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NASA leads the nation on a great journey of
discovery, seeking new knowledge and under-

standing of our planet Earth, our Sun and solar

system, and the universe out to its farthest reach-

es and back to its earliest moments of existence.

NASA’s Science Mission Directorate (SMD) and

the nation’s science community use space obser-
vatories to conduct scientific studies of the Earth
from space, to visit and return samples from other
bodies in the solar system, and to peer out into

our Galaxy and beyond.
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NASA's science program seeks answers to profound
questions that touch us all:

e How and why are Earth’s climate and the environ-
ment changing?

¢ How and why does the Sun vary and affect Earth
and the rest of the solar system?

e How do planets and life originate?

e How does the universe work, and what are its
origin and destiny?

* Are we alone?

Chapters 2 and 3 describe SMD’s goals and processes
in pursuit of the answers.

From space, researchers view the Earth as a planet and
study it as a complex, interacting dynamic system with
diverse components: the oceans, atmosphere, conti-
nents, ice sheets, and life itself. We observe and track
global-scale changes, connecting causes to effects,
and we study regional changes in their global context.
We observe the role that human civilization increasingly
plays as a force of change. Through our partnerships
with other agencies (e.g., NOAA, USGS, EPA) that
maintain forecast and decision support systems, we
improve national capabilities to predict climate, weather,
and natural hazards; to manage resources; and to de-
velop environmental policy. NASA's Earth Science is an
essential part of the national and international efforts to
understand global change and use Earth observations
and scientific understanding in service to society. The
Earth Science program is described in Chapter 4.1.

At the dawn of the space age and the birth of NASA,
we discovered that the Earth and its space environ-
ment were linked in unexpected ways. Explorer 1 and
Mariner 2 discovered that planets are not simply illu-
minated and warmed by the Sun, but that planetary
atmospheres and magnetospheres interact with the

Sun through energetic particle showers and magnetic
fields. We learned that Earth is embedded in the volatile
atmosphere of the Sun, a main-sequence star midway
through its life. Thus was born the scientific discipline of
heliophysics. Solar radiation drives the climate system
and sustains the biosphere of Earth. Solar particles and
magnetic field fluxuations shape radiation belts, create
high-altitude winds, heat the ionosphere, and alter the
ozone layer. The resulting space weather affects radio
and radar transmissions, gas and oil pipelines, electrical
power grids, and spacecraft electronics and orbital dy-
namics. We seek to understand how and why the Sun
changes over time, how planetary systems respond,
and how in-space and terrestrial systems are affected.
As our human presence expands beyond the confines
of Earth, this science enables the space weather pre-
dictions necessary to safeguard the journeys of human
and robotic explorers. The Heliophysics program in de-
scribed in Chapter 4.2.

We extend humankind’s virtual presence throughout
the solar system via robotic space probes to Earth’s
moon, to other planets and their moons, to asteroids
and comets, and to icy bodies of the outer solar sys-
tem. We are continuing humankind’s reconnaissance
of the Solar System by sending missions to fly by Pluto
and to visit two world-sized asteroids, Ceres and Vesta.
We are also in the midst of a large-scale investigation
of Mars, launching a series of ever more capable orbit-
ers, landers, and rovers, with the long-term goal of a
sample return mission. And we are focusing research
on the moons of Jupiter and Saturn where we see
intriguing signs of surface activity and of liquid water
within, knowing that on Earth, where there is water and
an energy source, there is also life. The Planetary Sci-
ence program is described in Chapter 4.3.

We are learning wondrous things about our physical
universe—the Big Bang and black holes, dark matter
and dark energy, and the interrelated nature of space



and time. Theories explaining these phenomena chal-
lenge NASA scientists to develop new observations
that can test these theories and our understanding
of fundamental physics. We have measured the age
of the universe, and now seek to explore its ultimate
extremes—its birth, the edges of space and time near
black holes, and the mysterious dark energy filling the
entire universe. Our space missions are using nearly the
full spectrum of electromagnetic radiation to observe the
cosmos, yet we plan to go even further. We will have a
wholly new spectrum in which to observe the universe,
that of gravitational radiation, waves of spacetime itself.
We are seeking to understand the diversity of planets
and planetary systems in our galaxy. With hundreds of
large planets around other stars now found, we seek to
find Earth-like planets in other solar systems, and then
to look for the signs of life in these locations. The Astro-
physics program is described in Chapter 4.4.

NASA's journey of scientific discovery also helps moti-
vate, support, and prepare for human expansion into
the solar system. Science missions characterize the ra-
diation environment of deep space, the pressures and
compositions of planetary atmospheres, the terrain
and geology of planetary surfaces, and the nature and
origin of small bodies. They identify the hazards and
resources present as humans explore space and the
science questions and regions of interest that warrant
detailed examination by human explorers.

This is NASA’s science vision: using the vantage
point of space to achieve with the science community
and our partners a deep scientific understanding of our
planet, other planets and solar system bodies, the in-
terplanetary environment, the Sun and its effects on the
solar system, and the universe beyond. In so doing,
we lay the intellectual foundation for the robotic and
human expeditions of the future while meeting today’s
needs for scientific information to address national con-
cerns, such as climate change and space weather. At
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every step we share the journey of scientific exploration
with the public and partner with others to substantially
improve science, technology, engineering, and mathe-
matics (STEM) education nationwide. SMD’s Education
program is described in Chapter 5.

Over 55 NASA and NASA-partnered science missions
are now in operation in space. Over 25 new science
missions are currently in development, with several
more being prepared to begin development. Scientific
priorities for future missions are guided by decadal sur-
veys produced by the National Research Council of the
National Academy of Science. The first Earth Science
decadal survey was published in early 2007. The next
three years will see the release in succession of new
decadal surveys in Astrophysics, Planetary Science,
and Heliophysics. NASA will use these surveys as the
principal source of science community input into its
planning process.

As do other Federal agencies, NASA issues a Strate-
gic Plan every three years. To complement the NASA
Strategic Plan, NASA's Science Mission Directorate
produces a Science Plan at the same pace. The prior
Science Plan was published in January 2007. The next
edition of the Science Plan is scheduled for early 2013,
and will be informed by the results of the full set of new
space science decadal surveys. Between the 2007
and 2013 editions, this edition serves as an update
focusing on changes to the program planned for 2010
and beyond.

This 2010 Science Plan identifies the direction NASA
has received from the Administration and Congress,
advice received from the nation’s science community,
principles and strategies guiding the conduct of our ac-
tivities, and challenges we face. The plan that results
enables NASA, as Administrator Bolden says, to “do
the best science, not just more science.”
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The National Agenda
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NASA science contributes directly and substan-

tially to current national priorities:

Leadership in Fundamental Research: NASA is
a leading scientific research organization working

in and across the fields of Astrophysics, Planetary

Science, Heliophysics, and Earth System Science.

NASA’'s Science Mission Directorate operates

over 55 space missions, with over 25 more in

development and a half-dozen mission concepts
being readied to enter the development process,
generating science data accessible to research-
ers everywhere. Over 10,000 U.S. scientists in
academia, industry, and Government laboratories
funded by 3,000 competitively-selected research
awards are working to answer fundamental sci-
ence questions of societal importance. The

U.S. science community’s drive for innovation is
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unwavering and is ready to produce the new discover-
ies and technologies that feed a strong economy.

Enhancing Environmental Stewardship: Understand-
ing the causes and consequences of climate change is
one of the grand challenges of the 21st century. NASA
combines advanced space missions with a major Earth
science and applications research program. NASA ob-
servations and research are essential contributions to
the national and international scientific assessments
of climate change that governments, businesses,
and citizens the world over rely on in making many of
their largest investment and policy decisions. NASA's
work to determine the relative contributions of human-
induced and naturally occurring climate change is an
important scientific challenge with significant societal
benefit, realized through NASA's partnerships with
many other Federal agencies through the U.S. Global
Change Research Program.

Educating the Next Generation and Creating a
World-class Workforce: Stunning imagery from
Hubble, the Solar Dynamics Observatory, Cassini,
the exploits of the Mars rovers, and the successes of
other space and Earth science missions fire the public
imagination and inspire students to pursue STEM edu-
cations and career fields. The thousands of scientists
funded by NASA are in turn training graduate students,
teaching undergraduates, and providing research re-
sults for use in teacher-tested education tools. They
and a like number of engineers, both at NASA and its
industrial and university partners, are training their junior
peers, teaching and volunteering in K-12 and informal
settings, and inventing new design tools for the work-
force of the future. A solid foundation in our premier
Earth and space science and technology laboratories
and space and suborbital missions feeds the broader
U.S. technical workforce with employees that embody
the values of competence, innovation, and service.

Driving Technological Innovation: NASA science
missions are engines of innovation, and NASA invests
in technology development in each of its four Science
areas. These technologies enable the advanced space
missions of the future and also find myriad applications
in the broader economy, particularly in fields such as
health care that rely on imaging, data mining and visu-
alization technologies. For example, technologies and
techniques developed for Hubble are now used to en-
hance breast cancer imaging.

Extending Partnerships Internationally and Do-
mestically: SMD partners with a dozen U.S. Federal
agencies and over 60 different nations and international
research organizations to leverage resources and ex-
tend the reach of our science results. In Astrophysics,
NASA and NSF collaborate to advance the science,
with NASA providing the space-based observatories
and NSF the ground-based observatories. NASA
and the DOE partner on selected space missions to
study high energy physics. In Planetary Science, NASA
partners with established and emerging spacefaring
nations to send spacecraft to asteroids, comets, and
other planets, and NASA-funded scientists commonly
collaborate with foreign colleagues in mission-enabling
research. In Heliophysics, NASA develops observa-
tions and models of space weather, and collaborates
with NOAA and DoD through the National Space
Weather Program to enable use of those advances in
operational systems. In Earth Science, NASA manages
development and launch of weather satellites for NOAA
on a reimbursable basis and works with NOAA as they
adopt data and measurement technologies into opera-
tional observing systems. USDA, FAA, EPA, USGS, and
many other federal agencies are users of NASA's Earth
Science data. SMD collaborates with the NSF on re-
search in, from, and about Antarctica spanning all four
SMD science areas. Like the International Space Sta-
tion, NASA’s constellation of the Sun, Earth and Solar
System observatories are models of international coop-
eration and serve to further common scientific interests.



Research projects like airborne science campaigns in
Earth science and the recent international solar eclipse
expeditions to China and Libya bring together a diverse
range of United Nations member states.

2.1 National Policy
Direction on Earth and
Space Science

As a Federal agency, NASA implements Executive and
Legislative Branch policy direction. As a science orga-
nization, NASA seeks advice from the broad national
science community on posing important scientific
questions and on defining and prioritizing the scientific
research programs that most effectively address those
questions. Based on this direction and advice, NASA
defines its science plan.

The Space Act and 2008
Congressional Authorization

The National Aeronautics and Space Act of 1958 (The
Space Act) established NASA's mandate to conduct
activities in space to accomplish national objectives
including, “the expansion of human knowledge of
the Earth and of phenomena in the atmosphere and
space,” and “the development and operation of ve-
hicles capable of carrying instruments, equipment,
supplies, and living organisms through space.” Among
the functions to be performed by NASA are:

¢ “Arrange for participation by the scientific com-
munity in planning scientific measurements and
observations to be made through use of aeronau-
tical and space vehicles, and conduct or arrange
for the conduct of such measurements and
observations” and;

e “Provide for the widest practicable and appropri-
ate dissemination of information concerning its
activities and the results thereof.”
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Through the NASA Authorization Act of 2008, the
Congress stated several findings regarding science
programs at NASA:

¢ “NASA is and should remain a multi-mission
agency with a balanced and robust set of core
missions in science, aeronautics, and human
space flight and exploration.”

* “NASA should assume a leadership role in a
cooperative international Earth observations and
research effort to address key research issues
associated with climate change and its impacts on
the Earth system.”

¢ “Human and robotic exploration of the solar
system will be a significant long-term undertaking
of humanity in the 21st century and beyond, and
it is in the national interest that the United States
should assume a leadership role in a cooperative
international exploration initiative.”

The Congress has also mandated some specific pro-
grammatic activities for NASA, including:

e Monitoring and assessing the health of Earth’s
stratosphere;

e Participating in an interagency program to provide
land remote sensing data; and

¢ Tracking and characterizing Near Earth Objects
greater than 140 meters in diameter.

The 111" Congress is anticipated to enact new au-
thorization legislation for NASA in 2010 in response to
the President’s proposals for the nation’s civil space
program.

U.S. National Space Policy

The President issued a new National Space Policy of
the United States of America on June 28, 2010. The
Policy includes among NASA'’s responsibilities the fol-
lowing that pertain to SMD:

e Maintain a sustained robotic presence in the solar
system to: conduct scientific investigations of other
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planetary bodies; demonstrate new technologies; I
and scout locations for future human missions; 2'2 Recommendatlons

e Continue a strong program of space science for from the U ! S ! SCIentlflC
observations, research, and analysis of our Sun, Com mun |'ty Th roug h N RC

solar system, and universe to enhance knowledge
of the cosmos, further our understanding of funda- Decad al SU NeyS
mental natural and physical sciences, understand
the conditions that may support the development
of life, and search for planetary bodies and Earth-
like planets in orbit around other stars;

In planning its science programs, NASA works to imple-
ment, along with national policy direction, the priorities
defined by the National Academy of Sciences in NRC
decadal surveys and other reports. These reports result

¢ Pursue capabilities, in cooperation with other from a process whereby broad community input is gath-
departments, agencies, and commercial partners, ered into representative committees that then prioritize
to detect, track, catalog, and characterize near- that input with the goal of articulating community priori-
Earth objects to reduce the risk of harm to humans ties within the scientific scope of each survey. As such,
from an unexpected impact on our planet and to decadal surveys represent the broad consensus of the
identify potentially resource-rich planetary objects; nation’s scientific communities, and thus they are the

starting point for NASA's strategic planning process in

e Conduct a program to enhance U.S. global cli- the arenas of Earth and space sciences.

mate change research and sustained monitoring
capabilities, advance research into and scien-
tific knowledge of the Earth by accelerating the
development of new Earth observing satellites,

NASA now has decadal surveys in hand for each of
its four major science areas, some more current than

others.
and develop and test capabilities for use by other . o
civil departments and agencies for operational * Earth Science and Applications from Space:
pUrposes; National Imperatives for the Next Decade and Be-

yond, was received in January 2007 (NRC, 2007).
e \Work with NOAA to support operational require-

ments for environmental Earth observation and 'AS’” onomy and Astr oph){sics in the New

weather, including transitioning of mature research /\/I///enn/.um (NRC, 2001) is succeeded by a new
and development satellites to long-term opera- survey in August 2010.

tions.. NOAA will primarily utlilize NASA as the * The current decadal survey in Planetary Science is
acquisition agent for operational environmental New Frontiers in the Solar System: An Integrated
satellites for these activities and programs. Exploration Strategy (NRC, 2003).

e Work together with the U.S. Geological Survey in « In Heliophysics, it is The Sun to the Earth—and
maintaining a program for operational land remote Beyond: A Decadal Research Strategy in Solar
sensing observations. and Space Physics (NRC, 2003).

For the authoritative text, access the National Space Progress in implementing the missions recommended
Policy at http://www.whitehouse.gov/sites/default/files/ in current decadal surveys is described in Appendix 3.

national_space_policy_6-28-10.pdf. In some areas, other reports by the NRC provide ad-



ditional recommendations on matters arising since the
publication of the last decadal survey. This is true in the
case of the Connecting Quarks with the Cosmos report
(NRC, 2003) in Astrophysics and the Scientific Context
for Exploration of the Moon report (NRC, 2007) in Plan-
etary Science. New decadal surveys in Astrophysics,
Planetary Science, and Heliophysics are expected in
2010, 2011, and 2012, respectively. The new round of
decadal surveys will integrate the NRC advice received
since the prior round with intervening accomplishments
and identification of new scientific challenges.

NASA also receives ongoing tactical-level advice
from the science community through the NASA
Advisory Council and its Science Committee and
Subcommittees. This includes the development of
community-based roadmaps that define approaches
to implementing the decadal survey science priori-
ties, factoring in technology readiness and synergies
among destinations and measurement types. Infor-
mation on the Science Subcommittees, including
their reports and findings, can be accessed at: http://
science.nasa.gov/about-us/NAC-subcommittees. In
addition, NASA receives advice from the Astronomy
and Astrophysics Advisory Committee chartered by
Congress to convey community input on collaborative
program opportunities for NSF, NASA, and DOE.

2.3 Agency-level Goals

The 2010 NASA Strategic Plan succinctly articulates
the Goal of the Agency in Science:

Expand scientific understanding

of the Earth and the universe in
which we live.

The Agency, through SMD, implements its goal of sci-

entific discovery in four broad scientific component
goals, identified as “outcomes” in the Agency plan:
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e Earth Science: Advance Earth System Science
to meet the challenges of climate and environmen-
tal change;

¢ Heliophysics: Understand the Sun and its
interactions with Earth and the solar system;

¢ Planetary Science: Ascertain the content, origin,
and evolution of the solar system and the potential
for life elsewhere;

e Astrophysics: Discover how the universe works,
explore how the universe began and evolved, and
search for Earth-like planets.

Building on the NRC decadal surveys and interaction
with its science advisory committee and subcommit-
tees, SMD has defined a set of science questions and
research objectives upon which to base its research
and mission programs. These questions and objectives
are listed in Appendix 1.
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The set of principles, strategies, and challenges
described in this chapter shape SMD'’s plans for
progress in all of its science areas. The Principles

(3.1) are enduring over long periods and guide

SMD activities. The Strategies (3.2) are also long

range in nature but adapt to changing national

goals, new scientific understanding and technol-
ogies, and evolving Agency policies. SMD must
also overcome several daunting Challenges
(8.3), and this plan incorporates our approaches

to doing so.
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3.1 Principles

Substantial progress on NRC decadal surveys in
all four Science areas is the measure of success.
SMD is committed to maintaining a balance across the
four major science areas so as to enable substantial
progress on their decadal surveys and on national
mandates over a decadal time frame. Progress in an-
swering the science questions and implementing the
priorities of the decadal surveys and the direction of
the Congress and the President is the fundamental
success criterion for SMD. SMD engages Science Sub-
committees of the NASA Advisory Council annually to
rate scientific progress. In addition, the Congress has
directed that “the performance of each division in the
Science directorate of NASA shall be reviewed and as-
sessed by the National Academy of Sciences at 5-year
intervals.” NRC assessments, and NASA responses,
have been completed thus far for Astrophysics, Plan-
etary Science, and Heliophysics. These will be taken
into account as the NRC conducts the next decadal
surveys in each of these areas (due successively in
2010, 2011, and 2012).

Investment choices are based on scientific merit via
peer review and open competition. SMD uses open
competition and scientific peer review as the means for
establishing merit for selection of research and flight
programs. SMD solicits individual scientist lead re-
search investigations primarily via the annual Research
Opportunities in Space and Earth Sciences (ROSES)
omnibus NASA Research Announcement (NRA)
released February of each year. Occasional amend-
ments to ROSES are also issued, as needed, for new
opportunities unanticipated at the time of the ROSES
NRA release. For competed missions, NASA solicits
complete scientific investigations involving new space
missions via Announcements of Opportunity (AO). For
strategic missions, NASA solicits scientific instruments
via AOs. Strategic missions are defined based on NRC
decadal surveys and national policy direction; the for-

mer is itself a competitive, peer-review process of sorts,
run by the National Academy of Sciences. A guide to
current and forecasted future solicitations is maintained
at: http://soma.larc.nasa.gov/StandardAO/index.html.
Occasionally, NASA issues Cooperative Agreement No-
tices for the establishment of virtual research institutes.
Current active institutes are the NASA Astrobiology In-
stitute and the NASA Lunar Science Institute.

Active participation by the research community
beyond NASA is critical to success. SMD engages
the external science community in establishing science
priorities, preparation and review of plans to imple-
ment these priorities, analysis of requirements and
trade studies, conduct of research, and evaluation
of program performance. Strategic-level science ad-
vice on priorities is sought primarily from the NRC.
Tactical-level advice on implementing priorities is
sought primarily via the Science Committee and Sub-
committees of the NASA Advisory Council (NAC).
Community engagement in technical analyses such as
mission architectures prior to conceptual design are of-
ten performed by Analysis Groups, whose Chairs sit as
members of the Science Subcommittees. Information
on the NAC Subcommittees and Analysis Groups can
be obtained at: http://nasascience.nasa.gov/about-us/
NAC-subcommittees. Informal interaction with the
science community occurs through meetings of
the community’s professional societies, such as the
American Astronomical Society and the American Geo-
physical Union.

Effective international and interagency partner-
ships leverage NASA resources and extend the
reach of our science results. International and in-
teragency partnerships have long been a means to
leverage SMD resources to accomplish shared science
objectives. Over half of SMD’s space missions involve
co-investing partners. These partnerships range from
provision of science instruments, spacecraft buses, and
launch vehicles to data sharing arrangements. NASA



holds periodic bilateral meetings with major partners
to discuss the full range of current and potential future
partnerships. For example, NASA is currently expanding
partnerships with ESA in planetary science, since both
agencies’ science objectives require flagship-class mis-
sions that neither can afford to implement on its own,
such as Mars sample return and precursor missions.

NASA partners with other Federal agencies, as well as
with State and regional organizations, to enable sat-
ellite observations and research to improve the tools
used by these organizations to advance scientific un-
derstanding and deliver essential services to the nation.
These services include weather forecasting, wildfire
fighting, coastal zone management, agricultural crop
yield forecasting, air quality assessment, Near Earth
Object tracking, and space weather monitoring.

Specific major partnerships are identified in the Divi-
sion-specific portions of this document (Chapter 4).

A balanced portfolio of space missions and mis-
sion-enabling programs sustains progress toward
NASA’s science goals. Sustained progress requires
particular attention to a balanced science portfolio,
including basic research, technology development, mis-
sions, mission data analysis, and data and information
systems. A recent NRC report, An Enabling Foundation
for NASA’s Earth and Space Science Missions (NRC,
2009) highlighted the importance of mission-enabling
programs in meeting NASA's science goals. At NASA,
space missions are the largest category and compose
distinct size classes (Appendix 2). Large missions offer
a high, broad, and long-range science return and use
the scientific, engineering, and project management
expertise resident at NASA Centers. They also provide
substantial opportunities for international partnerships.
Medium and small missions provide opportunities to
broaden our research portfolio, to engage universities
and other research institutions in mission development,
and to spawn innovation and competition. Suborbital
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programs, comprising sounding rockets, balloons, and
aircraft provide complementary observations, oppor-
tunities for innovative instrument demonstration, and
workforce development, as was highlighted recently
by the NRC in its report Revitalizing NASA’s Suborbital
Program: Advancing Science, Driving Innovation, and
Developing a Workforce (NRC, 2010).

The pace of scientific progress is enhanced by rapid,
open access to data from science missions. NASA
requires that science data from its missions be made
available as soon as possible after scientific validation.
SMD invests substantially in active archive systems
to enable public access to science data via the Inter-
net and to preserve data that enables long-term data
records to be established and improved in climate
change, comparative planetology, and other key areas.
An open data policy is especially important to progress
in Earth science, and NASA's Earth science data policy is
posted at http://science.nasa.gov/earth-science/earth-
science-data-centers/data-and-information-policy.

The NASA mandate includes broad public com-
munication. NASA carries out Education and Public
Outreach (E/PO) programs that capture the imagination
and enhance knowledge. As a Federal agency, NASA
has a responsibility to communicate information about
its programs and scientific discoveries to the public,
and this responsibility is highlighted in NASA's found-
ing legislation. As a research and development agency,
NASA shares with the nation’s educators the goal of
enhancing the scientific literacy of the American pub-
lic, as well as the training of its future workforce. SMD
contributes to these goals in part through its E/PO pro-
grams by making it easier for scientists to get involved in
E/PO and for students to gain access to NASA science.
SMD’s base program of education totals about $65
million annually and includes such innovative coopera-
tive endeavors as the FIRST Robotics program and the
Global Learning and Observations for a Better Environ-
ment (GLOBE) program. In addition, as a general rule,
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JWST in the Clean Room

Six of the James Webb Space Telescope (JWST)
primary mirror segments being prepared for cryo-
genic optical testing at the MSFC X-Ray Calibration
Facility.

Image Credit: Ball Aerospace & Technologies Corp.

SMD policy requires programs invest at least 1% of mission project funds
in E/PO.

Accountability, transparent processes, accessible results, and capture of
lessons learned are essential features of this Federal science enterprise.
The nation makes a substantial investment in this very complex endeavor. Thus,
it is incumbent upon SMD to provide a commensurate return on investment,
to be accessible to its stakeholders, and to continue to improve based on les-
sons learned from both successes and failures. NASA reports on its progress
through various means, including annual performance reports to Congress,
regular meetings of its advisory committees, and frequent posting on develop-
ments on its website. SMD’s website, and especially its Service and Advice
for Research and Analysis, provides a portal into its key business processes.

3.2 Strategies

Pursue answers to big science questions for which the view from space
makes a defining contribution. NASA runs one of the nation’s largest science
programs, and accordingly, it seeks answers to some of the most profound
questions in all of science, as described in Chapter 1. A more detailed set of
science questions and research objectives is given in Appendix 1. Answering
these questions requires observations and measurements made in and from
space and samples returned from other planetary bodies. SMD’s investment
in research and analysis and in technology is focused on: laying the founda-
tion for these space-based missions, inventing and using new space-based
observing and sampling capabilities, creating the context and capabilities
needed to interpret the resulting data, and maximizing the return on invest-
ment in the acquisition of those data. SMD’s suborbital and ground-based
programs are conducted to enable or complement space-based observations
and train future mission scientists and engineers. Sustained observations, pri-
marily in Earth science, using mature space-based assets are implemented in
partnership with the agencies requiring those observations.

Design programs that accomplish breakthrough science and applica-
tions within the available budget. In NASA, programs comprise a set of
projects—featuring space missions—that together advance science in that
program area. In Earth Science, space weather, and other areas, significant
tangible societal benefits flow from this research. Accomplishing breakthrough
science with innovative space missions requires effective management of a
program portfolio, including:
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e Measure mission success by accomplishment of top-level
science requirements;

e Provide realistic budget envelopes and mission concept cost estimates
as basic input to National Academy of Science committees formulating
decadal surveys;

e Establish a budget for each new mission that matches a probable
life-cycle cost defined by engineering studies and independent
cost estimates;

e Obtain tactical-level community advice on portfolio adjustments via the
NAC Science Subcommittees; and

e Use special peer review panels of senior scientists to determine the
scientific value of continued operation of existing missions beyond their
prime mission lifetimes;

Partner with other nations’ space agencies to pursue common goals.
Both longstanding and newly space-faring nations have scientific interests
similar to ours. As we progress from, for example, fly-bys to orbiters to land-
ers and rovers to sample return missions, the cost of doing more challenging
missions stresses the budget capacity of any one nation. For example,
NASA and ESA are moving to coordinate plans for Mars exploration and
for selected other missions, such as the next flagship-class mission to the
Jupiter system, and priority Astrophysics and Heliophysics missions that are
identified by the NRC decadal survey in the U.S. and by ESA's Cosmic Vision
process. For strategic missions, international collaboration is government-
to-government based on an alignment of NASA and its partners’ science
priorities, capabilities, and resources. For competed missions, international
collaboration is based on scientist-to-scientist collaboration in formulating
proposed investigations to Announcements of Opportunity.

Mature technologies through focused efforts prior to committing to
implement missions that need them. Advancing scientific understand-
ing often requires new measurement techniques or increases in spacecraft
performance which in turn require technology advances. This involves iden-
tifying technical risks and investing in new technologies before committing
to proceed with mission implementation. It means anticipating and investing
in science-driven and performance enhancing technologies that can then
become available to proposers of new instruments and mission concepts.
Therefore, technology development programs are essential for increasing the
impact of scientific missions.

Setting up JUNO’s Radiation Vault

Workers place the special radiation vault for NASA’s
Juno spacecraft onto the propulsion module. Juno’s
radiation vault has titanium walls to protect the
spacecraft’s electronic brain and heart from Jupi-
ter’s harsh radiation environment. The whole vault,
with more than 20 electronic assemblies inside,
weighs about 200 kilograms (500 pounds). This
image was taken on May 19, 2010, in the high-bay
cleanroom at Lockheed Martin Space Systems in
Denver, during Juno’s assembly process.

NASA’s Jet Propulsion Laboratory, a division of the
California Institute of Technology, Pasadena, man-
ages the Juno mission for the principal investigator,
Scott Bolton, of Southwest Research Institute, San
Antonio. Lockheed Martin Space Systems is build-
ing the spacecraft. The Italian Space Agency, Rome,
is contributing an infrared spectrometer instrument
and a portion of the radio science experiment.

Image Credit: NASA/JPL-Caltech/LMSS
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Share the story, the science, and the adventure
of NASA missions and research to engage the
public in scientific exploration and to improve sci-
ence, technology, engineering, and mathematics
(STEM) education nationwide. SMD invests in formal
and informal education and outreach activities that
engage scientific experts to reach learners of many
backgrounds and throughout the education “pipeline.”
Avenues of engagement include:

e Direct student participation in NASA science
missions;

e Tools that enable students to analyze science
mission data;

e Citizen-scientist opportunities;
e Interactive Web presence;
¢ Teacher training and professional development;

¢ Award-winning educator guides and resources.

SMD implements its E/PO programs through:

e Competitively-selected Forums in each of SMD’s
four science areas;

e Supplemental E/PO grants to funded researchers;

e Student Fellowships;

e Focused, targeted outreach programs.

3.3 Challenges

This section discusses the challenges NASA currently
faces in carrying out its Science Plan according to the
Principles and Strategies outlined above.

Access to Space

SMD relies on commercial expendable launch vehicles
(ELVs) acquired for SMD by the Space Operations Mis-
sion Directorate’s Launch Services Program (LSP). In
the medium class of ELVs, the pending retirement of
the Delta Il (after about 2011) leaves SMD without a

certified vehicle in this class. Orbital Sciences’ Taurus Il
and SpaceX’s Falcon 9 are currently being developed
to fill that void, and the LSP is working with the vendors
on the steps toward certification. Until then, NASA is
working with DoD to enable the use of Minotaur launch
vehicles on a case-by-case basis. In the intermediate
class of ELV the challenge is national capacity. Current-
ly, launches of ELVs in this class require no less than
60 days of schedule room on either side of the launch
date and 90 days when the payload carries radioiso-
tope thermal generators (RTGs). The U.S. Air Force,
NASA, and the ELV vendor are working to shorten the
“turn around time” between launches. Nevertheless,
as a matter of national policy, NASA science missions
take last place in priority behind national security and
commercial missions (with allowances made for NASA
planetary missions with tight launch windows). In all
classes of ELV’s, constraining cost per vehicle is impor-
tant; within a total mission life cycle cost target, lower
launch costs mean more dollars for science.

Availability of Plutonium 238

Radioisotope Power Systems (RPS) provide electrical
power for spacecraft and planetary probes that oper-
ate where the Sun is too far distant, not consistently
observable, or too obscured to rely on solar energy for
power or that operate in environments with stressing
power needs; Pu-238 is the fuel that powers these
RPS. U.S. production of Pu-238 ceased in the 1980s.
The total amount of Pu-238 available to NASA, in-
cluding the remaining domestic supply and supply
purchased from Russia, is insufficient to support the
planned flagship mission to Europa. Given that it would
take the Department of Energy (DOE) 3 to 5 years to
produce the first Pu-238 after restart of production,
SMD is facing a gap, and is already making mission-
limiting decisions based on the short supply of Pu-238.
The NRC provided a useful analysis of this topic in its
report Radioisotope Power Systems: An Imperative
for Maintaining U.S. Leadership in Space Exploration
(NRC, 2009). The President’s FY 2011 Budget Request



includes $15 million each for NASA and DOE to en-
able DOE to establish a capability to restart domestic
production of Pu-238. In response to this request,
NASA and DOE have developed a plan to produce
1.5 to 2 kg of Pu-238 per year. NASA believes that
this rate, together with the existing inventory, will be
sufficient to meet mission requirements for the fore-
seeable future. NASA is also supporting DOE efforts to
procure all remaining Russian Pu-238 to retire much of
the risk to NASA missions of timely availability of new
domestic supply. In the meantime, SMD is investing
in the development of Stirling engines which are more
than four times more efficient than current technology
in converting heat energy from Pu-238 into electrical
power for space missions. This technology will provide
NASA with a new capability to make more efficient use
of the scarce Pu-238 resource.

Unrealized Expectations

The last round of space science NRC decadal surveys
were developed in a time of rising budgets. In the cur-
rent era, budgets are flat, and purchasing power is
declining. The Earth Science decadal survey, released
in 2007, was the first to be released in the current bud-
get environment, and the gap between its assessment
of national needs and available resources is substan-
tial. At the same time, the cost of implementing space
missions is rising, widening the gap between science
community expectations and resources. For the upcom-
ing round of NRC decadal surveys, NASA has provided
explicit guidance on projected budget resources to en-
able independent cost estimates of candidate mission
concepts. This may help the NRC propose priorities
implementable with the available budget.

Mission Cost Estimation and
Management
High-profile science questions before us will require

sample returns, operation of satellites and probes in
hostile environments, larger aperture telescopes, and
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observations sustained over decades. These objec-
tives require NASA to embrace the risk of conducting
ever more challenging missions in even more chal-
lenging space environments. In addition to technical
risk, cost and schedule risk are incurred through in-
creased complexity and integration inherent in larger
missions. Further, rising ELV prices and consolidation
in the aerospace industry also tend to raise “the cost
of doing business.” NASA has taken several steps to
more accurately project and constrain mission costs,
including:
e Establish program life-cycle budget at the 70%
confidence level;

e Obtain multiple, independently generated internal
and external cost estimates;

e Review projects at multiple, formal Key Decision
Points that function as gates to the next stage
of development;

¢ As required by the 2005 NASA Authorization Act
(P.L. 109-155), prepare reports to Congress on
projects projected to exceed 15 percent cost
growth or delay their launch date milestone by
more than six months from their baselines, identi-
fying corrective actions, their costs, and
any alternatives;

¢ Require that cost estimates of mission concepts
submitted by NASA Centers to NRC decadal
survey committees be independently reviewed,
and approved by the cognizant SMD Science
Division Director.

Further, the NRC report Controlling Cost Growth of
NASA Earth and Space Science Missions (NRC 2010)
calls for a comprehensive and integrated strategy for
cost and schedule control. NASA believes these steps
will improve mission cost estimation and manage-
ment. Over time we will collect the data to assess the
realized versus expected improvements in mission cost
management and budgeting. SMD conducts ‘lessons



20 Chapter 3, A Plan for Science at the Frontiers

Chapter 3

learned’ activities through its Science Office for Mis-
sion Assessments at the Langley Research Center.
Inevitably, as implied by the 70% rule, there will be cost
and schedule overruns on some missions, given the
first-of-a-kind nature of most space research missions,
but significantly fewer overall. One impact of the policy
of budgeting at the 70% confidence level has been
to reduce the number of new mission starts. When
missions do overrun, SMD endeavors to confine the
impacts to the program in which that mission resides.
Where that is not possible, SMD seeks the advice of
its NASA Advisory Council Science Subcommittees on
options SMD develops for resolution.

Technology Development and
Demonstration

The nation views NASA as a key source of advanced
technology development both to enable innovative
space missions and to benefit the economy and society
more broadly. NASA developed a Technology Readi-
ness Level (TRL) scale of technology maturity as a way
to describe the steps of technology development and
to aid in analyzing its technology investment portfolio. In
tight budgetary times, the focus tends to be on technol-
ogy developments needed to enable specific missions.
The lower TRLs, where specific uses are not yet de-
fined, and the mid to upper levels, where demonstra-
tions of technologies in space can be expensive, tend
to languish. For example, the New Millennium Program
of in-space technology demonstration was effectively
ended in 2009. However, with the President’s FY 2011
Budget Request, NASA is renewing its emphasis on
technology development and demonstration across the
full length of the TRL scale. NASA has created a new
Directorate-level organization to manage this new in-
vestment, which will augment the investments currently
made by the Mission Directorates and meet broader
agency goals. SMD will work with this new organization
to leverage its investments, particularly in the lower and
higher ends of the TRL scale. In addition, the FY 2011
budget request created a new line of robotic precursor

exploration missions in ESMD that may involve technol-
ogies beneficial to both Directorates’ future missions.

National Strategy for Earth
Observation

The interim decadal survey report Earth Science and
Applications from Space (NRC 2005) stated with alarm
that the nation’s system of environmental satellites was
“at risk of collapse.” Their final report in 2007 noted
that in the intervening time, the situation has for several
reasons worsened considerably: NASA's Earth science
budget had declined since FY 2000; the National Polar-
orbiting Operational Environmental Satellites System
(NPOESS) co-funded by NOAA and DoD has been
deemed by an independent review team to have a “low
probability of success” as currently structured; and
the Geostationary Environmental Operational Satellite
(GOES-R) series has been descoped. Additionally, no
stable funding and management paradigm is in place
for the Landsat program, nor for the systematic tran-
sition of appropriate NASA-pioneered observations to
operational systems. With the release of the President’s
FY 2011 Budget Request, the Administration has taken
enormous steps to rectify this situation. The FY 2011
request adds a total of $2.4 billion for the period FY
2011-2015 to NASA's Earth Science budget, enabling
the acceleration of NRC Decadal Survey missions and
the addition of new missions to address continuity of
selected key climate measurements. Further, the Admin-
istration has moved to restructure the operational polar
environmental satellite program, giving DoD responsibil-
ity for “early morning orbit” satellites and NOAA/NASA
responsibility for “afternoon orbit” satellites.

Impediments to International
Collaboration on Space Missions

In 1999, Congress redefined civilian spacecraft as
“defense articles” and transferred all aspects of their
design, manufacturing, and operation from the Depart-
ment of Commerce to the State Department’s more



restrictive International Traffic in Arms Regulations
(ITAR). This change introduced a variety of serious le-
gal and administrative complications into the conduct
of international cooperative projects involving scien-
tific spacecraft. By precluding the dissemination of
information on the design, fabrication, assembly, and
operation of NASA spacecraft and instruments to for-
eign colleagues and foreign students and researchers
at U.S. universities, ITAR hampers the universities’ col-
laborative environment, which depends upon the open
exchange of information and ideas among students
and faculty without regard to nationality. Currently,

Mars rover Curiosity with Newly Installed Wheels
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the ITAR requires that individual Technical Assistance
Agreements (TAAs) be established between each U.S.
and foreign entity working on a NASA program. The
James Webb Space Telescope project, for example,
currently has in place 140 individual TAAs approved
by the State Department. Discussions ongoing in both
the Executive and Legislative branches on potential
future directions such as legal differentiation between
scientific spacecraft and weapons, with a correspond-
ingly differentiated regulatory treatment, could mitigate
or eliminate these challenges.

Mars rover Curiosity, the centerpiece of NASA’'s Mars Science Laboratory mission, is coming together for extensive testing prior to its late 2011 launch.
This image taken June 29, 2010, shows the rover with the mobility system—wheels and suspension—in place after installation on June 28 and 29.
Spacecraft engineers and technicians are assembling and testing the rover in a large clean room at NASA’s Jet Propulsion Laboratory, Pasadena, Calif.
Curiosity’s six-wheel mobility system, with a rocker-bogie suspension system, resembles the systems on earlier, smaller Mars rovers, but for Curiosity,
the wheels will also serve as landing gear. Each wheel is half a meter (20 inches) in diameter.

Image Credit: NASA/JPL-Caltech
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Based on national policy direction and recom-
mendations from the nation’s science community
via NRC decadal surveys, each of the four SMD
science divisions has developed plans for future
missions and supporting research and technology.
Each of the four major sections to follow identifies
the top-level science questions to be pursued, the

strategy to do so, and the current and planned

future missions and research programs.

Science Plan for NASA’s Science Mission Directorate

The grouping of SMD research into these four
science areas is a useful management construct,
but the science itself knows no such boundar-
ies. Indeed, important scientific processes exist
in the regions of overlap among them. Therefore,
between each of the science area sections in this
chapter are text boxes highlighting research that

involves more than one of the four science areas.
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OMI SO2 DATA FROM ICELAND

Volcanic Cloud Data for Aviation Hazards

Iceland’s Eyjafjallajokull Volcano burst into life on
March 20, 2010. A 2,000-foot long fissure opened
in the Fimmvorduhals Pass, accompanied by lava
fountains and steam explosions. In mid-April, a
huge plume of ash erupted and spread across
the North Atlantic, shutting down air traffic in Eu-
rope causing airline business losses greater than
$1 billion. NASA’s Ozone Monitoring Instrument
(OMI) aboard the Aura satellite was demonstrated
to provide reliable and more accurate detection
of volcanic ash clouds. Specifically sulfur dioxide
(S02) is a reliable marker for fresh volcanic ash
clouds under clear skies especially in the early days
of a high-altitude eruption. NASA for the first time
began providing near real time customized reports
through NOAA to European advisory centers in April
2010, to assist the operational Volcanic Ash Advi-
sory Centers (VAAC’s) in London and Toulouse with
the ongoing Iceland eruption. The Applied Sciences
program turns research data and results into reli-
able products of societal benefit.

Image Credit: OMI SO2 data from Iceland sector on
April 21,2010 (13012).

4.1 Earth Science

In parallel with the past 50 years of the Space Age, world
population has doubled, world grain supplies tripled,
and total economic output grown sevenfold. From space
we observe that expanding human activities now affect
half the entire land surface of the Earth and are altering
world atmospheric composition, oceans, and ice mass-
es, as well. Recently, society has also observed how
intergovernmental policies and international agreements
can, as in the case of industrially produced chlorofluoro-
carbons, begin to reverse some of those trends. NASA
pioneered Earth System Science and observations from
space to lay the essential scientific foundation for sound
decision-making by the nation to mitigate and adapt to
global change.

Strategy

Objectives and Goals

At NASA’s request, the National Research Council con-
ducted the first ever decadal survey for Earth Science,
and released in January 2007 the report: “Earth Science
and Applications from Space—National Imperatives for
the Next Decade and beyond”. In it, the NRC articulates
the following vision for the future:

Understanding the complex, changing planet on which
we live, how it supports life and how human activities af-
fect its ability to do so in the future is one of the greatest
intellectual challenges facing humanity. It is also one of
the most important challenges for society as it seeks to
achieve prosperity, health, and sustainability.

NASA’s ability to observe global change on regional
scales and conduct research on the causes and con-
sequences of change positions it to help fulfill this
vision. NASA’s strategic goal: “Advance Earth System
Science to meet the challenges of climate and en-
vironmental change” is expressed by the fundamental
question, “How is the Earth changing and what are the



consequences for life on Earth?” and its component
questions:

¢ How is the global Earth system changing?
(Characterize)

¢ What are the sources of change in the Earth
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¢ How can Earth system science improve mitiga-
tion of and adaptation to global change? (Apply)

External Context

NASA is the US civilian space agency and in this role

. ; n
SR Ee) el TG £ £ e st has key responsibilities in meeting the nation’s needs

(oneeiEsie) for Earth observations from space. NASA provides
* How will the Earth system change in the future? the bulk of the global observations employed by the
(Predict) U.S. Global Change Research Program, and much

NASA Satellites Unlock Secret to Northern India’s Vanishing Water

Beneath northern India’s irrigated fields of wheat, rice, and barley, beneath its densely populated cities of Jaiphur and New Delhi, the
groundwater has been disappearing. Halfway around the world, hydrologists, including Matt Rodell of NASA, have been monitoring it.
Where is northern India’s underground water supply going? According to Rodell and colleagues, it is being pumped and consumed by
human activities—principally to irrigate cropland—faster than the aquifers can be replenished by natural processes. They based their
conclusions—published in the August 20, 2009 issue of Nature—on observations from the NASA/DLR Gravity Recovery and Climate
Experiment (GRACE). “If measures are not taken to ensure sustainable groundwater usage, consequences for the 114 million residents
of the region may include a collapse of agricultural output and severe shortages of potable water,” said Rodell, who is based at NASA's
Goddard Space Flight Center in Greenbelt, Md.

Image Credit: NASA/Trent Schindler and Matt Rodell
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of the observations and research that forms the ba-
sis of international scientific assessments of climate
and other environmental change. NASA and the U.S.
Geological Survey are long-time collaborators in the
Landsat program, and that partnership is evolving in
keeping with the maturity of land cover remote sensing.
Similarly, NASA and NOAA are long-time collaborators
in satellite systems for use in weather observation and
forecasting. Today’s civilian weather satellite system
was built and launched by NASA under reimbursable
arrangements with NOAA, and NOAA operates this
system and manages the data for use in its operational
forecasting role. In addition, NASA provides global
ocean observations and research in partnership with
NOAA, NSF, the U.S. Navy, and other agencies. NASA
is a key participant in the interagency Climate Change
Adaptation Task Force. NASA also has a longstanding
Congressional mandate to monitor and periodically re-
port on the state of the Earth’s protective stratospheric
ozone layer.

NASA, together with NOAA, USGS, NSF, and OSTP,
provides leadership for the interagency effort to de-
velop the U.S. Integrated Earth Observation System,
America’s contribution to the Global Earth Observation
System of Systems. NASA maintains an expansive
web of partnerships with foreign space agencies and
international research organizations with common
goals, which substantially leverages NASA's invest-
ment, ranging from data sharing agreements to joint
development of satellite missions. Many of NASA's cur-
rent and planned satellite missions include international
partnerships and most of NASA's field campaigns are
conducted internationally, involving close interactions
with our partners.

The Earth Science Decadal Survey noted with alarm
the decline of NASA's Earth Science budget since
2000 and found that the nation’s system of environ-
mental satellites was “at risk of collapse.” In addition,
the Obama Administration, recognizing the pressing

challenge of climate change, observed the need to ad-
dress continuity of key climate measurements in order
to inform policy and action.

With the 2009 American Recovery and Reinvest-
ment Act and the Fiscal Year (FY) 2010 budget, the
Administration and Congress placed on a firm path for
completion the Foundational Missions that NASA had
under development at the time the Decadal Survey was
published and which were among the Survey’s first rec-
ommendations. With the President’s FY2011 Budget
Request, the Administration has moved to accelerate
substantially NASA's fulfillment of other key Decadal
Survey recommendations as well as address related
Administration climate change priorities.

The requested budget for NASA Earth Science, total-
ing $10.2 billion from FY11-15, is consistent with the
recommendations of the Decadal Survey, which called
for rapid restoration of NASA's Earth Science Division
budget to the 2000-era level of ~$2 billion annually (in
FYO6 dollars). This budget constitutes the largest in-
crease of any of the Federal agencies contributing to
the US Global Change Research Program (USGCRP).
The activities enabled by the budget are consistent with
the comprehensive vision for NASA's Earth Science en-
deavor set forth in the NRC’s Decadal Survey, as well
as with the Administration’s focus on climate research
and monitoring to advance science, expand applica-
tions, and address national information requirements for
near-term policy development and future evaluations of
policy efficacy.

With the President’s FY2011 Budget Request the Ad-
ministration announced a restructuring of the National
Polar-orbiting Operational Satellite System (NPOESS)
Program. NASA and NOAA will take primary responsi-
bility for the satellites operating in the afternoon orbit.
This program, named the “Joint Polar Satellite System”
(UPSS), will be funded by NOAA, and NASA will serve
as the acquisition agent to manage development and



launch of satellites under a reimbursable arrangement
like that utilized for today’s civilian weather satellites.
The DoD will take responsibility for satellites in the
early morning orbit to complete the originally planned
orbital configuration (the European Meteorological
Satellite Organization—EUMETSAT —will continue to
provide coverage in the mid-morning orbit). NOAA
will be responsible for the ground system and data
management for the JPSS. NASA is also collaborating
with NOAA to acquire key climate measurements and
transition them into the operational satellite system. A
notable transition example is the NOAA/EUMETSAT
Jason-3 mission that will provide continuity of sea
surface height measurements initiated by NASA and
the French Space Agency with the TOPEX/Poseidon,
Jason-1, and OSTM/Jason-2 research satellites.

Implementation Approach

NASA's program is an end-to-end one that encom-
passes the development of observational techniques
and the instrument technologies needed to implement
them; laboratory testing and demonstrations from
an appropriate set of surface-, balloon-, aircraft-, and
space-based platforms; development and operation
of satellite missions and production and dissemination
of resulting data products; research to increase basic
process knowledge; incorporation of results into com-
plex computational models that can be used to more
fully characterize the present state and predict the fu-
ture evolution of the Earth system; and development
of partnerships with other national and international
organizations that can use the generated information in
environmental forecasting and in policy, business, and
management decisions. These activities are grouped
into the Flight Program, Research Program, Applied Sci-
ences Program, and Technology Program, described in
the subsections below.
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Flight Program

The Decadal Survey identified fifteen systematic mis-
sions for NASA, and a line of competed small missions,
and also made recommendations on two foundational
missions currently in development (LDCM, Global Pre-
cipitation Measurement). In addition, the FY11 Budget
Request funds an Orbiting Carbon Observatory-2
(OCO-2) mission to replace OCO lost in a 2009 launch
vehicle failure, and funds a line of climate continu-
ity missions to assure data continuity for high-priority
observations. NASA implements the current and rec-
ommended missions through two programs:

Earth Systematic Missions: To implement the mis-
sions listed in the decadal survey report, foundational
missions, additional climate continuity missions, and
address the highest priority science and societal benefit
areas.

Earth System Science Pathfinder: To implement low
to moderate-cost research and applications missions
to foster revolutionary science and train future leaders
of space-based Earth science and applications. This
includes the new Venture class program recommended
in the decadal survey, consisting of low cost, competed
suborbital and orbital missions as well as instruments
for Missions of Opportunity.

The status and plans for specific missions within these
two programs follows.

Operating missions

To address the challenges of recording simultaneous
observations of all Earth components and interactions
to generate new knowledge about the global integrated
Earth system, NASA and its partners developed and
launched the Earth Observing System and ancillary sat-
ellites. As shown below, 13 satellites comprise today’s
fleet of NASA Earth observing missions.
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Figure 4.1 Current Earth Science Missions in Operation

The scientific benefit of simultaneous Earth observation —
the Earth System Science construct—is substantial. For
example, NASA's Aqua, Aura, Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO),
and CloudSat satellites and France’s Centre National
d’Etudes Spatiales (CNES) Polarization and Anisotropy
of Reflectances for Atmospheric Sciences (PARASOL)
satellite, collectively known as the A-Train, are in specific
orbits to record unprecedented atmospheric chemistry
and composition observations over the same region
within 15 minutes. The A-Train is the first Earth sci-
ence space “super-observatory” and it will continue to

expand with the incorporation of the Glory spacecraft,
planned for launch in late 2010.

Missions in Development

Five foundational missions are in various stages of de-
velopment, assembly and test, and constitute the bridge
between the Earth Observing System and the decadal
survey missions to follow. They will continue selected
measurements made by EOS and will also observe new
features of the global integrated Earth system. These
five missions are described in Table 4.1a.
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Table 4.1a Earth Science Foundational Missions (with planned launch years noted)

Glory—2010
Strategic mission; Initializes a systematic
measurement/data continuity

Aquarius—2011
Competed mission; Earth System Science Pathfinder

NPOESS Preparatory Project—2011
Strategic mission; Systematic measurement/data continuity

Landsat Data Continuity Mission—2012/13
Strategic mission; Systematic measurement/mandated
data continuity

Global Precipitation Measurement—2013
Strategic mission—Initializes a systematic
measurement

Measure global aerosols and cloud liquid properties and total solar
irradiance. Addresses high priority objective of the U.S. Global
Change Research Program.

Global measurement of sea surface salinity from space; Pl-led
small Earth science mission. NASA partnership with Argentine
space agency.

Continues several key climate measurements of the Earth Observ-
ing System and bridges to JPSS. Joint mission with the NPOESS
partners (DOC and DoD); will fill an operational need for JPSS.

Continues long-term global land cover change data record. Includes
thermal infrared sensor. Joint mission with USGS.

Extends precipitation measurements spatial coverage to global
and temporal coverage to every 3 hours, via a core satellite and a
constellation of smaller satellites. NASA partnership with JAXA.

The NPOESS Preparatory Project (NPP) will serve a
dual role as a NASA research mission to continue key
measurements from the Terra, Aqua, and Aura satel-
lites, and as a data source to fill an operational role in
the Joint Polar Satellite System. NPP now includes two
NOAA-funded sensors de-manifested from NPOESS
in 2006: the Ozone Mapping and Profiling Suite-Limb
(OMPS-Limb) and the Clouds and the Earth’s Radiant
Energy Sensor (CERES).

Future Missions

The Decadal Survey priorities are now NASA's princi-
pal determinant of the priority of Earth science satellite
missions beyond 2010 and, therefore, replace the list of
potential Earth Science missions in the NASA Science
Plan published in January 2007. The Decadal Survey
recommended 14 missions for NASA to launch dur-
ing 2010-2020 and one additional mission for NASA
to implement jointly with NOAA. The NASA missions
were grouped into three time frames or Tiers. Each Tier
reflects scientific synergies among the missions in that

Tier. The succession of Tiers correlates both to the level
of technology readiness of the major components of
missions in each Tier and the context of measurements
to be made by international and interagency partners.

The Earth Science Decadal Survey recommended an
integrated slate of missions. In the NRC'’s view, imple-
menting some missions but not others would break
the observing strategy they proposed, requiring a re-
assessment of the proposed plan. Further, the Survey
recognized the importance of the synergies between
the existing and planned research and operational mis-
sions—synergies that would be lost if the timeline for
the decadal survey missions is greatly extended. Thus,
NASA is pursing all four of the Tier 1 missions for launch
in a four-year period. While implementing all three Tiers
of missions in the time frame recommended by the
NRC is not feasible with current resources, NASA is
making technology investments and conducting other
preparatory analyses for the Tier 2 and 3 missions.
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Table 4.1b Earth Science Decadal Survey Tier 1 Missions (with launch year noted)

Soil Moisture Active-Passive (SMAP)—2014

Ice, Cloud and land Elevation Satellite
(ICESat-1)—2015

Climate Absolute Radiance and Refractivity
Observatory (CLARRE0)—2017 and 2020

Deformation, Ecosystem Structure, and Dynamics
of Ice (DESDynl)—2017

Venture class missions—2017 for first

satellite mission

New class of innovative science mission recommended
by the decadal survey.

Soil moisture and freeze-thaw for weather and hydrological cycle processes.

Ice sheet height changes for climate change diagnosis and assessment of
land carbon standing stock.

The NASA portion of this mission employs interferometers to measure solar
radiation reflected from and infrared radiation emitted by the Earth as a
benchmark for climate.

Earth surface and ice sheet deformation for understanding natural hazards
and climate; vegetation structure for ecosystem health.

Calls for proposals every other year, alternating between suborbital and orbital
missions. In addition, instruments of opportunity will be solicited annually.

Table 4.1c Earth Science Climate Continuity Missions (with planned launch year noted)

Orbiting Carbon Observatory-2 (0C0-2)—2013
Earth System Science Pathfinder

Stratospheric Aerosol and Gas Experiment - Il

(SAGE Ill)—Available 2014

Gravity Recovery and Climate Experiment Follow-

on (GRACE F0)—2016

Pre-Aerosol, Clouds, and Ocean Ecosystem
(PACE)—2018

Global atmospheric column CO, measurement from space to quantify CO,
fluxes. Replacement for the competitively selected 0CO mission lost in a
launch vehicle failure.

Global stratospheric aerosols measurements, and measurements of ozone,
water vapor and trace gases, to understand their significant roles in at-
mospheric radiative and chemical processes and monitor climate change.
Seeking a launch opportunity of this existing instrument for delivery to the
International Space Station (and development of interface hardware).

Continue high-resolution gravity field measurements, develop time variable
gravity and mass re-distribution. Provide continuity between the existing GRACE
and the more capable GRACE Il mission recommended in the Decadal Survey.

Provide continuity of aerosol, cloud, and ocean color measurements until avail-
ability of the more advanced Decadal Survey Tier 2 ACE mission.




NASA is currently developing the Tier 1 decadal survey
missions and Venture class airborne instrument and
mission with projected launch dates (advanced by the
FY11 budget request) as shown in Table 4.1b.

The Climate Continuity Mission launch dates reflect ad-
vances based on the FY11 budget request, which also
enables the development of missions to address con-
tinuity of selected key climate observations as shown
in Table 4.1c.

The FY11 budget request enables acceleration of the
Decadal Survey Tier 2 missions as well. The first two
Tier 2 missions, Active Sensing of CO, Emissions over
Nights, Days, and Seasons (ASCENDS) and Surface
Water and Ocean Topography (SWOT) will be launched
before the end of CY 2020, with the rest to be de-
veloped for launch at the rate of one each year. The
order of development of the balance of the Tier 2 mis-
sions will be determined by scientific priority, national
needs for climate continuity or other data, technology
readiness, and partnership opportunity. Tier 2 and 3
missions of the Decadal Survey are listed in Appendix
3: Status of Missions Identified in Most Recent NRC
Decadal Surveys.

Three new mission program elements were added to
realize the full potential of the mission accelerations en-
abled by the FY11 budget request. These are:

1) the development of a Dual Satellite System (DSS)
for Evolved Expendable Launch Vehicles (EELV)
to enable launch of two medium satellites on a
single EELV;

2) the development of standardized instrument to
spacecraft interfaces for future Venture Class
missions; and

3) acceleration of upgrades to existing mission
operations, data capture, and critical science data
ground systems.
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NASA’s acquisition strategy and mission development
methodology is designed to minimize cost, maximize
efficiency, and enhance success through design,
procurement, and testing of common components,
subsystems or spacecraft designs that may be shared
by two or more missions. This overall acquisition strat-
egy will also involve dialogue and joint planning with
other nations’ space agencies on collaborative and co-
ordinated programs to leverage each other’s resources
to meet common objectives.

Data and Information Systems

NASA’s principal Earth Science information system
is the Earth Observing System Data and Information
System (EOSDIS), which has been operational since
August 1994, EOSDIS acquires, processes, archives,
and distributes Earth Science data and information
products created from satellite data, which arrive at
the rate of more than four trillion bytes (4 terabytes) per
day. Having successfully created this system, NASA is
using advances in information technology to expand
its capabilities while providing continuous service to
the user community.user community. The success-
ful completion of the Evolution of EOSDIS Elements
(EEE) effort has increased efficiency and operability;
increased data usability by the research, application,
and modeling communities. EOSDIS is now; providing
services and tools needed to enable use of NASA’s
Earth Science data in next-decadal models, research
results, and decision support system benchmarking;
and improving support for end users. The budget re-
quest for FY 2011 incorporates cost savings that result
from this effort. A system plan for 2015 and beyond will
guide further improvements and will take into account
evolution needs for new missions being developed in
response to the decadal survey Earth Science and
Applications from Space (National Research Coun-
cil). Very modest investments will enable the system
to keep technologically current, and incorporate new
research data and services.
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Satellites Show Arctic Literally on Thin Ice

The latest Arctic sea ice data from NASA and the
National Snow and Ice Data Center show that the
decade-long trend of shrinking sea ice cover is
continuing. New evidence from satellite observa-
tions also shows that the ice cap is thinning as well.

Arctic sea ice works like an air conditioner for the
global climate system. Ice naturally cools air and
water masses, plays a key role in ocean circula-
tion, and reflects solar radiation back into space. In
recent years, Arctic sea ice has been declining at a
surprising rate.

Image Credit: From NSIDC, courtesy Chuck Fowler and Jim
Maslanik, University of Colorado

NASA Earth Science information is archived at eight Distributed Active Archive
Centers (DAACs) located across the United States. The DAACs specialize by
topic area, and make their data available to researchers around the world. For
more information, please see http://eos.nasa.gov/eosdis. Research oppor-
tunities related to EOSDIS are available through the Advanced Collaborative
Connections for Earth System Science (ACCESS) at http://access-projects.
gsfc.nasa.gov and Making Earth System data records for Use in Research
Environments (MEaSUREs) at http://measures-projects.gsfc.nasa.gov pro-
grams. Participants in these programs are solicited through the Research
Opportunities in Space and Earth Sciences (ROSES), the NASA Research
Announcement soliciting basic and applied research proposals.

Research Program

Earth science research aims to acquire deeper scientific understanding of the
components of the Earth system, their interactions, and the consequences
of changes in the Earth system for life. These interactions occur on a con-
tinuum of spatial and temporal scales ranging from short-term weather to
long-term climate and motions of the solid Earth, and from local and regional
to global. These involve multiple, complex, and coupled processes that affect
climate, air quality, water resources, biodiversity, and other features that allow
our Earth to sustain life and society. The challenge is to predict changes that
will occur in the next decade to century, both naturally and in response to hu-
man activities. To do so requires a comprehensive scientific understanding of
the entire Earth system, how its component parts and their interactions have
evolved, how they function, and how they may be expected to further evolve
on all time scales.

The Research Program sponsors research to advance toward goals in each
of the six Science Focus Areas and their component disciplinary programs.
The most recent comprehensive description of the research goals of NASA's
Earth Science Research Program is in the 2003 Earth Science Enterprise
Strategy at http://science.nasa.gov/about-us/science-strategy. The most up-
to-date description of the Earth Science Research Program Science Focus
Areas may be found at http://science.nasa.gov/earth-science/focus-areas.
Research aims at advances in:

e Atmospheric Composition: understanding and improving predictive
capability for changes in the ozone layer, climate forcing, and air quality
associated with changes in atmospheric composition;

e Weather: enabling improved predictive capability for weather and
extreme weather events;
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e Carbon Cycle & Ecosystems: quantifying, understanding and predict-
ing changes in Earth’s ecosystems and biogeochemical cycles, including
the global carbon cycle, land cover, and biodiversity;

e Water & Energy Cycle: quantifying the key reservoirs and fluxes in the
global water cycle and assessing water cycle change and water quality;

¢ Climate Variability & Change: understanding the roles of ocean,
atmosphere, land, and ice in the climate system and improving
predictive capability for future evolution; and

¢ Earth Surface & Interior: characterizing the dynamics of the Earth
surface and interior and form the scientific basis for the assessment and
mitigation of natural hazards and response to rare and extreme events.

Using the observations from the Flight Program, the Research Program both
advances the interdisciplinary field of Earth System Science and provides much
of the scientific basis for major periodic assessments of climate change. These
include the World Meteorological Organization’s triennial ozone assessment,
the Assessment Reports of the Intergovernmental Panel on Climate Change,
and U.S. national assessments of climate change impacts. The FY2011 bud-
get request enables a greater NASA contribution to the 2013 U.S. National
Assessment to be prepared by the U.S. Global Change Research Program.

The Earth Science Research Program is designed to leverage NASA's unique
capabilities in the context of related research carried out by other Federal
agencies, especially that conducted as part of organized interagency activi-
ties (including those coordinated through the Committee on Environment and
Natural Resources under the National Science and Technology Council), such
as the U.S. Global Change Research Program, the U.S. Group on Earth Ob-
servations, the National Oceanographic Partnership Program, the Earth Scope
Program, and NASA-National Oceanic and Atmospheric Administration (NOAA)
and NASA-USGS efforts to support the transition from research to operations.

The following programmatic elements are of sufficient breadth that they
contribute to a broad range of activities within the Earth Science Research
Program. They involve the development of some kind of capability, whose
sustained availability is considered to be important for the Earth Science Re-
search Program’s future.

Airborne and Suborbital Science

The Earth Science Research Program’s airborne science program provides
access to aircraft and balloon-based platforms that can be used for in situ
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Breakthrough in Methane and Carbon
Monoxide Role in Climate Forcing

A team of NASA researchers at the Goddard Insti-
tute for Space Studies found that two greenhouse
gases—methane and carbon monoxide—have
significantly more powerful impacts on global
warming than previously thought. In a paper pub-
lished in October 2009, the team conducted one
of the first modeling experiments designed to
rigorously quantify the impact of greenhouse gas-
aerosol interactions on climate and air quality. The
study found methane’s global warming impact
has been underestimated, and the combined im-
pacts of emissions that cause both warming and
air pollution have as much effect on warming as
carbon dioxide does. This improved knowledge of
the warming effect of these greenhouse gases will
help policymakers devise more efficient strategies
to mitigate climate change.

Image Credit: NASA/Goddard
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observation of the atmosphere and remote sensing
of the Earth’s surface. Airborne and balloon-based
platforms may be used to test new measurement ap-
proaches, collect detailed in situ and remote-sensing
observations that are needed to better document and
test models of Earth system processes, and provide
calibration/validation information for satellites. Airborne
and balloon-based platforms contribute to training the
next generation of scientists since they enable stu-
dents to be engaged in all aspects of science, from
sensor development, through utilization, to complet-
ing analysis of data obtained. The program has been
fostering the development of our future workforce with
the hands-on involvement of graduate students and
young scientists/engineers in all aspects of ongoing
Earth science investigations.

Aircraft have proven to be of particular value in Earth
system science research for investigation of spe-
cific processes. They provide the capability to obtain
high-resolution temporal and spatial measurements
of complex local processes, which can be coupled to
global satellite observations for a better understanding
of the Earth system. NASA makes use of several exist-
ing aircraft through an annual Call Letter process, most
notably the NASA-owned DC-8, WB-57F, ER-2, P-3B,
and Global Hawk as well as several independently
owned aircraft, including those operated by other
Federal agencies. By working with the NASA Aero-
nautics Research Mission Directorate, SMD hopes to
pioneer new types of airborne missions that capitalize
on NASA’s unique expertise in platforms, sensors, and
aeronautical operations.

High-End Computing, Networking,
and Storage

High-end computing, networking, and storage are
critical enabling capabilities for Earth system science.
Satellite observations must be converted into scientific
data products through retrieval and/or data assimilation
processes. Long-term data sets must be synthesized

together and become a physically consistent climate-
research quality data set through reanalysis. These
data products, in turn, provide initial and boundary
conditions, validation and verification references, and
internal and external constraints to the models that
describe the behavior of the Earth system. None of the
above will be possible without advanced techniques in
high-end computing, networking, and storage.

SMD recognizes the need for such an enabling
capability and maintains the high-end computing,
networking, and storage within its programs. Comput-
ing resources are provided through various program
elements. Proposers to solicitations may request
computing resources. NASA also supports compu-
tational science research and development, including
software designed to exploit an advanced computing
architecture to facilitate improvement of Earth system
modeling and data assimilation.

Education

The Earth Science Research Program recognizes its
essential role in NASA's mission to inspire the scientists
and engineers of tomorrow. The Earth system science
concept pioneered by NASA is changing not only how
science research is conducted, but also the way Earth
and space science education is taught at elementary
through postgraduate levels, as well as the way space
exploration is presented to the public by the media and
informal learning communities.

In addition to the education and outreach opportunities
that are embedded in and competitively selected as
part of the Earth Science flight and research programs,
other program announcements are issued periodically
to focus on continued workforce enrichment. The Earth
Science component of the NASA Earth and Space
Science Fellowship (NESSF) program supports the
training of graduate students in Earth system science
and/or remote sensing. The New Investigator Program
in Earth Science, which is directed toward scientists



and/or engineers within five years of their receipt of a
terminal degree, issues a solicitation every two years.

Applied Sciences
Program

In pursuing the answers to fundamental science ques-
tions about the Earth system, many important results
are achieved that can be of near-term use and benefit
to society. The overarching purpose of the Applied
Sciences Program is to discover and demonstrate
innovative uses and practical benefits of NASA Earth
science research, technology, and observations.

The Applied Sciences Program primarily works through
partnerships with organizations that have established
connections to users and decision makers. The
Program supports applied science research and ap-
plications projects to promote innovation in the use of
NASA Earth science, transition of applied knowledge
to public and private organizations, and integration
of Earth science in organizations’ decision making
and services, helping to improve the quality of life and
strengthen the economy.

The Program is organized thematically to support in-
tegration of Earth science in specific decision-making
activities: Agriculture, Air Quality, Climate, Ecological
Forecasting, Public Health, Natural Disasters, Water
Resources, and Weather. The Program also manages
specific activities to build skills and capabilities in the
US and developing countries to access and apply
NASA Earth science, currently including DEVELOP,
SERVIR (with USAID), the Gulf of Mexico Initiative, and
related training modules.

The Applied Sciences Program has three primary goals
articulating priority directions.

¢ Enhance Applications Research: Identify and
track evolving societal needs, assess trends in
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technology and decision-support tools, conduct
applied research to generate innovative applica-
tions, and support projects that demonstrate uses
of NASA Earth science.

¢ Increase Collaborations: Pursue and focus on
partnerships to share costs and risks, promote
partner collaborations to extend the Program’s
reach and impact, and pursue projects that reflect
the multidisciplinary nature of Earth science appli-
cations, including scientific, technological, social,
behavioral, and economic aspects.

e Accelerate Applications: Enable identification of
applications early in a mission’s lifecycle, integrate
user needs into future mission planning, enable
applied sciences involvement in mission science
teams, and facilitate communication between
applications communities and Earth science re-
search and flight mission communities.

In the coming years, the Program will continue to
promote and support applications projects. Scores
of projects will reach maturity and deliver results in
the near-term, and the Program plans to increasingly
demonstrate the uses, articulate benefits, and pro-
mote transitions for sustained use by the partners. The
Program will also expand applied research activities
crossing several applications themes. The Program will
augment SERVIR, including increased capabilities of the
U.S. office to serve as a test-bed facility for domestic
and international applications. The Program also plans
greater attention to climate-related issues and applica-
tions across all parts of the program.

With a significant portion of NASA Earth science satel-
lites currently in extended mission phase, the Applied
Sciences Program may face a challenge of interesting
new partners in investing resources and integrating ob-
servations from aging satellites in their decision-making
activities. The Program will place increasing emphasis
on involving partners and applications specialists in
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mission planning and science teams to identify poten-
tial applications sooner and to sustain their interest.

The Applied Sciences Program serves as a bridge
between the data and knowledge generated by NASA
Earth Science and the information and decision making
needs of public and private organizations. To this end,
the Applied Sciences Program seeks to increase the
benefits to society of the nation’s investments in NASA
Earth Science.

Earth Science
Technology Program

This program of competed technology research and
development projects advances Earth observing in-
strumentation, mission components, and advanced
information systems to make future missions feasible
and affordable. The program is based on a science-
driven strategy that employs open peer-reviewed
solicitations to produce the best appropriate technolo-
gies. The primary science requirements are derived
from the NRC Decadal Survey. In general, the second
and third Tier Earth science decadal survey missions
present increasing technological challenges. A number
of the instruments will contain active components such
as radars and/or lasers. Other missions will require
larger collection optics and antennas to meet require-
ments. Therefore, NASA has focused its Earth Science
Technology Program on advancing technologies need-
ed for the Tier 2 and 3 missions.

The program consists of three elements:

e Advanced Technology Initiatives (ATI)—Concept
studies and component and subsystem technolo-

gies serving as the building blocks for instruments,
platforms, and information systems;

e [nstrument Incubator Program (IIP) —Instrument
technology investments include passive and active
sensing techniques, such as radar systems, large
lightweight antennas, and active optical sensors
using lasers; and

e Advanced Information Systems Technologies
(AIST)—Technology developments include
onboard processing, space communications,
mission automation for self-tending spacecraft
and instruments, and information synthesis to
derive information from extremely large, complex
data sets.

As a final element of the program, aircraft and where
possible even space flight validations are performed.
The Earth Science Technology Program continues to
provide technology developments focused on critical
Earth Science measurements with a release every
third year (including FY10) of an Instrument Incuba-
tor Program solicitation targeted to specific Decadal
Survey needs.

The FY11 President’s budget request will provide a
10% increase in the technology program to fund new
competitively-selected technology developments re-
lated to climate measurements, and collaborations with
the broader climate community to acquire comparative
flight data and validate key components of new tech-
nologies. In addition, the Earth Science Technology
Program will coordinate with the NASA Office of the
Chief Technologist to leverage the investments made
by the new Agency technology program defined in the
FY11 budget.
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SDO’S FIRST IMAGE

NASA’'s New Eye on the Sun Delivers
Stunning First Images

NASA’s recently launched Solar Dynamics Ob-
servatory, or SDO, is returning early images
that confirm an unprecedented new capability
for scientists to better understand our sun’s
dynamic processes. These solar activities af-
fect everything on Earth.

Some of the images from the spacecraft show
never-before-seen detail of material stream-
ing outward and away from sunspots. Others
show extreme close-ups of activity on the
sun’s surface. The spacecraft also has made
the first high-resolution measurements of
solar flares in a broad range of extreme ultra-
violet wavelengths.

“These initial images show a dynamic sun that
| had never seen in more than 40 years of solar
research,” said Richard Fisher, director of the
Heliophysics Division at NASA Headquarters
in Washington. “SDO will change our under-
standing of the sun and its processes, which
affect our lives and society. This mission will
have a huge impact on science, similar to
the impact of the Hubble Space Telescope on
modern astrophysics.”

Image Credit: NASA/SDO/AIA

4.2 Heliophysics

Strategy

At the center of our solar system is a magnetic variable
star, our Sun, that drives the space environment of the
planets, including the Earth, and sculpts the flows of in-
terplanetary space itself. At the dawn of the space age,
the earliest experiments discovered this link between the
Sun and the Earth: Explorer 1 (1958 —radiation belts),
Mariner 2 (1962 —solar wind) and Skylab (1973 —coronal
mass ejections and coronal holes as the source of solar
wind). This led to the understanding that stars interact
with the universe not just through gravity and photon
radiation but also through electromagnetic fields and
particles.

Our planet is immersed in a seemingly invisible yet exotic
and inherently hostile environment. Above the protective
cocoon of Earth’s atmosphere is a plasma soup com-
posed of electrified and magnetized matter entwined
with penetrating radiation and energetic particles. Our
Sun’s energy output, which varies on time scales from
milliseconds to billions of years, forms an immense
structure of complex magnetic fields. Inflated by the so-
lar wind, this colossal bubble of magnetism, known as
the heliosphere, stretches far beyond the orbit of Pluto.
This extended atmosphere of the Sun drives some of
the greatest changes in our local space environment—
affecting our magnetosphere, ionosphere, atmosphere,
and potentially our climate.

Heliophysics is the study of these interactions through-
out th