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Executive Summary

With the successful deployment of the Earth Observing System (EOS), along-term plan
for the future of Earth system scienceisneeded. This Earth Science and Applications
from Space roadmap provides a framework for such a plan spanning three decades.

The end goal (2035 and beyond) for this roadmap is afully instrumented Earth system,
networked to predictive models, serving science and decision-makers. This future
program will realize the full benefits to society of our research, while opening up new
science through discovery. To get there, we must build afoundation for comprehensive
observing and modeling in the next decade (2005-2015), and work to expand our view of
Earth and reach into society in the decade after (2015-2025). Throughout we must mature
our measurement and modeling capabilities, and carefully manage our data - past, present
and future.

Roadmap Objective

Advance scientific knowledge of the Earth system through space-based observation,
assimilation of new observations, and development and deployment of enabling
technologies, systems, and capabilities, including those with the potential to improve
future operational systems.

The objective of thisroadmap is directly traceable to the nation’s objectives for NASA,
and to NASA’s mission and vision. The Earth Science and Applications from Space
Strategic Roadmap is unique within NASA because it responds to multiple presidential
directives and initiatives, including Climate Change Research Program, the U.S.
Integrated Earth Observation System, the Ocean Action Plan, and the Vision for Space
Exploration. Naturaly, this roadmap will evolve over time with society’s concerns, in
response to discoveries about the Earth system, and in response to technology advances
for both space and in situ observations.

Guiding Science Questions

The roadmap Committee developed a set of guiding science questions to frame the
discussion on how to achieve the roadmap’s objective:

How Does the Earth Support Abundant Life?
» How does the atmosphere protect and sustain us?
* How are our weather and climate evolving?
« What controls the availability of water on the planet?
* How doeslife influence and respond to changes in environmental processes on
Earth?
e What causes changesto the Earth’ s surface and interior?
* What role do human systems play in driving changes in the Earth system?
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Pursuing the answers to these questions will generate fundamental knowledge that
enables us to address some of the most intellectually compelling problems humanity
facestoday. Applying this knowledge to society's practical needs will increase our
prosperity and help us protect and enhance Earth's ability to support life.

Strategic Roadmap Scientific Objectives
The strategic roadmap scientific objectives map to these questions and are as follows:

Understand the Earth as a system of interacting natural and human systems, including...

» Atmospheric Composition: the sources, sinks, and transformations of aerosols and
atmospheric chemical species

» Climate and Weather: the present state and expected evolution

» Water: the storage, distribution, and transport of water in all itsforms

» Life: biogeochemical cycles and the distribution and processes of life within the
Earth’ s ecosystems

» Solid Earth: the processes that modify Earth’s land surface and interior and
contribute to natural hazards

Strategic Roadmap Integration Objectives

No individual measurement can answer these guiding questions, but they can be fully
addressed through the integration of investigation systems. Because the capacity to
answer guiding questions emerges through the combined results of multiple scientific
investigations, this document identifies three strategic roadmap integration objectives
to guide thisintegration. These are: Exploration and Discovery; Continuous Awareness,
and Devel oping Perspectives. Each integration objective can be roughly mapped to a
phase of ameasurement’ s lifecycle, and the philosophy behind each objective helps to
determine the best use of research and operational assets.

Discover
Exploration

Discover new
phenomena and develop
new insights using innovative
mission designs and
technologies

Characterize for
science and decision
makers dynamic events
by networking
interdisciplinary observing
and modeling systems

Continuous
Awareness

Developing

Perspectives Inform

Understand
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Achievements by Decade

Armed with the main roadmap objective for Earth science from space, and an approach
based on the integration objectives, the next logical step isto ask what will be known,
and by when? The following table maps these integration objectives to some of the
important achievements identified for each decade.

2005-2015: Building a
foundation for
comprehensive observing &
modeling

2015-2025: Expanding
our view of Earth & reach
into society

2025-2035 & Beyond:
Fully instrumented Earth
system networked to
predictive models serving
science & decisions
makers

Exploration & Discovery: Explore
unknown aspects of the Earth
system by implementing new
investigations enabled by new
insights, technologies,
capabilities, & vantage points

® Global assessment of
above-ground carbon
biomass

® Time-dependent
deformation maps of fault
zones, volcanoes, slopes
& ice sheets

Comprehensive
assessment of changes in
ice cover

® Characterize water
distribution in root zone;
improved weather &
climate prediction

® Upper ocean profiling to
understand ocean
biosphere

® Pursuing answers to
new questions, enabled
by: distributed
autonomy, bio- & nano
technology, very large
apertures, etc.

Continuous Awareness: Develop
new scientific understanding of
dynamic processes &
demonstrate capabilities useful for|
decision support by providing
prompt recognition & adaptive
observation of dynamic events
through the networking of
distributed observing & modeling
systems

® Improved understanding of
natural & anthropogenic
aerosols & their effects on
climate

® |ce sheets changes &
ocean circulation tied to
predictive climate models

® Quantified snow deposition

& water equivalent

CO2 flux to constrain

global sources & sinks

® Quantified dynamics of
major ice sheet motion

® Tropospheric winds over
land & ocean for
weather & ocean
circulation models

® Quantified dynamics of
water vapor, clouds,
rainfall, surface &
subsurface water
storage, run-off, & fresh
water availability

Vegetation/algal type &
land/ ocean carbon
sequestration

Surface deformation
dynamics & surface
beneath ice

Improved understanding
of Earth’s time-varying
magnetic field

® Assessment of plant
and algal physiological
status and productivity

® Improved global
topography -- in
conjunction with SRTM
data first global
measurement of
topographic change

® Detection of volcanic/
tectonic & land-use
changes

® Fully integrated Earth
System model and
assimilation system with
data distribution portals
for simple high speed
access to all aspects of
the Earth System

Developing Perspectives: Enable
new scientific understanding of
long-term Earth processes &
trends by sustaining & integrating
comprehensive global observing
& modeling systems

® Operational observations
calibrated for climate
science

® Framework to couple Earth
system model modules
deployed nationally

® Reduced uncertainties
in global & regional
climate models through
accurate models of
cloud feedback &
aerosol forcing

Models and data
assimilation systems
integral to the observing
system and decision
support systems,
including future mission
design

® Global water cycle,
including soil moisture,
precipitation, linked to
climate & weather
models

® Networked
observations, models, &
knowledge systems for
science & operational
systems
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Prioritization Criteria

Prioritizing investigations is at the heart of the roadmap, and was done with considerable
thought and a defined, logical process. At the core of the roadmap is the time-ordering of
activities based on an assessment of scientific and societal relevance, and technical
maturity with an emphasis on maximizing efficiency of related measurements. Thisisthe
idea of “awareness clusters’ that springs from the Continuous Awareness integration
objective. Awareness clusters focus efforts on answering particular science questionsin
a given line of inquiry by coordinating and connecting information from multiple space
and airborne observations, in situ sensors, and modeling systems during the focus time
period.

The prioritization criteria are listed below:

Does the investigation advance science?

Does the investigation support decision-makers?

Does the investigation benefit society?

Is the investigation consistent with recommendations of national priorities?

To determine the current state of each line of inquiry the Committee developed the
concept of the measurement maturity index (MM1) for space-based measurements. MMI
was also used to help prioritize investigations.

Mission Timeline

For each line of science inquiry derived from the strategic roadmap scientific objectives,
investigations have been prioritized and arranged on atimeline. These missions (shown
as diamonds) will realize the achievements laid out for each decade. Blue and green
arrows on the timeline indicate planned transitions from research to operations and the
opening of new lines of inquiry, respectively.
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Mission Timeline
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This strategic roadmap includes currently funded NASA investigations for information
purposes only. To avoid even the perception of financial conflicts of interest, the
Committee did not prioritize or make recommendations concerning any currently funded
activities. NASA asked the Committee to assume that NASA will complete currently
funded missionsin the first decade of the roadmap, including missions in implementation
that NASA has committed to complete, as well as missionsin formulation that have yet
to pass their Mission Confirmation Review. NASA asked the Committee to assume that
NASA will find aflight opportunity for the Glory instrumentation.

To determine the recommended order of the awareness clusters linked to each scientific
objective, we evaluated the current state of each line of inquiry, based on the current
mission set and NASA’s near-term plans. In addition, we examined the maturity of all of
the measurements addressing each scientific objective using the Measurement Maturity
Index.

Modeling and Data M anagement

Modeling iscritical to al three roadmap integration objectives. Simulation and
prediction are fundamental to improved Earth System understanding, reducing
uncertainty and providing societal benefit. The grand challengeisto have an
observational system that observes al key Earth system variables and assimilates that
information into a system of integrated, interacting models that include each of the major
subsystems: oceans, atmosphere, cryosphere, biosphere and solid Earth.

The Committee envisions a future with high bandwidth, universal access to Earth system
information that is available via an easily queried Earth system portal. Imagine the
usefulness of amap or globe-based query system where scientists, educators, and policy-
makers can obtain up-to-the-minute information about specific locations or regions of the
planet.

Linksto Other Strategic and Capability Roadmaps

The Earth science roadmap’ s primary linkages are with the Sun-Solar System roadmap,
and concern a shared desire for joint investigations of the effects of solar variability on
the Earth’ s climate and upper atmospheric chemistry dynamics. The roadmap also shares
interests with all three Exploration roadmaps (Lunar, Mars, and Solar System), Earth-like
planets, and Aeronautics.

There are several technological advances needed to compl ete the integration objectives.
These needs provide linkages to several capability roadmaps, including Telescopes;
Autonomous Systems and Robotics; Instruments and Sensors; Modeling, Simulation, and
Analysis, and Nanotechnol ogy.

05/20/05 9
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Conclusions and Near -term Recommendations

This roadmap outlines a vigorous, robust, yet likely affordable program of investigations
for the nation that, if implemented, will give NASA’s Earth science program a glorious
future that builds upon the successes of the past program. That future isintegral to
NASA’s quest to explore our solar system, yet responsive to society’s needs here on
Earth.

We recommend four near-term actions that NASA can begin work on immediately, as
well as longer-term steps for which NASA should begin planning.

Near -ter m recommendations:

1. Complete the approved program in atimely fashion, including the next Earth
System Science Pathfinder Announcement of Opportunity. This roadmap was
built on the assumption that the NASA missions currently in formulation and
implementation would be completed as planned, and these missions are the
foundation of this roadmap.

2. Add advanced planning funding for future Earth Science and Applications
missions from Space. The following near-term missions and our first flagship
mission (listed in order of launch dates) need to be studied immediately to
accomplish our recommended timeline:

e Cdl/Va Mission

* |ce Elevation Changes

» Surface Deformation

*  Ocean Surface Topography

» Aerosols and high resolution CO2

» First Flagship Mission — L1 Atmospheric Composition/Solar influence on
Climate

3. Fund advanced planning for the first awareness investigation focus:
atmospheric chemistry, including technology, missions, models, networks,
educational opportunities, and international cooperation.

4. Fund at least one new start for the missions abovein FY'07 or FY '08 and the
others as soon as possible after that.

05/20/05 10
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I ntroduction

Exploration — The Delicate Balance of Cosmos and Earth

Our human need to explore is never exhausted. From our home on Earth, we reach ever
outward. Each successful exploration is rapidly superseded by the irresistible desire to
pursue new vistas.

The compass that today guides this timeless endeavor is scientific inquiry. It is science
that gazes outward, providing the grand questions that challenge us to journey farther and
farther from home. But it is also science that peers inward, exploring previousy
inaccessible areas of the Earth, and asking the practical questions that help us to make
Earth safer, protect our citizens, and expand our economy.

The NASA scientific program must be carefully constructed to address an underlying
reality: knowledge of the Earth drives the economic growth and environmental security
that allow us to be an exploring nation. This program must devote equal attention to both
inspirational questions that underpin our outward desires, and practical questions that
support our inward needs. A sustainable exploration program depends critically on this
delicate balance of Cosmos and Earth.

1.1 National Objectivesfor Space Exploration

NASA'’s overarching Agency objective is the fundamental goal of the Vision for Space
Exploration —“...to advance U.S. scientific, security, and economic interests through a
robust space exploration program.” NASA will direct its efforts towards five National
Objectives. These National Objectives are:

* Implement a sustained and affordable human and robotic program to explore the solar
system and beyond.

* Extend human presence across the solar system, starting with a human return to the
Moon by the year 2020, in preparation for human exploration of Mars and other
destinations.

* Develop theinnovative technologies, knowledge, and infrastructures both to explore
and to support decisions about the destinations for human exploration.

* Promote international and commercia participation in exploration to further U.S.
scientific, security, and economic interests.

® Study the Earth system from space and develop new space-based and rel ated
capabilities for this purpose.

The first four objectives come directly from the Vision for Soace Exploration. Thefifth
National Objective affirms NASA'’s continued commitment to understand and protect our
home planet, Earth. This objective was added in The New Age of Exploration to address
other Presidential initiatives and directives not covered in the Vision for Space
Exploration.
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1.2 NASA Strategic Objective for this Roadmap

The objective for this roadmap is one of 18 NASA strategic objectives for 2005 and
beyond derived from the five guiding national objectivesfor NASA (2005). All of
NASA'’s programs and resources will be tied to these NASA objectives.

Advance scientific knowledge of the Earth system through space-based observation,
assimilation of new observations, and development and deployment of enabling
technologies, systems, and capabilities, including those with the potential to improve
future operational systems.

This strategic roadmap is unique within NASA in that it responds to multiple presidential
directived/initiatives. NASA has acritical rolein implementing several recent major
Presidentia directives or initiatives, including:

» Climate Change Research;

* TheU.S. Integrated Earth Observation System;

* The Ocean Action Plan; and

e TheVision for Space Exploration.

NASA’s programs addressing Earth science and applications from space are essential to
the success of the first three presidential initiatives listed above, and will surely prove to
be so to the fourth. NASA'’ s contributions to the Earth sciences are unique, numerous,
and critically important to future efforts to protect life and property, facilitate responsible
environmental stewardship, and understand and predict the dynamic Earth system. For
more information on these initiatives (see Appendix B).

1.3 Tiestothe NASA Mission and Vision

The NASA vision seeks “To improve life here, to extend life to there, and to find life
beyond.” The NASA mission is“To understand and protect our home planet, to explore
the universe and search for life, and to inspire the next generation of explorers...as only
NASA can.” The Earth system roadmap addresses several aspects of these important
guidelinesfor NASA’srole. It primarily address the aspect of the vision that attemptsto
“improve life here,” but also address the other aspects of the vision and mission. Because
humanity is a part of the Earth system, understanding the Earth system scientifically can
lead to profound improvements in life on Earth, and can help us protect the Earth.
Understanding the way the Earth functionsis aso acritical foundation for exploring the
universe. The Earth, our “home-base,” serves as a reference by which we observe and
judge the rest of the universe, as well as by which we understand life along with its
limitations. Advancements in Earth science can inspire exploration in the next generation
inaunique way. Exploration of the Earth is an endeavor that is uniquein that we live
here, and many more modes of exploration are currently possible than for exploration
elsewhere.

05/20/05 12
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1.4 NASA’sVital Role: Front-End Research to Enable National Priorities &
Societal Benefits

In addition to making fundamental discoveriesthat lead to societal benefits directly and
through spin-offs, an active program that bridges basic and applied science makes it
possible for NASA to take leadership in addressing some of the most pressing problems
facing humanity in the coming decades, including food security, human health, clean
water, and economic development and poverty. Over the next two decades the pressures
of human actions on the biosphere will stress its ability to provide natural capital and
ecosystem services and thiswill require a concerted effort by NASA to study the
ramifications, indeed to support sound management solutions. Working in partnership
with other agencies, NASA Earth scienceis well positioned to find answers to questions
such as “how will future agriculture systems under stress from climate change and land
degradation feed a growing population?’

Given NASA's central rolein the pursuit of new Earth science knowledge, it isimportant
that NASA also take aleadership role in devel oping a robust and sustainable mechanism
for determining the needs of the nation for Earth science information. Thiswill allow
this knowledge to be applied to ensure that we are achieving the greatest benefit of our
scientific investments for society, and will help NASA maintain an appropriate balance
between curiosity-driven and practical scientific pursuits.

We see the environmental information infrastructure as a pipeline from the creation of
new knowledge and capabilities (e.g., through exploration, discovery, and devel opment
activitiesby NASA and NSF), to environmental information production (e.g., by NASA,
NOAA, and the USGS), to environmental information use by government agencies,
businesses, non-governmental organizations, and individuals. The outcomes of these
activities include new scientific knowledge, societal benefits, education, and space
exploration, which are national priorities identified through Presidential initiatives and
the Space Act. On-going feedback loops of needs, requirements, and capabilities connect
the production and use of environmental information. Feedback |oops connect national
priorities for future outcomes with the research priorities for the creation of new
knowledge.

The Committee believes:

1) That it isimportant to keep the pipelinefilled by investing in the creation of new
knowledge in order to ensure future outcomes vital to the interests of our nation, and

2) That it isimportant to formally support feedback mechanisms to ensure that new
knowledge is being created that can ultimately satisfy national priorities.

3) That NASA has aunigue role in education to excite and inspire the public through its
fascinating science results from Earth and space, and better prepare the younger
generation for the society of the future.
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Meads, Requirements
and Capabilities
Feedback Loops

Societal Benefits of Environmental Information -- Effective Feedback Keeps the Pipeline
Filled and Flowing

.
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It is possible to plan and prioritize fundamental (or curiosity-driven) science based almost
entirely on needs identified by the science community itself. In contrast, the pursuit of
practical science having benefits to society carries the obligation to assess societal needs
and determine how best to fulfill them. Thisisatask that isfar more complex and time-
consuming than most peoplerealize. The user base for Earth information islarge and
diverse, ranging from local governments to multinational corporations to individuals.
With the rapid spread of information technology, this community and its needs evolve
ever more rapidly. How do we know what Earth information will be most needed by
governments, businesses, and individuals ten to thirty years from now? Our ability to
answer this question accurately iscritical if we are to spend NASA budgets wisely.
Doing so will require us to explore many new avenues of academic and practical inquiry
regarding how people use information and what methods can be used to assess their
needs. A dedicated program addressing thisissue must be implemented and used to
continuously improve our “awareness’ of the societal needs that NASA science meets.

The end goal (2035 and beyond) for this roadmap is afully instrumented Earth system,
networked to predictive models, serving science and decision-makers. This future
program will realize the full benefits to society of our research, while opening up new
science through discovery. To get there, we must build a foundation for comprehensive
observing and modeling in the next decade (2005-2015), and work to expand our view of
Earth and reach into society in the decade after (2015-2025). Throughout we must mature
our measurement and modeling capabilities, and carefully manage our data - past, present
and future.

The objective of this roadmap is directly traceable to the nation’s objectives for NASA,
and to NASA’ s mission and vision. It will evolve over time with society’ s concernsin
response to discoveries about the Earth system, and in response to technology advances
for both space and in situ observations.
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2 Flowdown to Roadmap Objectives
2.1 Architecture

A key feature of this roadmap is the flowdown within a pathways and stages framework
from presidential initiatives through the roadmap objective to science questions to
achievements by decade to investigations and missions (Table 1).

Hierarchy Report
reference
o Presidential Initiatives Appendix B.1.1
3 NASA Objective for 2005 and Beyond - Section 1
2 Earth Science & Applications Roadmap
S Guiding Science Questions Section 2.2
& Scientific Objectives: Section 2.3
g Integration Objectives Section 2.4
Pathways/Stages Section 3.3
Achievements by decade Section 4.2
Investigations by decade Section 4.2
v Missions by decade Section 4.5

Table 1: Flowdown from Presidential Initiatives to missions within the pathways/stages
framework

The roadmap objective contains a key phrase: “advance scientific knowledge of the Earth
system,” which the Committee took as its primary focus in executing the flowdown to
next-level objectives.

2.2 Science Questions

Guiding Questions: Within the framework of our objectives any line of scientific
inquiry will have a gradual progression through phases of Exploration, Continuous
Awareness and Devel oping Perspectives. Our level of knowledge about the Earth system
iscurrently at different stages, depending on what questions we ask. The desired outcome
of thisroadmap is to advance our scientific knowledge of the Earth system. We will do
this through a steady progression of activities that answer guiding questions and provide
fundamental scientific knowledge of the Earth. Addressing these questions will lead to
results that NASA can pursue with its partners to transform this basic knowledge into the
practical science that underlies critical societal benefits. This balance between
fundamental and applied knowledge is a hallmark of the Earth sciences, and akey reason
for its central importance in NASA.
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Fundamental Scientific Knowledge:

How Does the Earth Support Abundant Life?

® How does the atmosphere protect and sustain us?

® How are our weather and climate evolving?

® What controls the availability of water on the planet?

® How does life influence and respond to changes in environmental processes on
Earth?

® What causes changes to the Earth’ s surface and interior?
® What role do human systems play in driving changes in the Earth system?
We are committed to strengthening the practical scientific knowledge that follows from

addressing these questions. Aswe do so, we will better able to support decisions that will
help to protect and enhance Earth’s ability to support life:

®  Wewill better understand how to ensure that the atmosphere continues to protect
and sustain us.

® Wewill better understand how changes in weather and climate impact us, and
what can be done to respond.

®  Wewill better understand what we can do to protect and improve the availability
of water.

®  Wewill better understand how to positively influence the interaction of life with
environmental processes.

®  Wewill better understand how to use our understanding of the solid Earth to
mitigate natural hazards.

The guiding questions lead directly to strategic roadmap scientific objectives and are
linked to the strategic roadmap integration objectives.

2.3 Strategic Roadmap Scientific Objectives:

Progress towards answering these questions will come from implementing investigations,
including observing systems and modeling systems, with requirements directly traceable
to the following strategic roadmayp scientific objectives:

Understand the Earth as a system of interacting natural and human systems, including:
» Atmospheric Composition: the sources, sinks, transport, and transformations of
aerosols and atmospheric chemical species
* Climate and Weather: the present state and expected evolution
» Water: the storage, distribution, and transport of water in all itsforms
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» Life: biogeochemical cycles and the distribution and processes of life within
Earth’ s ecosystems

» Solid Earth: the processes that modify Earth's land surface and interior and
contribute to natural hazards.

2.3.1 Atmospheric Composition.

NASA’s atmospheric composition program is geared to providing an improved
prognostic capability for the recovery of stratospheric ozone and its impacts on surface
ultraviolet radiation in the context of changing climate, the evolution of greenhouse gases
and their impacts on climate, and the evolution of tropospheric ozone and aerosols and
their impacts on climate and air quality.

Atmospheric chemistry and associated composition are a central aspect of Earth system
dynamics. Exchanges with the atmosphere link terrestrial and oceanic pools within the
carbon cycle and other biogeochemical cycles. Solar radiation affects atmospheric
chemistry and thus its composition. The ability of the atmosphere to integrate surface
emissions globally on time scales from aweek to years couples several environmental
issues including global ozone depletion and recovery and itsimpact on surface ultraviol et
radiation, climate forcing by radiatively active gases and aerosols, and global air quality.
Aerosols are critical to cloud formation and indirectly to precipitation (Water); cloud
feedbacks are among the most critical unknowns in climate models (Climate). CO2 isa
greenhouse gas released by both burning of fossil fuel and respiring organisms, and
removed from the atmosphere by photosynthesis (Life).

Thelevels of ozone in the stratosphere and troposphere, respectively, determine the
amount of solar ultraviolet radiation reaching the Earth’s surface and air quality at the
surface. Both can affect human health; increases in the former are helpful, increasesin
the latter are harmful. NASA currently assesses the state of the stratospheric ozone layer
as mandated by the Clean Air Act. According to the Montreal Protocol and it's
amendments, as chlorine abundances decline, stratospheric ozone should rise. But will it?
Changesin transport and temperature complicate this “expected” recovery. The research
program is focused on assessing how the ozone layer recoversin the future.

Greenhouse gases are those that partially trap outgoing infrared radiation. Increasesin
these gases are widely expected to increase the greenhouse effect, leading to a warming
atmosphere and surface; complicating feedbacks are aso involved. Carbon dioxide
(CO2), methane (CH4), nitrous oxide (N20), and chlorofluorocarbons (CFCs) account
for most of the forcing, with asmall part derived from ozone and water vapor in the
stratosphere. NASA'’ s program also measures the detailed distribution and the evolution
of these greenhouse gases.

NASA'’s atmospheric composition research program emphasi zes space-borne
measurements of tropospheric ozone, aerosols, and gaseous 0zone precursors needed to
define how emissions in one region affect air quality in other regions. It also looks at
possible links between air quality and climate change. Atmospheric winds transport
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pollutants (such as aerosols and 0zone precursors) over vast distances, even across
oceans. Space-borne measurements are essential to define the impact of long-range
transport of pollutants on air quality. Production of tropospheric ozoneis highly sensitive
to temperature and winds; stagnation of warm air promotes ozone formation. Model
calculations have shown this process may be sensitive to climate change. The research
program should focus on obtaining measurements to test these models.

NASA’s atmospheric composition research program also requires essential suborbital and
laboratory measurements, as well as avigorous modeling effort. Suborbital observations,
obtained by instruments on board balloons, manned aircraft, and unmanned aeriad
vehicles (UAVs), provide validation of satellite measurements as well as definition of
processes occurring on spatial and temporal scales that are challenging to observe from
space. Laboratory measurements of the kinetics of both gaseous and gas—aerosols
interactions provide crucial information for models; laboratory observations of
spectroscopy provide critical information needed to obtain many of the space-borne
measurements. Modeling efforts should span the range from chemical data assimilation,
focused on interpreting specific observations, to global, three dimensional model s that
quantify the links between atmospheric composition, global biogeochemical cycles,
oceanic processes, and climate change.

While the measurements of atmospheric composition from low Earth orbit using passive
remote sensing is fairly mature, scientists have yet to demonstrate the measurement of
atmospheric gas phase species with high temporal resolution enabled by sentinel orbits
(e.g., geostationary, Lagrange points). The passive LEO measurements carried out today
are sufficiently mature that some (most notably ozone column and profile, and water
vapor profile) can be transitioned to an operationa agency; others remain to be done for
thefirst time. Exploring the sun’s effects on atmospheric chemistry and composition is
an example of a needed new measurement. Earth’s climate is controlled by the solar
radiation incident upon the Earth and the associated feedbacks within the Earth system.
Solar-driven ionization of the upper atmosphere modifies the ozone levels and the
dynamics of the stratosphere. lon penetration to the troposphere may affect aerosol
nucleation and hence cloud formation. None of these effects are well understood, but all
are expected to be highly sensitive to variations in the solar power spectrum, in particular
UV radiation. However, our understanding of the spectral variability of solar radiation is
very poor. A Sun-Earth Mission at the L1 Lagrange Point will advance considerably our
understanding of the above processes by providing continuous measurements of
atmospheric composition from the surface to outer space, together with measurements of
solar activity and of the solar wind. It will enable considerable improvement of Sun-Earth
connections in the next generation of Earth climate forecasts.

2.3.2 Climate and Weather
NASA’s activitiesin climate and weather are targeted toward the long and short-term
processes generally associated with the fluid parts of the Earth system - i.e. the

atmosphere and the ocean, and, in the case of climate, the ice cover that can significantly
influence the behavior of each of these.
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Westher processes, which occur on scales of hours to weeks, are primarily atmospheric in
nature, and can have profound economic and social implications. Weather is commonly
thought of in terms of temperature, humidity, precipitation, cloudiness, visibility, and
wind. But one of the most critical weather variable is precipitation (rain or snow), asit
can have important implications for vegetation health, natural disasters such as
hurricanes, floods and landslides, significantly disrupt transportation, or profoundly
impact the economic success or failure of the agriculture industry. In addition,
precipitation tiesin directly to other key considerations within NASA’s Earth science
program, such as the water and energy cycles. Asaresult, much of the weather-related
mission planning has to date been closely linked to observing precipitation and
understanding its underlying processes, such as cloud microphysics. Additiona
parameters observed to understand weather include surface temperatures, cloud
distributions, ocean wind characteristics, etc. The main objectivesin the area of weather
related investigations are to enable accurate forecasts of precipitation, hurricane landfall,
and severe storms.

Since the launch of the earliest satellites 45 years ago, NASA hasinvested heavily and
successfully in weather-related space-based observations, and a robust operational
capability for many of the key parameters has been developed. Current and near-term
efforts continue to be targeted toward improved precipitation measurement capabilities
and cloud microphysics, aswell as the three-dimensional distribution of clouds. Given
the demonstrated capability of a number of measurements pioneered over previous
decades, and the technological challenges associated with meeting some of the highest
priority needs for weather, the hardware part of NASA’s investment in weather research
has recently been limited, with increasing emphasis on assuring the use of NASA-
produced data to improve weather forecasting. A critical future investment, however, is
in direct observations of globa winds, as can be achieved with doppler lidar, to fill
important gaps in our understanding of global atmospheric circulation, and the associated
implications for the energy cycle and the transport of water and aerosols. Devel opment
of additional capabilities, such as high-resolution temperature and humidity profilingis
needed to acquire near-surface information, definitions of fronts, and determination of
cloud layersin order to interface with finer-scale models. These will likely require active
sounding techniques, as we are approaching the limit of passive capabilities.

Climate istypically characterized in terms of probability distribution functions averaged
over months and longer, but for the purposes of mission planning, we do not consider
periods much longer than several decades. While this research focus benefits
considerably from investments in other areas, such as atmospheric composition, specific
climate related activities are targeted towards (a) improving multi-decadal climate
projection, (b) seasonal-to-interannual prediction of temperatures, precipitation, and
drought, and (c) understanding and predicting sea level rise. These are achieved by
advancing our understanding of the interactions among the oceans, atmosphere, and
cryosphere. Ocean processes are both the driver and the memory of climate variability
and change, and as such, many of the efforts in this area are related to understanding
ocean circulation processes through the observation and modeling of parameters that
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affect circulation. These include sea surface height, ocean salinity, surface winds,
temperature characteristics, etc. Observations that support our ability to monitor these
characteristics and understand their interactions with the rest of the Earth system are of
high priority.

The most dramatically changing element of the climate system is the Earth’ sice cover
that part of the Earth system that hel ps keep the planet cool by reflecting most of the
incoming solar energy and is believed to have been responsible for past abrupt climate
changes. Seaice has a significant impact on ocean circulation, through its direct
exchanges of energy, mass, and salt with the ocean. It aso influences atmospheric
processes by modulating the moisture and energy exchanges between the atmosphere and
the ocean. Asaresult, observations of seaice thickness are needed to complement the
currently routine spatial measurements, especially in the Arctic where the ice cover is
shrinking dramatically. Similarly, ice on land is of critical importance and is an
observational priority, not just in terms of climate processes, but also sealevel.

Apart from ocean thermal expansion, the most dramatic effects on sealevel, which is
estimated to berising at nearly 2 mm/yr, are likely to come from the Earth’ s glaciers and
ice sheets. These ice masses store the equivalent nearly 70 meters of sealevel, and were
the likely source of rapid sealevel rise (5 mm/yr) at the end of the last ice age.
Observations to date show remarkable changes in parts of the Earth’s vast ice sheets and
suggest potential instability; consequently, the need to monitor these changes and
understand the underlying mechanisms s critical, if we are to understand the potential
impactsin coasta regions. This can be achieved by building on the current ice elevation
and mass change measurements and determining the amount and nature of discharge by
measuring velocities and ice sheet thickness, as well astime-variable gravity
measurements.

Ocean observation capabilities for sealevel are fairly mature, but current sampling with
nadir-only atimetry leaves wide gaps between tracks, which diminishesits ability to
measure both turbulent transports in the open ocean and coastal sealevel. Sealeve riseis
not spatialy uniform: different coastal areas will be affected differently. In order to
maximize societal benefits, consistent high-accuracy measurements are needed at
significantly increased spatia density. Also needed are improved technologies for
observations in coastal regions, where sealevel is affected by the intense winds of storms
and there are strong tiesto marine life. In the same sense, there is a need to tie the ocean
vector winds to be measured by NPOESS to the accurate time series developed during the
1990s and early 2000s with scatterometry.

Climate is very sensitive to cloud processes, through their ability to change the Earth’s
radiative energy balance. Current climate models have such large uncertaintiesin
unresolved cloud physics that their feedbacks are not well understood. Key properties
include cloud cover, height, thickness, ice/water phase, and particle size. Severa
missions will contribute to improving cloud physicsin climate models, as well asto
observing the small decadal changes in cloud properties that are sufficient to change
climate sensitivity. These missionsinclude the Cal/Val mission to assure sufficient
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measurement stability, aerosol missions, and active lidar and radar cloud 2-D and 3-D
profiling missions.

Crucial to the long time series with extremely high accuracy needed to study a changing
climate is the need for providing 'benchmark measurements, a satellite system with very
high accuracy to which all orbiting weather and research satellites aretied. The transfer
radiometers should cover the full solar and infrared spectrum to calibrate radiometers,
spectrometers, and interferometers from 0.3 to 100 um, the full earth spectrum that drives
climate change from solar scattering/absorption through thermal emission/absorption.

The relationship between climate, Sun, and atmospheric composition was addressed in
the previous section.

Climate and weather, though they operate on different time scales, both involve the
distribution of energy and mass within the fluid elements of the Earth system. Assuch,
the observing and modeling capabilities offer an important complement to one another,
and a coordinated investment in these activities, coupled with those in atmospheric
composition and water will have significant payoffs.

2.3.3 Water

Water is both akey resource in environmental sustainability aswell as aprimary
component in the Earth's energy budget. Y et, uncertainties remain large. While the
global mean rainfall is projected to increase, climate forecast models differ on the
expected change in precipitation at regional scales. Of great concern is the uncertainty of
projected rainfall in semi-arid regions such as southwest US. The important role that
extreme weather events play in these regionsis currently difficult to forecast at any time
scales. Before useful predictions of precipitation and snowfall can be made, it is
imperative that we fully understand the movement of water, and the causes for the
apparent variability of the globa water cycle—from evaporation, to condensation, to
precipitation, to storage terms of snow, ice, soil moisture and underground aguifers, to
runoff, and ultimately back to evaporation. Only if the entire processis fully understood
can we confidently predict changes that are necessary to guide societal use of water
resources. To that end, one must first formulate a number of questions that deal with the
closure of the whole water cycle:

1) Isthe global water cycle accelerating?

— Can we observe the evaporation, precipitation, and storage well enough to close
the atmospheric water cycle and understand the root causes for any changes?

— Can we observe the storage of water in terms of snow, soil moisture, surface
water and aquifers, and river runoff to fully understand the transfer of water from
one reservoir to another? Is this water balance consistent with the atmospheric
branch of the water cycle?

2) How do natural and anthropogenic processes and factors affect water quality?
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It'simportant to link the study of the water cycle to the rest of the Earth system. These
include the role of aerosols in affecting cloud properties (which affect regiona
precipitation and the partitioning of energy between the surface and the atmosphere.
Biology also plays arolein partitioning water between the surface terrestrial biosphere
and the atmosphere.

The atmospheric water cycle (evaporation, precipitation, and storage) can be addressed
today only in part. Rain has been measured successfully from satellites with a
combination of radars and microwave radiometers, but measuring falling snow remains a
challenge. Over large regions where snow and ice storage is not an issue, soil moistureis
the largest storage term. It can be measured with low frequency active and passive
microwave sensors. Evaporation rate isinferred from other sufficiently comprehensive
measurements. The Global Precipitation Mission (GPM) and the soil moisture mission
Hydros will make important progress in this branch of the hydrologic cycle. Both
precipitation and soil moisture have significant application components of their own.
Before a true closure experiment can be carried out, better evaporation measurements
will have to be made.

The terrestrial water cycleisequally challenging. Precipitation must balance evaporation
plus surface storage. Here soil moisture, snow, ice and surface water storage, including
lakes, rivers and wetlands, plus underground aquifer storage, and the transport between
them must be considered. Snow and ice can both be measured through combinations of
active and passive microwave sensors, while water storage in lakes and rivers can be
obtained through interferometric radar techniques and laser atimetry. Changesin ground
water can be derived from detailed gravitational measurements. When flownin
conjunction, such missions will help close the terrestrial water cycle. Likethe
atmospheric water cycle, this component also has significant and immediate practical
applications in terms of fresh water availability and river runoff projections.

Water quality, important for both environmenta and economic health, is perhaps the
most difficult parameter to measure from space, requiring measurements of dissolved
oxygen, turbidity, and chlorophyll. A combination of space-based and in-situ
observations offers the greatest opportunity for progressin this area.

Together, these experiments are critical to gain confidence in our description of the water
cyclethat is required before useful forecasts can be made. Significant societal benefits
can be derived from the individual measurements. Knowing the global and regional
amount of precipitation has great social value even if the entire global water cycleis not
yet fully understood. The sameistrue for soil moisture, for snow accumulations, and for
surface water and river discharges. Some of these parameters should be measured
individualy in preparation for a great experiment in which all of the parameters are
measured simultaneously from different vantage points.
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2.34 Life

Asfar aswe know, Earth isthe only planetary body that ishometo life. Lifeis evolved,
organized, dynamic and abundant and these complexities are revealed on a global scalein
the Earth’ s biosphere. Earth science provides the opportunity to understand our planet
and at the same time explore the dynamics and functions of afully evolved and
developed life system. The functioning of life on Earth helps regul ate climate through the
emission of trace gases and it provides important ecosystem services upon which
economic systems and human health depend. However, our understanding of life and its
interaction with the Earth system is far from compl ete.

The approach to the Life line of inquiry is to discover fundamental dynamics of the
biosphere, answer key questions related to the carbon cycle and the functioning of
ecosystems in natural and disturbed states, and integrate this understanding into the larger
Earth System framework. Life on Earth helps regulate climate through emission of trace
gases,. Carefully planned missions can move the science from our current indirect
assessments of biomass stocks to direct determinations of biosphere dynamics directly
coupled with the other elements of the Earth system. In thisway, we endeavor to develop
apredictive understanding of the living Earth and itsrole in the Earth System.

The Life program has afocused scientific strategy to guide the development and
deployment of measurements, based on five general challenges:

1) Observe global changesin biomass and stocks: observe ecosystem function and
process and its role on the global carbon cycle; improve direct measurements of
carbon stocks and biomass, and the fluxes of carbon, beginning with assessments of
global distribution through characterization of change, dynamics, and processes

2) Mechanics of ecosystems. gain a broad, process-level understanding of all facets of
the biosphere as a life-support system, including biodiversity and ecosystem function.

3) Influence of the dominant species on Earth: observe and predict how human activities
affect the Earth system.

4) Connections. understand the role of the biosphere in the Earth system and its
interaction with and influence upon climate, atmospheric composition, water, solid
Earth, and solar input. Collaborative missions with other disciplines will enable
synergy across the Earth sciences and with the Sun-Solar Connection Roadmap.

5) Life here and beyond: synthesize our measurements to identify the key signatures of
Life to complement and support discovery missions; aid in the devel opment of
exploration observers such as the Terrestrial Planet Finder.

One clear focus for the Life roadmap isto gain a predictive understanding of the global
carbon cycle, with particular reference to its dynamics, controls, and influence from and
on human activities. The carbon cycle is both regulated by climate and isinfluenced by it.
Using the carbon cycle as an emphasis provides a strategic focus for measurement
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missions. A predictive knowledge of the carbon cycleis fundamenta to understanding all
biogeochemical cycles on Earth and its role in climate. An assessment of the carbon cycle
requires measurement of all pools of carbon and the fluxes among them. Knowledge of
how ecosystem metabolism provides sources and sinks of carbon is absolutely critical.
Several key measurement categories can be identified:

e High-resolution CO,. Measurements of atmospheric concentrations and profiles of
CO,, CHy4, and other greenhouse gases with sufficient accuracy to characterize sub-
regional carbon emissions and sequestration are a priority.

* Vegetation Sructure, Biomass, and Disturbance. V egetation height profiles over
Earth’s land surface are needed to quantify land biomass and carbon stocks, quantify
ecosystem recovery following disturbance, and characterize habitats.

» Plant Physiology and Functional Types. Observations of plant functional types and
physiological function are required for both land and ocean. Current understanding is
limited by alack of quantitative information on the variety, distribution, abundance,
and variability of plant groups with important ecological functions.

» Coastal and Open Ocean Carbon. Coastal and Open Ocean Carbon. Measurements
of carbon stocks in the coastal and global ocean are required beyond the present
capability of determining chlorophyll concentrations.

Near-term missions focus on basic measurements of changes in carbon storage on land
and in the oceans. The NPP mission will enable measurements of changesin the
biosphere, including land and ocean productivity, vegetation phenology, fires, and other
important variables at kilometer spatial scales. These measurements would continue
operationally on NPOESS (VIIRS and LCDM/OLI) The Climate program’s Ca/Val
mission will help insure the quality of the VIIRS data on NPP and NPOESS. While these
missions focus on carbon storage, OCO will make atmospheric column measurements of
CO, which will be used to assess the variability of carbon sources and sinks and their
causes (shared with Atmospheric Composition).

The next phase of missions should provide better quantification of both storage and flux
parameters, as well as forcing parameters. A High-resolution CO, mission in tandem with
an Aerosol mission will provide CO, profiles in the atmosphere, alowing increased
analysis of sources and sinks. A proof-of-concept Biomass mission can focus on
providing global, mapped estimates of above ground vegetation biomass. A flagship
mission in the 2020 timeframe should focus on plant physiology and functional types
both on land and in the ocean. This mission can provide high-spectral -resol ution imagery
for quantifying plant abundances, distributions, and carbon fluxes on appropriate
space/time scales. Integrating with this flagship mission should be a Biomass dynamics
follow-on mission, which will directly measure changes in above-ground carbon stocks.
A Photosynthetic Efficiency mission can directly assess plant and algal physiological
status using pulsed lidar technology. An Advanced Land Cover measurement mission
would measure land cover and use change measured at high spatial resolution with the
ability to discriminate plant functional types and human created land cover features.
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Three missions are needed to assess the ocean biosphere and itsrole in the carbon cycle.
ThefirstisaCoasta / Global Ocean Carbon mission, which will quantify dissolved
organic carbon poolsin open ocean and coastal environments. This mission should be
followed by Ocean Particle Profile and Ocean Carbon Storage missions, which are aimed
at assessing vertical profiles of particle abundances in the upper ocean and al pools of
carbon, respectively. These missionswill all contribute to understanding the ocean
ecosystem dynamics and its role in the carbon cycle.

The Life program can contribute to supporting other Strategic Roadmap areas. For
instance the suite of Life observing platforms recommended here can be marshaled to
gain a better indicator signature for life where it may occur. The development of a special
mission to quantify and test a bio-signature for life using high-resolution spectral imagery
would be an important experimental contribution to other exploration and discovery
missions. Finally, solar processes influence the biosphere, and the biosphere can
influence the climate impacts of solar variations. Hence, there are strong links between
the Life program and the objectives of the Sun-Solar Connection roadmap (SRM10).

2.35 Solid Earth

In 2002 NASA’s Solid Earth Science Working Group identified the six scientific
challenges of highest priority for the agency’s Solid Earth Science Program for the next
quarter century. Those challenges, still unmet, are to answer the following questions:

(1) What is the nature of deformation at plate boundaries, and what are the implications
for earthquake hazards?

(2) How do tectonics and climate interact to shape the Earth's surface and create natural
hazards?

(3) What are the interactions among ice masses, oceans, and the solid Earth and their
implications for sealevel change?

(4) How do magmatic systems evolve, and under what conditions do volcanoes erupt?
(5) What are the dynamics of the mantle and crust, and how does the Earth's surface
respond?

(6) What are the dynamics of the Earth’s magnetic field and its interactions with the
Earth system?

To address the factors that control the spatial and temporal patterns of earthquakes and
earthquake-generated tsunamis, space-based observations are needed for synoptic
measurements of the strain field through the entire earthquake cycle, including episodes
of aseismic accumulation of strain. Such measurements will provide insightsinto how
stress is transferred between faults, the fraction of strain that is accommodated
seismically, and ultimately how faults fail. Diverse temporal and spatial scales for the
governing processes dictate a variety of specific observationa approaches. Satellites
devoted to Interferometric Synthetic Aperture Radar (INSAR) measurements together
with Global Positional System (GPS) networks are needed to provide dense, frequent
sampling and high-accuracy observations of changes at the Earth's surface. Existing and
planned seismic networks and borehol e sensors operated by other agencies will
complement space-based |ow-frequency sounders, and highly accurate gravity
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measurements can help to characterize subsurface regions subject to seismic hazards. One
or more satellites dedicated to INSAR measurements will provide, for North America, an
essential component of the EarthScope Program, other elements of which have recently
been initiated with funding from the U.S. National Science Foundation.

The land surface evolves both by the actions of man and by such natural forces as
tectonic deformation and transient hydrologic and biologic influences on erosion and
deposition. During severe storms, how floods progress and landslides are generated
depends on topography, soil characteristics, vegetation, and rainfall intensity. Similar
interactions determine how flood waves migrate through a catchment and how much
sediment is eroded, transported, and deposited during a storm. Remotely sensed data play
an integral role in reconstructing the recent history of the land surface and in predicting
hazards due to events such as floods and landslides. Information needed to address this
challenge includes surface, subsurface, and hydrol ogic characteristics. These categories
have arange of observational requirements. Quantities that change rapidly, such asriver
stage or precipitation, call for hourly measurements, whereas others might require only
seasonal measurements (e.g., vegetation) or occasional (5-10 yr) quantification (for
example, soil composition and thickness). The ability to acquire such datain real- or
near-real time and to integrate that information with quantitative models are requisite to
the devel opment of a capability to predict the timing and magnitude of floods and the
heightened risk of landslides during storms, particularly in remote, poorly monitored
areas.

Paleo-environmental and historical data have clearly documented sea-level changesin the
past, and new scientific information on the nature and causes of sea-level change and the
development of a quantitative predictive capability are therefore of utmost importance for
the future. The solid Earth plays an important role in thisissue, because of the time-
varying response of the solid Earth to changes in surface loading by oceans and ice
masses. More generally, this topic — addressed above in the Climate section — is
inherently an interdisciplinary scientific problem impacted by many programs within
NASA aswell asthe efforts of other federal and international agencies.

The eruptive power and often-long intervals of quiet dormancy render vol canoes both
difficult objects of study and dangerous geographic neighbors to population centers. The
threat of eruption is aways there, but because eruptions are episodic, the fastest route to
general understanding is to take advantage of observations of volcanic activity on a
global scale. Including remote terrestrial and undersea vol canoes, there are thousands of
volcanic centers whose level of activity is poorly known. Indicators of activity include
surface deformation, seismicity, changes in gravity, fluxes of gasses, and actual
eruptions. Little is known, however, of how these phenomena are interrelated. The
physical mechanisms that cause surface deformation and those that control the rates and
styles of eruptions are similarly poorly understood. An ability to predict the timing,
magnitude, and style of volcanic eruptions should be achievable with improved global
observations and physical models.
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Mantle convection is the engine responsible for plate motions, seismicity, volcanism, and
mountain building. The deformation of the Earth's surface required to accommodate plate
tectonics occurs primarily along plate boundary faults and relatively broad zones of
deformation adjacent to the plate boundaries in the continents. The forces that drive the
motions of the plates, however, are not well quantified. The global gravity field and long-
wavelength topography provide key integrative measures of density anomalies associated
with mantle convection, although their interpretation requires information on the
structure of the tectonic plates and the variation of viscosity within the mantle. Improved
information on plate characteristics and mantle viscosity can come, in turn, from
measurements of the time-dependent response of global gravity, topography, and Earth
rotation to loading and unloading by glaciers, oceans, and other forcings.

Although it iswidely recognized that a dynamo operating in the fluid outer core generates
the Earth's magnetic field, the details of how that dynamo works remain far from
understood. Over the past 150 years, the main (axia dipole) component of the Earth's
magnetic field has decayed by nearly 10%, arate 10 times faster than if the dynamo were
simply switched off. Intriguingly, this decay rate is characteristic of magnetic reversals,
which paleomagnetic observations have shown occur on average, though with great
variability, about once every half million years. The recent dipole decay is due largely to
changesin thefield in the vicinity of the South Atlantic Ocean. This pattern is connected
to the growth of the South Atlantic Magnetic Anomaly, an areain which thefield at the
Earth's surface is now about 35% weaker than would be expected. This hole in the field
impacts the radiation dosage of satellitesin low-altitude orbits. Addressing such
guestions as how the South Atlantic Magnetic Anomaly will evolve and whether the main
field isreversing requires long-term observations by constellations of satellites combined
with numerical modeling of the Earth’s core dynamo.

The interconnected nature of Earth science means that the most challenging issues in the
field today bridge severa disciplines. As such, defining the measurement requirements to
address these challenges is best done through a unified observational strategy. Such a
broad strategy incorporates diverse methodol ogies (including space-borne and ground
measurements), technological advances, and complementarity among observations.
NASA’s Solid Earth Science Working Group in 2002 recommended the following
observationa strategies to address the fundamental challenges to solid Earth science and
society: (1) Surface deformation; (2) high-resolution topography; (3) variability of Earth's
magnetic field; (4) variability of Earth's gravity field; and (5) imaging spectroscopy of
Earth's changing surface. Continued development of space geodetic networks and the
International Terrestrial Reference Frame, as well as investment in promising techniques
and observations, such as subsurface imaging using low-frequency sounders, are
important components of an overall program.

2.3.6 Human Interactions

We have not identified a separate activity for the role of humansin the Earth system. This
is considered a crosscutting line of inquiry, to which each of the other lines of inquiry
contribute. Human activities are changing the biosphere and can place the life support
system of this planet at risk. As we enter the 21 century, we face significant scientific

05/20/05 27



Earth Science and Applications from Space Srategic Roadmap Committee Report

and engineering challenges as environmental changes occur at an accelerating rate. We
are experiencing rapid climate and ecological shifts, the degradation of freshwater
resources, the globalization of disease, the threat of biological and chemical warfare and
terrorism, and the more complex question of long-term environmental security. We are
seeing the impact of multiple stressors on environmental systems, yielding changes that
require new science and innovation to understand. These developments present
enormous intellectual challengesin the need to address combinations of factors, such as
the interactions between human activity and natural cycles, to address environmental
challenges. In response to these challenges, scientists have begun conceptualizing new
approaches to problems, reaching across traditional disciplinary boundaries to study
complex environmental systemsin toto. Researchers are aso creating new linkages
between basic and applied scientific endeavors.

It isimportant to understand the complex interactions between human systems and
natural systems, and this understanding will come from measurements tied to models.
Observations of land cover and land use change and other actions of humanswill aid in
the development of prognostic models of human disturbance to the Earth system that can
link to the other Earth science areas.

2.4 Strategic Roadmap | ntegration Objectives

No individua measurement, mission, or model can answer the set of guiding questions
identified in Section 2.2. They can be fully addressed only through the integration of
investigation systems into national (and international) observation systems, such asthe
Integrated Earth Observation System (IEOS) or the Global Earth Observation System of
Systems (GEOSS). Because the capacity to answer guiding questions emerges through
the integrated results of multiple scientific investigations, this document also identifies
three strategic roadmap integration objectives. These are: Exploration and Discovery;
Continuous Awareness; and Developing Perspectives (Fig. 1).

Discover

Exploration

Discover new
phenomena and develop
new insights using innovative
mission designs and
technologies

Earth
System
Science

Characterize for
science and decision
makers dynamic events
Perspectives by networking
interdisciplinary observing
and modeling systems

‘\‘/

Figure 1. Our three strategic roadmap integration objectives represent different
approaches to understanding the Earth system that converge to represent the whole of
Earth system science.

Continuous
Awareness

Developing

Understand Inform
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2.4.1 Exploration and Discovery

Explore unknown aspects of the Earth system by implementing new investigations
enabled by new insights, technologies, capabilities, and vantage points.

This objective focuses on the idea of exploration for the sake of uncovering new and
exciting aspects of the Earth system, including exploring phenomena we cannot yet
sample, places we' ve never seen, and processes we don’t yet understand; such as the
Earth’sinterior, or the bottom of the ice sheets and the oceans. It traces to the NASA
strategic objective for this roadmap in several ways. It contributesto all three elements:
space-based observations, assimilation of new measurements, and the development of
new technology and capabilities. In order to explore the frontiers of Earth science, a
global perspective only available from space, isrequired. In order to interpret guiding
measurement data from space-based observations, the results must be assimilated into
existing infrastructure. Resulting models must be run and results analyzed in order to
understand the findings. Thus, implicit in this objective is the need for new technology
and capabilities; these are included as part of the objective itself.

Exploration and Discovery of Surface Change with INSAR
EXAMPLE

NASA has aways pioneered technica and scientific breakthroughs, and the use of
Interferometric Synthetic Aperture Radar for studying how the surface of a planet changes
is an idea example of an exploratory mission for discovering insights on surface
topographic change me. Clearly rated the highest priority measurement of the solid Earth
science community, mm-level deformation measurements of the surface due to plate
tectonics, subsidence, magma injection and other phenomena may lead to revolutionary
forecasting of —and mitigation from — natural hazards like earthquakes and volcanoes.

2.4.2 Continuous Awareness

Develop new scientific under standing of dynamic processes and demonstrate capabilities
useful for decision support by providing prompt recognition and adaptive observation of
dynamic events through the networking of distributed observing and modeling systems.

This objective focuses on understanding the short-term variability in the Earth system.
Understanding will be gained by combining measurements from multiple space
platforms, ground-based and in situ observations, with modeling and validation efforts, in
an intelligent fashion. The continuous awareness integration objective touches on all
three elements of the NASA strategic objective for this roadmap. In order to achieve this
objective, not only must the global perspective of space be used, but a broad variety of
vantage points and observing techniques. Thiswill help characterize the Earth’s behavior
over arange of vertical, horizontal, and temporal resolutions. The real-time assimilation
of new measurements into the science and policy-making communitiesis an implicit part
of the objective, and presents a unique challenge. The development of new technology
and capabilities for this objective takes the form of a systems push rather than a
technology push. The idealized end state—to view all possible phenomenaon all parts of
the globe continually—is a challenge, and requires development of new system concepts
and advanced data processing methods to handle the massive influx of incoming data.
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Continuous Awareness of Coastal Zones
EXAMPLE

The coasts are where we live and play, set sail for trade routes and
harvest for their rich marine life. The coasts are also a unique interface
between the land and sea and atmosphere. The only way to truly
understand the complex interactions of diverse natural phenomena and
human influence is to use a continuous awareness approach of
simultaneous, independent measurements. The addition of satellite
measurements of ocean color (Sea Surface Reflectance) at high
temporal and spatial resolution, in conjunction with ocean surface
currents, winds, and topography, to aready-existing in situ
measurements would be able to link the bio-geophysical parameters to
phenomena like harmful algal blooms, sea level rise, ecosystem health,
storm water runoff — and their consequences for humans. The greatest
scientific and societal benefits accrue when continuous awareness
clusters are used to make sure the system is greater than the sum of its
parts.

A coastal continuous awareness

system could consist of: Cable arrays of in situ sensors and floating buoys are making
« Insituarrays measurements and expanding in regions like Monterey and Los
«  Hyperspectra imagers Angeles, Cdifornias MARS, MOOS, SCCOOS programs
e Along-track
interferometers

. Scatterometers

2.4.3 Developing Perspectives

Enable new scientific understanding of long-term Earth processes and trends by
sustaining and integrating comprehensive global observing and modeling systems.

This objective is focused on identifying key parameters of the Earth system that will help
understand its long-term variability. To do this, NASA must develop technologies, and
then implement initial observing systems capable of measuring these parameters to the
required exquisite accuracy and consistency over long time scales, particularly important
for long-term climate studies. It is expected that partner agencies will continue the
measurements over such timescales, as part of the Integrated Earth Observation System.
NASA must engage with these partner agencies to execute a smooth transition from
research to operations. We envision “climate calibration observatories,” launched and
maintained by NASA, charged with making climate-quality “benchmark” radiometric
observations, with stringent calibration and stability requirements (typically down to the
0.1% level). NASA must also ensure the existence, accessibility, and frequent
improvement of long time series of data, through a combination of active data
management and active research. To extract the most societal benefit from this
information, we need a vigorous numerical modeling capability, focused on long-term
climate trends (and quite different from the modeling capability required by the
continuous awareness integration objective.)
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Devel oping Perspectives traces to the NASA strategic objective for this roadmap. First,
space-based observations are necessary in order to achieve the global perspective this
integration objective aims to accomplish. Also, thereis aneed for new technologies to be
devel oped to provide the capabilities required for this objective, such as very-long-term
consistent observations. For example, a mission pushing the technological limits of
absolute accuracy, designed to tie data from less accurate missions (which add space-time
coverage) is a challenge uniquely suited for NASA.

Developing Perspectives with Atmospheric Chemistry Cal/Val Mission
EXAMPLE

Investigative missions (such as Aura, OCO and Glory) will provide essentia information regarding atmospheric
chemistry. As these missions provide a preliminary understanding of atmospheric issues, their observations will serve
as the beginning of environmental data records that can provide

critical information on patterns of the changing climate. METOP

NPOESS S NPOESS
NPOESS (right) isatri-agency (NASA, NOAA, DaD) effort to ”
leverage and combine environmental satellite activities; its mission =, W

isto provide anational, operational, polar-orbiting remote-sensing
capability, incorporating new technologies from NASA. NPOESS
will monitor several elements of the Earth system, creating 55
environmental data records. NOAA will maintain along-term
archive and provide the data to the worldwide community.

NPOESS datawill provide societal benefits: Shecialized ‘
* Weather observations and predictions " Local Equatorial
*» Ozone measurements & Crossing Time
. o - %
* Climate monitoring and prediction {;
NPOESS-Lite
For a smooth transition between investigative missions and g

NPOESS measurements, and thus to generate the quality of
climate data needed a mission designated for calibration and validation is critical.
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A Walk through Exploration, Awareness, and Perspective: Sealce
EXAMPLE

In many cases, we learn about elements of the Earth system and their interactions
with the rest of the system first through discovery, by just observing, then through
awareness, when we have enough information to develop an understanding of the
processes and how they work, and finally through perspective when we understand
the long-term changes, and the roles of these elements in the larger system. Our past
present and future observations of seaice offer clear examples of each of these
stages.

 eplortion. ...
 The launch of thefirst visible imaging polar orbiting satellites, allowed the first comprehensive view of the Earth'ssea
_ ice cover under cloud-free conditions during polar day. In the years and decades that followed, wewereabletouse
_ multi-channel microwave instruments to observe continuously under all weather conditions ice extent (1973: single-

_ developments in VHFE sounding). Each of these advances enabled the development, validation, and utilization of the
first large-scale models of polar seaice cover. |ce thickness remains a new area for new discoveries, asit hasnot been

Continuous Awareness

These new discoveries, when coupled with models and other observations, allow scientists to address important issues
in Earth system science such as understanding the interactions between the ocean, ice cover, and atmosphere. These
interactions have significant implications for atmospheric and oceanic circulation, and thus weather and climate.
Achieving aclear understanding of how these processes work has been enabled by observations of: ice margin changes
(passive microwave radiometry), details of lead formation (synthetic aperture radar), surface temperatures (infrared,
and passive microwave), ice thickness, (atimetry, VHF sounding), snow depth on seaice (passive microwave), ice
motion (visible, scatterometry, passive microwave), surface reflectance (visible), and surface irradiance (combinations
of solar irradiance and atmospheric optica measurements) This suite of observations and associated process models
allows the development of a comprehensive understanding of seaice behavior, its interactions with the ocean and
atmosphere, and its influence on climate and weather.

Developing Perspectives

To understand the long-term behavior of seaice, the different characteristics between Arctic and Antarclic seaice
cover, and the role of seaice within the larger Earth system, following the knowledge gained through the awareness
efforts, ongoing monitoring is needed of the spatial characteristics of the ice cover (its spatial extent, and the size and
locations of openings within the ice cover), its movement, and its spatially variable thickness. These are the parameters
for which along-term observing capability should be implemented to appropriately * develop perspectives’ and flow
from padt, present, and future observational capabilities.

Guiding science questions lead to fundamental scientific objectives with practical
applications, which link to the integration objectives of the roadmap.
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3 Formulating the Roadmap
3.1 Context

In the early years of space exploration (1960'sto 1980's), NASA Earth science was
focused on demonstrating the feasibility of remote sensing of the Earth from space. This
was followed by the EOS era (1980’ s to early 2000's), during which the concept of
investigating the Earth as a system from space matured. The strategic implementation
stages for Earth Science and Applications link to this history and trace to the strategic
roadmap objective and the national goal for space exploration (Figure 2). The next
decade (2005 — 2015) will begin building a foundation for comprehensive observing and
modeling by focusing on atmospheric composition, climate and weather. The following
decade (2015-2025) will expand our view of Earth and reach into society by shifting
focus to water, life and solid Earth characteristics of the system. The decade after will
result in an integrated, comprehensive and sustained “information web” for Planet Earth,
which isthe fully developed U.S. Integrated Earth Observation System (IEOS). NASA’s
role within that system will be to continue to pursue new science questions and to
investigate aspects of the Earth system that we have not yet explored.

Mational Objectiver Study the Earth system from space and
develop new space-based and melatid capaliilities for this purposs.

MASA Strategic Objective Tor 2005 and Beyond; Advance scientific knowledge of the Earth
gyiterm throwgh space-based ahiervathon, dsimilation of new obsenations, and development
and deployment of enabling technologles. systems, and capabilities, Iincuding
thase with the potential to improve future operational sestems

Strategic Objective Past & Future Implementation Stages

1960's - 1980's 1980 - 20005 2005 - 2015 2015 - 2025 2025 and Bevond
Demonsirating Earth System Bullding knowledoe  Expanding our view  Fully instrumented
scientific utility and  Science cancept: fosardations fioer af Earth ard reach Earth system
technolegical EOS and cormprehe e Inio sockety networked to
Teasabibity of interdiciplnary | observing and modeling predictive models
sateliite regaarch serving science
remote 3eniing andl declsion makers

Figure 2: Flowdown from national goal for space exploration to the objective of this
roadmap and its relationship to the past, present and future of NASA Earth Science.
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3.2 Developing theinvestigation timeline

In developing our investigation timeline, we envisioned a series of linked, overlapping
‘lines of inquiry’, each spanning an approximate 25-year interval (Figure 3). Initial
investigations along each line of inquiry would tend to be exploratory in nature. This
would be followed by the start of a period of “awareness clusters’ of investigations. Next
comes a period of perspectivesinvestigations, as key parameters are identified and
preparations are made to sustain them over the long term. Exploratory missions may
continue throughout most of the timeline, as our scientific knowledge and/or technology
advances.

Science
Question \ ﬂ Transfer to Operations
#1 ’

Open a new line of inquiry

Science
Question \ ﬁ Transfer to Operations
#2 -

Open a new line of inquiry

Science Transfer to
Quissﬂon . \ —— Operations
Open a new line of inquiry
Science ﬂ
Question \ oy,
#4 P
Lo

o
- - 25years — W g 5

. -y
Science - — ey,
Sulnce - —

#5

New
Science v

Question

2005 2015 Ti 2025 2035
ime

Figure 3: Notional timeline showing exploratory investigations (green), awareness
investigations (yellow), and perspectives investigations (red).

Awareness clusters focus efforts on answering particular science questionsin a given
line of inquiry by coordinating and connecting information from multiple space and
airborne observations, in situ sensors, and modeling systems during the focus time
period.

Each line of inquiry istargeted at one of the 5 guiding science questions discussed in
Section 2.2. Investigations laid out along the line of inquiry are designed to address the
achievements set out for each guiding question. Towards the end of each line of inquiry,
two outcomes are illustrated. Thefirst isatransfer to operations, i.e., measurements are
sustained over the long term by an operational agency. The second outcome is the
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opening of anew line of inquiry, which enters an exploratory phase. Both may be
possible — as they mature, some (but not all) key measurements are transferred to
operations, while a breakthrough in technology or scientific discovery may bring to the
surface new questions.

To determine the recommended order of the awareness clusters linked to each scientific
objective, we evaluated the current state of each line of inquiry, based on the current
mission set and NASA’ s near-term plans. As confirmation, we examined the maturity of
all of the measurements in each science area using the Measurement Maturity Index, as
described in section 3.4.2.

Investigations were prioritized by the Committee based on the criteria set out in section
2.4, then laid out in sequence on the timeline. To implement the roadmap, we assumed
that a balanced portfolio of mission classes, including small, medium, large and flagship
missions, would be available. Consideration was given to producing an affordable
mission set, which led to spacing out the investigations.

3.3 Pathways and Stages

Figure 4 illustrates the pathways and stages for NASA Earth science over the next three
decades, shown in threetiers. Thefirst is designed to open up new areas of science
inquiry through exploratory investigations that target the unknown characteristics of the
Earth system. The second tier is designed to address the scientific objectives in sequence,
with the order of the sequence and activities within each dependent on the overall
scientific maturity of that line of inquiry. In each case, theinitial activities are discovery-
oriented (green), followed by a period of continuous awareness (yellow), then the
development of along-term perspective (red). The third tier (shown as blue boxes)
matures our ability to manage information about the Earth system over the three decades.

Opening Up New Science

Discover and explore new aspects Discover and explore new aspects Discover and explore new aspects
of the Earth system. of the Earth system. of the Earth system
Understand new aspects of the F

Earth system.

Addressing the Science Themes

Discover the distribution and
storage of sub-surface water. Ex-
plore the ocean biosphere and the
signatures of life in the atmosphere.

Discover what we can learn from
space about life, the movement of
water and motion of the Earth’s crust.

Understand the cycles of life and
water within the Earth system.
Understand the motions of the

Understand the role life plays

Understand Earth's atmosphere Pl Sl I

and climate.

Information Management

Stage | Stage Il Stage lll

Figure 4. Pathways and stages for NASA Earth science over the next three decades.
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3.3.1 Sagel: Building a foundation for comprehensive observing and modeling

In Stage | (2005-2015), we will begin building a foundation for comprehensive observing
and modeling by focusing on atmospheric composition, climate, and weather. Through
collaboration with NOAA, we expect that by the end of this stage we should be
exploiting new NASA observing capabilities and research to improve operational
environmental satellites and weather forecasting models. Exploratory activities are
planned for the water, life and solid earth lines of inquiry, in preparation for amore
intensive look at these questions in the following decade. We expect that data standards
for long-term monitoring will be developed asthe IEOS isinitially deployed, and that
fully integrated global Earth System models will be available by 2015, with higher
resolution regiona simulationsin various disciplines by that timeframe. The coupling
technology (Earth System Modeling Framework) will simplify the swapping of model
components.

3.3.2 Sagell: Expanding our view of Earth and reach into society

In Stage Il (2015-2025), we expand our view of Earth and reach into society by focusing
on water, life, and solid Earth lines of inquiry. Towards the start of this stage we
anticipate handing off responsibility for monitoring aspects of atmospheric composition
and climate to NPOESS. Critical to this handoff are some core NASA activities that will
enhance the value of NPOESS for science, such as calibration/validation, and funding of
science data analysis from NPOESS data streams. Exploratory activities continue to
round out our knowledge of the cycles of life and water, and to look for unknown aspects
of the Earth system. We expect that our partnersin the US IEOS will be producing ‘gold
standard’ climate data records by the end of this decade, and that Global Climate Models
will be fully integrated together, with some regional level simulations under way.

3.3.3 Sagelll: Fully instrumented Earth system networked to predictive models,
serving science and decision makers

In Stage 111 (2025-2035) we will integrate a comprehensive and sustained “information
web” for Planet Earth and open up new lines of science inquiry through discovery.
During this stage we should be able to hand off responsibility for monitoring aspects of
life, water, and solid Earth to the appropriate operational partnersin the US IEOS.
Exploratory activities continue to look for unknown aspects of the Earth system. We
expect that information derived from |[EOS and GEOSS will be universally available and
accessible by the end of this decade (much like weather forecasts today), and that Global
Climate Models will be firmly embedded in decision-making processes. We envision a
fully integrated Earth system model at this stage with universal, high-speed access to the
information it provides. As society moves towards sustained management of the Earth
system, we expect NASA to be at the forefront in providing the science-based
information that policy and decision-makers will need.
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3.4 Prioritization Criteria

3.4.1 Criteriaused

Prioritizing investigations is at the heart of the roadmap, and was done with considerable
thought and a defined, logical process. At the core of the roadmap is the time-ordering of
activities based on scoring of scientific, technical, and societal relevance with an
emphasis on maximizing efficiency of related measurements. Thisis the idea of
‘awareness clusters,” atime period during which activity is focused on answering
particular science questionsin agiven line of inquiry by coordinating and connecting
information from multiple space and airborne observations, in situ sensors, modeling
systems, and validation efforts.

An investigation list was created starting from the Earth Science Technology Office
(ESTO) database of investigations and mission concepts, and continuing with science
community documents like the Solid Earth Science Working Group report, the Earth-Sun
System: Potential Roadmap and Mission Development Activities Document (Dec. 23,
2004), the Committee on Earth Observation Satellites handbook, EOS data record lists,
and NOAA climate and weather measurement requirements. These measurements and
missions were then evaluated against our prioritization criteria, listed below:

Does the investigation advance science?

Does the investigation support decision-makers?

Does the investigation benefit society?

Is the investigation consistent with recommendations of national priorities?

In terms of the potential to advance science, we considered whether there was significant
potentia to make amajor scientific breakthrough, and whether a particular investigation
supported NASA’s overall mission. With respect to decision support, consideration was
given to NASA’ sresponsibilities to the Climate Change Science Program (CCSP) and
IEOS, and whether a particular investigation addressed nationally important applications.
We also weighed the potential to reduce uncertainty in predictions, and the socia
importance of the science question addressed. In examining the benefits to society, we
looked at the extent to which an investigation might help protect vital needs (such as
water and clean air), or lead to reductions in disruptions to daily life (e.g. through disaster
mitigation and warning). We asked ourselves whether an investigation would have a high
likelihood of educating the public. Does it have linkages to multiple disciplines?

This prioritization is subject to reasonable constraints on the available budget, the
technological readiness of a given measurement, and the maturity of the measurement
within agiven line of science inquiry. Naturally, broader community input and the results
of the NRC Decadal Study will augment the detail and appropriateness of this
prioritization system and resulting timeline.
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3.4.2 The Measurement Maturity Index

To determine the current state of each line of inquiry the Committee devel oped the
concept of the measurement maturity index (MM1) for space-based measurements. The
MM encapsulates both the scientific maturity of a measurement and its readiness to
transition to operational use. It is a subjective maturity descriptor of a specific
measurement by a specific technique to be used with other considerations, not as a stand-
alone number for decision-making. Carefully applied, it can be used to help decide how
to progress with a measurement. As an aggregate measure the distribution of
measurement maturity values within a given line of inquiry could be used as an indicator
of awell-balanced program that includes new as well as maturing measurement
capabilities. The Committee believes that the measurement maturity index could be a
valuable tool, and that it could be generalized beyond space measurement to all
measurement types (for example, in situ, airborne, etc.). The Committee discussed but
did not have time to explore the concept of a complementary measure of model maturity
and the need to plan and manage the matching of future observation outputs with future
model inputs.

There are eight MM levels (Table 2). MM I-1 refers to a parameter that is thought to be
significant, for example, as adriver or indicator of climate change that has not been
measured yet. An example of MMI-1 is ocean mixed-layer depth, which may be critical
for understanding the ocean biosphere, but has not yet been measured or derived from
remote sensing data. MM -8 refers to a measurement for which the transition from
research to operations is complete, that is routinely used in decision support systems. An
example of MMI-8 is the capability to monitor day-to-day weather patterns, which has
already successfully transitioned from NASA to NOAA.

Measurement Example
Maturity Index Definition for Space-based Measurements Measurement
Technique
MMI-1 Parameter thought to be significant. Not measured yet. Ocean Mixed Layer
Depth

MMI-2 Measurement feasibility demonstrated. Parameter shown to be significant in Ice thickness
one or more Earth system models.

MMI-3 Measurement from space demonstrated in a pathfinder mission. Parameter Sea Ice Thickness
shown to be significant across multiple Earth system models. Pilot program
for decision support initiated

MMI-4 Measurement demonstrated in a pathfinder mission Parameter shown to be Precipitation
significant across multiple Earth system models. Pilot program for decision
support ongoing.

MMI-5 Measurement demonstrated over a sustained period. Parameter generally Land Surface
accepted to be a key measurement to be sustained over long periods. Temperature

MMI-6 Measurement demonstrated over a sustained period. Parameter Sea surface
demonstrated to add value to an existing decision support tool or process. topography

MMI-7 Measurement demonstrated over a sustained period. Measurement ready for | Stratospheric Ozone
transfer to operational use. (high vert. resolution)

MMI-8 Transition from research to operations complete. Parameter routinely used in | Daily weather
an existing decision support tool or policy process. patterns

Table 2: Definition of Measurement Maturity Index levels for space-based
measurements. Approximate mapping to Integration Objectives is shown on the right-

hand side.
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As measurement maturity levels are advanced, clearly multiple activities will need to
progress (Figure 5). Technology devel opment and improvement will occur for lower
levels of MMI (1-3). Somewhere between MMI-2 and MMI-3, a pathfinder spaceborne
mission is launched, followed by an operational precursor mission between levels 4 and
5, and then an operational mission at level 6. At lower MMI-levels, the measurement will
be incorporated into Earth system models in arudimentary fashion, reaching
demonstration of significance across multiple models by MMI-3. By MMI-5, the
parameter is generally accepted as a key measurement that it is critical to sustain over
long periods. Atmospheric CO, and sea level are examples of such key parameters.
Embedding the measurement in decision support starts early in this process, with pilot

programs beginning at level 4, and a completion of the handoff from research to
operations by level 6.

Measurement Maturity Index

1 2 3 4 5 6
Planned
Technology Instrument Improvement__ H
Incubator ‘ M _ Operational
N A -L Operational Mission

Precursor -H
Measurements Pathfinder -M
- L

A A A
Validated OSSE -H

Transfer to
Operations

Routine

. Us
Pilot

Policy

A

Technology
development
starts

A

Pathfinder
Mission
launch

A
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support

Technology begins

Improvement
begins

A

Operational
Precursor
for decision  Mission

launch

A

Decision
support use
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|

A

Operational
Mission
launch

Figure 5. The Measurement Maturity Index and underlying activities that result in

advancing maturity for a given measurement.

Note that not all measurements are expected to progress to MMI-level 8 —thiswill
depend on the needs of operational agencies, and our improved understanding of its
significance to either science or operational use as each measurement matures.

Decision
support use
routine

and used by the Committee.

The Earth Science and Applications roadmap was formulated by defining pathways
and stages across three decades. Careful thought was given to prioritization of
investigations, and a new metric - the Measurement Maturity Index - was devel oped
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4 |Implementation Framework

41 Time-ordering based on Awareness Clusters

The sequence of the mission clustersis afundamental aspect of our roadmap that will
guide current and future investments. It includes missions throughout that address each
of the science goals at any given time. The “cluster” structureis an indication of where
NASA should placeits organizational focus, but missionsin any given science cluster
often serve the interests of other science themes. The cluster sequence in our timeline will
not be finalized until the National Research Council has completed its decadal survey,
and appropriate vetting has been completed, but it was arrived at by examining recent,
current, and approved near-term missions, maturity of various measurement concepts,
and scientific needs.

Thefirst cluster, Atmospheric Composition, results from the fact that there have been
substantial investments recently in this area, suggesting we are already in the Awareness
phase. The Climate/Weather follows second, because it flows logically from the
atmospheric composition cluster, which will address key issues in the atmospheric
aspects of climate and weather. Currently there are important climate missionsin the
gueue. Thethird cluster, the distribution and transport of water isintegrally linked to the
atmospheric and climate processes, and there are several approved water-related missions
are planned for the 2010 time frame that would catalyze the Water cluster. For these
reasons, the ordering of the first three clusters has a clear and rational basis.

The remaining two science areas, Life and Solid Earth, are every bit asimportant, and the
overall success of the Earth Applications from Space Strategic Roadmap would be
greatly enhanced if these later clusters could be advanced to an earlier time period, as
doing so would maximize the opportunity to examine cross-disciplinary processes and
their interactions. However, this would require significantly more resources than the
current Earth science budget affords and accel eration of the development of technology
for active sensors (which both of these science areas rely heavily upon.) The Committee
feels, however, that such up-front investments would be well worth making.

Asdiscussed in section 2.2, we have not identified a separate cluster for the role of
humans in the Earth system - thisis considered a cross-cutting line of inquiry, to which
each of the other lines of inquiry contributes.

As acheck on our approach to time-ordering of the awareness clusters, the measurement
maturity index was eval uated across the suite of measurements applicable to agiven line
of scienceinquiry (Table 3). Thisevaluation is subjective; amore careful examination of
current MM levels and their desired future states across measurement clusters deserves
further study.
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MMI level MMI level MMI level
Measurements (2005) Measurements (2005) Measurements (2005)
ATMOSPHERIC COMPOSITION AND CLIMATE WATER LIFE
Atm Temp Profile 5 Sea Surface Wind Vegetation Index 5
Atm Moisture Profile 5 Open Ocean 6 Primary Productivity 4
Total precipitable water 8 Coastal 2 Land Cover/Land Use 5
Cloud Cover & Layers 5 Sea Surface Temp 8 Top & Sub Canopy Biomass
Cloud Opt Thick & Part Size 4 Sea Surface Topography 7 Biomass 3
Cloud Liquid Water 3 Ocean wave height Vegetation Structure 3
Cloud Ice Water Path 3 Open Ocean 5 Photosynthetic Efficiency 1
Atm Wind Profile Coastal 2 Plant Physiology & Function types 1
Stratosphere 1 Net Heat Flux 3 Ocean Color
Troposphere (using
clouds/water vapor) 3 Ocean Salinity 3 Open Ocean 5
Troposphere (using
aerosols/molec) 1 Ocean Currents & Circulation Coastal 5
Lightning 5 Open Ocean 2 Ocean Mixed Layer Depth
Aerosols Coastal 2 Open Ocean 1
Total 5 Snow Cover 6 Coastal
Stratosphere 3 Snow Depth, Water Eq, ... 3 Ocean Particulate Organics
Troposphere 3 Freeze/Thaw Transition 3 SOLID EARTH
Ozone River Discharge/Stage Ht 2 Land Surface Deformation 3
Stratosphere 7 Fresh water availability 2 Land Surface Topography 4
Troposphere 8 Fresh water quality 2 Land Surface Composition 5
Albedo 7 Precipitation 5 Land Surface Temp 5
Solar Irradiance 7 Soil Moisture 3 Gravity Field 4
Solar UV Irradiance 7 Earth's Magnetic Field 6
Energy Balance 5 Land Ice Cover & Topography
Atmospheric Chemistry Ice sheet thickness 2
Stratospheric Chemistry 6 Ice mass balance 4
Tropospheric Chemistry 3 Ice sheet internal layering 2
Sea Ice Cover 8 Fires 3
Ice Surface Topography 4
Sea Ice Thickness 3

Table 3: MMI evaluations for measurements associated with each line of inquiry; shaded
boxes indicate environmental data records (EDRS) which may be produced by NPOESS.

Our interpretation of the resultsin Tables 3 is that they appear to confirm that we are
already in the awareness clusters for atmospheric composition and climate/weather, while
we are still in the exploratory stage for life, water and solid earth. Based on the notional
timeline we set up in Figure 3, this means that the gap between the land surface
deformation and atmospheric temperature profile measurements, for example, is about
fifteen years.

4.2 Scientific I nvestigations and Anticipated Achievements by Stage

Table 4 summarizes the anticipated achievements by decadal stage, across all of the
science questions. The sections that follow describe the decadal stages and indicate the
investigation and notional mission that correspond to the achievements, summarized in
the achievement table in the Executive Summary.

4.2.1 Sagel: Building a foundation for comprehensive observing and modeling --
Focus on atmospheric composition, climate and weather

For each of line of science inquiry we have identified a set of achievements arranged by
decade. Table 5 shows the relationship between the expected achievements for the first
stage, the investigations needed to realize each achievement and the (notional) missions
we expect will implement those investigations. Missions are designated by the instrument
suite expected to meet the measurement objective and the vantage point (orbit) for the
platform. In some cases, we can aready anticipate that a mission is expected to make

05/20/05 41



Earth Science and Applications from Space Srategic Roadmap Committee Report

2005-2015

2015-2025

2025-2035 & Beyond

® Accurate assessment of carbon
sequestration on land
Time-dependent deformation

® Characterize water distribution in root zone; improved
weather and climate prediction

. Major contribution to understanding ocean biosphere

® Pursuing answers to questions we don’t
yet know to ask in 2005, enabled by:
— Robust, distributed autonomy,

Exploration maps of fau‘lt zones, volcanoes, | ® Pathfindgr measyrgment to complemgm the Terre§tri§| — Bio-& nano-t.echnology Sensors,
le Discovery | o slopes and ice sheets Planet Finder mission; characterize signatures of life in IR — Very large microwave/optical apertures,
Comprehensive assessment of spectra etc.
changes in ice cover . Quantify the dynamics of Greenland and Antarctic ice sheet
® New opportunities for motion
exploration & discovery ® New opportunities for exploration & discovery
L Distinguishing anthropogenic L Comparison with Icesat results; improve ments of ice| ® A nent of plant and algal
and natural aerosols and their sheet contributions to sea level; determine nature and physiological status and productivity
effects on climate causes of rapid changes in sea ice ® Linking volcanic and tectonic activity, land
d Improved understanding of ® Measurements of tropospheric winds over land & ocean use change
sources of aerosols, long-range directly for weather forecasts; improve ocean circulation . Improved global topography and in
transport, ozone variability, & models with wind and surface currents in coastal and open conjunction with SRTM data first global
sun-atmosphere interactions. ocean measurement of topographic change
. Comparison with Icesat results; . Quantify cloud feedback in the climate system; enable
determine ice sheet contribution verification of improved cloud/climate models
to sea level to within 0.05 mm/yr d Quantify dynamics of surface water storage & availability at
® Determine contribution of monthly and longer timescales; freshwater and flood
mesoscale ocean eddies to monitoring and prediction; derived global discharge
global energy budget ® Combined with temperatures and models to estimate
® Understand feedback processes thermal expansion of the ocean to within 0.05 mm/yr;
in the Earth’s atmosphere assess potential for shut-down of dominant circulation
consistent with observed time patterns; quantify near-surface water storage
scales of solar variability of total | ® Quantify dynamics of subsurface storage; role of
and spectral irradiance groundwater variations in climate; water availability;
Continuous | ® Quantify snow water equivalent, estimate sea level equivalent stored on land to 0.05 mm/yr
IJAwareness areal extent; water resources 4 Quantify H20 content of clouds
planning; links to . Quantify 3-D structure of rainfall
biogeochemistry ® Quantify variations in freshwater quality, links to
® Quantify CO2 flux at all levels in anthropogenic activities, land use and biogeochemistry
the atmosphere ® Accurate assessment of carbon sequestration, and CO2
drawdown in coastal zones and over global scales
® Functional grouping of vegetation on land and algal groups
in ocean, to improve estimates of carbon flux
® Estimate decadal and interannual carbon flux in vegetation
on land
® Understanding governing processes of deformation at high
spatial/temporal resolution
® Detection of volcanic and tectonic activity, land use change
® Determine topography and conditions beneath the ice sheet
® |mproved understanding of the contribution of solid Earth,
oceanographic, and hydrological process to gravity field
® |mproved understanding of short-period variation in the
main field, crustal remnant fields, and mantle current-
induced fields
® Insure smooth handoff of ® Understanding of “fast” processes like convection and cloud| ® Soil moisture in forested areas; improved
operational measurements and evolution weather and climate prediction;
accurate calibration of NPOESS | ® First daily 3-D global measurements of the Earth’s understanding of links with ecology,
observations for science use atmosphere and trace gasses biogeochemistry
® Successful hand-off to operational agency of capability to ® Continuous, global monitoring of rainfall;
monitor and predict water vapor and temperature change direct input to climate models and weather
® Narrow the uncertainties in climate sensitivity for both tracking/forecasting
regional and global climate change. Includes regional cloud| ® Successful hand-off to operational agency
A feedback and both direct and indirect aerosol forcing of capability to monitor and predict water
[Developing P
5 availability
Perspectives .

Short repeat from GEO will provide
decision support users knowledge of
coastal zone changes in carbon, algal
blooms, water quality

Land cover use and change measured at
high resolution, relationship to society,
natural changes

Rapid access to deforming area of interest
globally for forecasting outcomes

Fully integrated Earth System
model to synthesize (assimilate)
all observations of the Earth
system and predict the evolution
of interacting components
Global mesoscale weather
models

Climate models resolving
weather

Earth System Modeling
Framework implemented
nationally

® Models and data assimilation systems integral to the

observing system and decision support systems, including
future mission design

Evolve technologies, observations, models, & knowledge
systems for science & operational systems

Fully integrated Earth System model and
assimilation system with data distribution
portals for simple high speed access to all
aspects of the Earth System

® Continue to evolve technologies,
observations, models, & knowledge
systems for science & operational systems

Table 4: Roadmap achievements arranged by decade and by integration objectives
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more than one measurement. Such missions are indicated by a number of blue dotsin the
mission column entry in Table 5. The aerosols mission, for example, is expected to
achieve both aerosol objectives while also measuring high-resolution CO,. Whether the
investigation addresses an exploration, awareness, or perspective achievement is
indicated by the background color in each row.

Table 5 lists the known achievements we can expect in this decade. We also want to leave
room for the unknown: exploratory missions that address new areas of science or are
enabled by breakthroughs in technology. We believe this was the origina intent behind
the ESSP program and recommend NASA return to that intent.

Line of |Investigation Notional Mission IAchievement
inquiry
lAerosols impact on climate through|Multi-angle Distinguishing anthropogenic and natural
clouds, anthropogenic additions  [spectropolarimetric imaging; [|aerosols and their effects on climate
3-D aerosol profiling (LEO)
IAtmos. [Global atmospheric composition | UV/Vis/NIR imaging (Sentinelllmproved understanding of sources of
Comp. Orbit, L1 or GEO) aerosols, long-range transport, ozone
 « |variability, & sun-atmosphere interactions.
IAtmospheric composition (Cal/Val) |Cal/Val Free-flyer (LEO) Insure smooth handoff of operational
measurements and accurate calibration of
NPOESS observations for science use
Ice elevation changes / sea-ice High-resolution ice altimetry [Comparison with Icesat results; determine
thickness (LEO) ice sheet contributions to sea level to within
0.05 mm/yr
(Ocean circulation 3-D ocean altimetry (LEO) Determine contribution of mesoscale ocean
eddies to global energy budget
Climate/ [Solar influence on climate Hyperspectral imaging Understand feedback processes in the
Weather instrument for solar UV, EUV, [Earth’s atmosphere consistent with observed
X-rays (L1) time scales of solar variability of total and
 « [spectral irradiance
Climate Data Records (Cal/Val) Cal/Val Free-flyer (LEO) Insure smooth handoff of operational
measurements and accurate calibration of
NPOESS observations for science use
ater  [Snow-water distribution SAR and/or passive Quantify snow water equivalent, areal
microwave (LEO) extent; water resources planning; links to
biogeochemistry
Biomass and Vegetation Structure [Combined 3-D structure and |First accurate assessment of carbon
multispectral imaging (e.g., [sequestration on land
radar, lidar & multispectral
Life \Visible imager) (LEQ) e«
High-resolution CO2 3-D laser profiling (LEO) Quantify CO; flux at all levels in the
* latmosphere
Solid Rates of change of surface Precision geodetic imaging [Time-dependent deformation maps of fault
Earth positions and strains (e.g., L-band InNSAR) (LEO) [zones, volcanoes, slopes and ice sheets;

comprehensive assessment of changes in

ice cover

Table5: Stage | achievements for each line of inquiry mapped to scientific investigations
and missions for the first decade. Background color indicates whether the investigation
objective is predominantly exploration (green), awareness (yellow), or perspective (red).
Blue dots indicate dual-purpose missions.
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Line of [Investigation Notional Mission |JAchievement
inquiry
Behavior of water vapor, clouds, ide-swatch microwave 3-D sounding [Understanding of “fast” processes like convection and cloud evolution
laerosols, and ozone in the upper (e.g., nadir and limb) (MEO)
JAtmos. [troposphere
(Comp.  [Giobal greenhouse gas distribution and [Continuous, spectrally resolved Solar  |First daily 3-D global measurements of the Earth’s atmosphere and
change occultation (L2) trace gasses
Ice Elevation Changes/Sea Ice High-resolution ice altimetry (LEO) IComparison with Icesat results; improve assessments of ice sheet
[Thickness icontributions to sea level; determine nature and causes of rapid
* [changes in sea ice
Ice Sheet Thickness/Bottom Ice penetrating radar (LEO) IQuantify the dynamics of Greenland and Antarctic ice sheet motion
ITopography .
Global tropospheric winds [Combined ocean surface/ lower Measurements of tropospheric winds over land & ocean directly for
atmosphere winds (LEO) veather forecasts; improve ocean circulation models with wind and
lsurface currents in coastal and open ocean
Climate/ [Cloud Feedback 3-D clouds -- Cloudsat-Calipso follow- [Quantify cloud feedback in the climate system; enable verification of
eather on (LEO) improved cloud/climate models.
ITemperature/Humidity Change Cal/Val instruments for NPOESS follow-[Successful hand-off to operational agency of capability to monitor and
on (LEO) redict water vapor and temperature change
3-D cloud microphysics and aerosol ide-swath 3-D cloud and aerosol Narrow the uncertainties in climate sensitivity for both regional and
distribution profiling (LEO) lglobal climate change. Includes regional cloud feedback and both
direct and indirect aerosol forcing
Rivers, wetlands, surface water storage |Precision/ interferometric altimetry Quantify dynamics of surface water storage and availability at monthly
(LEO) land longer timescales; freshwater, flood monitoring, and prediction;
[derived global discharge
(Ocean salinity/soil moisture Microwave radar/ radiometry - Aquarius/{Combined with temperatures and models to estimate thermal
Hydros follow-on (LEO) lexpansion of the ocean to within 0.05 mm/yr; assess potential for shut-
[down of dominant circulation patterns; quantify near-surface water
Istorage
Groundwater storage ITime-variable gravity — GRACE follow- [Quantify dynamics of subsurface storage; role of groundwater
on (LEO) /ariations in climate; water availability; estimate sea level equivalent
« » [stored on land to 0.05 mm/yr
ater  [Cioud water, ice content and distribution|3-D profiling -- Cloudsat-Calipso follow- [Quantify H20 content of clouds
on (LEO)
Rain process/ distribution 3-D rain profiling (LEO) Quantify 3-D structure of rainfall
ater quality Hyperpectral imaging (LEO) Quantify variations in freshwater quality, links to anthropogenic
lactivities, land use and biogeochemistry
Root zone soil moisture Ground penetrating active microwave haracterize water distribution in root zone; improved weather and
(LEO) limate prediction
Changes in dissolved organic and High performance ocean color imaging [Accurate assessment of carbon sequestration, and CO2 drawdown in
inorganic carbon pools for long-term (UV/VisINIR) (LEO or GEO), supporting [coastal zones and over global scales
Istorage of ocean carbon sea surface temperature and salinity
measurements.
(Ocean particle profile and mixed layer |Upper ocean profiling (e.g., via Major contribution to understanding ocean biosphere
depth blue/green lidar) (LEO)
Biosignatures of life Hyperspectral imager (GEO or L1) Pathfinder measurement to complement the Terrestrial Planet Finder
mission; characterize signatures of life in IR spectra
. Plant functional groups on land and in  [High performance hyperspectral Functional grouping of vegetation on land and algal groups in ocean,
Life locean UV/Vis/NIR imaging (LEO or GEO) to improve model estimates of carbon flux
Biomass Dynamics [Combined 3-D structure and Estimate decadal and interannual carbon flux in vegetation on land
multispectral imaging (e.g., radar, lidar,
& multispectral Visible imaging) (LEO)
Rates of change of surface positions Frequent, precision geodetic imaging  [Understanding governing processes of deformation at high
Solid land strains (MEO constellation) Ispatial/temporal resolution
Earth

Ice Elevation/Thickness

Ice penetrating radar (LEO)

[Determine topography and conditions beneath the ice sheet

[Time-varying global gravity field

ITime-variable gravity — GRACE follow-
on (LEO)

.o

Improved understanding of the contribution of solid Earth,
loceanographic, and hydrological process to gravity field

[Time-varying global magnetic field

Distributed magnetometry (e.g., 12-sat
constellation, LEO, 300-800 km, low-

inclination & polar orbits)

Improved understanding of short-period variation in the main field,
crustal remnant fields, and mantle current-induced fields

Table 6: Stage |l achievements for each line of inquiry mapped to scientific
investigations and missions for the second decade. Background color indicates whether
the investigation objective is predominantly exploration (green), awareness (yellow), or
perspective (red). Blue dots indicate dual-purpose missions.

4.2.2 Sagell: Extending our view of Earth and reach into society -- Focus on water,

lifeand solid earth

Table 6 shows the relationship between the expected achievements for this second stage,
the investigations needed to redlize each achievement, and the missions we expect will
implement those investigations. Whether the investigation addresses an exploration,
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awareness or perspective achievement is again indicated by the background color in each
row. We will also leave room for true exploratory missions in this decade to open up new
areas of science or take advantage of breakthroughs in technology.

4.2.3 Sagelll: Fully instrumented Earth system networked to predictive models
serving science and decision makers — Focus on new science questions and lines
of inquiry

Stage 111 will result in an integrated, comprehensive and sustained “information web” for
Planet Earth, the U.S. Integrated Earth Observation System (IEOS). NASA’srole within
the IEOS will be to continue to pursue new science questions and to investigate aspects
of the Earth system that we have not yet explored. Table 7 shows the relationship
between the expected achievements for this third stage, the investigations needed to
realize each achievement and the missions we expect will implement those investigations.
Whether the investigation addresses an exploration, awareness, or perspective
achievement is indicated by the background color in each row. We will also leave room
for true exploratory missions in this decade to open up new areas of science or take
advantage of breakthroughsin technology. Although thistable lists no entriesfor
atmospheric composition or climate and weather lines of inquiry, we fully expect that
new technologies and new science questions will open up new investigations, missions,
and achievements for these areas, as well aslead to new lines of inquiry.

Investigation Notional Mission IAchievement
Global soil moisture Passive/ active microwave Soil moisture in forested areas; improved weather and
(MEO) climate prediction; understanding of links with ecology,
biogeochemistry

Water Global precipitation IActive/ passive microwave (3 |Continuous, global monitoring of rainfall; direct input to

GEO) climate models and weather tracking/forecasting
Fresh Water Availability |Cal/Val instruments for Successful hand-off to operational agency of capability
(Cal/Val mission) NPOESS follow-on lto monitor and predict water availability
Changes in dissolved  [High performance ocean color [Short repeat from GEO will provide decision support
organic and inorganic  [imager (UV/Vis/NIR) (GEO); users knowledge of coastal zone changes in carbon,
carbon pools for long-  [supporting sea surface algal blooms, water quality
term storage of ocean [temperature and salinity
carbon measurements.

Life  |Advanced land cover Hyperspectral UVVis/NIR Land cover use and change measured at high
changes imaging (LEO) resolution, relationship to society, natural changes
Photosynthetic efficiency|Combined 3-D structure and IAssessment of plant and algal physiological status and

multispectral imaging (e.g., lidar |productivity

and multispectral Vis imaging)

(LEO)
Rates of change of High temporal resolution Rapid access to deforming area of interest globally for
surface positions and  |geodetic imaging (GEO) [forecasting outcomes

Solid |strains

Earth [Earth’s surface thermal [Multispectral imaging in thermal [Linking volcanic and tectonic activity, land use change
changes IR (LEO)

High resolution global  [3-D land structure (e.g., Lidar  |Improved global topography and in conjunction with
land topography and/or INSAR) (LEO) SRTM data first global measurement of topographic
change

Table 7: Stage 111 achievements for each line of inquiry mapped to scientific
investigations and missions for the third decade. Background color indicates whether the
investigation objective is predominantly exploration (green), awareness (yellow), or

perspective (red).
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43 Modding & Data Management

4.3.1 Modding

A recent Nature editorial (Nature, 5 May 2005, v. 435) posed the question: “What is the
difference between alive cat and adead one? A dead cat is a collection of its component
parts. A live cat isthe emergent behavior of the system incorporating those parts.” The
editorial was describing the pursuit of systems biology, but the same analogy can be
applied to Earth System Science. While it isimportant to understand the individual
components or disciplines, it isthe interaction of those disciplines that determines the
functioning of the complete Earth System. “The technical wizardry of the Earth
Observations and the attendant vast data sets obtained are only part of the Earth system
approach — a system is not fully understood until a quantitative model can be built.”

NASA makes space based and ancillary observations not simply to demonstrate
technology, but to address specific gaps in our knowledge and to reduce uncertainty. The
modeling system, which assimilates the disparate observations, provides the critical link
between the raw measurements and the ability make the complex information readily
available to the community and to improve decision support tools used by the operational
agencies. Those toolsin turn inform policy and management decisions. Easy, intuitive
access to the data and model output allow “what if” type queries to inspire both the
genera public and the next generation of scientists and engineers.

Assimilation is fundamental to the Earth System modeling effort. Because there will be
completely new and novel observations, and increasing amounts and frequency of data,
assimilation will be one of the major challenges and it will require afocused research
effort.

Once amodd is developed and verified against observations, it should be used in the first
step of identifying and prioritizing new observation systems. The model in turn, through
the use of simulated

observations using OSSE’s Chemical Transport Models

(Ob%r le on &/Stefn aerosol source aerosol transport aerosol sinks

Simulation Experiments), can ‘ T

be used to determine the d ( cmoul: pan:::, ‘"“g cl:ldj::th \ cloud rainfall )

i mpmt Of a paf'[l CU| ar- condense on aerosols and decay
observation on improving Climate Models

mOdeI predl Ctl ons. H > . 7 clouds change ‘:ﬂ;ﬂm cling;ﬂs'ﬁ;em

Determining the sensitivity of
the prediction to the

. Social Impact
simulated measurement can

hel P pl’lOI’ItI ze the technol Ogy . New approaches using multi-scale and multi-discipline modeling solve
investments for new SPpace MISSIoNS. kev climate challenaes (those with laraest climate uncertaintv)

The idealized end-state for Earth System Science is to have a systems approach that
observes al key Earth system variables and assimilate that information into a framework
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of integrated, interacting models that include each of the major subsystems:. oceans,
atmosphere, cryosphere, biosphere and solid Earth. This system will provide quantitative
predictive capability that will continually be evaluated against the observations. Together
with their partners, NASA will enable arobust Earth system predictive capability that
represents the community consensus of current knowledge.

New discovery observations will illuminate completely new processes, which will
continually provide a challenge to the modelers to understand and assimilate. Continuous
awareness will provide data on time scales and comprehensiveness never before seen that
will challenge the ability of the modelers to keep pace with the physics, mathematics and
assimilation techniques required. For developing perspectives akey will be rigorously
defining the observation requirements for absolute accuracy, long-term stability and
precision as afunction of the observation variable, time scale and space scale. Included
in such arequirement is the ability to prioritize the impact of an observable on
constraining the accuracy of the desired prediction.

¥
A
-
&

With riesl-time model
rasurement feedback
and nptimiration

Charactitie

Accomplishing this end-state of afully integrated Earth system model will require the
infrastructure with the necessary high end computing capability and software engineering
and visualization environments. Thisis more fully discussed in the Advanced Modeling,
Simulation and Analysis Capability Roadmap 14. Also critical isthe concept of an Earth
System Modeling Framework (ESMF) that will allow the necessary multi-agency, multi-
national effort. Each building block of the integrated model must be built and tested in a
community-modeling environment in which multiple models operate and ‘learn’ from
each other. Based on this, a consensus model will emerge, representing the mean state of
the model space. The competing models will continue to evolve, based on the stream of
observations and model evaluations; the consensus model will be periodically updated,
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based on these evaluations. There will till be a spectrum of effort from pure research to
“operationa” prediction. In such a community-modeling environment, paradoxes and
unexplained phenomena will emerge, focusing research efforts on the highest payoff
guestions. An ESMF, such as described here, can only be developed by alarge
consortium of international partners, US agencies and academic partners.

Because such large, complex model and data assimilation systems are much larger and
more expensive than what a single researcher, or even a handful can do, they should be
considered as ‘missions’ in themselves, including technology development (for example,
the Earth System Modeling Framework, software to couple models devel oped by
different groups or multiprocessor hardware with extremely fast communications among
processors), system engineering to ensure that components provided by commercial
vendors and different scientists work well together, data management to ensure that many
outsiders can study the results, etc. It is estimated that the required infrastructure support
will be equivalent on an annual basis to that of asmall satellite mission. The goa cannot
be accomplished by simply stripping off a portion of the satellite mission budgets as has
been done in the past.

The Capability Roadmap 14 describes 3 levels of investment. Level 1 isaminimal, but
expanded investment, where MS& A (modeling, simulation and analysis) capabilities are
developed on a highly focused and near-term schedule to expand the applications base.
Level 2 represents the lowest level of investment in which integration is fostered and
developed for use across the agency. Level 3 represents the highest investment level over
the longest time period having the greatest benefit. Significant MS&A systems are
developed in which distinctions among science, engineering and operations are
diminished and involves outside agencies beyond NASA. The recommendation of the
Capability Roadmap team varies between 0.5% of the program (in this case Earth
Science) budget for aminimal, “Level 17 investment to 2% to satisfy up to the “Level 3”
investment.

Accomplishments

2005 2015 2025 2035
« Coupled global climate « Fully integrated Earth System ¢ Models and data * Fully integrated Earth
models — 1 deg resolution model to synthesize assimilation systems System model and
« Earth System Modeling (assimilate) all observations of integral to the observing assimilation system with
Framework implemented the Earth system and predict system and decision data distribution portals for
« Global mesoscale weather the evolution of interacting support systems, simple high speed access
models components including future mission to all aspects of the Earth
* Weather forecasts ¢ Climate models resolving design System
improved by use of satellite weather
data (AIRS, MODIS) « Earth System Modeling
Framework implemented
nationally

Required Infrastructure

Dedicated Network Dedicated Network Dedicated Network Dedicated Network
(1 Gbls sustained) (100's Gb/s sustained) (10 Th/s sustained) (100’s Th to Pb/s sustained)
Performance Performance Performance Performance
(1-50 TeraFLOPS) (PetaFLOPS) (100’s of PetaFLOPS) (1000 PetaFLOPS)
Memory Memory Memory Memory
(40 GB) (57TB) (1PB) (100's PB)

M odeling accomplishments and required infrastructure by decade
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4.3.2 Data Management and Data Stewardship

The goa of data management for an Earth Information System is to get the fruits of the
NASA and international investmentsin Earth observations and modeling into forms that
can readily be used by scientists, decision makers, and the general public. With easy,
high speed access to the wide range of Earth Science information, users should be
inspired to ask their own “what if” types of questions. Thereisasignificant effort in the
basic needs for defining data formats, storage media, long term storage plans, etc. But
the real utility in data management is getting the appropriate Earth System information
into the hands of those that need it.

Earth observation and model results will be devel oped by a diverse set of national and
international systems. Observations will be acquired by international constellations of
satellites, such as the currently operating “A-Train.” Key considerations will be the
capability to access information from non-NASA observing and modeling systems, and
the national and international investments in the capacity to move large volumes of data,
such as the National Lambda-Rail, amajor initiative of U.S. research universities and
private sector technology companies to provide a national scale infrastructure for
research and experimentation in networking technol ogies and applications.

Observations must be organized in appropriate data format so that they can be used by
models. Each data set must be vetted in the issues of data stewardship, data formatting,
and data management.

Data stewardship consists of the application of rigorous analyses and oversight to ensure
that data sets meet the needs of users. Data stewardship can be categorized into two
primary areas. observing system performance monitoring and the development of
homogeneous time series, where the adjective homogeneous is used to indicate the
removal of changesin the time series that may have arisen for reasons unrelated to Earth
system changes. These are important steps for creating Climate Data Records (CDR)
which are used to perform detection and attribution studies of changesin the earth
systems. Thisis particularly important in the context of long-term changes since most
measurement missions last for severa years while information is needed to detect
changes in the multi-decade to century time scales.

Data management also includes data services, data access and visualization, data
collection, long term data archiving, and datainventories. It isimportant to plan the
strategy keeping in mind the goal of developing the system of systems. The ultimate goal
isto have an integrated system, but at the same time, people should be able to query the
system and get the answer they need.

There should be a clearly defined path whereby the NASA research and devel opment
observation and model results would get to the operational agencies with responsibilities
for specific Earth system aspects and national applications. The key isthe difficult and
complex interface between the raw observations and model output and the information
that can be useful to decision makers, from major national and international policy
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decisions, to casua decisions by the general public. Models and data visualization tools
are important components in extracting the information into useful forms.

4.3.3 Relation to Objectives/Sages/Pathways

Models and measurements must be at matching levels of maturity if the clustering
approach recommended in this roadmap is to succeed. Requirements for modeling and
data management for each stage need further definition, so NASA can alocate
appropriate levels of resources to these activities.

4.3.4 Transition to operations.

Givenitsrole as aresearch and development agency, NASA will facilitate integration by
operational agencies through merging and coordinating the Earth System modeling
objectives from many organizations. The result will ensure that validated Earth system
predictions are delivered in atimely manner and in a usable form. Through its systems
analysis, engineering, and international leadership NASA can provide the breakthrough
scientific missions and modeling efforts that, through partnerships, can be transitioned to
Operational agencies at the appropriate time.

The ultimate goal is to have high bandwidth, universal accessto Earth System
information that is available via an easily queried Earth System portal, Imagine a map-
or globe-based query system where scientists, educators and policy-makers can obtain
up-to-the-minute infor mation about specific locations or regions of the planet, and can
compare it to information from the past.

4.4 Decision Criteria

The decision points for this roadmap will be determined at decadal reviews of the
program by the National Research Council. We expect that our successors will have to
answer tough questions about the current and future program at each decision point. At
the transition points between stages (both | to [1, and 1 to 111), there will be common
evaluations to make.

Typical decision questions may be:
* What new lines of inquiry have been opened up by the discoveries we have made?

* Areeach of the themes currently categorized appropriately in their phases of
Exploration, Continuous Awareness, and Perspectives?

* Havethe current clusters made the expected scientific and technical progress?

*  When appropriate, have the partnerships and planning for the transition from
research to operations made the expected progress?

* Have society’s priorities shifted, and what are the implications for the ordering of
our clusters?

* What missions have slipped in our projected timeline and how does that affect our
clustering and future mission choices?
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* Have technologies evolved that enable unanticipated yet much needed measurement
capabilities?

* What other opportunities/partnerships have arisen that may modify priority or alter
implementation constraints?

At the transition point between stages | and Il the specific questions we might anticipate
asking may focus on specific mission status and scientific justification. For example, by
around 2015, will the atmospheric chemistry flagship mission have been launched and
preparing measurements for handover to NOAA? A corollary is then to ask, if that
mission is successful, what other missions must be flown to calibrate for/handoff to the
NPOESS follow-on in 2025? NASA will also need to prioritize based on technol ogical
and scientific maturity. When entering Stage 11, is the Water cycle (the next planned
cluster) prepared to enter the multimission continuous awareness decade?

As our knowledge of the Earth system advances, we expect that the maturity of our
questions will also. At the transition point between stages |1 and |11 the kind of questions
we might anticipate asking include whether it is possible to handoff or plan handoff of
Water cycle, Life cycle and/or Solid Earth measurements to an operational partner? If
during Stage I many atmospheric composition measurements are being maintained by
NOAA, what are the next generation exploration measurements? Society will have
changed in the next two decades and may expect NASA to take amore active role in
monitoring efforts to mitigate climate change. Given the strong program emphasis for
solid Earth surface deformation, by the beginning of Stage 111 have we shown predictive
capability for earthquakes, volcanoes, and other events with INSAR data?

The results of answering these questions will result in an evolving program and mission
timelines, asillustrated in section 4.6.

45 TheRoadmap Timeline

The timeline devel oped for this roadmap (Figure 6) shows the five lines of science
inquiry with investigations laid out on each, shown as diamonds on the line. Each
diamond represents the launch of a mission designed to implement that investigation. To
relate an investigation to a specific mission, refer to Tables 5-7. To develop the roadmap,
we assumed a balanced portfolio of missions, including small, medium, large and
flagship classes. Larger diamonds are intended to represent investigations so challenging
or critical to agiven line of inquiry that they warrant a flagship mission. Missions aready
selected for flight before 2010 are indicated as white diamonds on the timeline. A sixth
track shows the line of exploratory investigations to open up new lines of science inquiry
or to take advantage of breakthroughs in technology.

Overlaid on top of each line of inquiry is arepresentation of the Exploration, Awareness,
and Perspectives mission timeline. Thisisintended to indicate time periods when
spaceborne measurements take place, mapped against each of our three strategic
integration objectives. The diamond representing each investigation is also colored to
distinguish whether it corresponds to an Exploration, Awareness or Perspectives activity.
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[Note that other activities critical to the success of this roadmap, such as technology
development, modeling, data management, and research and analysis, are not depicted on
Figure 6.] Thus Exploration investigations (green) occur most frequently at the beginning
of aline of inquiry, but may continue ailmost to the end if important discoveries are made.
Awareness investigations (yellow) start at the beginning of an “awareness cluster” on
each line of inquiry and are concentrated in the middle of the timeline. Perspectives
investigations (red) occur relatively late on the timeline, and are targeted at handing off
from research to operations.

One mission in 2013 serves adua role in meeting the investigation needs of both the
atmospheric composition line and the climate/weather line. It is also tagged as ajoint
mission on the SRM 10 (Sun-Earth System) timeline. In the 2010 — 2020 timeframe, we
have identified several other instances whereit is already clear that more than one
investigation can be served by asingle mission, asindicated by the blue dotsin Tables 5
and 6. The secondary investigation(s) appear in Figure 6 as “ghosted” diamond symbols
with gray text. To identify other examples of dual-purpose missions, and partnership
arrangements, so that this roadmap can be implemented in the most cost-effective way,
requires that a vigorous and continuous Earth science advanced studies activity be
reinstated without delay.

Figure 6 does not try to represent the connections to specific launch dates of relevant
missions by NASA'’ s operational partners [with afew near-term exceptions, such as the
white diamond representing the launch of the Operational Land Imager (OLI) on the
National Polar Orbiting Environmental Satellite System (NPOESS) to fulfill the
requirements of the Landsat Data Continuity Mission (LDCM)]. The transition of
research capabilities to operational missions that are off thistimeline is represented by
blue arrows. Placement is not intended to indicate that these transitions only occur at the
end of afocused investigation. Green arrows aong each line of inquiry indicate that a
new line of inquiry has opened up through discovery; again, this could occur at any point
along the timeline, not just at the end.
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Figure 6: The Earth Science and Applications Roadmap, showing missions laid out along each line of science inquiry

in priority order.
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46 Summary of Key Program Milestones, Options, & Decision Points

Flexibility isacritical component of this roadmap. As expected with any visionary
roadmap over a 30-year timeframe, changes are expected, especialy in the out years. The
overall goa of the roadmap isto develop alogical framework for evaluating
programmetic and mission-oriented decision, and then to present the current scenario and
best-estimate projections over the next three decades. Built into the roadmap is the
opportunity for change due to natural evolution of the program or unexpected
developments

NASA may reevaluate the entire program, a science theme, or a specific mission at any
time. These decision points may include Decadal Reviews and impacting events, such as
ascientific discovery, funding changes, or new programmatic direction. Asillustratedin
various scenarios in Figure 7, decision point changes may result in new lines of scientific
inquiry, extended program lifetimes, reordering of mission launches or clusters,
refocused missions and research.

. Focus altered within
*Scenario 1 exploration or awareness
partion of cluster

Scenario2 | New line of inquiry initiated . : \
+Scenario 3 Order of clusters change ‘ | ‘

Hand-off to aperational

agencyis accelerated Operational

| | | | |

I + ' | ' —>
2008 2015 25 2035
Impacting Event / Decision Point Time

vScenario 4

Figure 7: Roadmap timeline flexibility isillustrated with sample scenarios of changes
that impact the emphasis, timing, and priority of science clusters.

Key program milestones are the Decadal Reviews between Stages | and I1 (in 2015), and
Stages 11 and 111 (2025). As discussed in section 3.4, NASA and the broader Earth science
community will need to evaluate the effectiveness of all aspects of the program to date.
Have transition to operation goals been met? How have new discoveries changed the
prioritization criteria previously defined? At each of these Decadal reviews, NASA has
many options to reconfigure the program while still maintaining the long-term structural
goals. The Decada Reviews will have many similar judgments to evaluate on the
program, as well as timeline-specific evaluations: in 2015 is the Water Cycle Continuous
Awareness cluster ready to be implemented? In 2025 has Life and Carbon Cycle
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measurements reached a high enough maturity level to transition to operations? Decadal
Reviews will also be the appropriate time to adjust the roadmap to reflect evolution of
non-NASA agencies. If NOAA or another operationa agency has realized the usefulness
of aparticular NASA measurement for decision support, the program may accelerate
mission launches to enable a swifter transition to operations (Scenario 4, Figure 7)

The Earth Science program must be responsive on shorter timescal es than decadal
reviews as well, particularly to radical changesin scientific knowledge or technol ogical
capability, both within the Earth sciences as well as outside their direct fields, but which
may impact national interests.

As science clusters progress through an estimated 25-year lifecycle and the emphasis
shifts from primarily exploration to transitiona operations and long-term perspectives on
processes, it is likely that exciting and unpredicted discoveries will revolutionize our
understanding and demand major changes in the 30-year plan. New lines of inquiry can
be initiated at any time to refocus resources on these opportunities.

Successful implementation of any science roadmap will include evaluation as to whether
specific science goals have been met. One scenario isthat the measurement maturity
index (MMI) level be used as a metric for planning scientific progress and ng the
balance of a portfolio of investigations. For specific missions there should be an MMI
goal to be achieved. Inthisway, we can evaluate the effectiveness of amission and the
balance of the program. For example, in the Climate/Weather line of inquiry, amission to
study Cloud structure and feedbacks in 2016 will be an evolution from the “exploratory”
Cloudsat and Calipso missions (MM 3). The mission and related “ awareness cluster”
activities should realize an increasein MM level to 6. Then, arequirement of the
‘perspectives’ 3-D Cloud Microphysics mission in 2022 should be to reach MMI-7,
which indicates proven usefulness for decision support systems and readiness for transfer
to of the capability to an operational agency.

In order to keep the roadmap as current and responsive as possible, it is recommended
that NASA work with the Earth science community to implement highly-focused
roadmapping activities every three years to stay abreast of changes between NRC
Decadal Reviews.

Nearly all of NASA’s Earth science and applications from space missions have
substantial international participation, ranging from simple data sharing arrangements to
ground validation to provision of instruments, satellite buses and launch services for
space missions. Careful consideration should be given to this within the context of the
GEOSS as this roadmap is implemented.

Successful implementation of this roadmap will require a balanced, carefully
planned program of missions of several classes, research, modeling and data
management.
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5 Most Critical Inter-Roadmap Dependencies, Technical Capabilities
and Infrastructure

In this section we summarize linkages between this roadmap and other strategic and
capability roadmaps. We a so address the infrastructure needs to implement the roadmap.

5.1 Strategic Linkages

Perhaps the strongest links to other strategic roadmaps are those objectives shared with
the Sun-Solar System Connection Roadmap (SRM 10). Determining the cause of
changes in Earth’s climate through joint investigation of the effects of solar variability on
Earth’s climate and upper atmospheric chemistry dynamicsis a high priority objective for
both roadmaps. In addition, joint efforts to predict solar variability and local space
weather in order to mitigate impacts on society are highly desired.

Other synergistic linkages exist in the area of planetary models (e.g. geophysical models,
atmospheric models, etc.), understanding the signatures of life in the spectra of life-
sustaining planets (SRM 4), and in studying extreme environments with the Mars and

Solar System Exploration Roadmaps (SRMs 2 and 3, respectively). Understanding the

shared geology and formation of the Earth-Moon system is another synergistic research
area between this roadmap and the lunar roadmap (SRM 1).

Finally, aerospace innovation for a new generation of platformsin support of NASA’s

Earth science related measurementsiis highly desirable and provides a natural link to the
Aeronautics technology roadmap (SRM 11).

The following table and Figure 8 summarize the linkages to other strategic roadmaps.

(
(3) Solar System Exploration

| () Search for Earth-like Planets |

(7) International Space Station

[ ®bploretheUniverse |

Figure 8: The Earth science roadmap shares common interests with severa others.
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Strategic
Roadmap |Title Linkage Type Description Related Roadmap Events Timeline
Understanding the Earth/Moon formation, early history (esp. before the oldest rocks TBD - RM
shared geology and found on Earth), bombardment record, and other shared events. interim
1. Lunar formation of the The moon is a “witness plate” to the environment in which life on |TBD - RM interim report not report not
Exploration |Earth and the Moon |Enhancing the Earth arose and evolved. available available
Models developed for Earth have application to those developed
for Mars and other terrestrial planets. This would include seismic |Earth and Mars investigations
2. Mars models, geophysical models, meteorological models, atmospheric|in the first time frame of both
Exploration |Planetary Models Synergistic models, climate models, etc. roadmaps 2005-2015
Mars has spectacular features that offer extremes compared to
Understanding Earth, such as topography and dust storms. Analog sites on Related to investigations in
2. Mars extreme Earth can provide remote sensing opportunities for understanding|the "Discovery" objective of
Exploration |environments Synergistic images from Mars. Earth roadmap 2005-2015
1. Lunar
Exploration |Common Remote
&2. Mars Sensing Earth science approaches and capabilities for measurement,
Exploration |Instrumentation, processing of scientific data, and advanced modeling techniques
& 3. Solar Modeling and Data related to data interoperability, can benefit Lunar, Mars and other|Missions in Sr 9 centered on
System Analysis planetary sciences, and increase scientific return and discovery, [Solid Earth, Life,
Exploration |Infrastructure Enhancing prediction, and decision making process. Climate/Weather, Atmosphere |All
Related to Life missions in the
Understanding Earth roadmap and Planet
4. Earth-Like |[Earth as example of Enhanced understanding of biomakers - detecting signature of Characterization missions in
Planet terrestrial planet Synergistic life in the spectra of life sustaining planets the Earth-like planet roadmap |2015-2025
10. Sun- Joint investigation of the effects of solar variability on Earth’s
Solar Understanding climate and upper atmospheric chemistry dynamics include Complementary or joint upper
System changes in Earth's understanding of radiative forcing processes, energy input from [atmospheric missions (e.g. 2015-2025;
Connection _[climate Enhancing dynamic magnetosphere, and solar energetic particle input joint mission at L1) 2025-2035
10. Sun-
Solar
System Understanding Joint efforts to understand ozone depletion in the polar winter Complementary or joint upper
Connection _|ozone depletion Enhancing night as a result of energetic particle precipitation atmospheric missions 2015-2025
Joint efforts to predict solar variability and local space weather in
order to mitigate impacts on society (e.g. communications, power|Complementary or joint
10. Sun- Understanding and grids, and air traffic routing). Specification aides in evaluating modeling and assimilation
Solar Mitigating societal and correlating identified impacts with space weather, while programs for end-to-end
System impacts of solar future prediction capabilities will enable impact avoidance and/or |integration of Earth-Sun
Connection _|variability Enhancing mitigation. system All
11. Uninhabited Aerial Related to Atmospheric
Aeronautics [Vehicle (UAV) Aerospace innovation for a new generation of platforms in measurements in the Earth
Technology |Development Enhancing support of NASA’s end-to-end science strategy roadmap 2005-2015

5.2 Capability Roadmaps

The implementation of this strategic roadmap’ s scientific and integration objectivesis
closely coupled to key technological innovationsin the future. Here, we summarize the
key technology capabilities needed to implement the objectives outlined in this roadmap
and the links to the capability roadmaps.

This roadmap has articul ated the objectives of discovery and awareness. Numerous
coordinated observing sensors and real-time modeling and assimilation capabilities are
required to achieve these objectives. As aresult, sensor web/ model web autonomy
capability development is of high priority and has direct linkage to the autonomous
systems and robotics roadmap (CRM 9).

Related to the above, the capacity to connect multiple observing and modeling systems
into synergistic networks or system of systemsis required. To achieve the awareness and
perspective objectives of this roadmap, intensive modeling and analysisis required. This
provides adirect link to the modeling, simulation, and analysis roadmap (CRM 13).

Furthermore, key technologies in the area of telescopes, instruments and sensors are
required to perform key measurement goals of this roadmap. Severa technological
achievements in the area of nanotechnology significantly enhance our measurement
capabilities.
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The following table summarizes linkages to the capability roadmaps.

SR 9 (Earth) Linkages to Capability Roadmaps I \ \
Capability Linkage Related Timefram
Roadmap Capability Type Description Roadmap Events e
active and passive optical measurements from low- to
high-Earth orbit. Areal cost <$1K/m2, areal density
<0.5 kg/m2. Climate/Weather;
3. Telescopes 2-5 m deployable collectors Enabling Life 2015-2025
Coherent active radiofrequency measurements require
closed-loop dynamic wavefront correction in order to
3. Telescopes 50-m deformable deployable RF reflectors Enabling |optimize system response. Solid Earth 2015-2020
9. Autonomous Automating the sensorweb/ modelweb to observe
systems and dynamic phenomena and accelerate the pace of All -integration
robotics Sensor web autonomy Enabling |discovery and awareness across themes All
Large (400-700 m~2), deployable antennas, high
11. Instruments & efficiency rad-rad T/R modules, digital beam 2005-2015;
Sensors Interferometric SAR Enabling |formation (DFB) rad-hard processor Solid Earth; water [2015-2025
11. Instruments & Large deployable antenna, electronic beam formation,
Sensors Millimeter wave RAR, SAR, and Interferometry |Enabling |high freq. T/R modules Climater/Weather [2015-2025
Atmosphere;
11. Instruments & Low power MMIC receiver, massively parallel digital |climate/weather;
Sensors Passive synthetic aperture microwave imagers |Enabling |correlator, rad-hard processor water 2015-2020
11. Instruments & 2005-2015;
Sensors Visible and IR detector arrays and readouts Enabling |Rad-hard large format arrays Life; atmosphere |2015-2025
11. Instruments & energy, +/- 5 GHz, 10 msec tunability and frequency
Sensors Doppler Wind profilers Enabling |lock settling time Climater/Weather [2005-2015
13. Modeling, Capacity to connect multiple observing and Sensorweb/modelweb simulators and systems
Simulation, modeling systems into synergistic networks/ analysis capacity to advance the state-of-the-art in All -integration
Analysis system of systems Enabling |distributed collaborative observing and modeling across themes All
Ultra-high strength, lighter, and multi-functional materials will enhance mission success while also
15. materials (100x stronger than steel), i.e., large saving on overall costs of missions due to less mass,
Nanotechnology lightweight antenna Enhancing |longer durability All All
greatly enhance any space based mission by requiring
less mass and fewer complex “power capture”
15. systems that could potentially be “single point failure
Nanotechnology High efficiency power generation and storage Enhancing |nodes” All All
High miniaturized spacecraft systems, instruments
(including lasers), smaller, radiation tolerant and less
15. High miniaturized spacecraft systems and power consuming electronics would mean less mass
Nanotechnology instruments Enhancing |and less power required to meet mission goals All All

Priorities in advanced technol ogies needed for future Earth Science missions can be
broadly categorized into two areas. Observing Technology Needs, and Information and
Computing Technology Needs. These areas included technol ogies summarized in the

following.

Observing Technology Needs

Passive optical imaging systems for measurement of land surface, vegetation, ocean, and
atmosphere will need improved optical and spectral separation systems to allow
reductions in mass and cost; detectors with high pixels counts; and on-board processing
to reduce data transmission requirements.

Passive microwave systems for measurements of atmospheric characteristics,
precipitation, soil moisture, and ice and snow will need large, lightweight antennawith

multiple-frequency capability; low cost and mass microwave integrated circuits; and low-
noise, high-frequency receivers.

Active optical systems for measuring atmospheric composition will need lightweight,
high power, conductively cooled, high efficiency reliable laser systems.

Active microwave systems for measurements of precipitation, clouds, land surface
topography, and ice and snow will need large, lightweight, deployable antenna systems;
and radio frequency capability and digital subsystems with reduced mass and cost.
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Formation flying to form large, multi-spacecraft antennas will need precision ranging,
precision station-keeping, and autonomous operation.

nformation and Computing Technology Needs

On-board data processing will adapt commercial technology to achieve fault-tolerant,
high-performance space processors, networks, and storage. Advancesin space
communications are needed to enable adaptable communications by developing high
speed networks and protocols for dynamic space links

In the area of Mission Automation development is needed in real-time event detection
and image recognition, self-tending spacecraft and instruments, and high-level command
language for sensor re-targeting.

High-performance computing improves Earth-process models by devel oping next
generation computer modeling techniques, optimizing performance, and devel oping
architectural frameworks to promote model integration

The area of Information Synthesis (e.g., deriving data information from extremely large
complex discovery, visualization, and multi-mission data sets; provide tools to assist
scientific access to knowledge) requires further developmentsin analysisincluding real -
time science processing and distribution.

The Earth science roadmap’ s primary linkages are with the Sun-Solar System roadmap,
and concern a shared desire for joint investigations of the effects of solar variability on
the Earth’ s climate and upper atmospheric chemistry dynamics. The roadmap also shares
interests with all three exploration roadmaps, Earth-like planets, and Aeronautics.

There are several technological advances needed to compl ete the integration objectives of
Discovery & Exploration, Continuous Awareness, and Devel oping Perspectives. These
needs provide linkages to severa capability roadmaps, including: Telescopes,
Autonomous Systems and Robotics; Instruments and Sensors; Modeling, Simulation, and
Analysis, and Nanotechnol ogy.

Collaboration with each of these groups is the recommended next step in the
development of the Earth science roadmap timeline.

5.3 Infrastructure Needs

NASA and US Aerospace industry are very well equipped to implement this roadmap.
NASA Centers such as GSFC and JPL have an excellent record of success in managing
the devel opment and operation of most of NASA'’ s Earth science missions. With the right
level of investment in technology the NASA centers, combined with industry can provide
the advanced instrumentation required to fulfill the measurement needs. The US
aerospace industry, provided its base is not eroded, can easily meet the projected
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spacecraft and launch vehicle needs. The Earth science community has become
increasingly sophisticated in analysis of Earth science data and modeling. The EOSDIS
distributes and archives terabytes of data from the current fleet of eighteen satellites,
serving thousands of users.

The research and analysis budget will need to be sustained throughout the period of this
roadmap so that new ideas and synergies across disciplines are given the support they
need. Also needed are adequate and sustained investments in new instrument
technologies along with opportunities to mature those technol ogies through flight
demonstration. The maturation of new and existing instrument concepts will be crucia to
the successful execution of this roadmap. NASA'’s end-to-end science relies upon the
sustained capacity for airborne remote and in situ measurements from suborbital assets,
aswell as the world-wide ability to deploy ocean and ground-based systems.

The cost and complexity of integrated models of the Earth system are expected to
increase to the point where major modeling systems and their support infrastructure will
need to be managed in a manner similar to space missions. These systems will require
sustained management and the investment in operations and regular upgrades or
replacements over the decades so that NASA has access to the necessary computational
capacity to achieve its predictive objectives. The network of commercial and NASA
ground stations will probably have to support a significant expansion in data volume over
the next couple of decades — the network’ s suitability for that task needs further study.
NASA'’s requirements for modeling the Earth system, data management, and
assimilation, will need to be re-evaluated as the awareness clusters are realized. Further,
there are concerns over the need for a policy for managing our data over the long term,
and the need for a coherent strategy and adequate support for the transfer of capability
from research (NASA) to operations (NOAA or other agencies).

We are positioned for success in implementing this roadmap, but some areas of
investment in technology and infrastructure require urgent attention.
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6 Conclusionsand Near-term Recommendations

Earth science and applications from space has come along way since the 1960 launch of
thefirst Earth observing satellites. Thefield of Earth system science that emerged in the
1980’ s and the subsequent era of the Earth Observing Satellites have shown us many of
the key connections and hel ped us understand how much more we could learn over the
coming decades.

This roadmap outlines a vigorous, robust, yet likely affordable program of investigations

for the nation that, if implemented, would give NASA’s Earth science program a glorious
future, to exceed its glorious past. That futureisintegral to NASA’s quest to explore our

solar system, yet responsive to society’s needs here on Earth.

This roadmap offers a structured approach to deciding which investigationsto do and in
what order. It addresses several of the concerns expressed in the NRC Decadal survey’'s
interim report (April, 2005). We have proposed a new metric, the measurement maturity
index, which can be used to assess and help plan the progress of measurements within a
given line of scienceinquiry. The roadmap identifies potential off-ramps for current and
future activities, which can be handed off to operationa agencies. Further, thisis done
over timescales that allow NASA and its partners within U.S. Integrated Earth
Observation System (IEOS) to plan accordingly. The roadmap recognizes NASA’s
leading role in research and development for the IEOS. It reasserts NASA Earth science
as an exciting avenue for exploration and discovery, attracting the brightest and best to
our field.

We recommend four near-term actions that NASA can begin work on immediately, as
well as longer-term steps for which NASA should begin planning.

This roadmap was built on the assumption that the NASA missions currently in
formulation and implementation would be compl eted as planned, and these missions are
the foundation of this roadmap. The next step must be to work with the science
community through working groups aligned with each line of inquiry and with the
broader community through the NRC Decadal survey. NASA Earth science needs a
vigorous and ongoing advanced studies program, to assess mission costs and technol ogy
readiness, to work out the most cost-effective ways to achieve our goals, and to start pre-
formulation studies for new missions prior to 2007. NASA should review its investment in
Earth system modeling in light of our recommendations and work with NOAA to ensure
the longevity of the climate data records collected thus far and their continuity into the
future. Lastly, to avoid a potential gap in the US Earth observation program, the
Committee recommends that NASA allocate funds to start formulation of several new
MISSioNs as soon as possible.
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Near -ter m recommendations:

1

05/20/05

Complete the approved program in atimely fashion, including the next Earth
System Science Pathfinder Announcement of Opportunity. This roadmap was
built on the assumption that the NASA missions currently in formulation and
implementation would be completed as planned, and these missions are the
foundation of this roadmap.

Add advanced planning funding for future Earth Science and Applications
missions from Space. The following near-term missions and our first flagship
mission (listed in order of launch dates) need to be studied immediately to
accomplish our recommended timeline:

e Cd/Va Mission

* |ceElevation Changes

» Surface Deformation

*  Ocean Surface Topography

» Aerosols and high resolution CO2

» First Flagship Mission — L1 Atmospheric Composition/Solar influence on

Climate

Fund the advanced planning for the first awareness investigation focus:
atmospheric chemistry, including technology, missions, models, networks,
educational opportunities, and international cooperation.

Fund at least one new start for the missions abovein FY'07 or FY '08 and the
others as soon as possible after that.
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Appendices
A Roadmap Background and Team Members
Roadmap Background

This Strategic Roadmap (SRM) is one of a set of high-level national roadmaps that form
the foundation of National Aeronautics and Space Administration’s (NASA’s) strategic
plan for the next 30 years (2005 to 2035). These roadmaps explore options and establish
pathways for achievement of NASA’s strategic objectives, which in turn articul ate how
NASA will fulfill its vision and mission for the nation. A companion set of Capability
Roadmaps recommends approaches for providing technical capabilities judged to be
critical to NASA’sfuture programs.

Each roadmap was devel oped by a committee of nationally-recognized scientists,
engineers, educators, visionaries, and managers. Committees were co-chaired by senior
individuals from NASA Headquarters, a NASA Center, and outside NASA. Committee
membership consisted of individuals from NASA/JPL/ other government agencies,
academia, and industry, in approximately equal proportions.

The roadmaps provide NASA with high-level guidance and recommendations for the
achievement of Agency requirements. The roadmap Committees considered and
incorporated the reports and priorities of NASA advisory committees, including legacy
theme roadmapping activities, National Research Council (NRC) “decadal surveys,” and
other strategic guidance.

Earth Science and Applications from Space Strategic Roadmap Committee
Participants

Roadmap Committee Members

Orlando Figueroa, NASA Science Mission Directorate, co-chair
Diane Evans, Jet Propulsion Laboratory, co-chair

Charles Kennel, Scripps Institution of Oceanography, co-chair
Waleed Abdalati, Goddard Space Flight Center

Leopold Andreoli, Northrop Grumman Space Technology
Walter Brooks, Ames Research Center

Jack Dangermond, ESRI

William Gail, Vexcel Corporation

Colleen Hartman, National Oceanic and Atmospheric Administration
Christian Kummerow, Colorado State University

Joyce Penner, University of Michigan

Douglas Rotman, Lawrence Livermore National Laboratory
David Siegel, University of California, Santa Barbara

David Skole, Michigan State University

Sean Solomon, Carnegie Institution of Washington
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Victor Zlotnicki, Jet Propulsion Laboratory

Coordinators:
Gordon Johnston, Mission Directorate Coordinator, Designated Federa Official
AzitaValinia, Advanced Planning and Systems Integration Coordinator

Liaison Members:
Roberta Johnson, UCAR, Liaison to the Education Strategic Roadmap Committee

Ex Officio Members:

Jack Kaye, Earth-Sun System Division

Ronald Birk, Earth-Sun System Division

George Komar, Earth Science Technology Office

Staff:

Tony Freeman, JPL, APIO System Engineer
Mariann Albjerg, GSFC
Jeff Booth, JPL

Paul Brandinger,, GSFC
Richard Burg, GSFC
Steve.Hipskind, ARC
Malcolm K. Ko, LaRC
Tom.Mace, Dryden RC
Fritz Policelli, StennisRC
Kari Risher, JPL

David Young

Support:
Robin Alford, INFONETIC, meeting planning and logistics
Jill Hacker, meeting minutes

NASA Earth-Sun System Division L eader ship:
Mary Cleave
Richard Fisher

SRM 10 Contacts:
Barbara Giles

Subcommittee Members. Note, the subcommittees included participants from the
community who were not members of the Advisory Committee. All subcommittee
results were presented to and vetted by the full Committee.

Exploration Subcommittee
Waleed Abdalati, lead
David Siegel

Sean Solomon
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Leo Andreoli

Bill Gail

Scott Denning (also on SRC10), Colorado State University
Jay Famiglietti, University of California, Irvine

Daniel Jacob, Harvard University

Paul Brandinger, NASA Goddard Space Flight Center

Continuous Awareness Subcommittee

Doug Rotman, lead

Walt Brooks

Chris Kummerow

David Skole

Jack Dangermond

Don Anderson -- NASA HQ

Richard (Ricky) Rood -- NASA GSFC (currently on sabbatical at LLNL)

Devel oping Perspectives Subcommittee
Colleen Hartman, lead

Joyce Penner, University of Michigan
Dave Siegel, UCSB

Victor Zlotnicki, JPL/NASA

John Bates, NOAA

Tom Karl, NOAA

Steve KempLer, GSFC/NASA

Pat Liggett, JPL/NASA

Ron Weaver, NSIDC

Bruce A. Widlicki, NASA

SRM 9 Members of Joint 9/10 Subcommittee
Chris Kummerow
David Siegel
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B National policy framework and External Constituencies

NASA'’s Earth science and applications from space responds to multiple presidential
initiatives, National Space Policy, and current policies on broad access to information.
NASA’s science and innovation for Earth science and applications from space are
relevant to multiple services for citizens that are the business of government (identified in
the Federal Enterprise Architecture Business Reference Model).

B.1 Presidential Initiatives:

NASA has acritica role in implementing several recent mgjor Presidential directives or
initiatives, including:

» Climate Change Research;

* U.S. Integrated Earth Observation System,;

* U.S Ocean Action Plan; and

» Vision for Space Exploration.

NASA’s programs addressing Earth science and applications from space are essential to
the success of the first three presidential initiatives listed above, and will surely prove to
be so to the fourth. NASA'’ s contributions to the Earth sciences are unique, numerous,
and critically important to future efforts to protect life and property, facilitate responsible
environmental stewardship, and understand the Earth system.

B.1.1 Climate Change Research

Recognizing the importance of the climate change issue, President Bush has created an
interagency, Cabinet-level committee, co-chaired by the Secretaries of Commerce and
Energy, to coordinate and prioritize Federa research on global climate science and
advance cleaner energy technologies.* This committee develops policy recommendations
for the President and oversees the sub-cabinet interagency programs on climate science
and energy technologies.

In July 2003, Energy Secretary Abraham, Commerce Secretary Evans, and White House
Science Adviser Marburger released a 10-Y ear comprehensive Strategic Plan for the U.S.
Climate Change. The plan describes a strategy for devel oping knowledge of variability
and changein climate and related environmental and human systems, and for
encouraging the application of this knowledge. After reviewing the Strategic Plan, the
National Research Council commended its scope and content, stating that “[t]he plan
articulates a guiding vision, is appropriately ambitious, and is broad in scope. It
encompasses activities related to areas of longstanding importance as well as new or
enhanced cross disciplinary efforts. Advancing science on al frontsidentified by the
program will be of vital importance to the nation.”

! White House web page, “Addressing Global Climate Change,” accessed May 9, 2005, URL
http://www.whitehouse.gov/ceg/global-change.html
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B.1.2 The U.S Integrated Earth Observation System

On April 18, 2005, the White House announced the release of the Strategic Plan for the
U.S. Integrated Earth Observation System (IEOS).? The plan will serve as the framework
for the U.S. contribution to the Global Earth Observation System of Systems (GEOSS), a
ten-year implementation plan involving nearly 60 countriesto develop an integrated
observation system to realize specific societal benefits. The U.S. hosted the world’ s first
global Earth Observation Summit held in Washington, D.C. on July 31, 2003.

The U.S. government now has an over-arching strategy for integrating Earth
Observations aimed at achieving identified societal benefits (observations required for
leading edge research are identified and prioritized with the science community viathe
National Research Council). Previously there were pieces via science programs such as
the Climate Change Science Program, but now the U.S. IEOS provides a coherent,
overarching, broad strategy

The U.S. IEOS Strategic Plan is organized around nine specific societal benefits,
providing a coherent and politically compelling rationale of crosscutting societal,
scientific, and economic imperatives. These nine societal benefit areas are:

* Improve weather forecasting

* Reduceloss of life and property from disaster

» Protect and monitor our ocean resource

» Understand, assess, predict, mitigate, and adapt to climate variability and change

»  Support sustainable agriculture and forestry, and combat |and degradation

» Understand the effect of environmental factors on human health and well-being

* Develop the capacity to make ecological forecasts

* Protect and monitor water resources

* Monitor and manage energy resources

The U.S. IEOS Strategic Plan identifies (and recommends to OMB for investment)
specific near-term opportunities.

An interagency working group made up of 15 federal agencies and 3 White House offices
developed the U.S. strategic plan under the auspices of the National Science and
Technology Council (NSTC) Committee on Environment and Natural Resources
(CENR). The interagency working group was recently succeeded by a standing
subcommittee under CENR called the United States Group on Earth Observation (US
GEO), which will continue to develop implementation and integration plans for the
United States system, and to provide input into the implementation of the global system
of systems.

2 White House Office of Science and Technology Policy release, “U.S. Releases Earth Observation
Strategic Plan to Take The Pulse of the Planet, April 18, 2005, URL
http://www.ostp.gov/html/I| EOSrel ease4-18-05. pdf
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B.1.3 U.S Ocean Action Plan

On September 20, 2004, the U.S. Commission on Ocean Policy completed a thorough
and expansive report, “An Ocean Blueprint for the 21st Century.” On December 17,
2004, the President submitted to Congress his formal response, the U.S. Ocean Action
Plan. The Bush Administration is focused on achieving meaningful results—making our
oceans, coasts, and Great Lakes cleaner, healthier, and more productive. President Bush
established by Executive Order a Cabinet-level “Committee on Ocean Policy” to
coordinate the activities of executive branch departments and agencies regarding ocean-
related matters in an integrated and effective manner to advance the environmenta and
economic interests of present and future generations of Americans.®

B.1.4 Vision for Space Exploration

A Renewed Spirit of Discovery: On January 14, 2004, President Bush announced a new
vision for the Nation's space exploration program. The President committed the United
States to along-term human and robotic program to explore the solar system, starting
with areturn to the Moon that will ultimately enable future exploration of Mars and other
destinations. The benefits of space technology are far-reaching and affect the lives of
every American. Space exploration has yielded advances in communications, weather
forecasting, electronics, and countless other fields.

B.2 National Space Policy and NASA’s L egislated Roles:

B.2.1 U.S Commercial Remote Sensing Space Policy.

In 2002 the United States Government began a broad review of U.S. space policiesto
adjust to the domestic and international developmentsin recent years that affect U.S.
space capabilities.* The last update of the National Space Policy had beenin 1996.° To
date, the White House has released two major National Space Policy documents, the U.S.
Commercial Remote Sensing Space Policy® in 2003 and A Renewed Spirit of Discovery’
in 2004 (summarized in the previous section). The fundamental goa of U.S. commercial
remote sensing space policy isto advance and protect U.S. national security and foreign
policy interests by maintaining the nation's leadership in remote sensing space activities,
and by sustaining and enhancing the U.S. remote sensing industry. Doing so will also
foster economic growth, contribute to environmental stewardship, and enable scientific

% Web page, “Committee on Ocean Policy,” accessed May 9, 2005, URL http://ocean.ceq.qov/

* As recommended, for example, by “The Report of The Commission to Assess United States National
Security Space Management and Organization,” pursuant to Public Law 106-65, the Honorable D.
Rumsfeld,, chair, January 11, 2001, URL http://www.defenselink.mil/pubs/space20010111.html

® The White House, National Science and Technology Council “Fact Sheet, National Space Policy,”

September 19, 1996, URL http://www.ostp.gov/NSTC/html/fs/fs-5.html. The actual policy statement is
classified, and only this fact sheet is publicly available.

® White House Fact Sheet, “U.S. Commercial Remote Sensing Space Policy,” May 13, 2003, URL

http://www.whitehouse.gov/news/rel eases/2003/05/20030513-8.html

" White House Web Page, “ President Bush Announces New Vision for Space Exploration Program,” URL

http://www.whitehouse.gov/infocus/space/index.html
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and technological excellence. NASA serves as the lead agency for research and
development in civil space activities. This policy requires that NASA:

B.2.2.

Rely to the maximum practical extent on U.S. commercia remote sensing space
capabilities for filling imagery and geospatia needs.

Focus U.S. Government remote sensing space systems on meeting needs that
cannot be effectively, affordably, and reliably satisfied by commercial providers
because of economic factors, civil mission needs, national security concerns, or
foreign policy concerns.

Develop along-term, sustainable relationship between the U.S. Government and
the U.S. commercial remote sensing space industry.

Continue a program of long-term observation, research, and analysis of the
Earth’ s land, oceans, atmosphere, and their interactions.

Work with the DOC/NOAA, the DoD, the Intelligence Community, and the DoE
to identify, develop, demonstrate, and transition advanced technologiesto U.S.
Earth observation satellite systems.

The Space Act:

The National Aeronautics and Space Act was initiated by the U.S. Congressin 1958, and
helps define NASA’ s role within the U.S. government. It lists “the expansion of human
knowledge of the Earth and of phenomenain the atmosphere and space” as the first
objective for NASA. It statesthat it is NASA’sresponsibility, regarding Earth science,

to:

Plan, direct, and conduct aeronautical and space activities

Arrange for participation by the scientific community in planning scientific
measurements and observations to be made through use of aeronautical and space
vehicles, and conduct or arrange for the conduct of such measurements and
observations

Provide for the widest practicable and appropriate dissemination of information
concerning its activities and the results thereof

Seek and encourage, to the maximum extent possible, the fullest commercial use
of space

Encourage and provide for Federal Government use of commercially provided
space services and hardware, consistent with the requirements of the Federal
Government

Develop and carry out a comprehensive program of research, technology, and
monitoring of the phenomena of the upper atmosphere as to provide for an
understanding of and to maintain the chemical and physical integrity of the
Earth’s upper atmosphere

Implement an appropriate research, technology, and monitoring program that will
promote an understanding of the physics and chemistry of the Earth's upper
atmosphere
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NASA has been engaged in scientific remote sensing of the Earth from space from its
beginnings as an agency, and this “as only NASA can” role has been affirmed and
detailed in succeeding versions of the National Space Policy. ®

B.2.3 Land Remote Sensing Policy:

In October of 1992, the Land Remote Sensing Policy Act was signed into law, and called
for changes to the Landsat system. It calls for continued management of Landsat as an
unclassified program by NASA and the DoD, maintained archiving of globa Landsat
data, and availability of Landsat data to non-profit users at lowest possible cost. In
March 2005, a multi-agency group led by the Office of Science and Technology Policy
reached a decision to secure continuity of Landsat type data via the National Polar-
orbiting Operational Environmental Satellite System.

B.3 National Policies on Broad Access to | nfor mation:

Providing access to information and observations about the Earth is a fundamental
responsibility for NASA under both the Space Act and the President’ s Management
Agenda

* Oneof NASA’sfunctions as listed in the Space Act isto “provide for the widest
practicable and appropriate dissemination of information concerning its activities
and the results thereof.” NASA’s Earth Observing System Data and Information
System provides over 29 million data products in response to 2.1 million queries
each year.

* Within the President’ s Management Agenda, Expanded Electronic Government is
one of the five government-wide goals to improve federal management and
deliver results that matter to the American people. ° Geospatial One Stop isan
intergovernmental project in support of the President's Initiative for E-
government. Geospatial One Stop builds upon its partnership with the Federal
Geographic Data Committee (FGDC) to improve the ability of the public and
government to use geospatial information to support the business of government
and facilitate decision-making.'® Asamajor source of Earth observations, NASA
isone of the 19 member agenciesin the FGDC established under OMB Circular
A-16."' NASA’s Distributed Active Archive Centers (DAACs) and Research,
Education and Applications Solutions Network (REASoN) projects contribute to
the U.S. capacity for data management of Earth observations. NASA is

8 U.S. Public Law, “The National Aeronautics and Space Act of 1958,” Public Law number 85-568, as
Amended, URL http://www.hqg.nasa.gov/ogc/spaceact.html,

° The Executive Office of the President, Office of Management and Budget, “The President’s Management
Agenda,” Fiscal Year 2002, URL http://www.whitehouse.gov/omb/budget/fy2002/mgmt. pdf

1 Web Page, “National Spatial Data Infrastructure, Geospatial One-Stop,” URL http:/www.geo-one-
stop.gov/

1 «OMB Circular A-16, Revised,” August 19, 2002, URL
http://www.whitehouse.gov/omb/circulars/a016/a016 rev.html
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recognized for the Geospatia interoperability and participation in the OpenGIS
Consortium and the FGDC.*

B.4 Relevance of NASA’s science and innovation

Earth science and applications research is relevant to the business of the U.S.
Government. The Federal Enterprise Architecture Business Reference Model isa
function-driven framework for describing the business operations of the Federal
Government independent of the agencies that perform them (see figure below).

Defense and National Security
Homeland Security
Intelligence Operations

Environmental Management
Matural Resources
Disaster Management

Education

Law Enforcement Energy Community and Social Services
International Affairs and Commerce Health Economic Development
Litigation and Judicial Activities Transportation Workforce Management
Correctional Activities Income Security General Science and

Innovation

Government Service Delivery MoFie of Financial VYehicles
Direct Services for Citizens Delivery Federal Financial Assistance

Knowledge Creation and Mgmft Credit and Insurance

Public Goods Creation and Mgmt Transfers to States &
Regulatory Compliance and Enforcement Local Gov'ts

Legislative Relations

Public Affairs

Regulatory Development
Planning and Resource Allocation

Controls and Oversight
Revenue Collection
Internal Risk Mgmt and Mitigation

Supply Chain Management

Management of Administrative Management
Human Resource Management Government Resources Information and Technology

Management

Financial Management

FigureB.2: Federal Enterprise Architecture Business Reference M odel

The NASA’s Applied Sciences program is pursing twelve applications of national
priority in partnership with the U.S. government agencies that have management or
regulatory mandates to provide these services to citizens.* The twelve NASA
applications of national importance are:

2 \Web page, “NASA Contributions to GEO and IWGEO,” accessed Oct. 6, 2004, URL
http://earth.nasa.gov/visions/geoss.html

3 NASA Office of Earth Science, “Earth Science Applications Plan,” July 2004, URL
http://www.earth.nasa.gov/visions/AppPlan.pdf. The most recent versions of the Applications Roadmaps
are on pages 36 to 61.
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Table A.2: Twelve Applications of National Priority

Agricultural Efficiency

Ecological Forecasting

Air Quality Renewable Energy
Aviation Homeland Security
Carbon Management Invasive Species
Coastal Management | Public Health

Disaster Management

Water Management

NASA provides general science and innovation as its service to citizens, delivered
through knowledge creation and management, yet the results are relevant to the broad
business of Government.
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C Unique Education and Outreach Opportunities Associated with
NASA Earth Science and Applications from Space

Human beings are born with curiosity and imagination in abundance, with a natural

desire for exploration and discovery. NASA recognizes its unique position to inspire the
public through its fascinating science results from Earth and space, and propel the youth
of our nation forward to be the scientists, engineers, and scientifically-literate leaders of
tomorrow. Whether looking out into the unfathomable expanses of the universe,
monitoring sea surface temperatures as they change through a year, witnessing the
inundation of powerful tsunamis, registering atmospheric disturbances, or measuring gas
levels, NASA delivers mesmerizing views that capture our eyes, turn our heads, and
provide us with the opportunity to grasp eventsin a profound way. The spark of
excitement and flash of awe kindles the flame of desire for exploration, discovery, and
understanding. In preparing the "next generation of explorers,” NASA must exercise its
leadership in science, technology, engineering, and mathematics (STEM) education.

In order to adequately prepare the workforce of tomorrow, NASA needs not only to
engage the public and inspire them towards careersin science and technology, but also to
systemically support educators at al levels and venues to effectively communicate
NASA scienceto al learners. NASA'’s Earth science research has particular relevance to
key understandings youth are expected to achieve through their education [NSES, 1995].
NASA’s may exercise powerful influence through its leadership in information
infrastructure, systems thinking and modeling, research and development of new
technologies, and applications of research to benefit society.

C.1  ThePower of e-Education

NASA must continue to drive the development and application of innovationsin
information infrastructures and learning technol ogies, which make it possible to bring the
results from our missions to learners in ways meaningful in their own lives. Digital
information infrastructures provide learners of al agesinside and outside of the
classroom with ready access to Earth system science resources. NASA is engaged in the
ongoing production of very large geospatial data sets spanning the full spectrum of
spatial and temporal scales. The challengeisto turn these vast quantities of data and
information into knowledge products useful for education and communication to policy-
makers.

We see a classroom of the future full of students who are explorers and educators who
facilitate student discovery and learning. From ayoung age, learners are engaged in
research and discovery through team-based projects that build and benefit their
communities. NASA’s comprehensive sensorweb for planet Earth is an essential element
of this future, providing access to the real-time state of the planet through data from an
integrated suite of sensors and data archives. Models to assimilate these data assist the
student in building on past knowledge to understand the current state and forecast the
future. The comprehensive data sets available from clusters of missions through the
continuous awareness vision and NASA'’ s recognition of the importance of the
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educational application of these data result in development of education-focused
databases and visualization tools. These resources make it possible for studentsto
participate in unique opportunities, such as climate, weather, or natural hazards
forecasting activities and to “fly-through” data sets on student-generated paths based on
their research questions. Life-long learners use these expanding data resources, models,
and the shared expertise of the scientific community to improve their understanding of
the planet, enhance their quality of life, promote their self-expression, satisfy their
curiosity, and advance their research.

C.2 Roleof Systems Thinking and Modeling

Systems thinking and modeling are essential components at the forefront of both NASA
science and effective education. Earth isasystem in which physical and chemical
processes interact in complex cycles that involve the geosphere, atmosphere,
hydrosphere, and biosphere. NASA'’s systems approach to studying Earth science
provides the viewpoint from which we can ask a wide range of questions about the Earth
and its evolution. Computer simulations of the Earth system are essential tools for the
scientific community, both to answer research questions and to provide science-based
knowledge to inform the public and policy makers. From the educational perspective,
systems and models are unifying concepts across the sciences and are essential for
students to understand as they develop their scientific literacy. NASA’s scientific and
personnel assets position it to make a unique contribution to development of an
understanding of systems and modelsin education. Furthermore, the models developed
by NASA scientists, in collaboration with their research partners, could be simplified and
modified to address curriculum standards and support inquiry-based learning of a broad
spectrum of learners.

C.3 Meaningful and Effective | mplementation of Educational and Public
Engagement

NASA research and development shapes our future in many ways. Technological
breakthroughs improve our lives and lead to new commercial enterprises. New scientific
insights enhance our ability to protect citizens from natural hazards and understand the
world around us. In addition to working to develop an educated populace, well informed
about NASA science, technologies, exploration, and discovery, NASA must intentionally
pursue opportunities to build the workforce of tomorrow that will continue our
discoveriesinto the future. In order to do this, NASA must proactively implement
strategies to seek linkages to the educational community, specifically becoming involved
on the state level in order to address state-level standards for education and learning.
Building on programs that inspire, motivate, educate, and prepare students and their
teachers through K-12 into undergraduate programs, NASA must also provide
opportunities for students and researchers to become meaningfully engaged with NASA
research, extending into collaborations with the private sector. These efforts must also
intentionally include an emphasis on engaging populations historically underrepresented
in science in the NASA adventure, such that these individuals see NASA as adesired, as
well as apossible, career path. It iscritical for the success of Earth science education at
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NASA that opportunities are provided to open the science, technology, engineering, and
math pipeline for al Americans, including underrepresented minorities.

C.4  Connecting Science and Education

Applications derived by NASA from its research programs make a unique contribution to
enhancing the daily lives of the public through access to weather forecasts and
predictions of tectonic hazards as well as through information that explains how choices
in our daily livesimpact our community, country, and the world. Often the missing link
between NASA discoveries and public understanding is clear and effective
communication. Future NASA Earth science research goals should be clearly
benchmarked with relevant science, math, technology, and geography education
standards, as well as posed in language that engages the person on the street. For
example, “ Distinguishing anthropogenic and natural aerosols and their effects on
climate” ismore likely to engage the public when communicated in the context of
familiar topics, such as “volcanoes, cancer, and quality of life.” Expression of research
goals and their advance distribution to the public would also increase ability of the public
to be engaged and involved in NASA Earth System Science missions as they happen,
rather than only after the fact. Even more importantly, advance knowledge will allow
educators of al typesto prepare exhibits and lessons to share the awe of rea-time
discoveries about our home planet.

In accomplishing all these goals, it is critical that NASA focus on the uniqueroleit hasin
education, and to work in partnership with other agencies, nonprofits, industry,
educational institutions, and professional societies to most effectively and efficiently
reach the population of learners that NASA needs to address.
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D External Partnerships

D.1 Evolution of External Relationships:

NASA has abroad constituency and web of partnerships for its work in exploring the
dynamic Earth system. While many other agencies are engaged in Earth science, NASA
brings the global view from space, providing the global context in which to understand
local, regional and global scale change. NASA also brings, from an expertise in systems
engineering, complex problem-solving proficiency to the daunting challenge of
understanding and protecting our home planet.

Over the last two decades NASA has used its “systems’ expertise to lead arevolution in
the way we study and understand the Earth. Earth System Science, the move to an
integrated “ systems’ approach and away from narrow discipline or single-issue research
“stovepipes’ was the key innovation that revolutionized Earth science. Armed with the
recommendations of the 1988 “Bretherton” report, NASA led this revolution with the
development of the Earth Observing System.”* NASA engaged in a deliberate strategy of
supporting interdisciplinary Earth system science research and education as away of
growing this capacity in the nation’ s research and education communities. The most
recent refinement has been to identify science focus areas as key integrating themes that
build upon the capabilities of the diverse Earth science disciplines towards an integrated,
predictive capacity. Setting long term goals built on the integrated results of broad
research questions helps NASA and the community to establish and maintain scientific
balance and relevance.

Today, NASA’s Earth system science program integrates across the full breadth of
science disciplines. Some researchers look at the key physical components of the Earth
system (e.g., geologists, oceanographers, atmospheric scientists). Some researchers look
at the key biological components of the Earth system (e.g., ecologists, biogeochemists,
astrobiologists). Some researchers ook at the key dynamic processes that cut across the
components of the Earth system (e.g., meteorologists, climatol ogists, biologists,
ecologists, hydrologists). Some researchers ook at the key impacts of the Earth system
on humans and society (e.g., natural hazards and disasters; food and fiber/agriculture,
fisheries, and forestry; energy use and management; human health effects). Otherslook
at the key impacts of humans and society on the Earth system (e.g., land cover and land
use change; industrial emissions; resource management practices).

NASA isoneof afew U.S. government agencies whose mandates are purely for research
and technology development, without management or regulatory authority and
responsibility. This research independence and NASA’s credibility as an unbiased broker
of scientific results are important intangible assets that NASA brings to Earth science
issues with significant management, policy, and economic implications. In addition, this

14 Bretherton, F., chair, “Earth System Science, A Closer View,” Report of the Earth System Sciences
Committee, NASA Advisory Council, January 1988.
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independent role provides NASA the opportunity to advance the state-of-the-practice in
exploration of the dynamic Earth system and transition new capabilities to our
management and operationa partnersin the U.S. government.

D.2 External Constituencies and Corresponding NASA Roles:

Asaresult of thisevolution in NASA’s research relationships, NASA’s Earth system
science efforts are at the intersection of five major external constituencies. NASA’s
current roles reflect these external constituencies:

FigureA.3: NASA’'sMajor External Constituencies

NASA isa Science Agency. NASA conducts and sponsors research in key
arenas where our air and space assets and our complex systems expertise can
make defining contributions. NASA is a partner in the larger national and
international science community, which is actively engaged in ground and space-
based science of all types. NASA science priorities and implementation
approaches are broadly reviewed through interagency committees, externa
advisory groups, and the National Academies.

NASA isa Space Agency. NASA defines the leading edge of US civilian
research and technology in and about space. NASA shares with the broader space
community investments in launch capabilities and facilities, navigation and
tracking facilities, etc. NASA coordinates with this broader community through a
variety of mechanisms, including the Space Technology Alliance (with the
National Security Space Community), the Committee on Earth Observation
Satellites (CEOS, representing 41 international space-based Earth observation
agencies and organizations), and the International Living With a Star initiative.
NASA isan Aerospace Innovation Agency. NASA collaboratively addresses
the technical challenges and devel ops capabilities to pursue its mission in
partnership with the aerospace industry and technology sector. These include the
aerospace companies that build our instruments, spacecraft, and supporting
technologies as well as the academic researchers who devel op new technol ogical
capabilities.
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NASA enhances science, technology, engineering and mathematics education.
NASA addresses its mission to inspire the next generation of explorers through
partnerships with the formal and informal education community. These
partnerships enable an accessible, dynamic, and engaging learning environment
for al citizens. This expands and deepens the Nation's appreciation and
understanding of the Earth system and encourages pursuit of scientific and
technical careers.

NASA’sresearch isrelevant to broad national priorities. NASA conducts
cutting-edge research that is relevant to society and human life. NASA’s
contributions are recognized and coordinated at the highest levels of the US
government, such as the Committee on Climate Change Science and Technology
Integration (CCCSTI) and the National Science and Technology Council (NSTC).
NASA’s Earth Science Applications Program is pursuing 12 applications of
national priority in collaboration with over a dozen Federal agenciesto enable
NASA’s Earth observations and research to improve the essential services these
agencies provide to the Nation. NASA’s Earth Science Applications program
benchmarks practical uses of NASA-sponsored observations from remote sensing
systems and predictions from scientific research and modeling. The approachis
to enable the assimilation of science model and remote sensing mission outputs to
serve as inputs to established partner agency decision support systems. The
outcomes are manifest in enhanced decision support and the impacts are projected
to result in significant socio-economic benefits.

NASA’sstrength isin addressing these overlapping interests. In many ways, the
phrase “as only NASA can” in NASA’ s mission statement refers to these intersections.
NASA isascience driven agency that serves the national interest. NASA addresses
fundamental questions that inspire and motivate students. NASA is chartered under the
space act to advance US leadership in aeronautical and space science and technology. If
aNASA activity has compelling science or addresses critical national needs, while at the
same time requiring the use of space or advanced aeronautical technologies, then that
activity isacompelling match to NASA’s overall charter, mission, and goals. If the
activity can be pursued in away that inspires and provides educational benefits, the
match is even stronger.

D.3 Examples of Current Relationships:

The following are selected examples of NASA research activities that are directly
relevant to major external constituencies.

The Cabinet-level National Science and Technology Council (NSTC) isthe
principal means for the President to coordinate science, space, and technology in
the diverse parts of the Federal research and development enterprise. An
important objective of the NSTC is the establishment of clear national goals for
Federal science and technology investments.”® The Council has four committees,
including the Committee on Environment and Natural Resources (CENR), the

15 Web Page, “National Science and Technology Council,” accessed Oct. 1, 2004, URL
http://ostp.gov/nstc/htmi/nste.html
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Committee on Science, and the Committee on Technology. NASA isan active
participant in the NSTC activities related to Earth system science, including the
Subcommittees on Global Change Research, Ecological Systems, and Disaster
Reduction,’® aswell as the United States Group on Earth Observations.’

* NASA isthelargest contributor to the U.S. Climate Change Research Program,
an interagency program established by the Executive Office of the President to
integrate the Congressionally-mandated US Globa Change Research Program
and the Administration’s Climate Change Research Initiative. NASA aso
participatesin the U.S. Climate Change Technology Program. These programs
are under the Cabinet-level Committee on Climate Change Science and
Technology Integration (CCCSTI), established by the President to provide
recommendations on matters concerning climate change science and technol ogy;
addressrelated Federal R& D funding issues; and coordinate with Office of
Management and Budget on implementing its recommendations.*®

*  NASA isamember of the US Weather Research Program. The USWRPisa
partnership among science and operational governmental agencies, and the
academic and commercial communities. The broad purpose of the Program isto
increase the resiliency of the Nation to weather; that is, to ensure that the federal,
state and local governments, the private sector and general public make well-
informed and timely weather-sensitive decisions with respect to past, present, and
future weather conditions. To achieve this end requires that the scientific and
service communities work together to advance weather observing capabilities and
fundamental understanding of weather and to use this understanding to improve
weather prediction and enhance weather services provided to the Nation.™

* NASA develops and launches the Nation’s weather satellites under a reimbursable
agreement with NOAA, and is working with NOAA and DoD on the next
generation, converged civilian and military polar-orbiting operational
environmental satellite system.

* NASA has about 200 agreements with over 60 foreign nations for activities that
Earth science and applications from space, and is active participant in avariety of
international research programs and organizations, including the International
Geosphere-Biosphere Programme, World Meteorological Organization, the G-8
sponsored Committee on Earth Observation Satellites, and a new international
effort to create a Global Earth Observation System of Systems (GEOSS).

D.4 International Context:

Strengthening international co-operation on global Earth observation is on the world’s
agenda. Building upon the results of the 2002 World Summit on Sustainable

18 \Web Page, “ Subcommittee on Natural Disaster Reduction,” accessed Oct. 1, 2004, URL
http://www.usgs.gov/sndr/

" Web Page, “Interagency Working Group on Earth Observations,” accessed Oct. 1, 2004, URL
http://iwgeo.ssc.nasa.gov/

8 \Web Page, “About the U.S. Climate Change Technology Program,” accessed Oct. 1, 2004, URL
http://www.climatetechnol ogy.gov/about/index.htm

¥ Terms of Reference for the U.S. Weather Research Program (2001), URL
http://box.mmm.ucar.edu/uswrp/program_organization/tor.html
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Development,® the G-8 Leaders agreed at the Evian Summit in 2003 on an Action Plan
on Science and Technology for Sustainable Development.? The Plan buildson U.S.
initiatives to devel op transformational technologies in three areas. energy, agriculture,
and global observation.? Fifty-five nations now participate in the Group on Earth
Observations (GEO) established as a permanent body at the third Earth Observation
Summit in February 2005. At this summit these nations adopted the 10-year
Implementation Plan for the Global Earth Observation System of Systems (GEOSS).

Nearly all of NASA’s missions to Earth science and applications from space have
substantial international participation, ranging from simple data sharing arrangements to
ground validation to provision of instruments, satellite buses and launch services for
space missions. We participate in the UNEP/WMO Triennial Ozone Assessment, the
World Climate Research Program, the International Geosphere/Biosphere Programme,
and the International Human Dimensions of Global Change Programme (IHDP). NASA
scientists individually are key contributors to the assessment reports of the
Intergovernmental Panel on Climate Change (IPCC), which conducts a quadrennial
assessment of the state of knowledge of climate change. The IPCC was initiated under
the United Nations Framework Convention on Climate Changein 1992. NASA’swide
range of international partnershipsis documented in the publication “Global Reach”,
prepared by the Office of External Relations. NASA participates in the Millennium
Ecosystem Assessment through the provision of satellite data and the involvement of
individual scientists.

D.4 Linkage between national and international priorities

The following table (Table A.1) highlights key national priorities and their corresponding
global context (with hyperlinks to relevant World Wide Web sources).

Table A.1: National Programsin a Global Context

Priority National Programs International Programs

Vision for Exploration | Understanding the Earth as the “Pursue opportunities for international
foundation for Planetary Exploration participation to support U.S. space
and Search for Life exploration goals”

Global Earth NSTC CENR United States Group on Group on Earth Observations (GEO)

Observation Earth Observations (US GEO) Global Earth Observation System of
Integrated Earth Observation System, | Systems (GEOSS) 10-Year
15 Agencies) Implementation Plan

Climate Change Climate Change Science Program Intergovernmental Panel on Climate
(CCSP, 13 Agencies) Change (IPCC)
Climate Change Technology Program
(CCTP, 11 Agencies)

2 United Nations, “Report of the World Summit on Sustainable Development, Johannesburg, South Africa,
26 August-4 September 2002,” A/CONF.199/20*, Pg. 63, URL http://ods-dds-
ny.un.org/doc/UNDOC/GEN/N02/636/93/PDF/N0263693.pdf

21 Symmit Documents Web Page, “ Science and Technology for Sustainable Development - A G8 Action
Plan,” Accessed Oct. 4, 2004, URL
http://www.g8.fr/evian/english/navigation/2003 g8 summit/summit documents/science and_technology

for_sustainable development -_a g8 action plan.html

%2 \White House Science and Technology Fact Sheet, “Fact Sheet: Action on Science and Technology,” June
2, 2003, URL http://www.whitehouse.gov/news/rel eases/2003/06/20030602-15.html
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Priority National Programs International Programs
Natural Hazards NSTC CENR Subcommittee on International Strateqgy for Disaster
Natural Disaster Reduction (SNDR, 14 | Reduction
Agencies)
President’s Geospatial One-Stop (GOS, 12 World Summit on the Information Society
Management Agencies) and the Federal Geographic
Agenda: E- Data Committee (FGDC, 19 Agencies)
Government

D.5 Evolution of External Constituencies

In order to achieve the societal benefits of a global system of earth observations, the
predecessor to the United States Group on Earth Observations of the CENR developed a
coordinated, multi-year plan for aU.S. Integrated Earth Observation System.
Development and evolution of NASA science and technology will be fundamental to
implementing the goals set forth in this plan, and coordination among external
constituencies ranging from local to international will be required.

The paradigm of improvements in weather observations and prediction through
cooperation at local to global scales enables NASA to anticipate the need for advancesin
observing, networking, and modeling technologies, advances in scientific understanding,
and the need to devel op cooperative relationships with a highly diverse
intergovernmental community. Many of the technology challenges will be driven by
guestions that require data and analysis at multiple spatial and temporal scales. These, in
turn, will require networked observations from multiple, disparate sources. Increasesin
expectations of locally-specific predictive capabilities will drive the space-based
networks to more strongly include airborne and in situ networks as part of the integrated
system. Thiswill drive more emphasis on understanding and modeling the effects of
global processes at local scales of information needs. NASA will need to draw upon the
expertise of other federal, state, and local entities in much the same manner that NASA
and NOAA have worked together to assimilate in in situ, ground-based, aircraft-based,
and satellite vantage points in progressively higher resolution weather prediction models
for societal benefit.

The Strategic Plan for the U.S. Integrated Earth Observation System establishes a
framework for linking observations to societal benefits. By using a unifying system
architecture this framework ensures that current and evolving systems are interoperable
and the solutions can be easily expanded, extended, and/or replicated to address future
challenges.

The following figure is from the Strategic Plan for the U.S. Integrated Earth Observation
System. It depicts how remotely-sensed and in situ Earth observation systems provide
data to Earth system models, and how these systems provide observations and predictions
to decision support systems (tools, assessments, etc.) to inform policy, management, and
personal decisions that provide benefits to society. The figure shows an on-going
feedback loop to optimize the value of the overall system and reduce gapsin the ability to
deliver timely and relevant information.
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Societal
Bensfits

NASA science and technol ogy research advances and enables new Earth observation
systems and Earth system models. NASA works with partner agencies to benchmark use
of research observations and predictions for decision support relevant to policy and
management decisions
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E Bibliography of Key Agency Documents and NRC Documents

Thefollowing isalist of relevant references organized around topic areas. Some
documents were provided to the Committee members at the first meeting, and these
documents are provided electronically. Thislist was drawn mainly from the Earth
Science and Applications from Space Background Document (URL
http://www.hg.nasa.gov/office/api o/pdf/earth/srm9plana.pdf). In some cases we have

included web addresses (URLS) to on-line versions of the references. These were valid
when the background document was prepared (Oct. 2004). Most but not all were updated
or revalidated when this report was finalized (May 2005).

National Policy Framework:

U.S. Public Law, “The National Aeronautics and Space Act of 1958,” Public Law
number 85-568, as Amended, URL http://www.hg.nasa.gov/ogc/spaceact.html
The White House, National Science and Technology Council “Fact Sheet,
Nationa Space Policy,” September 19, 1996, URL

http://www.ostp.gov/NST C/html/fg/fs-5.ntml. The actua policy statement is
classified, and only this fact sheet is publicly available.

White House Fact Sheet, “U.S. Commercial Remote Sensing Space Policy,” May
13, 2003, URL http://www.whitehouse.gov/news/rel eases/2003/05/20030513-
8.html

White House Web Page, “President Bush Announces New Vision for Space
Exploration Program,” URL
http://www.whitehouse.gov/infocus/space/index.html

White House Web Page, “A Renewed Spirit of Discovery,” January 23, 2004.
Web Page, “National Science and Technology Council,” accessed Oct. 1, 2004,
URL http://ostp.gov/nstc/html/nste.html

“The Report of The Commission to Assess United States National Security Space
Management and Organization,” pursuant to Public Law 106-65, the Honorable
D. Rumsfeld,, chair, January 11, 2001, URL
http://www.defenselink.mil/pubs/space?0010111.html

National and International Coordination of Global Earth Observation Systems:

The Global Earth Observation System of Systems (GEOSS) 10-Y ear
Implementation Plan (As adopted 16 February 2005), available from the Group on
Earth Observations web page at URL http://earthobservations.org/
Final DRAFT Global Earth Observation System of Systems GEOSS 10-Y ear
Implementation Plan Reference Document, available from the Group on Earth
Observations web page at URL http://earthobservations.org/
Strategic Plan for the U.S. Integrated Earth Observation System, available from
the United States Group on Earth Observations web page at URL
http://iwgeo.ssc.nasa.gov/
Integrated Plan for the U.S. Integrated Earth Observation System Technical
Reference Documents, available from the United States Group on Earth
Observations web page at URL http://iwgeo.ssc.nasa.gov/:

0 Agriculture Technical Reference Document
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Climate Technical Reference Document
Disasters Technical Reference Document
Ecological Forecasts Technical Reference Document
Energy Technical Reference Document
Human Health Technical Reference Document
Integration Technical Reference Document
Oceans Technical Reference Document
Water Technical Reference Document
0 Weather Technical Reference Document
Additional Background Documents:

0 United Nations, “Report of the World Summit on Sustainable
Development, Johannesburg, South Africa, 26 August-4 September 2002,”
A/CONF.199/20*, URL
http://daccessdds.un.org/doc/UNDOC/GEN/N03/204/23/PDFE/N0320423.p
df ?OpenElement

0 Summit Documents Web Page, “ Science and Technology for Sustainable
Development - A G8 Action Plan,” URL
http://www.g8.fr/evian/english/navigation/2003 g8 summit/summit_docu
ments/science and _technology for_sustainable development -

a g8 action_plan.html

0 White House Science and Technology Fact Sheet, “Fact Sheet: Action on
Science and Technology,” June 2, 2003, URL
http://www.whitehouse.gov/news/rel eases/2003/06/20030602-15.html

0 White House Web Page, “ Science and Technology for Sustainable
Development: "3r" Action Plan and Progress on Implementation,” June
10, 2004, URL
http://www.whitehouse.gov/news/rel eases/2004/06/20040610-53.html

0 Web page, “NASA Contributions to GEO and IWGEO,” URL

http://earth.nasa.gov/visions/geoss.html

O O0OO0OO0OO0OO0OOoOOo

NASA’s Transformation -- Key Reports and Planning:
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NASA Strategic Plan

NASA, “The Vision for Space Exploration,” NP-2004-01-334-HQ, February
2004.

A Journey to Inspire, Innovate, and Discover, June 2004 (the Aldridge
Commission Report).

The Need to Transform the Structure and Management of NASA, Report of the
Roles, Responsibilities And Structures ("Clarity") Team, June 24, 2004.

A Renewed Commitment to Excellence: An Assessment of the NASA Agency-
wide Applicability of the Columbia Accident Investigation Board Report, January
30, 2004 (the Diaz Report).

The Columbia Accident Investigation Board Report, 2003 (the CAIB report)
Enhancing Mission Success -- A Framework for the Future, A Report by the
NASA Chief Engineer and the NASA Integrated Action Team, January 2001.
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NASA Earth Science Planning Activities:
» Earth Science Enterprise Strategy, October 1, 2003.
* NASA, “Earth Science Research Plan, 1/6/05 DRAFT.” The previous version of
this document is:

0 NASA, “Understanding Earth System Change: NASA's Earth Science
Enterprise Research Strategy for 2000-2010,” December 2000, available
through URL
http://www.earth.nasa.gov/visions/researchstrat/Research _Strategy.htm.

0 NASA Earth Science Focus Area Roadmaps. Updates to these roadmaps
areincluded in the 1/6/05 DRAFT “Earth Science Research Plan. See
URL http://www.earth.nasa.gov/roadmaps/index.html for the previous,
versions of the roadmaps.

*  NASA Report, “Earth Science Vision 2030 Working Group Report,” March 2004,
URL http://neptune.gsfc.nasa.gov/vision/Earth_Science Vision 2030.pdf

* NASA, “Report of the Workshop on NASA Earth Science Enterprise Post-2002
Missions,” March 3, 1999 (possibly less useful source representing earlier
community involvement in planning NASA’s future implementation).

NASA Earth Science and Applications Technology:

» “Earth-Sun System: Potential Roadmap and Mission Development Activities”
explanatory cover sheet and December 23, 2004 presentation package. This
contains the background information for George Komar’s presentation at the
January 2005 Committee meeting.

» SeeURL http://estips.gsfc.nasa.gov/ for access to the Earth Science Technology
Integrated Planning System (ESTIPS). For examples of how NASA has engaged
the community in devel oping and maintaining this database, see:

0 “Sensor & Platform Technology Requirements for Implementing NASA’s
Earth Science Research Strategy in the Next Decade: A Summary Report
Based on the ESTO Technology Planning Workshop Held on March 5-6,
2003,” available on the Web at URL
http://esti ps.gsfc.nasa.gov/Home/docs EST OWorkhop20031. pdf

0 URL http://www.esto.nasa.gov/conferences/estc2004/ for information
about the fourth annua Earth Science Technology Conference. To
encourage greater participation, these annual conferences alternate
between the East and West coasts.

NASA Earth Science Applications Planning Activities:
» NASA Office of Earth Science, “Earth Science Applications Plan,” July 2004,
URL http://www.earth.nasa.gov/visions/AppPlan.pdf. The most recent versions
of the Applications Roadmaps are on pages 36 to 61.

NRC Decadal Survey:
* NASA, “Earth Science and Applications from Space: A Community Assessment
and Strategy for the Future,” Final version of charge to Committee, 11 August
2004.
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* NRC, “Compilation of Comments on the Study and White Paper,” Earth Science
and Applications from Space, A Community Assessment and Strategy for the
Future, August 17, 2004.

NRC and ESSAAC Adviceto NASA and NASA’s Responses:

» Stepsto Facilitate Principa Investigator-Led Earth Science Missions (NRC,
2004)

» Assessment of NASA’s Draft Earth Science Enterprise Strategy (NRC, 2003)

» Enhancing NASA’s Contribution to Polar Science (NRC, 2001)

» Review of NASA’s Earth Science Enterprise Research Strategy for 2000-2010
(NRC, 2001)

* Assessment of the Usefulness and Availability of NASA's Earth and Space
Science Mission Data (NRC, 2002)

« Transforming Remote Sensing Data into Information and Applications (NRC,
2001)

* Toward New Partnershipsin Remote Sensing (NRC, 2002)

» Using Remote Sensing in State and Local Government (NRC, 2003)

* Review of NASA’s Earth Science Enterprise Applications Program Plan (NRC,
2002)

* TheRoleof Small Satellitesin NASA and NOAA Earth Observation Programs
(NRC, 2002)

* Report of the Task Group on Assessment of NASA Plans for Post-2002 Earth
Observing Missions (NRC, 1999)

» Utilization of Operational Environmental Satellite Data: Ensuring Readiness for
2010 and Beyond (NRC, 2004)

» Satellite Observations of the Earth’s Environment (NRC, 2003)

NOTE: Some NRC reports relate to other topics (e.g., data policy, applications,
weather, natural hazards, climate, or air quality) and are listed el sewhere.

e URL http://www.earth.nasa.gov/vison ESSAAC_minutes.html for ESSAAC
advice.

* Bretherton, F., chair, “Earth System Science, A Closer View,” Report of the Earth
System Sciences Committee, NASA Advisory Council, January 1988 (historical
advicethat led to EOS, the Earth Observing System).

National Information and Data Policy:

» The Executive Office of the President, Office of Management and Budget, “ The
President’ s Management Agenda,” Fiscal Year 2002, URL
http://www.whitehouse.gov/omb/budget/fy2002/mgmt. pdf

*  Web Page, “National Spatial Data Infrastructure, Geospatial One-Stop,” URL
http://www.geo-one-stop.gov/

e “OMB Circular A-16, Revised,” August 19, 2002, URL
http://www.whitehouse.gov/omb/circulars/a016/a016 rev.html
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Down to Earth: Geographic Information for Sustainable Development in Africa
(NRC, 2002)
Review of NASA'’s Distributed Active Archive Centers (NRC, 1998)

National and International Weather Research and Applications:

Terms of Reference for the U.S. Weather Research Program (2001), URL
http://box.mmm.ucar.edu/uswrp/program_organization/tor.html

From Research to Operations in Weather Satellites and Numerical Wezther
Prediction — Crossing the Valley of Death (NRC, 2000)

National Natural Hazards Research and Applications:

Web Page, “ Subcommittee on Natural Disaster Reduction,” accessed Oct. 1,
2004, URL http://www.usgs.gov/sndr/

Solid Earth Science Working Group, “Living on a Restless Planet,” 2002,
available through URL http://solidearth.|pl.nasa.gov/PA GES/report.html

National Climate Change Science and Applications:
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OUR CHANGING PLANET, The U.S. Climate Change Science Program for
Fiscal Y ears 2004 and 2005, A Report by the Climate Change Science Program
and the Subcommittee on Global Change Research, A Supplement to the
President’ s Budgets for Fiscal Y ears 2004 and 2005, July 2004, available through
URL http://www.climatescience.gov/

Strategic Plan for the US Climate Change Science Program, 2003. For accessto
the plan and the NRC review, please see the “ Strategic Plan for the Climate
Change Science Program” web page at URL
http://www.climatescience.gov/Library/stratplan2003/default.htm

Web Page, “About the U.S. Climate Change Technology Program,” accessed Oct.
1, 2004, URL http://www.climatetechnol ogy.gov/about/index.htm

The Science of Regional and Global Change: Putting Knowledge to Work (NRC,
2001)

Improving the Effectiveness of U.S. Climate Modeling (NRC, 2001)

Issuesin the Integration of Research and Operational Satellite Systems for
Climate Research I. Science & Design (NRC, 2000)

Issuesin the Integration of Research and Operational Satellite Systems for
Climate Research 1. Implementation (NRC, 2000)

Committee on Global Change Research, “Globa Environmental Change:
Research Pathways for the Next Decade,” National Academy Press, 1998,
available through URL http://www.nap.edu/catal 0g/6264.html. The Nationa
Academy sometimes reviews NASA’s Earth system science programs as part of
larger national efforts. Such was the case with this 1998 “pathways’ report,
which addressed decadal recommendations for the U.S. Global Change Research
Program. Thiswas essentially a decadal assessment of NASA’s research in the
context of the larger, national program.

Our Common Journey (NRC, 1999)
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Ocean Commission Report:
* U.S. Commission on Ocean Policy, An Ocean Blueprint for the 21st Century,
Final Report, Washington, DC, 2004, ISBN#0-9759462—0-X, available through
URL http://www.oceancommission.gov

Air Quality Research and Applications:
e Globa Air Quality: An Imperative for Long-Term Observational Strategies
(NRC, 2001)
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F Acronym List

AIRS: Atmospheric InfraRed Sounder

APIO: Advanced Planning and Integration Office

ARC: Ames Research Center

Cal/vadl: Cdibration/Validation

CCCSTI: Committee on Climate Change Science and Technology Integration
CCSP: Climate Change Science Program

CCTP: Climate Change Technology Program

CENR: Committee on Environment and Natural Resources
CEOS: Committee on Earth Observation Satellites

CFC: Chlorofluorocarbon

CRM: Capability Roadmap

DAAC: Distributed Active Archive Center

DoC: Department of Commerce

DoD: Department of Defense

DoE: Department of Energy

EDR: Environmental Data Record

EOS: Earth Observing System

EOSDIS: Earth Observation System Data Information System
ESMF: Earth System Modeling Framework

ESSP: Earth System Science Pathfinder

ESTO: Earth Science Technology Office

FGDC: Federa Geographic Data Committee

FY: Fiscal Year

GB: Gigabytes

GEO: Geosynchronous Earth Orbit

GEOSS: Global Earth Observing System of Systems
GSFC: Goddard Space Flight Center

I[EOS: International Earth Observing System

IHDP: International Human Dimensions of Global Change Programme
INSAR: Interferometric Synthetic Aperture Radar

IPCC: Intergovernmental Panel on Climate Change

IR: Infrared

JPL: Jet Propulsion Laboratory

L1: 1% Libration Point

LaRC: Langley Research Center

LDCM: Landsat Data Continuity Mission

LEO: Low Earth Orbit

MARS: Monterey Accelerated Research System

MMI: Measurement Maturity Index

MODIS: Moderate Resolution Imaging Spectroradiometer
MOOS: Monterey Bay Aquarium Research Institute Ocean Observation System
MS&A: Modeling, Simulation, and Anaysis

NASA: National Aeronautics and Space Administration
NIR: Near Infrared
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NIST: Nationa Institute of Standards and Technology

NOAA: Nationa Oceanic and Atmospheric Administration
NPOESS: National Polar Orbiting Environmental Satellite System
NPP: NPOESS Preparatory Project

NRC: National Research Council

NSF: National Science Foundation

NSTC: National Science and Technology Council

OCO: Orbiting Carbon Observatory

OLI: Operational Land Imager

OMB: Office of Management and Budget

PB: Petabytes

R&D: Research and Development

RC: Research Center

REASON: Research, Education and Applications Solutions Network
SCCOOS: Southern California Coastal Ocean Observing System
SRM: Strategic Roadmap

STEM: Science Technology Engineering and Mathematics

TB: Terabytes

UAV: Unmanned Aerial Vehicle

UCAR: University Corporation for Atmospheric Research
UNEP: United Nations Environment Programme

USGEO: United States Group on Earth Observation

USGS: United States Geological Survey

USWRP: US Weather Research Program

UV: Ultraviolet

VHF: Very High Frequency

VIIRS: Visible Infrared Imager/Radiometer Suite

Vis: Visible

WMO: World Meteorological Organization
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
CHARTER OF THE
EARTH SCIENCE AND APPLICATIONS FROM SPACE
STRATEGIC ROADMAP COMMITTEE

ESTABLISHMENT AND AUTHORITY

The NASA Administrator hereby establishes the NASA Earth Science and Applications
from Space Strategic Roadmap Committee (the “Committee™), having determined that it
is in the public interest in connection with the performance of Agency duties under the
law, and with the concurrence of the General Services Administration, pursuant to the
Federal Advisory Committee Act (FACA), 5 U.S.C. App. 88 1 et seq.

PURPOSE AND DUTIES

1. The Committee will draw on the expertise of its members and other sources to
provide advice and recommendations to NASA on research and technology
development to advance Earth observation from space, improving scientific
understanding, and demonstrating new technologies with the potential to improve
future operational systems Recommendations to be provided by the Committee
will help guide Agency program prioritization, budget formulation, facilities and
human capital planning, and technology investment.

2. The Committee shall function solely as an advisory body and will comply fully
with the provisions of the FACA.

3. The Committee reports to the Associate Deputy Administrator for Systems
Integration (ADA-SI) and to the Administrator.

MEMBERSHIP

1. The Committee co-chair(s) will be appointed by the Administrator. The
remaining Committee members will be appointed by the ADA-SI. Membership
will be selected to assure a balanced representation of expertise and points of
view within the government, academia, and private industry in scientific and
technological areas relevant to the Nation’s space policy.

2. Members will be appointed for a 15-month term, renewable at the discretion of
the ADA-SI. However, members serve at the discretion of the ADA-SI.

SUBCOMMITTEES AND TASK FORCES

Subcommittees and/or task forces may be established to conduct special studies requiring
an effort of limited duration. Such subcommittees and/or task forces will report their
findings and recommendations to the Committee. However, if the committee is
terminated, all subcommittees and/or task forces will terminate.
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ADMINISTRATIVE PROVISIONS

1. The Committee will meet approximately three to four times during a 15-month
period. Meetings will be open to the public unless it is determined that the
meeting, or a portion of the meeting, will be closed in accordance with the
Government in the Sunshine Act, or that the meeting is not covered by FACA.

2. The Executive Secretary of the Committee will be appointed by the ADA-SI and
will serve as the Designated Federal Official.

3. The Advanced Planning and Integration Office will provide staff support and
operating funds for the Committee and is responsible for reporting requirements
of section 6(b) of the FACA.

4. The operating costs for its expected duration of 15 months are estimated to be
$400,000 including 0.7 work years of staff support.

DURATION

The Committee shall terminate 15 months from the date of this charter unless terminated
before that date or subsequently renewed by the NASA Administrator.

Administrator Date
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Sun - Solar System Connection Roadmap

NASA Objective #15:

Explore the Sun-Earth system to understand the
* Sun and its effects on:
- Earth,
- the solar system,
- the space environmental conditions that will be experienced by human
explorers,
* and demonstrate technologies that can improve future operational systems.

NASA Objective #15 maps to the following National Objectives (from the Vision for Space
Exploration):

* Implement a sustained and affordable human and robotic program to explore the solar system and
beyond

* Extend human presence across the solar system, starting with a human return to the Moon by the
year 2020, in preparation for human exploration of Mars and other destinations

* Develop innovative technologies, knowledge, and infrastructure both to explore and to support
decisions about the destinations for human exploration

* Promote international and commercial participation in exploration to further U.S. scientific,
security, and economic interests

¢ Study the Earth system from space and develop new space-based and related capabilities for this

purpose

Executive Summary

NASA’s goal for future research and exploration within its Sun-Solar System Connection program
is to observe and understand the complex phenomena associated with space weather by studying the Sun,
the heliosphere and planetary environments as a single, inter-connected system. Such an understanding
will represent not just a grand intellectual accomplishment for our times - it will also provide knowledge
and predictive capabilities essential to future human and robotic exploration of space and will serve key
societal objectives in important ways. Herein, we describe current plans for NASA’s research programs in
this area and the guiding principles we will follow in pursuit of forthcoming exploration challenges.

The exotic environment of space beyond Earth’s protective atmospheric cocoon is highly variable
and far from benign. Strongly influenced by the variability of the sun, a host of interconnected physical
processes occur that affect the habitability of other space locales and the health and safety of travelers to
those destinations. Building on NASA’s rich history of exploration of the Earth’s neighborhood and
distant planetary systems, we will develop the quantitative knowledge needed to help assure the safety of
the new generation of human and robotic explorers.

With focused research programs addressing specific space environmental hazards we will help guide
the design and operations of safe and productive Exploration missions. At the same time we will pursue a
deeper understanding of the fundamental physical processes that underlie the awesome phenomena of




space.

This scientific exploration will target the highly coupled system that stretches from the sun’s interior
to planetary neighborhoods and the vast expanses of interplanetary space. We are now transforming
human understanding of this fascinating global system of systems, so closely connected that the same
explosive event on the sun can produce power outages on the Earth, degradation of solar panels on
interplanetary spacecraft, fatal damage to instrumentation in Mars orbit, and auroral displays at Saturn,
effects that span the entire solar system. By expanding and deepening that understanding, we will not
only develop a predictive capability to address hazards to space travelers and to important technological
assets closer to home, but we will learn how the fundamental space processes interact to affect the
habitability of other distant environments, beyond our own solar system.

Our near-term goals will be achieved by pursuing three groups of strategic missions.

The Solar-Terrestrial Probe missions will address fundamental science questions about the physics
of space plasmas and the flow of mass and energy through the solar system. For example, Solar-B, a
partnership mission led by Japan, will be launched in 2006 to observe how magnetic fields on the Sun’s
surface interact with the Sun’s outer atmosphere, which extends millions of miles into space. The
STEREOQO mission, also to be launched in 2006, will provide an unprecedented view of the three-
dimensional distribution of magnetic fields and particle flows throughout the heliosphere. And, the
Magnetospheric Multiscale Mission, to be launched in 2011, will explore the fundamental physical
processes responsible for the transfer of energy from solar wind to Earth’s magnetosphere and the
explosive release of energy during solar flares.

The Living With a Star missions will enhance scientists’ knowledge of Earth—Sun system aspects
that directly affect life and society. The Solar Dynamics Observatory, to be launched in 2008, will
observe the solar interior and the Sun’s atmosphere continuously to determine the causes of solar
variability. The Radiation Belt Storm Probes, to be launched in 2011, will determine how space plasmas
are accelerated to hazardous energies, thereby enabling scientists to predict changes to planetary radiation
environments and protect space explorers. The Ionospheric / Thermospheric Storm Probes, to be
launched in 2015, will help scientists understand, to the point of acquiring a predictive capability, the
effects of geomagnetic storms on the ionosphere / thermosphere—a region in the atmosphere located
approximately 50 to 800 miles above Earth’s surface. Last, the Solar Sentinels, also to be launched in
2015, will provide understanding on the transition and evolution of eruptions and flares from the Sun to
the planetary environments.

In the years ahead, portions of this spacecraft fleet will be configured into constellations - smart,
strategically-located satellites that can work together to provide the timely, on-demand data and analysis
to users who enable the practical benefits for scientific research, national policymaking, economic
growth, hazard mitigation and the exploration of other planets in this solar system and beyond.

The interplay among observation, simulation, modeling and theory is viewed as essential for the
vitality of our space science program. In some cases, a model or simulation will provide specific
predictions to spur the course of future observation. In other cases, unexplained observations will lead to
the development of new theories and the creation of entirely new models. As part of our exploration-
based missions, we plan to continue supporting fundamental theory, modeling, data assimilation, and
simulation programs, the development of space weather modeling frameworks, and the transition to
applications-based codes necessary for space weather operational predictions. The burgeoning maturity of
current, comprehensive theoretical modeling systems, spanning many regions and times scales, provides
the essential underpinnings for NASA’s effort to integrate and synthesize knowledge of the complete
system of systems.

Lastly, as an essential element of its plan to meet these challenging requirements, NASA will invite



active participation by international and national partners to support the exploration and research
program. It will also build and deploy exciting educational tools that will inspire and educate new
generations of students and the American public. These partnerships, technologies, and educational
materials will support and advance the space programs of all nations.

Partl. A New Science for the Age of Exploration

Human space exploration has transformed our understanding of the solar system. It has revealed a
fascinating nested system of systems, so closely connected that an explosive event on the Sun produces
effects that span the entire solar system. Through judicious use of a number of operating missions, we
have achieved system surveillance over parts of the heliosphere, and have been able to examine the causal
linkages between its parts. We have observed spectacular coronal mass ejections, power outages on the
Earth, degradation of spacecraft solar panels and circuits, destruction of atmospheric ozone, inflation and
ablation of planetary upper atmospheres, fatal damage to instrumentation in Mars orbit, auroral displays
on Saturn, and, months later, radio disturbances at the edge of the solar system where it meets the
interstellar medium. In short, we have observed that space contains weather.

Classically, the structure and processes of our environment had been understood in terms of
gravitation and pressure. Since space exploration began in 1957, we have learned that space is filled with
matter and electromagnetic fields whose importance is belied by their invisibility. Unsheltered from the
Sun’s pervasive UV radiation field, matter in space enters the fourth state: a conducting plasma of
electrically charged electrons and ions, flowing and reacting to highly variable electromagnetic forces.
Human experience provides no experience with the behavior of such plasma atmospheres, and they
behave in ways for which we have little or no physical intuition.

Owing to their conductivity, moving plasmas generate electrical currents and magnetic fields. Many
exotic phenomena ensue, some of which resemble turbulent fluid flows, but impart so much energy to a
subset of plasma particles that they ionize many more atoms when they come in contact with cooler states
of matter such as gases, tissues, or semiconductor circuits. Magnetic field lines act to link their source
plasmas into coherent cells, much as droplets of water are defined by surface tension. When such cells of
plasma come into contact with each other, their magnetic fields reconnect, creating a linkage between the
two cells and coupling them to each other so that motions of one drive motions of the other. Electrical
currents flow to generate the coupling forces, and electromotive forces are generated that accelerate
charged particles.

The robotic exploration of our universe has clearly shown that electromagnetically driven processes
act at the center of every stellar system. Our own solar system is driven by the Sun, a magnetically
variable star. The Vision for Space Exploration will eventually free mankind from the gravitational
forces that have held us through history. Space explorers will learn to live within the magnetically
controlled space environment and, through our NASA exploration missions, every citizen will be able to
see and experience these things.



Our program will help assure the assure the safety of the new generation of human and robotic explorers

At the same time we will pursue a deeper understanding of the fundamental physical processes that
underlie the awesome phenomena of space

We will develop a predictive capability to address hazards to important technological assets closer to
home and learn how fundamental space processes may affect the habitability of other distant
environments beyond our own solar system

The Earth and the Sun are linked together to form the system that has given origin and sustenance to
our lives. The story of how this came to be, over the history of the solar system, is nothing less than a
Creation Narrative. It is the most compelling mystery faced by humankind. The physical processes and
the evolutionary paths embedded in this combined system are studied in the Earth-Sun System division of
the Science Mission Directorate. We examine the Earth and Sun system today for insights into questions
concerning how the system evolved so as to produce and sustain life, what will happen to this unique
environment through the course of time, and how it will affect us.

With human activity limited mainly to low Earth orbit since the mid-70’s, we have been
reconnoitering the solar system (and beyond) using robotic spacecraft and telescopes for much of that
time. In 2005, Voyager passed through the solar wind termination shock and into the heliosheath, nearing
the edge of the solar system. Though we have not visited the inner boundary of the solar atmosphere, the
sun is bright enough reveal a great deal about itself through remote imaging, spectroscopy, and
polarimetry.

The first broad survey of the solar system is essentially complete and we are now beginning to
revisit the planets, including Earth, for studies of greater depth. The region around the Earth remains an
important astrophysical laboratory for the study of the physical processes that are of broad relevance to
astrophysics. Moreover, these processes are by now known to have influenced the habitability of the
Earth and are therefore relevant to the possible existence of life elsewhere in the solar system or Universe.
We have barely begun to scratch the surface of the history of our solar system over geologic time, having
only recently determined that planets are commonplace around other stars. In at least one such case we
can discern the signature of an atmosphere being ablated by a stellar wind. In another case, X-rays are
emitted from a young stars that is not fully ignited, showing that electromagnetic and plasma processes
become active very early in the life of a planetary system.

The United States is now embarking on an ambitious new journey of exploration to the Moon, Mars,
and beyond. NASA has been challenged to establish a sustained presence on the moon by the end of the
next decade with the purpose of enabling Martian exploration thereafter. The will to achieve this Vision
for Space Exploration presents the agency with great opportunity and sobering demands.

Success in this venture requires advanced understanding of the complex physical systems that link
the variable star at the center of our solar system with the Earth and other planets. The harsh and dynamic
conditions in space must be characterized and understood in some detail if robots and humans are to
safely and productively travel and explore the Moon and Mars.

The biological effects of the energetic particle radiation environment outside of low-Earth orbit
remain largely unknown. Astronauts aboard the International Space Station (ISS) accumulate significant
radiation exposure and energetic particle events significantly impact space station operations. Safe and
productive travel outside Earth's protective magnetic cocoon, whether to the Moon or Mars, will require
new predictive capability for solar particle events. Even well designed hardware is damaged or degraded




by extreme conditions in space. And astronauts spending more than a few days in space will need to take
shelter from episodic exposure to lethal doses of solar energetic particles.

Space weather and solar variability affect critical technologies used on Earth as well, for example
satellite communications, navigation, remote sensing, and power distribution. Increasing reliance on
vulnerable global systems demands active management in response to variations in the space
environment. In many ways, our space weather approach is analogous to earlier steps taken by scientists
to understand and predict weather in the Earth’s atmosphere. We must also observe and understand the
detailed phenomena, generate theoretical models that can be validated and verified against observed
reality, build data assimilative predictive systems, and then develop operational decision support systems
can are tailored closely to the needs of end-users and rigorously tested and improved over time. In this
way and by these means, NASA’s Sun-Solar Systems connections program will bring sound science to
serve society.

Space weather is analogous in some ways to, yet fundamentally different from, the tropospheric
weather that is so familiar to us, yet difficult to predict beyond a few days. It is analogous in its nonlinear
complexity across an even larger range of scales. Systems this large cannot be reduced to a linear
combination of interacting parts, through detailed study of those parts. Space weather is fundamentally
different in that electricity and magnetism are at least as important as the more familiar forces of gravity
and pressure. Measuring, characterizing, and understanding these processes cannot generally be done with
images and common intuition. Localized measurements cannot be easily interpreted to generate a global
picture. Conversely, the global picture does not provide insight into the small-scale physical processes of
the system. For example, the magnetic reconnection that regulates much of the interaction between the
solar wind and the Earth's magnetosphere cannot be observed remotely and it takes place in a rapidly
moving location several Earth radii above the planet on a spatial scale of a few kilometers and temporal
scale of several milliseconds.

Answering a specific science and or exploration question often requires a narrowly focused mission
to a particular location with a unique instrument. For example, measuring flows in the solar interior
requires a continuous series of velocity measurements at millions of locations on the solar disk. However,
Sun — Solar System Connection science increasingly depends on combining multi-point in situ
measurements with remote imaging. Again, by analogy with meteorology, combining a network of
distributed local with global measurements (a meteorological Great Observatory) will enable the
development and testing of predictive models that improve with time and experience.

Currently the SSSC Great Observatory includes satellites that hover near L1 — a million miles
upstream in the solar wind, circle over the Sun's poles, orbit the Earth, and are approaching the first
boundary between the interstellar medium and the Sun's domain, the heliopause. As each set of scientific
questions is answered, the observatory evolves with the addition of new spacecraft. Soon the two
STEREO spacecraft will drift away from Earth to provide the first stereoscopic views of the Sun, The
Solar Dynamics Observatory (SDO) will image the Sun from geosynchronous orbit, the Radiation Belt
Storm Probes will probe the processes that accelerate particles to hazardous radiation levels, and the four
Magnetospheric Multi-Scale (MMS) spacecraft will fly in tight formation to explore the multiple scales of
reconnection, turbulence, and particle acceleration in the magnetosphere of the Earth.

In this strategic roadmap for the Sun — Solar System Connection we explore the strategic planning
consequences of a stated U.S. national objective for NASA: “Explore the Sun-Earth system to understand
the Sun and its effects on Earth, the solar system, and the space environmental conditions that will be
experienced by human explorers, and demonstrate technologies that can improve future operational
systems.”

New knowledge of this system enables safe and productive exploration. Exploration enables new
scientific understanding. The knowledge has utility for society. Our high priority science and exploration



objectives address each of these needs. It is vital, compelling and urgent.

Part Il. Achieving the Vision

Chapter 1. Sun-Solar System Connection: The Science

Introduction

Our world’s new generation of space researchers inherited great legacies from the exploratory
missions and discoveries of earlier decades. Their success in conducting a robust program of exploration
at new scientific frontiers will bequeath to future generations a similar legacy of achievement and
inspiration. Because the purpose of exploration is to understand the unknown, the precise benefits of
their future space research and their path to success defy prediction. Progress will require continuous
adaptation to exciting diversions and new directions.

Building on such a rich history of exploration, we now seek to transform human understanding of
this fascinating system of systems that are so closely connected. The same explosive event on the Sun
that produces power outages on Earth can also degrade solar panels on interplanetary spacecraft, produce
mission-ending damage to instrumentation at Mars, produce radio waves and aurora at the outer planets,
and even change the fundamental interaction of our heliosphere with interstellar media. We will not only
develop a predictive capability to address hazards to space travelers and important technological assets
closer to home, but we will also learn how the fundamental space processes interplay to affect the
habitability of other distant environments. Our strategic plan for the future consists of three scientific
objectives:

Opening the Frontier to Space Environment Prediction

The sun, our solar system and the universe consist primarily of plasma, resulting in a rich, complex
and interacting set of physical processes, including intricate exchanges with the neutral environment we
will encounter on our return to the moon and our journey to Mars, we must develop a complete
understanding of the many processes that occur with such a wide range of parameters and boundary
conditions within these systems.

As the foundation for our long-term research program, we plan to develop a complete understanding
of the fundamental physical processes of our space environment—from the Sun to the Earth, to other
planets, and beyond to the interstellar medium. We will systematically examine similar processes in
widely different regimes with a range of diagnostics techniques to both test our developing knowledge
and to enhance overall understanding. The universal themes of energy conversion and transfer, cross-
scale coupling, turbulence and nonlinear physics have been chosen as near-term priority targets. The five
fundamental processes that have been identified as the critical immediate steps are: magnetic
reconnection, particle acceleration and transport, the generation and variability of magnetic fields, cross-
scale coupling across boundaries and large structures, and nonlinear energy and momentum transport and
coupling in atmospheres. Both in situ and remote sensing observations will be required, providing a three
dimensional large-scale perspective as well as a detailed small-scale microphysics point of view. With
our increasingly sophisticated understanding of such basic processes, we will open the frontier of
predictive modeling across the solar system.



Understanding the Nature of Our Home in Space

Mankind does not live in isolation; we are intimately coupled with the space environment through
our technological needs, the habitability of the planets and the solar system bodies we plan to explore, and
ultimately the fate of our Earth itself. We regularly experience how variability in the near-Earth space
environment affects the activities that underpin our society.

We plan to better understand our place in the Solar System by investigating the interaction of the
space environment with the Earth and the effect of this interaction on humankind. Building on our new
knowledge of fundamental processes, we plan to characterize and develop a predictive knowledge of the
impact of the space environment on society, technology, and our planet. This will be accomplished both
by direct investigation of the local environment and by what can be learned about life on Earth through
studying other environments. Human life and society provide the context in which these investigations
are conducted.

As we extend our presence throughout the solar system, we will be increasingly interested in the
planetary environments that await us and how the lessons learned can be applied to our home on Earth. A
casual scan of the solar system is sufficient to note that habitability of life in general, and humankind in
particular, is a rare congruence of many events. At least some of these factors, especially the role of
magnetic fields in shielding planetary atmospheres, are a subject of immense interest. We believe we
know some of the features that make planets habitable, but there is much more to be understood.

Safeguard Our Outward Journey

The great variety of space environment conditions will have a significant impact on our future space
explorers, both robotic and human. We plan to pursue, with all due vigilance, the research necessary to
assure the safety and the maximum productivity of our explorers. We plan to develop the capability to
predict space environment conditions from low Earth orbit to the Moon and Mars. Addressing space
weather issues is necessary for optimizing the design of habitats, spacecraft and instrumentation, and for
planning mission and operations scenarios, ultimately contributing to mission success.

Building on our knowledge of fundamental processes, we plan to understand those aspects of the
space environment essential for enabling and securing space travel. Good engineering data is
already flowing into exploration-based planning and implementation because the Sun-solar
system community knows how to explore useful scientific directions. Our space plasma research
community is poised to provide the next generation of measurements, simulations and models
that will be useful to the implementation of manned and robotic missions to the Moon, Mars, and
other planetary bodies. Such parameterizations of the space environment will be essential inputs
for solutions to the challenging engineering problems that must be solved for successful and
economical exploration activities.

Objective F: Open the Frontier to Space Weather Prediction

Understand the fundamental physical processes of the space environment — from the Sun to
Earth, to other planets, and beyond to the interstellar medium.

The sun, our solar system and the universe consist primarily of plasma, resulting in a rich, complex
and interacting set of key fundamental physical processes, including intricate exchanges with the neutral
gas in planetary atmospheres. To predict the behavior of the complex systems that control the
environments we will encounter on our return to the moon and journeys to Mars necessitates the
development of a complete understanding of these processes. These key processes occur in many
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locations often with very different ranges of parameters and boundary conditions. As a result, both in situ
and remote sensing observations are utilized, often providing a three dimensional large-scale perspective,
as well as a detailed small-scale microphysics view. Our ability to quantitatively examine the same
process in different regimes with a variety of measurements both tests our developing knowledge and
enhances our understanding. The research focus areas of Objective F identify critical steps to provide the
detailed knowledge required to enable the safe and productive exploration via development of accurate
forecasting of the space environment. These areas are magnetic reconnection, particle acceleration, the
physics of plasma and neutral interactions, and the generation and variability of magnetic fields with their
coupling to structures throughout the heliosphere. These research focus areas all share the universal
themes of energy conversion and transport, cross-scale coupling, turbulence and nonlinear physics —
themes which are fundamental to the understanding of space and planetary systems. In addition they all
include processes that can be influenced by large-scale boundaries or by coupling between regions with
very different parameters (for example, cold, dense neutral atmospheres with energetic particles). With
our increasingly sophisticated understanding of these fundamental physics process, we will reach the
frontier developing predictive models. Objective F is, therefore, designed to provide the fundamental
physics underpinnings that will enable predictive capability for Objectives J and H.

The fundamental importance of magnetic reconnection, the rapid conversion of magnetic energy to
particle energy, in solar flares, CMEs and geospace storms is well recognized is the focus of RFA F1.
This explosive release of enormous amounts of energy can be potentially devastating to space assets and
voyaging humans, and have serious effects on worldwide communications. Although we have developed
an initial picture of where reconnection occurs and the observable results, the detailed physical
mechanisms, in particular, the microphysics and the role of large-scale topology, is not understood. This
focus area will deliver the fundamental understanding of this universal process in the very different
regimes where it occurs.

Within the solar system many other mechanisms, including small-scale waves, shocks and quasi-
static electric fields, energize particles. Because these energetic particles have the most direct impact on
human and robotic space explorers, a detailed understanding of these acceleration processes, the regions
in which they operate and the boundary conditions that control them is crucial to the exploration of space.
Providing this understanding is one goal of RFA F2. In addition, the origin and acceleration of the solar
wind is a mystery. The bulk of solar wind particles are not energetic enough to damage spacecraft
systems, but much of the interaction between the sun and planets is mediated by the solar wind, making
the understanding of its acceleration a fundamental component of the Sun-Earth system science.

RFA F3 is designed to explore the fundamental physics of plasma and neutral coupling. This
coupling encompasses a variety of mechanisms and regions from turbulence and change exchange in the
solar wind to gravity waves and chemical/collisional interactions in in planetary atmospheres and This
RFA has a goal comprehensive understanding of the nonlinear processes and inter-related roles of these
processes to enable the quantitative predictions of plasma neutral neutral interactions from atmospheric
scales to heliospheric scales. This RFA has specific applicability to the operation of satellites in the
Martian atmosphere and mitigation of the effects of global change, as well as habitability of planets.

The existence of the magnetic fields of the Sun and planets is a key element of the Sun-Solar System
connection and is the focus of RFA F4. The creation these fields — the dynamo problem — remains one of
the outstanding problems in physics. How dynamos operate in such widely different systems from stellar
interiors to planetary cores is poorly understood. Because the solar magnetic field controls the structure of
the heliosphere and, thus, the entry of galactic cosmic rays into the solar system, it is imperative that we
understand the origin and variability of the solar magnetic field. The Earth’s interior dynamo sustains the
geomagnetic field, providing the shield that enables life to flourish in the harsh radiation environment of
space. Solving the dynamo problem will provide the key understanding to allow us to better predict and
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anticipate changes in the magnetic fields from the Sun to the Earth and beyond.

Research Focus Area F1: Understand magnetic reconnection as revealed in solar flares,
coronal mass ejections, and geospace storms.

Reconnection is the rapid conversion of magnetic energy into particle energy. It is an important,
cross-scale coupling process in a variety of space plasmas ranging from the magnetotail of the Earth to
solar flares on the Sun. Solar flares, coronal mass ejections, and geospace storms are all initiated and
energized by reconnection -- often with potentially devastating effects to space systems. The explosive
conversion of magnetic energy originates in a volume of space known as the diffusion region. This region
is very small when compared to the large scales in space. For example, reconnection at the Earth’s
magnetopause surface (the boundary separating the solar wind and terrestrial magnetic fields) occurs in a
region with an area of the order of hundreds of square kilometers compared to a total surface area of
approximately 60 billion square kilometers. Properly instrumented spacecraft have not sampled the
diffusion regions in situ in the near-Earth environment and imaging of the Sun does not currently have the
ability to resolve the diffusion region associated with solar flares. Thus, the physical processes that
initiate and control reconnection have eluded our understanding.

The two investigations for this RFA are:

Investigation F1.1. What are the fundamental physical processes of reconnection on the small-scales
where particles decouple from the magnetic field?

Relevant Mission: MMS

Investigation F1.2. What is the magnetic field topology for reconnection and at what size scales
does magnetic reconnection occur on the Sun?

Relevant Missions: RAM, SIRA, MC, MMS, DBC, SDO, Solar-B, SEPM, CLUSTER, THEMIS,
SHIELDS, STEREO, DOPPLER, IMAGE, POLAR, TIMED

Research Focus Area F2: Understand the plasma processes that accelerate and
transport particles

One of the most dramatic hallmarks of magnetized plasmas is their tendency to convert energy from
one form to another, leading to fast bulk flows and to the selective energization of small subsets of
particles to surprisingly high energies. A variety of such acceleration and energization processes operate
within our solar system, with consequences that are both fascinating and threatening. Very high-energy
particles accelerated at the sun and within interplanetary space present a serious hazard to human and
robotic exploration of the solar system, while energetic particles produced within planetary
magnetospheres can have deleterious effects on important technological assets. Predicting these effects
requires a fundamental understanding of where and how particles are accelerated and how they are
transported from the acceleration sites to other regions. More than one mechanism can operate to produce
a given energetic particle population and the nature of the seed population from which the accelerated
particles are drawn is a crucial part of the puzzle.

The four associated investigations for this RFA are:
Investigation F2.1. How are charged particles accelerated to high energies?

Relevant Missions: SEPM, Sentinels, SIRA, SPI, Telemachus, Wind, ACE, SWB, Heliostorm, L1
Observations, STEREO, AAMP, GEC

Investigation F2.2. How are energized particles transported?

Relevant Missions: Sentinels, SPI, Telemachus, SIRA, WIND, SWB, SEPM, GEC, RBSP, AAMP,
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STEREO, SOHO
Investigation F2.3. How is the solar wind accelerated and how does it evolve?

Relevant Missions: Solar Probe, Doppler, Solar Orbiter, SPI, STEREO, L1 Observations, SOHO,
IHSentinels, Heliostorm, Great Observatory

Investigation F2.4. How are planetary thermal plasmas accelerated and transported?

Relevant Missions: MC, DBC, CLUSTER, THEMIS, IMAGE, POLAR, TIMED, AAMP, ADAM,
MARS, ITMWaves, ITMC

Research Focus Area F3: Understand the role of plasma and neutral interactions in
nonlinear coupling of regions throughout the solar system

This RFA focuses on those energy and momentum transfer processes that are characterized by
nonlinear interactions and by coupling between plasmas and neutral particles. Turbulence is example of a
very important multi-scale, nonlinear process that transports particles and fields effectively, but is not
well understood. Numerical simulations and laboratory experiments demonstrate that, in the presence of
rotation or magnetic fields, turbulent motions create small-scale and large-scale dissipative structures.
Another example are the many pathways by which energy is transformed and redistributed throughout the
upper atmospheres of planets. The Earth’s atmosphere is periodically pumped and heated over a range of
spatial and temporal scales, giving rise to the excitation of a spectrum of small-scale gravity waves, tides,
and longer-period oscillations. Connected with these processes is the inherent variability of the
atmosphere over daily to millennial time scales. In addition, electrodynamic and mass coupling along
magnetic fields are fundamental physical processes that cut across many disciplines of space science. The
interface between the heliosphere and the interstellar medium is a coupling region about which we are just
beginning to learn. Finally, mass loading through ionization and charge exchange is a phenomenon of
broad interest from planetary and cometary atmospheric erosion to energetic particle creation and loss.

There are five investigations for this RFA:

Investigation F3.1 What governs the coupling of neutral and ionized species at various spatial and
temporal scales?

Relevant Missions: ITSP, GEC, ITMWaves, ITMC, ADAM, VAP, MARS
Investigation F3.2 How do energetic particles chemically modify planetary environments?
Relevant missions: SECEP, ADAM, ITMWaves, TIMED, MARS

Investigation F3.3 How do the magnetosphere and the ionosphere-thermosphere (IT) systems
interact with each other?

Relevant Missions: GEC, AAMP, ITSP, RBSP
Investigation F3.4. How do the heliosphere and the interstellar medium interact?
Relevant Missions: ISP, HIGO, IBEX, Voyagers 1&2, Pluto-Kuiper

Investigation F3.5. How do the neutral environment in planetary and cometary systems affect the
global morphology through charge exchange and mass loading processes?

Relevant Missions: VAP, STEREO, SCOPE
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Research Focus Area F4: Understand the creation and variability of magnetic dynamos
and how they drive the dynamics of solar, planetary and stellar environments.

The Sun’s variable magnetic field is the ultimate energy source for solar particle acceleration and its
structure controls the entry of galactic cosmic rays into the solar system. Closer to home, the reversals of
Earth’s magnetic field can lead to periods of reduced protection from the harsh radiation environment of
space. The process responsible for the existence and behavior of these magnetic fields — the dynamo —
involves the twisting and folding of weak fields so as to change and amplify them. Solving the problem of
just how dynamos operate in such widely different environments from planets to stars will allow better
predictions of the magnetic field changes at both the Earth and the Sun. This understanding is essential to
describing the coupled Sun-Solar System Connection and has important implications for the exploration
of our solar system. There are four investigations which address these issues.

There are four investigations associated with this RFA:

Investigation F4.1. How do subsurface flows drive the solar dynamo and produce the solar cycle?
How do solar and stellar dynamos evolve on both short and long-term time scales?

Relevant Missions: SDO, SPI, Telemachus, Stellar Imager, Solar-B, SOHO

Investigation F4.2. How are open flux regions produced on the Sun, and how do variations in open
flux topology and magnitude affect heliospheric structure?

Relevant Missions: Ulysses, Solar Polar Imager, Telemachus, SWB, SOHO, ACE, Sentinels,
Farside, SHIELDS

Investigation F4.3. How do planetary dynamos function and why do they vary so widely across the
solar system?

Relevant Missions: Cassini, JPO, Messenger, WIND, ACE, ADAM, SECEP

Investigation F4.4: Understand the ionosphere-thermosphere dynamo interaction, and its
variability.

Relevant Missions: GEC, ITSP, ITMC

Objective H - Understand the Nature of Our Home in Space

Understand how human society, technological systems, and the habitability of planets are
affected by solar variability and planetary magnetic fields

We do not live in isolation; we are intimately coupled with the Sun and the space environment
through our technological needs, the habitability of planets and solar system bodies we plan to explore,
and ultimately the fate of Earth itself. Variability in this environment affects the daily activities that
constitute the underpinning of our society, including communication, navigation, and weather monitoring
and prediction.

This Objective attempts to understand our place in the Solar System by investigating the interaction
of the space environment with Earth and its impact on us and on our home, either directly or by what can
be learned about life on Earth by studying other environments in our solar system and beyond. Our
scientific goal is to understand the physical processes connecting Earth with the space environment. Our
applied goal is to protect society and its technological infrastructure from space hazards and long-term
climate change. We will improve technological efficiency by exploiting our understanding of Earth and
its place in space. Human life and society provide the context for our investigations.
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This context is not limiting. As we extend our presence throughout the solar system, we are
interested in the planetary environments awaiting us and how the study of these environments can be
applied to our home on Earth. Habitability of life and humankind in particular, is a rare congruence of
many factors. These factors, especially the role of the Sun as a source of energy to planets and the role of
magnetic fields in shielding planetary atmospheres, are a subject of immense importance. We understand
some of the features that make planets habitable, but key questions remain.

The intimate coupling of solar system processes, the interplanetary medium, and the near-Earth
environment, requires comprehensive study of this coupled system through a series of investigations
covering these regions. Investigations of impacts on humankind must start from the Sun, understand the
cause of eruptive disturbances and solar variability over multiple time scales, follow propagation and
evolution of solar wind disturbances through the interplanetary medium to Earth, and finally investigate
the interaction of solar radiative emission and the solar wind with Earth’s coupled magnetosphere-
ionosphere-atmosphere system. Our Research Focus Areas (RFAs) have been formulated to understand
the creation and evolution of solar disturbances from the Sun to the Earth (RFA H1), the response of the
coupled near-Earth environment to these disturbances (RFA H2), the role of the Sun as the principal
energy source in our atmosphere (including the impact of long-term solar variability on Earth’s climate)
(RFA H3), and how stellar activity and magnetic fields affect planetary evolution habitability (RFA H4).
We seek to understand the Sun so we can predict solar variability and the evolution of solar disturbances
as they propagate to the Earth. We then seek to understand the response of the near-Earth plasma regions
and their impact on society as well as the atmospheric responses over short and long time scales. We put
the Earth and planets elsewhere in context, through study of the solar photon and particle impact on other
solar system bodies, and of the evolution of solar and stellar activity over the age of planetary systems.
The RFA’s of this objective focus on both internal linkages and external forcing mechanisms.

Research Focus Area H1: Understand the causes and subsequent evolution of solar
activity that affects Earth’s space climate and environment.

The climate and space environment of Earth is primarily determined by the impact of plasma,
particle and electromagnetic radiation output from the Sun. The output in turn is determined by the solar
variability over various time scales, starting from the convective time-scales to the 22-year solar magnetic
cycle. The variability is linked to the emergence of magnetic field from below the photosphere and its
eruption as flares and coronal mass ejections into the heliosphere. X-ray flares can severely degrade radio
communications through its ionospheric effects, coronal mass ejections can create large magnetic storms
at Earth, and solar energetic particle events can pose serious threats to technological assets and astronauts
in near-Earth orbit. Longer-term events include changes in solar irradiance that can affect Earth’s
climate.

There are four investigations associated with this RFA:
Investigation H1.1 - How do solar wind disturbances propagate and evolve from the Sun to Earth?

Current missions that support this investigation are SOHO, Wind, TRACE, RHESSI, ACE and
Ulysses. Future enabling missions are STEREO, SOLAR-B SDO, Inner Heliospheric Sentinels, SIRA,
SEPP, Doppler, SHIELDS, Solar Orbiter, Heliostorm, and Solar Weather Buoys.

Investigation H1.2 - What are the precursors to solar disturbances?

Current missions that support this investigation are SOHO, Wind, TRACE, and RHESSI. Future
enabling missions are SDO, STEREO, SIRA, Solar B, SHIELDS, and SEPP.

Investigation H1.3 - Predict solar disturbances that impact Earth.

Current missions that support this investigation are SOHO, Wind, TRACE, and RHESSI. Future
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enabling missions are SDO, Solar-B, STEREO, Heliostorm, SHIELDS, SIRA, SEPP, and IHS.

Research Focus Area H2: Determine changes in the Earth’s magnetosphere, ionosphere,
and upper atmosphere to enable specification, prediction, and mitigation of their effects.

The near-Earth space environment, geospace, is unique in the solar system and central to the
protection of Earth and its inhabitants. This region includes the magnetosphere, ionosphere, and
thermosphere (MIT) bound together as a tightly coupled system. The variability within geospace and the
nearby interplanetary environment is generically termed space weather. Much of space weather is driven
by the external processes discussed in the pervious section. In addition, internal drivers of the MIT region
such as the upward propagation of gravity waves, wave-particle interactions, and auroral current systems
are equally important and must be investigated. The consequence of internal drivers is that even in quiet
solar wind conditions, there can be significant variability within the MIT region.

Geospace is the location of most of our space activities. Communication, navigation, Earth weather
and remote sensing, emergency location, defense reconnaissance, and NASA missions are all affected by
space weather. Space weather also causes disturbances of electric power grids and sensitive electronic
systems on the ground. These include navigation systems used by commercial airliners. The technological
systems sensitive to disturbances in geospace are increasing in importance and urgency to human society.

There are three investigations associated with this RFA:

Investigation H2.1 - What role does the electrodynamic coupling between the ionosphere and the
magnetosphere play in determining the response of geospace to solar disturbances?

Current missions that support this investigation are Cluster, Polar, TIMED, and IMAGE. Future
enabling missions include RB and IT storm probes, MMS, GEC, GEMINI, and MC.

Investigation H2.2 - How do energetic particle spectra, magnetic and electric fields, and currents
evolve in response to solar disturbances?

Current missions that support this investigation are Cluster, Polar, TIMED, and IMAGE. Future
enabling missions include RB and IT storm probes, MMS, GEC, GEMINI, and MC.

Investigation H2.3 - How do the coupled middle and upper atmosphere respond to external drivers
and with each other?

Current missions that support this investigation are, Polar, TIMED, IMAGE, and AIM. Future
enabling missions include IT Storm Probes, ITM Waves, SECEP, Tropical ITM Coupler.

Research Focus Area H3: Understand the role of the Sun as an energy source to Earth’s
atmosphere, and in particular the role of solar variability in driving change.

Solar energy in the form of photons and particles drives the chemical and physical structure of
Earth’s atmosphere. For example, ultraviolet and more energetic radiation deposited globally throughout
the stratosphere, mesosphere, and thermosphere is responsible for formation of the ionosphere. Also,
while particles primarily deposit their energy at high latitudes, the resulting ionization, dissociation, and
excitation of atoms and molecules can have a global effect due to dynamical processes that transport
energy around the globe. Ultimately these processes combine to drive the temperature and chemical
composition of the entire Earth’s atmosphere. A key example of how atmospheric modification by the
Sun affects life is stratospheric ozone which acts as a human UV shield. The very existence of the ozone
layer is a direct result of solar energy deposition. Nitric oxide created at higher altitudes by processes
involving solar energy may be transported to lower altitudes where it can destroy ozone.

Because life depends on the atmosphere and its climate, study of solar energy driven atmospheric
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variations is critically important. Solar energy and its changes have effects throughout the atmosphere
including the troposphere where humans live. Despite this, the strength and variability of atmospheric
solar energy deposition remain poorly understood. In addition, coupling processes that spread effects of
energy deposition in altitude and latitude are not well understood. To address these issues, spectral
observations of solar energy deposition resolved in space and time as well as theory and modeling of
dynamical processes that distribute effects of solar energy are required.

There are three investigations associated with this RFA:

Investigation H3.1 - How do solar energetic particles influence the chemistry of the atmosphere,
including ozone densities?

Current missions supporting this RFA are IMAGE and TIMED. Future enabling missions are AIM,
ITSP, GEC, L1-Monitor, SECEP, ITM Waves, and CNOFS.

Investigation H3.2 - What are the dynamical, chemical, and radiative processes that convert and
redistribute solar energy and couple atmospheric regions?

Current missions supporting this RFA are IMAGE and TIMED. Future enabling missions are AIM,
ITSP, GEC, L1-Monitor, SECEP, ITM Waves, and CNOFS.

Investigation H3.3 - How do long term variations in solar energy output affect Earth’s climate?

Current missions supporting this RFA are IMAGE and TIMED. Future enabling missions are AIM,
ITSP, GEC, L1-Monitor, SECEP, ITM Waves, and CNOFS.

Research Focus Area H4: Apply our understanding of space plasma physics to the role
of stellar activity and magnetic shielding in planetary system evolution and habitability.

Plasmas and their embedded magnetic fields affect the formation, evolution and destiny of planets
and planetary systems. Our habitable planet is shielded by its magnetic field, protecting it from solar and
cosmic particle radiation and from erosion of the atmosphere by the solar wind. Planets without a
shielding magnetic field, such as Mars, are exposed to those processes and evolve differently. Planetary
systems form in disks of gas and dust around young stars. Stellar ultraviolet emission, winds, and
energetic particles alter this process, both in the internal structure of the disk and its interaction with its
parent star. The study of similar regions in our solar system, such as dusty plasmas surrounding Saturn
and Jupiter, help explain the role of plasma processes in determining the types of planets that can form,
and how they later evolve.

There are four investigations that study how and when planets become habitable.

Investigation H4.1 - What role do stellar plasmas and magnetic fields play in the formation of
planetary systems?

Current missions that support this investigation are TIMED. Future enabling missions are SDO,
Solar Probe, RBSP, MAD, Jupiter Polar Orbiter, SI. Future contributing missions are Widefield Infrared
Survey Explorer, Space Interferometry Mission, Terrestrial Planet Finder, James Webb Space Telescope.

Investigation H4.2 - What is the role of planetary magnetic fields for the development and
sustenance of life?

Current missions that support this investigation are TIMED and ACE. Future enabling missions are
ITSP, GEC, SDO, L1 Monitor, and MAD.

Investigation H4.3 - What can the study of planetary interaction with the solar wind tell us about the
evolution of planets and the implications of past and future magnetic field reversals at Earth?
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Current missions that support this investigation are ACE, TIMED. Future enabling missions are
ITSP, GEC, SDO, L1 Monitor, MAD, L1 Mars.

Objective J: Safeguarding our Outward Journey

Maximize the safety and productivity of human and robotic explorers by developing the
capability to predict the extreme and dynamic conditions in space

There are many space environment conditions (i.e. energetic particle and electromagnetic radiation
plus plasma and neutral particle environments) that will have a significant impact on implementing the
vision for exploration. By characterizing the extremes and variability of the space environment and
developing the capability to nowcast and forecast the dynamic conditions in space, we provide a key
support to the vision. This objective focuses on the science necessary to ensure safety and maximize
productivity of both human and robotic space explorers. It includes the near-Earth and planetary
environments and the robotic and technological systems that support human space flight.

Addressing these issues is necessary for optimizing spacecraft and instrument design, planning
mission and operations scenarios, ensuring the safety and maximizing the success and productivity of
both robotic and human exploration. Much of the variability in the space environment is driven by solar
activity such as flares and coronal mass ejections (CMEs). The underlying thread that links all three of the
roadmap objectives is achieving a detailed understanding of the basic physical processes required to
enable prediction (Objective F), with the emphasis here on the practical needs of supporting Exploration.
The distinction between Objective J and Objective H (which focuses on the science needed to understand
how life and society are affected by the space environment) is the emphasis on understanding the
variability of the space environment and its potential for violent change with the purpose of enabling and
securing space travel.

Objective J is divided into four Priority Research Focus Areas (RFAs). RFA J1 is focused on
characterization of the space environment to be encountered by human and robotic explorers, including
the extremes as well as the variations to be expected. The second and third RFA build on the first and
focus on developing the capability to predict space environmental conditions throughout the heliosphere.
RFA J2 is focused on the capability to predict the onset of solar activity and solar disturbances as the
source of potentially hazardous space weather events, while RFA J3 is focused on the capability to predict
the nature and severity of environmental hazards associated with the propagation of solar disturbances
through the heliosphere. RFA J4 is focused on the characterizing and understanding the impact of space
weather on planetary environments for the purpose of mitigating risk in exploration activities, such as
spacecraft staging in LEO, or EDL activities at Earth and Mars.

Research Focus Area J1: Characterize the variability, extremes, and boundary
conditions of the space environments that will be encountered by human and robotic
explorers.

There are fundamentally two ways in which understanding the dynamics of the space environment,
the boundary conditions and sources which drive it, can assist future human and robotic exploration: 1)
characterizing the variability and extremes, and 2) developing the predictive capability to nowcast and
forecast transients (solar energetic particle events, CMEs, magnetic storms, substorms, etc.).
Characterizing the extremes of the space environment requires understanding the variables that modulate
the conditions as well as their dependence on location within the solar system and the relevant boundary
conditions that may influence the conditions. In other words, it requires a knowledge both of internal
mechanisms and external drivers, including drivers and sources of the variability at the Sun. As a result,
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developing and applying an understanding of the dynamic space environment (its boundary conditions
and the interplanetary medium which modulates its extremes) is an important element of this objective.

There are three investigations associated with this RFA:

Investigation J1.1 - What is the variability and extremes (worst case) of the radiation and space
environment that will be encountered by future human and robotic explorers, both in space and on the
surface of target bodies?

Relevant Missions: THEMIS, RBSP, ITSP, IHSentinels, SWB, L1/HelioStorm, MSL, LRO and The
Great Observatory[ TGO] (esp. ACE, Wind, Polar, Cluster, TIMED)

Investigation J1.2 - How does the radiation environment vary as a function of time and position, and
how should it be sampled to provide situational awareness for future human explorers?

Relevant Missions: MMS, RBSP, SWB, IHSentinels, L1/Heliostorm, Solar Probe, MARS and TGO
(esp. ACE, Wind, Ulysses)

Investigation J1.3 - What is the relative contribution to the space radiation environment from Solar
Energetic Particles and Galactic Cosmic Rays and how does this balance vary in time?

Relevant Missions: IHSentinels,L.1/HelioStorm, SWB, Mars GOES, and TGO (esp. ACE, Wind,
SOHO,ULYSSES)

Research Focus Area J2: Develop the capability to predict the origin and onset of solar
activity and disturbances associated with potentially hazardous space weather events.

Successful space weather forecasting entails reliable characterization of impulsive solar disturbances
as well as accurate knowledge of the global corona and solar wind through which they propagate. One
also needs to forecast space weather events in magnetospheres and ionosphere-thermospheres of planets,
which are caused by solar activity and/or are a response to changing interplanetary conditions. One aspect
is the prediction of “all clear” periods, when EVAs can be safely accomplished. This requires spacecraft
observations of the entire solar surface both to follow the evolution of active regions over the full solar
disk and to observe complex active regions that may be magnetically connected to human or robotic
explorers in transit to or on the Moon or Mars. On longer time scales, we need to develop the ability to
predict when and where active regions will arise and what the heliospheric, magnetospheric and
ionospheric-thermospheric consequences will be.

Three are three investigations associated with this RFA:

Investigation J2.1 - What are the observational precursors and magnetic configurations that lead to
CMEs and other solar disturbances, and what determines their magnitude and energetic particle output?

Relevant Missions: IHSentinels, SEPM, DOPPLER, SHIELDS, RAM and TGO (esp. SOHO)

Investigation J2.2 - What heliospheric observations, and empirical models are needed to enhance
the predictive capability required by future human and robotic explorers?

Relevant Missions: DO, IHSentinels, SEPM, Solar Probe, SWB, L1/HelioStorm, MAD, LRO,
RBSP, ITSP, GEMINI, MC, MMS, THEMIS, STEREO and TGO (esp. ACE, Wind, SOHO, Polar,
TIMED, Cluster)

Investigation J2.3 - What geospace and planetary atmospheric observations, and empirical models
are needed to provide the predictive capability required by future human and robotic explorers?

Relevant Missions: TIMED, C/NOFS, ITSP+ITIMager, THEMIS, RBSP, MMS, MC, AAMP,
GEMINI, IMC, GEC, ITMWaves, L1/HelioStorms, MAD, ITMC, SECEP and TGO (esp. Polar, TIMED,
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Cluster)

Research Focus Area J3: Develop the capability to predict the propagation and evolution
of solar disturbances to enable safe travel for human and robotic explorers.

Energetic particles from flares, CME shocks and galactic cosmic rays are a known radiation hazard
to human and robotic explorers. To maximize the safety and productivity of these explorers, we need to
develop the observational and modeling tools for more accurately predicting the arrival times, durations,
and severity of their impacts. To a lesser degree, shocks and plasma disturbances are important since they
can damage space hardware. From an operational point of view, an improved predictive capability will
reduce the false-alarm rate and enable longer periods of extravehicular/surface activity for human
explorers. This RFA involves developing an understanding of the acceleration mechanisms and
propagation of solar disturbances, and does not include understanding the triggering of solar events,
which are included in RFA J.2. Both are needed for a complete understanding of these events. Objective F
provides the foundation for understanding the fundamental processes related to shocks and particle
acceleration.

There are three investigations associated with this RFA:

Investigation J3.1 - How are Solar Energetic Particles (SEPs) created and how do they evolve from
their coronal source regions into interplanetary space?

Relevant Missions: IHSentinels, SEPM, DOPPLER, Solar Probe, STEREO and GO

Investigation J3.2 - How do solar magnetic fields and solar wind plasma connect to the inner
heliosphere and what is the nature of the near-Sun solar wind through which solar disturbances
propagate?

Relevant Missions: Solar Probe, IHSentinels, SEPM, DOPPLER, SO and TGO (esp. SOHO)

Investigation J3.3 - How are energetic particles modulated by large-scale structures in the
heliosphere (magnetic fields throughout the solar system) and what determines the variations in the
observed particle fluxes?

Relevant Missions: STEREO, IHSentinels, MMS, MagCon, SWB, L1/HelioStorm and TGO (esp.
Ulysses, Wind, ACE)

Research Focus Area J4: Understand and characterize the space weather effects on and
within planetary environments to minimize risk in exploration activities.

Understanding and characterizing the near planet environments is essential to maximize the safety,
productivity and mitigation of hazardous conditions for human and robotic exploration activities. There
are many issues related to space weather effects within planetary environments. One is reliable
communications and navigation for spacecraft and surface crews. This requires improved understanding
of Earth’s and Martian ionospheres. A second is neutral density variability affecting aerobraking,
aerocapture and EDL. Another is the trapped energetic particles and plasmas which create hazardous
conditions that impact the safety and productivity of exploration activities. While the Sun and its
variability are external drivers of these environments, there are also many internal processes that must be
understood. Planetary space weather develops through the interaction of the solar wind with the planetary
magnetic fields and plasmas, the interaction of solar photons with plasma and neutral populations, the
interaction with the atmosphere below, and via internal processes such as dynamos, wave interactions,
magnetic reconnection, electric fields, transport and chemistry. To understand the planetary conditions
essential for exploration, scientific investigations are targeted for the "near-planet" environments.
Because initial staging activities and transport of human and robotic explorers occurs in geospace,
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understanding this environment is particularly important. The near-Earth characterization and
understanding provides a baseline for modeling the impact of space weather in other planetary
environments and will guide the development of follow-on planetary investigations and missions.

There are five investigations associated with this RFA:

Investigation J4.1 - To what extent does the hazardous near-Earth radiation environment impact
human and robotic explorer’s safety and productivity?Relevant Missions: THEMIS, MMS, RBSP, MC,
IMC, GEC, AAMP, ITSP, L1/HelioStorm and TGO (esp. Polar, ACE, Wind, Ulysses, Geotail)

Investigation J4.2 - What Level of Characterization and Understanding of the Dynamics of the
Atmosphere is Necessary to Ensure Safe Aerobraking, Aerocapture and EDL Operations at Mars?

Relevant Missions: GEC,MAD/MARS, ITMWaves and TGO (esp. TIMED, CNOFS)

Investigation J4.3 - To what extent does ionospheric instability, seasonal and solar induced
variability affect communication system requirements and operation at Earth and Mars?

Relevant Missions: CNOFS, ITSP+ITImager, L1/HelioStorms, MAD/MARS and TGO (esp.
TIMED)

Investigation J4.4 - What is the effect of energetic particle radiation on the chemistry and the energy
balance of the Martian atmosphere? Relevant Missions: AIM, MSL, MAD/MARS, Mars GOES, GEC,
SECEP, ITMC and TGO (esp. TIMED)

Investigation J4.5 - What are the dominant mechanisms of dust charging and transport on the Moon
and Mars that impact human and robotic safety and productivity?

Relevant Missions: MAD/MARS, Mars Goes, LRO, plus Moon and Mars Landers and Rovers,
Laboratory SR&T program

Chapter 2. Sun-Solar System Connection: The Program

Principles and Policies

The strategy presented in this document has been derived from the NASA Objective for SSSC to
address the vital, urgent, and compelling needs of the nation. The community based SSSC Roadmap
committees have solicited input from the constituents of the program, both internal and external, in
formulating the plan. The proposed SSSC Program implements the best science and exploration effort
that can be accomplished within the budget constraints of the program. The recommended program has
two options, one that fits within the expected resource cap with some specifically identified
augmentations and another that is optimized to address the science goals in a more reasonable time frame
with increased mission synergy. The program is highly responsive to the requirements for the Vision for
Space Exploration and consistent with the recommendations of the relevant decadal surveys of the
National Academies and previous Roadmaps.
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Implementation Strategy

The science and exploration program described in the previous chapter occupies a valuable niche in
the NASA Science Mission Directorate. SSSC research will develop knowledge that transforms our
understanding of the universe and our place in it. SSSC investigations provide practical understanding
and measurements of areas that affect our technological society and enable safe and productive
exploration of the Moon, Mars, and beyond. And missions and technology to explore the solar system
enable the science of the division.

The interplay of exploration, discovery, and understanding provide the guidance for prioritizing the
program elements. Exploration of Mars and other destinations in the solar system provides the
opportunity to measure conditions in different environments that help us understand our own world. New
physical understanding of the Sun and its interactions with planetary magnetospheres provide information
about the habitability of worlds near other stars. These all contribute to developing future operational
systems that support the needs of our increasingly technological society.

Open the
Frontier to
Space
Environment
Prediction

Discover

Science that
transforms
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Figure Caption: The intersecting ovals illustrate the intersection of three categories of science:
discovery science that is enabled by exploration, science that transforms our understanding, and science
that informs to enable exploration. At the intersection is the ‘sweet spot’ where the highest priority SSSC
missions lie.

The objectives, research focus areas, and investigations defined in the previous chapter describe
realms of scientific inquiry that will take decades to complete. The road map to progress have been
charted by identifying a series of targeted outcomes necessary to accomplish the desired objectives. The
targeted outcomes in the accompanying table have been established after careful consideration of the
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research focus areas, consolidation of investigation requirements, anticipation of the capabilities likely to
be available and required at different times, and estimation of available resources. The outcomes have
been ordered in phases to develop the scientific understanding necessary to support the needs of society
and the exploration program.

Phase 1: 2005-2015 Phase 2: 2015-2025 Phase 3: 2025-beyond
M easure magnetic reconnection at the | Model the magnetic processes that drivg Predict solar magnetic activity and
Open the Sun and Earth space weather energy release
Frontier to Determine the dominant processes and| Quantify particle acceleration for the Predict high energy particle flux
Space sites of particle acceleration key regions of exploration throughout the solar sy stem.
Bavi t Identify key processes that couple Understand non-linear processes and Understand the interactions of
nvironmen solar and planetary atmospheres to the couplings to predict atmospheric and | disparate astrophysical sy stems
Prediction heliosphere and bey ond space environments
Understand how solar disturbances Identify precursors of important solar
propagate to Earth disturbances
Identify how space weather effects Quantify mechanisms and processes Enable continuous scientific
Understand are produced in Geospace required for Geospace forecasting forecasting of conditions throughout
the solar sy stem
the Nature.Of Discover how space plasmas and Determine how magnetic fields, solar Determine how stellar variability
our Home in lanetary atmospheres interact wind and irradiance affect the overns the formation and evolution
P ) p &
Space habitability of solar sy stem bodies of habitable planets
Identify the impacts of solar Integrate solar variability effects into Forecast climate change (joint w/
variability on Earth’s atmosphere Earth climate models Earth Science)
Determine extremes of the variable Characterize the near-Sun source region | Analyze the first direct samples of the
Safeguard radiation and space environments at of the space environment interstellar medium
o) d Earth, Moon, & Mars
our OQutwar Nowcast solar and space weather and | Reliably forecast space weather for the | Provide situational awareness of the
J ourney forecast “All-Clear” periods for space |Earth-Moon sy stem; make first space | space environment throughout the
explorers near Earth weather nowcasts at Mars inner Solar Sy stem
Determine Mars atmosp heric variability| Reliably predict atmospheric and
relevant to Exploration activities radiation environment at Mars to
ensure safe surface operations
* Develop technologies, observations, and knowledge systems that support operational systems

Each anticipated achievement in the table has been thoroughly considered. Each targeted outcome
requires advances in understanding of physical processes. Measurement capabilities must be available to
develop that knowledge. Deployment of missions, development of theoretical understanding, and
availability of infrastructure systems are required to provide that measurement capability. For each
outcome in the table the necessary understanding, capabilities, and implementation have been traced. The
scientific flow-down charts are available at the SSSC 2005 Roadmap web site (sun.stanford.edu/roadmap)
and an example chart will be found in an Appendix. The requirements in the flow-down charts often
overlap; so the results have been consolidated. Finally a balanced set of missions was chosen to address
the most critical science and exploration topics in each phase. The missions have been assigned to
program elements and resources identified to implement them. Information gained in earlier missions
must be used to decide the selection and ordering of later flight opportunities.

Strategic Considerations

The SSSC objectives identify robust goals that are vital, urgent and compelling. Obviously no
unique strategy exists now that addresses the scientific and programmatic needs, fits within the
anticipated budget profile, and anticipates all developments over the next 30 years. The developing
requirements of the Vision for Space Exploration, the increasing need for understanding external
influences on our home planet, and the transformational science required to develop predictive
capabilities for the space environment require a broad approach to address interlocking needs and demand
considerable flexibility in the implementation.



23

The program combines relies on several elements: strategically planned missions in the Solar
Terrestrial Probes (STP) and Living With a Star (LWS) lines to address widely recognized critical
problems; competitively selected Explorers to optimize responsiveness to strategic needs; continued
operation of existing space assets as part of the SSSC Great Observatory; low cost access to space for
unique science, community health, and instrument development needs; technological development;
supportive, targeted research and analysis programs; and a strong effort in education and public outreach.
Partnerships with other areas of NASA and other agencies, both U.S. and international, are essential. Each
of these program elements is described in more detail below.

Flagships missions address very difficult problems in scientific areas that confront major road
blocks to future progress. Flagship missions have great promise for scientific advance, but may cost four
or more times as much as an Explorer. Missions of this scope cannot be accomplished within the current
resource limits of the program without fatally compromising the rest of the program. Flagship missions
are identified separately as top priorities for additional funding.

Science by Phase

The Roadmap committees considered three decade-long phases in formulating a plan. The
achievements of each phase inform decisions made about implementation in subsequent phases. The
phases roughly correspond to development cycles in the Exploration Initiative. Phase 1 ends in 2015 and
includes missions launched by that date; Phase 2 ends in 2025 and Phase 3 in 2035. Achievements
identified in Table 2.1 correspond fairly well to these phases.

Our Phase 1 program presumes the continued operation of missions in the Great Observatory. The
baseline Phase 1 program includes only new missions that are already in development or whose
announcement is expected in the very near future. STEREO, Solar-B, and MMS in the STP program,
SDO and RBSP in the LWS program, and the selected Explorers: AIM, THEMIS, and IBEX. Additional
Explorers will close gaps in the program. The solar sail demonstration mission and the ADAM Mars
Scout mission also occur in Phase 1. Solar Probe should be launched in this phase, though data from the
first plunge through the corona will not be available until Phase 2. This set of investigations provides a
very powerful tool for accomplishing the achievements listed in Table 2.1. An optimized program would
accelerate these and some of the missions identified for early in Phase 2. The multiple synergies and
comprehensive views afforded by the Great Observatory as it evolves and develops during this interval
are a testimonial to the investments and achievements of the past decade in Sun Earth Connection science
at NASA. The first crucial set of questions required to open the frontier to space weather predictions,
understand the nature of our home planet, and safeguard our outward journey have been largely
anticipated in the existing program plan. SSSC is clearly poised to make significant progress in the next
10 years on these important questions.

Phase 2 includes missions scheduled for launch between 2015 and 2025. GEC and MagCon address
the next set of fundamental problems in the STP program. They too depend on continued context
observations from the evolving SSSC Great Observatory. The LWS Program plans to launch two
missions relatively early - IH Sentinels and ITSP. These rely on measurements from SDO and RBSP to
realize their full potential. Later two smaller missions, SEPM and Heliostorm/L1 will address questions
about hazardous space weather directed toward the Earth-Moon system. Toward the end of Phase 2 a
choice between terrestrial and heliospheric mission priority will need to be made (as described in the
previous section). The pace of launches is somewhat slower and the comprehensive coverage of the
connected system available early in phase 2 will likely diminish toward the end of the decade if missions
do not continue to function past their expected life times.

Missions beyond 2025 in Phase 3 have been identified in the previous section because we already
know many of the scientific questions that will probably remain unanswered. The priorities will be
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adjusted depending on what is learned and on progress in the Exploration Initiative, but it is clear that
constellations of spacecraft will be required in new regions to resolve spatial and temporal changes in the
magnetosphere and in interplanetary space where remote global sensing is not possible. Technological
development and selection of Explorers may allow some objectives to be achieved earlier.

Several missions of great interest cannot be implemented even during this time period. A few are
limited by technology, but more are limited by resources, particularly those having to do with
comparative magnetospheres and planetology.

The SSSC Roadmap promises significant accomplishment. The science requirements derived from
the national objectives for NASA can be accomplished with the resources available. With additional
resources an optimized plan has been crafted that will be significantly more productive. The near term
course is clear and decision points for the future have been identified.

Program Elements

The implementation of the SSSC program is currently funded though several sources. Missions
come from the Solar-Terrestrial Probe Program, the Living With a Star Program, and the Explorer
Program. Rockets and balloons provide low-cost rapid access to space. The fleet of existing missions
makes up a Great Observatory that evolves as new missions are launched and new combinations of
observations are made. Focused research and analysis programs lead to new understanding and contribute
to new investigation requirements. The support of data, computing, and community infrastructure ensures
that progress will continue to be made. Each of these program elements is described below. We first
describe briefly the mission strategy for each line. We then discuss each phase of the program and how
the proposed mission set meets the requirements in the tables described above.

Solar Terrestrial Probes

The Solar Terrestrial Probe investigations focus on specific scientific areas required to advance our
fundamental understanding of the Sun — Solar System Connection. Subsequent missions target the
‘weakest links’ in the chain of understanding. STP missions are strategically defined and investigations
are competitively selected.

STP is one of two strategic lines for the Sun-Solar System Connection. Strategic mission lines
afford the space physics community the opportunity to plan specific large missions to address one or
more of the research focus areas and thus make significant progress in elucidating the fundamental
processes of the coupled Sun-Earth system. In addition, such capable spacecraft missions often result in
unexpected new discoveries.

The future and existing mission priority has been re-evaluated in light of the new priorities at NASA
that are reflected in the objectives derived in this Roadmap. STP missions currently in development are
STEREO, Solar-B, and MMS. The first STP mission, TIMED, was launched in 2001 to study the
influences of the Sun and humans on the mesophere and lower thermosphere/ionosphere. These missions
strongly support the current objectives explained in this Roadmap and musts be completed as scheduled.
Solar-B is a joint mission with the Japanese space agency, JAXA, and it will provide the high-resolution
solar observations needed to understand magnetic energy storage and release in the solar atmosphere.
STEREO will observe coronal mass ejections and other structures moving in the interplanetary medium
from two spacecraft in solar orbit to understand how CME’s reach Earth. The set of four MMS spacecraft
will probe the most critical regions of geospace to measure magnetic reconnection.

In order to support the fundamental science necessary to open the frontier for prediction of space
weather effects, this Roadmap identifies GEC and MagCon as the next two STP missions. GEC will
measure the poorly observed region just below stable satellite orbits where the interactions of the charged
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and neutral components of the atmosphere become more important — the linkage between the ionosphere
and magnetosphere. MagCon, now slated for launch in 2022, provides comprehensive measurements of
processes in the magnetosphere with a fleet of spacecraft. These and the other missions we identify are
described in more detail in the next Section.

Coupled with the rest of the program, these missions promise the best assault on the important
problems facing SSSC. The five-year spacing between launches in the current budget is not ideal, not
only because progress is slow, but because synergy between missions is curtailed. We have identified
participation in the L1 Earth-Sun mission that is being proposed in the Earth Science roadmap as one
exciting candidate for augmentation of the STP line. Measurements of the external radiation and particle
inputs to the Earth environment are essential for understanding the radiation budget. The scope of the
SSSC portion of this mission will depend on the timing and capabilities of the Earth science mission.

SOLAR. TERRESTRIAL 7R

STEREO MMS GEC MC R
CME Propagation Reconnection ITMC/W
i L1 Earth-Sun
B olar Magnetic Fieldd
) ) ) I I ) I !
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The figure shows the missions identified for flight through 2035 in our current budget projection.

If additional funds are be made available to restore the planned 2.5 year cadence of STP missions
the MMS, GEC, and MagCon missions should be flown more quickly. They should be followed by
Doppler & SEPM, two smaller missions that could be combined to provide spectroscopic observations of
the solar corona (DOPPLER) and remote sensing of the sources of solar energetic particles (SEPM).
These two missions particularly benefit from overlap with the inner heliospheric and solar missions
planned in the LWS line. Next, AAMP focuses on particle acceleration too, but in the auroral region
around Earth. Two more small missions, HIGO and ITM Waves, complete phase 2 of our plan in this
optimized scenario. A revamped HIGO complements the IBEX Explorer recently selected to explore the
outer boundary of the heliosphere; HIGO will measure the components of the interstellar medium that
survive into the sub-Jovian solar system. ITM Waves concentrates the wave processes fundamental to the
coupling between distinct altitude regions and on the overall dynamics of the Earth’s atmosphere.

Phase 1 & 2 achievements Phase 3 decisions
Science achievement Particle acceleration by
parallel electric fields

Understand magnetosphere & lonosphere (AAMP)

processes and coupling
(RBSP, ITSP, GEC, MMS and MC) Coupling of ITM system to
upper atmosphere

(ITM-Coupler / ITM Waves)

Phase 3 STP missions will measure reconnection near the Sun and observe lower latitude
disturbances in the ionosphere-thermosphere-mesosphere; a stellar imager will resolve activity on other
stars to enable us to complete our objectives. Even later, more ambitious missions to explore the
interactions of external drivers with other worlds in the solar system, specifically Titan, Venus, and Io,
could be accomplished in partnership with others to address questions of habitability and atmospheric
evolution. Larger telescopes to remotely probe the solar transition region would complete our
understanding of how energy propagates from the Sun outward and remote sensing of other planetary
environments would close the path at the receiving end.
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The figure shows the mission identified for flight through 2035 in our optimized scenario. The
synergy of mission is apparent.

Living with a Star

The Living With a Star program emphasizes the science necessary to understand those aspects of the
space environment that affect life and society. The ultimate goal is to provide a predictive capability for
the space weather that affects us. LWS missions have been formulated to answer specific science
questions needed to understand the linkages among the interconnected systems that affect us. LWS
investigations build on the fundamental knowledge gained by the STP missions and very directly address
the needs of the Vision for Exploration and Objective H and J of this Roadmap. Significant planning has
already informed the crafting of a coordinated LWS program that includes strategic missions, targeted
research and technology development, a series of space environment test bed flight opportunities, and
partnerships with other agencies. Partnerships are crucial to LWS because the vast number of complex
physical connections between and within the Sun-Earth system cannot be addressed by a few missions.

Two missions are currently in development or about to be announced: the Solar Dynamics
Observatory (SDO) and the Radiation Belt Storm Probes (RBSP). The first LWS mission, SDO, is
expected to launch in 2008 to understand the mechanisms of solar variability by measuring the solar
interior, atmosphere, and EUV spectral irradiance. Two pairs of geospace storm probes complement SDO
to measure the terrestrial environment at the same time. The first, RBSP, is planned for a 2011 launch; it
will quantify the source, loss, and transport processes that generate Earth's radiation belts and cause them
to decay. The second, the Ionosphere-Thermosphere Storm Probes (ITSP) also includes a separate
imaging instrument.

Our Roadmap concurs with earlier recommendations that the next two LWS missions should
complete the geospace storm probes by launching ITSP and explore radial evolution of structures with the
Inner Heliosphere Sentinels (IHS) mission. The priority of the ITSP mission is driven by the very
practical need to aid communications and navigation; ITSP will survey the global distribution of
ionospheric and thermospheric densities, ionospheric irregularities, and geomagnetic disturbances as a
function of varying solar and geospace conditions. The Exploration Initiative raises the priority of the
IHS mission because hazardous space weather near Earth cannot be understood without it. In our realistic
scenario for LWS these two missions are launched within a year of each other in 2015 and 2016. Our
optimized scenario moves these missions up to increase the synergy with RBSP and SDO and to provide
earlier information for the design of systems for the return to the Moon later in the decade. We also
identify an important partnership opportunity with ESA's Solar Orbiter mission that complements the IHS
in situ measurements and will provide solar observations from a different vantage point.
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The next LWS missions in Phase 2 address understanding solar energetic particle (SEP) production
near the Sun (with the SEPMission) and better measurement of the inputs to geospace with Heliostorm or
an L1 Mission. These two missions can be smaller in cost than typical strategic missions. The choice
between Heliostorm and an L1 mission is complex. Heliostorm would use solar sails to hover another
hour or two upstream of the L1 point in the solar wind; this mission depends on a timely demonstration
flight of solar sail technology. Measurement of incoming solar wind parameters is crucial to many other
investigations, so depending on Heliostorm, the status of the Earth Science L1-Earth-Sun mission,
lifetime of existing assets, and partnerships with other agencies, we have reserved some small amount of
resources for L1 observations.

Phase 1 achievement Phase 2 decision Phase 3 decisions
Technology e . -
achievement Increased space Out-ofs-elclul)jhcl: s<|>|ar imaging

weather warning times (Solar Polar Imager)
aes (Heliostorm) .| Sampling Interstellar medium
Solar Sail > (Interstellar Probe)
Development Hocess _ — ——
(ST-9?) No Space weather warnings Out-of-ecliptic solar imaging
> (L1 Solar Wind) (Telemachus—chemical propulsion)
Sampling Interstellar medium
»| (Interstellar Probe - using NEP?)
Phase 1 & 2 achievements Phase 3 decisions
Science achievement Out-of-ecliptic solar event
- imaging
Understand propagation of solar events '
(SDO, STEREO, Solar Orbiter and Inner (SPI/ Telemachus)
Heliosphere Sentinels, SWB) —
In-ecliptic solar event
imaging
(FarSide/SHIELDS)

Subsequent Phase 2 mission selection in the LWS program depends on future developments in the
program. Priorities will shift based on progress of the Exploration Initiative and what we learn from
spacecraft launched in the next ten years. Our baseline program shows a choice preceding the 2022
launch of either Solar Weather Buoys (SWB) or a pair of smaller missions, SECEP and GEMINI. The
SWB mission provides for about a dozen in situ observing platforms circling the Sun at 1 AU to fully
understand how the solar wind and hazardous disturbances propagate outward from the Sun. SWB could
become part of the early warning system needed to support safe and productive journeys to Mars and
beyond. SECEP (Sun Earth Coupling by Energetic Particles) will explore the destruction of ozone by
solar energetic particles; SECEP will measure the precipitating energetic particle influx as well as the
descending odd nitrogen and odd hydrogen compounds and ozone densities. The Geospace
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Magnetosphere-lonosphere Neutral Imagers (GEMINI) will provide the first 3-D observations of the
global geospace dynamics in response to external solar drivers and internal coupling. The decision will be
based on what is learned from STEREOQO, SDO, and the IHS missions on the one hand and MMS, RBSP,
ITSP, and GEC on the other.

Phase 1 achievement Phase 2 decision

Science achievement

Further study of propagation of
Understand propagation of solar events

solar events @ (Solar Wind Buoys)
Energetic particle impacts on

atmosphere & inner magnetosphere
(SECEP, GEMINI)

Later Phase 3 choices in the LWS program would select among high-latitude solar observations
necessary to understand the solar cycle and interior, two or three solar imagers stationed far from Earth to
provide global coverage, a constellation of spacecraft to understand the inner magnetosphere, and
exploration of the day-side boundary layer where energy from the solar wind crosses the magnetopause.
The prioritization of these missions depends on results from earlier investigations.

In our optimized scenario the ordering changes slightly as shown in the accompanying chart.
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The Explorer Program

The Explorer program is an indispensable element of the strategic Roadmap plan. Explorer missions
fill important gaps in the proscribed program. The investigations target very focused science topics that
augment, replace, or change strategic line missions. Highly competitive selection assures that the best
strategic science of the day will be accomplished.

Missions currently in development, AIM, THEMIS, and IBEX, address important targeted
outcomes. AIM (Aeronomy of Ice in the Mesosphere) will explain polar mesospheric clouds formation
and variability as well their relationship to global change in the upper atmosphere and the response of the
mesosphere to solar energy deposition. THEMIS (Time History of Events and Macroscale Interactions
during Substorms) addresses the spatial and temporal development of magnetospheric substorms — one of
the fundamental modes of the magnetosphere. IBEX, the Interstellar Boundary Explorer, will image the
entire 3D configuration of the boundary region of our heliosphere, the vast (~100AU thick) region where
the solar wind decelerates because of the pressure of the local interstellar plasma.

Because future selections are determined competitively in response to evolving strategic conditions,
identification of specific future accomplishments at this time is impossible; however, numerous candidate
missions have been identified (see the SSSC Roadmap web site for examples). The Explorer program has
long been critical to maintaining the strength of the Sun-Earth Connection (now Sun-Solar System
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Connection) science program. It affords a regularly recurring opportunity to fly exciting new missions,
selected by peer-review for the best science with a relatively short response time, utilizing state-of-the-art
instrument development. In addition, the program provides the opportunity for instrument teams to
participate in missions-of-opportunity provided by other agencies (DOD, etc) or international programs.
These missions-of-opportunity allow the space physics community to obtain the data necessary for
specific strategic goals at a fraction of the cost of a dedicated mission. SEC Explorers are responsible for
major scientific achievements that have profoundly transformed our understanding of the Sun-Earth
system. Some highlights include: visualization of the global dynamics of the geospace system by
IMAGE, the first gamma ray imaging by RHESSI, discovery of coronal magnetic complexity by TRACE,
discovery of trapped anomalous cosmic rays in Earth’s magnetosphere by SAMPEX, and discovery of
small-scale size parallel electric fields in the auroral acceleration region by FAST.

Explorers demonstrate the ability of the science community to respond rapidly to decision points, an
important element in the strategy put forth in the Vision for Space Exploration initiative. Decision points
can allow us to take advantage of a new scientific discovery that suggests the need for a new mission, new
instrumentation development that provides the opportunity to address questions previously not accessible,
or new technologies or analysis techniques that enable a less costly mission. Enabling rapid response of
the SSSC community to such promising scientific opportunities ensures that science goals are met in the
most cost and time effective manner. Results from such missions in turn may lead to development of new
strategic missions or modifications of existing ones.

The Explorer program also plays a key role in developing and maintaining the scientific and
engineering community needed to meet the objectives the Roadmap, NASA, and the nation. Explorers
provide hands-on training of instrumentalists, both scientists and engineers, thus enabling SSSC strategic
missions, and directly contributing to the NASA Mission element: “to inspire the next generation of
explorers”. Managing cost-constrained missions such as Explorers requires specialized expertise.

Flagship and Partnership Missions.

Urgent need for progress across a range of topic areas means that all of the SSSC resources cannot
be applied to a single problem for an extended interval. Yet some major roadblocks to progress simply
cannot be overcome with missions supportable in the strategic lines available to SSSC. Solar Probe in the
immediate term, and Interstellar Probe and Stellar Imager in the more distant future are flagship missions
that address such problems.

Solar Probe will transform our understanding of the physical processes that control the heating of
the solar corona, the acceleration of the solar wind, and the release of eruptive activity. Solar Probe is the
first flight into the Sun’s corona, only 3 solar radii above the solar surface. Accurate predictions of events
that disturb the Earth's human systems and affect deep space explorers require this understanding. Solar
Probe can only be achieved with specific budget augmentation towing to the cost of ensuring its survival
in an extreme environment. That said, the science and technology definition team currently investigating
Solar Probe concludes that the mission is ready for a new start now. The decadal surveys and this
roadmap identify Solar Probe as the highest priority flagship mission requiring an augmentation in
funding.

Interstellar Probe will be the first mission to leave our heliosphere and directly sample and analyze
the interstellar medium. It requires an advanced in-space propulsion system, such as a solar sail or nuclear
electric propulsion, to reach the upstream interstellar medium at a distance of 200 AU within 15-20 years.
The mission will be the first specifically designed to directly measure the characteristics of the local
interstellar medium, including dust, plasma, neutral gas, energetic particles, and electromagnetic fields.
On its way, it will provide only the second opportunity after Voyager to directly observe the region of
interaction between the solar wind and the interstellar medium, from the termination shock to the
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heliopause and beyond.

Stellar Imager (SI) is a challenging mission that will obtain the first direct resolved (1000 pixel)
images of surface magnetic structures in stars like the Sun. The SI will develop and test a predictive
dynamo model for the Sun and Sun-like stars using asteroseismology and by observing the patterns in
surface magnetic fields throughout activity cycles on a large sample of Sun-like stars.

Partnerships provide another method to increase scientific return. Several missions have been
identified in our plan that rely on partnerships with other pasts of NASA, as well as other U.S.
government and international agencies. Within NASA the solar sails demonstration project will lay the
ground work for Heliostorm, Solar Polar Imager, and Insterstellar Probe. The Jupiter Polar Orbiter
planned by the solar system exploration division has direct relevance to understanding planetary
magnetospheres. Pluto-Kuiper should provide another opportunity to explore the outer heliosphere.
Multiple opportunities for partnership have been identified as part of the International Living With a Star
(ILWS) program. Partnership with ESA on Solar Orbiter should be explored in the very near term as a
way to optimize and enhance the IHS, SHIELDS, and SEPM investigations.

Enabling information about the aeronomy and dynamics of the Mars atmosphere is required for
aerocapture, entry, descent, and landing. The Mars Scout program provides an opportunity for a
collaborative mission such as ADAM. Future missions to refine our knowledge of the interaction of the
Martian environment with the Sun will also be collaborative. The SECEP mission, designed to understand
ozone production, is a prime candidate for collaboration with our Earth Science colleagues. The L1-Earth-
Sun mission to understand the Earth's radiation budget is another potential partnership with Earth Science.

The Sun-Solar System Connection Great Observatory — Evolving to Meet the Needs of
the Vision for Exploration

The strategic objective addressed in this roadmap is intrinsically one of connections, of influences
extending over vast distances to produce dramatic effects throughout the solar system. Because these
connections are mediated locally by largely invisible agents -- plasmas and magnetic fields -- the science
of Sun-Solar System Connections must be based on multi-point in sifu measurements from platforms
distributed throughout the solar system, supplemented with remote-sensing measurements wherever
possible.

In recent years the power of simultaneous observations at multiple vantage points has been clearly
demonstrated by what has come to be known as the Sun-Solar System Connection "Great Observatory."
Our Great Observatory is a fleet of solar, heliospheric, geospace, and planetary spacecraft working
together to help understand solar activity and its interaction with geospace and other planetary systems
throughout the solar system. Like NOAA’s system for observing and predicting terrestrial weather, this
observatory utilizes remote sensing, in situ measurements, data analysis and models to provide physical
understanding and predictive capability for space weather. The diverse measurements across distributed
spatial scales are linked by a variety of models that serve to fill in the gaps in the observations and help
predict tomorrow’s space weather. The measurement capabilities include imaging the Sun; sensing in situ
and remotely the disturbances in interplanetary space; and measuring particles, fields, and radiation in
geospace, remotely and in situ. Continuing and evolving this distributed observatory to meet the needs of
the Vision for Space Exploration is one of the community’s highest priorities.

The very large “Halloween Solar Superstorms” described in in the next section are show an example
of the unique and powerful capability of the Great Observatory to view a system of systems. The effects
of the solar storms from the Sun to the Earth and beyond were observed simultaneously in key regions
and from specific vantages. It would not have been possible to link the consequences of these superstorms
at Earth and Mars to the solar drivers without this collection of satellites and the human and
computational resources to interpret the data. The power of the Great Observatory comes from the
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combination of multiple operational assets, focused and large-scale models, and associated data analysis.
Many of the spacecraft are SSSC missions, but additional “observation posts” are provided by spacecraft
such as Mars Global Surveyor (MGS), Cassini and the Hubble Space Telescope. For example, from
MGS, we learned that the fluxes of solar energetic particle radiation caused by the superstorms were quite
different at Mars than at Earth. Our Great Observatory will need to evolve and expand to fully understand
why these responses were different in order to meet the needs of the Vision for Space Exploration.

The Great Observatory is vital to explain fundamental physical processes at work throughout the
complex, coupled system that is the Sun-Solar System. For example, magnetic reconnection between the
interplanetary and Earth magnetic fields is the critical physical process determining the size of a
geomagnetic storm. We have greatly increased our understanding of the role of this process by relating
upstream solar wind measurements to both data near the small dayside reconnection site and to satellite-
based images of the corresponding ionospheric airglow emissions. Similarly, using assets spread
throughout the solar system, we have significantly improved our understanding of how solar activity
modulates galactic cosmic ray radiation. These discoveries about the foundational physics of our solar
system were made possible by the combined resources of our Great Observatory: the coupled
observations, the detailed data analysis, the extensive modeling efforts, and the knowledge of the
underpinning theory. The resultant increase in knowledge improves our capability to predict the space
environment that human and robotic explorers will experience and provides the foundation for future
operational systems.

The Great Observatory will continue to evolve as new spacecraft join and old ones retire or change
their operating modes. Both missions in their prime phase and missions in extended phases (supported by
MO&DA) provide the variety of observation posts needed to study the Sun-Solar System Connections, as
demonstrated by the Halloween Storms. A great strength of the Great Observatory fleet is that it is
regularly evaluated and reviewed by the community to maximize the return on the agency investments.
The Senior Review process determines which spacecraft are most necessary to meet the needs of the Sun-
Solar System Connection program as defined by the community-developed Roadmap document. The
criteria for retention include relevance to the goals of the SSSC; impact of scientific results as evidenced
by citations, press releases, etc.; spacecraft and instrument health; productivity and vitality of the science
team (e.g., publishable research, training younger scientists, education and public outreach); promise of
future impact and productivity (due to uniqueness of orbit and location, solar cycle phase, etc.); and
accessibility and usability of the data.

New missions are selected for inclusion in the Great Observatory on the basis of their demonstrated
ability to satisfy the same criteria discussed above for successful operating missions. The most important
of these, from the perspective of strategic planning, is relevance. To meet the new needs of the Vision for
Space Exploration, new missions will be needed in order to characterize, understand and predict the
dynamic environmental conditions in space to maximize the safety and productivity of both human and
robotic space explorers. At the same time, some existing missions are demonstrably vital and
irreplaceable and will need to be maintained in order to meet the agency objectives.

Example of the Great Observatory: The Halloween Solar Storms

The violent solar eruptions of late October and early November 2003 are the best observed outbreak
of intense solar activity to date. These events, referred to as Halloween Storms, are extreme events in
terms of both their source properties at the Sun and their heliospheric consequences. The plasma, particle
and electromagnetic consequences of these events were felt throughout the heliosphere thanks to the
distributed Great Observatory.

Disturbances associated with two of the eruptions arrived at Earth in less than a day, providing
benchmark data for space weather purposes. Historically, there were only 13 such events including the
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Carrington event of 1859 September 1. Several aspects of the Halloween Storms including active region
size and potential energy, flare occurrence rate and peak intensity, CME speed and energy, shock
occurrence rate, SEP occurrence rate and peak intensity, and the geomagnetic storm intensity displayed
extreme behavior.

About 59% of the reporting spacecraft and about 18% of the onboard instrument groups were
affected by these storms: electronic upsets, housekeeping and science noise, proton degradation to solar
arrays, changes to orbit dynamics, high levels of accumulated radiation, and proton heating were
observed. Most earth-orbiting spacecraft were put into safe mode to protect from the particle radiation.
Major impact also occurred on the society: about 50,000 people in southern Sweden (Malmoe)
experienced a blackout, where the oil in a transformer heated up by 10 degrees; surge currents were
observed in Swedish pipelines; several occurrences of degradation and outage of GPS systems; several
teams on Mount Everest felt interference in high-frequency radio communications.

The solar energetic particle event on October 28, 2003 and resulted in a significant ozone depletion
between 50 and 80 km from the ground. A ten-fold enhancement in the ionospheric total electron content
over the US mainland occurred during October 30-31. Extraordinary density enhancements in both the
magnetosphere and ionosphere coinciding with intervals of southward IMF and high-speed solar wind
were observed.

The storms arrived at Mars and the MARIE instrument on board the Mars Odyssey succumbed to
the onslaught of radiation. The storms continued to the orbits of Jupiter and Saturn as detected by Ulysses
and Cassini, respectively. Wind, Ulysses and Cassini radio instruments also observed a radio burst
resulting from colliding CMEs on November 4, 2003 from widely different vantage points. Finally, the
disturbances reached Voyager 2 after about 180 days, piled up together as a single merged interaction
region (MIR), which led a large depression in cosmic
ray intensity, lasting more than 70 days. Although itis
not unusual that such solar eruptions occur during the
declining phase of a solar cycle, these events bench
mark the level of understanding we have on the
behavior of the sun over different time scales. The fleet
of spacecraft in the Great Observatory helped us not to
be taken by surprise by the Halloween Storms.
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Caption: The solar corona from SOHO before,
during and after the fast halo coronal mass ejection
(CME) on October 28, 2003 (top row). The image
o prvm prom prv taken after the CME is seriously degraded by the

TIMED/SABER energetic particles from the CME. This CME and the
next one on October 29 resulted in record solar wind
speeds as measured by the Advanced Composition
Explorer (second row). Outgoing energy flux radiated
by the atmospheric nitric oxide at 5.3 micron as
measured by TIMED increased drastically during the
October 2003 storms (third row). The fastest CME of
this period occurred on November 4 collided with a
preceding CME to produce an intense radio signature
detected by Wind spacecraft (bottom). This signature
was also detected by Ulysses and Cassini spacecraft
from distant locations in the heliosphere.
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Low Cost Access to Space

The Low Cost Access to Space (LCAS) program, with key elements of the sounding rocket and
balloon (suborbital) programs, is an essential component of NASA’s space physics research program,
providing cutting-edge new science discoveries utilizing state-of-the art instruments in a rapid turn-
around responsive environment. These investigations are science driven, but also play two other
important roles that are not available in any other flight programs-training of experimental space
physicists and engineers and the development of new instruments and instrumental approaches which are
verified by actual spaceflight.

A recent example of this three-pronged role from the suborbital program is the new understanding of
auroral physics obtained in a series of rocket flights that both developed the state-of-the-art
instrumentation and the pathfinding science discoveries leading up to one of the first NASA small
explorers, FAST. Figure 1 (to be provided in final roadmap) shows how new, higher altitude rockets
demonstrated the importance of microphysics and the need to make extremely high time resolution
measurements to elucidate the acceleration processes. The ‘top hat’ plasma detectors, developed by C. W,
Carlson for these rockets, are now common on space plasma missions, providing 3D, high time resolution
electron and ion measurements. The rocket program provided Dr. Carlson (who became the FAST PI
after a long association with the sounding rocket program) with the opportunity to develop project
management skills and also provided the hand-on training of graduate students who became the
instrument leads on the FAST satellite.

The other key component of LCAS are solar physics balloon missions which have an outstanding
record of scientific discoveries. For example, the LASCO coronagraph on board the SOHO spacecraft
enabled systematic studies and arrival time predictions of coronal mass ejections aimed at Earth. The
solar telescopes on the RHESSI Explorer mission used hard X-ray imaging spectroscopy, high-resolution
nuclear gamma-ray line spectroscopy, and gamma-ray line flare imaging to reveal the energy release
process in solar flares in greater detail than ever before. These achievements can trace their heritage to
balloon-borne instruments flown in the continental U.S. and in Antarctica.

An essential ingredient of the Vision for Exploration is a source of well-trained engineers and
scientists who understand the demands of building and delivering spaceflight systems and hardware. The
LCAS program provides an important, hands-on training ground for these human resources -- graduate
students participate in the entire life cycle of a scientific space mission, from design and construction to
flight, and data analysis. No other flight programs have time scales that fit that of a Ph. D. thesis. The
rocket program alone has resulted in more than 350 Ph.D.s! In addition, a rocket or balloon project offers
the chance for younger scientists to gain the project management skills necessary for larger missions such
as Explorers or larger missions.

The combination of science, advanced instrument development, and training makes LCAS a critical
path item for achieving NASA’s national space science goals.

Scientific Research and Analysis

Achieving NASA’s objectives requires a strong scientific and technical community to envision,
develop and deploy space missions, and to apply results from these missions for the benefit of society.
Such a community currently exists within the United States. It is a world leader in space physics research
and exhibits a diverse spectrum of sizes and specialties, based at universities, government facilities, and
industrial labs.

The continued health of our research community, and thereby the support for NASA objectives, is
dependent on many factors. These factors include a robust infrastructure of funding opportunities and
resources to enable and maintain research initiatives; low-cost access to space for science, prototype
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development, and training; and a strong education and public outreach program to inspire and recruit new
scientists and engineers.

The term infrastructure often refers to tangible assets, such as launch facilities or communications
enabled by the Deep Space Network (DSN). These assets are a critical element of mission conception
and execution. For example, long before major strategic missions are selected an extensive development
program begins with first generation ‘brass board’ instrument concepts; this is followed by near-Earth
testing exploiting Low Cost Access to Space (LCAS) opportunities. More mature concepts can be tested
in Explorer-class missions. The IMAGE and STEREO mission concepts provide two excellent, current
examples of this process.

However, in addition to investing in hard assets and flight missions, NASA must invest heavily in
intellectual infrastructures through its programs of research grants: SSSC Supporting Research and
Technology (SR&T), LWS Targeted Research and Technology (TR&T), SSSC Theory Program, Applied
Information Systems Research (AISR), Guest Investigator (GI), etc.

NASA must also invest in analysis infrastructures that support computing and data analysis efforts.
This is a critical element in the symbiotic advance of scientific understanding through mission design:
scientists use data from existing missions to improve theories and models, which then suggest
measurements for the next mission. Large-scale numerical calculations, such as the temporal evolution of
fundamental equations in three dimensions, require massive supercomputers. Without a cutting edge
computing infrastructure such computations are not possible. A strong computing structure is also needed
to support data analysis, especially for increasingly large and complex data structures.

Fortunately, much of this supporting infrastructure is in place, as evidenced by examples ranging
from computing architectures such as the Columbia supercomputing project, the Community Coordinated
Modeling Center (CCMC), and NASA’s Applied Information Systems Research Program, to strong EPO
efforts and innovative programs such as NASA’s Summer Faculty Fellowship program.

Nonetheless, our research community faces significant challenges in the immediate future,
challenges that directly affect our ability to meet NASA’s goals and support national objectives. The
most significant challenges are those of training new researchers while maintaining the corporate memory
of an experienced work force. By way of illustration, NASA and its supporting contractors will soon
have large portions of its work force eligible for retirement. By some estimates the services of as much as
two-thirds of the most experienced scientists, technicians, and managers could be lost in the near future.

The maintenance of existing research teams and investigators is of paramount importance to a
healthy and robust scientific community. There is a real danger that the loss of ‘critical mass’ of research
teams will begin to impinge on NASA’s science and exploration goals. This is especially important for
hardware development teams who have a high startup investment and have difficulty in keeping technical
expertise in uncertain funding cycles. NASA support for low-level hardware development is generally
deemed insufficient to support truly innovative instrument development. Only the largest teams are
perceived as capable of competition for hardware development. Paradoxically, the opposite can be said
about modeling support, in that large-scale modeling are not sufficiently funded for the tasks they face.

In all cases, there must be a balance between large and small research efforts, as well as between pure and
applied science.

Training opportunities at the graduate and undergraduate levels provide an introduction to all
aspects of space missions, including instrument development, mission operations, data analysis, and
theory and modeling. These are often the first opportunities for students to experience the excitement of
working in space physics and provide the primary means of recruiting these students into the space
physics community. NASA programs that provide low-cost access to space such as rocket, balloon, and
airplane missions, are especially useful for training in that students can contribute to mission design and
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operations while obtaining data in a timely fashion for analysis. This is particularly important in light of
the long development times for complex missions that can exceed the normal tenure of graduate
education.

Universities have traditionally provided the bulk of the training function, though innovative co-
operative programs provide additional training opportunities in non-University settings. The needs for a
robust training program are thus necessarily tightly linked to education and public outreach goals and
deserve high priority.

The challenges discussed above are not new. The community has previously considered these
problems and voiced concerns and suggested mitigation efforts through community efforts such as the
recent NRC Decadal Survey, which offered specific recommendations to improve education and public
outreach efforts as well as strengthening the solar and space physics enterprise. These recommendations
are still relevant and endorsed by this Roadmap.

NASA’s SR&T, TR&T, and GI programs are the traditional underpinning of most research teams
and individual investigators and have been repeatedly recognized as such in community strategy
documents. They have provided a significant contribution to the vast body of knowledge needed for
direction and implementation of NASA’s initiatives. Unfortunately, recent budget pressures have forced
delays in some of these programs and the potential impact of these delays must be acknowledged.

NASA SSSC also benefits from research funded by other agencies, such as NSF’s CEDAR, GEM,
and SHINE research programs and the Center for Integrated Space-Weather Modeling (CISM), an NSF
Science and Technology Center. In light of the importance of non-NASA research to NASA’s research
infrastructure, inter-agency cooperative programs must be supported.

In summary, this Roadmap recommends that NASA pursue programs across a broad spectrum of
size and duration and that a portion of the budget be reserved for small levels that might otherwise be
overlooked. NASA should also seek to expand current partnerships with Industry, Universities, and other
agencies. For example, current successful EPO efforts tend to focus on K-12 levels without adequate
resources for the critical later years when college students are making career decisions and may need
additional inspiration to continue toward a career in space physics.
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Chapter 3. Technology Investments

Develop Technologies, Data, and Knowledge Systems to Improve Future Operational
Systems

Innovation is the engine that drives scientific progress, through development of new theories,
invention of new technologies that lead to improved measurements, or entirely new capabilities. SSSC
must embrace the development, infusion, and study of new technology, both for its stimulating effect on
science (enabling and enhancing new missions), and because of the key role that understanding and
predicting the space environment presents for the safety of other NASA missions and of our global
infrastructure that is increasingly space-based.

Continuing progress in the characterization, modeling, and prediction of the Sun-Solar System
Connection (SSSC) will require technological development in a number of key areas. Highly desirable
capabilities include:

* Simultaneously sample space plasmas at multiple points with cost-effective means (e.g., MMS,
LWS Storm Probes, and Sentinels); measure phenomena at a higher resolution and coverage in order to
answer specific scientific questions (e.g, GEC);

* Achieve unique vantage points such as upstream of the Earth-Sun L1, polar orbit around the Sun,
or even beyond the heliosphere;

* Develop the next generation of capable, affordable instrumentation;
* Enable the return of vast new data sets from anywhere in the solar system;

* Synthesize understanding from system-wide measurements using new data analysis and
visualization techniques.

The highest priority SSSC technology needs follow these key focus areas:

1. Developing compact, low-cost spacecraft and launch systems;

2. Achieving high AV propulsion (solar sails);

3. Designing, building, testing, and validating the next generation of SSSC instrumentation;
4. Returning and assimilating large data sets from throughout the solar system;

5. Analyzing, data synthesis, modeling, and visualization of plasma and neutral space environments
throughout the solar system.

“Enabling and Enhancing Technologies for Sun-Solar System Connection Missions” (Table to be
provided in final roadmap) outlines the dependence of these key technologies from high-priority
missions, and also outlines the importance of other areas such as avionics, formation flying, structures &
materials, power, and low cost access to space. The number of spacecraft required is displayed versus
time in a Figure to be provided in the final roadmap entitled “Sun-Solar System Connection Cluster and
Constellation Missions.” Missions with “clusters” of spacecraft (in the range of 2-6 spacecraft) seek
lower unit costs, while constellations missions such as Magnetospheric Constellation (30-36) and Solar
Wind Buoys (12-15) could be enabled by ST-5 nanosats.

1. Developing compact, low-cost spacecraft and launch systems

Because of the complexity and large scale of solar system plasmas, progress requires clusters or
constellations of spacecraft making simultaneous multi-point measurements (e.g., Inner Heliospheric
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Sentinals, MMS, Magcon, and GEC). For multi-spacecraft missions enabling and enhancing technologies
include the development of low mass, power, and volume instrumentation as well as low mass,
economical spacecraft. These two developments are linked in the sense that smaller, better integrated,
spaceflight instrumentation packages could be accommodated on smaller, less expensive launch
platforms.

Reducing the unit cost of multiple space systems will require efforts on multiple fronts, many
system issues wholly unrelated to typical performance-driven technology development. One area of
technology important to this issue is the development of low-power electronics for space systems and
instruments. Flight validation of one LPE component and technique (CULPRIT Reed-Solomon Encoder
on ST5) is scheduled for 2006, and support for further development was provided by NASA’ Exploration
Systems Directorate in 2004 (ECT NRA). Power dissipation at the component level can be reduced by
factors of 50-100 over conventional technology. If LPE technology can was available system-wide,
power consumption on satellite systems could be reduced by up to 70%, enabling system-wide benefits
and providing spacecraft designers with greater flexibility reducing weight, size and cost.

2. Enabling high AV propulsion (solar sails)

Progress in key areas of Sun-Solar System science requires access to unique vantage points both in
and outside the heliosphere. One such key vantage point is high-inclination, heliocentric orbit which
would enable unprecedented imaging of solar polar regions. Mission concepts relying on existing
technology use either 5 years of solar electric propulsion, yielding just a 38° inclination in the inner
heliosphere (Solar Orbiter), or rely on a Jovian gravity assist and conventional propulsion to provide an
eccentric 0.25 x 2.5 AU polar orbit (Telemachus).

The solar sail is envisioned as a cost-effective means of propelling spacecraft in the inner solar
system to very high velocity (Av > 50 km/s). Because they rely on the Sun’s continuous supply of photons
to provide low-thrust propulsion, solar sails also enable missions in non-Keplerian orbits that are
currently not feasible by other means. Solar sails would enable three important SSSC missions:

* Heliostorm, providing greater warning of energetic particles accelerated by CME’s via
measurements upstream of the Earth-Sun L1 point;

* Solar Polar Imager, providing remote sensing of solar poles from a near-optimal vantage point--
circular, 0.5-AU, 75° inclination heliocentric orbit;

* Interstellar Probe, a cost-effective means of sampling interstellar space.

A solar sail consists of a reflective membrane and supporting structure that is deployed or
constructed in space. As a result of development by the Ins-Space Propulsion Technologies Project, sail
technology has advanced considerably in recent years. In 2004, two 10-m systems were tested in vacuum
on the ground, followed by two 20-m systems in 2005. This recent development has moved the solar sail
from the realm of science fiction to science fact.

Because of the nature of a solar sail—a gossamer and reflective membrane meant for deployment
and to fly in space—there are fundamental limits to further validation and maturation on the ground. In
fact, building, deploying and flying a hundred-meter-class solar sail for a strategic Science mission will
first require a Solar Sail Flight Validation or “Sail Demo” mission. The sail demo will develop and
operate in space a deployable solar sail, one that provides measurable acceleration, and that can be
steered. The flight experiment will test and validate the models and processes for solar sail design,
fabrication, deployment, and flight. Such models and processes can then be used with confidence to
design, fabricate, and operate the larger solar sails needed for strategic missions.

A sail demo is a candidate concept for the New Millennium Program’s ST9 mission scheduled for
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2010. Scale-up of the technology to 100-m lengths needed by Heliostorm could occur 5-6 years after a
successful sail demo. After flight of a 100-m-class solar sail and a few years additional development,
scale-up to still larger sails such as for Solar Polar Imager (~160-m edge length) are imaginable from
there. Three decades hence, the deployment of a truly monumental, high-temperature sail required by a
mission like Interstellar Probe (200-m radius) could be tended by human crews operating near libration
points.

3. Enabling the development of the next generation of SSSC instrumentation

SSSC missions carry a wide range of instrumentation designed to make in-situ measurements within
space plasmas and remote sensing measurements of plasma processes from within the sun to the planets
and out to the edge of the heliosphere. The development of new instruments and instrument concepts is
crucial to the future of SSSC science, driven by the need to refine and improve instruments, reduce their
mass and power consumption and enable new measurement techniques. Progress in instrument
technology development is needed at all TRL levels, from basic concepts for new detectors (MEMS based
plasma detectors that could be used on MagCon, for example) to system level demonstration of improved
instruments (e.g. Compact Doppler/Magnetographs for missions such as Doppler). The development of
these instruments will proceed from formulation of new ideas and designs (perhaps based on technologies
developed in other fields), basic proof of concept, fabrication of test models, laboratory testing, and
finally flight validation. It is important to maintain a balanced program that supports all levels of this
development, particularly the final stages that enable instruments to be used in-flight. The most costly
and time consuming development stages are those directly preceding flight on science missions, largely
because of the specialized equipment required. In order to continue to lead the world in space science
research, NASA must support the development and maintenance of space-quality test facilities, including
those capable of simulating the particle and radiation environments encountered during spaceflight
missions. For some of these applications, NASA's low-cost access to space (LCAS) program provides an
ideal avenue for testing and validation. A prime example of this paradigm is the development of top-hat
style plasma detectors. These were first conceived for studies of the Earth's auroral regions, and were
first flown on sounding rockets. Their successes in this area led directly to instruments being flown on
highly successful magnetospheric missions. Another important avenue for assessing the effects of the
variable space environment on potential flight instruments (and other technologies) is the Space
Environment Testbed Program.

Specific component technologies that would benefit SSSC missions include: large area, deep well
CCD:s, active pixel sensors, low noise micro-channel plates, foil technology for ENA imagers, high
performance EUV mirrors, UV blind ENA imagers, low-mass high voltage power supplies advanced X-
ray optics and detectors, thin solid-state energetic particle detectors, compact, accurate magnetic sensors
and small dead-layer solid state detectors. At the system level, many payloads on future SSSC missions
will be severely mass and power constrained (MagCon and Solar Weather Buoys, for example):
Technologies that reduce sensor and electronics mass and power would be particularly useful. In addition
to these focused technology needs, missions may benefit from serendipitous use of technologies
developed in other fields. For example, the incredible shear strength and impressive electronic properties
of carbon nanotubes may lead to the development of stronger, lighter materials and more power efficient
ionization sources.

4. Enabling the return of large data sets from throughout the solar system

As our exploration of the sun-solar system connection proceeds, SSSC missions will place an
increasing demand on NASA’s communication resources. Many missions would be significantly
enhanced by increased communications bandwidth. High bandwidth communication would benefit
missions that image the sun, such as Solar Polar Imager or Doppler, by allowing high cadence, high
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resolution imaging in multiple spectral channels. As solar remote sensing missions are deployed beyond
earth orbit, these benefits become more critical: missions such as SHIELDS or Farside Sentinel will
study the sun from multiple vantage points, requiring spacecraft to be operated up to 2 AU from the earth.
Closer to Earth, missions will require multiple spacecraft to explore the geospace environment, separating
the effects of variations in time and space and examining the structure of complex boundaries. Large
numbers of individual spacecraft (in MagCon, for example) distributed throughout geospace will stretch
the capabilities of the current communications infrastructure. As we venture further out in the solar
system, with missions such as Jupiter Polar Orbiter, HIGO and Interstellar Probe returning the required
data places an increasing burden on spacecraft, driving cost and complexity. Considered individually, the
above missions may be achievable with current technology, however pursuing system-wide SSSC science
goals will be enabled by enhancements to our communications technology.

Several technologies will contribute to the solution to this problem. Planned enhancements to the
Deep Space Network (DSN), replacing outdated 70m and 34m antenna with arrays of smaller antenna
working at Ka-band, will increase the available bandwidth substantially, while also providing the
flexibility to communicate with multiple spacecraft simultaneously. Using 200 such antennas, for
example, would enable Kbps communication from an Interstellar Probe at 100 AU, providing the type of
data provided by the ACE or Ulysses missions throughout the solar system to the edge of the
helisosphere. Optical communication would also provide a substantial increase in communication
bandwidth and additionally provide the capability for high-bandwidth point-to-point communication for
missions monitoring the interplanetary radiation environment. The next generation DSN is expected to
provide both enhanced RF and optical communications. Arrays of small antennas plus other RF
improvements (transmitters, inflatable antennas, transponders, for example) together with optical
communication would provide orders of magnitude increase in science data rates. RF arrays would also
enable a significant increase in the number of spacecraft that can be supported, particularly in closely
spaced clusters.

5. Enabling the analysis, modeling, and visualization of solar system plasmas

As we continue to explore the Sun-Solar System connection, the requirement to effectively model
the systems we study becomes more critical. In many missions (e.g. the Inner Heliosphere Sentinels or
MagCon) modeling will be a critical element of the mission itself, while other modeling efforts will be
required to assimilate the data collected by multiple missions into coherent models. The necessary
groundwork for these activities has already begun - examples include NASA's Information Power Grid, a
joint effort between government, academia, and industry to provide large scale, distributed computing
resources to the scientific and engineering communities. The Columbia supercomputer, uses 10,240 Intel
Itanium 2 processors and provides an order of magnitude increase in NASA's computing capability. The
goal of producing integrated models, and software frameworks that link these models, is also being
address, with organizations such as NASA’s Coordinated Community Modeling Center (CCMC),the NSF
funded Center for Integrated Space Weather Modeling (CISM) and the Center for Space Environment
Modeling at the University of Michigan. These efforts are by definition cross-disciplinary, requiring
expertise in numerical analysis, high-performance computational science, and solar, interplanetary,
magnetospheric, ionospheric and atmospheric physics. Modeling and theory programs such as these will
need to be expanded deal with the demands of increasingly complex data sets and simulations that
encompass the entire solar, heliospheric and geospace environments. As new computer capabilities
emerge, SSSC scientists will construct broader ranging and more complex models that will allow us to
predict the behavior of solar system plasmas based on the assimilation of data from our Great
observatory.

One of the great challenges faced by current and future SSSC missions is visualization of complex
data sets measured by multiple spacecraft in a simultaneous, coherent fashion. Current efforts include the
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VisBARD project, funded by NASA's Applied Information Systems Research Program. In this project,
space science data are displayed three-dimensionally along spacecraft orbits that may be presented as
either connected lines or as individual points. The data display allows the rapid determination of vector
configurations, correlations between many measurements at multiple point, and global relationships.
Events such as vector field rotation and dozens of simultaneous variables that are difficult to see in
traditional time-series line-plots are more easily visualized with such a tool. Future data sets will be even
more extensive requiring ever more sophisticated visualization tools. In analyzing future spacecraft data
and comparing them with data available from the rest of the SSSC Great observatory, pattern and feature
recognition will become increasingly valuable, allowing large datasets to be mined for events, particularly
those detected by multiple platforms. Data structures like the Virtual Solar Observatory and Virtual
Heliospheric Observatory will allow such mining, enhancing the value of our data repository and making
data more accessible to the science community. Visual representation of imaging data is also critical to
its analysis and interpretation, as well as providing a ready means to engage the public. A wide range of
SSSC image data will be produced: y-ray, X-ray, UV, visible, IR radio and neutral atom instruments will
all produce data requiring image visualization. Tools aimed at producing images of these data are an
important part of our current technology, however future missions (STEREO, SDO, IBEX and GEMINI,
for example) will continue to place demands on technological capabilities, as image formats increase in
size and more complex multi-dimensional data sets need to be visualized.
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Part lll. Linkages between Sun-Solar System Connections
and other NASA Activities

Chapter 1: Exploration and Fundamental Science

Something hidden. Go and find it. Go and look

behind the Ranges---
Rudyard Kipling (1865-1936), “The Explorers” (1903)

The primary goal of the Vision for Space Exploration is the implementation of “a sustained and
affordable human and robotic program to explore the solar system and beyond.” This simple statement
has profound consequences on how to prioritize the science programs that are needed to accomplish the
new vision. How is the SSSC community to respond, when its traditional culture has been the scientific
investigation of processes fundamental to space physics? Advice came recently from the Space Studies
Board of the National Academy of Sciences who offered five guiding principles, the first of which was:

Exploration is a key step in the search for fundamental and systematic understanding of the universe
around us. Exploration done properly is a form of science.”

The answer for the SSSC community becomes clear when we realize that the converse of the
guiding principle also holds: Exploration cannot be done properly without science.

Exploration must be well-planned; history is rife with narratives of expeditions that ended fruitlessly
or, even worse, tragically. In reality, properly implies safely, efficiently, and economically. There are
many examples of pragmatic problems facing the successful implementation of the Exploration Vision,
ranging from the prediction of the space radiation environment to the design of the critical entry of a
Crew Exploration Vehicle into the Martian atmosphere. In both cases, the science that enables exploration
activities is drawn from the same science that is used to investigate the fundamental processes on the Sun,
the planets, and in the heliosphere from its inner boundary to the outer boundary with the interstellar
medium.

The pursuit of fundamental science not only enables Exploration but it also transforms our
understanding of how the universe works. Current SSSC missions are producing a steady stream of
transformational science that is rewriting the textbooks of past decades. Some recent examples:

Direct evidence from IMAGE and Cluster that magnetic reconnection in the earth’s protective
magnetosphere can open “holes” that allow solar wind to leak through continuously for hours — much
longer than theorists predicted.

Surprising information from SOHO about the hidden workings of the subsurface solar dynamo that
generates the Sun’s magnetic field.

A new understanding of the acceleration sites of solar energetic particles based on RHESSI gamma
ray observations.

The puzzling complexities of the outer boundary of the solar wind discovered by the Voyager-1
spacecraft, our most distant explorer.

The new pragmatic challenges of the Exploration Vision will dictate re-focused and intensified
scientific exploration. This exploration will bring forth exciting discoveries, but only if it has the same
broad scientific base that has nurtured the SSSC community to its current maturity. Why? Because space
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science is replete with pivotal discoveries that came from unexpected quarters, from areas of sound but
seemingly tangential research. We would not now be understanding the details of the acceleration of
solar energetic particles revealed by RHESSI if space scientists in the 1970’s (Reuven Ramaty among
them) had not worked out the details of gamma-ray line emission in the solar atmosphere (a subject that
struck many as esoteric in those days).

This SSSC Foundation Roadmap differs from its predecessors in that it clearly responds to the new
priorities in space science. Nonetheless, it preserves the momentum of our community’s achievements
and maintains continuity with past strategic planning. Appropriate missions recommended by previous
studies are carried forward, while new missions are put forward that will produce the science required for
the success of the Vision for the moon (2020) and Mars (2035). Each of these new missions is soundly
conceived in fundamental science objectives while being efficiently designed to do the science that will
support the Vision of Space Exploration. Well-planned science cannot help but generate exciting
discoveries while still delivering the promised results.

Chapter 2: Linkages Between SSSC Strategic Roadmap and other
NASA Strategic Roadmaps

Sun-solar system connection (SSSC) science is focused on space plasma physics, which
encompasses the sun and processes and phenomena that determine the space environment near the sun,
the Earth-moon system, throughout interplanetary space to the very boundary of the solar system, and in
the vicinity of every solar system body. To the degree that the space environment matters to humans or
their technological systems, either on Earth or in space, SSSC science has application to human activities.
Penetrating energetic particles and photons, produced by acceleration and radiation processes in space
plasmas, profoundly and adversely impact any exposed living organism through cellular damage and
mutation. They also adversely impact exposed technological systems through episodic and cumulative
damage to microcircuits and cumulative degradation of certain materials. Therefore, processes that
produce and transport energetic radiation are of direct interest to modern humans. Space weather in the
vicinity of planetary bodies affects upper atmospheric state (density and wind distributions critical to
vehicle aerocapture, ascent, and descent scenarios) and ionospheric state (spatial and temporal electron
density distributions that influence navigation systems and all high band-width communications). The
situation for long-duration space flight is somewhat analogous to deep-ocean operations of naval ships.
Vessels are designed to survive in various climatic conditions; yet the weather, which can be extreme,
limits operations and determines how vessels should be configured in any situation. Similarly, operations
in space, i.e., EVAs, maneuvers, operations on lunar and planetary surfaces, and safe harbor
(atmospheric) entrance and exit, will depend on the space weather. As in the modern terrestrial case,
space weather awareness, understanding, and prediction will be essential enabling activities with respect
to space exploration operations. Therefore, we recognize strategic linkages between the SSSC Roadmap
and all three Exploration roadmaps (Lunar exploration, Mars exploration, and the development of the
Crew Exploration Vehicle).

The effects of space weather on Earth’s atmosphere are of special interest. Enhanced ozone
depletion is a documented consequence of energetic particle precipitation. We are aware of space plasma
processes that erode the Earth’s atmosphere, removing ~10° kg of Hydrogen and Oxygen daily, and much
larger quantities during space storms. We have performed computer simulations that lead us to infer even
greater loss of atmospheric constituents at Mars, which lacks the shielding provided by an intrinsic
magnetic field. The potential role of local space weather and/or solar variability in terrestrial climate
change is as yet unknown. The state of the Earth’s ionosphere is thought to be subtly modified by
terrestrial seismic activity. Quantitative determination of the intrinsic terrestrial magnetic field requires an
accounting of field sources external to the solid Earth. These external sources are dominated by electrical
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currents carried in the space plasmas surrounding the Earth. For these reasons, we also recognize strategic
linkages between the SSSC Roadmap and the Earth Science Roadmap.

The same processes and phenomena that drive space weather in our solar system also shape the
environment throughout the universe. We have a typical, variable, main sequence star (the Sun) in our
back yard. We live on a fully habitable planet that is largely protected from elements of our local space
environment by a magnetic shield (what we call a magnetosphere), a feature not shared by all
astronomical, or even planetary bodies. As we try to understand the remote universe and its potential to
evolve life, it is imperative that we take as full account as possible of the ‘specimens’ we hold in our
hands, so to speak. Therefore, we recognize important linkages between the SSSC Roadmap and other
scientific roadmaps that seek to understand nearby planetary systems (SRMO03) and the larger universe
(SRMO8) and also between the SSSC Roadmap and the roadmap to search for other habitable planets
(SRMO04).

Chapter 3: Linkages Between SSSC Strategic Roadmap and NASA
Capability Roadmaps

Continued progress in Sun-Solar System Connection (SSSC) science requires new capabilities based
on the development of new technology. Future technology needs are driven by diverse requirements.
Cluster and constellation missions are required to simultaneously sample large-scale space plasmas at
multiple points (Magnetospheric Constellation, Inner Heliospheric Sentinals, Solar Weather Buoys,
Dayside Boundary Layer Constellation, Inner Magnetospheric Constellataion). Highly focused missions
require improved measurement resolution and sensitivity (MMS, GEC, RAM, MTRAP, GEMINI,
DOPPLER). Missions with special orbital requirements will need in-space propulsion. Examples include
requirements to dwell at a point upstream in the solar wind from the L1 libration point (Heliostorm), to
achieve a polar heliocentric orbit (Solar Polar Imager), or to escape from the solar system (Interstellar
Probe). As the missions in our roadmap are developed, they will require new technologies in
instrumentation, data visualization, communication, and analysis systems. Future SSSC technology needs
fall into several focus areas:

Propulsion and Power: A number of SSSC missions will study solar system plasmas from unique
vantage points. Propulsion systems that can supply a larger delta-V than conventional rocket engines, or
that can provide large delta-V without a large mass or power penalty, can enable such challenging
missions. For high-performance, cost-effective propulsion in the inner solar system, or for exiting the
solar system in timely fashion, solar sails are the ideal choice. Significant ground demonstrations of solar
sail technologies have been performed already. We encourage continued development of this technology
and support the idea of a flight demonstration during Phase 1 of this roadmap (CY 2005 —2015). We also
encourage renewed capacity to produce RTGs that have low-EMI, high-efficiency power conversion.

Micro-spacecraft: Owing to the large scale and complexity of solar system plasmas, future
discoveries will depend on deployment of spacecraft in clusters and constellations, making simultaneous
multi-point measurements within plasmas under study. Enabling technologies will include low
mass/power/volume instruments, and low mass, low cost spacecraft.

DSN: NASA’s Deep Space Network (DSN) is evolving to meet the communication and navigation
needs of the agency’s increasingly complex, data-intensive missions. Analysis of Sun-Solar System
Connection roadmap missions suggests that, over the next 25 years, downlink rates will need to increase
by a factor of at least 1,000, even from the more distant regions of our solar system. The trend toward
multi-spacecraft missions will likely cause a large increase in the number of such supportable links back
to Earth. Near-Earth missions should use and cultivate the continued evolution of commercial space
networks.
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Advanced Modeling: Advanced supercomputing is a vital capability for enabling space weather
model development and innovative data analysis and visualization. Examples of successful innovation in
this area include NASA's Information Power Grid, Project Columbia, and the VisBARD project.

Instrumentation: Many future SSSC missions will require development of new scientific
instrumentation, including large focal plane arrays, large-scale adaptive optics, and solar-blind energetic
particle and photon detectors. The development of hyperspectral and 3-dimensional detectors are needed
for solar and geospace remote sensing. Miniaturization of high voltage power supplies will relieve mass
and volume resource constraints. Increased quantum efficiency of UV and EUV detectors will enable
significant savings in mass as small but sensitive instruments can be developed. The shear strength and
impressive electronic properties of carbon nanotubes may lead to the development of stronger, lighter
materials and power efficient ionization sources. Conductive polymers and other exotic materials and
coatings may lead to development of solar blind detectors, new and better dust analyzers, and miniature
mass spectrometers. It is important to develop and maintain ground test facilities for simulating particle
and radiation environment in space. Radiation test facilities will be particularly important as technological
innovations and the push to develop more power efficient instruments results in smaller electronic
instrumentation. Ground testing is extremely valuable, but NASA's low-cost access to space (LCAS)
program is required for complete testing and full validation of advanced instrumentation. An area of
instrumentation where we should place significant development effort is in imaging, which provides more
information than any practical number of single-point measurements. Imaging is crucial to understand the
complex interacting set of systems that make up the sun-solar system if we are to have properly
constrained and accurate predictive models that are critical to support exploration, including a sustained
human presence in space. The three primary imaging tools include Energetic Neutral Atom (ENA), Radio
Tomography, and Photon Imaging, that includes x-ray, extreme ultraviolet (EUV), far ultraviolet (FUV),
visible (VIS) and infrared (IR).

Space Environment Testbeds (SET): SET is a technology development project that performs
spaceflight experiments of new approaches for mitigating the effects of the dynamic space environment
that are driven by solar variability. Its investigations validate new hardware, methods, models, and tools,
all geared toward mitigating the effect of the space environment on systems.
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Appendices

A. National Policy Framework and External Constituencies

National Policy — In addition to the National Space Policy, the U.S. House of Representatives
Science Committee approved House Con. Resolution 189:

The International Heliophysical Year (ihy.gsfc.nasa.gov): H.Con.Res. 189, Celebrating the 50th
anniversary of the International Geophysical Year (IGY) and supporting an International Geophysical
Year-2 (IGY-2) in 2007-08. The resolution calls for a worldwide program of activities to commemorate
the 50th anniversary of the most successful global scientific endeavor in human history - the International
Geophysical Year (IGY) of 1957-58. The resolution also calls for an “IGY-2” that would be even more
extensive in its global reach and more comprehensive in its research and applications.

NAS-NRC Space Studies Board, Committee on Solar and Space Physics Report: Assessment of the
Role of Solar and Space Physics in NASA’s Space Exploration Initiative, draft report due September,
2004. The report is intended to review the roles that the solar and space physics program should play in
support of the new NASA exploration goals. Specifically, the panel will analyze the missions and
programs that were recommended by the 2003 NRC decadal study for solar and space physics, "The Sun
to the Earth--and Beyond," and assess their relevance to the space exploration initiative; and will
recommend the most effective strategy for accomplishing the recommendations within realistic
resource projections and time scales.

B. U.S. External Partnerships and Relationships

As society becomes increasingly dependent on technologies that are affected by space weather, our
vulnerabilities have become more obvious. The nation’s efforts to mitigate space weather effects have
placed more urgency on the need to understand the Sun, heliosphere, and planetary environments as a
single connected system. External constituencies requesting and making use of new knowledge and data
from NASA’s efforts in this area include the Federal Aviation Administration (FAA), the Department of
Defense (DoD), National Oceanic and Atmospheric Administration (NOAA), the power industry, and the
industry of satellite manufacturers and operators.

Constituencies within NASA include the Exploration Systems, Directorate, the Space Operations
Directorate, the Deep Space Network, and the various satellite operations centers.
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Table 1: NASA and external constituencies requesting and making use of new knowledge
and data from NASA’s Sun-Solar System Connections group.

C. International Cooperation

International Living with a Star: In the January of 2002, the Interagency Consultative Group
(IACQG) established the Internal Living with a Star ILWS) program. The IACG consists of the heads of
the space science programs of the European Space Agency (ESA), Japan's Institute of Space and
Astronautical Science (ISAS), the National Aeronautics and Space Administration (NASA, USA), and the
Russian Aviation and Space Agency (RASA). The charter for ILWS is to “stimulate, strengthen, and
coordinate space research to understand the governing processes of the connected Sun-Earth System as an
integrated entity”. Contributing organizations are listed at http://ilws.gsfc.nasa.gov.

Currently Operating Missions with significant International participation:
Solar Heliospheric Observatory (SoHO): partnership with ESA

Geotail: partnership with Japan/JAXA

Cluster: partnership with ESA

Ulysses: partnership with ESA

Missions in Development with significant International participation:

Solar-B: partnership with Japan/JAXA, ISAS, PPARC

Stereo: contributions from CNES, Switzerland, DLR, PPARC, ESA, Hungary
THEMIS: contributions from Canada, CNES, DLR, and Austria

MMS: contributions from recently-selected international partners

AIM: agreement with British Antarctic Survey, Australia
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TWINS: contributions from DLR

Near- term Mission Concepts:

Solar Orbiter: possible partnership with ESA

LWS/Geospace: possible contributions from to-be-selected international partners
LWS/Sentinels: possible contributions from to-be-selected international partners

D. Education and Public Outreach

Unique Education and Public Outreach (E/PO) opportunities associated with Sun-Solar
System Connection Science

The top-level objectives, research focus areas and science achievements that constitute the Sun-
Solar System Connection Strategic Roadmap for the next 30 years provide powerful opportunities for
Education and Public Outreach from the SSSC scientific community (Chart A).

Chart A: Flow-down chart demonstrating that the Scientific Objectives and associated Research
Focus Areas lead to E/PO themes that inform implementation
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Outward Journey

Open the Frontier to Science Objectives and Research Focus Areas

Space Environment
l‘:&:ﬂ%ﬁa“aﬂuu reconnection...

Understand the Nature of our Home in Space
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Determine how solar and planetary magnetic
dynamos...
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solaractivity...

Determine changes in the Earth’s magnetosphere,
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Understand the role of the Sun as an energy
source. ..

conditions...

Develop the capability to predict the origin and onset
of solar disturbances...
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evolution...

Understand and characterize the space weather effects...
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Scientific Achievements Support Compelling E/PO Themes
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We recommend that E/PO activities stemming from the science achievements or milestones be
developed to support the following five messages:

“NASA keeps me informed about what’s going on with the Sun”

“The Solar System is an Astrophysical Laboratory for NASA”



“NASA science helps us protect our society from hazardous space weather”

“NASA science helps us understand climate change”

“NASA science helps keep space explorers safe and supports exploration activities”

These themes have been identified by the community because they are of high interest and relevance

to the public and they span the range of scientific activity engaged in by the SSSC community, as
indicated by the selected achievements articulated in this Roadmap and called out Table B. In addition,
as Table C indicates, these themes map to the majority of the missions in the Roadmap.

Table B. Science Achievements from the Roadmap support SSSC E/PO Themes

Science Achievements* support SSSC E/PO Themes

SSSC Science
Objectives

SSSC E/PO
Themes

Phase |
2005-2015

Phase 11
2015-2025

Phase 111
2025-beyond

Open the
Frontier to Space
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Prediction
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throughout the heliosphere

Understand the magnetic
processes that drive space
weather

Predict solar system
magnetic activity and energy
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Predict high energy particle
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system
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Nature of our
Home in Space

“NASA science helps
us protect our society
from hazardous space

weather”

“NASA science helps
us understand climate
change”

Identify how space weather
effects are produced in

geospace

Identify the impacts ofsolar
variability on Earth’s

atmosphere

Identify precursors of
important solar disturbances

Integrate solar variability
effects into Earth climate

Provide scientific basis for
continuous forecasting of
conditions throughout the
solarsystem

Predict climate change

exploration activities”

modcls
“NASA science helps Nowcast solarand space
Safeguard our ¢ ! weather a ~All- Reliably frecast space
keep space explorers Dlen® peside f rana i) ché Fiirthi M
8 e F 0ds jor spacce weather or the Earth-Moon
Outward Journey safe and supports explorers near Earth n make the first SW

nowcasts at Mars

Reliably predict atmospheric
and radiation conditions at

Mars to ensure safe surface

opcrations

Overarching E/PO Theme: Scientific progress requires new knowledge systems and innovative use of technology:
Measure and Characterize...Development of Models...Predictive Capability, from Sounding Rockets to Solar Sails

Table C. SSSC recommended missions identified with SSSC E/PO Themes
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Missions Key to Science Achievements* identified with SSSC E/PO Themes
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Overarching E/PO Theme: Scientific progress requires new knowledge systems and innovative use of technology: Measure and
Characterize...Development of Models.... Predictive Capability; from Sounding Rockets to Solar Sails

Expanded and Invigorated Education and Public Outreach will be Essential to the

Achievement of the Exploration Vision

NASA'’s Strategic Objective for Education and Public Outreach is to: “Use NASA missions and
other activities to inspire and motivate the nation’s students and teachers, to engage and educate the
public, and to advance the scientific and technological capabilities of the nation”. The SSSC community

emphasizes the connection between achievement of this strategic objective and the Exploration Vision.

The development of the workforce needed to achieve NASA’s Exploration Vision, including the

scientific objectives described in this roadmap, will require that NASA’s E/PO activities engage young

people and capture their interest and passion. Furthermore, NASA’s E/PO activities need to increase the
capacity of our nation’s education systems, both in (Formal: K-16) and out of school (Informal), to
prepare students for scientific and engineering careers.

The E/PO themes articulated by the SSSC community indicate that their science and mission

activities will be valuable hooks for E/PO. For example, the development of the capability to predict

the variable radiation hazards and space weather conditions that our astronauts and robots will fly through

and encounter on excursions to the Moon and Mars will be very exciting scientific work that the public

will want to know about. New advances in the research of our Sun as an astrophysical laboratory will
fuel the generation of authentic, science-rich education resources that will increase the capacity of the
nation’s education systems. Such new capabilities and discoveries can be connected to K-12 science

education via appropriate national science education standards.

Developing the workforce to implement the Exploration Vision will require substantial focus
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on underrepresented communities. Recent estimates of the demographic makeup of the science and
engineering workforce in the USA indicate that this population is overwhelmingly white. Population
projections to 2025, however, indicate that the percentage of traditionally underrepresented communities
will increase relative to the current majority group. Thus, successful E/PO efforts designed to increase
the workforce to achieve the Exploration Vision will benefit substantially by targeting under-represented
groups.

An exciting example of E/PO targeted at underrepresented communities is NASA’s Sun-Earth
Connection Education Forum’s (SECEF) Sun-Earth Day programming for 2005: Ancient
Observatories: Timeless Knowledge. This broad program allowed NASA and Native American
astrophysicists to share their research into the efforts of ancient cultures to understand the Sun,
highlighting the importance of the Sun across the ages. Through programs such as these, SSSC scientists
are conveying NASA’s solar mission and research program activities to diverse audiences (both English
and Spanish language materials have been disseminated).

Integrate messages and utilize best-practice strategies. Unification of NASA’s scientific
enterprise into the Science Mission Directorate presents opportunities for science education efforts in both
the formal and informal arenas, as well as public outreach from across NASA, including the SSSC
community. While each Division, mission, and individual scientist and engineer within NASA will have
unique content and experiences to contribute to E/PO; integration into a single science directorate has the
potential to be more effective in terms of message and approach. Moving forward, it won’t matter if it’s
Space Science, Earth Science, Solar Physics or Biological Research, etc. — the ‘brand’ will be exciting,
relevant NASA science. Furthermore, approaches to bring this content to the broadest possible audiences
can take advantage of the best strategies of each of the former enterprises to create the strongest possible
suites of products and programs.

SSSC Scientific Community is Vigorously Engaged in E/PO; and E/PO Efforts Align Well
with SMD’s Education Goals and Priorities

SSSC E/PO programs currently encourage the scientific community to share the excitement of their
discoveries with the public. The programs enhance the quality of science, mathematics, and technology
education, and help create our 21* century scientific and technical workforce. Efforts align with NASA’s
Science Mission Directorate’s education goals and priorities to inspire and motivate students to pursue
careers in science, technology, engineering and mathematics (STEM), and to engage the public in shaping
and sharing the experience of exploration and discovery. In addition, E/PO programs include the
development of tools for evaluating quality and impact, in order to identify and disseminate best practices
in E/PO.

E/PO activities are currently integrated throughout the SSSC flight missions and research programs
that support the SSSC scientific community. As the result a significant fraction of the Sun-Solar system
scientific community contributes to a broad public understanding of the science and is directly involved in
education at the pre-college and college level. Graduate student participation in SSSC research programs
are enhanced by the Graduate Student Research Program, a cooperative program between NASA
Education and the Science Mission Directorate.

Centralized efforts such as the Sun-Earth Connection Education Forum (SECEF; a partnership
between NASA Goddard Space Flight Center and the University of Berkeley) strive to establish
strong and lasting partnerships between the SSSC science and formal and informal education
communities. These centralized efforts seek to

facilitate the involvement of SSSC scientists in E/PO activities; to develop a national network to
identify high-leverage education and outreach opportunities and to support long-term partnerships, to
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provide ready access to the products of SSSC science education and outreach programs, and to

promote the participation of underserved and under-utilized groups in the SSSC science program by
providing new opportunities for minorities and minority universities to compete for and participate in
SSSC science missions, research, and education programs.

Vigorous E/PO programs also stem directly from various science programs within the SSSC
community that effectively connect with and serve the E/PO needs of local communities.

Sun-Earth Day

Sun-Earth Day is an annual national program supported by SECEF. Since 2001 the SSSC
community has shared the science of the Sun with educators, students, and the general public via
informal learning centers, the Web, TV, and other media outlets through high-profile, well
supported annual events. NASA science is connected to classrooms and museums in real time,
and educational resources are disseminated via the Web and through NASA centers. In the
context of an overarching emphasis on the Sun-Earth connection, a specific theme is created
each year to continue to engage the public.

2001 - Having a Solar Blast

2002 - Celebrating the Spring Equinox

2003 - Live from the Aurora

2004 - Venus Transit

2005 - Ancient Observatories: Timeless Knowledge
2006 — Eclipse In a Different Light

Sun-Earth Day activities have broad reach. For example, the 2004 Sun-Earth Day website
received 40 million hits in 40 hours. There were 1000 news reports on various TV channels,
including 40 interviews with NASA scientists. More than 12,000 packets of educational
materials were distributed to teachers, museums, and amateur astronomers in support of the 2004
Sun-Earth day programming.

As part of the 2005 Sun-Earth Day programming, in fall 2004, the Ancient Observatories:
Timeless Knowledge website (sunearthday.nasa.gov) and the Traditions of the Sun website
(www.traditionsofthesun.org) were launched to allow users to explore Chaco Canyon and other
areas. Visited 500,000 times, these websites also highlight NASA research on the Sun and
Native American solar practices within a larger historical and cultural context. Formal education
programs engaged 75,000 teachers and 225,000 students, with all 10 NASA Centers hosting
events. 100 NASA Explorer Schools also participated. Informal education efforts included
programs hosted by 24 museums across the country; and training for Girl Scout Master Leaders
who ultimately engaged some 10,000 girl scouts in Sun-Earth Day activities. The culminating
event for Sun-Earth Day 2005 was a bilingual webcast live from Chichen Itza, which reached
thousands of Hispanics and Native American participants.
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The Solar and Heliospheric Observatory (SoHO)

The SoHO mission has a vigorous dissemination program of images for informal audiences and
media outreach, regularly distributing near-real time images of the Sun (LASCO and EIT
images) on the Web, Weekly to the American Museum of Natural History’s AstroBulletin, and
to a variety of media publishers, including National Geographic. Lanticulars (3-D Sun and space
weather motion cards) are a very popular tool for engaging students and the general public. Over
180,000 Lanticulars have been distributed.

The SoHO mission also has two model collaborations that target educators and students: FiMS
(Fellowships in Mathematics and Science), a partnership grant with the Pennsylvania
Department of Education (in 3 school systems), is a strong example of the power of working
directly with the local formal education system. SoHO educators and scientists work with their
local teachers to increase content knowledge and support their ability to develop and implement
inquiry-based lessons that are tied to state standards and the current curriculum. The Endeavour
program, a collaboration between SOHO/NASA and 18 school systems, gives teams of students
real-life NASA problems to research. Students are supported by teacher team leaders that have
been exposed to the content and training through professional development.

Efforts to broaden the reach of SOHO’s E/PO efforts, English and Spanish presentations on the
Dynamic Sun CD, and building your own spectroscope poster have been very effective. In
addition, SoHO is bringing the science and exploration of our Sun to the visually impaired
through their ground-breaking "Touch the Sun" book.

E/PO Challenges and Recommendations

Strong opportunities exist to further extend the power of SSSC science and related mission activities
to engage and inspire students in formal education settings, audiences at informal learning centers
(Museums, Science Centers, etc.), and general public audiences across the nation via the press and other
communication outlets. Table D presents a summary of challenges to effective E/PO, and articulates a
series of recommendations to expand and enhance NASA’s E/PO activities.
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Table D. Challenges and recommendations to effective E/PO

Challenge

E/PO efforts vary widely across NASA. This is
a disadvantage for both PIs and for audiences.
PIs are often in the position of inventing their
own E/PO programs, products and activities; and
audiences need to constantly learn anew how to
take advantage of these efforts.

The formal, K-12 science education system
needs strong connections with NASA’s
scientific, engineering and technological
enterprises if it is going to play sufficient role in
preparing the science and engineering workforce
required to implement and achieve the
Exploration Vision.

Not enough undergraduates are opting for
physics-based careers in particular and science
and engineering careers in general.

Broad dissemination is required to achieve
impact. Requiring individual PIs and Missions
to create their own dissemination channels can
be burdensome and lessen impact.

E/PO investments are not maximized due to lack
of sustained support and dissemination.

Outreach, not advertisement, is required in order
to keep the public informed and engaged at the
level required if NASA is to make progress
towards achieving the Exploration Vision,
particularly over the longer term.

Recommendation

Generate uniform, standards-based product
lines with themed content for schools,
museums, and science centers, and the press
and media outlets. Invest production
resources in development of core products
that can be used appropriately by range of
E/PO partners.

Correlate NASA’s activities, enterprise-
wide, with National Science Standards (e.g.
National Science Education Standards of
the NRC, and Benchmarks for Scientific
Literacy, Project 2061) to develop a
roadmap for infusing NASA resources into
the formal K-12 system. Middle School
presents a particular opportunity due to
level of concepts mastered and more
flexible curricula relative to High School.
Develop templates for products, programs
and professional development that,
combined with the roadmap, effectively
connect NASA’s ongoing, authentic
activities to classrooms for educators and
learners.

Extend focus from K-12 to K-16 to
integrate cutting edge SSSC topics (in
addition to other relevant NASA content)
into undergraduate physics courses.
Expand existing, and develop new centrally
supported channels for dissemination that
mission and research-based E/PO can use to
reach full range of audiences.

Make sustained investment over time in
Web-based dissemination of NASA
materials: use of best-practice templates to
create the materials will facilitate
maintaining currency.

Improve coordination between Public
Affairs and Outreach and Education to
conduct timely outreach that educates the
public about NASA’s activities and
achievements, with appropriate emphasis on
risk.
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Provide a consistent and coherent set of education resources and professional development for
formal and informal science education that derives from across the NASA enterprise. NASA needs
to centralize its educational outreach to better support the capacity of education and public outreach
partners to take advantage of SSSC science to engage their audiences. Educators in the K-12 arena
require standards-based educational resources coupled with high-quality professional development
offerings in order to tap ongoing NASA missions and take advantage of the constant stream of fresh,
current, authentic scientific discovery and engineering activities. The creation of such resources (e.g. an
informational website, an animated simulation, a set of data visualizations, a teaching guide, a set of
standards-based curriculum activities, a professional development seminar, online course or
videoconference, an interactive module, a poster, a set of opportunities to interact online and by video
with scientists, engineers and technicians, an opportunity for student research, regular updates, etc. ),
coupled with appropriate professional development, will ensure that educators always have NASA in their
tool-kit for effective science education. Partnership with professional organizations such as the National
Science Teachers Association has proven effective for NASA, and should be expanded.

SSSC and other NASA missions and activities likewise provide wonderful springboards for learning
in the informal setting. But educators and exhibit planners in the informal settings typically find each
NASA opportunity requires a significant effort, simply to ramp up, since there is little consistency in what
NASA produces, from center to center, from mission to mission. It would be tremendously helpful to
know that for each NASA activity, there will be a standard set of resources (e.g., an informational
website, an annotated simulation, a set of opportunities to interact online and by video conferencing with
scientists, engineers and technicians, activities for out-of-school settings, regular updates, etc.) with
common interfaces and similar formats that are fairly constant from activity to activity. Professional
development is also required for informal educators; and current partnership efforts with professional
organizations such as the Association of Science and Technology Centers have proven effective, and
should be expanded.

It is understood that flexibility is essential - unique opportunities and requirements of each activity
should be exploited, technologies will evolve, and evaluation inform revision — however, the ability to
count on a standard package would likely reduce the learning curve for users and increase the usability
and use of the resources. SECEF is a good example of the value of a coordinated national effort to
develop and support E/PO activities; emphasis on standardized packages will strengthen this approach.

Promote and support the integration of the SSSC-related content more fully into standards-
based K-12 science curricula. National science education standards provide direct opportunity to take
advantage of SSSC science specifically and NASA science in general to improve science education on a
national level. In this era of standards-based curriculum and high stakes testing, what gets taught is what
is required in the curriculum and thus assessed on tests. State science curriculum standards generally map
to these national standards, and thus tremendous opportunity exists for current SSSC science content to
enrich and infuse these curricula. Influential science education standards such as the National Science
Education Standards (National Research Council) and the 2061 Benchmarks for Science Literacy
(AAAS) place substantial emphasis on SSSC related science concepts from the earliest grades through
high school. The 2061 Benchmarks, for example, posit that in order to achieve scientific literacy students
in grades K-2 master concepts such as ‘The Sun can be seen only in the daytime, but the moon can be
seen sometimes in day and sometimes in night’ (4A/2); students in grades 3-5 further expand this
understanding to ‘Stars are like the sun, some being smaller and some larger, but so far away they look
like points of light” (4A/S); in grades 6-8 they learn that ‘The Sun is a medium-sized star located near the
edge of a disc-shaped galaxy of stars, ....” (4A/1), and that ‘Telescopes reveal that the Sun has dark spots’
(10A/2); and by high school, that ‘Increasingly sophisticated technology is used to learn about the
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universe. Visual, radio, and X-ray telescopes collect information from across the entire spectrum of
electromagnetic waves; ....” (4A/3). This progression of understanding highlights the role of
understanding the Sun at many levels in developing scientific literacy. SSSC scientific research provides
vivid, authentic examples to promote student mastery of these concepts.

The entire NASA enterprise could, for example, be mapped to the Benchmarks for Scientific
Literacy, and/or the National Science Education Standards. The result would be a roadmap in itself for
integrating NASA science and engineering activities into science curricula across the nation.

Extend focus to higher education in order to ensure adequate numbers of trained scientists
and engineers for the SSSC community (and the rest of NASA) to achieve the Exploration Vision.
The field of solar and space physics is in need of a national effort that relates the exciting applications in
our field to specific curricular needs of introductory physics and astronomy (of which there are substantial
enrollments at just about every college in the nation). And, in general, the excitement of space science
should be utilized to entrain and encourage more undergraduates through physics, math and engineering
programs at the university level. This will compliment current programs that are geared towards
providing early research experiences (NSF’s REU program, for example) which are very important for
attracting non-traditional students into the workforce. Attention needs to be paid to how the space
physics workforce is developed — where do students come from and why — in order to ensure sufficient
numbers for a healthy scientific community able to achieve NASA’s goals.

Enhance existing and create new distribution channels for E/PO efforts: products, programs, and
messages. It is not realistic to make individual SSSC PIs responsible for building and/or sustaining their
own dissemination relationships. This is not to say that individual PIs should not be encouraged to go
into classrooms, make public presentations, appear in the media, etc. We recommend that NASA develop
a spectrum of dissemination options that are supported and sustained centrally. In addition, NASA should
support best practice use of World Wide Web for keeping products current and leveraging development
efforts over time.

Emphasize unique learning opportunities that SSSC-related content can provide, in
particular, focused on the visualization of data, essential for advancing science learning and the
nation’s scientific capacity. Expand efforts already underway to create high-production value media
programs around the scientific assets of NASA, including Sun-Earth System. Fully digital space shows;
large-format media projections, television productions, etc. are powerful vehicles for promoting public
understanding of complex phenomena and teaching students of all ages critical skills for 21* century
science involving collecting, analyzing, visualizing and communicating data and constructing,
manipulating and interpreting scientific models and simulations. Increased efforts, taking advantage of
partnerships with media production groups and distributers, will contribute substantially to achieving
greater impact for E/PO programs.

Focus on innovative external partnerships to create programs that reach broadest range of
public. Through leveraging partnerships with informal science learning centers (museums, planetaria,
science centers, zoos); national parks; community groups (Girl Scouts), publishers and the media, SSSC
science can be more widely disseminated by taking advantage of existing channels. For example, NASA
has connected very effectively with the National Parks to support content on the aurora and noctilucent
clouds for summer programs in Alaska to information about the Sun supporting educational programs at
National Parks in the southwest. Programs such as these provide amplified impact by enhancing the
capacity of established channels to engage, excite and educate the public around science and engineering
content. New avenues should also be explored, for example, products developed with the gaming
industry could engage the public, young and old, in the Exploration Vision.

To maximize impact of SSSC science for E/PO, efforts should take advantage of opportunities
that exist at the intersection of the “formal” education and ‘““informal’’ education sectors. Too often
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in education policy and strategy, schools and museums are viewed independent of one another with
isolated objectives and strands of efforts. While there are clear differences between the two, substantial
connections and overlaps exist. Many informal science education institutions already operate at the
intersection of the two sectors — offering substantive professional development for teachers, providing
learning experiences and field trips for classes, delivering afterschool services and developing and
distributing curriculum materials and resources. A key strength of these institutions is local knowledge.
The formal education landscape is highly variable, and this local knowledge is key to successful
connections between science and engineering-rich agencies, such as NASA, and science and engineering
education efforts in the formal setting. NASA Education and Public Outreach should take advantage of
the existing connections and overlap between the formal and informal education arenas.

Develop better coordination with Public Affairs is required to maximize E/PO efforts.
Consistent messaging is essential to effective communication, and effective communication is key to
strong E/PO. More substantial overlap should occur between Public Outreach and Public Affairs (PA).
The activities are distinct: Public Outreach from SSSC covers a broad range of topics and targets the
public directly, and Public Affairs communicates specifically new and current discoveries to the media
for dissemination to the public. However the visual and editorial resources required by both are very
similar, and thus we recommend that Public Affairs team up with the E/PO group early in order to
develop the same core messages and visual assets. This will facilitate getting better media coverage of
scientific results and publicizing exciting E/PO events. It will also strengthen education programs
because they can also take advantage of the visual and editorial assets developed for Public Affairs and
Public Outreach.

E/PO efforts need to focus on outreach, not advertisement. While it is important to raise public
awareness of SSSC missions and activities, it is essential to invest E/PO funds in products and programs
that go beyond advertisement and truly engage and inform. Thus we strongly discourage the use of E/PO
funds for lanyards, pins, etc., that are solely designed to advertise a mission.

Educate the public via outreach through informal and formal channels about the risks
inherent in the exploration of space. As NASA pursues Return to Flight and the Exploration Vision, it
will be very important for the public to be aware of the risks associated with these activities. In the event
that accidents occur that result in tragic loss of life or even setbacks in mission activities, the public will
be best able to respond appropriately if they were aware up front of the risks involved.

Shift in Management and Implementation of SMD E/PO Efforts

It can’t be stressed too highly the impact NASA has had through commitment of substantial funds
for E/PO efforts over the past decade or so. In addition, the value of having the scientific community
intimately involved in the development and implementation of E/PO products and programs can’t be over
emphasized. Thus we strongly advocate maintaining the established commitment of funds for E/PO.

At the smaller scale NASA should continue to use the model of supplements for which individual
PIs can apply to support E/PO activities that stem from their scientific research and mission activities.
Rather than rely on the PIs to invent their own E/PO activities, however, we recommend that the
allocation of E/PO funds be linked to a portfolio of approved E/PO program and product templates from
which the PI can select; and require dissemination activities through one or more of NASA’s approved
and maintained channels as appropriate. In addition, E/PO activities in the near term should map to one
of the 5 themes articulated above. Themes will be modified and new themes developed as part of future
SSSC strategic planning activities.

At the mission scale — we recommend that each mission select from a range of approved product and
program suites, and identify E/PO theme(s) that their activities map to. In addition, mission PIs should be
required to utilize appropriate dissemination strategies and channels. While individual PIs with particular
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interest and commitment to developing new types of E/PO should be encouraged and supported, as a
general case, do not burden PIs with inventing E/PO programs as they are putting their mission proposals
together. In essence, science proposals funded by the Science Mission Directorate should be selected on
the basis of their scientific merit. Funding for E/PO derived from these scientific missions and programs
should then be set at agency approved levels. The E/PO funds should then be allocated to selections from
the portfolio of approved program and product templates and/or competed, if existing program and
product templates are not sufficient.

The portfolio of approved product and program suites should be developed using existing successful
E/PO efforts as models, as well as taking advantage of best practices in formal and informal education. It
is very important that these be developed through collaboration between the Science Directorate and the
Office of Education. It also very important that PIs funded by the Science Directorate play a significant
role in the choice of allocation of their E/PO funds to the products and program suites approved by the
Science Mission Directorate and developed in collaboration with the Office of Education.

Sustained public engagement with, and support of, the Exploration Vision will be essential to
NASA’s success over the next 30 years. The SSSC community is excited to collaborate in the E/PO
efforts designed to bring the public along on the Vision for Space Exploration. Progress in SSSC science
will not only enable the safe and productive transit and landing of human and robotic explorers on other
planets and planetary bodies in our Solar System; but will also advance our capacity to mitigate hazardous
space weather impacts and global climate change at Earth; and, continue to open new frontiers of
scientific discovery about the Earth, the Solar System and the Universe.
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F. External Cost Drivers Beyond Our Control

Scientists and engineers working on Sun-Solar System Connection science have overcome many of
the problems of building, flying, and operating space missions. But our science is affected by factors
beyond the control of the community. Each is founded on rational decisions made by groups in the larger
society which we work within. Like Reinhold Niebuhr, we need “the serenity to accept the things [we]
cannot change, the courage to change the things I can, and the wisdom to know the difference.”

SPACE LAUNCH COST IN THE FREE MARKET. The single largest cost in most space
missions is the launch vehicle. Unlike other technologies, the cost to orbit a kilogram has been nearly
constant over the past decade. Why is the cost per mass so expensive? Space launchers are the most
difficult challenges in engineering and manufacture because the forces and energies present in a launch
vehicle are so high that they prevent graceful failures. From 1988 to 1999, 4% of launches failed in ways
that required their destruction to insure public safety; as an Aeronautics and Space Engineering Board
report states “Destruct commands are often superfluous because vehicles explode or break up because of
dynamic forces.” 1In the early years of spaceflight, NASA solved this problem by building duplicate
satellites, so that one might succeed if another failed. Today the response of the users has been to
emphasize reliability of a small number of satellites.

The commercial space market provides about half of the global demand for launch vehicles. The
2004 FAA/COMSTAC forecast of commercial demand shows that the launch rate is static at ~22 per year
from 2000 until 2013. The principal change has been the demand for very large satellites, with the
average mass per satellite growing from 2,400 kg in 1993-94 to 4,100 kg in 2003-04. The recent
development of EEL Vs by the DoD suggests that their needs are similar to those of the commercial
market. Some of the other Federal space activities, including NASA, also need large spacecraft and
launchers. Taken together, the manufacturers of space launchers have good reason to focus on larger
vehicles. The constant, small numbers of launches prevents economies of scale. To recoup the high
development costs of new launchers, it is desirable to stop the production of older, smaller vehicles.
Opportunity for small, simple, inexpensive, or risky payloads is absent when only large, expensive
vehicles are available. Only large, expensive spacecraft make economic sense.

Yet, many NASA science missions can be accomplished with much smaller, less costly spacecraft.
The SMEX, MIDEX, Discovery, ESSP, and New Millenium mission lines are all highly productive and
depend on smaller vehicles.

PUBLIC TRUST AND RISK TOLERANCE. NASA provides the visible demonstration of the
value of American technological society to solving grand problems. The inspiration provided by a great
success such as the Mars Rovers is matched by the disappointment and concern attached to failures of
other missions. Success and failure are visible and owned by the American public.

Personal freedom is one foundation of American society. We accord individuals the right to pursue
activities that have significant risk of failure, even injury or death, as a price of that freedom. These
private risks, taken voluntarily, are accepted. Risk in systems supported or controlled by tax funds is not
accepted. Public safety and fiscal responsibility require detailed investigation to determine causality and
future improvement. Examples include airline or other controlled transportation accidents, military
accidents, and NASA accidents.

NASA missions are growing in size, cost, and complexity. Growing complexity drives a
compounding of levels of risk management, including detailed process control, frequent reviews, and
larger requirements on project management. Risk management seeks to minimize avoidable failures
which impose delay and unplanned costs on all missions because they share common technologies
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independent of their science focus. As with other complex aspects of our society, the cost of risk
management is an increasing fraction of the total.

Yet, risk is a critical part of the process of learning to succeed. NASA fosters future success by
offering broad range of projects and missions to permit new generations to learn through trial and error,
and help the best progress to larger projects. The desire to minimize risk must be tempered by a desire to
maximize success.

NATIONAL SECURITY. Space technology provides unique contributions to national security, in
reconnaissance, navigation, and communication (and space weather effects on such systems). American
technological advantages over potential adversaries drives restrictions on civilian space interactions with
foreign collaborators. Recent increases in these restrictions, founded in the International Traffic in Arms
Regulations (ITAR) and Export Administration Regulations (EAR), apply even to interactions with
friendly nations. NASA has accorded Principal Investigators (PI) freedom to involve foreign
collaborators. The cost of these positive foreign interactions is increasing to insure the required
compliance with ITAR/EAR restrictions. One result is decreased opportunities for the cost-sharing of
space missions.

Yet, foreign contributions, such as the Huygens lander on the Cassini mission, have improved the
quality of many science missions. Strengthening the technical teamwork between the U.S. and our
partners permits activities that could not be achieved separately.

NASA AND EXTERNAL FACTORS. These problems are opportunities for NASA leadership.
Fiscal responsibility, scientific and technological opportunities are strong arguments for working to
maintain a range of launch vehicles, both large and small. This is a Capability important to NASA.

The public and future scientists are inspired by spaceflight because it challenges us to advance the
limits of our abilities. Engaging the public in the challenges and inherent risks of pioneering spaceflight
and exploration is an opportunity for E/PO on these issues in modern systems. NASA’s work with its
communities to develop the most cost-efficient methods for appropriate risk management of complex
space projects is a Capability that can improve many areas of our technical society and economy.

Foreign collaborations add value that advances America’s space goals. Aiding its projects to
achieve cost-effective compliance with ITAR rules is a Capability important to NASA. Continued dialog
and negotiation between NASA and the other relevant agencies to develop and clarify more appropriate
rules for space research missions will enhance those agencies’ Capability for dealing with other critical
technical issues.
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Targeted Outcome: Phase 2, Safeguarding the Journey
Specify Spacecraft and Communications Environments at Mars

Wave-wave interactions

Required Understanding

Non-LTE atall scales Neutral & plasma
radiative instabilities
transfer Dust, aerosol Wave-

evolution and turbulence Plasma-
characteristics interactions neutral
coupling with
1 B-field

Plasma

Parameterizationsof
turbulenceand gravity
wave effects in GCMs

irregularities

Lightning

Wave-mean flow
interactions

Enabling Capabilities & Measurements

Archival andreal-time
global measurementof
neutral& plasma

Critical Regimes: Entry, Descent& Landing (EDL), 0-40 km; Aerocapture,
40-80 km; Aerobraking & Orbital Lifetime, 80-250 km; lonosphere90-200 km

density, B-field,
temperature, winds

Electrical & Dust
Environments

Empirical modelsof global Mars
atmospherestructure& variability

First principles
data-assimilating
models for
predictingglobal
atmosphere and
ionosphere
structure

Implementation Phase 1: 2005-2015

TIMED Mission

To inform on tidal and tide-mean
flow processes relevant to Mars

ITM WAVES Mission

inform on wave-wave, wave-mean flow processg
and parameterizations relevant to Mars

Theory & Modelling
Program

To understand waves, instabilities,

and plasma processes that
determinevariabilities of Earth &
Mars’ environments; develop
surface toionopausefirst-principles

model of Mars’ atmosphere

IT Storm
Probes
Mission

To inform on
plasma irregularities
relevant to COMM
and NAV systems at
Mars

Implementation Phase 2: 2015-2025

Mars Dynamics
Mission
To collect observations of
densities, temperatures and
winds 0-100 km over all local
times at Mars

Theory &
Modelling

Program

To develop an
Assimilative Model for
Mars’ whole Atmosphere

H. Candidate Mission Reference List

SSSC utilizes several mission resources. Strategic fundamental science missions are executed as
Solar-Terrestrial Probes (STP), The Living With A Star (LWS) mission line is also strategic,
dedicated to research on understanding and mitigating effects of space weather. Explorer (EXP) missions
are smaller than the others and present opportunities for open competition to address scientific
investigations that are relevant and timely. Some missions receive external (EXT) funding, either from
other parts of NASA, other agencies, or other national entities. Below, we list & define acronyms for
SSSC mission candidates, and categorize them, to the degree possible at this time, according to these

mission lines.

Acronym
AAMP
AIM
DBC

FS

GEC
GEMINI

Mission Name
Auroral Acceleration Multi-Probe
Aeronomy of Ice in the Mesosphere
Dayside Boundary Constellation
Far-side Sentinals
Geospace Electrodynamics Cluster
GEospace Magnetosphere-lonosphere Neutral Imagers

Heliostorm

ProgramLine
STP

EXP

STP

LWS

STP

STP

STP



HIGO
[HS

IP
ITImager
IT™MC
ITMW
ITSP
JPO

LRO

MC
MSL
MMS
MTRAP
NO

Na
RAM
RBSP
SCOPE
SECIP
SHIELDS

SI
SDO

Na

SP

Na

SPI
STEREO
SWB

TE

Na
THEMIS

VAP

Heliospheric Imager and Galactic Observer
Inner Heliospheric Sentinals

Interstellar Probe

Ionosphere-Thermosphere Imager
Ionosphere-Thermosphere-Mesosphere Coupler
Ionosphere-Thermosphere-Mesosphere Waves
Ionosphere-Thermosphere Storm Probes
Jupiter Polar Orbiter

L1 Earth-Sun

Lunar Reconnaissance Orbiter

Mars Aeronomy/Mars Dynamics
Magnetospheric Constellation

Mars Science Laboratory

Magnetospheric MuliScale

Magnetic TR Ansition region Probe

Neptune Orbiter

Pluto/Kuiper

Reconnection and Micro-scale

Radiation Belt Storm Probes

Solar Connection Observatory for Planetary Environments
Sun-Earth Coupling by Energetic Particles
Solar Heliospheric & Interplanetary Environment Lookout for
Deep Space

Stellar Imager

Solar Dynamics Observatory

Solar-B

Solar Orbiter

Solar probe

Solar Sail Demo

Solar Polar Imager

Solar-TErrestrial RElations Observatory

Solar Wind Buoys

Titan Explorer

Telemachus

Time History of Events and Macroscale Interactions during
Substorms

Venus Aeronomy Probe

STP
LWS
STP
LWS
STP
STP
LWS
TBD
TBD
EXT
TBD
STP
EXT
STP
STP
TBD
TBD
STP
LWS
EXT
STP
TBD

STP
LWS
EXT
EXT
TBD
TBD
STP
STP
TBD
EXT
STP
EXP

TBD
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l. Mission Descriptions

Near-Term Missions

Aeronomy of Ice in the Mesosphere (AIM)

The primary goal of the Aeronomy of Ice in the Mesosphere (AIM) mission is to resolve why Polar
Mesospheric Clouds (PMCs) form and why they vary. In addition, AIM will determine the mesospheric
response to solar energy deposition and coupling among atmospheric regions. AIM will measure PMCs
and the thermal, chemical and dynamical environment of the upper atmosphere. This will allow the
connection to be made between the clouds and the meteorology of the polar mesosphere as well as to
examine how this region of the atmosphere responds to solar forcings. These connections are important
because the significant observed variability in the yearly number of PMCs, has been suggested as an
indicator of global change. Confounding our ability to understand PMCs as a global change indicator are
fundamental limitations in our understanding of how these clouds nucleate, the environment in which
nucleation occurs, and how the mesosphere responds to both lower atmospheric and extraterrestrial
forcing. PMCs are significantly driven by variations in solar irradiance which through photolysis alters
the amount of available water vapor to form clouds; however, there remain unexplained time lags
between the solar forcings and the response in cloud formation. The simplest models of PMC formation
suggest that super-saturated conditions must be present before nucleation occurs. However even this
hypothesis remains untested because we have no comprehensive knowledge of the chemical/ thermal
environment in which PMCs form. This environment is known to undergo significant variation in
composition and structure in response to solar photon and particle energy inputs.

AIM is a critical mission for the SSSC community because it will examine the relative contributions
of solar and anthropogenic effects that cause change in the upper atmosphere and it will examine long
term change. AIM is also important because it will make key observations of solar energetic particle
induced effects on upper atmospheric composition, in particular of odd-nitrogen compounds and ozone.
The body of data collected by AIM will provide the basis for a rigorous study of PMCs that can be
reliably used to study past PMC changes, present trends and their relationship to global change as well as
critical knowledge regarding the response of the upper atmosphere to solar variability. In the end, AIM
will provide the basis for the study of long-term variability in the Earth’s upper atmosphere and climate.

AIM is a top priority in view of current heightened scientific and public interest in PMCs and the
immediate need to understand how the upper atmosphere responds to variable solar energy inputs such as
solar storm events. PMCs attained the highest degree of U.S. public awareness in history, with the
remarkable sighting on June 22-23, 1999 of a large PMC at locations (Colorado and Utah) where they
have never before been seen. Other low latitude PMCs have also been seen since this first observation.
While PMCs are often observed in the polar summer mesosphere, the sudden occurrences of such
dramatic low latitude displays were unexpected. Dozens of news accounts have appeared in the media.
The fact that people in highly populated areas can now view NLCs coupled with their potential
relationship to solar variability and global change, highlights the importance of understanding their
formation. In addition, the largest odd nitrogen input to the upper stratosphere due to energetic particles
ever observed occurred in April, 2004.

Geospace Electrodynamic Connections (GEC)

GEC will determine the fundamental processes of how the ionosphere and magnetosphere are
coupled. The upper atmosphere is the final destination of the chains of fields, particles and energy that
start at the Sun, transit the heliosphere, and are modified by the magnetosphere and upper atmosphere.
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We understand little about how these chains affect and in turn are dependent upon the upper atmosphere
due to several factors: first, the energy inputs vary rapidly in space and time; second, we have only sparse
measurements of the low altitude atmospheric transition region where the energy dissipation is greatest;
and third, the altitude transition from collision-dominated to collision-free phenomena is complex. To
transform and inform our understanding of this fundamental question a formation of 3-4 spacecraft must
be sent to resolve the spatial structures and time variations, repeatedly and systematically, into the depths
of the atmosphere to this transition region: 130 to 180 km. The spacecraft must have complete instrument
packages that measure both the magnetosphere energy/momentum inputs at high latitudes and the
atmosphere-ionosphere responses. GEC will transform our understanding of the chain of events from the
sun to the atmosphere by providing for the first time, comprehensive, collocated, simultaneous
atmospheric measurements, the models with which to interpret them, and context setting measurements of
the Sun, heliosphere, and magnetosphere. These questions cannot be addressed without actually making
the in situ observations. GEC does this using proven technologies, such as formation flying, to unravel the
spatial and temporal coupling of the transition region phenomena in a reconfigurable observatory.

GEC will transform our understanding of fundamental processes in the upper atmosphere. It will
also enable practical applications relevant to Protecting our Home in Space, and the Outward Journey.
During magnetic storms, energy and momentum are transferred from the magnetosphere to the upper
atmosphere, resulting in dramatic global changes of temperature, neutral density, composition, winds, and
electron density. At the Earth, these changes affect satellite orbits, spacecraft maneuvers (such as
docking), and degrade predictions of orbital debris impacts on manned spacecraft such as the Shuttle,
Space-Station, and the future Crew Exploration Vehicle. The ionospheric changes can lead to outages for
radio-based systems, so that communications with satellites, astronauts and spacecraft within and outside
Geospace can be completely disrupted for many hours. Dipping the spacecraft from the collisionless to
the collisional regime provides an analog for aerobraking and aerocapture operations at Mars.

The GEC mission is the highest priority for the Solar Terrestrial Probe line because the fundamental
science questions it will address are compelling and urgent. Under current NASA funding guidelines, it is
planned for launch in 2017, with a two -year prime mission lifetime. It is possible that GEC will overlap
with the ITSP mission, with corresponding synergies that are discussed under the ITSP description.
However, each mission provides unique measurements and insights, and neither one should be delayed
for the sake of overlap.

Farside Sentinel

Farside Sentinel, a mission with a spacecraft placed at 1 AU viewing the far side of the Sun, will
provide new knowledge about the solar dynamo, solar activity, and the dynamic space environment in
general. It contains both remote sensing and in situ instruments. Remote sensing instruments include a
magnetograph-Doppler imager and a radio science package for coronal sounding. Its location at about 180
degrees from Earth allows, in conjunction with similar observations from near Earth, helioseismological
measurements of the deep interior flows that are thought to drive the dynamo. The magnetograph will
provide more longitudinal coverage of the Sun so that the evolution of solar magnetic fields and active
regions can be observed for longer times. Farside Sentinel also provides an additional in situ observation
post for the space environment. The in situ instrument package would be similar to that on the STEREO
spacecraft. This mission provides information crucial for understanding fundamental processes (Objective
F) and for developing the capability to predict the space environment. Farside will aid predictions of
space weather and provide inputs for SWB, MARS, and high-latitude solar observatories. While it would
be advantages to have this (or the SHIELDS) mission earlier, it was placed in Phase 3 because it was
considered lower priority.
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HELIOSTORM

The Heliostorm mission would measure the solar wind and heliosphere state "upstream" of the Earth
and Moon. Through the use of breakthrough solar sail technology, it would fly 50% further from the
Earth (farther upstream) than the current ACE measurement at the Earth-Sun L1. A set of in-situ
measurements then would provide 50% greater warning time (compared to ACE) of CMEs and shock-
accelerated energetic particles. In conjunction with other assets outside the Earth's magnetosphere, the
mission would determine the structure of the solar wind on spatial and temporal scales that are relevant
for driving magnetospheric processes.

Heliostorm safeguards our outward journey by providing an input that is absolutely vital to the
prediction of space weather in cislunar space. Astronauts on the lunar surface will benefit greatly as the
enhanced warning time will permit reaction to actual upstream conditions measured remotely by
Heliostorm. The solar wind input to the Earth is required by all models of the Earth's magnetosphere, and
would be provided by Heliostorm or a conventional .1 monitor.

Heliostorm could be flown 5-6 years after a successful Solar Sail Flight Validation (Sail Demo).
Heliostorm (or a conventional L1 monitor) must be flown in time to replace the current ACE/Wind
configuration. This suggests a launch in the 2016-2020 timeframe.

Inner Heliospheric Sentinels

How do things evolve and interact as they travel from the Sun to Earth? The four Inner Heliospheric
Sentinel spacecraft flying in various formations will detect how structures change in space and time
during the transit. IHS investigations will discover, model, and understand the connection between solar
phenomena and geospace disturbances.

Interactions in interplanetary space make the linkage between point sampled 1 AU measurements
and their solar sources difficult or impossible. IHS science is important to understanding which
disturbance will be geoeffective and for developing predictive capability. The interactions relate to
particle acceleration, the drivers of space weather and characterization of the extreme conditions near
Earth and throughout the heliosphere.

Most space weather evolves as it passes through the inner heliosphere. Understanding this
influential region of space is required for safe and productive use of space. THS should fly in conjunction
with SDO and will contribute to understanding gained by the Geospace Storm Probe missions. In an
extended mission they will provide essential information about material that eventually reaches SWB or
other spacecraft at 1 AU and beyond

lonosphere-Thermosphere Storm Probes (ITSP)

The ITSP mission investigates the spatial and temporal variability of the ionosphere at mid-latitudes.
ITSP combines imaging and in-situ measurements of the I-T system, and physics based models to inform
our understanding. Two LEO satellites, in different local time orbits are required to determine how
electric fields, thermospheric winds, and composition vary with local time, and generate dramatic changes
of electron density in the main ionospheric layer during storms. An IT imager will fly as a Mission Of
Opportunity on another spacecraft to support the LEO measurements by observing global composition
changes.

Since before the Space Age we have collected ionospheric data. To meet the needs of tomorrow and
to go beyond an understanding of the climatalogical behavior of the ionosphere we need to make
simultaneous, collocated comprehensive measurements of the global behavior of the IT system. The
scientific questions addressed by ITSP have direct relevance to the Vision for Space Exploration and to
the needs of society. When we prepare to go to Mars, we must be able to land with precision and
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communicate with assurance. ITSP informs the design of systems for precision navigation and
communication without requiring that we build at Mars the equivalent of the Earth’s network of
ionospheric observatories. The FAA must develop a GPS-based robust system for automated landings at
airports (Wide Area Augmentation System - WAAS). Under disturbed conditions GPS location errors of
meters are not uncommon: but we don’t know under what conditions these errors are likely to occur. The
FAA needs the ionosphere to be better characterized so that WAAS can become operationally reliable and
available. ITSP will allow us to characterize, understand, and predict plasma density gradients that
degrade augmented GPS systems, and lead to the mid-latitude ionospheric irregularities which produce
scintillation of radio signals.

The ITSP mission is the highest priority in the LWS line because of the urgent need for
understanding the internal and external couplings that drive the mid-latitude ionosphere. ITSP was
designed to overlap with the SDO and RBSP missions flying in the 2008-2015 timeframe. The EVE
instrument on SDO was assigned to provide solar EUV irradiance measurements to support the I-T
science of ITSP specifically to understand the temporal variability of the source term for the ionosphere.
The RBSP mission will measure electric fields and energetic particles in the inner magnetosphere that
map down to the mid-latitude ionosphere, with dramatic consequences for positive-phase ionospheric
storms that develop in the afternoon and evening sectors. The current schedule places ITSP at solar
maximum and in the declining phase of the solar cycle — times when the ionosphere is both enhanced and
disturbed. ITSP will fly during the phase of the solar cycle that is the most stressing both from the
standpoint of technical systems and models. ITSP results will be available in time to guide the concept of
operations for precision landing on Mars and communications (surface-surface and surface-space).

Another geospace mission (GEC) was selected as the top priority in the Solar Terrestrial Probe line.
Under current NASA funding guidelines, GEC would launch in a similar timeframe (2017 with a two
year lifetime) to ITSP, so the missions would potentially overlap. This was not originally planned, but
various factors affecting NASA budgets and delays in the ITSP and LWS lines led to the present
situation. The GEC mission is focused on very different scientific objectives in a different altitude and
latitude regime from ITSP. Each mission provides scientific insight that is unique. An overlap in the
mission timeframes provides synergistic opportunities because GEC measures the high latitude drivers
that contribute to the middle and low latitude response measured by ITSP. However, because of the
urgency of each of these missions, each should fly as early as funding permits, regardless of any loss of
overlap with the other.

L1-Earth-Sun

The L1 mission will provide the first comprehensive and continuous observation of the Earth’s
whole dayside atmosphere, together with measurements of the contributions to the critical solar spectral
irradiance that drive the upper atmosphere. Changes in solar UV brightness and spectrum affect the
chemistry, dynamics and temperature of the Earth's outer atmosphere, affecting satellite drag and
indirectly influencing the amount of energy absorbed by land and oceans. UV absorption leads to
important processes including photoionization of N,, O,, NO, and O at wavelengths below 1300 A, and is
the main source of energy for ionization and heating of the ionosphere. Knowledge of the solar spectral
irradiance is critical for understanding climate variability and for isolating external variations from human
made and innate climate variability. Understanding the Sun's EUV spectral irradiance and variability
requires not only irradiance time series but also spatially resolved radiance observations of solar features
at all temperatures/formation heights simultaneously, to compare with radiative transfer models of the
solar surface.

The Earth-viewing portion of the mission consists of a combination of spectrometers in an extended
wavelength range (58 nm to 2.4 mm), with high spatial resolution on the entire sunlit Earth disk. The
solar portion of the mission consists of a UV/soft x-ray irradiance spectrometer, an imaging bolometer,



68

and a UV/EUV imaging spectrograph to explain the irradiance phenomena that affect Earth’s atmosphere
by providing identification and realistic assessment of the contributions of evolving solar activity features
to total spectral irradiance. The mission also includes magnetometer capable of high time resolution
measurement of magnetic field fluctuations and shocks, and two energetic particle analyzers capable of
measuring energy resolved charged particle spectra.

By observing simultaneously the Earth, the Sun, and the solar wind, the L1-Earth-Sun mission will
enable the first detailed exploration of the couplings within the Earth-Sun system. It fulfills a fundamental
and critical need in the S3C Strategic plan with cross-cutting synergistic objectives relevant to
understanding fundamental processes which influence Earth’s climate as well as strong relevance to the
Vision for Exploration by improving our understanding necessary for solar activity prediction and its
impact on the Earth.

The L1-Earth-Sun mission should fly in the early part of Phase 2 in order to maximize overlap with
SDO and GEC. SDO provides complimentary information regarding solar energy deposition while GEC
provides in situ observations of the Earth’s upper atmosphere that strongly compliment and partially
validate the L1-Earth-Sun remote observations. Flying L1-Earth-Sun in early Phase 2 also permits the
timely replacement of key existing assets at L.1.

L1-Mission

In situ observations from the Earth-Sun L1 point are essential to understanding geospace and
provide about one hour of warning of disturbances traveling toward Earth in the solar wind. The most
important quantities are particles and field detection. Additional capabilities can include radio sensing,
composition and high-energy particle detection, and even solar observations, though these can often be
accomplished from other vantage points.

Without upstream information the state of the magnetosphere cannot be understood. Models of
propagation in the inner heliosphere need a reference at 1 AU against which to test their models. Spatial
variations in structures around L1 is not well understood. There needs to be data from L1 at all times to
provide adequate warning for many operational users in addition to NASA scientists.

The timing of this mission depends upon future assets launched by NASA and other agencies and
the continued functioning of existing spacecraft. The existing Great Observatory provides L1
observations and some future mission must do the same. Partnerships may be the preferred method for
satisfying the need for observations from L.1. The possible flight of Heliostorm, an Earth Science L1
mission, or collaboration with the IH Sentinels or SWB missions may provide additional options.

Magnetospheric Multi-Scale

MMS will determine the fundamental physical properties of magnetic reconnection. It is a four
spacecraft mission designed to study magnetic reconnection, charged particle acceleration, and turbulence
(cross-scale coupling) in key boundary regions of the Earth’s magnetosphere. The primary goal of the
mission is to use high time resolution, in situ plasma and fields measurements to determine the micro-
scale processes in the exceedingly small (perhaps <100 km thick) diffusion region, where the electrons in
a plasma become decoupled from the magnetic field, and the field reconnects. The close spacecraft
spacing will also enable exploration of the cross-scale coupling of plasma turbulence in the Earth’s
magnetosheath, at the magnetopause, and in the magnetotail. Finally, charged particle acceleration
processes associated with magnetic reconnection, turbulence, and electric fields in the outer
magnetosphere will be determined using direct measure of the plasma and waves that cause the
acceleration.

Magnetic reconnection is a primary source of energy release and particle acceleration in plasmas.
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No mission has ever been properly instrumented and configured to measure the small-scale features of
reconnection in space. Thus, we know little about this fundamental process that drives much of the
activity on the Sun, near Earth, and throughout the Solar System.

MMS was recognized as by the Decadal Survey report as the highest priority mission for the Solar-
Terrestrial Probes strategic line. A SWRI-led team successfully proposed to build and operate this
mission, and they are just beginning Phase B development.

Radiation Belt Storm Probes (RBSP)

The RBSP mission focus is to understand the variability and extremes of energetic radiation belt
ions and electrons by identifying and evaluating their acceleration processes and transport mechanisms
plus identifying and characterizing their sources and losses. These particle populations respond to
interplanetary structure and environment changes in the form of shocks, CMEs. SEPs and changes in the
solar wind and interplanetary magnetic fields. Those responses are generally denoted as magnetic storms
and substorms and ultimately involve the whole of geospace from the upper atmosphere to the boundary
with the solar wind. The RBSP instruments provide comprehensive measurements of the particle phase
space densities plus the local AC/DC magnetic and electric fields in the inner magnetosphere where the
intense radiation belts reside. RBSP provides one link in the chain of evidence that tracks the Geospace
response to solar and interplanetary sources and variability. ACE, TWINS, SDO,MMS, ITSP and
IHSentinels will fill in many of the other links. Flying together, as we hope they will, would provide a
nearly complete picture of geospace, its the external environment and the its responses to solar variability
and evolving interplanetary plasma and field structures.

RBSP consist of two small satellites in “chasing” elliptical orbits with low perigees, ~ 5.5 Rg,
geocentric, apogees and slightly different orbital periods. The different periods generate an orbital
evolution that provides both variable radial separations in the same local time frame and local time
separations at a range of constant radial distances to separate space-time effects in the radial transport and
azimuthal drifts of the particles.

RBSP is important to objectives H and J because it provides the observations needed to characterize
and develop models of the near Earth space weather. Its data will form the basis for specification of the
near Earth radiation environment and its variability on a time scale that meets the needs of the
Exploration Visions early operations near Earth. These data will provide a measure of the magnetospheric
energy inputs to the ionosphere and atmosphere important to space station and crew vehicle
communications, reentry and atmospheric drag induced orbit variations. In addition, RBSP observations
will also provide new knowledge on the dynamics and extremes of the radiation belts that are important to
all technological systems that fly in and through geospace. This includes many platforms that are
important to life and society as we rely ever more on space platforms to link us together through
communications, to provide Earth resource data and to provide entertainment streams. It is also very
important that we understand the space weather in geospace because it can impact the many US space
assets play a role in our national security. Without that security, there will be no other missions.

The Solar Sail Flight Validation or "Sail Demo" would validate the processes and analytical
models required to make solar sails a practical propulsive option for science missions. The Sail
Demo would: deploy in a near-Earth orbit, a solar sail that is > 40 m in edge length; correlate
structural performance with models; validate its attitude control; and measure acceleration from
the sail.

Solar-B

Solar-B will reveal the mechanisms of solar variability and study the origins of space weather and
global change. NASA is a 1/3 partner with the Japanese space agency (JAXA) on this mission to
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investigate the detailed interactions between the Sun's magnetic field and the corona. High resolution
observations of active region on the photosphere together with an X-ray telescope and imaging
spectrograph will help understand the creation and destruction of magnetic fields, variations in solar
luminosity, generation of UV and X-radiation, and the dynamics of the solar atmosphere.

Solar B addresses most of the expected achievements in Phase 1: reconnection, the mechanisms of
particle acceleration near the Sun, the origins of solar disturbances, understanding of the sources of
irradiance variations, causes of the extremes in the local environment, and prediction of space weather.
Many Phase 2 topics are also covered.

Solar B complements SDO, STEREO, and SOHO by providing high resolution imaging and
understanding of detailed mechanisms of variability. The essential next step in understanding the origins
of solar activity requires the high resolution data from Solar B.

Solar Dynamics Observatory (SDO)

SDO will help us to understand the mechanisms of solar variability by observing how the Sun's
magnetic field is generated and structured and how this stored magnetic energy is released into the
heliosphere and geospace. SDO's goals are to understand the solar cycle, the transfer of energy through
the solar atmosphere, and the variable radiation output of the Sun. SDO measures subsurface flows,
photospheric magnetic fields, high-temperature solar atmospheric structures, and the extreme ultraviolet
spectral irradiance that affects Earth's atmosphere.

Solar magnetism drives the variability that causes most space weather. Helioseismology measures
the internal causes of activity. Photospheric and coronal observations trace the evolution of magnetic field
structures and the origins of disturbances. The upper atmosphere is highly sensitive to solar EUV
variability. SDO's investigations are essential to many phase 1 and 2 achievements relevant to all three
SSSC Objectives.

SDO needs to fly immediately to provide crucial understanding of solar activity, the solar cycle, and
the inputs to geospace. Predictive modeling cannot improve without the improved data SDO will
provide. SDO is an essential replacement for the aging SOHO spacecratft.

Solar Sail Demo

Because of the inability to fully validate this technology on the ground, the application of solar sails
to a strategic science mission absolutely requires a prior successful flight validation. Such a Sail Demo
(40-m edge length, 25 g/mA2) could be readily scaled then to fit the needs of the Heliostorm mission
(100-m edge length, 14 g/m”2). Once a mission in the class of Heliostorm has flown, further scale-up
could be accomplished for Solar Polar Imager (160-m edge length, 12 g/m»2). A further, third generation
solar sail would be required for a visionary mission such as Interstellar Probe.

The flight of a Sail Demo must precede the first strategic launch by 5-6 years. A Sail Demo mission
in mid-2010 would permit the flight of Heliostorm in 2016 or thereafter. Approximately 5 years would
then be needed after Heliostorm to enable the scale-up to Solar Polar Imager.

Solar Orbiter

Solar orbiter is a European Space Agency (ESA) mission with U.S. participation that will fly as
close as 45 solar radii to the Sun in order to study the solar atmosphere with unprecedented spatial
resolution (~100 km pixel size). Its science goals are to characterize the properties and dynamics of the
inner solar wind, to understand the polar magnetic fields using helioseismology, to identify links between
activity on the Sun’s surface and coronal disturbances using co-rotating passes, and to fully characterize
coronal regions from high inclination orbits. Using Venus gravity assists, the orbital inclination will shift
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over time providing the first high latitude views of the solar poles. Solar Orbiter will provide key
components to NASA’s LWS program by understanding the causes of Space Weather and thus will
answer science questions of Objective H. It will also provide data to increase our fundamental
understanding of particle acceleration and the role of the solar dynamo in structuring the solar magnetic
field (Objective F). Both science areas are essential in developing a short and long term predictive
capability for the Exploration Vision (Objective J). Solar Orbiter is positioned to fly in the 2015-2025
(Phase 2) time frame which will coincide with Inner Helisopheric Sentinels to continue the system
science of our Great Solar Observatory.

SOLAR PROBE

Solar Probe is the first flight into the Sun’s corona, only 3 solar radii above the solar surface. Solar
Probe’s instruments measure plasma, magnetic fields and waves, energetic particles, and dust that it
encounters. They also image coronal structure surrounding Probe’s orbit and in polar structures at the
coronal base. Probe makes two passes into the corona, separated by 4.5 years, exploring why the corona
changes its whole form over the solar cycle.

The corona is heated to millions of degrees by poorly understood processes governed by its
magnetic field. The UV radiation from the hot solar atmosphere affects the chemistry of the atmospheres
of the Earth and other planets. The boundary where the corona accelerates to the solar wind governs the
heliosphere and its interactions with the planets and the interstellar medium. That boundary is also
critical to the release of solar disturbances that travel throughout the solar system, to the Earth and other
planets, producing energetic particle events and magnetospheric storms. Probe will transform our
understanding of the physical processes that control the heating of the solar corona, the acceleration of the
solar wind, and the release of eruptive activity. Accurate prediction of events that disturb the Earth's
human systems and deepspace explorers require this understanding.

One factor sets the placement of Solar Probe in the Roadmap: Probe is the most technically
challenging mission attempted. It must function in the cold and intense particle radiation of its orbit-
shaping flyby at Jupiter, and in the heat and high-speed dust impacts of the solar corona. The path to
meet the technical challenges is now well defined and Solar Probe is ready for a mission start. Probe can
only be achieved with specific budget augmentation because the work to ensure surviving its difficult
environment keeps it more costly than any line mission.

STEREO

The Solar-Terrestrial Relations Observatory (STEREO), to be launched in 2006, will describe the 3-
D structure and evolution of coronal mass ejections (CMEs) from their eruption on the Sun through the
inner heliosphere to Earth's orbit. The mission will employ remote sensing and in situ measurements from
two spacecraft drifting in opposite directions away from the Earth at 1 AU to triangulate CME-driven
shocks, detect preceding shock-accelerated particles, and analyze in situ CME and solar ejecta signatures,
including heavy ion mass and charge states. In addition, as the spacecraft reach large separations, one
spacecraft will observe the propagation of CMEs that will be directly sampled by the second spacecraft to
provide a definitive determination of the relation between the white light and in situ features of a CME.
The instrumentation package on each spacecraft includes a coronal and heliospheric imaging package
(with an EUV imager, two coronagraphs, and heliospheric imager)s, a set of radio wave receivers, and an
array of in situ measurements for measuring the solar wind, energetic particles, and interplanetary
magnetic fields. This mission will provide not only fundamental knowledge about the 3D structure and
propagation of CMEs, but also provide important information on CME-shock-accelerated particles,
constributing to the characterization of the space environment. This mission is a high priority for SSSC
science because of the central role of CMEs in determining "space weather."
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TIME HISTORY OF EVENTS AND MACROSCALE INTERACTIONS DURING SUBSTORMS
(THEMIS)

THEMIS is a MIDEX Explorer mission that addresses the spatial and temporal development of
magnetospheric substorms. The mission consists of 5 identical spacecraft and a array of ground-based
all-sky cameras. The cameras are a mission-critical element of THEMIS, providing a global context for
the in situ measurements and also detecting auroral substorm onset for mission operations decisions.
When the spacecraft are on the dayside, it will address the question of solar wind control of the
magnetosphere and the coupling of energy across the various dayside boundaries.

THEMIS addresses the issue of onset and evolution of the substorm instability, an explosive yet
fundamental mode of the magnetosphere. This was identified by the National Research Council as one of
five main strategic questions in space physics.

The mission was selected in the last MIDEX proposal solicitation and is currently in Phase C/D
development.

The Two Wide-angle Imaging Neutral-atom Spectrometers (TWINS)

TWINS provides stereoscopic viewing of the magnetosphere by imaging charge exchanged
energetic neutral atoms (ENAs) over a broad energy range (~1-100 keV) using identical instruments on
two widely spaced high-altitude, high-inclination spacecraft. TWINS will enable a 3-dimensional
visualization of large scale structures and ion dynamics within the magnetosphere. The TWINS
instrumentation is essentially the same as the MENA instrument on the IMAGE mission and provides a
4°x 4° angular resolution and 1-minute time resolution ENA image. In addition, a simple Lyman-alpha
imager is used to monitor the geocorona. The first TWINS spacecraft may overlap with the IMAGE
mission, providing an early (2005-2006) opportunity for magnetospheric stereo imaging that could evolve
into three spacecraft imaging with the launch of the second TWINS in 2006.

TWINS will provide a 3D view of the ring current ions in the magnetosphere. These ions carry
much of the energy and most of the mass into and through geospace. Different from in situ observations,
TWINS will provide a dynamic picture of the whole geospace system with a cadence that resolves the
radial and azimuthal ion motions. The in situ measurements provided by RBSP, MMS and ITSP, are truth
data that can be used to further validate the necessary inversion process that will be applied to the TWINS
data to obtain 3D ion flux distributions. These TWINS distributions will provide a global geospace input
for space weather models. The 3D ion distributions will enable inferring the inner geospace currents and
electric fields which penetrate to low altitudes and high latitudes where they couple energy into the
ionosphere-thermosphere system partially driving its space weather.

While TWINS is not a subject of the current roadmap, except as a mission of opportunity element of
the Great Observatory, it does support many of the objectives H and J, as can be seen in the discussion
above. TWINS value is greatly enhanced if it is flying simultaneously with RBSP, ITSP and MMS. While
those missions are to be launched in the next decade, it should be noted that the first of the current sister
platforms in the TWINS orbits have been flying since 1994 and will probably be operated for years to
come. Thus we expect the TWINS instruments, if they survive, could be operating out through 2015 or
s0.

Candidate Missions for Phase 2 and Phase 3

Aeronomy and Dynamics at Mars (ADAM)

Aeronomy and Dynamics at Mars (ADAM) will determine the direct, dynamic coupling of a dusty
atmosphere with the solar wind. It is a single spacecraft that will orbit Mars, taking in situ and remote
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sensing data of the upper atmosphere, ionosphere, and solar wind. Instruments will measure the
composition, thermal profile, and circulation in the Martian upper atmosphere. Mars Aeronomy will
determine the sources and sinks of ionospheric plasma, its coupling to other regions of the atmosphere,
and its to the solar wind.

The dynamics, evolution, and fate of the Mars upper atmosphere addresses fundamental science
questions as well as providing pertinent information for manned flights to Mars. Aerobraking and
aerocapture require a detailed knowledge of the Martian upper atmosphere, as well as an understanding of
how and why the atmosphere varies, for hazard prediction and risk mitigation.

This is a high priority mission with direct relevance to the manned flight component of the Vision
for Space Exploration. It should be flown as soon as possible in order to allow time for the scientific
investigations of the Mars upper atmosphere to progress to a point of transferring the lessons learned from
ADAM to the manned flight program with sufficient lead time to impact mission development.

Therefore, it should be a Phase 1 or early Phase 2 mission.

Auroral Acceleration Multiprobe

One of the key goals of Objective F is providing the detailed understanding of the processes that
accelerate particles to high energies that will be necessary to predict fluxes of high energy particles
throughout the solar system. This predictive capability is the goal of RFA J.3. In addition, by providing a
better understanding of energetic particles in the Earth’s space environment, AAMP is also important to
Objective H because it will enable mitigation of impacts on space assets, and, by quantifying the auroral
input to the ionosphere/thermosphere, it will improve models of lower latitude composition and
variability of the ionosphere, which affect communications/navigation activities. The Auroral
Acceleration Multi-Probe (AAMP) mission is designed to provide this understanding by making
extremely high time resolution measurements of particle distributions and 3d electric and magnetic fields
in situ within the Earth’s auroral acceleration region. The auroral acceleration region provides a unique
laboratory for the study of acceleration processes, both because it reveals many of the critical processes
and because it is readily accessible to measurement. Our basic understanding of particle acceleration in
parallel electric fields and kinetic Alfven waves, as well as the structures that support parallel fields, have
come from in situ auroral observations. To make the progress required for a predictive understanding
requires simultaneous measurements both along and perpendicular to magnetic fields. The AAMP four
satellite mission is designed to provide the needed conjunctions through a careful orbit strategy. The
AAMP mission will determine how are parallel potential drops distributed and supported in a
collisionless plasma; how the coupling of the dense cold ionospheric plasma to hot magnetosheric plasma
leads to parallel electric fields; what the role of wave micro- and macro-physics is in auroral acceleration;
and how magnetosphere-ionosphere coupling influences acceleration on various scales.

The fundamental understanding of acceleration processes is critical to the NASA SSSC goals and,
thus, the mission should be flown as soon as possible. Its placement in the mission queue indicates the
need to inform activities that occur in the intermediate time frame.

Dayside Boundary Constellation

DBC will determine the global topology of magnetic reconnection at the magnetopause. It is a
network of ~30 Sun-pointing, spinning, small spacecraft, separated by ~1 R_, that skim both the dawn and
dusk sides of the dayside magnetopause. The multi-spacecraft provide simultaneous comprehensive
observations of boundary phenomena including turbulence over a wide range of latitudes and local times.
Three spacecraft are boosted to have apogee outside the bow shock to provide continuous monitoring of
the foreshock-preconditioned solar wind input.

This mission addresses critical unresolved questions about the transfer of energy across the
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magnetopause boundary. It also will robustly measure the global magnetic field topology on the Earth's
dayside magnetopause, something which has not been done before.

MagCon is a precursor mission to DBC, as it will have a constellation of spacecraft in the
magnetospheric equatorial plane. Therefore, DBC should be in the Phase 3 mission queue.

DOPPLER

The DOPPLER mission enables improved nowcasting and forecasting of solar activity by providing
improved understanding of the physical processes and mechanisms of energy storage and release on the
Sun. Measurements of motions and changes in nonthermal velocity distributions in the lower corona and
chromosphere are crucial to understanding and separating various models of CME initiation and onset.
Depending upon the specific physical process, Dopplergrams and other derived data products are likely to
be the most reliable indicators that a specific region is about to erupt. Even without advance warnings,
the reliable characterization of near disk-center CME liftoff by means of Doppler imaging would
represent a significant improvement in space weather modeling capability. DOPPLER consists of a suite
of small, lightweight, moderate resolution spectral imagers (UV/EUV imaging spectrograph, 2 EUV
imagers, and a Magnetograph) to detect, observe and study remotely all of the relevant signatures of solar
activity responsible for space weather events and disturbances. DOPPLER addresses issues directly
relevant to supporting the Vision for Exploration by enabling improved nowcasting and future forecasting
of solar activity by identifying and developing new precursor signatures of CME initiation and onset,
flare eruption, and flare initiated SPEs.

The DOPPLER mission should fly in the early part of Phase 2 (2015-2020), with overlap with SDO
to identify and develop new solar activity precursor signatures necessary to protect astronauts during
surface EVAs on the Moon (late Phase 2). The small, lightweight instrumentation developed by
DOPPLER would then be available for Phase 3 missions required to provide nowcasting and forecasting
capability at Mars and beyond.

Geospace Magnetospheric and lonospheric Neutral Imager (GEMINI)

GEMINI is a mission that will provide the first 3-dimensional observations of the global Geospace
dynamics in response to external solar drivers and internal coupling. Stereoscopic views of the radiation
belt associated ring current and thermal ions of the plasmasphere, simultaneous images of the aurora in
both hemispheres, and coordinated ground based observations are used to determine the coupling
dynamics between the ionosphere, ring current, and plasmasphere and to discover the important feedback
and dissipative mechanisms between these regions. The power of GEMINI is that imaging this complex
coupled system to unravel its macro-scale interactions simultaneously provides the global context for
correct interpretation of in-situ observations. It is to magnetospheric space-weather what the Solar
Terrestrial Relations Observatory is to the solar-wind observations. The discoveries from this mission are
applicable to understanding fundamental processes at work not only in Geospace but other magnetized
planetary systems and thus are important to Objective F. Global Geospace observations are needed to
provide the system level context for nowcasting and prediction of the plasma environment where
exploration activities are occurring within Geospace. In addition, these results are significantly
augmented when coupled with inner heliospheric and solar disk observations. The conjugate auroral
observations are essentially the “footprints” of the magnetosphere and therefore provide the
magnetospheric configuration to distances beyond the lunar orbit. For these reasons GEMINI is important
to Objective J. Operating GEMINI in conjunction with the RBSP and ITSP missions is ideal as
documented in the LWS Geospace definition report. However, even without mission overlap, the system
level understanding of the coupling between regions in Geospace that creates, evolves and annihilates
radiation belts and how that induces and impacts ionospheric variability is extremely significant to
operational space based assets that society has become so dependent on. As such, GEMINI is important to
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objective H.

Heliostorm

The Heliostorm mission would measure the solar wind and heliosphere state "upstream" of the Earth
and Moon. Through the use of breakthrough solar sail technology, it would fly 50% further from the
Earth (farther upstream) than the current ACE measurement at the Earth-Sun L1. A set of in-situ
measurements then would provide 50% greater warning time (compared to ACE) of CMEs and shock-
accelerated energetic particles. In conjunction with other assets outside the Earth's magnetosphere, the
mission would determine the structure of the solar wind on spatial and temporal scales that are relevant
for driving magnetospheric processes.

Heliostorm safeguards our outward journey by providing an input that is absolutely vital to the
prediction of space weather in cislunar space. Astronauts on the lunar surface will benefit greatly as the
enhanced warning time will permit reaction to actual upstream conditions measured remotely by
Heliostorm. The solar wind input to the Earth is required by all models of the Earth's magnetosphere, and
would be provided by Heliostorm or a conventional L1 monitor.

Heliostorm could be flown 5-6 years after a successful Solar Sail Flight Validation (Sail Demo).
Heliostorm (or a conventional L1 monitor) must be flown in time to replace the current ACE/Wind
configuration. This suggests a launch in the 2016-2020 timeframe.

Inner Magnetospheric Constellation

IMC will determine the interaction among the radiation belts, ring current, plasmasphere, and outer
magnetosphere. It is multiple spacecraft in at least two ecliptic plane “petal” orbits. Large day/night and
dawn/dusk asymmetries exist in the inner magnetosphere and complicate the global specification of
particles and fields. Through simultaneous measure of radial and longitudinal variations in the radiation
belts, the temporal and spatial asymmetries will be resolved.

The in-situ measurements from these multiple positions allow the construction of comprehensive
“weather maps” of the inner magnetosphere (1.5-12 Earth radii) that evolve in response to Sun-induced
disturbances. This spacecraft fleet focuses on detailed specification of the orbital environment of most
spacecraft and manned missions, to determine in detail the origin and evolution of particle populations
and their interaction with the evolving electro-magnetic field during magnetic storms.

These observations extend the radiation belt storm probe results by making simultaneous maps of
the radial as well as the longitudinal variations in the radiation belts. It should fly after RBSP, and
probably after GEMINI, putting it into Phase 3 of the mission queue.

lonosphere Thermosphere Mesosphere (ITM) Waves

Gravity and planetary waves play a key role in the upper atmosphere by redistributing energy across
geographic and altitude regions. They affect the global circulation and the vertical transport of energy and
chemically reactive species. ITM-Waves seeks to understand the sources and sinks of gravity waves,
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