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The cover illustration highlights regimes of particular importance for understanding the Sun-
Earth connection. The logarithmic distance scale shows the dynamic Sun, on the left, and its sphere
of influence, the heliosphere, stretching out far beyond the planets. Formed by the solar wind, this
magnetized cloud of plasma plows through the interstellar medium, generating a vast disturbance
like the one shown in the lower inset. The Earth is embedded deep within this protective cocoon at
1 astronomical unit. Each planet handles the variable inflow of energy and matter carried out by the
solar wind in a unique way. The box on the left shows Earth's magnetosphere responding to a
buffeting storm of particles that came from material ejected days earlier from the Sun's corona.
Geospace reacts to such impacts in many ways. One visible manifestation, the aurora, is caused by
particles accelerated downward into the upper atmosphere at high latitude, as shown in the upper
right inset. We need to understand how this system affects us here on our home planet.



Table of Contents
Section I Executive SUMMATY ........coo.ooiiiiiiiii e e et e e eaeees

1.0 INtrOdUCTION. ... oot e
2.0 Sun-Earth Connection Goal and the Space Science Enterprise Strategic Objectives............
Table 1.1 The SEC goal and strategic science objectives and their links to SEC missions.........

Section II SEC Scientific Objectives and Research Focus Areas....................................

2.0 SEC Science Objectives and RFAs Introduction................c.ooooiiiiiiiiiiiiiii e,
Table 2.1 Primary SEC Science Objectives and Research Focus Areas....................ooeeeennen.
Table 2.2 Additional SEC Science Objectives and Research Focus Areas............................
2.1 Understand the changing flow of energy and matter throughout the Sun,
heliosphere, and planetary €nVIrONMENTS. . ... ....vueitittit ittt eeeanns
2.2 Explore the fundamental physical processes of space plasma systems.............ccc.ouevvinnnnne.
2.3 Define the origins and societal impacts of solar variability in
the Sun-Earth connection........ ..o i e
2.4 Additional Science ObJECtIVES. .. ...ttt ettt et e
2.4.1 Understand the structure of the universe, from its earliest
beginnings to its ultimate fate...........o.oiiii i e
2.4.2 Learn how galaxies, stars, and planets form, interact, and evolve...........................
2.4.3 Understand the formation and evolution of the solar system
and Earth within it. ...
2.4.4 Probe the origin and evolution of life on Earth and determine
if life exists elsewhere in our Solar SYSteML.........c.viiniiiii i
2.4.5 Chart our destiny in the solar SyStem.............o.ooiiiiiiiiii e

Section III SEC Mission Roadmap................oo e,

3.0 SEC Mission Roadmap Introduction..............oueiuiiiiiiiii e

Table 3.1.1 Missions for understanding the changing flow of energy and matter

throughout the Sun, heliosphere, and planetary environments................c.ocoviiiiiiiiiiiin.

3.1 Understanding the changing flow of energy and matter throughout the Sun,

heliosphere, and planetary €nVIrONMENtS. ... ....o.eiueitii i eeeae e

Table 3.1.2 Investigations for understanding the changing flow of energy and matter

throughout the Sun, heliosphere, and planetary environments................c.ocoviiiiiiiiininnn

3.2 Exploring the fundamental physical processes of space plasma systems..........................

Table 3.2.1 Missions that explore fundamental properties of plasmas.................oooiiiiiii.

Table 3.2.2 Investigations for exploring the fundamental physical processes of

SPACE PlASTIIA SYSEIMS. ... ettt et ettt et e e

3.3 Defining the origins and societal impacts of variability in the Sun-Earth connection...........

Table 3.3.1 Missions that define the origins and societal impacts of variability

in the Sun-Earth CONNECtION. ... ..ot e

Table 3.3.2 Investigations for defining the origins and societal impacts of

variability in the Sun-Earth connection ...............ooiiiiiiiiiii e

3.4 Inter-relationships between SEC MISSIONS. ......uueuuintitiitiitiit i

Table 3.4.1 Near-Term missions and their primary and secondary science objectives..............

Table 3.4.2 Intermediate-Term Missions and their primary and secondary science objectives.....
3.4.1 MiSS10N COMDBINALIONS. . ...ttt ettt e e et e et e ettt et e e
R\ S 101 B % 115 44 1 1



Section IV SEC Technology ... e, 48

4.0 Technology INtrodUCtiON. .........iuuii e 48
4.1 Enabling and Enhancing Technologies. ...........c.oouiiiiiiiiiiiii e 48
4.2 Technology Prioritization. ... .. ..ottt 48
Table 4.2 SEC Technology Needs and Supporting NASA Technology Programs.................. 48
Table 4.1 Enabling and Enhancing Technologies for SEC Roadmap Missions...................... 49
4.2.1 Spacecraft - Multiple Spacecraft Challenges and Ultra-Low Power Electronics.......... 50
4.2.2 Information Technology/Autonomy............coooiiiiiiiiiiii e 51
4.2.3 Scientific InStrumentation. .............ooiuiit it 51
4.2.4 Propulsion - Solar Sails..........ouiiii i 52
4.3 Next-tier Priority Technologies - Power and Communication Systems........................... 52
4.4 Other Notable TeChNOIOZIES. ... ..o.uuiti e 53
4.5 Technology Implementation Plan...............ooooiiiiiiiiii e 53
Section V Theory and Modeling........... ... 55
5.0 Theory and Modeling INtroduction...............ooieiiiiii it 55
5.1 Understanding the changing flow of energy and matter throughout the Sun,
heliosphere, and planetary €nVIrONMENtS. .........outiutiiiitt ittt eaanaans 55
5.2 Exploring the fundamental physical processes of space plasma systems.......................... 56
5.3 Defining the origins and societal impacts of variability in the Sun-Earth connection........... 56
5.4 Summary of Theory and Modeling in the SEC Division............c.ocooiiiiiiiiiiiiiiiiiiinn, 57
Section VI Education and Public Outreach.............. ... 58
6.0 Education and Public Outreach Introduction.................oooiiiiiii i 58
6.1 Sharing our Science with the Public.......... ... 58
6.2 Partnerships and Leverage. .........ooviiuiiiiiii e 59
6.3 EPO Highlights - Examples of Successful Programs............c.coooooiiiiiiiiin 60
6.4 EPO Themes for the Future...... ... 60
6.5 EPO Program Elements for Future Emphasis..............oooooiiii 61
Section VII Critical Factors and External Assessment...................ccooooiiiiiiiiiiiiiinnn. 63
7.0 Critical Factors and External Assessment Introduction....................ocooiiiiiiiiiann. .. 63
B B AT (0 T o 1o 63
7.2 Collaborations Within NASA and With Other Organizations..............c..coovviiiiiini.n 64
7.3 Infrastructure [SSUES. ... ...ttt 66
Appendix A — SEC Roadmap Teaml.........oouiiiriitiitiit e 67
APPENAIX B — ACTONYIMIS. ..ttt et 69
Appendix C — Comparison between the 2003 SEC Roadmap and the 2002 Solar and
Space Physics Decadal SUIVEY........o.iiuiiiiii e 71
Appendix D — SEC Mission Fact Sheets. ...........ooiiiiiii e 74

i



The next-tier priority technology development
needs are spacecraft power systems, and commu-
nication systems. The specific details of these
highest priority and next-tier technologies are
provided below.

4.2.1 Spacecraft - Multiple Spacecraft
Challenges and Ultra-Low Power Electron-
ics

A large number of multiple-spacecraft mis-
sions are mandated for the future of SEC science.
Cost-effective implementation of these missions
could incorporate emerging technologies into
highly integrated designs that are less expensive
to build, test, and operate. First steps are under-
way to assure this vision, one example being the
3-spacecraft ST-5 mission. However, more in-
vestment will be required, and additional study
will likely be needed to develop the specific as-
pects of a coherent theme or Enterprise invest-
ment strategy.

The multiple spacecraft challenge is motivated
in the near- and intermediate-term by missions

such as MMS, GEC, MagCon, GeoProbes, and
IHS. Each mission has its own specific needs, but
many of the challenges are cross cutting. All
space missions would benefit from the availability
of lower-cost platforms that provide essential
spacecraft services for scientific instruments.
SEC confronts the urgent requirement to reduce
the unit cost of spacecraft, especially after the first
one has been built. Figure 4.1 depicts this perva-
sive and vital need for economical spacecraft that
could enable strategic SEC missions from the near
to the far-term.

As part of the mission studies for this SEC
roadmap, an analysis assessed the potential of
enabling technologies to reduce spacecraft mass
and power. Results indicate that 10 to 20% of the
spacecraft cost could be saved through the evolu-
tion and application of technologies aimed at low-
ering spacecraft mass and power. Lower mass to
orbit, in some cases multiplied by many space-
craft, can allow the use of a smaller launch vehi-
cle, resulting then in even more substantial cost
savings.

Figure 4.1 Demonstration of the overarching need for economical spacecraft. The Challenge of “Economical” Space-
craft: Develop affordable clusters and constellations of spacecraft for multi-point measurements of the connected Sun-

Earth System.
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System-level technologies such as ultra low
power electronics and advanced packaging could
bring dramatic reductions since they are applicable
to both instruments and spacecraft bus. Generally,
there is a direct relation between the electrical
power needs of a spacecraft and total system mass.
This relation is particularly important for in situ
missions that employ body-mounted solar panel
arrays. These missions often are severely power
constrained because solar panel area is directly re-
lated to spacecraft size.

Ultra Low Power (ULP) electronics has the po-
tential to dramatically reduce power requirements
for flight avionics and instruments. The reduction
in the voltage of logic from 5 V to 0.5 V can result
in a power reduction for specific parts by a factor of
100. Early application of the technology is likely to
focus on power “tall-poles” in digital logic. Sys-
tem-wide availability of the technology could re-
duce power consumption by 70% compared with
conventional systems. Such power savings could be
traded for reduced mass or greater data architectural
flexibility (via redundancy). The first OSS flight
experiment of this technology will likely be the
ULP Reed-Solomon Encoder on ST-5. ULP elec-
tronics is a high priority technology with great po-
tential. It addresses an important aspect of the
multi-spacecraft challenge, and SEC should track
and support its progress robustly.

4.2.2 Information Technology/Autonomy

The SEC mission set is comprised of coordi-
nated scientific observations from spacecraft
operating throughout the heliosphere.  These
missions are characterized by: multiple spacecraft
making system-spanning measurements; instrument
sets on platforms at unique vantage points; or
missions making measurements with unprecedented
spatial, temporal or spectral resolution. In the near-
term, SEC will need flight systems able to handle
data volumes unprecedented within OSS. It is
vital that flight systems be developed that are
capable of cost-effectively managing this data
stream. Systems that loosely compress and encode
high data-rate streams (thus maximizing the science
return from limited bandwidth downlinks) will be

neegﬁ(& missions in the very near future will gener-
ate huge quantities of scientific data that will re-
quire processing, analysis, and information extrac-
tion. Thus far, data volume has kept pace with data
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storage capabilities, but new data volumes may tax
future storage capabilities. However, data storage
capacity is largely driven by needs outside of the
SEC Division. Therefore, developing larger storage
capacity may not hold out the promise of significant
return on the investment. Instead of investing in
increased storage capacity, a technology program is
needed that develops the tools necessary for sys-
tematic and automatic access to large and distrib-
uted data sets and the ability to synthesize quite
disparate data sets. To address all of these diverse
requirements, early investments in information
technology will be a high priority, in particular to
promote the system understanding sought by LWS
and STP missions.

In 2002, the number of spacecraft operated by
SEC is 19. In 2012, it is reasonable that this num-
ber could approach 75. Much of the anticipated
increase is due to the proposed fifty spacecraft of
MC. Given recent history, it is safe to presume
there will not be a concomitant four-fold increase in
resources but rather that downward pressure on op-
erations budgets will persist, if not intensify. For
SEC to handle the increase in coming years, a tech-
nology program aimed to produce a steady and in
some cases dramatic decrease in the operations cost
per spacecraft is required.

4.2.3 Scientific Instrumentation

SEC scientific instrumentation performs in situ
and remote sensing measurements. Technology
challenges in the in situ instrumentation are largely
related to the multi-spacecraft requirements of a
large number of SEC missions. In particular, the
development of highly integrated and compact in-
strument electronics is important for multi-
spacecraft missions. However, aspects of this tech-
nology may be addressed by the development of
low power electronics for spacecraft sub-systems,
and most certainly will be aided by recently insti-
tuted, instrument development programs (see im-
plementation section). Therefore, within the scien-
tific instrumentation technology area, the remote
sensing instrumentation should be accorded higher
priority.

Remote sensing instruments have two specific
technology requirements. These are large format
array detectors and lightweight, precision optics and
coatings. Of these two technology requirements,



technology development of detector arrays derives
the most benefit and is the highest priority.

Large format, fast-readout detectors offer enor-
mous potential for performance enhancement of
current remote sensing instrumentation. In particu-
lar, fast-readout, 4k x 4k, thinned, backside-
illuminated CCDs are needed for SDO and ulti-
mately 16k x 16k format CCDs will be needed for
MTRAP. Active Pixel Sensor (APS) arrays offer
enormous potential savings in mass, power and ra-
diation hardness as well as variable gain readout
capability, making them ideally suited for missions
such as Solar Probe and RAM. Large format, en-
ergy resolved array detectors, such as microcalo-
rimeter arrays, also offer exciting promise for soft
X-ray spectroscopy on missions such as RAM, pro-
viding the ability to make simultaneous two dimen-
sional spectral imaging observations of high tem-
perature plasmas. Included in the technology neces-
sary to develop these arrays are improved mechani-
cal cryo-coolers for extended operational life.

Technology development in lightweight, preci-
sion optics and coatings also offers the potential for
exciting enhancements in future remote sensing
missions. In particular, large (>1 meter), light-
weight, precision optics are required for MTRAP
and precision, super-polished UV optics are needed
for RAM and other missions. New, innovative coat-
ing technologies continue to be needed to expand
spectral observing domains in the UV, EUV, X-ray
and Gamma-ray, and enhance instrument efficiency
on essentially all future remote sensing missions.

4.2.4 Propulsion - Solar Sails

For geospace missions, chemical propulsion will
likely remain the standard means of achieving an
observational station. However, solar sails remain a
high technology priority for SEC, enabling unique
vantage points in and outside the heliosphere
wholly unavailable by other means. Such vantage
points include: observing the Sun from high-
inclination, heliocentric orbit (Solar Polar Imager);
leaving the heliosphere to determine the nature of
interstellar space (Interstellar Probe); observing the
origin of high-energy solar particles from heliosyn-
chronous orbit (Particle Acceleration Solar Orbiter);
and making sustained measurements from other-
wise inaccessible, non-Keplerian, near-Earth orbits
(L1 Diamond). Furthermore, solar sails offer a
unique advantage over other propulsion systems.
These sails can be used as an active element in a
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spacecraft sensor array. For example, wire imbed-
ded in the solar sail could be used as the antennae
for an electric field instrument. Other propulsion
systems (e.g., nuclear-powered propulsion) may be
studied for other applications (e.g., planetary mis-
sions, where the ability to decelerate a spacecraft is
as important as the ability to accelerate it). With
the advent of the In-Space Propulsion and Nuclear
Systems Initiatives, SEC should continue to closely
monitor developments in nuclear electric and solar
electric propulsion, and periodically assess whether
these technologies could enable our deep-space
missions. However, solar sails remain the highest
technical priority for spacecraft propulsion for the
SEC Division.

Given the challenge inherent in deploying and
controlling a large, gossamer solar sail, a technol-
ogy demonstration mission will be required. Suc-
cessful demonstration of a 50-m class (root-area)
solar sail would enable measurements upstream of
L1 (such as NOAA’s Geostorm concept or SEC’s
L1 Diamond) and by straight-forward scale-up to
sizes in the 100-m class, such a demonstration
would make Solar Polar Imager possible. Follow-
ing this development, the technology would have to
be adapted for application to the near-solar envi-
ronment for missions like PASO (0.17 AU). This
would likely require use of advanced thermal con-
trol techniques for the lightweight structure and
membrane materials suitable for high-temperature
use. Meeting the challenge of flying close to the
Sun would feed in naturally to the next sail mission:
Interstellar Probe. It will require the development
of a 300-m-class solar sail, and likely incorporating
technology from PASO, will use a solar gravity as-
sist (perihelion ~ 0.25 AU).

4.3 Next-tier Priority Technologies — Power
and Communication Systems

Power Systems

Exploration of the outer heliosphere in practice
is contingent on the availability of radioactive
power sources. While the SEC Division supports
renewed prospects for advanced radioactive power
sources, the vast majority of SEC missions will
continue to rely on photovoltaic systems. Opera-
tions with photovoltaics as far as Jovian orbit re-
quire deployable, low-intensity, low-temperature
solar arrays. In addition, photovoltaic systems
able to cope with the high-temperature, high flux



of the near-solar environment (< 0.4 AU from the
Sun) will be needed. The theme has unique inter-
est in the development of new lower-cost, electro-
statically clean solar arrays.

Communications

Because of the large link distances, spacecraft in
deep-space face communications challenges. SEC
has some unique needs in this regard such as sys-
tems that provide for high data rate communications
from spinning spacecraft in deep space. Specific
technology needs include: Hi-EIRP telecom “clo-
verleaf”’, adaptive feed/uplink Beacon, Ka-band
transmit network, and DSN 70-m equivalent with
Ka-band downlink.

4.4 Other Notable Technologies

The SEC identifies other notable technologies
that are mission enhancing. These include:

Avionics

High-performance flight avionics will play an
increasingly important role in SEC missions. A
number of factors contribute to this development:
progressively higher-resolution and higher-cadence
imaging of the Sun; multi-spacecraft missions mak-
ing complex, system-wide measurements of dy-
namic phenomena at affordable cost; missions that
must cope with severe environments; and those op-
erating far from the Earth that face severe limits on
communications.

Guidance, Navigation, and Control

Future SEC missions have some distinctive
characteristics: single spacecraft operating at
unique vantage points (often in severe environ-
ments); multiple spacecraft making coordinated
measurements of a region of interest; or an instru-
ment platform (or set of platforms) with unprece-
dented sensitivity, and/or temporal, spatial or spec-
tral resolution. Each class of mission will require
advances in the art and practice of guidance, navi-
gation, and control.

Structures & Materials, Thermal Control

Materials, devices, and schemes for near-solar
thermal management will be needed to enable in-
situ measurements near the Sun. Solar Probe will
need a phenomenally robust, carbon-carbon thermal
shield, able to withstand temperatures up to
1,800°C with no appreciable sublimation of mate-
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rial. Solar sails and other spacecraft structures
must be able to withstand thermal environments
near and far from the Sun (the solar thermal input
ranges from 0.04 Suns at 5 AU to 2800 Suns at 0.02
AU).

4.5 Technology Implementation Plan

Until quite recently, technology investment in
SEC largely has been managed and funded on a
mission-by-mission basis. However, the resources
and time available to a mission in formulation is
quite limited, and leads to focus on one or two key
challenges. This approach yields a frustratingly low
rate of technology infusion in general and cross-
mission infusion of technology in particular. Our
ambitious new missions require a new approach to
technology development. Advancement of SEC-
specific technology requires a broad and sustainable
program with a cross-mission perspective.

Recently, two elements of ROSS NRAs have
helped to bolster SEC technology investment,
namely the SEC and LWS Instrument Development
programs. These opportunities provide resources to
the science community for the enabling scientific
instrumentation demanded by future missions.
However, this new program is relatively small and
at present unproven given that the first funding cy-
cle is still underway. No such parallel program ex-
its for systems-level technology development, al-
though NMP does play a significant role in many
ways (e.g., development of nanosatellite technolo-
gies through ST-5). Other traditional and new
sources of technology development programs for
supporting SEC needs are: LWS Space Environ-
ment Testbed (SET), In-Space Propulsion, PRT,
and SBIR.

LWS Space Environment Testbeds will provide
flight opportunities for new hardware and de-
sign/operations tools whose performance is sensi-
tive to solar variations. The testbeds will also fly
instrument technologies of interest to SEC. Tech-
nologies will be competitively selected, with flight
opportunities beginning in 2004 and recurring every
two years thereafter. The experimental nature of
the testbeds and potential for frequent access to
space, make it a valuable resource for SEC strategic
missions.

Continued advocacy within the agency for de-
veloping technology for SEC needs should focus on
several different fronts. One area needing promo-



tion is the publication of technology requirements
as a means of facilitating dialog and improving
alignment of technology providers. Another is in
the area of partnering — competitively selected
technologies are strongly preferred with directed
efforts used solely to guide adaptation of technol-
ogy previously selected through competition. An-
other area of significant impact would be the mod-
eration of the current technology-averse policy in
place for mission development.
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A new theme technology program should be
small and focused, serving clear, persistent technol-
ogy needs within our program lines. Technology
selected and developed within these programs must
have potential for reasonable near-term return on
investment but also high programmatic impact.
Because such funds will always be vulnerable and
have alternative usages, implementation will require
impeccable Enterprise focus, competitive procure-
ments, partnering, periodic assessment of the pro-
gram, and the ability make periodic adjustments.



5.0 Theory and Modeling Introduction

In SEC research, the systems under study are
typically of great complexity. Furthermore, they
can be sparsely sampled or have good sampling
only over a narrow spatial, temporal, or spectral
range. Using these observations of complex sys-
tems, the SEC researchers seek to develop the ca-
pability to predict the behavior of the combined
system under well-defined conditions and verify
this development using new observations. Such
an endeavor requires well-tailored development of
abstractions of the system, in the form of theories
or models. Thus, the intrinsic nature of SEC re-
search necessitates a strong theory and modeling
program.

Currently, SEC study of the Sun-heliosphere-
planet system is undergoing three substantial
changes. One of these changes lies in the mark-
edly increased complexity of present and planned
future missions, especially those based on clusters
of spacecraft. The second and perhaps more fun-
damental change involves an evolution from a
discovery-driven investigative mode to one moti-
vated by quantification and the desire to verify
concepts of understanding. This paradigm shift is
especially evident in the goal to understand the
coupling between elements in the Sun-
heliosphere-planet system.  Finally, the Space
Weather element of the Living With a Star pro-
gram requires the development of physics-based
models that provide predictive capability. These
transformations result in a much closer and much
more essential tie between scientific flight mis-
sions and accompanying activities in theory and
modeling of space plasmas. Thus the role of the-
ory and modeling emerges in a new, prominent
light within the SEC Division and has become
central to the SEC strategic science objectives.
Sections 5.1, 5.2, and 5.3, discuss the tie between
theory and modeling and the three primary SEC
science objectives. Section 5.4 presents a brief
summary.

5.1 Understand the changing flow of en-
ergy and matter throughout the Sun,
heliosphere, and planetary environments.

The transport of matter and energy, together
with magnetic flux and momentum, over huge
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distances, poses a grand challenge problem to
Sun-Earth Connection research. Theory and Mod-
eling forms an essential element of this research.
The analysis and description of the vast and com-
plex Sun-heliosphere-geospace system mandate
tools for integration between missions addressing
different aspects of the transport problem. Due to
the sheer size of the domain, such a glue can only
be provided by large-scale models.

Large-scale models, such as those developed
for the solar corona or ionosphere-thermosphere,
fulfill a set of needs in SEC research. Tradition-
ally, such models have been utilized to provide
the overall context for the interpretation of space-
craft measurements. This highly useful function
will continue in the future. In addition, large-scale
models now can also provide high-quality esti-
mates of the connection between individual meas-
urements, separated in space or in time. As an ex-
ample, the overall structure of the solar wind, in-
volving currents sheets separating different mag-
netic fields, determines whether coronal ejecta or
energetic particles arrive at the Earth or not.
Comparisons like this example are essential to
extend the value of measurements beyond the lo-
cal environment, and to develop better, model-
based manifestations which reflect the level of
understanding. The interplay between model pre-
dictions and spacecraft measurements thus pro-
vides a new avenue of space research, combining
new windows into the workings of the SEC sys-
tem through direct feedback between mission data
analysis and modeling.

Beyond this overarching role, large-scale mod-
els directly support specific missions. For exam-
ple, global models of the corona and solar wind
are used to interpret and predict, co-rotating inter-
action regions, propagation of cosmic rays in the
heliosphere, and the propagation characteristics of
CMEs. These models are important for STEREO
and Solar-B, and, in the absence of true global
measurements, are important for Telemachus.
Other examples of mission support through mod-
eling are GEC and MagCon, where data assimila-
tion techniques into large-scale models provide,
for the first time, a comprehensive map of proper-
ties, dynamics, and transport in geospace and in
the ionosphere.



5.2. Explore the fundamental physical
processes of space plasma systems.

In a growing area of space research, investiga-
tions are moving away from the basic morpho-
logical studies of the discovery period to more
detailed and targeted probing of the inner work-
ings of key physical processes. Better understand-
ing of the overall morphology generates the need
to understand key physical processes, which de-
termine the overall system state and dynamics.
Accordingly, mission-based research often aims at
distinguishing  between different candidate
mechanisms, or at least understanding of a single
process, which fundamentally determines system
behavior. Often, these processes are driven by
micro-scale instabilities. Understanding of the
processes on the micro-scale typically requires
basic theory supported and enhanced by kinetic
and hybrid modeling.

This basic theory and modeling is playing an
increasing role in SEC missions. Typically, plans
for missions are based on prior knowledge, ob-
tained from prior missions. In the future, mission
conception, tailoring, and execution will focus
increasingly on the verification or falsification of
understanding. In particular, many future missions
will have as their goal to test the veracity of a pre-
diction of fundamental plasma system behavior,
obtained from theories and models. The concep-
tion of such flight missions, their execution, and
the enhancement of understanding require the es-
tablishment and maintenance of strong theory and
modeling activities.

Following the prediction phase, fundamental
plasma models will be intricately involved in the
preparation and execution of missions. An exam-
ple of the interplay between theory and observa-
tions is the study of magnetic reconnection. MMS
will study this process at microscopic levels of
detail heretofore only accessible by modeling.
Thus the concept underlying MMS, as well as its
design relied heavily on results from modern
models and theory. During the flight phase, MMS
will involve a close interaction between observa-
tions and models to bring closure to the operation
of reconnection in geospace. Reconnection in the
solar coronal environment has been, to date, even
less accessible to direct measurements. Therefore,
Theory and Modeling will play a similarly fun-
damental role in the conception and execution of
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RAM. Modeling will also play an important role
in understanding cross-scale coupling such as
turbulent transport. Here, kinetic and/or hybrid
models must be developed for large-scale systems
approaching the global magnetohydrodynamic
models.

5.3 Define the origins and societal impacts
of variability in the Sun-Earth connection.

The Space Weather element of the Living With
a Star program requires research and development
targeted at the basic physics needed to create
space weather forecasting capabilities. With the
exception of very few simple causal relationships,
forecasting is based on modeling the future behav-
ior of the space environment based on known pre-
sent conditions. Such models are necessarily
physics-based in that the underlying physics, de-
veloped from theory and guided by observations,
provides the key ingredient for forecasting capa-
bility. Finally, the testing of candidate models
against new measurements takes on an additional
and very important role of validating progress.
These models will combine global modeling and
local modeling approaches such that the physics
included in the global model will be derived from
local models and theory, which is in turn driven
by targeted LWS observations.

The close-knit relation between model devel-
opment and observations will benefit all LWS
missions. Specifically, SDO will provide scien-
tific insight, inputs to models, as well as the data
against which solar interior, coronal, and helio-
spheric models can be evaluated. The close link-
age between observations and models will also
answer one of the most pressing questions under-
lying space weather modeling; the question of
which information has to be provided to models
for precision forecasts of the future space envi-
ronment. Modeling plays a similar role within the
geospace segment of LWS, consisting of Radia-
tion Belt Storm Probes, and lonosphere Thermo-
sphere Storm Probes and Inner Heliospheric Sen-
tinels. Here models and theory will, through map-
ping techniques and data assimilation, extend a set
of multi-point measurements to large-scale speci-
fication. Subsequent comparisons between pre-
dicted and actual futures will lead to the scientific
understanding and forecasting capabilities.



5.4 Summary of Theory and Modeling in
the SEC Division.

This discussion elucidates the growing impor-
tance of theory and modeling for the SEC Divi-
sion. Theory and modeling is suitably imple-
mented in four forms. First, the success and value
of basic scientific research renders the SEC The-
ory Program highly valuable. In order to address
national needs in the space weather area, a tar-
geted and well-planned research activity is re-
quired, which also needs to be integrated with
LWS missions. This activity should also include a
plan for the transitioning of research results and
models to the operational agencies. The needs of
other missions also mandate that suitably sized
theory and modeling activities be established
alongside instrument and spacecraft subsystem
development. The roles of supporting innovative
ideas and approaches have been successfully filled
by a strong supporting research and technology
program.
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6.0 Education and Public Outreach Introduction

NASA’s mission is to inspire the next genera-
tion of explorers. The Office of Space Science
(OSS) has identified a specific enterprise goal to
“share the excitement and knowledge generated by
scientific discovery and improve science educa-
tion”, with specific objectives: (1) to share the ex-
citement of space science discoveries with the pub-
lic; (2) to enhance the quality of science, mathemat-
ics, and technology education, particularly at the
precollege level; and (3) to help create our 21* cen-
tury scientific and technical workforce.

OSS provides significant funding across the en-
terprise to support the achievement of these objec-
tives. As a result of these investments over the past
5 years, EPO is now well integrated throughout all
elements of the SEC theme. The Sun-Earth Educa-
tion Forum and regional Broker/Facilitator institu-
tions work together to develop and support partner-
ships between SEC scientists and education profes-
sionals in formal and informal settings as well as to
encourage coordination of activities.

6.1 Sharing our Science with the Public

In the modern age, space exploration continues
to thrill the public with new discoveries that help
them build a better understanding of the Sun, near
Earth space, the solar system, and the Universe.
Whether encouraged through news releases high-
lighting solar events, high production value films
bringing excitement of SEC science and research to
life, PBS documentaries, innovative planetarium
shows, museums, science centers, or rich website
environments, a significant fraction of the US popu-
lation retains an abiding fascination with space ex-
ploration and discovery that can be used to facilitate
the achievement of the EPO objectives identified by
OSS.

Sun-Earth Connection Education Forum

The Sun-Earth Connection Education Forum
(SECEF) provides a national coordination and sup-
port structure for the SEC theme. A partnership
between NASA’s Goddard Space Flight Center and
UC Berkeley’s Space Sciences Laboratory, SECEF

e Facilitates the involvement of SEC scientists in
education and outreach

e Helps identify high leverage opportunities

e Coordinates nationally and synthesizes the edu-
cation and outreach programs undertaken by
SEC flight missions and individual researchers

e Arranges for the widest possible dissemination
and long-term sustainability of SEC education
and outreach programs and products, and

e Identifies and disseminates best practices in
education and public outreach.
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The SEC Division has significant science re-
sources to share with the public. However, sectors
of the education and outreach community remain
ill-prepared to take advantage of them. The large
majority of K-12 educators are not prepared with
sufficient science-based content knowledge to ef-
fectively develop students understanding and en-
gagement with SEC related science themes. And
yet, it is through the educational system that stu-
dents are prepared for the workforce of tomorrow.
Current demographic trends show that the US is
facing a critical shortage of workers prepared with
sufficient science, math, and technology knowledge
to continue the technological leadership the US now
enjoys, and which has also been responsible for the
ability to dramatically expand SEC science knowl-
edge over the past 50 years. It therefore becomes
critical, for the health of the OSS enterprise and
SEC science, to share science, enhance K-14 educa-
tion, and assist in the development of our work-
force.




6.2 Partnerships and Leverage

In order to achieve these objectives, the OSS
EPO infrastructure is working to identify optimal
ways to support the needs of multiple audiences —
students, K-14 teachers, museum-based educators,
community educators, the public, and policy mak-
ers. By targeting high leverage opportunities and
partnerships, OSS SEC EPO activities can have a
significant impact on large audiences that are diffi-
cult to reach through direct interactions alone. Re-
sources and programs available from SEC can be-
come integrated into ongoing programs through
participation in and support of education initiatives
and professional organizations, providing amplified
impact. Professional development workshops for
educators are a highly effective example of educa-
tional outreach. Results are particularly dramatic
when educators are required to provide in-district
training to their colleagues.

development externally through funding from
NASA and other agencies, foundations, non-profits,
and industry. Through partnerships with educators
and educational organizations, planetaria, museums,
science centers, national parks, community groups,
publishers and the media, SEC science can be
shared through existing networks and infrastruc-
tures, developed by specialists in each of these EPO
venues. In this way, the special strengths of the
Division can be utilized — SEC science discovery,
the excitement of SEC missions, and SEC scientists
and engineers. Through these partnerships, and a
careful analysis of existing resources, SEC EPO can
avoid reinventing the wheel, and ensure EPO funds
are invested for highest impact.

Innovative Partnerships

The National Parks provide a natural venue where
the interests of the NASA Earth Science Enterprise,
the Office of Space Science, and the National Park
Service can complement and support each other in
EPO efforts. Programs offered to the public by
park rangers in these settings can be enriched by
SEC science content. Examples range from sup-
porting 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.

High visibility for SEC EPO efforts is achieved
by building on existing programs, institutions, and
networks and by coordinating activities within
NASA and other institutions. Promising opportuni-
ties for partnership exist with programs underway
across NASA enterprises (for example, the NASA
Space Grant Program and the Earth Science Enter-
prise Education Program), with programs under

High Impact Video Programming

The “LIVE FROM?” series, developed by Geoffrey
Haines-Stiles’ Passport to Knowledge program, is
a highly respected and high impact program sup-
porting science education and literacy through
broadcast media. With strong established relation-
ships on PBS network stations, “LIVE FROM”
EPO collaborations with this established program
ensure a high visibility product that has been
shown to have a positive impact on student learn-
ing. Successful programs include LIVE FROM
THE HUBBLE SPACE TELESCOPE, LIVE
FROM THE SUN, LIVE FROM A BLACK
HOLE, LIVE FROM THE EDGE OF SPACE
AND TIME, MARS 2002. In 2003, LIVE FROM
THE AURORA is planned to highlight Sun-Earth
Connections science through the beauty and dy-
namics of Earth’s aurora.

"HEW THE SOA Wil
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6.3 EPO Highlights - Examples of Successful
Programs

There are now numerous examples of successful
EPO products and programs highlighting SEC sci-
ence and discovery. Over the past 3 years, SECEF
has focused on development of resources for K-12
and informal education, including -curriculum
guides, educational materials, and workshops for
educators, exhibits, planetarium shows, and the
SEC web portal. In addition, SECEF has played a
major role in facilitating organization and pro-
gramming for events associated with solar eclipses
and Sun-Earth Day.

In addition to these activities, SECEF has been
active providing infrastructure support to EPO ac-
tivities within OSS, including supporting develop-
ment of the Space Science Education Resource Di-
rectory, facilitation of space science product and
website review, as well as support of national con-
ferences.

EPO efforts for future missions should build
upon this heritage, and identify new opportunities to
share the excitement and relevance of our science to
society, with educators, students and the public.

Sun-Earth Days

During Sun-Earth Day, 2001 (April 27-28), over
100 events were scheduled nationally, involving
200,000 formal education participants. All NASA
education offices were involved in workshops, spe-
cial events, classroom visits, and other dissemina-
tion opportunities. Sun-Earth Day, 2002 (March
20) combined a Native American connection and
equinox theme for a multifaceted successful event.
Resources included grade-level appropriate class-
room activities, a central website, a Sun-Earth Day
kit distributed through NASA Core, and a NASA
Quest webcast with scientists and featured activi-
ties.

High Impact Web Portals

Web sites developed over the past several years
with funding from NASA and other agencies pro-
vide high leverage venues for further education and
outreach efforts, due to their large existing audi-
ences and content bases. The award-winning Win-
dows to the Universe project, now in its 8" year of
development, serves over 4 million users per year,
and is used extensively in the K-12 classroom by
students and teachers. Supported primarily through
the OSS Information Technology Research Pro-
gram in partnership with the Earth Science Enter-
prise, this existing high-leverage web resource is
now being used to support new OSS missions and
research programs.

6.4 EPO Themes for the Future

Missions in the near- and intermediate-term
across the STP and LWS lines share several com-
mon thematic elements for the purposes of educa-
tion and public outreach — magnetic fields, plasmas,
the Sun and its impact on the near Earth space envi-
ronment. For these audiences, the details of the
physics explored in each mission are likely to be
beyond the scope of understanding for most people.
The common themes identified here, however, are
highly relevant to both the public as well as to stu-
dents and educators, invite their curiosity and pro-
vide vehicles for showcasing exciting scientific dis-
covery at the forefront of mission research.




All SEC missions share an emphasis on space
plasmas and the role of magnetic fields. From the
perspective of the public, students, and educators,
near-term missions (Stereo, Solar B, and SDO) and
intermediate-term missions (Telemachus, Solar Or-
biter, RAM, Solar Probe, and Inner Heliospheric
Sentinels) will highlight the Sun, phenomena on the
Sun, their variability, and their impact on the inner
heliosphere. MMS, GEC, MagCon, Radiation Belt
Storm Probe, Ionosphere Thermosphere Storm
Probe, Inner Magnetospheric Constellation, and
Tropospheric ITM Coupler focus on the detailed
structure and dynamics of planetary magneto-
spheres and plasmas, in the case of GEC and Tropi-
cal ITM Coupler extending to the coupling of the
magnetosphere with the ionosphere and atmosphere
of Earth. Similarly, although JPO targets the
Jovian magnetosphere/ionosphere system, the fun-
damental processes involved mirror those under
investigation =~ with  the  Earth = magneto-
sphere/ionosphere focused missions mentioned
above. For the purposes of EPO, the potential to
compare and contrast results from JPO with MMS,
GEC, and Magnetospheric Constellation is very
powerful.

The high impact themes described below are
recommended as those that will be particularly
fruitful for EPO activities, based on their cross-
cutting nature and relevance to educational needs.
Each supports multiple missions described in the
Roadmap, has strong links to the NSES, and have
significant potential for high public impact due to
the inherent nature of the theme and the quality of
imagery available.

High Impact EPO Themes

Voyage to a Star — A focus on missions to the Sun
will highlight science in extreme environments.
EPO activities connecting to this theme will support
multiple missions described in this Roadmap docu-
ment and connect strongly with content standards
described in the NSES. Solar and celestial events
can be used as the focus of high impact public
events that can delve further into the science.

Magnetic Fields — Magnetic fields are central to
SEC research and numerous missions described in
the Roadmap. The invisible nature of this force,
acting at a distance, is inherently fascinating to
young people, yet also is poorly understood by edu-
cators and the public. In addition, magnetism ap-
pears prominently in the NSES.

Solar Variability — Variability of the Sun on differ-
ent temporal scales in the past, present, and the fu-
ture has particular relevance to the public. Whether
focusing on solar eruptive events or the Maunder
Minimum, the variability of the Sun and it potential
impact on the Earth’s environment connects directly
with society. With strong connections to the NSES
and linkages to climate, this is a topic of high socie-
tal relevance and public interest.

Space Debris — Public interest and concern about
space debris can be used to provide educational re-
sources on gravity, variable atmospheric effects
(drag) related to space weather effects, and satellite
orbits and tracking. This topic has strong links to
the NSES, and there is the possibility of events as-
sociated with incoming debris.

Voyage to the Unknown — Continuing trek of Voy-
ager and Pioneer to the edges of the solar system is
a fascinating concept for students and the public.
This provides a window to outer heliospheric top-
ics, and has connections to the NSES.
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6.5 EPO Program Elements for Future Em-
phasis

The lack of diversity in the professional scien-
tific workforce has recently been recognized as a
critical national issue for the future of science. In
the face of imminent large-scale retirements at
high levels across industry, federal agencies, and
academia in science, declining numbers of the




“traditional” scientific workforce is pursing scien-
tific careers. Although some fields have had mod-
erate success attracting minorities and women to
fill this gap, the geosciences lag behind all other
fields of science in recruitment of underrepre-
sented scientists. EPO efforts developed through
SEC can contribute to the objective of attracting
underrepresented students to our field through ex-
amination of existing programs and best practices.
Opportunities range from working in collaboration
with after-school programs for K-12 students, sup-
porting outreach programs at museums in urban
settings, working with schools in inner city set-
tings, to providing enrichment to academic bridg-
ing programs at institutions such as community
colleges and Minority Serving Institutions.

Connecting Sun City with Sun-Earth Connec-
tions Minority Partnership

Through a mix of school-year and summer activi-
ties, "Connecting Sun City with Sun-Earth Con-
nections" will encourage El Paso-area Hispanic
students to pursue science careers and assist teach-
ers and university faculty in providing improved
science education to their students by using space
science as a thematic vehicle to create enthusiasm
for science and mathematics. University of Texas
at El Paso (UTEP) faculty in all departments of the
College of Science will participate in the program
in conjunction with teachers from area schools.
Activities include summer inquiry institutes for
teachers, shorter school-year workshops, and
school visits for teachers as well as summer sci-
ence camps for students.
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Additional opportunities to bring our science to
students in K-14 settings arise when we use our sci-
ence in examples of mathematical, geographic, his-
torical, and social contexts. Likewise, our science
is rich in examples of complex systems, processes,
and models that can be used to address NSES re-
quirements to develop student understandings of
unifying concepts and processes. Another rich area
for EPO development is technology and engineer-
ing. SEC missions provide exciting examples of
complex technologies and amazing engineering
concepts that can excite students through re-
search/design experience.




7.0 Critical Factors and External Assess-
ment Introduction

Successful execution of the SEC roadmap de-
pends upon several factors beyond the control of the
Division. Major factors are: access to space, col-
laboration within NASA and with other organiza-
tions, and infrastructure issues.

7.1 Access to Space

7.1.1 Launch cost and availability

All SEC missions require uninhibited access to
space. Launch costs for Solar Terrestrial Probe
missions currently comprise approximately one
fourth of the total mission cost. Reductions in
launch costs would enhance science returns by
shifting money currently spent on launch vehicles
into enhanced spacecraft and scientific instrument
capabilities. Continued availability of launch vehi-
cles for small payloads is being questioned. There
are several ways to reduce launch costs and increase
launch vehicle availability.

Direct procurement of US launch services

NASA should negotiate directly with launch
providers to obtain, for example, complete packages
of spacecraft, integration, and launch services at
reduced rates for individual missions.

Additional launch vehicles

NASA should broaden the range of launch vehi-
cles to fill gaps in capability. For example, they
should encourage a range of intermediate launch
capabilities between the small and large launchers
already available. This would increase competition
for launch capabilities, provide a variety of launch
options, and allow launch capabilities to be tailored
to particular missions.

Foreign launch vehicles

NASA should pursue the option of selecting for-
eign launchers for certain missions. This opens up
the possibility of additional competition, thereby
reducing launch costs for both foreign and domestic
launchers.

Secondary payloads

NASA should develop the ability to purchase
secondary payload space on US and foreign launch
vehicles, in some cases for entire missions and in
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others to enhance mission capabilities. A dedicated
secondary payload program increases access to
space, reduces overall mission costs, and provides
the opportunity to perform test bed-like develop-
ment projects with greatly reduced launch costs.

7.1.2 Importance of the Explorer, Discovery,
Sub-Orbital, and Testbed Programs to SEC

The explorer, discovery, and sub-orbital pro-
grams fill a critical niche in SEC science. They
perform specific, focused scientific investigations
on SEC themes using the latest technology, accept-
ing a greater degree of risk than SEC missions like
the Solar Terrestrial Probes or Living With a Star.
This enhanced risk often results in a higher science
to mission cost ratio. Furthermore, the specific,
focused science investigation of these missions re-
duces the time for mission development. As a re-
sult, the Explorer and Sub-Orbital programs greatly
enhance the SEC Division’s overall science return.
Adding a Space Testbed program to these programs
would permit the development of spacecraft sub-
systems and reduce overall mission costs. Finally,
the shorter schedules of all these focused programs
encourage the training of young scientists and engi-
neers who will become essential personnel on fu-
ture SEC missions.

Explorer Program

NASA should strive to maintain the Explorer
program originally conceived by alternately select-
ing small and medium SEC-theme Explorer mis-
sions each year. Similarly, it should launch either a
medium or a small explorer mission each year.

Discovery Program

NASA'’s Discovery program provides the plane-
tary community with access to relatively low cost
missions. While these missions focus upon plane-
tary themes, NASA and the planetary community
should remain open to including Discovery mis-
sions that address comparative planetary environ-
ments. In the past, this approach has resulted in
greatly enhanced scientific return.

Sub-orbital Program

The NASA Sub-orbital Program has produced
outstanding science throughout its lifetime. Many
phenomena have been discovered using rockets,
rockoons and balloons and many outstanding prob-
lems brought to closure, particularly when teamed
with ground-based facilities. ~ Unique altitude



ranges and very specific geophysical conditions are
often only accessible to sounding rockets and bal-
loons, particularly in the campaign mode. Further-
more, the extremely short sounding rocket schedule
provides an excellent training ground for young
scientists and engineers, including the opportunity
for a student to be in a project from cradle to thesis.
This short schedule also allows for significantly
higher risks, with correspondingly greater scientific
returns. NASA should strive to maintain and en-
hance the funding of the sounding rocket program
and continue to develop cost savings measures that
place additional responsibility and resources in the
hands of the sounding rocket PI institutions.

Space Testbeds

The SEC’s strategic plan increasingly empha-
sizes missions that employ fleets of satellites to
provide multi-point diagnostics of the Solar-
Terrestrial interaction. If the standard percentage
scheme for development margin is used for all the
satellites, the resulting costs will be prohibitive.
SEC needs a flight test program to lower the pro-
grammatic risks for these missions and to allow a
quick, high-risk test of the first prototype spacecraft
or at least the key sub-systems of such spacecraft.
Some of these functions are accommodated in the
sub-orbital program (limited in flight duration, but
critically important), and also the Space Technol-
ogy series (e.g., ST-5). However, higher profile
programs that do not have a specific technology
focus tend to receive higher public attention, par-
ticularly when the program “fails”. As a result,
costs continue to increase for programs providing
rapid access to space. NASA should consider team-
ing with other US Government agencies, in particu-
lar the Air Force Space Test Program, to implement
a quick, low-cost orbital program enabling rapid
access to space to test missions and mission con-
cepts in a low-profile environment.

The LWS Space Environment Testbeds, de-
scribed in Section 4.5, Technology Implementation
Plan, provides a step in this direction by utilizing
teaming opportunities with interagency and interna-
tional partners. The flight testing provided by these
low profile Space Environment Testbeds will en-
able the infusion of new technology thereby reduc-
ing both risk and excessive design margins for fu-
ture space missions.
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7.1.3 Large Missions

The SEC mission roadmap contains some mis-
sions that are outside of the typical funding limita-
tions of Solar Terrestrial Probes and Living With a
Star mission cost caps. One of these missions is
Solar Probe, which is a very high priority mission
that accomplishes SEC science that is not possible
with any other mission. For this mission and some
others, NASA needs to be flexible in determining
overall mission cost caps. For its part, the SEC
community must realize most missions must stay
within particular mission cost cap requirements or
future missions will be impacted.

7.2 Collaborations Within NASA and With
Other Organizations

7.2.1 Vital Need for L1 Observations

All SEC missions benefit greatly from solar
wind particle and field measurements at the L1 li-
bration point. Given the budget limitations for SEC
missions, the STP and LWS mission lines assume
that L1 monitoring will continue. ACE, WIND,
and SOHO currently fulfill most needs of the ob-
servational and modeling communities for L1 moni-
toring. The capabilities of these spacecraft could be
greatly extended at low-cost by launching
TRIANA. (The primary science objective of this
mission is in the Earth Sciences directorate; how-
ever, it does carry solar wind monitoring instru-
ments). The measurements of these four spacecraft
could be used to calculate vector particle and field
gradients, as well as the internal structure, of large-
and small-scale heliospheric disturbances aimed
towards the Earth’s magnetic shield. Since the SEC
has no plans for subsequent missions to make these
critical measurements, NASA should work closely
with other government agencies to develop low-cost
“operational” L1 missions that provide real-time
solar wind data for space weather forecasts (e.g.,
those provided by the NOAA Space Environment
Center) in addition to data for scientific study of the
solar wind and its effects.

7.2.2 Intra-agency Collaboration — helio-
spheric observations on planetary missions

Historically, the major advances in both helio-
spheric physics and comparative magnetospheres
resulted from collaboration between the Sun-Earth
Connection and Solar System Exploration. In fact,



there have only been three stand-alone heliospheric
missions: Helios (a German mission), Ulysses (joint
US and ESA mission), and ACE (a US Explorer
mission). The remaining heliospheric missions and
all of our comparative magnetospheric missions
have resulted from the inclusion of space physics
instrumentation on planetary missions such as
Mariner, Pioneer, Voyager, Galileo, and Cassini.
The payoff of these complementary payloads has
not been just one-way. For example, Voyager’s
discovery of volcanic activity on lo and the Io
plasma torus showed the importance of understand-
ing Jupiter as a system, including the planet, its
moons, and magnetosphere. With the revolution of
‘faster-better-cheaper’ missions, the planetary mis-
sions have become smaller and more focused.
NASA needs to continue to encourage the Solar
System Exploration and Sun-Earth Connection
themes to collaborate on new planetary and SEC
missions.

7.2.3 Inter-agency Collaboration — DOD,
NOAA, NSF, etc.

The goals of the SEC’s Living With a Star pro-
gram necessitate close collaboration with other
agencies such as the DoD and NOAA. For exam-
ple, the LWS program assumes that there will be
hard and soft X-ray monitors (on GOES spacecraft
and its successors) to supply data essential to the
Earth-atmospheric aeronomy and climate studies.
In return the LWS and Solar Terrestrial Probe mis-
sions provide important data for other agencies.
For example, the real-time ACE and IMAGE data
provided to the NOAA Space Environment Center
have revolutionized space weather forecasting.
NASA should initiate and maintain close collabora-
tion with other government agencies to maximize
scientific return from its missions and maximize the
government and private sector return on its space
investments. This collaboration becomes increas-
ingly important as the LWS program begins to
make significant progress on the physics behind
those aspects of space variability that affect society.

7.2.4 Ground-based observations

Historically, SEC missions have benefited sig-
nificantly from coordination with ground-based ob-
servations, typically under the auspices of the Na-
tional Science Foundation. Ground-based radars,
all-sky imagers, riometers, and magnetometer
chains provide the global context of the ionosphere
and upper atmosphere for magnetospheric and ITM
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missions. Many missions require ground-based
coordination to complete their science objectives.
NASA should initiate and maintain close collabora-
tion with NSF and other agencies that design, de-
velop, and implement ground-based observing sys-
tems.

7.2.5 International Collaboration on Mis-
sions

SEC missions receive significant scientific lev-
erage from international partners. This participa-
tion depends on continued NASA and US policies
supporting scientific cooperation. NASA should
initiate and maintain close collaboration with other
space agencies. The most significant policy that
affects this international participation is the Interna-
tional Traffic in Arms Regulations (ITAR)

7.2.6 International Traffic in Arms Regula-
tions (ITAR)

ITAR places significant burdens on scientists
and program managers engaged in SEC science in-
vestigations that are international in scope. The
regulations cast a wide net, affecting virtually all
space flight hardware. Compliance levies additional
burdens and stresses on program managers and sci-
entists who must prepare applications for Technical
Assistance Agreements (TAA). The regulations can
become self-defeating in certain cases. For exam-
ple, foreign collaborators can be barred from opera-
tion centers (regardless of existing TAAs), making
them unavailable for important and sometimes criti-
cal decision processes. In other cases, the TAA
may not be approved until after the Phase A period
of the project, effectively preventing team meetings
from being held during that important formative
period of the mission life cycle.

NASA can take constructive steps in the ITAR
arena to facilitate efficient mission planning and
execution. For example, NASA could adopt a more
proactive role and brief the State Department re-
garding a particular mission early in the project life
cycle (i.e., during pre-Phase A studies). This could
result in the granting of a blanket approval for ap-
propriate activities associated with individual mis-
sions or, at a minimum, an expedited approval pro-
cedure. Short of that, NASA may be able to negoti-
ate with the State Department to obtain TAA ap-
provals during the proposal evaluation phase,
thereby enabling teams with international compo-
nents to commence team level meetings and plan-
ning during Phase A.



7.3 Infrastructure Issues

7.3.1 Spacecraft Communications - DSN

Although much SEC science is done near the
Earth, significant science in this roadmap requires
spacecraft in solar orbits far from Earth or orbits
about other planets. Furthermore, some of these
missions require large downlink telemetry rates.
This represents a departure from traditional SEC
missions whose tracking requirements could be met
by small ground stations. The new suite of mis-
sions will require the state-of-the-art capabilities of
an already fully subscribed Deep Space Network.
To realize the potential gains from these new mis-
sions, it is necessary for NASA to continue to up-
grade and expand the capabilities of the DSN to be
able to track more spacecraft and with larger te-
lemetry bandwidths.

7.3.2 Information Technology

The information technology infrastructure has
enabled broad access to NASA databases. It ad-
dresses the problem of how to compare data from
different sources, at different locations, and on dif-
ferent computer systems. Most NASA scientific
data is in the public domain and maintaining the
reliable and user-friendly information technology
infrastructure has made this a reality rather than an
ideal. In the future, far greater demands will be
placed on this infrastructure by the large volumes of
data produced many of the SEC missions. NASA
should continue to maintain and incorporate devel-
oping technology into this infrastructure to meet
these mission needs.
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7.3.3 Human Resources — Need for Scientists
and Engineers

The 25-year roadmap plan assumes that ade-
quately trained scientists and engineers will be
available to carry out the missions. This assump-
tion depends on the existence of clear paths by
which technically trained people can join NASA
projects.  Paths currently exist, for example,
through special training programs, college and uni-
versity investigator opportunities, and private indus-
try. NASA should continue to support and enhance
current paths and explore new training paths. En-
hanced development of joint NASA-University col-
laborations is one of many examples of ways
NASA can strengthen engineering and scientific
participation in NASA programs.

7.3.4 Supporting Research and Technology
(SR&T) program

The Supporting Research and Technology
(SR&T) program has been of immense value to the
mission of the Sun-Earth Connection Theme. The
Sun-Earth Connection requires a mechanism to
support innovation in both research and technology
development. Furthermore, the value of present and
past research missions benefit greatly from research
not directly tied to a mission or mission line, but
from one that permits integration of research across
mission lines and data sources. Finally, developing
SR&T proposals helps young scientists career de-
velopment. NASA should maintain a healthy SR&T
program and continue to provide easy access to
mission data for these types of studies.
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1D

AC
ACE
ACRs
AMS
APS
AU
CCD
CIRB
CIRs
CMEs
CRRES

DBC

DC
DoD
DSN°
ENA
EPO
ESA
EUV
eV
FOV
FUV
GEC

GMIRs
GNC
GOES

GPS
GSRI
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Cosmic Infrared Background IMF
Corotating Interaction Regions ISAS
Coronal Mass Ejections
Combined Release and Radiation Ef- IT
fects Satellite IT
gggmde Boundary Layer Constella- ITAR
Direct Current IT™
Department of Defense
Deep Space Network JPO
Energetic Neutral Atom °K
Education and Public Outreach km
European Space Agency LEO
Extreme Ultraviolet LISM
Electron Volt LWS
Field Of View MagCon
Far Ultraviolet MC
Geospace Electrodynamic Connec- MeV
tions MLD
Global Merged Interaction Regions MAI
Guidance, Navigation and Control MIA
Geostationary Operational Environ-
mental Satellites MIO
Global Positioning System
Geospace System Response Imager MMO
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Hours

Hydrogen

Helium

Effective Isotropic Radiated Power

Heliospheric Imager and Galactic Ob-
server

Inner Heliospheric Sentinels

Imager for Magnetopause-to Aurora
Global Exploration

Inner Magnetospheric Constellation
Interplanetary Magnetic Fields

Japanese Institute of Space and
Astronautical Science

Information Technology
Ionosphere Thermosphere

International Traffic in Arms Regula-
tions

Ionosphere / Thermosphere / Meso-
sphere

Jupiter Polar Orbiter

Degrees Kelvin

Kilometer

Low Earth Orbit

Local Interstellar Medium
Living With a Star
Magnetospheric Constellation
Magnetospheric Constellation
Million Electron Volts
MagnetoHydro Dynamics
Magnetosphere-lonosphere

Magnetosphere-lonosphere-
Atmosphere

Magnetosphere-lonosphere Observa-
tory
Mercury Magnetosphere Orbiter



MMS
MPO
MTRAP
NOAA

NASA

NEP
NMP
NO
NRA
NSES
NSF
O/N2
OSS
PASO
PRT
RAM
Re
RFA
ROSS

SBIR
SCOPE

SDO
SEC
SECEF

SEEC
SHEC

SI

SIRA
SOHO
SR&T
ST-5
STEREO

Magnetospheric Multiscale STP
Mercury Planetary Orbiter TAA
Magnetic TRAnsition Region Probe TRACE
National Oceanographic and Atmos-

pheric Administration ULP
National Aeronautics and Space Ad- uUsS
ministration UTEP
Nuclear Electric Propulsion uv

New Millennium Program

Nitric Oxide

NASA Research Announcement
National Science Education Standards
National Science Foundation
Oxygen/Nitrogen Dioxide Ratio
Office of Space Science

Particle Acceleration Solar Orbiter
Pioneering Revolutionary Technology
Reconnection and Microscale

Earth Radii

Research Focus Area

Research Opportunities in Space Sci-
ence

Small Business Innovative Research

Solar Connections Observatory for
Planetary Environments

Solar Dynamics Observatory
Sun-Earth Connection

Sun-Earth Connection Education Fo-
rum

Sun-Earth Energy Connector
Sun-Heliosphere-Earth-Constellation
Stellar Imager

Solar Imaging Radio Array

SOlar and Heliospheric Observatory
Supporting Research and Technology
Space Technology-5

Solar-TErrestrial Relations Observa-
tory
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Solar Terrestrial Probes
Technical Assistance Agreements

Transition Region And Coronal Ex-
plorer

Ultra Low Power
United States
University of Texas at El Paso

Ultraviolet



Appendix C: Comparison between the
2003 Sun-Earth Connection Roadmap and
the 2002 Solar and Space Physics Decadal
Survey

The 2003 SEC Roadmap Report and the 2002
Solar and Space Physics Decadal Survey Report
(The Sun to the Earth and Beyond: A Decadal
Research Strategy in Solar and Space Physics)
were developed independently. There were no
members of the main Decadal Survey Panel that
were also members of the Roadmap team. Fur-
thermore, because of National Research Council
requirements, the Decadal Survey report remained
confidential until August 2002, when the Road-
map report was in its final stages of development.
Nevertheless, there were several Roadmap team
members that were also members of the various
sub-panels of the Decadal Survey. Thus, overlap
was inevitable between the two reports.

Although overlap was expected, it was also
expected that the Roadmap and Decadal Survey
reports should have some differences. After all,
the Roadmap report focuses on Sun-Earth Con-
nection research conducted through strategic mis-
sions over an extended interval whereas the De-
cadal Survey report has a much broader audience
including the National Science Foundation,
NOAA, and the Department of Defense. The fol-
lowing compares those elements of the Roadmap
and Decadal Survey that are similar, but use dif-
ferent terminology. This comparison is intended
to illustrate that the two reports are similar when
the parts of the Decadal Survey that pertain to the
Sun- Earth Connection Division are considered.

Science Issues

Both the Roadmap and Decadal Survey de-
scribe “science objectives” for the “coming dec-
ade and beyond”. That is, the Decadal Survey
recognizes that the objectives listed in its execu-
tive summary are multi-decadal, similar to the
Roadmap science objectives. In the Roadmap,
these objectives are called Primary Science Objec-
tives, while in the Decadal Survey, they are called
Science Challenges. The Roadmap Primary Sci-
ence Objectives are further divided into Research
Focus Areas, which are approximately decadal in
duration. When compared side-by-side as in Ta-
ble Cl1, it is apparent that the Science Objectives
and Research Focus Areas in the Roadmap and
the Science Challenges in the Decadal Survey are
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very similar. In particular, the first three Science
Challenges of the Decadal Survey and the first
three research focus areas of the Roadmap are
very similar. The next two Science Challenges in
the Decadal Survey are similar to the second and
third Science Objectives in the Roadmap. The
most significant difference between the Science
Challenges and the Roadmap objectives is in the
fifth Challenge and third Science Objective in Ta-
ble C1. The Roadmap Science Objective focuses
on the targeted basic research in the Living With a
Star program that will lead to an understanding of
the impacts of variability in the Sun-Earth connec-
tion. The Decadal Survey Science Challenge goes
further to develop near-real-time predictive capa-
bility for understanding the impacts of variability
in the Sun-Earth connection. This difference re-
flects the broader institutional nature of the De-
cadal Survey when compared to the Roadmap. In
the Decadal Survey, the Science Challenges ex-
tend to other government institutions such as
NOAA, which has typically had the responsibility
of developing and maintaining “operational”
space missions (e.g., the GOES spacecraft). In
contrast, the Roadmap is focused on the Science
Objectives of the Sun-Earth Connection Division,
which does not typically have responsibility over
“operational” space missions.



Table C1. Comparison of the Roadmap Primary Science Objectives and Research Focus Areas and the Decadal
Survey Science Challenges.

2003 SEC Roadmap Primary
Science Objectives

2003 SEC Roadmap Research
Focus Areas

2002 Solar and Space Physics
Decadal Survey Science Chal-
lenges

Understand the changing flow
of energy and matter through-
out the Sun, heliosphere, and
planetary environments.

- Understand the structure and
dynamics of the Sun and solar
wind and the origins of magnetic
variability.

- Determine the evolution of the
heliosphere and its interaction
with the galaxy.

- Understand the response of
magnetospheres and atmospheres
to external and internal drivers.

1. Understanding the structure
and dynamics of the Sun’s inte-
rior, the generation of solar mag-
netic fields, the origin of the solar
cycle, the causes of solar activity,
and the structure and dynamics of
the corona

2. Understanding heliospheric
structure, the distribution of
magnetic fields and matter
throughout the solar system, and
the interaction of the solar at-
mosphere with the local inter-
stellar medium

3. Understanding the space envi-
ronments of Earth and other

solar system bodies and their
dynamical response to external
and internal influences

Explore the fundamental physi-
cal processes of space plasma
systems.

- Discover how magnetic fields
are created and evolve and how
charged particles are accelerated.

- Understand coupling across
multiple scale lengths and its
generality in plasma systems.

4. Understanding the basic physi-
cal principles manifest in proc-
esses observed in solar and space
plasmas

Define the origins and societal
impacts of variability in the
Sun-Earth connection.

- Develop the capability to pre-
dict solar activity and the evolu-
tion of solar disturbances as they
propagate in the heliosphere and
affect the Earth

- Specify and enable prediction of
changes to the Earth’s radiation
environment, ionosphere, and
upper atmosphere.

- Understand the role of solar
variability in driving space cli-
mate and global change in the
Earth’s atmosphere.

5. Developing near-real-time pre-
dictive capability for understand-
ing and quantifying the impact on
human activities of dynamical
processes at the Sun, in the inter-
planetary medium, and in the
Earth’s magnetosphere.

72




Mission Issues

Nearly all of the missions in the Decadal Survey
are found in the Roadmap under the same name.
The Decadal Survey lists missions in priority order.
Such a prioritization is not done in the roadmap.
Furthermore, the Decadal Survey considers mis-
sions from a variety of sources in its prioritization.
Thus, there are some differences in the Decadal
Survey and Roadmap missions. These differences
are delineated in Table C2. Aside from name
changes, there are few differences in the missions.
One exception is the Stereo Magnetospheric Imager
(last row in Table C2) and the Geospace System
Response Imager (GSRI). GSRI incorporates ele-

ments of the Stereo Magnetospheric Imager mission
in its mission design; however, these two missions
are different.

Finally, there are several missions in the Road-
map that do not appear in the Decadal Survey. This
difference should not be surprising considering that
the Decadal Survey has a much shorter time horizon
than the Roadmap. The placement of the missions
in the two reports is also somewhat different. The
Roadmap missions are placed in three categories
(near-, intermediate-, and long-term) based on the
start of mission phase C/D. In contrast, the Decadal
Survey discusses missions with launch dates within
the next decade.

Table C2. Comparison of Missions in the Roadmap and Decadal Survey.

Roadmap Mission

Decadal Survey Mission

Comments

Solar Probe Solar Probe

Both the Roadmap and Decadal Survey rec-
ognize this as a “large” mission of high im-
portance.

Magnetospheric Multiscale

Magnetospheric Multiscale

Identical in the two reports

Radiation Belt Storm
Probes/ Ionosphere Ther-
mosphere Storm Probes

Geospace Network

Identical missions in the two reports, only
differences in the names

Jupiter Polar Orbiter (JPO)

Jupiter Polar Mission

Essentially identical missions in the two re-
ports, with slightly different names

Inner Heliosphere Sentinels
(IHS)

Multi-spacecraft Helio-
spheric Mission

Nearly identical missions in the two reports,
only differences in the names

Geospace Electrodynamic
Connections (GEC)

Geospace Electrodynamic
Connections (GEC)

Identical in the two reports

Magnetospheric Constella-
tion (MC)

Magnetospheric Constella-
tion

Identical in the two reports

L-1 Diamond

Solar Wind Sentinels

Similar missions in the two reports (differing
in the number of spacecraft)

Geospace System Re-
sponse Imager (GSRI)

Stereo Magnetospheric
Imager (SMI)

GSRI incorporates some of the elements of
SMI, but these missions are different
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Appendix D
SEC Roadmap Mission Fact Sheets

The following pages contain the SEC Mission Fact Sheets in alphabetical order. These missions

include the STP and LWS missions in formulation and development, supporting international mis-
sions, and the SEC Roadmap Missions for the intermediate-term and the long-term.
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