
Meteor-3M

SUNSAT

COSMIC

HIRDLS

Aerosol Robotic
Network (AERONET)

NASA-led Space
Geodesy Program

Launch or
Campaign Date

March 21, 1996

March 17, 2002

February 11, 2000

Ongoing launches
and data collection

March 1996

May 4, 2002
August 17,1996

December 14, 2002

February 11, 1992
December 18, 1999

November 27, 1997

June 19, 1999
2011
July 15, 2004

December 10, 2001

February 23, 1999
2005

July 15, 2004

Ongoing

Ongoing

Vehicle

Indian Polar
Satellite Launch
Vehicle

Russian Rocket

Space Shulttle,
STS-99

Indian Polar Satellite
Launch Vehicle and
Ariane

Indian Polar Satellite
Launch Vehicle
Delta ll

Japanese H-lI

Japanese H-lI

Japanese H-lI
Atlas Il AS

Japanese H-lI

Titan Il
Japanese Rocket
Delta Il

Russian Rocket

Delta ll
DoD

Delta ll

N/A

N/A
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Table 9. Foreign Contributions to NASA Earth Science Satellite Missions (cont.).
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was formed to develop a 10-year plan for implementing
the United States’ components of the integrated Earth
Observation System.

The following paragraphs offer brief synopses of
some of the major foreign contributions to NASA’s Earth
science efforts.

Western Europe

NASA is cooperating with the French space agency Centre
National d’Etudes Spatiales (CNES) on Jason (a follow-
on ocean radar altimetry mission to TOPEX/Poseidon),
launched in December 2001. NASA and CNES are also
cooperating on the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) mission,
which was selected for development under NASA’s
second Earth System Science Pathfinder (ESSP-2) An-
nouncement of Opportunity (AO). CALIPSO launched
on April 28, 2006.

Cooperation between NASA and the German Aero-
space Center [Deutsches Zentrum flir Luft- und Raumfahrt
(DLR)] includes: collection and analysis of ocean-color
data from a German instrument, the Modular Optoelec-
tronic Scanner (MOS), launched aboard the Indian Remote
Sensing Satellite P3 (IRS-P3) in March 1996; the Shuttle
Radar Topography Mission (SRTM), launched February
2000; the Challenging Minisatellite Payload (CHAMP),
launched in July 2000; and the Gravity Recovery and
Climate Experiment (GRACE) mission, launched March
2002.

The United Kingdom worked with NASA to provide
the High Resolution Dynamics Limb Sounder (HIRDLS)
as well as making crucial contributions to the Microwave
Limb Sounder (MLS), both of which fly on Aura, launched
in July 2004.

The Netherlands and Finland provided the Ozone
Monitoring Instrument (OMI) for Aura. NASA arranged
and funded a launch of Denmark’s Oersted satellite, which
included a NASA-provided Global Positioning System
TurboRogue (GPS-TR) receiver. Oersted was launched
in February 1999.

The European Space Agency (ESA) launched its
first Earth Remote Sensing satellite (ERS-1) in 1991 and
its second, ERS-2, in April 1995. NASA has agreements
with ESA to receive, process, and distribute Synthetic
Aperture Radar (SAR) data from both missions. ERS-1
is no longer operational, but NASA continues to receive
SAR data from ERS-2. In March 2002, ESA launched its
Envisat mission, which includes nine instruments to study
coastal zones, oceans, ice and land surface processes,
and atmospheric chemistry processes. NASA is currently
working with ESA on an arrangement to receive data from
Envisat-1.
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Russia

On June 17, 1992, the United States and the Russian
Federation signed a joint agreement concerning coopera-
tion in the exploration and use of outer space for peaceful
purposes, which has been extended through 2007. As a
follow-up to this agreement, in December 1994, during
meetings of the U.S.-Russian Joint Commission on Eco-
nomical and Technical Cooperation (commonly known
as the Gore-Chernomyrdin Commission), NASA and the
Federal Space Agency of Russia (FSA) signed an imple-
menting agreement to fly NASA’s Stratospheric Aerosol
and Gas Experiment III (SAGE III) aboard the Russian
Meteor-3M spacecraft. For the last 35 years, the Meteor
satellite series has served as a major Russian hydro-meteo-
rological platform for environmental and natural resources
(e.g., water) research. SAGE III was successfully launched
on the Russian Meteor-3M spacecraft on December 10,
2001 from Baikonur, Kazakhastan, on a Zenit-2 launch
vehicle. The Meteor-3M mission life requirement was for
three years due to spacecraft design life limitations, while
the SAGE III instrument was designed for a 5-year life.
Although the mission is now in extended operations mode,
the Meteor-3M satellite experienced a loss of pressure in
its main canister on July 29, 2005, and some SAGE III
data were lost. Although SAGE III operations resumed,
the satellite may not be operational after early 2006.

In addition to SAGE III cooperation, NASA has initi-
ated several cooperative Earth science research projects
with the Russian Academy of Science (RAS), many of
which contribute to EOS data calibration and validation
efforts. Projects are principally in the areas of land use
and land change, ecology, aerosols, and space geodesy.
In particular:

Space Geodesy: NASA is currently cooperating with the
Russian Academy of Sciences (RAS) and the Ukrainian
Academy of Sciences in a trilateral cooperative effort in
the Very Long Baseline Interferometry (VLBI) geodetic
experiment. This cooperation encompasses the use of
a NASA-loaned data acquisition system installed in
St. Petersburg and the radiotelescope of the Crimean
Astrophysical Observatory in Simeiz, Ukraine. The ex-
periments focus on improved accuracy in VLBI measure-
ments required for studies of Earth orientation, angular
momentum, and crustal dynamics. In addition, Russia
and the U.S. are cooperating on the laser tracking of
satellites of mutual interest, including U.S., Russian, and
Italian geodetic satellites, Russian GLONASS satellites,
U.S. Global Positioning Satellites, and the U.S./French
TOPEX/Poseidon oceanography satellite.

High Resolution Picture Transmission (HRPT) Stations
and Advanced Very High Resolution Radiometer (AVHRR)
data: This cooperative research effort has been focused
on the study of boreal forests. Three NASA-loaned HRPT
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stations were installed in Siberia to collect 1-km resolution
data from the AVHRR instrument on National Oceanic and
Atmospheric Administration (NOAA) polar orbiting satel-
lites. Raw, processed and analyzed data are available to the
international science community on a full and open basis.
Data from these stations have been successfully used in
various satellite applications, especially for monitoring
forest fires and other natural disasters.

Aerosol Robotic NETwork (AERONET): NASA has loaned
several sun photometers to various Russian institutions
in support of the global AERONET program. The sun
photometers measure vital acrosol optical properties and
water vapor, which contribute to a more-detailed under-
standing of global atmospheric change phenomena with
a particular focus on the assessment of air quality.

Canada

NASA and the Canadian Space Agency (CSA) continue
to cooperate on a variety of Earth science space missions.
The Canadian RADARSAT-1 spacecraft was launched
by NASA in November 1995; and CSA provided the
Measurements of Pollution in the Troposphere (MOPITT)
instrument for NASA’s Terra mission, launched in Decem-
ber 1999, and the Atmospheric Chemistry Experiment
(ACE) for SciSat-1, launched in August 2003.

NASA and CSA are also cooperating on the CloudSat
mission, which is measuring the vertical structure of
clouds from space. CSA provided the Cloud Profiling
Radar Extended Interaction Klystron and RF Electronics
Subsystem. CloudSat launched on April 28, 2006.

Japan

Joint Japanese/NASA Earth science activities include
NASA’s participation with the Japan Aerospace Explora-
tion Agency (JAXA) on the ADEOS missions, the Tropi-
cal Rainfall Measuring Mission (TRMM), and a possible
TRMM follow-on known as the Global Precipitation
Measurement (GPM) mission. The Japanese Ministry
of Economy, Trade and Industry (METI) also partici-
pated with NASA through its provision of the Advanced
Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) for NASA’s Terra platform, launched in Decem-
ber 1999. Japan's National Space Development Agency
(NASDA) provided an Advanced Microwave Scanning
Radiometer-EOS (AMSR-E) for Aqua, launched in May
2002, prior to NASDA’s being merged into JAXA.

The objectives of the ADEOS missions included
Earth surface, atmospheric, and oceanographic remote
sensing. The U.S. supplied two instruments for flight
onboard ADEOS-I—a NASA Scatterometer (NSCAT)
and a Total Ozone Mapping Spectrometer (TOMS).
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France contributed one instrument to the mission—the
Polarization and Directionality of the Earth’s Reflectances
(POLDER). Due to technical difficulties, the ADEOS-I
satellite ceased operation in June 1997, ten months after
launch. ADEOS-II (also known as Midori IT) was a polar-
orbiting Earth observation satellite whose mission was
to obtain Earth science data related to the global water
cycle and the environment. ADEOS-II carried the NSCAT
follow-on instrument, SeaWinds, and France’s POLDER
instrument, as well as Japanese instruments. ADEOS-II
was launched in December 2002 and ceased functioning
in October 2003.

TRMM is a joint NASA/JAXA mission to measure
precipitation in Earth’s tropical regions. Japan supplied
the launch vehicle and precipitation radar for TRMM, and
NASA provided a TRMM Microwave Imager (TMI), a
Visible and Infrared Scanner (VIRS), a Clouds and the
Earth’s Radiant Energy System (CERES), a Lightning
Imaging Sensor (LIS), and the TRMM spacecraft. TRMM
was launched on a Japanese H-II launch vehicle in No-
vember 1997 and continues in operation in early 2006.

Latin America

NASA and the Argentinean Space Agency [Comision
Nacional de Actividades Espaciales (CONAE)] are work-
ing together on the Satelite de Aplicaciones Cientificas-C
(SAC-C), launched in November 2000 on a NASA-pro-
vided expendable launch vehicle. SAC-C is one of a suite
of satellites to carry a new GPS receiver, provided by
NASA, for atmospheric, oceanic, and spacecraft naviga-
tion studies.

Following on the success of SAC-C, NASA and CO-
NAE have agreed to cooperate on the Aquarius/Satelite
de Aplicaciones Cientificas D (SAC-D) Satellite Mission.
Aquarius will provide global maps of salt concentration,
measuring variations in salinity to determine how the
ocean responds to the combined effects of evaporation
and precipitation, ice melt, and river runoff on seasonal
and interannual time scales. This is critical information to
understand how salinity variations modify ocean circula-
tion and the global redistribution of heat.

Brazil provided the Humidity Sounder for Brazil
(HSB) instrument for flight on NASA’s Aqua mission,
launched in May 2002. The HSB is a measurement system
for atmospheric humidity and contributed to the enhance-
ment of meteorological and climatic forecasts. The HSB
instrument experienced an anomaly in February 2003 and
has not yet been successfully restarted.

NASA is leading the U.S. science participation in
the Brazilian-led Large-Scale Biosphere-Atmosphere
Experiment in Amazonia (LBA). LBA is a multi-disci-
plinary, international research effort designed to increase
our understanding of the climatological, ecological, bio-
geochemical, and hydrological functioning of Amazonia,
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its interaction with other parts of the Earth system, and
its response to land use change. LBA combines newly
developed analytical tools (satellite and airborne remote
sensing, Geographic Information System, and state-of-
the-art models) and innovative, multidisciplinary, experi-
mental designs in a powerful synthesis that will create new
knowledge to address long-standing scientific issues and
controversies.

In 1998, NASA joined with the Central American
Commission for Environment and Development (CCAD:
Comision Centro Americana de Ambiente y Desarrollo)
to cooperate in establishing the Mesoamerican Biological
Corridor. The Corridor links hundreds of protected areas
from Mexico to Colombia, in the belief that the conserva-
tion of the region’s remarkably rich biological diversity
is vital for the sustainable economic development of its
peoples. This partnership combines NASA’s expertise in
space-based observation with the intimate knowledge of
local ecosystems held by a multinational cadre of Central
American researchers.

As a result of the successful collaboration between
NASA and CCAD, NASA expanded its efforts in the
region in 2002/2003 by joining forces with the U.S.
Agency for International Development and the World
Bank to develop an advanced decision support system
for Mesoamerica. This decision support system, named
SERVIR, the Spanish acronym for the Regional Visual-
ization and Monitoring System for Mesoamerica, will be
used by scientists, educators, and policy makers to moni-
tor and forecast ecological changes, respond to natural
disasters (earthquakes, hurricanes, drought, and volcanic
eruptions), and better understand both natural and human
induced effects upon the regional climate.

India

In December 1997, NASA, the National Oceanic and At-
mospheric Administration, India’s Department of Space,
and India’s Department of Science and Technology signed
a Memorandum of Understanding for Scientific Coopera-
tion in the areas of Earth and Atmospheric Sciences. This
agreement initiated a long-awaited Earth and atmospheric
scientific cooperation between these four agencies and
established communication lines for the exchange of Earth
science data between India and the United States.

Under the agreement, the India Meteorological De-
partment joined the international effort to calibrate and
validate Tropical Rainfall Measuring Mission (TRMM)
data and has provided important rainfall data over the
Indian subcontinent for this purpose.
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Australia and New Zealand

Australia is supporting an EOS Interdisclipinary Science
Investigation and surface validation sites. In addition,
Australia is supporting two scientists as members of the
MODIS science team. New Zealand also supports EOS
validation activities, in collaboration with the University
of Denver.
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Interagency Coordination

NASA’s Science Mission Directorate has many part-
nerships with Federal agencies affiliated with the U.S.
Climate Change Science Program (CCSP) and the U.S.
Climate Change Technology Program (CCTP). The
broad goals of these programs are the advancement of
Earth system science and its application to societal con-
cerns. Also, the Directorate’s Applied Sciences Program
conducts projects in partnership with Federal agencies
that use NASA research and information to improve the
delivery of the essential services these agencies provide
to the nation. These partnerships are coordinated through
committees or working groups that establish the tasks to
be accomplished by each partner, through joint solicita-
tions for research and development activities, and through
implementation mechanisms.

NASA’s Role in U.S. Climate Change Science
and Technology Programs

In February 2002, the President created a new Cabinet-
level management structure, the Committee on Climate
Change Science and Technology Integration, to oversee
the full scope of Federal climate-change research and
technology development. Within this structure, CCSP inte-
grates research and related activities sponsored by the U.S.
Departments of Agriculture (USDA), Commerce (DOC),
Defense (DoD), Energy (DOE), Health and Human Ser-
vices (HHS), Homeland Security (DHS), Interior (DOI),
State (DOS), and Transportation (DOT), as well as the
Environmental Protection Agency (EPA), NASA, National
Science Foundation (NSF), Smithsonian Institution (SI),
U.S. Agency for International Development (USAID),
Office of Science and Technology Policy (OSTP), and
Office of Management and Budget (OMB).

The Director of the Climate Change Science Program
Office (CCSPO) is the Assistant Secretary of Commerce
for Oceans and Atmosphere. CCSP encompasses the
Climate Change Research Initiative (CCRI) and the U.S.
Global Change Research Program (USGCRP). CCSPO
has produced a vision document and strategic plan that
can be accessed at www.climatescience.gov.

CCTP is within DOE, and includes the same member
agencies as CCSP (with the exception of SI). CCTP is built
upon six interagency working groups. NASA chairs the
Measurement and Monitoring Working Group.

NASA’s Technology Program is designed to foster
the creation and infusion of new technologies into NASA
missions in order to enable new science observations or
reduce the cost of current observations. Requirements for
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advanced-technology development are based on require-
ments that are articulated in the Earth Science Enterprise
Strategy and accessible at: science.hq.nasa.gov/strategy/
index.html. As shown in the Strategy document and in
Tables 10-12, NASA’s Earth system science research
paradigm, program elements, and science focus areas are
well aligned with CCSP research goals, core approaches,
and research elements.

Interagency Working Group on Earth Observations
(IWGEO)—During the International Earth Observation
Summit of July 31, 2003, the intergovernmental ad hoc
Group on Earth Observations (GEO) was formed to de-
velop a 10-year plan for implementing an integrated Earth
Observation System (details are given in the International
Cooperation section). Subsequently, a U.S. Interagency
Working Group on Earth Observations (IWGEO) was
formed to develop a 10-year plan for implementing the
U.S. components of the integrated Earth Observation
System.

The roles and responsibilities of the IWGEO are to:

+ develop a U.S. National Plan for the Earth Observa-
tion System;

 coordinate with Academia and the Private Sector;

 formulate the U.S. Position and Input to the GEO;
and

* coordinate with Standards Bodies on Data Quality
and Data Management.

The IWGEO is co-chaired by Ghassem Asrar (NASA),
Cliff Gabriel (OSTP), and Greg Withee [National Oceanic
and Atmospheric Administration (NOAA)]. It comprises
representatives from 15 member agencies: DHS, DOC,
DOE, DOT, EPA, HHS, NASA, DoD, NSF, OSTP, SI,
DOS, USDA, USAID, and the United States Geological
Survey (USGS). IWGEO is structured to mirror GEO.
Along with an executive secretariat and a planning and
integration team, IWGEO contains architecture, data utili-
zation, user requirements and outreach, capacity building,
and international cooperation teams.

GOES and POES Environmental Satellite Program
—The Geostationary Operational Environmental Satel-
lite (GOES)/Polar-orbiting Operational Environmental
Satellite (POES) program is a cooperative effort between
NASA and NOAA. NASA’s Goddard Space Flight Center
(GSFC) is responsible for the construction, integration and
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launch of NOAA satellites. Operational control of each
spacecraft is turned over to NOAA after the spacecraft is
checked out on orbit.

The GOES/POES mission is composed of two geo-
stationary satellites and two polar orbiting satellites. These
satellites operate in pairs. The geostationary satellites,
GOES-East covering the U.S. east coast and GOES-West
covering the U.S. west coast, provide real-time weather
data for use in short-term weather forecasting (warnings
of severe weather) and space environment monitoring,
as well as research and development. The two POES
polar orbiting satellites are sun-synchronous, one with a
morning equatorial-crossing time and the other with an
afternoon crossing time. Operating as a pair, these satel-
lites ensure that the most recent data for any region of the
U.S. are no more than six hours old.

National Polar-orbiting Operational Environmental
Satellite System (NPOESS)—NASA participates with
U.S. operational satellite agencies (NOAA and DoD) in
the Integrated Program Office (IPO) for NPOESS that
is planned to become operational toward the end of this
decade. NPOESS will replace the present NOAA polar
environmental satellites and the DoD polar meteoro-
logical satellites. NASA’s goal is to ensure the long-term
continuity of key environmental measurements. NASA
promotes the convergence of the operational observation
requirements of partner agencies with its own research
data needs for systematic observations, shares the cost of
new developments, and develops precursor instruments
and spacecraft technologies for future operational appli-
cation missions. NASA also encourages the continuing
involvement of scientific investigators in the calibration
and validation of operational measurements, the develop-
ment of more-advanced information retrieval algorithms,
and the analysis of operational data records.

The NPOESS Preparatory Project (NPP), planned for
launch in 2008, is a joint NASA/IPO mission to extend
key measurements in support of long-term monitoring
of climate trends and of global biological productivity.
It will extend the measurement series being initiated
with EOS Terra and Aqua and provide a bridge between
NASA’s EOS missions and NPOESS. The NPP mission
will also provide operational agencies early access to the
next generation of operational sensors, thereby greatly
reducing the risks incurred during the transition.

Earth System Modeling Framework (ESMF)—The
NASA Earth Science Technology Office (ESTO) has es-
tablished the Earth System Modeling Framework (ESMF).
ESMF consists of Earth scientists and computational
experts from major U.S. Earth modeling centers and is de-
veloping a robust, flexible set of software tools to enhance
ease of use, performance portability, interoperability, and
reuse in climate, numerical weather prediction, and data-
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assimilation applications. A multi-agency collaboration
that includes many of the major climate, weather, and
data assimilation efforts in the U.S. is responsible for
developing ESMF. The collaboration includes activities
sponsored by NSF, NOAA, DOE, NASA, and over a
dozen universities.

U.S. Weather Research Program (USWRP)—NASA
is a major participant in the multi-agency (NOAA, NSF,
NASA, DOT, DOE, USDA, DoD, EPA) U.S. Weather
Research Program (USWRP). The goal of NASA’s
participation is to contribute to the improvement of near-
term forecasts through NASA’s latest remote-sensing,
data-analysis, and modeling research. Understanding
and predicting the occurrence of high-impact (severe and
hazardous) weather events are highlighted within the
NASA Earth Science Enterprise Research Strategy for
Mesoscale Weather Observations and Research and are
principal scientific objectives of USWRP.

EarthScope—EarthScope is a multi-agency program for
fundamental and applied research throughout the U.S. that
will contribute to mitigating risks from geological hazards,
developing natural resources, and improving the public’s
understanding of the dynamic Earth. A key component
of EarthScope is the Interferometric Synthetic Aperture
Radar (InSAR), a dedicated satellite mission carried out
jointly between NASA, NSF, and USGS that will provide
spatially continuous Earth-strain measurements over wide
geographic areas. NASA will play a leading role in the
InSAR mission.

NASA Applied Sciences Program

In addition to the activities described above, NASA’s
Applied Sciences Program (described in detail in the
Applied Sciences Program section) relies heavily on
forging partnerships with other Federal agencies to ac-
complish its objectives. NASA chooses to partner with
those agencies that have pre-existing connections with
end-users, information infrastructure already in place, and
decision support systems that can be enhanced by Earth
science information, which NASA is uniquely poised to
provide.

As examples, the Federal Aviation Administration
(FAA) works with the aviation industry to deliver the
benefits of the National Airspace System to travelers.
NASA supports that system with atmospheric observations
and predictions and with synthetic vision technologies.
Likewise, the Federal Emergency Management Agency
(FEMA) provides state, local, and tribal emergency man-
agers with earthquake risk assessments using the Hazards
U.S. (HAZUS) model. NASA helps FEMA improve
HAZUS with topography, land-cover change, and related
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CCSP Research Goals

Improve knowledge of Earth’s past and present climate
and environment, including its natural variability, and
improve understanding of causes of observed variability
and change

Improve quantification of the forces bringing about
changes in Earth’s climate and related systems

Reduce uncertainty in projections of how Earth’s climate
and related systems may change in the future

Understand the sensitivity and adaptability of different
natural and managed ecosystems and human systems to
climate and related global changes

Explore the uses and identify the limits of evolving
knowledge to manage risks and opportunities related to
climate variability and change

NASA Earth Science Research Questions

How is the global Earth system changing? (Variability)

What are the primary causes of change in the Earth system?
(Forcings)

How does the Earth system respond to natural and
human-induced changes? (Response)

What are the consequences of change in the Earth
system for human civilization? (Consequences)

How will the Earth system change in the future? (Prediction)

Table 10. CCSP Research Goals and associated NASA Earth Science Research Questions.

CCSP Core Approaches

Scientific Research
Observations and Data Management

Decision Support

Communications

NASA Earth Science Programs

Research

Observations and Information Systems

Applied Sciences

Technology

Education

Table 11. CCSP Core Approaches and associated NASA Earth Science Programs.

CCSP Research Elements
Climate Variability and Change
Atmospheric Composition

Land Use / Land Cover Change
Global Carbon Cycle
Ecosystems

Global Water Cycle

Human Contributions and Response

NASA Earth Science Research Focus Areas

Climate Variability and Change

Atmospheric Composition

Carbon Cycle, Ecosystems, and Biogeochemistry

Water and Energy Cycles

Weather

Earth Surface and Interior

Table 12. CCSP Research Elements and associated NASA Earth Science Research Focus Areas.
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data. NASA collaborates with these agencies as well as
with a host of others (see Table 6 in the Applied Sciences
Program section) on its twelve Applied Science Program
Elements. The goal is to benchmark the capacity of Earth
science research to improve these other agencies’ decision
support tools so they can better serve the entire nation.

References

NASA, 2003: Earth Science Enterprise Strategy, Octo-
ber 2003. NASA Headquarters, Washington, DC, 94 pp.
[Available online at: science.hq.nasa.gov/strategy/
index.html.]
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NASA’s Earth Observing Missions

Studying the Earth System from Space

Since its founding back in 1958, NASA has been planning
and launching missions to study the Earth from space.
From the 1960s through the 1980s technology was devel-
oped to view the Earth globally, focusing on individual
components of the Earth system. This launched an era of
rich scientific discovery, including participation in the
discovery of the processes behind Antarctic ozone deple-
tion (EP/TOMS"), the Earth’s response to incoming solar
radiation (ERBS), and the extent, causes, and impacts of
land use and land cover change (Landsat 7°).

During the decades of the 1980s and 1990s, the
knowledge of the Earth system was expanded and the
interdisciplinary field of Earth system science began to
mature. Through satellites, NASA and others began to
survey the Earth system in its entirety on a routine basis.
The Earth Observing System (EOS), first conceived in the
1980s as a series of systematic measurements of the inter-
actions among land, oceans, atmosphere, and life, began to
take shape during the 1990s. Meanwhile, scientists began
to use space-based observations, coupled with sub-orbital
and in situ observations, to uncover the mechanisms
behind the El Nifio/La Nifia cycle (TOPEX/Poseidon)
and began to model the climate system in a meaningful
way. For the first time, scientists were able to probe the
upper regions of the atmosphere and study its complex
chemistry (UARS) and measure the global distribution of
atmospheric aerosols and related changes over seasons and
years (UARS, EP/TOMS). Scientists also began to get a
better handle on the distribution of global precipitation,
particularly in tropical regions (TRMM), and biological
activity in our oceans (Orbview-2/SeaWiFS).

The so-called ‘EOS era’ began in earnest with the
launch of Terra in 1999. Terra serves as the flagship of
the EOS program. It is a joint NASA mission with Japan
and Canada that has five advanced instruments onboard,
each directed at various aspects of land and ocean sur-
faces, sea surface temperature, cloud patterns, small
atmospheric particles called aerosols, and the balance of
solar energy absorbed and reflected by Earth. In 2002,
Aqua joined Terra in orbit. Aqua carries a synergistic
six-instrument payload designed to observe how moisture
cycles between Earth’s lithosphere (land), hydrosphere
(water), atmosphere (air), and cryosphere (ice). Aura was
the third and final major EOS mission, launched in 2004.
Its mission is to study the atmosphere’s chemistry and

I TOMS instruments previously flew on Nimbus-7 (NASA), Meteor-3
(Russia), and ADEOS (Japan). Measurements date back to 1978.

2 A series of Landsat missions, originally named ERTS, dates back to
1972.
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dynamics and to investigate questions about ozone trends,
air quality changes, and the linkages of these changes to
climate change. Aura’s four instruments all contribute to
the mission’s goals. These three primary EOS missions
are joined by a host of other more narrowly focused EOS
missions, all of which are described in this expanded sec-
tion.

NASA'’s Earth-observing satellites and sponsored
research have encouraged scientists to view the Earth as a
system—a dynamic set of interactions among continents,
atmosphere, oceans, ice, and life. The resulting new in-
terdisciplinary field of Earth system science is critical to
understanding how global climate responds to the forces
acting on it.

In addition to the EOS series of missions, NASA has
a number of complementary current and planned Earth
System Science Pathfinder (ESSP) missions intended to
probe specific Earth processes in detail. These processes
involve Earth’s gravity field (GRACE), clouds (CloudSat),
the interplay between clouds and aerosols (CALIPSO),
carbon sources and sinks (OCO), and ocean salinity
(Aquarius). NASA also launched the EO-1 mission under
the New Millennium Program, focused on demonstrating
new technologies for future missions.

With the successful launch of Aura in 2004, the three
major EOS satellites are in orbit and the goal of having
a system of satellites with the ability to characterize the
current state of the Earth system has become a reality. We
look to future missions to complement EOS and continue
to enhance our capabilities to observe the Earth as a sys-
tem and our ability to predict how the system is likely to
change in the future.

NASA also partners with other government agen-
cies to work on missions. NASA designs, develops, and
launches the Nation’s civilian operational environmental
satellites, in both polar and geostationary orbits (POES
and GOES), by agreement with the National Oceanic and
Atmospheric Administration (NOAA). NOAA assumes
control of these satellites after activation and provides the
resulting data on a continuous basis for weather prediction
and other services.

NASA’s EOS, in addition to enabling global change
research with advanced sensors, serves as the technology
source for the next generation POES satellite. NOAA,
DoD, and NASA are proceeding with the development of
POES in the joint civilian/military project NPOESS and
the NPOESS Preparatory Project (NPP) bridging EOS
and NPOESS. NPP is a multi-instrument satellite that
will extend climate change measurements begun by EOS
Terra and Aqua while demonstrating new technologies for
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NPOESS. NASA and NOAA also continue to plan the
next generation of GOES satellites.

In the years ahead, Earth-orbiting satellites will likely
evolve into constellations of smart satellites that can be
reconfigured based on the changing needs of science
and technology. Beyond that, we envision an intelligent
and integrated observation network composed of sensors
deployed in vantage points from the subsurface to deep
space. This ‘sensor web’ will provide on-demand data
and analysis to a wide range of end users in a timely and
cost-effective manner. These data and information prod-
ucts will be used in Earth system models by NASA and
partner agencies such as NOAA, NSF, and DOE, to assess
and predict Earth system change. This observation system
will have many practical benefits for scientific research,
national policymaking, and economic growth.
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AGCRIMSAT

Active Cavity Radiometer Irradiance Monitor Satellite

ACRIMSAT URLs
Science Team: www.acrim.com
Instrument Team: acrim.jpl.nasa.gov

Summary

ACRIMSAT was launched on December 20, 1999, as a
secondary payload on a Taurus launch vehicle and car-
ries the Active Cavity Radiometer Irradiance Monitor 3
(ACRIM3) instrument. The science mission began on
April 5, 2000, following a period of on-orbit adjustment
of the solar-pointing software on ACRIMSAT. The pur-
pose of ACRIM3 is to study Total Solar Irradiance (TSI).
ACRIM3, the third in a series of ACRIM solar-monitoring
experiments built for NASA by the Jet Propulsion Labo-
ratory (JPL), extends the database begun by ACRIMI,
launched in 1980 on the Solar Maximum Mission (SMM)
spacecraft, and continued by ACRIM?2, launched on the
Upper Atmosphere Research Satellite (UARS) in 1991.
ACRIMSAT/ACRIM3 completed its five-year Minimum
Mission in 2005 and recently began the second year of its
Extended Mission. Spacecraft and instrument engineering
vital signs indicate that operations could continue for at
least another decade. The spacecraft orbit will not decay
significantly for several decades.

Instrument

* Active Cavity Radiometer Irradiance Monitor
(ACRIM3)

Point of Contact

* ACRIMSAT Principal Investigator: Richard Willson,
Columbia University

Other Key Personnel

* ACRIMSAT Program Scientist: Don Anderson,
NASA Headquarters

* ACRIMSAT Program Executive: Lou Schuster,
NASA Headquarters
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Key ACRIMSAT Facts

Orbit:
Type: Near polar, sun-synchronous
Altitude: 713 km (apogee), 672 km (perigee)
Equatorial Crossing: 10:00 a.m.
Inclination: 98°
Period: 98.6 minutes

Dimensions: 1 m3
Downlink: Table Mountain Observatory (JPL)

Design Life: 5-year minimum lifetime

Partners

Columbia University, Center for Climate Systems
Research: Science team

Jet Propulsion Laboratory: ACRIM3 instrument,
ground station, satellite operation, data archiving

Orbital Sciences Corporation: ACRIMSAT satellite,
Taurus launch vehicle

Langley Research Center (LaRC), Distributed
Active Archive Center (DAAC): Archive of ACRIM3
results

Mission Type
Earth Observing System (EOS) Systematic
Measurements

Launch and Location

e Date and Location: December 20, 1999, from
Vandenberg Air Force Base, California

e Vehicle: Taurus

Relevant Science Focus Areas
(see NASA’s Earth Science Program section)

* Climate Variability and Change
» Water and Energy Cycles

Related Applications

(see Applied Sciences Program section)

» Carbon Management
* Energy Management
 Public Health
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ACRIMSAT Science Goals

¢ Extend the TSI observational database with maximum
precision and traceability.

» Continue the TSI monitoring precision-overlap mea-
surement paradigm to relate past and future TSI data-
bases through ACRIM3 results using comparisons with
the UARS/ACRIM2 experiment, the Solar Heliospheric
Observatory (SOHO)/Variability of Solar Irradiance and
Gravity Oscillations (VIRGO) experiment, and the So-
lar Radiation and Climate Experiment (SORCE)/Total
Irradiance Monitor (TIM) experiment.

* Develop a composite TSI time series incorporating
results from satellite TSI observations since 1978.

* Investigate the multi-decadal upward TSI trend during
solar cycles 21-23 using ACRIM3 observations of the
solar activity minimum preceding cycle 24.

* Provide a redundant monitoring capability in an ex-
tended mission to prevent catastrophic loss of the TSI
long-term database in the event of the failure of the
SORCE/TIM experiment.

ACRIMSAT Mission Background

Sustained changes in the TSI of as little as a few tenths of
one percent per century could be important causal factors
for significant climate change. It is clear from paleo-cli-
mate research that solar-irradiance-driven climate changes
have occurred in the past. There is compelling evidence
that some of these may have been at least partially driven
by intrinsic solar variability. A precise, long-term record
of TSI is required to provide empirical evidence of the
Sun’s role in climate change and to separate its effect from
other climate forcings such as greenhouse warming. The
same record, together with other solar observations, will
also yield an improved understanding of the physics of
the Sun and the causes of luminosity variations, and could
eventually lead to a predictive capability for solar-driven
climate change.

In 1994, the National Research Council published its
findings regarding research priorities for “Solar Influences
on Global Change,” one of the seven science elements of
the U.S. Global Change Research Program (USGCRP). Its
recommendations include “monitoring total and spectral
solar irradiance from an uninterrupted, overlapping series
of spacecraft radiometers employing in-flight sensitiv-
ity tracking” as this element’s highest priority and most
urgent activity. The ACRIMSAT/ACRIM3 experiment is
designed to be a cost-effective, small-satellite approach to
meeting the total solar irradiance priority during the first
phase of the Earth Observing System (EOS) program.
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There is a contiguous satellite TSI observational
database extending over the past 25+ years with useful
precision for solar physics and climatology investigations.
A composite TSI database can be constructed from this
database by reconciling published results from the Nim-
bus-7/Earth Radiation Budget (ERB), SMM/ACRIMI,
UARS/ACRIM2, and ACRIMSAT/ACRIM3 experiments
to a common scale, using overlapping comparisons. Key to
this process is determining the relationship of the results of
the non-overlapping ACRIM1 and ACRIM2 experiments.
The ACRIM composite approach, which reconciles the
unmodified results published by the science teams of each
experiment to the ACRIM3 scale, demonstrates a resolved
+0.04 (£ 0.01) %/decade trend between the solar minima
of 1986 and 1996, using the Nimbus-7/ERB data to relate
ACRIMI & 2 results.

Observations by ACRIM and other satellite experi-
ments have established the Sun as a variable star. Its lu-
minosity varies by more than 0.3% during the passage of
large sunspot groups across the visible side of the Sun (1
week—10 days) and by 0.1% over a solar cycle in phase
with the level of solar magnetic activity (10—11 years).
It demonstrates a secular trend at a rate of +0.04% per
decade between the solar cycle minima in 1986 and 1996,
the physical cause of which has yet to be discovered.
Photometric observations of many solar-type stars have
revealed that brightness variations correlated with mag-
netic activity like the Sun’s are a common phenomenon.
Many solar-type stars demonstrate higher variability than
the Sun, leading to speculation that the Sun’s variability
may have been greater in the past and may be greater again
in the future. The 0.04%/decade trend during solar cycles
21-23 is supported by recent findings by solar physicists
observing similar trends in other luminosity-dependent
phenomena. This would clearly have significant implica-
tions for climate change.

The lifetimes of previous ACRIM experiments, de-
signed for 18-month-minimum missions, have averaged
nearly 10 years (e.g., UARS/ACRIM2 acquired science
data from October 4, 1991 through November 1, 2001).
ACRIM3, designed to meet the EOS 5-year-minimum
mission requirement, has already exceeded that by over
ayear and indications from analyses of ACRIMSAT/AC-
RIM3 satellite, instrument, and orbit data are that it could
function without loss of data quality for at least another
decade. The ACRIM3 experiment began its extended mis-
sion in 2005 and it is hoped that it will be able to continue
well through the next solar-activity minimum between the
solar maxima of cycles 23 and 24.

The SORCE satellite carrying the TIM instrument,
launched in 2003, will pick up the thread of TSI monitor-
ing during EOS phase 2. Overlapping comparisons will
establish the relationship between TIM and ACRIM3 at
the level of their mutual precisions. This is essential in
sustaining the long-term TSI database at a level of trace-
ability required for climate investigations of solar forcing,
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since the ‘absolute’ uncertainty of this technology (~0.1% in S.I.
units) is insufficient. Operation of the ACRIM3 mission through
at least the next solar-activity minimum (~2006) is important for
the long-term TSI database for two reasons: 1) the most precise
information on the nature of any long-term variation in TSI that may
be of climatological significance will be most traceably resolved by
extension of the ACRIM2-ACRIM3 results; and 2) the redundancy
provided by coincident ACRIM3 and TIM experiments is required
to prevent loss of the database in the event of the failure of one of
them.

Discovery of subtle but important rates of TSI variability on
solar cycle (~ 1000 ppm) and longer time scales (~ 400 ppm/de-
cade) has made it clear that a useful long-term TSI database for
climate change and solar physics should have the maximum trace-
ability accessible using current technology. This can be provided
by a measurement paradigm employing the relative precision of
overlapping satellite TSI monitors, which can be smaller than 5
ppm/yr (ACRIM3 traceability is 3 ppm/yr). Comparable traceability
using sensor accuracy is not possible since the ‘absolute’ (solar
irradiance) uncertainty of the ambient temperature from sensors
used in all satellite TSI experiments to date is not significantly less
than ~1000 ppm. Sensors operating at liquid helium temperatures
have demonstrated solar irradiance accuracy in the 100 ppm range,
but this level of performance has only been realized by ground-
based, laboratory instrumentation that is not practically adaptable
to satellite operations.

TSI proxy models using linear regression techniques and
solar emission proxies related to solar magnetic activity are not
competitive in accuracy, precision, or traceability with satellite
TSI observations. Regression models, misused to ‘fine tune’ TSI
observations in some recent TSI composite time series, can actu-
ally offer only qualitative information regarding solar-luminosity
variability on all time scales that is orders of magnitude inferior to
even the least traceable satellite TSI observations.

The single approach capable of providing the required precision
of the long-term TSI database with current measurement technol-
ogy employs a redundant ‘overlap strategy’ in which successive
ambient-temperature TSI satellite experiments are compared in
flight, transferring their operational precision to the database.

ACRIM3

Active Cavity Radiometer Irradiance Monitor

ACRIM3 was designed to monitor the total solar irradiance with
the highest precision and traceability accessible using current
technology. It continues the state-of-the-art measurements of TSI
begun with the SMM/ACRIM1 and UARS/ACRIM2 experiments.
The SMM and UARS satellites were launched in 1980 and 1991,
respectively.

The ACRIMSAT spacecraft was launched on December 20,
1999, into a 700-km sun-synchronous orbit with a 98° inclination.
Instrument checkout and optimization of solar-pointing algorithms
were carried out during January—March 2000. The science mission
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Key ACRIM3 Facts

Heritage: ACRIM1 (SMM) and ACRIM2
(UARS)

Instrument Type: Active Cavity
Radiometer type 4 sensors

Scan Type: Solar pointed

Solar Pointing: Spin stabilization about
axis of symmetry

Calibration: By metrology of instrument
optics and electronics in the Systeme
Internationale (Sl) (International System
of Units)

Field of View: + 2.5°
Instrument IFOV: + 1.0°
Sampling Interval: ~2 minutes
Physical Size: 0.1 m3

Mass: 10 kg

Power: 5 W (average)

Duty Cycle: Continuous

Data Rate: < 1 kbps

Direct Readout: No
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began April 5, 2000, and has provided an average of 65
minutes of TSI data per orbit.

ACRIMSAT References

Schneider, G., J. M. Pasachoff, and R. C. Willson, 2006:
The effect of the transit of Venus on ACRIM’S total
solar irradiance measurements: Implications for transit
studies of extrasolar planets. The Astrophysical Journal,
641, 565-571.

Willson, R. C., 1979: The Active Cavity Radiometer Type
IV. Appl. Opt., 18, 179-188.

Willson, R. C., 1994: Irradiance observations of SMM,
Spacelab 1, UARS and ATLAS experiments, in J. Pap, C.
Frohlich, H. Hudson and K. Solanki, eds., The Sun as a
Variable Star, 1AU Col.143 proc., Cambridge University
Press, 54-62.

Willson, R. C., 1997: Total solar irradiance trend during
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Willson, R. C., 2001: The ACRIMSAT/ACRIM3 ex-
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13, 14-17.

ACRIMSAT Data Products
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irradiance. Science, 234, 1114—-1117.
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For more information about the data products please see EOS Data Products Handbook, Volume 2 available at:
eospso.gsfc.nasa.gov/eos_homepage/for scientists/data_products/.

Product Name or Processing Coverage Browse Available

Grouping Level

ACRIMS Instrument

Data Set Start Date: April 5, 2000

Radiometric Products 1,2 ~2 minutes Daily solar irradiance graphs

ACRIMSAT Data Products
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ADEOQS I

Advanced Earth Observing Satellite 11

ADEOS Il URL
sharaku.eorc.jaxa.go.jp/ADEOS2

Summary

The ADEOS II mission was an international satellite
mission led by the Japan Aerospace Exploration Agency
(JAXA)—formerly the National Space Development
Agency (NASDA) of Japan—with U.S. (NASA) and
French Centre Nationale d’Etudes Spatiales (CNES)
participation. Midori-II is the Japanese name for the
mission.

The ADEOS II mission ended prematurely ten
months after launch, owing to a failure of the solar panel
on October 24, 2003.

Instruments

* Advanced Microwave Scanning Radiometer
(AMSR)

* Global Imager (GLI)

* Improved Limb Atmospheric Spectrometer-II
(ILAS-II)

* Polarization and Directionality of the Earth’s
Reflectances (POLDER)

» SeaWinds

Points of Contact
* ADEOS II Program Scientist: Akimasa Sumi,
University of Tokyo

» SeaWinds Project Scientist: Timothy Liu, NASA Jet
Propulsion Laboratory/California Institute of
Technology

Mission Type

Earth Observing System (EOS) Systematic
Measurements
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Key ADEOS Il Facts

Joint with Japan and France
Orbit:
Type: Near polar, sun-synchronous
Equatorial Crossing: 10:15 a.m.
Altitude: 803 km
Inclination: 98.6°
Period: 101 minutes
Repeat Cycle: 57 orbits (~4 days)
Dimensions: 4 m x 4 m x 6 m (spacecraft),

3 m x 24 m solar panel, with panel deployed,
7 m in-flight direction, 29 m perpendicular

Mass: 3680 kg at launch
Power: 5000 W

Downlink: 468.875 MHz at 4 Mbps. Cross-link to
Data Relay Test Satellite (DRTS) at Ka-band,
120 Mbps

Design Life: Designed for 3-year mission, failed
after 10 months

Contributor: JAXA built and operated ADEOS Il

Launch and Location
Date and Location: December 14, 2002, from
Tanegashima Space Center, Japan

Vehicle: H-11A launch vehicle No. 4

Relevant Science Focus Areas
(see NASA’s Earth Science Program section)

* Climate Variability and Change
» Weather

Related Applications

(see Applied Sciences Program section)

e Air Quality
* Coastal Management
* Disaster Management

ADEOS Il Science Goals

* Monitoring the water and energy cycle as a part of the
global climate system.

* Quantitatively estimate the biomass and fundamental
productivity as a part of the carbon cycle, which plays
an important role in global warming.
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» Detect trends in long-term climate change as a result
of continuing the observations started by ADEOS-I.

ADEOS Il Mission Background

ADEOS 1I was the successor to ADEOS [Midori], de-
signed to advance Earth-observation technologies. The
mission was launched on December 14, 2002. Regrettably,
the spacecraft’s solar panel failed on October 24, 2003.
Although the mission was short-lived, the data collected
will help researchers better understand global environ-
mental changes such as global warming. ADEOS II has
provided data that helps us better understand the circula-
tion of water, energy, and carbon in order to contribute to
studies on global environmental changes.

ADEOS 1II was equipped with two JAXA sensors:
the Advanced Microwave Scanning Radiometer (AMSR)
for quantitatively observing various geophysical data
concerning the water cycle, and the Global Imager (GLI)
for observing oceans, land, and the atmosphere with high
accuracy. It also carried three sensors provided by inter-
national and domestic partners.

Instrument Descriptions

Despite the spacecraft failure, brief descriptions are in-
cluded for each instrument on ADEOS II. SeaWinds was
the only NASA Earth Observing System (EOS) instru-
ment, and hence Key Facts and Data Products boxes are
provided only for SeaWinds.

AMSR

Advanced Microwave Scanning Radiometer

AMSR detects microwave emissions from Earth’s sur-
face and atmosphere. Various geophysical parameters,
particularly those related to atmospheric water (H,O),
sea surface wind speed and temperature, and sea ice
type and extent can be estimated from AMSR data. In
addition to the proven parameters, such as integrated
atmospheric water vapor and liquid water, precipitation
rate, sea surface wind speed, and all-weather sea surface
temperature (SST), novel geophysical parameters, includ-
ing soil moisture, could be retrieved by using AMSR’s
low-frequency channels.

AMSR is an eight-frequency, total-power micro-
wave radiometer with dual polarization (except two
vertical channels in the 50 GHz band). Conical scanning
is employed to observe Earth’s surface with a constant
incidence angle. Calibration counts are obtained every
scan by using the hot-load target (around 300 K) and the
cold-sky mirror to introduce the temperature of deep space
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(around 3 K). The offset-parabolic antenna with a diameter
of 2 m is the largest spaceborne microwave radiometer
antenna of its kind. A superior spatial resolution enables
us not only to resolve small-scale features, including
clouds, precipitation, sea ice, and land, but also to improve
retrieval accuracy of geophysical parameters.

More details on AMSR can be found under the Aqua
Mission description. Aqua carries a similar instrument
called AMSR-E.

AMSR URL
sharaku.eorc.jaxa.jp/AMSR/index e.htm

AMSR Science Team Leader

Akira Shibata, Earth Observation Research Center,
JAXA

GLI

Global Imager

GLI is an optical sensor that observes the reflected solar
radiation from Earth’s surface, including land, oceans, and
atmosphere and/or infrared radiation with a multi-chan-
nel system for measuring the biological content, such as
chlorophyll, organic substance, and vegetation index as
well as temperature, snow and ice, and cloud and aerosol
distribution. These data will be used for understanding the
global circulation of carbon and climate changes.

GLI URL
sharaku.eorc.jaxa.jp/ADEOS2

GLI Science Team Leader
Teruyuki Nakajima, University of Tokyo

ILAS

Improved Limb Atmospheric Spectrometer-Ill

ILAS-II was developed by the Ministry of the Environ-
ment to monitor high-latitude stratospheric ozone. The
objectives of ILAS-II are to monitor and study changes in
the stratosphere triggered by emissions of chlorofluorocar-
bons (CFCs) and to evaluate the effectiveness of world-
wide emission controls of CFCs. ILAS-II is a spectrometer
that observes the atmospheric limb absorption spectrum
from the upper troposphere to the stratosphere, using sun-
light as a light source (solar-occultation technique). The
spectrometer covers the infrared region (3—13 um) and the
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near-visible region (753—784 nm). ILAS-II was designed to improve
observation accuracy and cover wider spectral ranges than ILAS,
which was based on the Limb Atmospheric Spectrometer (LAS)
aboard EXOS-C (Ohzora, ISAS, 1984). ILAS-II observations are
focused on the high latitudes (56—70°N, 63—88°S) because of the
geometrical relation of the solar-occultation events with the sun-
synchronous orbit. From these spectral observations, ILAS-II can
measure the vertical profiles of species related to ozone depletion,
including ozone (0O3), nitrogen dioxide (NO,), nitric acid (HNO3),
aerosols, water vapor (H,0), CFC-11, CFC-12, methane (CHy),
nitrous oxide (N,0O), chlorine nitrate (CIONO,), and temperature
and pressure.

ILAS-1l URL

www-ilas2.nies.go.jp/en

ILAS-II Principal Investigator

Yasuhiro Sasano, National Institute for Environmental Studies

POLDER

Polarization and Directionality of the Earth’s
Reflectances

POLDER observes the polarization, directional, and spectral char-
acteristics of the solar light reflected by aerosols, clouds, oceans,
and land surfaces.

POLDER is a 2-dimensional charge-coupled device (CCD)
array, with a wide field of view, multi-band imaging radiometer
and polarimeter developed by CNES. Multi-angle viewing is
achieved by the along-track migration, at the spacecraft velocity, of
a quasi-square footprint intercepted by the total instantaneous +43°
x +51° wide field of view. This footprint is partitioned into 242 x
274 elements of quasi-constant 7-km x 6-km resolution, imaged
by a CCD matrix in the focal plane. Simultaneously, a filter and
polarizer wheel rotate and scan eight narrow spectral bands in the
visible and near infrared (443, 490, 564, 670, 763, 765, 865, and
910 nm).

POLDER URL
smsc.cnes.fr/POLDER

SeaWinds

NASA’s SeaWinds Scatterometer provided high-accuracy, near-all-
weather surface wind speed and direction measurements over at
least 90% of the ice-free global oceans every two days. SeaWinds
on ADEOS II contributed to the long-term wind data set for stud-
ies of ocean circulation, climate, air-sea interaction, and weather
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Key SeaWinds Facts

Heritage: SeaSat, NSCAT

Dimensions:
CDS: 32 cm x 46 cm x 34 cm
SES: 81 cm x 91 cm x 43 cm

SAS: ~150 cm; 100-cm diameter
antenna dish on 60-cm diameter x
60-cm pedestal

Mass: 220 kg

Power: 220 W

Duty Cycle: 100%

Data Rate: 40 kbps

Thermal Control: Radiators
Thermal Operating Range: 5-40° C

Field of View (FOV): Rotating (at 18 rpm)
pencil-beam antenna with dual feeds
pointing 40° and 46° from nadir

IFOV: + 51° from nadir

Swath: 1800 km (+ 51° look angles) from

8083-km altitude

Pointing Requirements (30):
Control: <0.3° (~1000 arcsec)
Knowledge: <0.05° (~167 arcsec)
Stability: <0.008°/s (30 arcsec/s)

Contributor: NASA JPL designed
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forecasting. SeaWinds was a follow-on to the NASA Scat-
terometer (NSCAT) on ADEOS; the SeaWinds instrument
on ADEOS II complemented an identical instrument on
the QuikSCAT spacecraft.

The SeaWinds scatterometer used a 1-m-diameter
dish antenna with two beams, which rotated about the
satellite nadir axis at 18 rpm. SeaWinds radiated and
received microwave pulses at a frequency of 13.4 GHz
across an 1800-km-wide swath.

Scatterometers use a highly indirect technique to
measure wind velocity over the ocean. Changes in the
wind velocity cause changes in ocean surface roughness,
modifying the radar cross section of the ocean and the
magnitude of the backscattered power. Multiple collocated
measurements acquired from several viewing geometries
(incidence angles, polarizations, and directions) are used
to determine wind speed and direction simultaneously. The
directly measured backscatter cross-sections over land and
ice-covered regions yield information on vegetation type
and ice type and extent.

A full write-up on the SeaWinds instruments is found
under the entry for QuikSCAT, which carries a SeaWinds
instrument identical to the one that was on ADEOS II.

SeaWinds URL

winds.jpl.nasa.gov/

ADEOS 1l Data Products

SeaWinds Principal Investigator
Michael Freilich, Oregon State University

ADEOS Il References

Freilich, M. H., and R. S. Dunbar, 1999: The accuracy
of the NSCAT 1 vector winds: comparisons with Na-
tional Data Buoy Center buoys. J. Geophys. Res., 104,
11,231-11,246.

Liu, W. T., ed., 2003: Scientific Opportunities Provided by
SeaWinds in Tandem. JPL Publication 03-12, Jet Propul-
sion Laboratory, Pasadena, 39 pp.

Liu, W. T., 2002: Progress in scatterometer application.
J. Oceanogr., 58, 121-136.

Note: Additional SeaWinds references are provided in
the QuikSCAT section.

Product Name or Processing
Grouping Level

Coverage

Spatial/Temporal Characteristics

SeaWinds

Data Set Start Date: April 10, 2003; Data Set End Date: October 24, 2003

Normalized Radar Cross Section 1B
and Ancillary Data

6 x 25-km horizontal resolution,
70% daily and 90% every 2 days

Grouped and Surface-Flagged 2A
Backscatter and Attenuations

25 x 25-km horizontal resolution,
70% daily and 90% every 2 days

regular lat-lon grid

Ocean Wind Vectors in 2B 25-km horizontal resolution,
25-km Grid 90% every 2 days
Ocean Wind Vectors on 3 25-km horizontal resolution,

90% every 2 days

included here.

Note: Since SeaWinds is the only EOS instrument that flew on ADEOS Il, only its data-product information is

ADEOS Il Data Products
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Aqua URL
aqua.nasa.gov

Summary

Aqua is a major international Earth Science satellite mis-
sion centered at NASA. Launched on May 4, 2002, the
satellite has six different Earth-observing instruments on
board and is named for the large amount of information
being obtained about water in the Earth system from
its stream of approximately 89 Gigabytes of data a day.
The water variables being measured include almost all
elements of the water cycle and involve water in its
liquid, solid, and vapor forms. Additional variables be-
ing measured include radiative energy fluxes, aerosols,
vegetation cover on the land, phytoplankton and dissolved
organic matter in the oceans, and air, land, and water
temperatures.

Instruments

» Atmospheric Infrared Sounder (AIRS)

* Advanced Microwave Scanning Radiometer for the
Earth Observing System (AMSR-E)

* Advanced Microwave Sounding Unit — A (AMSU-A)

¢ Clouds and the Earth’s Radiant Energy System
(CERES; two copies)

* Humidity Sounder for Brazil (HSB)

* Moderate Resolution Imaging Spectroradiometer
(MODIS)

Points of Contact

» Aqua Project Scientist: Claire Parkinson, NASA
Goddard Space Flight Center

» Aqua Deputy Project Scientist: Steven Platnick,
NASA Goddard Space Flight Center
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Key Aqua Facts

Joint with Brazil and Japan

Orbit:
Type: Near polar, sun-synchronous

Altitude: 705 km

Equatorial Crossings: 1:30 p.m. (south to north)
and 1:30 a.m. (north to south)

Inclination: 98.2°
Period: 98.8 minutes
Repeat Cycle: 16 days (233 revolutions)

Dimensions: 2.7 m x 2.5 m x 6.5 m stowed;
4.8 m x 16.7 m x 8.0 m deployed

Mass: 2,934 kg (1,750 kg spacecraft, 1,082 kg
instruments, 102 kg propellants)

Power: 4,600 W silicon cell array and a NiH, battery
Design Life: 6 years
Average Data Rate: 89 Gbytes/day

Data Storage: 136-Gbit solid state recorder (SSR)
for storage of up to two orbits of data

Data Relay Methods: Direct downlink from the
SSR to polar ground stations; direct broadcast

Data Links: X-band

Telemetry: S-band

Other Key Personnel
* Aqua Program Scientist: Ramesh Kakar, NASA
Headquarters

e Aqua Program Executive: Lou Schuster, NASA
Headquarters

* Aqua Mission Director: William Guit, NASA
Goddard Space Flight Center

Mission Type

Earth Observing System (EOS) Systematic
Measurements

Launch
* Date and Location: May 4, 2002, from Vandenberg
Air Force Base, California

 Vehicle: Delta II 7920-10L rocket, with a 10-ft
diameter stretched fairing
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Relevant Science Focus Areas

(see NASA'’s Earth Science Program section)

» Atmospheric Composition

 Carbon Cycle, Ecosystems and Biogeochemistry
¢ Climate Variability and Change

» Water and Energy Cycles

* Weather

Related Applications

(see Applied Sciences Program section)

 Agricultural Efficiency
o Air Quality

» Carbon Management

» Coastal Management

* Disaster Management
* Ecological Forecasting
* Homeland Security

* Water Management

Aqua Science Goals

* Enhanced understanding of water in the Earth’s climate system
and the global water cycle.

e Enhanced understanding of additional components of the Earth’s
climate system and their interactions.

e Improved weather forecasting.

Aqua Mission Background

The Aqua spacecraft takes its name from ‘Aqua,’ Latin for ‘water,’
in recognition of the large amount of data the Aqua instruments
are collecting about the Earth’s water and its water cycle. This
includes data about ocean surface water, evaporation from the
oceans, water vapor in the atmosphere, clouds, precipitation, soil
moisture, sea ice, land ice, and snow cover on the land and ice.
Additional variables also being measured by Aqua include radiative
energy fluxes, atmospheric aerosols, vegetation cover on the land,
phytoplankton and dissolved organic matter in the oceans, and air,
land, and water temperatures.

Through its wide-ranging global measurements, the Aqua
mission is assisting scientists in better quantifying the state of the
highly interconnected Earth system and in addressing such key
topics as whether the water cycle is accelerating, whether the Earth
system is in radiative balance, and what the full role of clouds is
in the climate system. Many of the topics of interest to Aqua sci-
entists and others concern regional and global changes, with the
most frequently highlighted one being global warming but others
including Arctic sea ice decay, stratospheric ozone reductions,
atmospheric carbon dioxide increases, tropical and mid-latitude
deforestation, and degradation of water quality. All of these topics
are being examined by Aqua scientists, but most of these variables
have interannual variability that can overwhelm long-term trends.
Hence an important aspect of maximizing the use of the Aqua data
is linking it to earlier satellite data sets, even though some of those

74 [ Missions: Aqua ]

Aqua Instruments

AIRS
Atmospheric Infrared Sounder

A high spectral resolution grating
spectrometer containing 2378 infrared
channels for obtaining atmospheric
temperature profiles and a variety of
additional Earth/atmosphere products.
AIRS also has 4 visible/near-infrared
channels, for characterizing cloud and
surface properties and obtaining higher
spatial resolution than the infrared mea-
surements.

AMSR-E (Japan)
Advanced Microwave Scanning
Radiometer for the Earth Observing System

A 12-channel microwave radiometer
designed to monitor a broad range of
hydrologic variables, including precipi-
tation, cloud water, water vapor, sea
surface winds, sea surface temperature,
sea ice, snow, and soil moisture.

AMSU-A
Advanced Microwave Sounding Unit-A

A 15-channel microwave sounder
designed to obtain temperature profiles
in the upper atmosphere and to provide
a cloud-filtering capability for the AIRS
infrared measurements, for increased
accuracy in tropospheric temperature
profiles.

CERES
Clouds and the Earth’s Radiant Energy
System

A 3-channel, broadband radiometer
(0.8 to > 100 pm, 0.3-5 pm, 8-12 pm)
designed to measure major elements of
the Earth’s radiation budget.

HSB (Brazil)
Humidity Sounder for Brazil

A 4-channel microwave sounder de-
signed to obtain humidity profiles under
cloudy conditions and detect heavy
precipitation.

MODIS
Moderate Resolution Imaging
Spectroradiometer

A 36-band spectroradiometer measur-
ing visible and infrared radiation, for
derivation of products ranging from

land vegetation and ocean chlorophyll
fluorescence to cloud and aerosol prop-
erties, fire occurrence, snow cover on
land, and sea ice in the oceans.
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data sets might be of lesser quality. For instance, the Aqua
radiation-budget data are being linked with earlier satel-
lite Earth radiation-budget data going back to the early
1980s, the Aqua vegetation data are being linked with
earlier satellite vegetation indices also going back to the
early 1980s, and the Aqua sea ice data are being linked
with satellite sea ice records going back to the 1970s.

To make its measurements, the Aqua spacecraft car-
ries six Earth observing instruments: the AIRS, AMSU-A,
HSB, AMSR-E, CERES, and MODIS, all described in
more detail on the following pages. The AIRS, AMSU-
A, and HSB are sounders, obtaining information at many
levels in the atmosphere, while the AMSR-E, CERES, and
MODIS are imagers. The AIRS, CERES, and MODIS
measure in visible and infrared wavelengths, while the
AMSR-E, AMSU-A, and HSB measure in microwave
wavelengths. The combination greatly enhances the
range of applications of the data, with, for instance, the
microwave data enabling surface observations under
all lighting conditions and most weather conditions and
the visible data enabling detailed cloud studies as well
as greater spatial detail in the surface and atmospheric
measurements.

Prior to launch, five Aqua science teams developed
algorithms to convert the radiative data from each of the
six instruments into meaningful geophysical parameters.
After launch, each of these teams has been enhanced with
new members and has analyzed the Aqua data, refined the
algorithms, and carried out validation activities. The five
teams are:

* The AIRS/AMSU-A/HSB Science Team (generally ab-
breviated as the AIRS Science Team), covering the full
Aqua sounding suite. This team is centered at NASA’s
Jet Propulsion Laboratory and is led by Moustafa Cha-
hine.

* The Japanese AMSR-E Science Team, centered in Japan
and led by Akira Shibata.

¢ The U.S. AMSR-E Science Team, centered at NASA
Marshall Space Flight Center and the University of
Alabama and led by Roy Spencer.

» The CERES Science Team, centered at NASA Langley
Research Center and led by Bruce Wielicki.

* The MODIS Science Team, centered at NASA Goddard
Space Flight Center and led by Vince Salomonson.

Aqua data are transmitted from the spacecraft through
two processes: direct downlink and direct broadcast. The
direct downlink transmits the data from an on-board solid
state recorder (SSR) to polar ground stations in Alaska
and Svalbard, Norway. Direct downlink is routinely done
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each orbit, although the SSR has the capacity to hold up
to two orbits of data. When direct downlink is not taking
place, the direct broadcast system is generally in opera-
tion, allowing anyone with a direct broadcast receiver to
receive the raw Aqua data.

From the polar ground stations, the downlinked data
are transmitted to Goddard Space Flight Center, where the
data processing is done for the MODIS, AIRS, AMSU-
A, and HSB data. The CERES data are sent to Langley
Research Center for processing, and the AMSR-E data
are sent to Japan’s Earth Observation Center (EOC)
for initial processing, followed by further processing at
Remote Sensing Systems and at Marshall Space Flight
Center. After processing, the Aqua data and the derived
products are made available through several NASA Dis-
tributed Active Archive Centers (DAACs). In particular:
the AMSR-E data and the MODIS snow and ice products
are available from the National Snow and Ice Data Center
(NSIDC) DAAC; the AIRS/AMSU-A/HSB data and the
MODIS ocean and atmosphere products are available
from the NASA Goddard Space Flight Center DAAC; the
CERES data are available from the NASA Langley Re-
search Center DAAC; and the MODIS land products are
available from the Earth Resources Observation System
(EROS) Data Center DAAC.

The Aqua data are proving useful in several direct
applications as well as for scientific advances. Most no-
tably, the MODIS data on forest fires have been valuable
in fire fighting efforts, the MODIS data on dust have been
valuable in observing and tracking dust storms in Iraq and
its vicinity, and AIRS/AMSU-A, MODIS, CERES, and
AMSR-E data are all proving potentially useful in weather
forecasting.

Aqua Partners

Aqua is a joint project involving many countries, with the
primary ones being the United States, Japan, and Brazil.
The spacecraft and the AIRS, AMSU-A, CERES, and
MODIS instruments were all provided by the U.S., as was
the launch vehicle, while the AMSR-E instrument was
provided by Japan, and the HSB instrument was provided
by Brazil. More specifically, NASA Goddard Space Flight
Center provided the MODIS and AMSU-A instruments;
NASA’s Jet Propulsion Laboratory provided the AIRS
instrument; NASA Langley Research Center provided the
two CERES instruments; the National Space Develop-
ment Agency of Japan (NASDA) provided the AMSR-E
instrument; and Brazil’s Instituto Nacional de Pesquisas
Espaciais (INPE, the Brazilian Institute for Space Re-
search) provided the HSB instrument. Subsequent to the
delivery of the AMSR-E, NASDA was merged into the
new Japan Aerospace Exploration Agency (JAXA) on
October 1, 2003.
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TRW (now Northrop Grumman) constructed and
tested both the spacecraft and the two CERES instruments.
AIRS was built by BAE Systems, AMSR-E by Mitsubishi
Electronics, AMSU-A by Aerojet, HSB by Matra-Mar-
coni, and MODIS by Raytheon Santa Barbara Remote
Sensing. TRW contracted out the construction of Aqua’s
solar array, which was built in the Netherlands by Fok-
ker. Boeing built the Delta launch vehicle, while NASA
Kennedy Space Center was responsible for the launch
operations and the U.S. Air Force was responsible for all
range-related matters at the Vandenberg launch site.

Overall management of the Aqua mission is centered
at NASA Goddard Space Flight Center. This included
management of the integration and testing of the space-
craft prior to launch and continues to include operation
of the spacecraft and initial receipt, processing, and dis-
semination of the data. Further processing of the data takes
place within the individual science teams and at the fol-
lowing NASA DAACs: NSIDC in Boulder, Colorado; the
NASA Goddard Space Flight Center DAAC in Greenbelt,
Maryland; the NASA Langley Research Center DAAC in
Hampton, Virginia; and the EROS Data Center DAAC in
Sioux Falls, South Dakota.

Many additional countries, universities, and agencies
are also involved in the Aqua mission through science
team membership and validation activities. The Aqua
science teams include scientists from Japan, Brazil,
Australia, Belgium, Canada, France, Italy, Nigeria, Saudi
Arabia, South Africa, and the United Kingdom, as well
as from the U.S. Validation activities are taking place at
ocean and land sites around the globe.
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AIRS/AMSU-A/HSB

e Atmospheric Infrared Sounder (AIRS)
e Advanced Microwave Sounding Unit (AMSU-A)
e Humidity Sounder for Brazil (HSB)

Summary

AIRS, the Atmospheric Infrared Sounder, and two opera-
tional microwave sounders, AMSU-A and HSB, form the
AIRS (or AIRS/AMSU-A/HSB) sounding system. AIRS,
AMSU-A, and HSB measurements are analyzed jointly
to filter out the effects of clouds from the infrared data,
in order to derive clear-column air temperature profiles
with high vertical resolution and accuracy, as well as high
accuracy surface temperatures. Together, these instruments
constitute an advanced sounding system, surpassing the
Television and Infrared Observation Satellite (TIROS)
Operational Vertical Sounder (TOVS)/Advanced TOVS
(ATOVS) systems that currently operate on NOAA
satellites, and serve as a pathfinder to the National Po-
lar-orbiting Operational Environmental Satellite System
(NPOESS) Cross-track Infrared Sounder (CrIS).

The data retrieved from the AIRS/AMSU-A/HSB
instrument suite improve global circulation modeling
efforts, numerical weather prediction, the study of the
global energy and water cycles, detection of the effects
of greenhouse gases, investigation of atmosphere-surface
interactions, and monitoring of climate variations and
trends. These objectives are met through improvements
in the accuracy, stability, and yield of several weather and
climate parameters, including atmospheric temperature
and water vapor, land and ocean surface temperature,
cloud properties, and outgoing longwave radiation. The
AIRS/AMSU-A/HSB data are being used by scientists
around the world to better understand weather and cli-
mate and by the U.S. National Weather Service and other
forecasting agencies from around the world to improve
weather prediction.

AIRS Data Products

AIRS, AMSU-A, and HSB together constitute a single
facility instrument program, so data products labeled as
“AIRS Products” are often the result of calculations in-
volving AMSU-A and/or HSB data as well as AIRS data.
The HSB ceased operating in February 2003. The data
products provided from the AIRS, AMSU-A, and HSB
measurements are:

Level 1B Products

Level 1B products include the calibrated and geolocated
radiances from the AIRS, AMSU-A, and HSB. The AIRS
Level 1B products are presented in separate files for the
infrared AIRS data and the visible/near-infrared AIRS
data.
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Level 2 Products

The Level 2 standard core products for AIRS, AMSU-A, and HSB
include cloud-cleared infrared radiances, sea and land surface
temperatures, temperature and humidity profiles, total precipitable
water, fractional cloud cover, cloud top height, and cloud top tem-
perature. All Level 2 products are contained in three files: the Level
2 Standard Retrieval Product, Level 2 Cloud-Cleared Radiance, and
Level 2 Support Product. The Level 2 Support Product includes
research products under development for which the feasibility,
achievable accuracy, precision, and spatial and temporal coverage
are not fully established. Research products include total-column
carbon dioxide, total-column carbon monoxide, methane distri-
bution, ozone vertical distribution, other trace gases (SO,, etc.),
surface air temperature, spectrally resolved outgoing radiation, a
precipitation index, and cirrus cloud detection and characterization.
A validation report accompanies each released version of the AIRS
products, describing the extent and the level to which the products
have been characterized.

Root-Mean-Square Uncertainties in AIRS, AMSU-A, and HSB Radiance
and Standard Products

Radiance Products (Level 1B) RMS Uncertainty*
AIRS Infrared Radiance 0.1-0.5K

AIRS Visible/Near-Infrared Radiance 20%

AMSU-A Radiance 0.25-1.2K

HSB Radiance 1.0-1.2K
Standard Core Products (Level 2) RMS Uncertainty*
Cloud-Cleared IR Radiance 1.0K

Sea Surface Temperature 05K

Land Surface Temperature 10K

Temperature Profile (vertical resolution:
1 km below 700 Mb, 2 km 700-30 Mb) 1K

Humidity Profile (vertical resolution:

2 km in troposphere) 15%
Total Precipitable Water 5%
Fractional Cloud Cover 5%
Cloud Top Height 0.5 km
Cloud Top Temperature 1.0K

* Radiance error defined as the temperature error of a Planck
blackbody at 250 K. The nominal horizontal resolution of the
AIRS infrared and HSB radiance products is 15 km x 15 km, AIRS
visible/near-infrared products 2.5 km x 2.5 km, and the remaining
products 45 km x 45 km.

Level 3 Products

AIRS Level 3 products are composed of Level 2 geophysical data
that have been spatially and/or temporally re-sampled to a uniform
spatial grid. Level 3 data sets are substantially smaller than the lower
level source products from which they are derived due to resam-
pling and selecting a reduced set of reporting parameters. Level 3
products provide a global view of AIRS data in a record size that
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Key AIRS Facts

Launch: May 4, 2002 on Aqua

Heritage: Advanced Moisture and
Temperature Sounder (AMTS), High
Resolution Infrared Radiation Sounder
(HIRS)

Instrument Type: Temperature controlled
(155 K) array grating spectrometer, plus a
visible/near-infrared photometer

Aperture: 10 cm

Channels:
Infrared: 2378
Visible/near-infrared: 4

Spectral Range:
Infrared: 3.74-15.4 pm (3.74-4.61,
6.2-8.22, 8.8-15.4 pm);
Visible/near-infrared: 0.4-1.0 ym
(0.4-0.44, 0.58-0.68, 0.71-0.92,
0.49-0.94 pm)

Spectral Resolution: A/A\ 1200 nominal
Swath Width: 1650 km

Coverage: Global coverage every 1 to 2
days

Spatial Resolution:
Infared: 13.5 km at nadir
Visible/near-infrared: 2.3 km at nadir

Dimensions: 116.5 cm x 80 cm x 95.3 cm
Mass: 177 kg

Thermal Control:
Infrared detectors: 58 K by active
cooling (pulse tube cryocoolers)

Spectrometer: 156 K by two-stage
passive radiator, heater

Electronics: ~290 K by spacecraft heat
rejection system

Blackbody: 308 K by heater

Power: 180/220 W (beginning/end of life)
Duty Cycle: 100%
Data Rate: 1.27 Mbps

Field of View (FOV): £ 49.5° cross-track
from nadir

Instrument IFOV (track/scan):
Infrared: 1.1° x 0.6° (13.5 km x 7.4 km
at nadir);
Visible/near-infrared: 0.149° x 0.190°
(1.8 km x 2.3 km at nadir)

Calibration: Internal blackbody, space,
parylene (spectral) views; 3 visible/near-
infrared lamps

Pointing Accuracy: Infrared: 0.1° (20)
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is manageable for long term or large scale studies. The uniform
spatial gridding of the Level 3 products allows comparisons of data
sets from different sources. AIRS Level 3 product development is
driven by the need for global analysis of AIRS data for weather
and climate studies and for an easy-to-use, quantitative gridded
data set for interdisciplinary studies. A partial list of Level 3 prod-
ucts includes temperature and water vapor profiles, surface skin
temperature, surface air temperature, column ozone, and column
liquid water.

Product Validation

The Level 2 retrieval initially delivered to the GSFC DAAC
(version 3.0.8.0 in August 2003) met AIRS Project requirements
for nighttime, ocean fields of view within the latitude band 40°S
—40°N. Subsequent deliveries (approximately annually) include the
activation and/or improvement of the validation status of subsets of
the products, plus validation over a greater geographical and tem-
poral extent. Phased activations are planned to expand the latitude
range to include all non-polar nighttime ocean regions, non-polar
daytime ocean retrievals, non-polar nighttime land retrievals, fol-
lowed by non-polar daytime land retrievals. The final step will be
to activate the polar retrievals.

AIRS

Atmospheric Infrared Sounder (AIRS)

Simultaneously measures the Earth’s outgoing radiation in 2378 infrared
channels from 3.7 to 15.4 ym and four visible/near-infrared channels from
0.4 to 1 ym. Used to obtain high resolution temperature and humidity pro-
files within the atmosphere, plus a variety of additional Earth/atmosphere
products.

AIRS is designed to meet the NOAA
requirement of a high-resolution infrared
(IR) sounder to fly on future operational
weather satellites.

The core of the AIRS instrument is
a high-resolution infrared sounder, mea-
suring simultaneously in 2378 spectral
channels in the 3.74—15.4 um spectral range. The spectral resolution
(MAM) is nominally 1200. The high spectral resolution enables the
separation of the contribution of unwanted spectral emissions and,
in particular, provides radiometrically clear “super windows,” ideal
for surface observations. AIRS also provides four visible/near-
infrared channels (0.4-1.0 um) to characterize cloud and surface
properties. The data from all channels are downlinked on a routine
operational basis.

Temperature profiles from AIRS are derived even in the pres-
ence of multiple cloud layers, without requiring any field-of-view
to be completely clear. Humidity profiles are derived from channels
in the 6.3 um water vapor band and the 11 um windows, which
are sensitive to the water vapor continuum. Determination of the
surface temperature and surface spectral emissivity is essential for
obtaining low-level water vapor distributions.
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Key AIRS Facts (o)

Scan Period: 2.667 s

Scan Sampling (scan/track): Infrared:
90 x 1 (1.1° spacing), in 2 s; visible/
near-infrared: 720 x 9 (0.138° x 0.185°
spacing), in2 s

Sensitivity (NEAT): 0.09-0.45 K,
depending on spectral region

Design Life: 5 years

Direct Broadcast: Yes

Prime Contractor: BAE SYSTEMS
(formerly Lockheed-Martin)

Responsible Center: NASA Jet
Propulsion Laboratory
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Land skin surface temperature and the corresponding infrared
emissivity are determined simultaneously with the retrieval of the
atmospheric temperature and water profiles. Shortwave window
channels are used to derive the surface temperature and correspond-
ing spectral emissivity and to account for reflected solar radiation.
Once the surface temperature is determined, the longwave surface
emissivity for the 11 um region is determined and then is used to
retrieve the water vapor distribution near the surface.

Cloud-top heights and effective cloud amount are determined
based on the calculated atmospheric temperature, humidity, and
surface temperature, combined with the calculated clear-column
radiance and measured radiance. The spectral dependence of the
opacity of the clouds will distinguish various cloud types (including
cirrus clouds). Ozone retrieval is performed simultaneously with the
retrievals of the other parameters, using the 9.6 um ozone band.

AIRS visible and near-IR channels between 0.4 and 1.0 um
are used primarily to discriminate between low-level clouds and
different terrain and surface covers, including snow and ice. In ad-
dition, the visible channels allow the determination of cloud, land,
and ocean surface parameters simultaneously with atmospheric
corrections. One broadband channel from 0.4 to 1.0 um is used for
the estimation of reflected shortwave radiation, i.e., albedo. The
other three channels are used for surface properties such as ice and
snow amount and vegetation index.

AIRS URL

airs.jpl.nasa.gov/

AMSU-A1 and AMSU-A2

Advanced Microwave Sounding Unit (AMSU-A)

Provides atmospheric temperature measurements from the surface up to
40 km. Onboard NOAA 15/16/17/18 as well as Aqua.

AMSU-A is a 15-channel microwave
sounder that obtains temperature
profiles in the upper atmosphere and
provides a cloud-filtering capability
for the AIRS infrared channels for
increased accuracy of tropospheric
temperature observations. The fif-
teen AMSU-A channels have a 3.3°
beam width, resulting in a nominal
horizontal spatial resolution of 40.5
km at nadir.

Channels 3 to 14 on AMSU-A are situated on the low-frequency
side of the oxygen resonance band (50-60 GHz) and are used for
temperature sounding. Successive channels in this band are situated
at frequencies with increasing opacity and therefore respond to
radiation from increasing altitudes. Channel 1, located on the first
(weak) water vapor resonance line, is used to obtain estimates of
total column water vapor in the atmosphere. Channel 2 (at 31 GHz)
is used to indicate the presence of rain. Channel 15 on AMSU-A,

Earth Science Reference Handbook

Key AMSU-A Facts

Launches: May 13, 1998 on NOAA 15;
September 21, 2000 on NOAA 16; May
4, 2002 on Aqua; May 21, 2002 on
NOAA 17; May 20, 2005 on NOAA 18

Heritage: Microwave Sounding Unit
(MSU)

Instrument Type: Microwave radiometer

Aperture: 13.2 cm on AMSU-A1 (two
apertures); 27.4 cm on AMSU-A2 (one
aperture)

Channels: 15 (13 for AMSU-A1, 2 for
AMSU-A2)

Spectral Range: 23-90 GHz (50-90 GHz
for AMSU-A1, 23-32 GHz for AMSU-A2)

Swath Width: 1690 km

Coverage: Global coverage every 1-2
days

Spatial Resolution: 40.5 km at nadir

Dimensions: 72 cm x 34 cm x 59 cm for
AMSU-A1; 73 cm x 61 cm x 86 cm for
AMSU-A2

Mass: 91 kg (49 kg for AMSU-A1, 42 kg
for AMSU-A2)

Thermal Control: None (ambient)

Power: 101 W (77 W for AMSU-A1,
24 W for AMSU-A2)

Duty Cycle: 100%

Data Rate: 2.0 kbps (1.5 kbps for
AMSU-AT1, 0.5 kbps for AMSU-A2)

FOV: + 49.5° cross-track from nadir

Instrument IFOV: 3.3° (40.5 km at nadir)
for both units

Calibration: Internal blackbody, space
view

Pointing Accuracy: 0.2°
Scan Period: 8 s
Scan Sampling: 30 x 3.3°,in6 s

Sensitivity: 0.14-0.81 K, depending on
spectral region

Design Life: 3 years
Direct Broadcast: Yes

Prime Contractor: Northrop Grumman
(formerly Aerojet)

Responsible Center: NASA Goddard
Space Flight Center
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at 89 GHz, is used as an indicator for precipitation, using the fact
that at 89 GHz ice more strongly scatters radiation than it absorbs
or emits radiation.

AMSU-A URL

airs.jpl.nasa.gov/

HSB

Humidity Sounder for Brazil

Provided atmospheric water vapor profile
measurements until February 2003. (HSB
has been non-operational since February
2003 due to an apparent electrical com-
ponent failure in the scan drive system.
Periodic attempts have been made to
restart it.)

HSB is a 4-channel microwave
sounder designed to obtain atmo-
spheric humidity profiles under cloudy conditions and to detect
heavy precipitation under clouds. The four HSB channels have a
1.1° beam width, resulting in a nominal horizontal spatial resolu-
tion of 13.5 km.

Three of the HSB channels make measurements on the wings
of the strongly opaque water vapor resonance line at 183.3 GHz;
the fourth makes measurements at 150 GHz. Successive channels
have decreasing opacity and consequently their data correspond to
humidities at decreasing altitudes. The four HSB channels improve
the humidity profiles from AIRS/AMSU-A in the presence of liquid
water.

AIRS/AMSU/HSB Science Team Leader

Moustafa Chahine, NASA Jet Propulsion Laboratory/California
Institute of Technology
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Key HSB Facts

Launch: May 4, 2002 on Aqua
Heritage: AMSU-B

Instrument Type: Microwave radiometer
Aperture: 18.8 cm

Channels: 4

Spectral Range: 150-190 GHz

Swath Width: 1650 km

Coverage: Global every 1 to 2 days
Spatial Resolution: 13.5 km at nadir
Dimensions: 70 cm x 65 cm x 46 cm
Mass: 51 kg

Thermal Control: None (ambient)
Power: 56 W

Duty Cycle: 100%

Data Rate: 4.2 kbps

FOV: + 49.5° cross-track from nadir
Instrument IFOV: 1.1° (13.5 km at nadir)

Calibration: Internal blackbody, space
view

Pointing Accuracy: 0.1°
Scan Period: 2.667 s
Scan Sampling: 90 x 1.1°,in 1.71 s

Sensitivity: 0.3-0.68 K, depending on
spectral region

Design Life: 3 years

Direct Broadcast: Yes, until February
2003

Prime Contractor: Astrium (formerly
Matra Marconi Space, United Kingdom)

Provider: Instituto Nacional de
Pesquisas Espaciais (INPE, the Brazilian
Institute for Space Research)
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AMSR-E

Advanced Microwave Scanning
Radiometer-EOS

Provides daily, global all-weather measurements of geophysical parameters,
supporting several global change science and monitoring efforts. (One day’s
data cover most of the globe; the full globe is covered within two days.)

Summary

AMSR-E monitors various atmospheric
and surface water processes that influ-
ence weather and climate. It provides
improved measurements of rain rates
and greatly extends the spatial cover-
age of the Tropical Rainfall Measuring
Mission (TRMM) satellite, while also
measuring water vapor, sea surface
winds, sea surface temperature, sea ice,
soil moisture, snow cover, and the amount of water in clouds.

Background

The Aqua AMSR-E measures geophysical parameters supporting
several global change science and monitoring efforts. Of particular
importance to its success is an external calibration design, which
has proved suitable in other satellite microwave instrumentation
for long-term monitoring of subtle changes in temperature and
other variables.

Precipitation and evaporation have extremely important roles
in the Earth system, through provision of water to the biosphere
via precipitation and as an air conditioning agent that removes ex-
cess heat from the surface (via evaporation), thereby contributing
toward making Earth habitable. AMSR-E measurements are used
to calculate rain rates over both land and ocean. Over the ocean,
radiation at the AMSR-E microwave frequencies passes through
smaller cloud particles, allowing measurement of the microwave
emission from the larger raindrops. The AMSR-E provides sen-
sitivity to oceanic rain rates as high as 50 mm/hr (about 2 inches
per hour). Over land, AMSR-E measures the scattering effects
of large ice particles, which later melt to form raindrops. These
measurements, though less direct a measure of rainfall intensity,
are converted to rain rates with the help of cloud models.

Over the ocean, in addition to rain rates, AMSR-E provides sea
surface temperatures (SST) through most types of cloud cover, sup-
plementing infrared-based measurements of SST that are restricted
to cloud-free areas. SST fluctuations are known to have a profound
impact on weather patterns across the globe, and AMSR-E’s all-
weather capability could provide a significant improvement in our
ability to monitor SSTs and the processes controlling them.

The total integrated water vapor of the atmosphere is also
measured over the ocean. This variable is important for the un-
derstanding of how water is cycled through the atmosphere. Since
water vapor is the Earth’s primary greenhouse gas, and it contributes
the most to future projections of global warming, it is critical to
understand how it varies naturally in the Earth system.
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Key AMSR-E Facts

Launch: May 4, 2002 on Aqua (a similar in-
strument, AMSR, was launched on December
14, 2002 on ADEOS )

Heritage: SMMR (on Nimbus-7 and Seasat),
SSM/I (on DMSP), AMSR (on ADEOS 1)

Instrument type: Passive microwave radiom-
eter, twelve channels, six frequencies, dual
polarization (vertical and horizontal); offset
parabolic reflector, 1.6 m in diameter and
drum rotating at 40 rpm; six feedhorns to
cover six bands from 6.9-89 GHz with 0.3—
1.1 K radiometric sensitivity.

Channels: 12

Spectral Range: 0.34-4.35 cm

Frequency Range: 6.9-89.0 GHz

Swath Width: 1445 km

Coverage: Global coverage every 1 to 2 days

Spatial Resolution: 6 km x 4 km (89.0 GHz),
14 km x 8 km (36.5 GHz), 32 km x 18 km
(28.8 GHz), 27 km x 16 km (18.7 GHz),

51 km x 29 km (10.65 GHz), 74 km x 43 km
(6.925 GHz)

Dimensions:
Sensor Unit: 1.95m x1.7m x 2.4 m
(deployed)
Control Unit: 0.8 m x 1.0 m x 0.6 m

Mass: 314 kg

Thermal Control: Passive radiator, thermo-
statically controlled heaters

Thermal Operating Range: -5° — 40°C (receiver
qualification temperature)

Power: 350 W

Duty Cycle: 100%

Data Rate: 87.4 kbps average, 125 kbps peak
View: Forward-looking conical scan
Incidence Angle: 55°

Instrument IFOV at Nadir: Ranges from
74 km x 43 km for 6.9 GHz to 6 km x 4 km for
89.0 GHz

Sampling Interval: 10 km for 6-36 GHz
channel

Calibration: External cold load reflector and a
warm load for calibration

Accuracy: 1 K or better
Design Life: 3 years
Direct Broadcast: Yes

Prime Contractor: Mitsubishi Electric
Company (MELCO)

Responsible Agency: Originally the Na-
tional Space Development Agency of Japan
(NASDA); as of October 1, 2003, the Japan
Aerospace Exploration Agency (JAXA)
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Measurements by AMSR-E of ocean surface rough-
ness can be converted into estimated near-surface wind
speeds. These winds are an important determinant of how
much water is evaporated from the surface of the ocean.
The winds help to maintain the water vapor content of the
atmosphere, while precipitation continually removes it.

AMSR-E cloud-water estimates over the ocean help
determine whether clouds, with their ability to reflect
sunlight, increase or decrease under various conditions.
This could be an important feedback mechanism that
either enhances or mitigates global warming, depending
on whether clouds increase or decrease with warming.

Monitoring of sea ice parameters, such as ice con-
centration and extent, is necessary to understand how this
frozen blanket over the ocean affects the larger climate
system. In winter, sea ice insulates the water against heat
loss to the frigid atmosphere above it, whereas in summer
sea ice reflects sunlight that would otherwise warm the
ocean. AMSR-E measurements allow the derivation of sea
ice concentrations in both polar regions, through taking
advantage of the marked contrast in microwave emissions
of sea ice and liquid water.

In much the same way as AMSR-E can ‘see’ large
ice particles in the upper reaches of rain systems, it also
measures the scattering effects of snow cover. These
measurements are empirically related to snow-cover depth
and water content based upon field measurements. Like
sea ice, snow cover has a large influence on how much
sunlight is reflected from the Earth. It also acts as a blan-
ket, keeping heat from escaping from the underlying soil
and allowing deep cold air masses to develop during the
winter. It further provides an important storage mechanism
for water during the winter months, and this affects how
much surface wetness is available for vegetation and crops
in the spring. AMSR-E monitoring of snow cover allows
studies on how snow-cover variations interplay with other
climate fluctuations.

Wet soil can be identified in the AMSR-E observa-
tions if not too much vegetation is present. AMSR-E
provides the most useful satellite data yet for determina-
tion of how well low-frequency (6.9 and 10.65 GHz)
microwave observations can be used to monitor surface
wetness. Surface wetness is important for maintaining
crop and vegetation health, and its monitoring on a global
basis would allow drought-prone areas to be checked for
signs of ongoing drought.

AMSR-E URLs
sharaku.eorc.jaxa.jp/AMSR/index_e.htm

wwwghcc.msfc.nasa.gov/AMSR/
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AMSR-E Science Teams

There are two science teams involved in the production
of AMSR-E (and AMSR) products for the science com-
munity: a U.S. AMSR-E team organized by NASA, and a
Japan AMSR/AMSR-E team organized by the Japan Aero-
space Exploration Agency (JAXA). Members from each
team constitute a Joint AMSR Team that works together
to share findings and unify procedures for analysis of the
data. Both teams are also involved in field campaigns
to help validate the products. AMSR flew on ADEOS
I, launched on December 14, 2002, and operated until
October 2003.

U.S. AMSR-E Science Team Leader
Roy W. Spencer, University of Alabama in Huntsville

Japan AMSR-E Science Team Leader

Akira Shibata, Earth Observation Research Center,
JAXA
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CERES

Clouds and the Earth’s Radiant Energy System

Provides daily, global measurements in three broad radiation bands for
details on the Earth’s radiation budget.

Summary

CERES is a 3-channel radiometer aimed
at collecting information about the Earth’s
radiative balance. Two CERES instruments
are onboard Aqua and two are onboard Terra.
For each satellite, one CERES instrument
(while cross-track scanning) essentially
continues the Earth Radiation Budget Ex-

periment (ERBE) mission, while the second

instrument (bi-axially scanning, in rotating

azimuth plane scan mode) provides angular radiance information
that will improve the accuracy of angular models used to derive
the Earth’s radiative balance. Each of the CERES instruments can
operate in either of the two scanning modes.

Background

The CERES instruments provide accurate radiation flux measure-
ments from the surface to the top of the atmosphere (TOA) that
are fundamental inputs to models of oceanic and atmospheric
energetics and that will also contribute to extended-range weather
forecasting. These data have been requested for the Climate Change
Science Program and for international efforts of the World Cli-
mate Research Program (WCRP), including the Tropical Ocean
Global Atmosphere (TOGA) campaign, World Ocean Circulation
Experiment (WOCE), Global Energy and Water Cycle Experiment
(GEWEX), Global Climate Observing System (GCOS), and Indian
Ocean Experiment (INDOEX). Understanding the role of clouds
and radiation in the climate system is one of the highest priorities
of the U.S. Global Change Research Program.

Clouds are regarded by many scientists as the largest source
of uncertainty in understanding climate. Not only are clouds highly
variable and difficult to measure, but they have competing heating
and cooling effects on the Earth-atmosphere system. Clouds cool
the Earth by reflecting part of the large flow of incoming radiative
energy from the Sun but warm the Earth by enhancing the atmo-
spheric greenhouse effect. CERES measures the radiative flows at
the top of the atmosphere (TOA), and CERES scientists combine
these data with data from higher resolution imagers (VIRS on
TRMM, MODIS on Terra and Aqua) to calculate cloud properties
and radiative fluxes through the atmosphere as well as the radiative
energy budget at the Earth’s surface. The imagers allow determina-
tion of cloud top height, fractional area, cloud liquid water path,
droplet size, and other cloud properties that are consistent with the
radiative fluxes. CERES is providing, for the first time, a critical tie
between the measurements of the radiation budget and synchronous
measurements of cloud properties. This capability is expected to be
critical to uncovering cause and effect in cloud/climate feedback
mechanisms.
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Key CERES Facts

Launches: November 27, 1997 on the
Tropical Rainfall Measuring Mission
(TRMM; one CERES); December 18,
1999 on Terra (two CERES); and May 4,
2002 on Aqua (two CERES). A follow-on
instrument will fly on NPOESS.

Heritage: ERBE

Instrument Type: Each CERES is a
broadband, scanning radiometer capa-
ble of operating in either of two modes:
cross-track or rotating plane (bi-axial
scanning). On each of Aqua and Terra,
typically one CERES operates in one
mode and the second CERES operates
in the other mode. The scan azimuth
can be programmed for special science
studies or validation operations.

Channels: 3 in each radiometer

Spectral Range: One channel each mea-
suring total radiance (0.3 to >100 pm),
shortwave radiance (0.3-5 pym), and the
radiance in the atmospheric window at
8-12 ym

Swath Width: Limb to limb of the Earth
view from each satellite

Coverage: Global coverage daily

Spatial Resolution: 10 km at nadir for
TRMM, 20 km at nadir for Terra and
Aqua

Dimensions: 60 cm x 60 cm x
57.6 cm/unit (stowed), 60 cm x 60 cm x
70 cm/unit (deployed)

Mass: 50 kg per scanner
Thermal Control: Heaters, radiators

Thermal Operating Range: 37-39°C
(detectors)

Power: 47 W (average), 68 W (peak:
biaxial mode) per scanner

Duty Cycle: 100%

Data Rate: 10 kbps per scanner
FOV: £78° cross-track, 360° azimuth
Instrument IFOV: 14 mrad

Direct Broadcast: Yes (on Aqua)
Prime Contractor: NGST

Responsible Center: NASA Langley
Research Center
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The CERES instruments use a scanner very similar
to the ERBE scanner to determine TOA fluxes. Key
developments in meeting the CERES goal to double the
accuracy of existing estimates of radiative fluxes include
new models of the anisotropy of the Earth’s reflected and
emitted radiation (using the CERES bi-axial scanner) as
well as improved time-sampling methods merging CE-
RES data with high time resolution geostationary satellite
data. CERES is also providing improved measurements
of clear-sky radiative fluxes. Improvements in clear-sky
fluxes require near-simultaneous measurements of both
well-calibrated cloud-imager and broadband radiation
measurements. Highly accurate clear-sky radiative fluxes
are critical in assessing the land/ocean heat budget, as
well as understanding the role of aerosols and clouds in
the climate system.

Finally, the CERES Team produces Level 3 data
products derived by time interpolation and integration of
the Level 2 data into monthly averages. The time interpo-
lation process is aided by data from geostationary imagers.
Thus, CERES scientists are determining the structure of
the atmospheric energy budget over the life of the CERES
missions, with a time resolution of three hours in the syn-
optic data product. For long-term climate understanding,
the CERES Team also produces data products that contain
monthly averages of the cloud and radiation fields on a
uniform spatial grid. During combined Terra, Aqua, and
TRMM observations, the Level 3 CERES data products
merge information from 11 instruments on 7 spacecraft.

CERES URLs

asd-www.larc.nasa.gov/ceres/ASDceres.html
(CERES Home Page, including CERES brochure,
documentation, meetings, and links to activities)

eospso.gsfc.nasa.gov/eos_homepage/for_scientists/pub-
lications.php (EOS Data Products Handbook, including
CERES data product descriptions)

asd-www.larc.nasa.gov/ATBD/ATBD.html
[CERES Algorithm Theoretical Basis Documents
(ATBDs)]

asd-www.larc.nasa.gov/validation/valid_doc.html
(CERES Validation Plan)

CERES Principal Investigator
Bruce Wielicki, NASA Langley Research Center
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MODIS

Moderate Resolution Imaging Spectroradiometer

Provides daily, global observations of biological and physical
parameters on and near land and ocean surfaces and in the
atmosphere. (One day’s data cover most of the globe; the full
globe is covered within two days.)

Summary

MODIS is a multi-disciplinary,
keystone instrument on Aqua
and Terra, providing a wide
array of multispectral, daily
observations of land, ocean,
and atmosphere features at
spatial resolutions between
250 m and 1000 m. Approximately 40 data products are
produced from the MODIS data. Data are distributed
not only through the EOS Data and Information Service
(EOSDIS) Distributed Active Archive Centers (DAACsS)
at Goddard Space Flight Center, the EROS Data Center
in Sioux Falls, South Dakota, and the National Snow and
Ice Data Center (NSIDC) in Boulder, Colorado, but also
via over 100 Direct Broadcast (DB) stations distributed
world-wide.

Background

MODIS is an EOS facility instrument designed to measure
biological and physical processes on a global basis every
1 to 2 days. Onboard both the Terra and Aqua satellites,
the two multidisciplinary MODIS instruments are pro-
viding long-term observations from which an enhanced
knowledge of global dynamics and processes occurring
on the surface of the Earth and in the lower atmosphere
can be derived. Each MODIS instrument is supplying
simultaneous, congruent observations of high-priority
atmospheric features (acrosol properties, cloud cover,
cloud optical thickness, cloud phase, cloud top pressure,
temperature and water vapor profiles), oceanic features
(sea surface temperature, ocean color and related ocean
surface water constituents such as chlorophyll concen-
tration), and land-surface features (land-cover changes,
atmospherically-corrected land surface reflectance, land-
surface temperature, surface albedo, fire location and
intensity, snow cover, and vegetation properties). These
observations are expected to make major contributions to
understanding the global Earth system, including interac-
tions among land, ocean, and atmospheric processes.
The MODIS instrument employs a conventional
imaging spectroradiometer concept, consisting of a
cross-track scan mirror and collecting optics, and a set
of linear arrays with spectral interference filters located
in four focal planes. The optical arrangement provides
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imagery in 36 discrete bands between 0.4 and 14.5 pm selected
for diagnostic significance in Earth science. The spectral bands
have spatial resolutions of 250, 500, or 1,000 m at nadir. Signal-
to-noise ratios are greater than 500 at 1-km resolution (at a solar
zenith angle of 70°), and absolute irradiance accuracies are <+5%
from 0.4 to 3 um (2% relative to the Sun) and 1% or better in the
thermal infrared wavelengths (3.7-14.5 pm). MODIS provides
daylight reflection and day/night emission spectral imaging of any
point on the Earth at least every 2 days, operating continuously.

MODIS is included on both the Terra and Aqua satellites to
increase cloud-free remote sensing of the Earth’s surface and to
exploit synergism with other EOS sensors.

MODIS URLs

modis.gsfc.nasa.gov/ (general instrument status and related
overall Science Team matters)

modis-land.gsfc.nasa.gov (MODIS land information)
edcdaac.usgs.gov/dataproducts.asp (MODIS land products)
nsidc.org/daac/modis/index.html (MODIS cryosphere products)
modis-atmos.gsfc.nasa.gov (MODIS atmosphere information)

ladsweb.nascom.nasa.gov/MODIS/products.shtml (MODIS
Level 1 data, geolocation, cloud mask, and atmosphere
products)

oceancolor.gsfc.nasa.gov (MODIS ocean color and sea surface
temperature products)

www.mcst.ssai.biz/mcstweb/index.html (calibration and charac-
terization details for the MODIS instrument and Level I product
characteristics)

modis.gsfc.nasa.gov/data/ and modis.gsfc.nasa.gov/data/data-
prod/index.php (MODIS data products, overview)

MODIS Science Team Leader

Vincent V. Salomonson, University of Utah and NASA Goddard
Space Flight Center, emeritus.
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Key MODIS Facts
Launches: December 18, 1999 on Terra;
May 4, 2002 on Aqua

Heritage: AVHRR, HIRS, Landsat TM,
and Nimbus-7 CZCS

Instrument Type: Medium-resolution,
multi-spectral, cross-track scanning
radiometer; daylight reflection and day/
night emission spectral imaging

Channels: 36 spectral bands

Spectral Range: 20 bands within 0.4-3.0
pm; 16 bands within 3-14.5 ym

Swath Width: 2,300 km at 110° (+ 55°)

Coverage: Global coverage every 1 to
2 days

Spatial Resolution: 250 m, 500 m, 1 km
Dimensions: 1.04 m x 1.18 m x 1.63 m
Mass: 229 kg

Thermal Control: Passive radiators
Thermal Operating Range: 268 + 5 K
Power: 162.5 W (average), 225 W (peak)
Duty Cycle: 100%

Data Rate: 6.2 Mbps (average), 10.5
Mbps (daytime), 3.2 Mbps (nighttime)

Instrument Nadir IFOV: 250 m (2 bands),
500 m (5 bands), 1,000 m (29 bands)

Polarization Sensitivity: 2% from
0.43 pm to 2.2 pm and + 45° scan

Signal-to-Noise Ratios: From 500 to
1100 for 1-km ocean color bands at 70°
solar zenith angle

NEAE: Typically < 0.05 K at 300 K

Absolute Irradiance Accuracy: 5% for
wavelengths < 3 pm and 1% for
wavelengths > 3 pm

Direct Broadcast: Yes

Prime Contractor: Raytheon Santa
Barbara Remote Sensing

Responsible Center: NASA Goddard
Space Flight Center
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Aqua Data Products

Data from the six Aqua instruments are used to produce dozens of data products on different aspects of the Earth’s water
cycle. The pre-launch descriptions of these products are given in the EOS Data Products Handbook, Volume 2 (Parkinson
and Greenstone, 2000), which can be found at: eos.nasa.gov/eos_homepage/for_scientists/data_products. The various data
products are at different levels of maturity and validation, but the table here provides a brief overview. Additional informa-
tion can be found in the individual instrument sections. Future updates regarding data products and data availability should
be available through the URLs provided in the instrument sections.

Product Name or
Grouping

Processing Coverage
Level

Spatial/Temporal Characteristics

AIRS/AMSU-A/HSB

Data Set Start Date: August 31, 2002; End Date for the HSB Data: February 5, 2003

column liquid water)

and water vapor profiles, surface
skin temperature, surface air
temperature, column ozone, and

Level 1B Calibrated, 1B Global AIRS infrared (IR): 13.5 km resolution at nadir/twice

Geolocated Radiances daily (daytime and nighttime)
AIRS visible/near-infrared (Vis): 2.3 km resolution at
nadir/twice daily
AMSU-A: 40.5 km resolution at nadir/twice daily
HSB: 13.5 km resolution at nadir/twice daily

Cloud Cleared Radiances 2 Global 40.5 km resolution at nadir/twice daily

Flux Product (clear 2 Global 40.5 km resolution at nadir/twice daily

column radiance, outgoing

longwave and shortwave

radiation at the top of the

atmosphere, net longwave

and shortwave flux)

Atmospheric Temperature 2 Global 40.5 km at nadir; 28 vertical levels (1-km levels below

Product (temperature profile) 700 mb and 2-km levels between 700 and 30 mb)/
twice daily (daytime and nighttime)

Humidity Product (water 2 Global 40.5 km resolution at nadir/twice daily

vapor profile in 2 km layers

in the troposphere, total

precipitable water, cloud

liquid water content,

precipitation flag, cloud-ice

flag)

Cloud Product (cloud top 2 Global 40.5 km at nadir for cloud top pressure and

pressure and temperature, temperature, spectral properties; 13.5 km at nadir

spectral properties, cloud for cloud fraction and variability index/once or twice

fraction and variability index) daily (varies with parameter)

Ozone Product (ozone 2 Global 40.5 km resolution at nadir/twice daily (daytime and

concentration profile and total) nighttime)

Trace Constituent Product 2 Global 40.5 km resolution at nadir/twice daily

(CO, CHy, COy)

Surface Analysis Product (sea 2 Global 40.5 km resolution at nadir/twice daily

and land surface skin

temperature, infrared and

microwave surface emissivity)

Level 3 Products (temperature 3 Global 1° x 1° grid cells/1-day, 8-day, and monthly averages

Aqua Data Products
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Product Name or Processing Coverage Spatial/Temporal Characteristics
Grouping Level
AMSR-E
Data Set Start Date: June 18, 2002
Columnar Cloud Water 2,3 Global ocean Level 2: swath pixels at 12 km resolution
surface, clear Level 3: 0.25° latitude-longitude grid/daily,
and cloudy skies weekly, and monthly
and light rainfall
Columnar Water Vapor 2,3 Global ocean Level 2: swath pixels at 21-km resolution
surface, clear Level 3: 0.25° latitude-longitude grid/daily,
and cloudy skies weekly, and monthly
and up-to-
moderate rainfall
rates
Level 2A Brightness Temperature 2A Gilobal Swath pixels at resolutions from 5 to 56 km
Rainfall — Level 2 2 70°N-70°S Satellite orbit track, 5-km resolution
ice-free and
snow-free land
and ocean
Rainfall — Level 3 3 70°N-70°S 5° x 5°/monthly
Sea Ice Concentration 3 Global 12.5 and 25 km/ascending, descending,
and daily averages
Sea Ice Temperature 3 Global 25 km/ascending, descending, and daily
averages
Sea Surface Temperature 2,3 Global ocean Level 2: swath pixels at 38-km and 56-km
surface, clear and resolution
cloudy skies except Level 3: 0.25° latitude-longitude grid/daily,
in the presence of weekly, and monthly
rainfall
Sea Surface Wind Speed 2,3 Ocean surface, Level 2: swath pixels at 24-km and 38-km
clear and cloudy resolution
skies exceptinthe  Level 3: 0.25° latitude-longitude grid/daily,
presence of rainfall  weekly, and monthly
Snow Depth on Sea Ice 3 Southern Ocean and 12.5 km/5-day average
the Arctic seasonal
sea ice zones
Snow Water Equivalent and 3 Global land EASE grid 25-km resolution/daily, 5-day,
Snow Depth surface monthly
Surface Soil Moisture 2,3 Global land surface, 56-km spatial resolution on a nominal

although only under

snow-free and
low-vegetation
conditions

25-km Earth-fixed grid; swath (Level 2) and
daily (Level 3) ascending and descending

Note: The AMSR-E data products are being archived at the National Snow and Ice Data Center (NSIDC) in Boulder, Colorado, where
the corresponding products for the Japanese AMSR instrument on Midori Il (formerly ADEOS lI) will also be archived, for the seven
months of Midori Il operations, December 2002-October 2003.

Aqua Data Products
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Product Name or Processing Coverage
Grouping Level

Spatial/Temporal Characteristics

CERES
Data Set Start Date: June 18, 2002

Averages (ES-9) and ERBE-like
Monthly Geographical Averages
(ES-4)

Bi-Directional Scans Product 0,1 Global 20 km at nadir/0.01 second

ERBE-like Instantaneous TOA 2 Global 20 km at nadir/0.01 second

Estimates

ERBE-like Monthly Regional 3 Global 2.5°,5.0°, 10.0°, region and zone, global/

monthly (by day and hour)

Single Scanner TOA/Surface 2 Global
Fluxes and Clouds

20 km at nadir/0.01 second

Monthly Regional Radiative Fluxes
and Clouds data product); Zonal
Average (ZAVG) (used for the CERES
Monthly Zonal and Global Radiative
Fluxes and Clouds data product)

Clouds and Radiative Swath 2 Global 20 km at nadir/0.01 second
Monthly Gridded Radiative 3 Global 1° region/hourly

Fluxes and Clouds

Synoptic Radiative Fluxes and 3 Global 1° region/3-hour, monthly

Clouds

Average (AVG) (used for the CERES 3 Global 1° region, 1° zone, global/monthly

Monthly Gridded TOA/Surface 3 Global
Fluxes and Clouds

1° region/hourly

Monthly TOA/Surface Averages 3 Global

1° region/monthly

MODIS
Data Set Start Date: June 25, 2002

oceans, nearly
global over land

Level 1B Calibrated, Geolocated 1B Global 0.25, 0.5, and 1 km/daily (daytime
Radiances and nighttime)

Geolocation Data Set 1B Global 1 km /daily (daytime and nighttime)
Aerosol Product 2 Global over 10 km/daily daytime

Total Precipitable Water 2 Global Varies with retrieval technique; 1 km near-
infrared/daylight only, and 5 km infrared/
day and night

Cloud Product 2 Global 1 or 5 km/once or twice per day
(varies with parameter)

Atmospheric Profiles 2 Global, clear-sky 5 km/daily (daytime and nighttime)

only

Aqua Data Products
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Product Name or Processing Coverage Spatial/Temporal Characteristics

Grouping Level

MODIS

Atmosphere Level 2 Joint Product 2 Gilobal 5 or 10 km/once or twice per

(select subset) day (varies with parameter)

Atmosphere Level 3 Joint 3 Global 1.0° latitude-longitude equal-angle

Product grid/daily, 8-day, and monthly

Cloud Mask 2 Global 250 m and 1 km/daily

Surface Reflectance; 2 Global 500 m, 0.05°, and 0.25°/daily

Atmospheric Correction Algorithm land surface

Products

Snow Cover 2,3 Global, 500 m and 0.05°/daily; 500 m and
daytime 0.05°/8-day; 0.05°/monthly

Land Surface Temperature (LST) 2,3 Global 1 km, 5 km/daily; 1 km/8-day

and Emissivity land surface

Land Cover/Land Cover 3 Global, 1 km and 0.05°/yearly

Dynamics clear-sky only

Vegetation Indices 3 Global 250 m, 500 m, 1 km/16-day; 1 km/monthly
land surface

BRDF/Albedo 3 Global 1 km, 0.05°/16-day
land surface

Land Cover Change and 3,4 Global, daytime 250 m, 500 m/96-day, yearly

Conversion

Thermal Anomalies/Fire 2,3 Global, Swath (nominally 1-km) (Level 2);
daytime/ 1 km/daily, 8-day (Level 3)
nighttime

Leaf Area Index (LAIl) and Fraction 4 Gilobal 1 km/8-day

of Photosynthetically Active

Radiation (FPAR)

Net Photosynthesis and 4 Global 1 km/8-day, yearly

Net Primary Production

Normalized Water-Leaving 2,3 Global ocean 1 km/daily (Level 2);

Radiance (412, 443, 488, 531, surface, 4 km, 9 km/daily, 8-day, monthly,

551, and 667 nm) clear-sky only seasonal, yearly (Level 3)

Chlorophyll « Concentration 2,3 Global ocean 1 km/daily (Level 2);
surface, 4 km, 9 km/daily, 8-day, monthly,
clear-sky only seasonal, yearly (Level 3)

Ocean Diffuse Attenuation 2,3 Global ocean 1 km/daily (Level 2); 4 km, 9 km/daily,

Coefficient at 490 nm surface, 8-day, monthly, seasonal, yearly (Level 3)
clear-sky only

Sea Surface Temperature 2,3 Global ocean 1 km/daily (Level 2); 4 km, 9 km/daily,

(11 um, day and night;
4 pm, night)

surface,
clear-sky only

8-day, monthly, yearly (Level 3)

Aqua Data Products
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Product Name or Processing Coverage Spatial/Temporal Characteristics
Grouping Level
MODIS
Sea Ice Cover and Ice-Surface 2,3 Global, daytime 1 km, 0.05°/daily
Temperature and nighttime over
nonequatorial ocean
Epsilon of Aerosol Correction 2,3 Global ocean 1 km/daily (Level 2); 4 km, 36 km, 1°/daily,
at 748 and 869 nm surface, 8-day, monthly, yearly (Level 3)
clear-sky only
Aerosol Optical Thickness 2,3 Global ocean 1 km/daily (Level 2); 4 km, 9 km/daily,
(869 nm) surface, 8-day, monthly, seasonal, yearly (Level 3)
clear-sky only
Angstrom Coefficient 2,3 Global ocean 1 km/daily (Level 2); 4 km, 9 km/daily,
(5831-869 nm) surface, 8-day, monthly, seasonal, yearly (Level 3)
clear-sky only

Aqua Data Products
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Aquarius

= - >
Aquarius URL
aquarius.gsfc.nasa.gov

Summary

Aquarius is a joint U.S. (NASA)/Argentine (Comision
Nacional de Actividades Espaciales [CONAE]) venture.
The mission will enhance the understanding of the cli-
matic interactions between the global water cycle and
ocean circulation by systematically mapping the spatial
and temporal variations of sea surface salinity (SSS). It
will measure SSS variability, the key tracer for freshwater
input and output to the ocean associated with precipitation,
evaporation, ice melting, and river runoff. These measure-
ments, along with sea surface temperature (SST) from
other satellites, will allow determination of the sea surface
density, which controls the formation of water masses and
regulates the 3-dimensional ocean circulation.

Instrument
* Aquarius Instrument

Note: Aquarius is part of the Aquarius/Satelite de Apli-
caciones Cientificas (SAC)-D mission in partnership
with the Argentine space agency CONAE. The CONAE
SAC-D payload includes other scientific instruments not
described in detail in this document. The SAC-D mission
is described in detail at: www.conae.gov.ar/eng/satelites/
sac-d.html.

Points of Contact

* Aquarius Principal Investigator: Gary Lagerloef,
Earth & Space Research (ESR)

* Aquarius Deputy Principal Investigator: David
Le Vine, NASA Goddard Space Flight Center

Earth Science Reference Handbook

Key Aquarius Facts

Joint with Argentina

Orbit:
Type: Sun-synchronous
Equatorial Crossing (ascending node): 6 a.m.
Altitude: 657 km
Inclination: 98.01°
Period: 97.74 minutes
Repeat Cycle: 7 days (103 orbits)

Dimensions: 4.9 m (ht) x 2.7 m (diameter), stowed;
6.2 m (ht) x 2.7 m (diameter), deployed

Mass: 1515 kg
Power: 1300 W End of Life

Downlink: S-band @ 4 kbps for real time
housekeeping; X-band @ >13.5 mbps for stored
and real time science data.

Design Life: 3 years

Contributors: CONAE, NASA JPL, NASA GSFC

Other Key Personnel

* Aquarius Project Scientist: Yi Chao, NASA Jet
Propulsion Laboratory/California Institute of
Technology

* Aquarius Project Manager: Amit Sen, NASA Jet
Propulsion Laboratory/California Institute of
Technology

* Aquarius Deputy Project Manager: Yunjin Kim,

NASA Jet Propulsion Laboratory/California Institute

of Technology

* Aquarius Program Scientist: Eric Lindstrom, NASA

Headquarters

* Aquarius Program Executive: Eric lanson, NASA
Headquarters

* SAC-D Principal Investigator: F. Raul Colomb,
CONAE

* SAC-D Project Manager: C. Daniel Caruso,
CONAE

Mission Type
Next Generation Exploratory Mission (Earth System
Science Pathfinder)

[ Missions: Aquarius ]
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Launch

* Date and Location: No earlier than 2009, from
Vandenberg Air Force Base, California

* Vehicle: Delta I1 7320-10C

Relevant Science Focus Areas
(see NASA’s Earth Science Program section)

¢ Climate Variability and Change
» Water and Energy Cycles

Related Applications

(see Applied Sciences Program section)

 Agricultural Efficiency
* Water Management

Note: Applications listed regard coarse soil moisture
measurements that can be derived using Aquarius.

Aquarius Science Goals

» Observe and model the processes that relate salinity
variations to climatic changes in the global cycling of
water.

» Understand how these variations influence the general
ocean circulation.

Aquarius Mission Background

Sea Surface Salinity (SSS) Studies

The global mean surface-salinity pattern, as we know
it today, reveals fundamental connections to the global
water cycle. Lower salinity is generally found in the
precipitation-dominated tropics and sub-polar regions,
whereas higher salinity is found in the dry subtropics
where evaporation dominates. SSS imbalances are seen
between basins, with the Atlantic being the saltiest of
the major oceans. Alternative theories exist for how this
structure is maintained and involve partly a net loss of
surface water through excess evaporation from the At-
lantic that is carried by the atmosphere and deposited in
other basins through rainfall. The enhanced salinity allows
denser waters to form in the high-latitude North Atlantic
and drive the ocean’s overturning ‘conveyor’ circulation
that regulates Earth’s climate. Abrupt climate shifts in the
recent geological past, sometimes occurring in less than
a decade, have been traced to changes in the overturning
circulation that are attributed to SSS changes in the sub-
polar North Atlantic.

Although the present oceanographic knowledge of the
global SSS distribution provides useful climate-modeling
information, there is little more that can be done with
the existing mean SSS field and estimated annual cycle.
The contemporary oceanographic knowledge of salinity
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at the surface and deep-ocean has been derived from
the compendium of ship and some buoy observations
acquired over the past 125 years. Nevertheless, the SSS
sampling has been sparse, irregular, and largely confined
to shipping lanes and the summer season. About 25% of
the 1° latitude-longitude squares in the ice-free oceans
have never been sampled, including vast regions of the
Southern Hemisphere, and greater than 73% have fewer
than 10 observations. Global satellite observations are
essential to advance the present modeling and physical
understanding because they are the only means to portray
the evolving global synoptic SSS in conjunction with
simultaneously available observations of precipitation,
evaporation, wind, surface currents, sea ice changes, and
SST.

Aquarius Goals and Objectives

The Aquarius mission responds to this need for global
observation of SSS. Its science goals are to observe
and model the processes that relate salinity variations
to climatic changes in the global cycling of water and
to understand how these variations influence the gen-
eral ocean circulation. By measuring salinity globally
and synoptically for three years, Aquarius is expected
to provide an unprecedented view of the ocean’s role
in climate and new insights into ocean circulation and
mixing processes. Specifically, science objectives and
expectations include:

Discovery and Exploration: Aquarius will resolve un-
known patterns and variations of the global SSS field,
especially in large under-sampled regions. Aquarius will
provide an important reference from which longer-term
climatic ocean changes will be detected in the future.
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Ty, varies linearly with SSS, with a different slope and offset as
SST increases. Sensitivity to changes in SSS over the range of
open ocean conditions is greatest in warm water (0.7 K/psu)
and least in cold (0.3 K/psu). The curves in this figure are for the
vertical polarized Tyy signal, with an incidence angle of 34°.
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Water Cycle: Aquarius will measure spatial and temporal salinity
variations to determine how the ocean responds to varying evapora-
tion-minus-precipitation (E-P) surface-water fluxes, ice melt and
river runoff on seasonal and interannual time scales.

Ocean Circulation and Climate: Aquarius will investigate how sa-
linity variations modify ocean density and influence density-driven
circulation and heat flux in three latitude zones:

» Tropics: Air-sea interactions and climate-feedback processes,
El Nifio/La Nifia variations.

* Mid-Latitudes: Formation processes of surface-mode waters
and their subduction into the ocean interior. (Surface-mode
waters carry unique surface temperature and salinity signatures
to intermediate depths and serve as tracers for ocean interior
circulation.)

* High Latitudes.: Salinity anomalies that influence the ocean’s
large-scale overturning circulation and have lasting impacts on
climate.

Ancillary science objectives include analyzing air-sea CO, flux,
monitoring sea ice concentration, and retrieving soil moisture while
the satellite is over land.

Measurement Objectives and Approach

Aquarius’ science objectives are oriented toward large-scale
measurements and long time scales such that the mean, seasonal
cycle, and interannual variations are resolved. These will be met
by providing monthly average global maps with 150-km spacing
and the best possible measurement accuracy. Aquarius is designed
to provide composite global maps every seven days specifically
to achieve further error reduction by objective interpolation into
monthly composites. The 7-day global coverage dictated a mini-
mum swath width of about 350 km, and the spatial requirement
dictated a maximum footprint size of about 150 km. These two
requirements led to the three-beam configuration. The 3-year
mission life is required to obtain a robust map of the climato-
logical mean and seasonal cycle as well as to observe interannual
variations. Monthly error requirements are < 0.2 practical salinity
units (psu). Spatial or temporal averaging can reduce the residual
retrieval error further.

The basis for remote sensing of SSS is the dependence of the
dielectric constant of sea water on salinity at microwave frequen-
cies. The dielectric constant determines the surface emissivity
(¢), and this determines the measurable parameter, the brightness
temperature Ty, by the relationship T,= &(SST), where SST is the
physical temperature of the seawater. At L-band (1.4 GHz) for
values of SSS (32-37 psu) and SST typical of the open ocean,
the dynamic range of T}, is ~4 K. The 1.413 GHz frequency was
chosen because of its sensitivity to salinity and it is in a protected
radio-frequency (RF) band. The SSS sensitivity is almost negligible
above 3 GHz. At lower frequencies, the larger antenna size, and
ionospheric and RF interference, make the measurement imprac-
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Key Aquarius Instrument Facts

Heritage:
L-Band Radiometer: TRMM/TMI,
PALS, AMSR, AMSR-E, ESTAR,
SLFMR

L-Band Scatterometer: SeaWinds (on
QuikSCAT and ADEOS-II), PALS

Instrument Type: L-Band Radiometer
and Scatterometer

Scan: 3-beam push broom with
> 350-km swath width (current design)

Accuracy: 0.2 psu rms, monthly, at
150-km resolution

Calibration: Global ocean-observing
system surface in situ salinity
observations (>10,000/month)

Duty Cycle: Continuous
Data Rate: 14.6 kbps; 158 MB/day

FOV: £10.3° (~350 km swath), center
displaced 33° off nadir to shadow side
of 6 p.m. orbit

Incidence Angle: 29°, 38°, 46°
(8 different fixed antenna beams)

Instrument IFOV: 3 beams 5.9°- 7.0°
(footprint: 76 km x 94 km, 84 km x
121 km, 97 km x 157 km)

Dimensions:

Instrument: 3.7 m (ht) x 3.7
(diameter), antenna deployed

Antenna aperture: 2.5-m parabolic
reflector, offset feeds

Mass: 400 kg (Aquarius Instrument)
Power: 450 W (Aquarius Instrument)
Platform Pointing Requirements
(Platform + Instrument, 30):

Control: 0.5°

Knowledge: 0.1°

Stability: 0.1°/s (< 1 Hz, > 0.1 Hz)
Temperature Resolution: Radiometer
Brightness Temperature (Tp): 0.15 K

(calibration), 0.06 K noise equivalent
delta temperature (NEAT)

Temporal Resolution: Minimum 8
samples per month per 150-km square
at equator

Thermal Control: Active

Transmission Frequency: Scatterometer
at 1.26 GHz, polarimetric

Measured Frequency: Radiometer
1.413 GHz

Repeat Cycle: 7 days, 103 orbits
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tical. At L-band frequencies, the penetration depth of the ocean
surface is about 1 cm.

Validation Program

The Aquarius Validation Plan is designed to minimize the measure-
ment error of the retrieved salinity data, improve algorithms and
monitor the long-term stability of the sensors during the opera-
tional phase. The plan will center on an extensive in situ surface
measurement program. This will be supplemented with additional
calibration strategies primarily for monitoring long-term stability
of' the radiometer and scatterometer, including vicarious calibration
techniques, possible stable ground targets, and occasional cold-sky
viewing as needed.

Aquarius in situ surface-salinity validation data will be ob-
tained from moored and drifting buoys, Volunteer Observing Ships
(VOS), and the automated Argo profiling-buoy array. There will
be up to 3000 observations per Aquarius 7-day repeat cycle. All
systems will be fully automated with routine data telemetry via
satellite and data delivery within one day. These measurements
will be applied to validate Aquarius SSS retrievals and generate
the scientific data set comprising the blended analysis of satellite
and in situ salinity data.

Aquarius Instrument

This instrument consists of a radiometer operating in the protected
passive-frequency band at 1.413 GHz and a scatterometer in the
space-radar band at 1.26 GHz. The radiometer is the primary sen-
sor for SSS, and the scatterometer provides a critical correction
for surface roughness. Both instruments will be fully polarimetric
to provide information to correct for the Faraday rotation from
the ionosphere. Aquarius will use a 2.5-m-diameter offset-feed
parabolic reflector, with three feed horns providing three beams in
a push-broom configuration. These beams are pointed at 24°, 36°,
and 40° incidence angles towards the shaded side of the orbit to
reduce the effects of solar reflection and radiation. The resultant
swath will give complete global coverage in 7 days and enough
samples within a month to achieve the accuracy < 0.2 psu through
averaging.

The sun-synchronous orbit was selected to provide a stable
thermal environment enabling excellent mechanical and electri-
cal stability. Analyses of the reflector, feed, and support structure
designs have shown that this assembly will have the structural
stability to meet the on-orbit antenna-pointing knowledge of 0.1°
(30) even during the eclipse periods during the summer solstice.
The instrument thermal design will use an active thermal-control
system to achieve temperature stability within 0.1° C RMS for the
critical front-end components.

Aquarius Instrument URL

aquarius.gsfc.nasa.gov
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Key Aquarius Instrument Facts
(cont.)

Sampling Interval: 10 ms (radiometer);
< 2 ms (scatterometer)

Spatial Resolution: 76 km x 94 km,
84 km x 121 km, 97 km x 157 km

Spectral Range: 1.413 GHz +13 MHz
bandwidth (passive), 1.26 GHz + 2 MHz
polarimetric (active)

Standard Profile Spacing: Swath gaps
<50 km

Swath: > 350 km
System Temperature: -30° C — +30° C
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Aquarius Data Products

Product Name or Processing Coverage Spatial/Temporal Characteristics

Grouping Level

Aquarius Instrument

Raw Radiometer Data 0 Global Ocean 85-133-km horizontal resolution/7-day
poleward to
+77° Latitude

Raw Radar Data 0 Global Ocean 64-103-km horizontal resolution/7-day
+77° Latitude

Radiometer Brightness 1B Global Ocean 85-133-km horizontal resolution/7-day

Temperature +77° Latitude

Radar Backscatter 1B Global Ocean 64-103-km horizontal resolution/7-day
+77° Latitude

Calibrated/Geolocated SSS 2B Global Ocean 85-133-km horizontal resolution/7-day
+77° Latitude

Gridded SSS from Aquarius 3B Global Ocean 150-km horizontal resolution/monthly

data alone +77° Latitude

Gridded SSS merging Aquarius 3B Global Ocean 150-km horizontal resolution/monthly

and in situ data

+77° Latitude

Aquarius Data Products
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Aura URL
cos—aura.gsfc.nasa.gov/

Summary

Aura’s four instruments study the atmosphere’s chemistry
and dynamics. Aura’s measurements enable us to inves-
tigate questions about ozone trends, air—quality changes
and their linkage to climate change. Aura’s measurements
also provide accurate data for predictive models and useful
information for local and national agency decision—sup-
port systems.

Instruments

» High Resolution Dynamics Limb Sounder (HIRDLS)
e Microwave Limb Sounder (MLS)

* Ozone Monitoring Instrument (OMI)

* Tropospheric Emission Spectrometer (TES)

Points of Contact
* Aura Project Scientist: Mark Schoeberl, NASA
Goddard Space Flight Center

* Aura Deputy Project Scientist: Anne Douglass,
NASA Goddard Space Flight Center

* Aura Deputy Project Scientist: Joanna Joiner, NASA
Goddard Space Flight Center

Other Key Personnel
* Aura Program Scientist: Phil DeCola, NASA
Headquarters

* Aura Program Executive: Lou Schuster, NASA
Headquarters

* Aura Mission Director: William Guit, NASA
Goddard Space Flight Center

Mission Type

Earth Observing System (EOS) Systematic
Measurements
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Key Aura Facts

Joint with the Netherlands, Finland, and the U.K.

Orbit:
Type: Polar, sun-synchronous

Equatorial Crossing: 1:45 p.m.
Altitude: 705 km

Inclination: 98.2°

Period: 100 minutes

Repeat Cycle: 16 days

Dimensions: 4.70 m x 17.37 m x 6.91 m

Mass: 2967 kg (1200 kg of which are in
instruments)

Power: Solar array provides 4800 W. Nickel—
hydrogen battery for nighttime operations.

Downlink: X-band for science data; S—-band for
command and telemetry via Tracking and Data
Relay Satellite System (TDRSS) and Deep Space
Network to polar ground stations in Alaska and
Norway.

Design Life: Nominal mission lifetime of 5 years,
with a goal of 6 years of operation.

Contributor: Northrop Grumman Space
Technology

Launch
* Date and Location: July 15,2004, from Vandenberg
Air Force Base, California

e Vehicle: Delta Il 7920 rocket

Relevant Science Focus Areas
(see NASA’s Earth Science Program section)
» Atmospheric Composition

* Climate Variability and Change

* Weather

Related Applications

(see Applied Sciences Program section)

» Agricultural Efficiency
e Air Quality
* Public Health

Aura Science Goals

The Aura mission seeks to answer three main science
questions:

* Is the stratospheric ozone layer recovering?
* What are the processes controlling air quality?
* How is Earth’s climate changing?
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Aura Mission Background

Aura is the third in the series of large Earth Observing
System platforms to be flown by NASA with international
contributions. Aura, along with Terra (launched Decem-
ber 1999) and Aqua (launched May 2002), provides an
unprecedented view of the global Earth system. The
Aura mission consists of four instruments on a common
spacecraft (the same bus design as for Aqua) designed to
provide the essential services for the instruments.

Aura is part of the A—Train of satellites, which,
when the formation is complete, will include at least four
other NASA missions—Aqua, Cloud—Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO),
CloudSat, and the Orbiting Carbon Observatory (OCO)—
as well as a French Centre National d’Etudes Spatiales
(CNES) mission called Polarization and Anisotropy of
Reflectances for Atmospheric Sciences coupled with Ob-
servations from a Lidar (PARASOL). Aura is the trailing
spacecraft in the formation and lags 15 minutes behind
Aqua. While each satellite has an independent science mis-
sion, measurements from the various spacecraft can also
be combined. These complementary satellite observations
will enable scientists to obtain more information than they
could if all the various observations were used indepen-
dently. This offers a new and unprecedented resource for
exploring aerosol-chemistry—cloud interactions. See the
Earth Observing Program section for more details on the
A—Train.

As suggested in part by the name, the objective of
the Aura mission is to study the chemistry and dynam-
ics of Earth’s atmosphere, with emphasis on the upper
troposphere and lower stratosphere (5-20 km altitudes).
Aura’s measurements enable us to investigate questions
about ozone trends and air—quality changes, and their link-
ages to climate change. They also provide accurate data
for predictive models and provide useful information for
local and national agency decision—support systems.

Aura Mission Validation

Aura’s focus on the troposphere and lower stratosphere
presents challenges for validation, because this region
exhibits much more spatial and temporal variability than
the middle and upper stratosphere. To meet these chal-
lenges, the Aura project has adopted a strategy to increase
the scientific return from the validation program. Some
of the validation activities are embedded within focused
science campaigns. These campaigns have been selected
to obtain data needed to unravel complex science ques-
tions that are linked to the three main Aura science goals.
Scientists plan to use the satellite data to understand the
overall chemical and meteorological environment during
the campaigns. Aircraft measurements are used both to
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validate Aura data and to address the science by making
additional measurements.

This strategy emphasizes the strengths of both
focused science campaigns and aircraft measurements.
Campaign instruments make constituent measurements
that are more complete than can be obtained from satel-
lites. Campaign data are also obtained for much smaller
spatial scales and with high temporal resolution compared
to satellite data. Aircraft missions, on the other hand, take
place a few times each year at most and are limited to a
small portion of the globe. The Aura instruments make
global observations throughout the year and provide data
sets that reveal whether or not the campaign observations
are truly representative of the atmosphere’s chemistry.

The Aura validation program also capitalizes on
routine sources of data such as the ozonesonde network
and the Network for the Detection of Atmospheric Com-
position Change (formerly the Network for Detection of
Stratospheric Change, or NDSC). Ground—based radi-
ometers and spectrometers make column measurements
similar to those made by instruments flying on Aura.
Ground-based lidars measure temperature and some
trace—gas constituent profiles. Balloon—borne instruments
measure profiles of stratospheric constituents up to 40 km.
Smaller balloons carry water—vapor instruments in the
tropics to validate Aura’s measurements of this impor-
tant gas. Flights of aircraft, such as the DC-8 (medium
altitude) and WB-57 (high altitude), provide tropospheric
profiles of ozone, carbon monoxide, and nitrogen species.
Aircraft lidars measure profiles of ozone and temperature
for long distances along the satellite track. Scientists
can also compare profiles of stratospheric constituents
from Aura with those from other satellites, including the
NASA Upper Atmosphere Research Satellite (UARS), the
European Space Agency Environmental Satellite (ESA
Envisat), and the Canadian Science Satellite (SCISAT)
and use data—assimilation techniques to help identify
systematic differences among the data sets. The Aura
validation program also includes an instrument develop-
ment program and field campaigns scheduled between
October 2004 and Autumn 2007.

Aura Science Questions

Is the Stratospheric Ozone Layer Recovering?

Ozone is formed naturally in the stratosphere through
break—up of oxygen (O,) molecules by solar UV radia-
tion, followed by the uniting of individual oxygen atoms
with O, molecules, forming ozone (O3) molecules. Ozone
is destroyed when an ozone molecule combines with an
oxygen atom to form two oxygen molecules, or through
catalytic cycles involving hydrogen, nitrogen, chlorine,
or bromine—containing species. For centuries, the atmo-
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sphere has maintained a delicate natural balance between ozone
formation and destruction.

In recent years, however, man—-made chemicals, such as
chlorofluorocarbons (CFCs), have altered the natural balance of
ozone chemistry. International agreements, such as the Montreal
Protocol and its amendments, have been enacted to control these
ozone—destroying chemicals, and recent data show that ozone is
being depleted at a slower rate than a decade ago. However, it is
too soon to tell if this trend is a result of the international protocols
restricting CFC production or whether other factors explain the
reduction in the rate of ozone loss.

Information returned from Aura’s four instruments helps us
answer these questions about ozone. The instruments measure the
total ozone column, ozone profiles, and gases important in ozone
chemistry. They also measure important sources, radicals, and
reservoir gases that play active roles in ozone chemistry. The data
gathered help to improve our ability to predict ozone changes and
also help us better understand how transport and chemistry impact
ozone trends.

What are the Processes Controlling Air Quality?

Agricultural and industrial activity have grown dramatically along
with the human population. Consequently, in parts of the world,
increased emissions of pollutants have significantly degraded air
quality. Respiratory problems and even premature deaths due to air
pollution occur in urban and some rural areas of both industrial-
ized and developing countries. Widespread burning for agricultural
purposes (biomass burning) and forest fires also contribute to poor
air quality, particularly in the tropics. The list of culprits contribut-
ing to the degradation of air quality includes tropospheric ozone,
a toxic gas, and other chemicals whose presence, accompanied by
the right atmospheric conditions, leads to the formation of ozone.
These so—called ozone precursors include oxides of nitrogen (NOy),
carbon monoxide (CO), methane (CHy), and other hydrocarbons.
Human activities such as biomass burning, inefficient coal com-
bustion, other industrial activities, and vehicular traffic all produce
0ZONne Precursors.

The U.S. Environmental Protection Agency (EPA) has iden-
tified six pollutants: carbon monoxide, nitrogen dioxide, sulfur
dioxide, ozone, lead, and particulates (aerosols). Of these six
pollutants, ozone has proven the most difficult to control. Ozone
chemistry is complex, making it difficult to quantify the contri-
butions to poor local air quality. Pollutant-emission inventories
needed for predicting air quality are uncertain by as much as 50%.
Also uncertain is the amount of ozone that enters the troposphere
from the stratosphere.

For local governments struggling to meet national air—quality
standards, knowing more about the sources and transport of air pol-
lutants has become an important issue. Most pollution sources are
local, but satellite observations show that winds can carry pollutants
great distances, for example from the western and mid—western
states to the east coast of the United States and sometimes even from
one continent to another. We have yet to quantify accurately the
extent of inter—regional and inter—continental pollution transport.
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Aura Instruments

HIRDLS
High Resolution Dynamics Limb
Sounder

HIRDLS is an advanced 21-channel
infrared radiometer measuring the
6-17—pum thermal emission of Earth’s
limb designed to provide critical infor-
mation on atmospheric chemistry and
climate. It provides accurate measure-
ments of trace gases, temperature,
and aerosols in the upper troposphere,
stratosphere, and mesosphere, with
daily global coverage at high vertical
resolution.

MLS
Microwave Limb Sounder

MLS is an advanced microwave
radiometer that measures microwave
emission from the Earth’s limb in five
broad spectral bands. MLS measures
trace gases at lower altitudes and with
better precision and accuracy than

its predecessor on UARS. MLS can
provide reliable measurements even in
the presence of cirrus clouds and dense
volcanic aerosols.

omi

Ozone Monitoring Instrument

OMI is a nadir-viewing wide—field imag-
ing spectroradiometer that serves as
Aura’s primary instrument for tracking
global ozone change and continues

the high quality column-ozone record
begun in 1970 by the Nimbus—4 BUV.
OMI measures backscattered ultravio-
let and visible radiation and provides
daily global coverage of most of Earth’s
atmosphere. Data returned permit mod-
eling of air pollution on urban-to-su-
per-regional scales.

TES
Tropospheric Emission Spectrometer

TES is a high-spectral-resolution infra-
red-imaging Fourier-transform spec-
trometer that generates three-dimen-
sional profiles on a global scale of most
infrared—active species from Earth’s
surface to the lower stratosphere.
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The Aura instruments are designed to study tropo-
spheric chemistry. Together these instruments provide
global monitoring of air pollution on a daily basis and
measure five out of the six criteria pollutants identified
by the Environmental Protection Agency. Aura provides
data of suitable accuracy to improve industrial emission
inventories and also helps distinguish between industrial
and natural sources. Information provided by Aura may
lead to improvements in the accuracy of air—quality fore-
cast models.

How is Earth’s Climate Changing?

Carbon dioxide and other gases trap infrared radiation
that would otherwise escape to space. This phenomenon,
called the greenhouse effect, contributes to making the
Earth habitable. Increased atmospheric emissions of trace
gases that trap infrared radiation from industrial and agri-
cultural activities are causing climate change. Quantities
of many of these gases in the atmosphere have increased
and this has added to the greenhouse effect. During the
20t century, the global mean lower tropospheric tem-
perature increased by more than 0.4° C. This increase is
thought to be greater than during any other century in the
last 1000 years.

Improved knowledge of the sources, sinks, and
the distribution of greenhouse gases is needed for ac-
curate predictions of climate change. Aura measures
greenhouse gases such as methane, water vapor, and
ozone in the troposphere and lower stratosphere. Aura
also measures both absorbing and reflecting aerosols in
the lower stratosphere and lower troposphere, measures
upper tropospheric water-vapor and cloud-ice concentra-
tions, and makes high-vertical-resolution measurements
of some greenhouse gases in a broad swath (down to the
clouds) across the tropical upwelling region. All of these
measurements contribute key data for climate modeling
and prediction.

Instrument Descriptions

Each of Aura’s four instruments makes important contri-
butions to answering the three science questions described
above. The goal with Aura is to achieve ‘synergy’—mean-
ing that more information about the condition of the Earth
is obtained from the combined observations of the four
instruments than would be possible from the sum of the
observations taken independently. The four instruments
were carefully designed to achieve the overall mission
objectives. Each has different fields of view and comple-
mentary capabilities.
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HIRDLS

High Resolution Dynamics Limb Sounder

HIRDLS Background

HIRDLS is an advanced
21—channel infrared ra-
diometer observing the
6—17 um thermal emis-
sion of the Earth’s limb
and designed to provide
critical information on
atmospheric chemistry
and climate. It provides
accurate measurements of trace gases, temperature, and
aerosols in the upper troposphere, the stratosphere, and
the mesosphere, with daily near—global coverage at high
vertical resolution. HIRDLS looks backward and to the
side away from the Sun and scans vertically. Very precise
gyroscopes provide instrument—pointing information for
HIRDLS. To detect the weak infrared radiation from the
Earth’s limb, HIRDLS detectors must be kept at tem-
peratures below liquid nitrogen. An advanced cryogenic
refrigerator is used to keep the detectors cool.

The University of Colorado, Oxford University
(U.K.), the National Center for Atmospheric Research
(NCAR), and Rutherford Appleton Laboratory (U.K.)
designed the HIRDLS instrument. Lockheed Martin built
and integrated the instrument subsystems. The National
Environmental Research Council funded the U.K.’s par-
ticipation.

HIRDLS Contributions to Science
Questions

Is the Stratospheric Ozone Level Recovering?

The largest ozone depletions occur over the poles in the
lower stratosphere during winter. Therefore, HIRDLS
makes concentrated measurements in the northern polar
region and retrieves high—vertical-resolution daytime and
nighttime ozone profiles over the poles.

HIRDLS also measures NO,, HNOj, and CFCs, all
gases that play a role in stratospheric ozone depletion.
Although international agreements have banned their
production, CFCs are long—lived and will remain in the
stratosphere for several more decades. By measuring pro-
files of the long—lived gases, from the upper troposphere
into the stratosphere, HIRDLS can assess the transport of
air from the troposphere into the stratosphere.
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What are the Processes Controlling Air Quality?

HIRDLS measures ozone, nitric acid, and water vapor in the
upper troposphere and lower stratosphere. With these measure-
ments, scientists can estimate the amount of stratospheric air that
descends into the troposphere and this allows scientists to better
distinguish between natural ozone sources and pollution originat-
ing from man—made sources. This is an important step forward in
quantifying the level at which human activities are impacting the
air we breathe.

How is Earth’s Climate Changing?

HIRDLS measures water vapor and ozone. Accurate measurement
of greenhouse gases such as these are important because scientists
input this information into models they use to predict climate
change. The more accurate the information that goes into these
models, the more accurate and useful the resulting predictions will
be. HIRDLS is also able to distinguish between aerosol types that
absorb or reflect incoming solar radiation and can map high thin
cirrus clouds that reflect solar radiation. This new information al-
lows scientists to better understand how to represent aerosols and
thin cirrus clouds in climate models.

HIRDLS Principal Investigators
John Barnett, Oxford University (U.K.)
John Gille, University of Colorado and NCAR (U.S.)

HIRDLS URLs

www.eos.ucar.edu/hirdls/
www.atm.ox.ac.uk/hirdls/

MLS

Microwave Limb Sounder

MLS Background

MLS is an advanced microwave radiom-
eter that measures microwave emission / /«
from the Earth’s limb in five broad spectral J s
bands. These bands are centered at 118 | £ F :
(dual polarization), 190, 240, 640 GHz, __‘;f' N, \\
and 2.5 THz (dual polarization). MLS can / A

measure trace gases at lower altitudes and

with better precision and accuracy than its
predecessor on UARS. In addition, MLS obtains trace—gas profiles
with a typical vertical resolution of 3 km and has a unique ability
to measure trace gases in the presence of ice clouds and volcanic
aerosols. MLS pioneers the use of planar diodes and monolithic
millimeter—wave integrated circuits to make the instrument more
reliable and resilient to launch vibration. MLS looks outward from

N
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Key HIRDLS Facts

Heritage: Limb Radiance Inversion
Radiometer (LRIR); Limb Infrared
Monitor of the Stratosphere (LIMS) and
Stratospheric and Mesospheric Sounder
(SAMS); Improved Stratospheric

and Mesospheric Sounder (ISAMS),

and Cryogenic Limb Array Etalon
Spectrometer (CLAES)

Instrument Type: Limb viewing vertical
scanning radiometer®

Spectral Range: 6-17 pm, using 21
channels

Scan Type: Vertical limb scans at fixed
position*®

Scan Range: Elevation, 22.1° to 27.3°
below horizontal, +43° on anti-sun side

Dimensions: 149.9 cm x 118.5 cm
x 130.2 cm

Detector IFOV: 1.25 km vertical x 10 km
horizontal

Duty Cycle: 100%
Power: 262 W (average), 365 W (peak)
Data Rate: 70 kbps

Thermal Control: Detector cooler,
Stirling—cycle, heaters, surface coatings,
radiator panel

Contributors

Instrument Design: University of
Colorado, Oxford University (U.K.), Na-
tional Center for Atmospheric Research
(NCAR), and Rutherford Appleton
Laboratory (U.K.)

Instrument Assembly and Integration:
Lockheed Martin built and integrated
instruments

Funding: National Environmental
Research Council (U.K.)

* HIRDLS was originally designed to scan
vertically at seven different horizontal posi-
tions across the satellite track. Unfortunate-
ly, the horizontal scanning capability was
lost during launch and the instrument now
can only scan vertically at a fixed position.
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the front of the spacecraft and obtains vertical scans of the limb.
NASA’s Jet Propulsion Laboratory (JPL) developed, built, tested,
and operates MLS.

MLS Contributions to Science Questions

Is the Stratospheric Ozone Layer Recovering?

MLS continues the C1O and HCI measurements made by UARS.
These measurements provide important information on the rate
at which stratospheric chlorine is destroying ozone and the total
chlorine loading of the stratosphere. MLS provides the first global
measurements of the stratospheric hydroxyl (OH) and hydroperoxy
(HO,) radicals that are part of the hydrogen catalytic cycle for
ozone destruction. In addition, MLS measures bromine monoxide
(BrO), a powerful ozone—destroying radical with both manmade
and naturally occurring sources.

MLS measurements of C1O and HCl are especially important
in the polar winters. Taken together, these measurements help sci-
entists determine what fraction of stable chlorine reservoirs (HCI)
is converted to the ozone—destroying radicals (ClO). Since recent
research results indicate that the Arctic stratosphere may now be at
a threshold for more severe ozone loss due to climate change, the
MLS data are of critical importance for understanding observed
changes in Arctic winter ozone.

What are the Processes Controlling Air Quality?

MLS measures carbon monoxide (CO) and ozone in the upper
troposphere. CO is normally created in the lower troposphere by
incomplete burning of hydrocarbons and is an ozone precursor.
When scientists observe heightened concentrations of CO and
ozone at the higher levels of the troposphere, it is an indicator of
strong vertical transport in the troposphere. These observations
can serve as a useful tool for tracking the movement of polluted
air masses in the atmosphere.

How is Earth’s Climate Changing?

MLS makes measurements of upper tropospheric and lower strato-
spheric water vapor, ice content, and temperature. Accurate mea-
surements of all of these constituents are needed to help scientists
create models that can predict how the Earth’s climate is likely to
change in the future. MLS also measures ozone and nitrous oxide
(N,O)—both important greenhouse gases—in the upper tropo-
sphere and lower stratosphere.

MLS Principal Investigator

Nathaniel Livesey, NASA Jet Propulsion Laboratory/California
Institute of Technology

MLS URL

mls.jpl.nasa.gov/

106 [ Missions: Aura]

Key MLS Facts

Heritage: Microwave Limb Sounder
(MLS)

Instrument Type: Microwave radiometer

Scan Type: Vertical limb scan in plane of
orbit, done by moving reflector antenna

Calibration: Views ‘blackbody’ target
and ‘cold’ space with each limb scan

Spectral Bands: Broad bands centered
near 118, 190, 240, and 640 GHz and
2.5THz

Spatial Resolution: Measurements are
performed along the suborbital track,
and resolution varies for different
parameters; 5-km cross—track x
~200-km along-track x 3—km vertical
are typical values

Dimensions: 150 cm x 190 cm x

180 cm (GHz sensor); 80 cm x 100 cm x
110 cm (THz sensor); 160 cm x 50 cm x
30 cm (spectrometer)

Mass: 455 kg

Duty Cycle: 100%
Power: 544 W full-on
Data Rate: 100 kbps

Thermal Control: Via radiators and
louvers to space as well as heaters

Thermal Operating Range: 10-35° C

FOV: Boresight 60-70° relative to nadir,
in plane of orbit

Instantaneous FOV at 640 GHz: 1.5 km
vertical x 3 km cross—track x 200 km
along-track at the limb tangent point

Pointing Requirements

(platform-+instrument, 30):
Control: 36 arcsec
Knowledge: 1 arcsec per s
Stability: 72 arcsec per 30 s
Jitter: 2.7 arcsec per 1/6 s

Contributor: NASA JPL developed,
built, tested, and operated MLS; U.K.
University of Edinburgh contributed
to data processing algorithms and
validation.
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omi

0Ozone Monitoring Instrument

OMI Background

OMI is an advanced hyperspec-
tral imaging spectrometer with
a 114° field of view. Its nadir
spatial resolution ranges from
13 km x 24 km to 13 km x 48 km
for ozone profiles. It has a 2600-km
viewing swath that runs perpendicu-
lar to the orbit track so that OMI’s
swaths almost touch at the equator,
enabling complete coverage of the
sunlit portion of the atmosphere each day. OMI contains two spec-
trometers: one measures the UV in the wavelength range of 270-380
nm, while the other measures the visible in the range of 350-500
nm. Both spectrometers have a bandpass of about 0.5 nm with
spectral sampling over the range 0.15-0.32 nm/pixel, depending on
wavelength. OMI uses a charge—coupled device (CCD) solid—state
detector array to provide extended spectral coverage for each pixel
across the measurement swath.

OMI is Aura’s primary instrument for tracking global ozone
change and continues the high—quality column—ozone record be-
gun in 1970 by the Nimbus—4 BUV. Because OMI has a broader
wavelength range and better spectral resolution than previous
instruments, i.e., OMI’s horizontal resolution is about four times
greater than that of TOMS, OMI can also measure column amounts
of trace gases important to ozone chemistry and air quality. The
data from OMI can be used to map aerosols and estimate ultraviolet
radiation reaching Earth’s surface.

OMI was built by Dutch Space and TNO TPD in the Neth-
erlands in co—operation with Finnish VTT and Patria Advanced
Solutions Ltd. KNMI (Royal Netherlands Meteorological Institute)
is the Principal Investigator Institute. Overall responsibility for
the OMI mission lies with the Netherlands Agency for Aerospace
Programmes (NIVR), with the participation of the Finnish Meteo-
rological Institute (FMI).

OMI Contributions to Science Questions

Is the Stratospheric Ozone Layer Recovering?

OMI continues the 25—year satellite ozone record of SBUV and
TOMS, mapping global ozone change (column amounts and pro-
files); data returned is used to support congressionally mandated
and international ozone assessments. OMI has a broader wavelength
range and better spectral resolution than previous ozone measur-
ing instruments, and this should help scientists resolve differences
among satellite and ground—based ozone measurements. OMI
also measures the atmospheric column amounts of radicals such
as nitrogen dioxide (NO,), bromine oxide (BrO), and chlorine
dioxide (OCIO).
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Key OMI Facts

Heritage: Total Ozone Mapping
Spectrometer (TOMS), Solar Backscatter
Ultraviolet (SBUV), Global Ozone
Monitoring Experiment (GOME), Scanning
Imaging Absorption Spectrometer for
Atmospheric Chartography (SCIAMACHY),
Global Ozone Monitoring by Occultation of
Stars (GOMOS)

Instrument Type: Wide—field imaging
spectroradiometer

Scan Type: Non-scanning

Spectral Bands:
Visible: 350-500 nm
UV-1: 270-314 nm
UV-2: 306-380 nm

Spectral Resolution: 0.63-0.42 nm full
width at half maximum (FWHM)

Spectral Sampling: 2-3 for FWHM
Dimensions: 50 cm x 40 cm x 35 cm
Mass: 46.06 kg

Power: 56 W (operational average)

Duty Cycle: 60 minutes on daylight side
Data Rate: 0.77 Mbps (average)
Telescope FOV: 114° (2600 km on ground)
IFOV: 3 km, binned to 13 km x 24 km

Detector: CCD, 780 x 576 (spectral x
spatial) pixels

Pointing (arcsec)

(platform+instrument, pitch:roll:yaw, 30):
Accuracy: 275:275:275
Knowledge: 28:28:28
Stability (6 s): 28:28:28

Calibration: A white-light source is
included onboard, as well as Light—
Emitting Diodes (LEDs), a multi-surface
solar—calibration diffuser, and a scrambler
that scrambles the polarization from the
back-scattered radiation.

Contributors

Industry Design and Assembly: Dutch
Space (Netherlands), TNO (Netherlands),
VTT (Finland), and Patria Advanced
Solutions Ltd. (Finland)

Space Agencies and Funding: NIVR
(Netherlands), with participation of FMI
(Finland)

Responsible Centers: KNMI (Netherlands)
and FMI (Finland)
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What are the Processes Controlling Air Quality?

Tropospheric ozone, nitrogen dioxide, sulfur dioxide, and aerosols
are four of the U.S. Environmental Protection Agency’s six criteria
pollutants. OMI maps tropospheric column totals of sulfur diox-
ide and aerosols. Scientists can take advantage of the synergistic
nature of the Aura instruments and combine measurements from
OMI, MLS, and HIRDLS, to produce maps of tropospheric ozone
and nitrogen dioxide. In addition, OMI also measures the tropo-
spheric ozone precursor formaldehyde. Scientists plan to use OMI
measurements of ozone and cloud cover to derive the amount of
ultraviolet (UV) radiation reaching Earth’s surface. The National
Weather Service will use OMI data to forecast high UV index days
for public health awareness.

How is Earth’s Climate Changing?

OMI tracks ozone, dust, smoke, biomass burning, and industrial
aerosols in the troposphere. OMI’s UV measurements allow sci-
entists to better distinguish reflecting and absorbing aerosols, an-
other important step forward in helping scientists more accurately
represent aerosols in climate models.

OMI Principal Investigators

Pieternel Levelt, Royal Netherlands Meteorological Institute
(KNMI) (Netherlands)

Johanna Tamminen, Finnish Meteorological Institute (Finland)

Ernest Hilsenrath, NASA Goddard Space Flight Center (U.S.)

OMI URL

www.knmi.nl/omi

TES

Tropospheric Emission Spectrometer

TES Background

TES is a high-resolution infrared—imaging Fourier Transform
Spectrometer with spectral coverage of 3.2—15.4 um at a spectral
resolution of 0.025/cm. The instrument can provide information
on essentially almost all radiatively active gases in Earth’s lower
atmosphere, both night and day. TES makes both limb and nadir
observations. In the limb mode, TES has a height resolution of
2.3 km, with coverage from the surface to 34 km altitude. In the
nadir mode, TES has a spatial resolution of 5.3 km x 8.5 km. The
instrument can be pointed to any target within 45° of the local verti-
cal. TES uses the same cryogenic refrigeration system described
under HIRDLS to allow for detection of weak infrared radiation
from Earth’s atmosphere.
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Key TES Facts

Heritage: Atmospheric Trace Molecule
Spectroscopy experiment (ATMOS),
Stratospheric CRyogenic Infrared
Balloon Experiment (SCRIBE), Airborne
Emission Spectrometer (AES)

Instrument Type: Infrared—-Imaging
Fourier Transform Spectrometer

Scan Type: Both limb and nadir
scanning; fully targetable

Spectral Range: 3.2-15.4 ym, with four
single-line arrays optimized for different
spectral regions

Maximum Sampling Time: 16 s w/signal—
to—noise ratio of up to 200:1

Swath: 5.3 km x 8.5 km
Spatial Resolution: 0.53 km x 5.3 km

Dimensions:
Stowed: 140 cm x 130 cm x 135 cm
Deployed: 304 cm x 130 cm x 135 cm

Mass: 385 kg

Thermal Control: 2 pulse-tube coolers,
heater, radiators

Thermal Operating Range: 0-30° C
Power: 334 W
Duty Cycle: Variable

Data Rate: 6.2 Mbps (peak); 4.9 Mbps
(average)

FOV: +45° to —72° along-track, +45°
cross—track

Instrument IFOV: 12 x 7.5 mrad

Pointing Requirements

(platform+instrument, 30):
Control: 156 arcsec (pitch)
Knowledge: 124 arcsec
Stability: 156 arcsec (over 50 s)

Calibration: On-board 340-K blackbody;
cold space.

Responsible Center: NASA JPL
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TES measures tropospheric ozone and many other
gases important to tropospheric pollution. The presence
of clouds in the atmosphere makes obtaining satellite
tropospheric chemical observations more difficult, but the
ability to make observations in the nadir and across the
limb circumvents this problem. This observation capabil-
ity provides measurements of the entire lower atmosphere,
from the surface to the stratosphere.

TES Contributions to Science Questions

Is the Stratospheric Ozone Layer Recovering?

TES limb measurements extend from Earth’s surface
to the middle stratosphere, and the TES spectral range
overlaps the spectral range of HIRDLS. As aresult, TES’s
high-resolution spectra allow scientists to make measure-
ments of some additional stratospheric constituents and
also improve HIRDLS measurements of species common
to both instruments.

What are the Processes Controlling Air Quality?

This is TES’s primary focus. It measures the distribution
of gases in the troposphere. TES can provide simultane-
ous measurements of tropospheric ozone and key gases
involved in tropospheric ozone chemistry, such as CHy,
HNOj5 and CO. This information will serve as input for
regional ozone—pollution models and will help to improve
the accuracy and utility of these models.

How is Earth’s Climate Changing?

TES measures tropospheric water vapor, methane, ozone
and aerosols, all of which are relevant to climate change.
In addition to this, other gases important to climate change
can be retrieved from the TES spectra.

TES Principal Investigator

Reinhard Beer, NASA Jet Propulsion Laboratory/Califor-
nia Institute of Technology

TES URL

tes.jpl.nasa.gov/
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Aura Data Products

The data from Aura’s four instruments are transmitted from the satellite ground stations and thence to the EOS Data and
Operations System (EDOS). From there the raw data from HIRDLS, MLS, and OMI are sent to the Goddard Distributed
Active Archive Center (DAAC); raw data from TES are sent to the Langley Research Center (LaRC) DAAC. Each Science
Investigator—led Processing System (SIPS) receives data directly from the DAACs and processes it to produce scientific
data such as profiles and column amounts of 0zone and other important atmospheric species. Each instrument team monitors
the data products to ensure that they are of high quality. The data products are then sent back to the DAACs, where they are
archived. The DAACSs are responsible for distribution of the data to scientists all over the world. Researchers, government
agencies, and educators will have unrestricted access to the Aura data via the EOS data gateway. Data seekers can search

for, and order data from, any of the EOS DAAC:s.

* Goddard DAAC: daac.gsfc.nasa.gov
» Langley DAAC: eosweb.larc.nasa.gov/

Product Name or
Grouping Level

Processing Coverage

Spatial/Temporal Characteristics

HIRDLS

Data Set Start Date: No data released as of May 2006

Radiances 1B Global 70 km horizontal resolution (along track)
Temperature/Pressure Profile 2 Global for 70 km horizontal resolution (along track),
altitudes of 1.25 km vertical resolution/
7-60 km twice daily [day, night]
O3 2 Global, 70 km horizontal resolution (along track),
7-55 km 1.25 km vertical resolution/
twice daily [day, night]
H>O Concentration 2 Global, 70 km horizontal resolution (along track),
7-55 km 1.25 km vertical resolution/
twice daily [day, night]
Aerosol Extinction Coefficient 2 Global, 70 km horizontal resolution (along track),
(4 Channels) 10-30 km 1.25 km vertical resolution/
twice daily [day, night]
NO» 2 Global, 70 km horizontal resolution (along track),
20-55 km 1.25 km vertical resolution/
twice daily [day, night]
CH,4 Concentration 2 Global, 70 km horizontal resolution (along track),
10-60 km 1.25 km vertical resolution/
twice daily [day, night]
CFC-11 (CFCl3) Concentration 2 Global, 70 km horizontal resolution (along track),
7-28 km 1.25 km vertical resolution/
twice daily [day, night]
CFC-12 (CF,Cl,) Concentration 2 Global, 70 km horizontal resolution (along track),
7-30 km 1.25 km vertical resolution/
twice daily [day, night]
CIONO» 2 Global, 70 km horizontal resolution (along track),
17-40 km 1.25 km vertical resolution/
twice daily [day, night]
Cloud Top Height 2 Global, 70 km horizontal resolution (along track),
7-24 km 250 m vertical resolution/

twice daily [day, night]
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Product Name or

Processing Coverage

Spatial/Temporal Characteristics

Grouping Level
HNO3; Concentration 2 Gilobal, 70 km horizontal resolution (along track),
10-40 km 1.25 km vertical resolution/
twice daily [day, night]
N»>O Concentration 2 Global, 70 km horizontal resolution (along track),
10-55 km 1.25 km vertical resolution/
twice daily [day, night]
N>O5 Concentration 2 Gilobal, 70 km horizontal resolution (along track),
20-45 km 1.25 km vertical resolution/
twice daily [day, night]
Geopotential Height-Gradient 2 Gilobal, 70 km horizontal resolution (along track)/
15-30 km twice daily [day, night]

MLS

Data Set Start Date: August 8, 2004

Radiances 1B Gilobal 200 km horizontal resolution (along track),
for altitudes of ~0.3-3 km vertical resolution/
0-90 km twice daily [day, night]
Temperature 2,3 Global, 200 km horizontal resolution,
5-90 km 2-3 km vertical resolution/
twice daily [day, night]
Geopotential Height 2,3 Global, 200 km horizontal resolution,
5-90 km 2-3 km vertical resolution/
twice daily [day, night]
Cloud Ice Content 2 Global, 200 km horizontal resolution,
5-20 km 2-3 km vertical resolution/
twice daily [day, night]
H>O Concentration 2,3 Global, 200 km horizontal resolution,
5-90 km 2-3 km vertical resolution/
twice daily [day, night]
Relative Humidity 2,3 Global, 200 km horizontal resolution,
(with respect to ice) 5-90 km 2-3 km vertical resolution/
twice daily [day, night]
N>O Concentration 2,3 Global, 200 km horizontal resolution,
15-60 km ~3 km vertical resolution/
twice daily [day, night]
CO Concentration 2,3 Global, 200 km horizontal resolution,
(stratosphere and above) 15-90 km ~3 km vertical resolution/
twice daily [day, night]
CO Concentration 2,3 Global, 200 km horizontal resolution,
(upper troposphere) 8-15 km ~3 km vertical resolution/
twice daily [day, night]
O3 Concentration 2,3 Global, 200 km horizontal resolution,
(stratosphere and above) 15-80 km ~3 km vertical resolution/
twice daily [day, night]
O3 Concentration 2,3 Global, 200 km horizontal resolution,
(upper troposphere) 8-15 km ~3 km vertical resolution/

twice daily [day, night]
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Product Name or Processing Coverage Spatial/Temporal Characteristics
Grouping Level
MLS
OH Concentration 2,3 Global, 200 km horizontal resolution,
(upper stratosphere) 30-90 km ~3 km vertical resolution/
twice daily [day, night]
OH Concentration 2,3 Global, 10° lat. resolution, monthly zonal mean,
(lower stratosphere) 18-30 km ~3 km vertical resolution/
twice daily [day, night]
HO, Concentration 2,3 Global, 10° lat. resolution, monthly zonal mean,
20-60 km 5 km vertical resolution/
twice daily [day, night]
BrO Concentration 2,3 Global, 10° lat. resolution, monthly zonal mean,
20-60 km 5 km vertical resolution/
twice daily [day, night]
CIO Concentration 2,3 Global, 200 km horizontal resolution,
15-50 km ~3 km vertical resolution/
twice daily [day, night]
HCI Concentration 2,3 Global, 200 km horizontal resolution,
15-60 km ~3 km vertical resolution/
twice daily [day, night]
HOCI Concentration 2,3 Global, 10° lat. resolution, monthly zonal mean,
20-50 km 5 km vertical resolution/
twice daily [day, night]
HNO3; Concentration 2,3 Global, 200 km horizontal resolution,
10-50 km ~3 km vertical resolution/
twice daily [day, night]
HCN Concentration 2,3 Global, horizontal resolution: 5° lat. for weekly
25-65 km zonal mean, 200 km for 30-40 km, ~3 km
vertical resolution/twice daily [day, night]
SO, Concentration 2 Global, 200 km horizontal resolution,
(following large 10-30 km ~3 km vertical resolution/
volcanic eruptions) twice daily [day, night]
omi
Data Set Start Date: August 17, 2004
Radiances 1B Global 13 km x 24 km horizontal resolution/daily
Total Ozone 2 Global—total 13 km x 24 km horizontal resolution/daily
atmospheric column
Ozone Profile 2 Global, for altitudes 13 km x 48 km horizontal resolution,
of 15-45 km 6 km vertical resolution/daily
Surface UVB flux 2 Global—Earth’s 13 km x 24 km horizontal resolution/daily
surface
Cloud Scattering Layer Pressure 2 Global 13 km x 24 km horizontal resolution/daily
Aerosol Optical Thickness 2 Global—total 13 km x 24 km horizontal resolution/daily
atmospheric column
Aerosol Single Scatterer Albedo 2 Global 13 km x 24 km horizontal resolution/daily
SO, 2 Global—total 13 km x 24 km horizontal resolution/daily
atmospheric column
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Product Name or Processing Coverage Spatial/Temporal Characteristics

Grouping Level

NO, 2 Global—total 13 km x 24 km horizontal resolution/daily
atmospheric column
and tropospheric
column

HCHO 2 Global—total 13 km x 24 km horizontal resolution/daily
atmospheric column

BrO 2 Global—total 13 km x 24 km horizontal resolution/daily
atmospheric column

OCIO 2 Antarctic Polar Vortex 13 km x 24 km horizontal resolution/daily
region—slant column

TES

Data Set Start Date: August 22, 2004

Level 1B Radiance, 1B Global 5.3 km x 8.3 km horizontal resolution/
(IR spectra in selected every 16 days (compiled over
bands 3.2-15.4 pm) alternate days)
CH4 Mixing Ratio 2 Global 5.3 km x 8.3 km horizontal resolution,
for altitudes of 2-6 km vertical resolution/every 16 days
0-34 km (compiled over alternate days)
CO Mixing Ratio 2 Global, 5.3 km x 8.3 km horizontal resolution,
0-34 km 2-6 km vertical resolution/every 16 days
(compiled over alternate days)
HNO5 Mixing Ratio 2 Global, 5.3 km x 8.3 km horizontal resolution,
0-34 km 2-6 km vertical resolution/every 16 days
(compiled alternate days)
NO, Mixing Ratio 2 Global, 5.3 km x 8.3 km horizontal resolution,
0-34 km 2-6 km vertical resolution/every 16 days
(compiled over alternate days)
O3 Mixing Ratio 2 Global, 5.3 km x 8.3 km horizontal resolution,
0-34 km 2-6 km vertical resolution/every 16 days
(compiled over alternate days)
H>0O Mixing Ratio 2 Global, 5.3 km x 8.3 km horizontal resolution,
0-34 km 2-6 km vertical resolution/every 16 days
(compiled over alternate days)
Temperature Profile 2 Global, 5.3 km x 8.3 km horizontal resolution,
0-34 km 2-6 km vertical resolution/every 16 days
(compiled over alternate days)
Land-Surface Temperature 2 Global, 5.3 km x 8.3 km horizontal resolution,
0-34 km 2-6 km vertical resolution/every 16 days

(compiled over alternate days)
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CALIPSO

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations

CALIPSO URL

www-calipso.larc.nasa.gov

Summary

CALIPSOis ajoint U.S. (NASA)/French (Centre National
d’Etudes Spatiales/CNES) mission. Observations from
spaceborne lidar, combined with passive imagery, will
lead to improved understanding of the role aerosols and
clouds play in regulating the Earth’s climate, in particular,
how aerosols and clouds interact with one another.

Instruments

* Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP)

* Imaging Infrared Radiometer (IIR)
* Wide-Field Camera (WFC)

Points of Contact

* Principal Investigator: Dave Winker, NASA Langley
Research Center

» French Co-Principal Investigator: Jacques Pelon,
I'Institut Pierre Simon Laplace

* U.S. Co-Principal Investigator: Pat McCormick,
Hampton University

Other Key Personnel

* Program Scientist: Donald Anderson, NASA
Headquarters

* Program Executive: Steve Volz, NASA Headquarters

* Mission Manager: Bryant Cramer, NASA Goddard
Space Flight Center

* Project Manager: Dale Schulz, NASA Goddard
Space Flight Center

Earth Science Reference Handbook

Key CALIPSO Facts

Joint with France
Spacecraft: PROTEUS
Orbit:
Type: Sun-synchronous
Altitude: 705 km
Inclination: 98.2°
Period: 99 minutes
Repeat Cycle: 16 days
Dimensions: 1.49 m x 1.84 m x 2.31 m
Mass: 600 kg
Power: 562 W
Design Life: 3 years
Average Data Rate: 34 Gb/day

Downlink: S-band@600 kbps, Kiruna; X-band@20
Mbps, North Pole, Alaska

Platform Pointing Requirements (30):
Control: 0.05°
Knowledge: 0.04°

Design Life: 3 years.
Contributors: CNES, Alcatel

Mission Type

Earth Observing System (EOS) Exploratory Mission
(Earth System Science Pathfinder)

Launch

* Date and Location: April 28, 2006 (shared launch
with CloudSat), from Vandenberg Air Force Base,
California

e Vehicle: Delta Il rocket

Relevant Science Focus Areas
(see NASA'’s Earth Science Program section)

* Atmospheric Composition

* Climate Variability and Change
» Water and the Energy Cycles

» Weather

Related Applications

(see Applied Sciences Program section)
* Air Quality

e Aviation

* Homeland Security

* Public Health

[ Missions: CALIPSO ]
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CALIPSO Mission Background

Aerosols affect the Earth’s radiation budget through the scattering
and absorption of incoming sunlight, which acts as a significant ra-
diative forcing. Aerosols are also intimately linked to the formation
of clouds and to precipitation processes and thus to the hydrologic
cycle. It now appears likely that aerosols resulting from human
activities such as the use of fossil fuels and agricultural burning
are affecting global climate. Aerosols also affect public health in
heavily polluted regions. Unlike greenhouse gases, tropospheric
aerosols are highly variable in space and time due to variable
sources and short atmospheric residence times. Because of this
variability and the difficulty of monitoring aerosols using satellite
instruments, basic questions remain on the global distribution and
properties of aerosols. Model estimates of the radiative forcing from
aerosols are still uncertain, and improved capabilities to observe
aerosols from space are required to constrain key assumptions in
these models.

The sensitivity of the climate response to radiative forcings
from aerosols, greenhouse gases, and other sources is largely con-
trolled by the interactions between clouds and radiation. Advances
in modeling capabilities to predict climate change require improved
representations of cloud processes in models and decreased un-
certainties in parameterizations of cloud-radiation interactions. In
particular, the largest sources of uncertainty in estimating longwave
radiative fluxes at the Earth’s surface and within the atmosphere
are connected with current difficulties in determining the vertical
distribution and overlap of multi-layer clouds and the ice-water path
of these clouds. The CALIPSO mission will provide unique profile
measurements to improve our understanding of the role of aerosols
and clouds in the Earth’s climate system. CALIPSO will enhance
current capabilities by providing: global, vertically-resolved
measurements of aerosol and cloud distributions; height-resolved
discrimination of aerosols into several types; and observations of
aerosols over bright and heterogeneous surfaces both day and night.
CALIPSO will also provide vertically-resolved identification of
cloud ice/water phase and, together with the cloud profiling radar
on CloudSat, will provide comprehensive observations of cloud
vertical structure on a global scale. CALIPSO will fly as part of the
A-Train of satellites including four other NASA missions—Aqua,
Aura, CloudSat, and Orbiting Carbon Observatory (OCO)—as
well as a CNES mission called Polarization and Anisotropy of
Reflectances for Atmospheric Sciences coupled with Observations
from a Lidar (PARASOL). This combination of observations offers
an unprecedented resource for exploring aerosol-chemistry-cloud
interactions.

The CALIPSO payload consists of three nadir-viewing in-
struments: the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP—pronounced ‘caliope’) and two passive instruments, the
Imaging Infrared Radiometer (IIR) and the Wide-Field Camera
(WFC).
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Key CALIOP Facts

Heritage: Lidar In-space Technology
Experiment (LITE), military laser
rangefinders

Instrument Type: Nadir-pointing dual-
wavelength polarization lidar

Wavelengths: 532 nm (polarization-
sensitive) and 1064 nm

Science Operations Mode:
Pulse Rate: 20 Hz
Vertical sampling: 30 m, 0-40 km
Footprint spacing: 333 m along-track
Duty Cycle: 100%

Repeat Cycle: 16 days

Dimensions: 1 m x 1.49 m x 1.31 m
Sensor Unit: 1 m (dia) x 1.31 m
Control Unit: 30 cm x 30 cm x 25 cm

Technical Resource Allocations:
Mass: 156 kg
Power: 207 W
Data Rate: 332 kbps

Performance:
Pulse Power: 110 mJ
Pulse Length: 20 ns
Footprint Diameter: 70 m
Calibration: 5% (532 nm)
Linear Dynamic Range: 4 x 106 1

Thermal Control: Provided by heaters
and passive radiators

Contributor: Ball Aerospace &
Technologies Corp.

Key lIR Facts

Heritage: IASI Infrared Sensor Module

Instrument Type: Imaging
spectroradiometer

Scan Type: Earth imaging, nadir pointing

Calibration: Onboard black body source,
deep space view

Field of View (FOV): 64 km

Instrument IFOV: 1 km

Transmission Rate: N/A

Swath: 64 km

Spatial Resolution: 1 km, 64 x 64 pixels

Spectral Range: 3 channels centered at
8.65, 10.6, and 12.05 pm

Dimensions: 490 mm x 550 mm x
320 mm

Earth Science Reference Handbook




CALIOP

Cloud-Aerosol Lidar with Orthogonal Polarization

Two-wavelength, polarization lidar capable of providing aerosol and cloud
profiles and properties.

CALIOP provides information on the vertical distribution of acrosols
and clouds and their optical and physical properties. CALIOP will
improve not only our understanding of aerosols and clouds, but also
our understanding of aerosol-cloud interactions. CALIOP is built
around a diode-pumped Nd:YAG laser producing linearly-polarized
pulses of light at 1064 nm and 532 nm. The atmospheric return is
collected by a 1-m telescope, which feeds a three-channel receiver
measuring the backscattered intensity at 1064 nm and the two orthogo-
nal polarization components at 532 nm (parallel and perpendicular
to the polarization plane of the transmitted beam). Two-wavelength
polarization measurements provide information on aerosol size and
hydration. Lidar polarization measurements also allow discrimination
of cloud ice/water phase. Data from CALIOP will be combined with
data from the other CALIPSO instruments (IIR and WFC), to retrieve
cirrus emissivity and particle size. Information on radiative fluxes will
be provided by combining CALIOP profile measurements with TOA
fluxes from CERES and multi-spectral observations from Aqua’s
MODIS. CALIOP and the Cloud Profiling Radar on CloudSat have
complementary cloud sensing capabilities that allow the production
of a comprehensive combined cloud profile product.

Imaging Infrared Radiometer

Three-channel infrared imager that complements CALIOP and provides
additional cloud properties.

The IIR provides calibrated radiances at 8.65, 10.6, and 12.05 pm
over a 64 km swath centered on the lidar footprint. These wavelengths
are chosen to optimize combined lidar/I[IR/WFC retrievals of cirrus
emissivity and particle size. The IIR is built around an Infrared Sensor
Module developed for the IASI instrument. Use of a microbolometer-
detector array in a non-scanning, staring configuration allows a simple
and compact design to perform measurements at a 1-km resolution
with a NEAT better than 0.3 K (at 210 K) in all spectral bands. The
IIR instrument is provided by CNES with algorithm development
performed by the Institute Pierre Simon Laplace (Paris).

WFC

Wide-Field Camera

Single-channel, nadir-viewing, push-broom, visible imager that, when
combined with IR data, provides meteorological context around the lidar
footprint.

The WFC is a modified star tracker camera, with a single channel
covering the 620—670-nm spectral region, providing images of a 61-km
swath with a spatial resolution of 125 m. The WFC provides meteoro-
logical context for the lidar measurements and allows highly accurate
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Key IIR Facts cont)

Mass: 21 kg

Power: 26.6 W

Duty Cycle: 8.184 s

Data Rate: 48.2 kbps

Contributors: CNES, SODERN (Paris)

Key WFC Facts

Heritage: Star tracker cameras

Radiometric Response Stability: < 1%
over 24 hours

Duty Cycle: 39% (Daylight portions of
orbit with solar zenith angle (SZA)
< 70°)

Data Rate: 16.1 kbps

FOV: 61-km cross-track x 125-m along-
track

Incidence Angle: Nadir
Instrument IFOV: 125 m x 125 m

Dimensions: 14 cm diameter x 24 cm
sensor unit

Mass: 2.6 kg
Power: 7.9 W

Thermal Control: TEC and passive
radiator

Thermal Operating Range: CCD
operates at 0° C

Sampling Interval: 18.5 ms

Spatial Resolution:
Central high-resolution swath (within
2.5 km of lidar footprint): 125 m x 125 m

Low-resolution swath (28 km either
side of high res. swath): 1 km x 1 km

Wavelength: 645 nm
Spectral Resolution: 50 nm
Contributor: BATC

[ Missions: CALIPSO ]
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spatial registration, when required, between CALIPSO and
instruments on other satellites of the A-Train afternoon
constellation. WFC data are also used in daytime retrievals
of cloud properties.

CALIPSO References

Winker, D. M., J. Pelon, and M. P. McCormick, 2002: The
CALIPSO Mission: Spaceborne lidar for observation of
aerosols and clouds. Proc. SPIE, 4893, 1-11.

Winker, D. M., W. H. Hunt, and C. A. Hostetler, 2004:

Status and performance of the CALIOP Lidar. Proc. SPIE,
5575, 8-15.
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CALIPSO Data Products

Product Name or Processing Coverage Spatial/Temporal Characteristics
Grouping Level
CALIOP
Attenuated Backscatter Profiles 1B Global, for -0.5-8.2 km altitudes: 0.33 km horizontal
altitudes of resolution (hres), 30 m vertical resolution (vres);
-0.5-40 km 8.2-20.2 km altitudes: 1.00 km hres, 60 m vres;
20.2-30.1 km altitudes: 1.67 km hres, 180 m vres;
30.1-40 km altitudes: 5 km hres, 300 m vres/
every 16 days
Aerosol Layer Heights 2 Global 0-30.1 km altitudes: 5 km hres; 30-180 m vres/
every 16 days
Aerosol Backscatter Profiles 2 Global, 0-20.2 km altitudes: 40 km hres, 120 m vres;
0-30.1 km 20.2-30.1 km altitudes: 40 km hres, 360 m vres/
every 16 days
Aerosol Extinction Profiles 2 Global, 0-20.2 km altitudes: 40 km hres, 120 m vres;
0-30.1 km 20.2-30.1 km altitudes: 40 km hres, 360 m vres/
every 16 days
Cloud Top and Base Heights 2 Global, 0.33 km hres, 1 km hres, and 5 km hres;
0-20.2 km 30-60 m vres/every 16 days
Cloud Extinction Profiles 2 Global, 5 km hres, 60 m vres/
0-20.2 km every 16 days
Cloud Ice / Water Phase 2 Global, 1 km hres, 30-60 m vres/
0-20.2 km every 16 days
IIR
Infrared Radiances 1B Gilobal 1 km hres/every 16 days
WFC
Visible Reflectances 1B Global 0.125 km hres and 1 km hres/
every 16 days
CALIOP/IIR/WFC
Cloud Emissivity 2 Global 1 km hres/every 16 days
Cloud Particle Size 2 Global 1 km hres/every 16 days
Surface Radiative Fluxes 4 Global 30 km hres/every 16 days
(with CERES from Aqua)
Atmospheric Radiative Flux 4 Global, TOA 30 km hres; 18 vertical levels/every 16 days
Profiles (with CERES from Aqua) to surface

CALIPSO Data Products
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CloudSat

CloudSat URLs
cloudsat.atmos.colostate.edu
essp.gsfc.nasa.gov/cloudsat
cloudsat.cira.colostate.edu

Summary

CloudSat will study clouds in detail to better characterize
the role they play in regulating Earth’s climate. CloudSat
will provide the first direct, global survey of the vertical
structure and overlap of cloud systems and their liquid-
and ice-water contents. Data returned should lead to
improved cloud representations in atmospheric models,
which should help improve the accuracy of weather fore-
casts and climate predictions made using these models.

Instrument
Cloud Profiling Radar (CPR)

Points of Contact
* CloudSat Principal Investigator: Graeme Stephens,
Colorado State University

* CloudSat Deputy Principal Investigator: Deborah
Vane, NASA Jet Propulsion Laboratory/California
Institute of Technology

Other Key Personnel
* CloudSat Program Scientist: Donald Anderson,
NASA Headquarters

* CloudSat Program Executive: Steve Volz, NASA
Headquarters

* CloudSat Project Manager: Thomas Livermore,
NASA Jet Propulsion Laboratory/California Institute
of Technology

Mission Type

Earth Observing System (EOS) Exploratory Mission
(Earth System Science Pathfinder)

Earth Science Reference Handbook

Key CloudSat Facts

Joint with Canada

Orbit:
Type: Sun-synchronous
Altitude: 705 km
Inclination: 98.2°
Period: 99 minutes
Repeat Cycle: 16 days

Dimensions: 2.3 m x 2.3 m x 2.8 m
Mass: 999 kg
Power: 700 W

Downlink: S-band to U.S. Air Force antenna
network

Mission Life: 22 months

Design Life: 3 years

Contributors

Canadian Space Agency (CSA), U.S. Air Force
(USAF), U.S. Department of Energy (DOE)

Launch

Date and Location: April 28, 2006 (shared launch with
CALIPSO), from Vandenberg Air Force Base,
California

Vehicle: Delta II rocket

Relevant Science Focus Areas
(see NASA'’s Earth Science Program section)

* Climate Variability and Change
* Weather

Related Applications

(see Applied Sciences Program section)

* Aviation
Also valuable for weather prediction

CloudSat Science Goals

Profile the vertical structure of clouds: Understanding the
vertical structure of clouds is fundamentally important to
improving our understanding of how clouds affect both
the local and large-scale environment.

Measure the profiles of cloud liquid water and ice water

content: These two quantities—predicted by cloud process
and global scale models alike—determine practically all
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other cloud properties, including precipitation and cloud
optical properties.

Measure profiles of cloud optical properties: These mea-
surements, when combined with water and ice content
information, provide critical tests of key cloud process
parameterizations and enable the estimation of flux pro-
files and radiative heating rates through the atmospheric
column.

CloudSat Mission Background

Clouds and their properties are inadequately represented
in climate models, leading to continued uncertainty in
the prediction of global warming with increasing carbon
dioxide (CO,). Even small changes in abundance or
distribution of clouds can profoundly alter the climate
response to changes in greenhouse gases. Clouds also
influence climate by affecting the efficiency at which the
hydrological cycle operates.

One of the main reasons model predictions of cli-
mate warming vary from model to model is the different
ways models specify vertical cloud distributions and
overlap. The vertical distribution and overlap of cloud
layers directly determine both the magnitude and vertical
profile of heating in the atmosphere. The heating by high
cloud layers in the tropical atmosphere exerts a dominant
influence on the large-scale, ‘Hadley’ circulation of the
atmosphere. The vertical distribution of clouds assumed in
models also influences the predicted precipitation. Direct
measurements of the vertical structure of clouds have,
until now, been limited to a few ground-based sites.

CloudSat will provide the observations necessary to
advance our understanding of these issues. It will provide
the first direct measurements of cloud vertical structure on
a global basis. CloudSat will also measure the profiles of
cloud liquid-water and ice-water content (microphysical
properties) and will match these microphysical properties
to cloud optical properties. This matching is a critical test
ofkey parameterizations in models that enable calculation
of flux profiles and radiative heating rates throughout the
atmosphere.

CloudSat data will provide a rich source of informa-
tion for evaluating cloud properties derived from other
satellite data. CloudSat will fly as part of the A-Train of
satellites including four other NASA missions—Aqua,
Aura, Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO), and eventually the
Orbiting Carbon Observatory (OCO)—as well as a French
Centre National d’Etudes Spatiales (CNES) mission
called Polarization and Anisotropy of Reflectances for
Atmospheric Sciences coupled with Observations from
a Lidar (PARASOL). This combination of observations
offers an unprecedented resource for exploring aerosol-
chemistry-cloud interactions.
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CPR

Cloud Profiling Radar

CPR is a 94-GHz radar with 500-m vertical resolution. The radar
sends out a pulse and receives a return signal. Because the 94-
GHz signal is not strongly attenuated by most clouds, the radar
should be able to detect more than 90% of all ice clouds and
80% of all water clouds.

CloudSat will utilize a 94-GHz Cloud Profiling Radar to
obtain measurements of cloud properties. Cloud radars
now operate routinely or quasi-routinely at a number
of surface sites worldwide and are also deployed on a
number of research aircraft. Measurements collected by
these instruments provide a rich heritage for the CloudSat
radar.

Because clouds are weak scatterers of microwave
radiation, the overriding requirement on the radar is to
achieve the maximum possible sensitivity and hence
maximize cloud detection. Sensitivity is primarily de-
termined by radar-received power and noise level, and
optimizing this sensitivity involves a careful tradeoff
among competing and conflicting factors, including the
cloud backscattering properties, the vertical resolution,
atmospheric attenuation, available power delivered to the
system, the orbit altitude, and radar technology. Increasing
the antenna size and increasing transmitter output power
are both ways to increase the power received. The antenna
diameter of 1.85 m is limited by launch constraints. The
transmitter power is also limited by both the transmitter
technology and the power-supply capability of the space-
craft.

The amount of power received is also strongly
influenced by the cloud reflectivity and atmospheric at-
tenuation. Cloud reflectivity increases with increasing
radar frequency but atmospheric attenuation becomes
prohibitive at higher frequencies. From these consider-
ations, the operating frequency of 94 GHz is an optimum
compromise and provides an increase of more than 30 dB
over the 14-GHz Tropical Rainfall Measuring Mission
(TRMM) radar. An international frequency allocation of
94 GHz has been established for spaceborne radar use.

Sensitivity is also related to the pulse length. The
radar uses 3.3-pus pulses providing cloud and precipita-
tion information with a 500-m vertical range resolution
between the surface and 25 km. The radar measurements
along-track are averaged by the on-board data processor
over 0.16 s intervals, producing an oblong effective foot-
print of 1.4 km x 1.8 km. The radar data can be further
averaged in ground processing to 0.48 s, increasing the
effective footprint in the along-track dimension to 3.8 km.
This provides the averaging needed to achieve the required
sensitivity.

CPR will be sensitive enough to detect the majority
of clouds that significantly affect the radiation budget and
critical elements of the water budget of the atmosphere.
CPR is expected to detect 90% of all ice clouds and 80%
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of all water clouds. Other sensors that are flying or will fly as part of
the A-Train formation, particularly the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) on Aqua and the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) on CALIPSO, are
expected to augment the cloud-detection capabilities of CPR.
Likewise, CPR will improve the cloud-detection capabilities of
MODIS. This is but one of many examples of the value of the
synergistic measurements enabled by the A-Train formation.

If CloudSat were flying in isolation, it would probably reside
at a lower altitude, similar to that of TRMM. This would give CPR
even greater sensitivity and improved ability to detect clouds.
However, because CloudSat has chosen to be part of the A-Train
formation, it flies at a higher altitude. This compromise still gives
CPR excellent cloud-detection capabilities to achieve CloudSat’s
mission objectives, while also enabling maximum synergism with
the other A-Train missions.

The antenna subsystem consists of the collimating antenna
and the Quasi-Optical Transmission Line (QOTL). The antenna,
constructed of composite graphite material, meets the challenge
of low surface roughness (less than an RMS of 0.05 mm over the
entire surface) and delivers a highly directional beam of half-
width less than 12°. The antenna also has the far-side lobe levels
50 dB below that of the main lobe, as required to remove alias-
ing of these side lobes into the profiles of following pulses. The
QOTL minimizes loss through the system. This will be the first
time QOTL technology has flown in space at the wavelength of
this radar. Another important challenge in the radar design is the
High Power Amplifier (HPA) subsystem. The HPA has complete
redundancy and consists of two Extended Interaction Klystrons
(EIKs) and two high-voltage power supplies. One key development
was the redesign of the commercial EIK unit to become qualified
to operate in space.

CPR URL

cloudsat.atmos.colostate.edu

CloudSat References

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.
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Key CPR Facts

Heritage: Aircraft and ground-based
94-GHz radars

Nadir-pointing 94-GHz radar measures
cloud reflectivity vs. altitude along nadir
track

Single science operation mode

Vertical resolution: ~500 m from 0 to
25 km altitude

Transmits 3.3-pys monochromatic
pulses

Horizontal resolution: ~1.4 km
Duty cycle: 100%

Technical Resource Allocations:
Mass: 260 kg
Power: 270 W

Data Rate: 25 kbps
Antenna: 1.85-m diameter

Performance:

Minimum detectable reflectivity: -26
dBZ, nominally —-28 dBZ

W-band frequency: 94 GHz
High radiated power: > 1.5 kW
High-gain antenna: 62 dBi
Low sidelobes: -50 dB

Quasi-optical (free space) front end to
minimize RF loss

Noise subtraction to measure signals
that are ~15 dB below noise floor
Calibration: 1.5 dB

Dynamic Range: 80 dB to capture low-
reflectivity clouds and surface return

Platform Pointing Requirements
(platform + instrument, 30):
Control: < 0.1°
Knowledge: < 0.1°

Spacecraft Design: Ball Aerospace

Instrument Design: NASA JPL,
Canadian Space Agency

Data Processing: Cooperative Institute
for Research in the Atmosphere (CIRA)
(Colorado State University)

Ground Operations: U.S. Air Force

Validation: DOE, Atmospheric Radiation
Measurements (ARM) Program and the
contributions of many Co-l institutions
and facilities around the world.

[ Missions: CloudSat |
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CloudSat Data Products

Product Name or

Processing Coverage

Spatial/Temporal Characteristics

Grouping Level

CPR

Raw CPR Data 0 Global, along nadir track 500 m vertical resolution/
twice daily [day, night]

Auxiliary Data 1A Global, along nadir track 500 m vertical resolution/
twice daily [day, night]

Calibrated Radar Reflectivities 1B Global, along nadir track 500 m vertical resolution/
twice daily [day, night]

Cloud Geometric Profile— 2B Global, along nadir track 500 m vertical resolution/

expressed in terms of occurrence
and reflectivity (significant echoes);
includes (gas) attenuation

twice daily [day, night]

corrections

Classification of Cloud Type, 2B Global, along nadir track 500 m vertical resolution/

Including Precipitation Identification twice daily [day, night]

and Likelihood of Mixed-Phase

Conditions

Cloud Optical Depth (by layer) 2B Global, along nadir track 500 m vertical resolution/
twice daily [day, night]

Cloud Liquid-Water Content 2B Global, along nadir track 500 m vertical resolution/
twice daily [day, night]

Cloud Ice-Water Content 2B Global, along nadir track 500 m vertical resolution/
twice daily [day, night]

Atmospheric Radiative Fluxes 2B Global, along nadir track 500 m vertical resolution/

and Heating Rates

twice daily [day, night]

CloudSat Data Products
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EO-1

Earth Observing-1

col.usgs.gov/
eol.gsfc.nasa.gov/

Summary

EO-1 is a one-year technology validation / demonstration
mission designed to demonstrate new technologies and
strategies for improved Earth observations. The satellite
contains three observing instruments supported by a va-

Key EO-1 Facts

Orbit:
Type: Sun-synchronous
Equatorial Crossing: 10:01 a.m.
Altitude: 705 km
Inclination: 98.2°
Period: 98.8 minutes
Repeat Cycle: 16 days

Dimensions: 2 m height x 2.5 m diameter
Mass: 529 kg
Power: 300 W

Design Life: 18 months; EO-1 is well beyond its
planned mission life and is still functioning

Downlink: X-Band (105 Mbps), Sioux Falls,
Svalbard, Alaska, Hobart (Australia)

Note: Part of the Morning Constellation of
satellites, lags one minute behind Landsat 7

Contributors

riety of newly developed space technologies.

Instruments

* Advanced Land Imager (ALI)

* Hyperspectral Instrument (Hyperion)

» Linear Etalon Imaging Spectral Array (LEISA)
Atmospheric Corrector (LAC)

Points of Contact

EO-1 Project Scientist: Stephen G. Ungar, NASA
Goddard Space Flight Center

Other Key Personnel

EO-1 Program Scientist: Garik Gutman, NASA
Headquarters

EO-1 Mission Director: Dan Mandl, NASA Goddard
Space Flight Center

Mission Type

Earth Observing System (EOS) Technology Demo
(New Millennium Program)

Launch

Date and Location: November 21, 2000, from
Vandenberg Air Force Base, California

Earth Science Reference Handbook

ALI: MIT/Lincoln Laboratory, NASA GSFC
Hyperion: TRW, NASA GSFC

LAC: NASA GSFC Applied Engineering and
Technology Directorate (AETD)

Relevant Science Focus Areas
(see NASA’s Earth Science Program section)

* Carbon Cycle, Ecosystems, and Biogeochemistry
* Earth Surface and Interior

Related Applications

(see Applied Sciences Program section)

 Agricultural Efficiency
e Air Quality

* Aviation

e Carbon Management
» Coastal Management
* Energy Management

* Homeland Security

* Public Health

* Water Management

EO-1 Mission Goals

* Validate and test new technologies that could provide
significant cost reductions and improved performance
for future Landsat missions.
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» Provide a science-grade space-borne hyperspectral instrument,
thus providing a new class of Earth observation data for im-
proved Earth surface characterization.

* Provide the first space-based test of an onboard atmospheric
corrector for increasing the accuracy of surface reflectance esti-
mates.

EO-1 Extended Mission Goals

* Sustain and enhance U.S. Geological Survey (USGS) and
NASA research and development toward applications of hy-
perspectral and pushbroom multispectral data within the U.S.
research and operational user communities.

* Promote opportunities within the remote sensing community
to apply evolving imaging technology for government, scien-
tific, and industry applications.

* Provide greater insight into potential commercial developers’
prototype instrument performance.

* Add unique land remote sensing datasets to the USGS Na-
tional Satellite Land Remote Sensing Data Archive.

* Characterize long-term performance of the EO-1 advanced
technology sensors.

EO-1 Mission Background

EO-1 was developed as part of NASA’s New Millennium Pro-
gram (NMP) to demonstrate new technologies and strategies for
improved Earth observations. The EO-1 satellite contains three
observing instruments supported by a variety of newly devel-
oped space technologies. Instrument performances are validated
and carefully monitored through a combination of radiometric
calibration approaches: solar, lunar, stellar, Earth (vicarious) and
atmospheric observations complemented by onboard calibration
lamps and extensive pre-launch calibration. Techniques for spec-
tral calibration of space-based sensors have been tested and vali-
dated with Hyperion. ALI and Hyperion instrument performances
continue to meet or exceed predictions well beyond the planned
one-year program.

The original EO-1 mission was successfully completed in
November 2001. All data from the first year are currently available
through the USGS Earth Resources Observation System (EROS)
Data Center (EDC). As the end of the mission approached, the
remote-sensing research and scientific communities expressed high
interest in continued acquisition of image data from EO-1. Based on
this user interest, NASA and USGS reached an agreement to allow
continuation of the EO-1 Program as an Extended Mission.

The Extended Mission began in February of 2002 with the
transfer of acquisition planning and scheduling, as well as data
processing and distribution responsibilities, to EDC. As of early
2006, EO-1 is still fully functional and acquiring in excess of
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Key ALI Facts

Heritage: ETM+ (Landsat 7)

Instrument Type: Linear Multi-Spectral
Array

Scan Type: Pushbroom Sequential
Sampling

Calibration: Pre-launch with on-orbit
validation (solar, lunar, stellar, and vicari-
ous)

Field of View (FOV): 3°

Instrument IFOV: 0.043 mrad (Multi-
Spectral [MS]), 0.014 mrad (Panchro-
matic [Pan])

Transmission Rate: N/A

Swath: 37 km x 42 km (standard length),
length can be adjusted

Spatial Resolution: 30 m (MS), 10 m
(Pan)

Spectral Range: 0.43-2.3 ym
Dimensions: 0.9 m x 0.9 m x 0.7 m
Mass: 90 kg

Power: 100 W

Duty Cycle: Continuous (Data capacity
limited by onboard storage)

Data Rate: 55 Mbps

Key Hyperion Facts
Heritage: Lewis Hyperspectral Imager
(HSI)

Instrument Type: Grating Imaging
Spectrometer Array

Scan Type: Pushbroom Simultaneous
Sampling

Calibration: Pre-launch with on-orbit
validation (solar, lunar, stellar, and
vicarious)

FOV: 0.63°
Instrument IFOV: 0.043 mrad
Transmission Rate: N/A

Swath: 7.7 km x 42 km (standard
length), length can be adjusted

Spatial Resolution: 30 m
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120 scenes per week. All EO-1 data orders and tasking requests
may be placed directly through the EDC website at eol.usgs.gov.
The EO-1 Extended Mission is chartered to collect and distribute
Advanced Land Imager (ALI) multispectral and Hyperion hyper-
spectral products in response to Data Acquisition Requests (DARs).
Under the Extended Mission provisions, image data acquired by
EO-1 are archived and distributed by EDC and placed in the public
domain.

EO-1 is part of the morning constellation of satellites, which
also includes Terra, Landsat 7, and Satelite de Aplicaciones Cien-
tificas-C (SAC-C). The EO-1 spacecraft follows Landsat 7 by
approximately one minute. It is capable of cross-track pointing to
allow potential imaging within one full adjacent Worldwide Refer-
ence System (WRS) path in each direction from the current flight
path. Each ALI scene covers approximately one-fifth the width
of a Landsat 7 Enhanced Thematic Mapper Plus (ETM+) scene.
Hyperion scenes are acquired in strips, with a cross-track width
of 7.7 km. Imagery from either sensor will have a user-specified
along-track length of either 42 km or 185 km (equivalent to one
full Landsat 7 ETM+ scene length).

Validating Revolutionary Spacecraft Technologies

The future of Earth science measurements requires that spacecraft
have ever greater capabilities packaged in more-compact and lower-
cost spacecraft. To this end, EO-1 tests five new technologies that
will enable new or more cost-effective approaches to conducting
science missions in the 215 century. These are: the X-band Phased
Array Antenna, used for downlinking data gathered by the EO-1
science instruments; Enhanced Formation Flying, an autonomous,
onboard, relative navigation and formation-flying control; the
Pulsed Plasma Thruster, used for fine-attitude precision control;
the Lightweight Flexible Solar Array, an advanced photo-voltaic
solar array that utilizes a lightweight solar blanket and a shockless,
shaped-hinge-deployment mechanism to achieve two-to-three times
the specific power over conventional solar arrays; and the Carbon-
Carbon Radiator, which has superior thermal radiating properties
over conventional materials.

Other EO-1 Technology Challenges

The EO-1 imaging instruments presented a significant challenge
to traditional spacecraft development. Because of EO-1’s high-
rate imaging (almost 1 gigabit per second (Gbps) when all three
instruments are on), a specific subsystem on the EO-1 observatory
needed to be designed and crafted to handle the data rate while
still maintaining flight constraints of compact size and low power
usage.

Although not officially part of the NMP/EO-1 validation list,
the Wideband Advanced Recorder Processor (WARP) is a solid-
state recorder with capability to record data from all three instru-
ments simultaneously and store up to 48 Gbits (2-3 scenes) of
data before transmission to the ground. WARP’s compact design,
advanced solid-state memory devices (3-dimensional RAM stacks)
and packaging techniques enable EO-1 to collect and downlink all
recorded data.
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Key Hyperion Facts (o)

Spectral Range: 0.43-2.5 pm
Dimensions: 0.39 m x 0.75 m x 0.66 m
Mass: 49 kg

Power: 51 W

Duty Cycle: Approximately 50% (maxi-
mum power-on duration 50 minutes)

Data Rate: 221 Mbps

Key LAC Facts

Heritage: Lewis Atmospheric Corrector

Instrument Type: Linear Etalon Imaging
Spectral Array

Scan Type: Pushbroom Sequential
Calibration: On-Orbit

FOV: 15°

Instrument IFOV: 0.354 mrad
Transmission Rate: N/A

Swath: 185 km x 195 km

Spatial Resolution: 250 km
Spectral Range: 0.9-1.6 um

Dimensions:

Electronics Module: 25 cm x 23 cm x
18 cm

Optics Module: 19 cm x 18 cm x 14 cm
Mass: 10.5 kg

Power: 15 W (48 W peak), < 15 W orbit
average

Duty Cycle: Approximately 50% (maxi-
mum power-on duration 24 minutes)

Data Rate: 189 Mbps
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Instrument Descriptions

The three remote-sensing instruments on the EO-1 obser-
vatory are the Advanced Land Imager (ALI), the Hyperion
Imaging Spectrometer (Hyperion) and the Linear Etalon
Imaging Spectral Array (LEISA) Atmospheric Corrector
(LAC). All three instruments employ a pushbroom data-
acquisition method and operate within the 0.4-2.5-um
spectral range.

ALl

Advanced Land Imager

The ALI instrument is a multi-spectral pushbroom radiometer
designed to test concepts for Landsat follow-on missions.

ALI features 10-m ground resolution in the panchromatic
(black and white) band, and 30-m ground resolution in
its nine other multispectral bands. ALI uses a four-chip
multispectral focal-plane array that covers seven of the
eight bands of the current Landsat imagers. The swath
width of ALI is 37 km. The Massachusetts Institute of
Technology/Lincoln Laboratory (MIT/LL) developed ALI
under project management from NASA GSFC, Greenbelt,
Maryland. MIT/LL provides open access to U.S. industry
regarding the design and performance of ALI with the
explicit purpose of expediting technology transfer to the
commercial sector.

Hyperion

Hyperspectral Imager

Hyperion scans the Earth through 220 different spectral channels
and demonstrates hyperspectral imaging techniques that can

be used to classify complex land ecosystems based on their
spectral signature.

Hyperion provides a class of Earth observation data lead-
ing to improved surface spectral characterization. Hyper-
ion capabilities provide resolution of surface properties
into hundreds of spectral bands. Through 220 channels,
Hyperion demonstrates the ability to perform detailed
spectral mapping with high radiometric accuracy. In the
future, an operational version of Hyperion will allow
complex land ecosystems to be imaged and accurately
classified. The swath width of Hyperion is 7.7 km and is
aligned to view some of the same ground, at the same spa-
tial resolution (30 m) as ALI, to aid in cross-comparisons
between these instruments. Hyperion was developed by
TRW, Redondo Beach, California, under project manage-
ment from NASA GSFC.
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LAC

Linear Etalon Imaging Spectral Array (LEISA)
Atmospheric Corrector
LAC is a wedge imaging spectrometer that can be used to remove

the effects of the atmosphere from surface pictures, thus improv-
ing imagery and hyperspectral-sensing capabilities.

LAC is an infrared camera. Images from LAC can be
used to remove the effects of the atmosphere from surface
pictures obtained by instruments such as ALI on EO-1
and ETM+ on Landsat. Observing the surface through
the atmosphere is conceptually the same as viewing the
bottom of a lake through cloudy water. LAC provides data
on the amount of atmospheric water vapor. These data can
be used to clear the view. LAC on EO-1 will be the first
use of a dedicated instrument to perform this function on
a real-time basis. This instrument will provide scientific
return both in terms of improved imagery and hyperspec-
tral sensing capabilities. It will also test a number of new
technologies. Because LAC is small and adaptable to
different spacecraft configurations, it is a bolt-on instru-
ment, which can be attached to any future Earth-imaging
spacecraft. Goddard Space Flight Center’s AETD devel-
oped the LAC instrument. AETD will provide open access
to U.S. industry regarding the design and performance of
LAC, with the explicit purpose of expediting technology
transfer to the commercial sector.

EO-1 References

EO-1 Special Issue of IEEE Trans. Geosci. Remote Sens.,
June 2003.
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EO-1 Data Products

Product Name or Processing Coverage Spatial/Temporal Characteristics
Grouping Level
ALI/Hyperion/LAC

ALI Data Set Start Date: March 16, 2001; Hyperion Data Set Start Date: May 1, 2001

ALI Radiometric 1R Global 37 km x 42* km/
16-day repeat

Hyperion Radiometric 1R Global 7.7 km x 42* km/
16-day repeat

LAC** N/A Global 185 km x 42* km/
16-day repeat

" 42 km is standard length of Data Products, but the length can be adjusted

** LAC data were collected during the original mission but are not being collected or distributed during the extended mission—e.g.,
since 12/2001

EO-1 Data Products
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EP/TOMS

Earth Probe /
Total Ozone Mapping Spectrometer

EP/TOMS URL
toms.gsfc.nasa.gov

Summary

EP/TOMS provides global measurements of total-column
ozone and its variation on a daily basis. Together with
TOMS aboard Nimbus-7 and Meteor-3, it provides a
long-term data set of daily ozone over about two decades.
In addition to ozone, TOMS measures sulfur dioxide
released in volcanic eruptions, acrosols from desert dust,
and smoke from biomass burning and forest fires. The
extremely high quality of TOMS ozone data has also
helped scientists in detecting a small but steady long-
term depletion of the ozone layer over several parts of
the globe, including most of the heavily populated areas
in the northern mid-latitudes.

Instrument
Total Ozone Mapping Spectrometer (TOMS)

Point of Contact

* EP/TOMS Principal Investigator: Richard McPeters,
NASA Goddard Space Flight Center

Other Key Personnel
* EP/TOMS Program Scientist. Michael Kurylo,
NASA Headquarters

» EP/TOMS Program Executive: Lou Schuster, NASA
Headquarters

Mission Type

Earth Observing System (EOS) Systematic
Measurements
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Key EP/TOMS Facts

Orbit (after 12/13/97):

Type: Sun-synchronous

Altitude: 740 km

Inclination: 98.385°

Period: 99.65 minutes

FOV at Nadir: 39-km latitude x 39-km longitude
Original Orbital Characteristics (before 12/5/97):

Apogee Altitude: 515.2 km

Perigee Altitude: 490.5 km

Orbit Inclination: 97.432°

Period: 94.6 minutes

FOV at Nadir: 26-km latitude x 26-km longitude
Design Life: 2 years
Operating Status: Operational

Data Coverage: 7/25/1996-Present (not all dates
within this period are available)

Launch

Date and Location: July 2, 1996, from Vandenberg Air
Force Base, California

Relevant Science Focus Areas
(see NASA'’s Earth Science Program section)

» Atmospheric Composition

Related Applications

(see Applied Sciences Program section)

e Air Quality
 Public Health

EP/TOMS Background

Ozone, a molecule made up of three oxygen atoms,
shields life on Earth from the harmful effects of the ul-
traviolet radiation of the Sun. The increased amounts of
ultraviolet radiation that reach Earth’s surface because of
ozone depletion can increase the incidence of skin cancer
and cataracts in humans, harm crops, and interfere with
marine life.

Researchers face two crucial problems in ozone
studies—finding a slow, long-term trend among a variety
of short-term trends, and ascertaining how much of the
change in global ozone is due to human activities and how
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much is attributable to natural atmospheric processes. In
order to separate these factors, scientists must record data
over at least a complete solar cycle, eleven years. TOMS
instruments aboard the Nimbus-7 and Meteor-3 satellites
have proved invaluable in meeting this requirement.

History

EP/TOMS was launched in July 1996 and continues
NASA’s long-term daily mapping of the global distri-
bution of Earth’s atmospheric ozone. EP/TOMS takes
high-resolution measurements of the total-column amount
of ozone from space that began with NASA’s Nimbus-
7 satellite in 1978 and continued with TOMS aboard a
Russian Meteor-3 satellite until the instrument stopped
working in December 1994. Ozone monitoring in the fu-
ture will be continued by the Ozone Mapping and Profiler
Suite (OMPS), an instrument that will be flown by NOAA
under the NPOESS program. The TOMS instrument has
mapped in detail the global ozone distribution as well
as the Antarctic ‘ozone hole,” which forms September
through November of each year.

TOMS is a second-generation back-scatter ultra-
violet ozone sounder. TOMS can measure ‘total-column
ozone’—the total amount of ozone in a ‘column’ of air
from Earth’s surface to the top of the atmosphere—un-
der all daytime observing and geophysical conditions.
TOMS observations cover the near-ultraviolet region of
the electromagnetic spectrum, where sunlight is absorbed
only partially by ozone.

The extremely high quality of TOMS ozone data has
also helped scientists in detecting small but steady long-
term damage to the ozone layer over several parts of the
globe, including most of the heavily populated areas in
the northern mid-latitudes. The discovery of this damage
led to the curtailment of the production of ozone-deplet-
ing chemicals through an international treaty signed in
Montreal in the 1980s.

TOMS

Total Ozone Mapping Spectrometer

TOMS is a NASA-developed instrument that measures
total ozone by observing both incoming solar energy and
back-scattered ultraviolet (UV) radiation at six wave-
lengths. ‘Back-scattered’ radiation is solar radiation
that has penetrated into Earth’s atmosphere and is then
scattered by air molecules and clouds back through the
atmosphere to the satellite sensors. Along that path, a
fraction of the UV is absorbed by ozone. By comparing
the amount of back-scattered radiation to observations of
incoming solar energy at identical wavelengths, scientists
can calculate Earth’s UV albedo, the ratio of light reflected
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by Earth compared to the amount it receives. Changes in
albedo at the selected wavelengths can be used to derive
the amount of atmospheric ozone.

TOMS makes 35 measurements every 8 seconds,
each covering 50-200 km width on the ground, strung
along a line perpendicular to the motion of the satellite.
Almost 200,000 daily measurements cover every spot on
Earth except polar areas experiencing 24 hours a day of
darkness.

Heritage instruments include Nimbus-7/TOMS and
Meteor-3/TOMS.

TOMS Data URL

toms.gsfc.nasa.gov/eptoms/ep.html

EP/TOMS Data Set Start Date: July 25, 1996
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ERBS

Earth Radiation Budget Satellite

ERBS URLs
asd-www.larc.nasa.gov/erbe/ASDerbe.html
Iposun.larc.nasa.gov/erbeweb

Instruments

 Earth Radiation Budget Experiment (ERBE)
« Stratospheric Aerosol and Gas Experiment (SAGE 1I)

Mission Type

Earth Observing System (EOS) Systematic
Measurements

Points of Contact
e ERBE Mission Scientist: Robert B. Lee III, NASA
Langley Research Center

* SAGE II Science Mission Manager: Joseph
Zawodny, NASA Langley Research Center

Other Key Personnel
* ERBS Program Scientist: Donald Anderson, NASA
Headquarters

* ERBS Program Executive: Lou Schuster, NASA
Headquarters

e ERBS Mission Director: Julio Marius, NASA
Langley Research Center

Launch

* Date and Location: October 5, 1984, from Kennedy
Space Center, Florida

» Vehicle: Space Shuttle Challenger
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Key ERBS Facts

Heritage:

Earth Radiation Budget Experiment (ERBE):
Nimbus-7 ERB

Stratospheric Aerosol and Gas Experiment
(SAGE Il): SAGE |, Stratospheric Aerosol Mea-
surement (SAM )

Orbit:
Type: Non-sun-synchronous
Inclination: Mid-inclination 57°
Altitude: 585 km
Period: 96.3 minutes

Power: 622 W, quiescent W

Design Life: 1-2 years

Operating Status:
ERBE Scanner operated for 5.5 years
ERBE Non-scanner continues to operate
ERBE Solar Monitor continues to operate
SAGE Il continues to operate

Relevant Science Focus Areas
(see NASA’s Earth Science Program section)

 Climate Variability and Change
» Atmospheric Composition
» Water and Energy Cycles

Related Applications

(see Applied Sciences Program section)

* Air Quality
+ Public Health
* Energy Management

ERBS Mission Background

ERBS was part of NASA’s three-satellite Earth Radia-
tion Budget Experiment (ERBE). ERBE was designed
to investigate how energy from the Sun is absorbed and
re-emitted by Earth. This process of absorption and re-
radiation is one of the principal drivers of Earth’s climate
and weather patterns. Observations from ERBS are also
used to determine the effects of human activities (such as
burning fossil fuels and the use of chlorofluorocarbons
[CFCs]) and natural occurrences (such as volcanic erup-
tions) on Earth’s radiation balance.

As a platform of opportunity, the ERBS mission also
carried the Stratospheric Aerosol and Gas Experiment
I (SAGE II). The goal of SAGE II was to provide the
scientific community with a long-term, global depiction
of the distribution of aerosol, ozone, water vapor, and
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nitrogen dioxide. Thus, SAGE II provides unique and
crucial input to the understanding of global, seasonal-to-
interannual variability in climate and, in particular, trends
in stratospheric ozone. SAGE II recently celebrated its
20t year in orbit.

The Sun’s radiant energy is the fuel that drives Earth’s
climate engine. The Earth-atmosphere system constantly
adjusts toward maintaining a balance between the energy
that reaches Earth from the Sun and the energy that flows
from Earth back out to space. Energy received from the
Sun is mostly in the visible (or shortwave) portion of the
electromagnetic spectrum. About 30% of the solar energy
that comes to Earth is reflected back to space. The ratio
of reflected-to-incoming energy is called ‘albedo’ from
the Latin word meaning whiteness. The solar radiation
absorbed by Earth causes the planet to heat up until it is
radiating (or emitting) as much energy back into space
as it absorbs from the Sun. Earth’s thermal emitted radia-
tion is mostly in the infrared (or longwave) portion of the
spectrum. The incoming and outgoing energy make up
Earth’s radiation budget.

In the 1970s, recognizing the importance of improving
our understanding of the radiation budget and its effects
on Earth’s climate, NASA established the ERBE mission.
The goals of ERBE were to develop and operate a new
generation of satellite instrumentation to make accurate
regional and global measurements of the components of
Earth’s radiation budget.

Stratospheric aerosols measured by SAGE II af-
fect the atmospheric energy balance by scattering and
absorbing solar and terrestrial radiation. They can also
alter stratospheric chemical cycles by catalyzing het-
erogeneous reactions that markedly perturb nitrogen,
chlorine, and ozone levels. In addition, the atmospheric
gases measured by SAGE I1 are significant participants in
Earth’s atmospheric chemical cycles and in Earth radiation
processes.

History

ERBS carried the first ERBE instruments and was
launched by the Space Shuttle Challenger in 1984. ERBE
instruments were also launched on two National Oce-
anic and Atmospheric Administration (NOAA) weather
monitoring satellites, NOAA 9 and NOAA 10, in 1984
and 1986, respectively.

The ERBS/ERBE scanner instrument was operational
for more than five years (October 5, 1984, to February
28, 1990), during which time it provided a substantially
improved level of accuracy for multi-year mapping of
regional radiation budgets over the globe. The ERBS/
ERBE non-scanner continues to operate. The multi-year
history of ERBS non-scanner measurements is provid-
ing the long-term trends of Earth’s emitted and reflected
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radiant energy at large (global and zonal) spatial scales.
Also, ERBS solar monitor measurements are continuing
to show the trends in the solar constant. The long-term
record of Earth radiation established by ERBE is being
continued and improved by its successor, the Clouds and
the Earth’s Radiant Energy System (CERES).

SAGE II data, in conjunction with data from sister in-
struments SAM II and SAGE I, have been used to estimate
long-term constituent trends and identify responses to
episodic events such as volcanic eruptions. Major results
of these programs include illustration of the stratospheric
impact of the 1991 Mount Pinatubo eruption, identification
of a negative global trend in lower stratospheric ozone
during the 1980s, and quantitative verification of the posi-
tive water-vapor feedback in current climate models. The
constituent record provided by SAGE Il is being continued
and improved by its successor SAGE III.

Earth Radiation Budget Experiment
Two types of instruments were developed:

o Scanner—Three co-planar detectors (Earth longwave,
shortwave, and total)

* Non-scanner-Five detectors (One solar total, two Earth
shortwave, two Earth longwave)

The ERBE scanner instrument normally operated in a
cross-track mode, scanning from above the horizon, down
across the Earth disk, through nadir, continuing across the
other Earth limb up through space to the internal black-
body. In-flight, the instrument was normally calibrated
(internally) at 2-week intervals. The scanning detectors
used are as follows:

1) One total-wavelength thermistor bolometer
2) One long-wavelength thermistor bolometer
3) One short-wavelength thermistor bolometer

The total detector measures radiation in the 0.2-50.0
um wavelength band; the longwave detector measures
radiation in the 0.5-50.0 um wavelength band; and the
shortwave detector measures radiation in the 0.2-5.0 um
band.

The ERBE non-scanner instrument included four
detectors for Earth viewing and operated in a nadir, Earth-
staring mode. The fifth detector (the solar monitor) was
used only for solar calibration measurements. In-flight, the
instrument was normally calibrated internally at 2-week
intervals. The five detectors were as follows:
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Wide Field-Of-View (WFOV) Earth-viewing Detectors:

1) One total-wavelength active-cavity radiometer
(ACR)

2) One short-wavelength ACR

Medium Field-Of-View (MFOV) Earth-viewing Detec-
tors:

3) One total-wavelength ACR

4) One short-wavelength ACR

Solar Monitor Detector:
5) One solar active-cavity pyrheliometer

The total detectors measure radiation in the 0.2-50.0 pm
wavelength band, and the shortwave detectors measure
radiation in the 0.2-5.0 pm band. The solar monitor is
sensitive to all incident irradiance.

Over its operational life, ERBS/ERBE data products
were validated and produced for use by the science com-
munity. These products range from instantaneous time-
sequenced instrument measurements to monthly-averaged
regional, zonal, and global estimates of radiation budget
parameters including:

* Solar Incidence (Product name S-2)

» Regional, Zonal, and Global Averages (S-4)

* Regional, Zonal, and Global Gridded Averages
(S-4G)

e Medium-Wide Field of View Non-scanner Data (S-7)

* Instantaneous Scanner and Non-scanner Data (S-8)

* Scanner Earth Radiant Flux and Albedo (S-9)

* Non-scanner Earth Radiant Flux and Albedo (S-10)

These data products are available from the NASA Lang-
ley Research Center (LaRC) Distributed Active Archive
Center (DAAC). Data, programs for reading the data,
and user’s guides can be obtained through the on-line
system.

ERBE URLs

Instrument. asd-www.larc.nasa.gov/erbe/ASDerbe.
html.

Data: eosweb.larc.nasa.gov/PRODOCS/erbe/table
erbe.html.

ERBE Non-scanner Data Set Start Date: October 14,
1984

ERBE Non-scanner Data Set End Date: August 31,
2005

ERBE Scanner Data Set Start Date: November 5, 1984
ERBE Scanner Data Set End Date: February 28, 1990
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SAGE II

Stratospheric Aerosol and Gas Experiment Il

During each sunrise and sunset encountered by the
orbiting spacecraft, the SAGE II instrument uses the
solar-occultation technique to measure attenuated solar
radiation through Earth’s limb in seven channels centered
at wavelengths ranging from 0.385 pm to 1.02 um. The
exo-atmospheric solar irradiance is also measured in
each channel during each event for use as a reference in
determining limb transmittances.

The SAGE II instrument is a seven-channel Sun
photometer using a Cassegrainian-configured telescope,
holographic grating, and seven silicon photodiodes, some
with interference filters, to define the seven spectral chan-
nel band passes. Solar radiation is reflected off a pitch
mirror into the telescope with an image of the Sun formed
at the focal plane. The instrument’s instantaneous field-
of-view, defined by an aperture in the focal plane, isa 0.5
x 2.5 arc-minute slit that produces a vertical resolution
at the tangent point on Earth’s horizon of about 0.5 km.
Radiation passing through the aperture is transferred to
the spectrometer section of the instrument containing the
holographic grating and seven separate detector systems.
The holographic grating disperses the incoming radiation
into the various spectral regions centered at the 385, 448,
453,525,600, 940, and 1020 nm wavelengths. Slits on the
Rowland circle of the grating define the spectral band pass
of the seven spectral channels. The spectrometer system
is inside the azimuth gimbal to allow the instrument to be
pointed at the Sun without image rotation. The azimuth
gimbal can be rotated over 370° so that measurements can
be made at any azimuth angle.

The operation of the instrument during each sunrise
and sunset measurement is totally automatic. Prior to each
sunrise or sunset encounter, the instrument is rotated in
azimuth to its predicted solar-acquisition position. When
the Sun’s intensity reaches a level of one percent of maxi-
mum in the Sun sensor, the instrument adjusts its azimuth
position to lock onto the radiometric center of the Sun to
within +45 arc-seconds and then begins acquisition of
the Sun by rotating its pitch mirror in a predetermined
direction, depending on whether it is a sunrise or a sunset.
When the Sun is acquired, the pitch mirror rotates back
and forth across the Sun at a rate of about 15 arc-minutes
per second. The radiometric channel data are sampled at
a rate of 64 samples per second per channel, digitized to
12-bit resolution, and recorded for later transmission back
to Earth.
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SAGE Il URLs

Instrument: www-sage2.larc.nasa.gov/.

Data: eosweb.larc.nasa.gov/PRODOCS/sage2/table
sage2.html.

SAGE II Data Set Start Date: October 24, 1984
SAGE II Data Set End Date: August 22, 2005



Glory

Glory URL
glory.gsfc.nasa.gov/

Summary

The Glory satellite consists of a spacecraft bus and three
instruments and will be launched from the Vandenberg Air
Force Base aboard a Taurus 2110 launch vehicle. Glory’s
remote sensing mission is designed to: 1) collect data on
the optical, microphysical, and chemical properties, and
spatial and temporal distributions of aerosols and clouds;
and 2) continue the long-term total solar irradiance cli-
mate record.

Instruments

.

Aerosol Polarimetry Sensor (APS)
Cloud Camera (CC)
Total Irradiance Monitor (TIM)

Points of Contact

Glory Project Scientist: Michael Mishchenko, NASA
Goddard Institute for Space Studies

APS Instrument Scientist: Brian Cairns, NASA
Goddard Institute for Space Studies

TIM Instrument Scientist: Greg Kopp, Laboratory
for Atmospheric and Space Physics/University of
Colorado (Boulder)

Other Key Personnel

Glory Program Scientist: Hal Maring, NASA
Headquarters

Glory Program Executive: Ronald Hooker, NASA
Headquarters

Glory Project Manager: Bryan Fafaul, NASA
Goddard Space Flight Center

Mission Type

Earth Observing System (EOS) Systematic
Measurements
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Key Glory Facts

Orbit:
Type: Sun-synchronous

Equatorial Crossing: 1:35 p.m.
Altitude: 705 km + 30 km
Inclination: 98.2° + 0.15°
Period: 99 minutes

Repeat Cycle: 16 days
Dimensions: 1.9 mx1.4mx1.4m
Mass: 482 kg at launch
Power: 320 W
Downlink: X-Band/S-Band

Design Life: 3 years with a 5-year goal

Glory Partners

Space Network: The Tracking Data and Relay Sat-
ellite System operated by NASA’'s Space Network

Mission Operations Center (MOC): Based at the
mission operations support contractor facility; the
sole facility for the operation of the spacecraft and
the generation of the command uplink

Ground Station: Commercial ground stations for
the space-to-ground RF communications with the
satellite; primary ground station in Alaska, backup
in Norway

APS Science Operations Center (SOC): NASA
GISS

TIM SOC: Colorado University-Boulder’s Labora-
tory for Atmospheric and Space Physics

Data Archive and Distribution: NASA Goddard
Earth Sciences Distributed Active Archive Center
(GES DAAC)

Ground Segment: Combination of the commercial
ground stations, MOC, APS SOC, TIM SOC, GES
DAAC, and networks that connect them

Launch

» Date and Location: No earlier than 2008, from
Vandenberg Air Force Base, California

e Vehicle: Taurus 2110
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Relevant Science Focus Areas

(see NASA'’s Earth Science Program section)

» Atmospheric Composition

* Carbon Cycle, Ecosystems, and Biogeochemistry
¢ Climate Variability and Change

» Water and Energy Cycles

Related Applications

(see Applied Sciences Program section)

e Air Quality

» Carbon Management
* Ecological Forecasting
* Invasive Species

* Public Health

Glory Science Goals

* Analyze aerosols and aerosol-cloud interactions with data col-
lected on the optical, microphysical, and chemical properties of
aerosols and clouds.

* Measure total solar irradiance for long-term climate studies.

Glory Mission Overview

Glory is a remote sensing spaceflight mission designed to 1) collect
data on the optical, microphysical, and chemical properties and
spatial and temporal distributions of aerosols and clouds; and 2)
continue collection of total solar irradiance data for the long-term
climate record. The mission will accomplish these objectives by
deploying two separate science instruments aboard a Low Earth
Orbit (LEO) satellite: the Aerosol Polarimetry Sensor (APS) and
the Total Irradiance Monitor (TIM).

APS will collect global aerosol and cloud data based on multi-
angle, along-track polarimetric and radiometric measurements taken
within the solar reflective spectral region (0.4-2.4 um). Measure-
ments of spectral polarization and radiance are restricted to the sunlit
portion of the orbit; and, since clouds can have a significant impact
on the quality of polarimetric retrievals, an onboard cloud camera
is used to distinguish between clear and cloud-affected scenes.
A three-year mission life (five-year goal) provides the minimum
duration to observe seasonal and regional trends and characterize
the evolution of acrosols during transient climate events (El Niflo,
volcanic eruptions, etc.).

TIM will collect high accuracy, high precision measurements
of total solar irradiance (TSI) using an active cavity radiometer
that monitors changes in incident sunlight to Earth’s atmosphere.
Because TIM is designed to operate nominally in a solar-viewi