


The SOHO and TRACE missions reveal intricate structures above the bright active regions strewn across the 
Sun’s surface, which would otherwise appear as groups of dark sunspots in ordinary visible light.  Colorized 
extreme-ultraviolet images have been melded to show that the magnetic field in the Sun’s upper atmosphere confines 
gas at widely differing temperatures virtually side by side. The Solar Dynamics Observatory, to be launched in 2008, will 
image the entire Sun every few seconds in several temperatures and measure surface velocity and magnetic field.  SDO 
data will dramatically advance our ability to determine the origins of these structures and understand how they change.

 How and why does the Sun vary?

  How do planetary systems respond?

   What are the impacts to humanity?
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“Thought Generates Action” - 
            -  C. Hobbs, Time Power, (1987)

It is a pleasure to accept the 2005 Sun-Solar System Connection Roadmap from our 
nation’s science community.  It describes a renewed strategic outlook to provide essential 
space environment knowledge for the benefit of society and for space exploration.  It com-
municates our progress made to date, our plans for the future, and our opportunities for 
supporting the Agency’s vision and mission.

The field of Space Physics has made rapid and spectacular advances over the past few 
years.  Utilization of combinations of missions, each one with its own complement of in-
struments, has been vital to the emergence of a new view of the Sun and Solar System as 
a connected system.  There will be further dramatic advances as observational techniques, 
new missions, and a new understanding of how microphysical processes influence broad-
scale dynamics emerge in the not-too-distant future. Each discovery impels us to ask new 
questions or regard old ones in new ways.  How and why does the Sun vary?  How do 
planetary systems respond?  What are the impacts to humanity?

This roadmap outlines a common groundwork of inquiry spanning all the space physics 
branches of learning.  It is anticipated that this will lead to a unification of long-separated 
fields of inquiry; thereby enabling the emergence of new and significant scientific insights.  
I believe that we are on the cusp of a flowing together of knowledge that will merge these 
various disciplines of research, and that the results of this process will have not only cul-
tural and intellectual value but will also be vital to the optimization of economic and politi-
cal activities in the 21st Century.

 This is our community’s most ambitious roadmap plan to date.  The program includes 
forefront research and technology development as well as the development of the most 
complex flight missions conceived.  The program is a balanced portfolio of small missions 
and larger spacecraft with the goal of obtaining the best science at the lowest cost that 
meet NASA’s standards for mission success. I am confident that the passage of time will 
validate the wisdom and choices of this roadmap committee and their consultants.  It has 
been a privilege to associate with the people who have contributed their time and energy 
to the construction of this document.

To those involved, I extend my warmest gratitude and my admiration for a comprehen-
sive and articulate statement.  I invite you, the reader, to join this fascinating future journey 
of discovery.

      Richard R. Fisher
      Director, Earth-Sun Systems Division
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The Sun-Solar System Connection Roadmap to Discovery
This is a Roadmap to a new understanding of the environment of our Earth, from its life-sustain-

ing Sun, out beyond the frontiers of the solar system; from Earth’s condensation out of the solar 
nebula, to the main sequence progression of our star into a red giant that will engulf the Earth. A 
widely dispersed collection of spacecraft now patrols this space, revealing not a placid star and 
isolated planets, but an immense, dynamic, and interconnected system within which our home 
planet is embedded and through which space explorers must journey. This coupled heliophysical 
system has evolved and will continue to evolve, with profound implications for our civilization. 

The spacecraft of the Sun-Solar System Connection Program comprise a Great Observatory. 
Using them, we will study the Sun, the heliosphere, the Earth, and the other planetary environ-
ments as elements of a system that contains dynamic space weather and a climate that evolves 
in response to solar, planetary, and interstellar variability. We will continually evolve the great ob-
servatory by retiring old and adding new missions and instruments designed to answer the chal-
lenging questions confronting us now and in the future as humans explore the solar system.

The three scientifi c and exploration objectives listed on the facing page form the basis for a 
sustained scientifi c research program that depends on assimilating new data, through analysis, 
into theory, modeling, and simulation. Our program pursues a deeper understanding of the fun-
damental physical processes that underlie the exotic phenomena of space, such as magnetic 
reconnection, while at the same time targeting specifi c hazards, such as solar energetic par-
ticles. The result will represent not just a grand intellectual accomplishment; it will also provide 
the predictive capabilities essential to weather prediction in support of future human and robotic 
exploration of space, and will also serve other societal needs for knowledge.

Over the next ten years NASA will launch spacecraft to investigate the dynamo deep within the 
Sun, image its roiling surface, and, when funding allows, probe the intricate structures of its torrid 
atmosphere. Constellations of spacecraft, separating variations in time and space, will measure 
the complex responses of the environments of the Earth, Jupiter and Mars to solar infl uences. 

Later activities will push the limits of our technological capabilities. The power of the SSSC 
Great Observatory will expand to predict hazardous events wherever explorers may travel. A 
high-speed probe will directly measure the interstellar environment from which the heliosphere 
shields us. Resolved images of other stars will provide amazing insights into the varying activity 
of our own Sun. External infl uences affecting the habitability of planets, including our own, will be 
understood, as will the varying internal properties of planets, such as their magnetization. 

How can this all be accomplished?
Implementation of this ambitious program requires a coordinated and comprehensive set of 

fl ight missions with supporting research and technology programs to develop models, theories, 
instrumentation and data assimilation techniques, to enable future science and exploration ac-
tivities. Virtual observatories will provide data access and advanced information systems to as-
similate the data and provide computing access. Sustainability will be achieved through training 
of new explorers in a renewed Low Cost Access to Space program. A vigorous education and 
public outreach program will inform the public about the important benefi ts of NASA’s SSSC 
program.

The SSSC endeavor relies on fi ve major mission programs. The Solar Terrestrial Probes fo-
cus primarily on fundamental science questions. Living With a Star missions and partnerships 
provide a working knowledge of those processes that directly affect life and society, providing 
a knowledge base to support future operational capabilities. The fl exible Explorer program pro-
vides a means of achieving urgent strategic goals that is highly responsive to new knowledge, 
technology and priorities. Challenging Flagship and Partnership missions address important 
goals that cannot be funded in the baseline program.  The overarching SSSC Great Observatory 
evolves through the coordination of all new and existing mission elements to effectively confront 
the broadest problems of understanding Sun-Solar System Connections. 

The SSSC Roadmap Committees invite you to join us on this exciting program of exploration, 
discover, and service to humanity.
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 The Sun-Solar System Connection Great Observatory in Action

The 2003 Halloween Storms

During late October and early November 2003 a large cluster of active regions on the Sun pro-
duced an extended series of Coronal Mass Ejections (CMEs) that caused the most spectacular 
set of events ever observed to fl ow through the solar system. The solar storms, referred to as the 
2003 Halloween Storms, drove a blast wave that pushed the solar system boundary about 1.5 
billion miles deeper into interstellar space and expanded the volume of the Sun’s corner of the 
galaxy by almost a third.

Only recently have enough research spacecraft been in place to track such blast waves as 
they propagate through the solar system revealing that solar storms are both universal and ubiq-
uitous in their infl uence.  This fl eet of spacecraft, NASA’s Sun-Solar System Great Observatory, 
observed the Halloween Storms as they blasted by Earth within a day and past Mars just a few 
hours later, they detected radio bursts from colliding CMEs as the storms streamed past Jupiter 
and Saturn.  The most distant observations were taken at the outer edge of the solar system by 
the Voyager spacecraft almost eight months later.

At Earth, the storms produced half as much of the deadly 30-50 MeV particle radiation within a 
few days as the total emitted from the Sun in the previous 10 years and created a new radiation 
belt at Earth that lasted for several weeks.  Southern Sweden experienced a blackout, surge cur-
rents were observed in Swedish pipelines, GPS signals were degraded or occluded, and several 
Mount Everest teams reported interference in high-frequency radio communications.  The storms 
caused aircraft to be rerouted and spacecraft operators reported electronic upsets, data noise, 
proton degradation to solar arrays, orbit degradation, high levels of accumulated radiation, and 
proton heating.  Fortunately, no NASA satellites near Earth were severely damaged, a tribute to 
advance planning and engineering, although the Mars Radiation Environment Experiment (MA-
RIE) instrument on the Mars Odyssey spacecraft was disabled by radiation at Mar’s orbit.

The Sun regularly sends out massive explosions of radiative plasma with the intensity of a bil-
lion megaton bombs hurtling through the solar system.  Scientists have identifi ed at least 13 other 
equally extreme events, including the historic Carrington event of September 1, 1859.

  Such events, in addition to being 
disruptive to society, are important 
from a research point of view.  Be-
cause they offer clearer signatures 
of the solar source mechanisms 
and propagation characteristics, the 
ensuing planetary effects and con-
sequences can be unambiguously 
determined.  The plasma, particle 
and electromagnetic consequences 
of such events are the focus of this 
roadmap. The goal of which is to un-
derstand the Sun, Heliosphere and 
Planetary environments as a single 
connected system and to apply this 
knowledge for the benefi t of soci-
ety and the exploration of the solar 
system.  We will reach this goal by 
strategically evolving the distributed 
network of spacecraft we call the 
Sun-Solar System Great Observa-
tory.



5

Table of Contents

Preface...........................................................................................................................................1

Foreward:  The Sun-Solar System Connection Roadmap to Discovery........................................2

The SSSC Great Observatory in Action: The 2003 Halloween Solar Storms................................4

Executive Summary........................................................................................................................7

Exploration and Fundamental Science........................................................................................11

The Calm Between the Storms....................................................................................................12

A New Science for the Age of Exploration:  The Science of Exploration.....................................15
 
Chapter 1:  Sun-Solar System Connection: The Science............................................................23
 SSSC Research Focus Areas...............................................................................................
 Objective F - Open the  Frontier to Space Environment Prediction.....................................
 Objective H - Understand the Nature of Our Home in Space..............................................
 Objective J - Safeguard the Journey of Exploration............................................................

Chapter 2:  Sun-Solar System Connection: The Program............................................................5
 The Evolving Great Observatory...........................................................................................
 SSSC Program Elements.................................................................................................63
 Anticipated Science and Exploration Achievements...........................................................
 Solar Terrestrial Probes........................................................................................................
 Living With a Star.................................................................................................................
 The Explorer Program......................................................................................................
 Flagshop and Partnership Missions.....................................................................................
 The SSSC Grest Observatory...............................................................................................
 Low Cost Access to Space.................................................................................................
 Scientific Research and Analysis........................................................................................
 
Chapter 3:  Sun-Solar System Connection: The Missions...........................................................73
 Candidate SSSC Missions Linked to Research Focus Areas..............................................
 SSSC Missions in Development..........................................................................................
 Near-Term SSSC Missions.................................................................................................
 Intermediate Term SSSC Missions.......................................................................................
 Future SSSC Missions.........................................................................................................
 Parternship Missions.........................................................................................................
 
Chapter 4:  Technology Investments.............................................................................................

Chapter 5:  Education and Public Outreach...................................................................................
 EPO Challenges...................................................................................................................

Chapter 6: Partnerships and Linkages with SSSC................................................................. 
 Linkages Between SSSC and Other NASA Activities...............................................
 Linkages Between  SSSC Strategic Roadmap and NASA Capability Roadmaps..............
 External Drivers of the SSSC Program.............................................................................
 External Partnerships...........................................................................................................
 
APPENDICES:
 A.  2005 Sun-Solar System Connection Roadmap Team..............................................116
 B. Bibliography of Key Agency and NRC Documents...................................................117
 C. Reconciling the Roadmap and Decadal Survey Approaches and Results................119 
 D. SSSC Mission Studies...............................................................................................122

SSSC Landmark Discovery Missions.........................................................................................123



6

T H E  S U N  -  S O L A R  S Y S T E M  C O N N E C T I O N

SSSC RESEARCH FOCUS AREAS:

Open the Frontier to Space Environment Prediction
Understand the fundamental physical processes of the space environment - from the Sun 
to Earth, to other planets, and beyond to the interstellar medium.

F1.Understand magnetic reconnection as revealed in solar fl ares, coronal mass ejections, and 
geospace storms.

F2. Understand the plasma processes that accelerate and transport particles.

F3. Understand the role of plasma and neutral interactions in nonlinear coupling of regions 
throughout the solar system.

F4. Understand the creation and variability of magnetic dynamos and how they drive the 
dynamics of solar, planetary and stellar environments.

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 fi elds.

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

H2. Determine how changes in the Earth’s magnetosphere, ionosphere, and upper atmosphere 
change in order to enable specifi cation, prediction, and mitigation of their effects.

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.

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

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

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

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

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

J4. Understand and characterize the space weather effects on and within planetary 
environments to minimize risk in exploration activities.
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Executive Summary

Space exploration has transformed our un-
derstanding of the solar system.  It has re-
vealed a fascinating nested system of sys-
tems, so closely connected that an explosive 
event on the Sun produces measurable effects 
that span the entire solar system.  Through ju-
dicious use of a number of operating missions, 
we have achieved system surveillance over 
parts of the heliosphere and have been able to 
examine causal linkages between its elements.  
In late 2003 we observed an event that caused 
spectacular coronal mass ejections, power 
outages on the Earth, degradation of space-
craft solar panels and circuits, destruction of 
atmospheric ozone, infl ation and ablation of 
planetary upper atmospheres, fatal damage to 
instrumentation in Mars orbit, auroral displays 
on Saturn, and, months later, radio distur-
bances at the edge of the solar system where 
it meets the interstellar medium.  In short, we 
have observed that space contains weather 
and that it can affect us.

Classically, the structure and processes of 
our environment had been understood in terms 
of gravitation and pressure.  Since space ex-
ploration began in 1957, we have learned that 
space is fi lled with matter and electromagnetic 
fi elds whose importance is belied by their in-
visibility.  Unsheltered from the Sun’s perva-
sive UV radiation, matter in space enters the 
fourth state: a conducting plasma of electri-
cally charged electrons and ions, fl owing and 
reacting to highly variable electromagnetic 
forces.  Common human experience provides 
little experience or intuition about the behavior 
of such plasma atmospheres.

Owing to its conductivity, moving plasmas 
generate electrical currents and magnetic 
fi elds.  Many exotic phenomena ensue, some 
of which resemble turbulent fl uid fl ows, but im-
part signifi cant energy to a subset of particles; 
so much that they can be dangerous to semi-
conductor circuits or living tissue.  Magnetic 
fi eld lines act to organize their source plasmas 
into coherent cells, much as droplets of wa-
ter are defi ned by surface tension.  When such 
cells come into contact, their magnetic fi elds 

may reconnect, creating a coupling between 
them so that motions of one drive motions of 
the other.  Electrical currents fl ow to generate 
the coupling forces, charged particles are ac-
celerated, sometimes explosively as in solar 
fl ares.

Exploration of the universe has clearly shown 
that such electromagnetically driven processes 
act at the center of every stellar system.  Our 
own solar system is controlled by the Sun, a 
magnetically variable star.  Thus our solar sys-
tem is the one part of the cosmos accessible 
to direct scientifi c investigation, and is our only 
hands-on astrophysical laboratory for under-
standing these universal processes.

Implementing the Vision for Space Explora-
tion will eventually free humankind 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.

The Earth and Sun are linked together to form 
the system that has given origin and suste-
nance to our lives.  The story of how this came 
to be over the history of the solar system is 
one of the most compelling mysteries faced by 
humankind.  The physical processes and the 
evolutionary paths embedded in this combined 
system are studied in the Earth-Sun System 
Division of NASA’s Science Mission Director-
ate.  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 en-
vironment through the course of time, and how 
it will affect us.

With human space activity restricted to low 
Earth orbit since the mid-1970’s, we have been 
reconnoitering the solar system (and beyond) 
using robotic spacecraft and telescopes.  In 
2005, Voyager passed through the solar wind 
termination shock and into the heliosheath, 
nearing the outer edge of the solar system.  
Though we have not yet visited the inner 
boundary of the solar atmosphere, the Sun is 
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bright enough to reveal a great deal about itself 
through remote imaging, spectroscopy, and 
polarimetry. 

The fi rst general survey of the solar system is 
nearly 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 in-
fl uenced the habitability of the Earth and are, 
therefore, relevant to the possible existence of 
life elsewhere in the solar system or the uni-
verse.  We have barely begun to scratch the 
surface of the history of our solar system over 
geologic time and have only recently deter-
mined 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 star 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 explora-
tion thereafter.  The will to achieve this Vision 
for Space Exploration presents the agency 
with great opportunity and sobering demands.  
A host of interconnected physical processes, 
strongly infl uenced by solar variability, affect 
the health and safety of travelers in space and 
the habitability of alien environments. We are 
poised to develop the quantitative knowledge 
needed to help assure the safety of this new 
generation of human and robotic explorers. 
The Sun-Solar System Connection Program 
has been completely reevaluated to address 
the needs of the Vision for Space Exploration.

NASA’s future research and exploration with-
in its Sun-Solar System Connection program 
aims to “explore the Sun-Earth system to un-
derstand the Sun and its effects on Earth, the 
solar system, and the space environmental 
conditions that will be experienced by explor-

ers, and to demonstrate technologies that can 
improve future operational systems.”  We have 
unfolded this into the three broad science and 
exploration objectives listed below.

Open the Frontier to Space Environment 
Prediction: Understand the fundamental 
physical processes of the space environ-
ment – from the Sun to Earth, to other plan-
ets, and beyond to the interstellar medium. 

Our upper atmosphere, the Sun, our solar 
system, and the universe consist primarily of 
plasma, resulting in a rich set of interacting 
physical processes and regimes, including in-
tricate exchanges with the neutral environment.  
We will encounter hazardous conditions 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 condi-
tions within these systems.

As the foundation for our long-term research 
program, we must develop a mature under-
standing of the fundamental physical process-
es of our space environment–from the Sun to 
the Earth, to other planets, and beyond to the 
interstellar medium.  We will systematically ex-
amine similar processes in widely different re-
gimes with a range of diagnostics techniques 
to both test our developing knowledge and to 
enhance overall understanding.  The univer-
sal themes of energy conversion and transfer, 
cross-scale coupling, turbulence and nonlinear 
physics have been chosen as near-term prior-
ity targets.  The fi ve fundamental processes 
that have been identifi ed as the critical imme-
diate steps are magnetic reconnection, particle 
acceleration and transport, the generation and 
variability of magnetic fi elds, cross-scale cou-
pling 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 
together with modeling to provide a three di-
mensional, large-scale perspective as well as 
a detailed small-scale microphysics point of 
view.  With our increasingly sophisticated un-
derstanding of such basic processes, we will 
open the frontier of predictive modeling across 
the solar system.
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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 fi elds.

Mankind does not live in isolation; we are in-
timately coupled with the space environment 
through our technological needs, the habitabil-
ity 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 interac-
tion of the space environment with the Earth 
and the effect of this interaction on humankind.  
Building on our new knowledge of fundamen-
tal processes, we plan to characterize and de-
velop 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 robotic and human pres-
ence throughout the solar system, we will be 
increasingly interested in the planetary envi-
ronments that await us and how the lessons 
learned can be applied to our home on Earth.  
Much can be learned by studying our own at-
mosphere and applying that knowledge to the 
exploration of other planets.  Even a casual 
scan of the solar system is suffi cient to dis-
cover that habitability, particularly for human-
kind, requires a rare confl uence of conditions.  
At least some of these factors, especially the 
role of magnetic fi elds in shielding planetary 

This fi gure illustrates the fl ow of requirements from an overarching strategic goal to principal 
science objectives, through implementation, to anticipated achievements and impacts relative 
to the goal and objectives. 
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atmospheres, are a subject of immense inter-
est.  We believe we know some of the features 
that make planets habitable, but much more 
remains to be understood.

Safeguard Our Journey of Exploration:  
Maximize the safety and productivity of hu-
man and robotic explorers by developing 
the capability to predict the extreme and 
dynamic conditions in space.

The great variety of space environment con-
ditions will have a signifi cant impact on our 
future space explorers, both robotic and hu-
man.  We plan to diligently pursue the research 
necessary to assure the safety and the maxi-
mum productivity of our explorers. We plan to 
develop the capability to predict space envi-
ronment 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 as-
pects of the space environment essential for 
enabling and securing space travel.  Useful en-
gineering data are already fl owing into explo-
ration-oriented planning and implementations 
because the Sun-solar system community has 
long been exploring useful scientifi c directions.  
Our space plasma research community is 
poised to provide the next generation of mea-
surements, 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.

These objectives will be accomplished by 
studying the Sun, the heliosphere, and plan-
etary environments as elements of a single in-
ter-connected system that contains dynamic 
space weather and evolves in response to so-
lar, planetary and interstellar conditions.  We 
will pursue a deeper understanding of the fun-
damental physical processes that underlie the 
most important controlling phenomena.  Fo-
cused research programs addressing specifi c 

space environmental hazards will help guide 
the design and operation of space weather 
mitigation program for societal and explora-
tion needs.  These pursuits represent not just 
a grand intellectual accomplishment for our 
times - they also provide the knowledge es-
sential to advance U.S. scientifi c, security and 
economic interests and serve the future explo-
ration of space through the mitigation of space 
weather concerns. Herein, we describe current 
plans for NASA’s research programs in this 
area and the guiding principles we will follow in 
pursuit of the forthcoming challenges.

This scientifi c exploration will target the 
highly coupled system that stretches from the 
Sun’s interior to planetary neighborhoods and 
the vast expanses of interplanetary space.  Ap-
plying a requirements driven approach, each 
objective has been associated with Research 
Focus Areas (RFAs) and scientifi c investiga-
tions.  Targeted outcomes for each decade 
have been identifi ed for each objective and 
these have led to our recommendation for mis-
sions.  Our goals will be achieved by pursu-
ing three groups of strategic missions and the 
rapid-response Explorer Program.  Singly, the 
missions investigate parts of our solar system. 
Working together, the missions constitute a 
highly capable SSSC Great Observatory; the 
Great Observatory constitutes a mission to in-
vestigate the inner workings of the Solar Sys-
tem as a whole.  The missions will be supported 
by research and analysis programs, theory and 
modeling programs, technology development 
programs, and education and public outreach.

Investigations supported by missions that 
can be launched in the next ten years are de-
scribed below.  Subsequent mission candi-
dates for each program are described in the 
full report.

The Solar-Terrestrial Probe (STP) missions 
address fundamental science questions about 
the physics of space plasmas and the fl ow of 
mass and energy through the solar system.  
Three STP missions already begun can be 
launched in the next decade.  Solar–B, a part-
nership mission led by Japan, will be launched 
in 2006 to observe how magnetic fi elds on the 
Sun’s surface interact with the Sun’s outer at-
mosphere, which extends millions of miles 
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into space.  The STEREO mission, also to be 
launched in 2006, will provide an unprecedent-
ed three-dimensional view of the magnetic fi eld 
and particle fl ows throughout the inner helio-
sphere.  Third, the Magnetospheric Multiscale 
Mission, to be launched in 2011, will explore 
the fundamental physical processes respon-
sible for the transfer of energy from the solar 
wind to Earth’s magnetosphere and the explo-
sive release of energy during solar fl ares.

The Living With a Star (LWS) missions pro-
vide knowledge about those aspects of the 
Earth–Sun system that directly affect life and 
society.  The budget enables the launch of four 
synergistic missions by 2015.  The Solar Dy-
namics Observatory, to be launched in 2008, 
will observe the Sun’s interior, surface, and at-
mosphere continuously to determine the phys-
ical 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 scien-
tists to predict changes to planetary radiation 
environments and protect space explorers.  
The Ionosphere - Thermosphere Storm Probes 
and Imager, to be launched in 2015, will help 
scientists understand, to the point of acquiring 
a predictive capability, the effects of geomag-
netic storms on the atmospheric region located 
approximately 50 to 800 miles above Earth’s 
surface.  Last, the Inner Heliospheric Sentinels, 
also to be launched in 2015, will provide under-
standing of the propagation and evolution of 
eruptions and fl ares from the Sun to planetary 
environments.  Partnership is crucial to LWS 
and we recommend SSSC collaboration on 
ESA’s Solar Orbiter mission in this time frame.  
In addition, LWS will sponsor Space Environ-
ment Testbeds to provide an opportunity for 
technological partnerships with spacecraft de-
signers.  

Flagship and Partnership missions address 
highly challenging and important goals, but 
are not part of the baseline funded program.  
Flagship missions cannot be afforded without 
additional resources.  The Solar Probe mission 
will explore the frontier at the inner edge of our 
solar system; the mission is ready to fl y and is 
our highest priority for new resources.  Much 
later fl agships are an interstellar probe and a 
stellar imager.  Partnerships must leverage op-

portunities available in other programs.  The 
Pluto/Kuiper mission already includes space 
plasma instrumentation to examine solar wind 
interactions out to the most remote bodies in 
our solar system. The Solar Sail Demo mission 
will enable future missions of much higher del-
ta-V capability. The Jupiter polar orbiting  Juno 
mission will enable us to compare the solar 
wind interaction for a rapidly rotating magne-
tosphere with that of Earth. The Aeronomy and 
Dynamics at Mars (ADAM) mission, a potential 
Mars Scout, will provide information about the 
Martian atmosphere in support of human and 
robotic exploration of Mars. 

The Explorer Program provides a vital and 
effective means of achieving urgent strategic 
goals in a timely way.  Explorers are highly re-
sponsive to new knowledge, new technology, 
and updated scientifi c priorities by support-
ing smaller missions that are conceived and 
executed in a relatively short development 
cycle, based on open solicitation of concepts 
from the entire community. The program also 
enables participation in missions-of-opportu-
nity provided by other national or international 
agencies.  Three Explorers currently in devel-
opment are relevant to this Roadmap.  AIM will 
determine why polar mesospheric clouds form 
and why they vary and will determine the me-
sospheric response to solar energy deposition 
and coupling among atmospheric regions.  The 
fi ve-spacecraft THEMIS mission will elucidate 
the mechanisms of transport and explosive re-
lease of solar wind energy within the magneto-
sphere and is a technology precursor to future 
‘constellation’ missions.  The recently selected 
IBEX mission will image the edge of our solar 
system to examine galactic cosmic rays and 
particle acceleration at the heliopause.

Success in this venture requires advanced 
understanding of the complex physical sys-
tems 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 to and explore 
the Moon and Mars. 

The biological effects of the energetic parti-
cle radiation environment outside of low-Earth 
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orbit remain largely unknown.  Astronauts 
aboard the International Space Station (ISS) 
accumulate signifi cant radiation exposure and 
energetic particle events impact space sta-
tion operations.  Travel outside Earth’s protec-
tive 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 a way 
to take shelter from episodic exposure to lethal 
doses of solar energetic particles.

Equally important is the need to investigate 
the space weather and solar variability that 
affect critical technologies used on Earth, for 
example satellite communications, navigation, 
remote sensing, and power distribution.  In-
creasing reliance on vulnerable global systems 
demands active management in response to 
variations in the space environment.  In many 

New knowledge of this system enables 
safe and productive exploration. Exploration 
enables new scientifi c understanding. The 
knowledge has utility for society. Our high pri-
ority science and exploration objectives ad-
dress each of these needs. The program is 
vital, compelling and urgent.

ways, our space weather approach resembles 
earlier steps taken by scientists to understand 
and predict weather in the Earth’s atmosphere.  
We too must observe and understand the de-
tailed phenomena, generate theoretical mod-
els that can be validated and verifi ed against 
observed reality, build data-assimilative pre-
dictive systems, and then develop operational 
decision support systems closely tailored 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 Con-
nections program will bring sound science to 
serve society.

Space weather is in some ways analogous to 
the tropospheric weather that is so familiar to 
us, yet remains diffi cult to predict beyond a few 
days. In other ways it is fundamentally differ-
ent.  It is analogous in its nonlinear complexity, 
though across an even larger range of physi-
cal and temporal scales.  Systems this large 

simply cannot be reduced to a linear combi-
nation of interacting parts, no matter how de-
tailed the 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 understand-
ing these processes cannot be accomplished 
with images and common intuition.  Localized 
measurements cannot merely be 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 can-
not 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 mil-
liseconds.

Answering a specifi c science and/or explora-
tion question often requires a narrowly focused 
mission to a particular location with a unique 
instrument.  For example, measuring fl ows in 
the solar interior requires a long, continuous 
series of simultaneous velocity measurements 
at millions of locations on the solar disk.  How-
ever, Sun – Solar System Connection science 
increasingly depends on combining multi-point 
in situ measurements with remote sensing.  
Again, by analogy with meteorology, combin-
ing a network of distributed local observations 
with global measurements (a meteorological 
Great Observatory) enables the development 
and testing of predictive models that improve 
with time and experience.

Currently the SSSC Great Observatory in-
cludes satellites that (for example) hover near 
L1 – a million miles upstream in the solar wind, 
circle over the Sun’s poles, orbit the Earth in 
various confi gurations, and have just reached 
the fi rst boundary between the interstellar me-
dium and the Sun’s domain, the termination 
shock. The missions provide the measure-
ments in multiple locations needed to resolve 
temporal and spatial changes and to under-
stand the interactions of the complex systems 
of regimes that make up our solar system.  As 
we progress in the exploration of space, this 
capability must evolve to support ever more 



13

comprehensive understanding and predictive 
capabilities.  In the years ahead, portions of this 
spacecraft fl eet will be confi gured into “smart” 
constellations - sets of strategically-located 
satellites whose data are available through vir-
tual observatories.  Researchers will work to-
gether to provide the timely, on-demand data 
and analysis to enable the practical benefi ts 
for scientifi c research, national policymaking, 
economic growth, hazard mitigation, and the 
exploration of other planets in this solar system 
and beyond.

Several smaller but no less crucial program 
elements support the implementation of the 
SSSC program.  Low Cost Access to Space 
(LCAS) using ever more capable rockets and 
balloons provides unique science, community 
development, and technology and instrument 
development.  The interplay among obser-
vation, simulation, modeling, and theory is 
essential for the vitality of our space science 
program.  A model or simulation often provides 
specifi c predictions to spur the course of fu-
ture observation.  Unexplained observations 
often lead to the development of new theories 
and the creation of entirely new models.  We 
must continue supporting fundamental theory, 
modeling, data assimilation, and simulation 
programs. The development of space weath-
er modeling frameworks and the transition to 
applications-based codes are necessary for 
space weather operational predictions. The 
burgeoning maturity of current, comprehensive 
theoretical modeling systems, spanning many 
regions and times scales, provides the essen-
tial underpinnings for NASA’s effort to integrate 
and synthesize knowledge of the complete 
system of systems.

As an essential element of its plan to meet 
these challenging requirements, NASA will in-
vite active participation by international and 
national partners to support the exploration 
and research program

SSSC embraces the development, infu-
sion, and study of new technology, both for its 
stimulating effect on science 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 in-
frastructure that is increasingly space-based.  

Continuing progress requires technological de-
velopment in a number of key areas.

• Developing compact, low-cost spacecraft 
and launch systems;

• Achieving high ∆V propulsion (solar sails);
• Designing, building, testing, and validating 

the next generation of SSSC instrumentation;
• Returning and assimilating large data sets 

from throughout the solar system;
• Analyzing, data synthesis, modeling, and 

visualization of plasma and neutral space en-
vironments across the solar system.

Education and public outreach have become 
a natural part of SSSC activities.  Building on 
this foundation, we recommend that E/PO ac-
tivities stemming from the science achieve-
ments or milestones be developed to support 
the following fi ve messages:

• NASA keeps me informed about what’s go-
ing on with the Sun

• The Solar System is an astrophysical labo-
ratory 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

This proposed SSSC program has been de-
rived directly from NASA’s new priorities.  It 
should not be surprising that the new plan is 
largely consistent with previous recommenda-
tions.  The long-term goals and the near-term 
budget have shifted since the solar and space 
physics strategy was presented in the National 
Research Council’s 2002 decadal report, The 
Sun to the Earth – and Beyond.  However, 
as noted in the 2004 NRC update, Solar and 
Space Physics and Its Role in Space Explora-
tion, “the basic priorities of the decadal strat-
egy are still valid for the simple reason that the 
fundamental principles used in constructing the 
strategy were the need for a balanced program 
of basic and applied research that endeavors 
to recognize the solar-planetary environment 
for the complex system that it is.  We do not 
know enough today to perform the predictive 
task required of us by the exploration initiative, 
and only by pursuing fundamental knowledge 
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and employing a system-level approach can 
we hope to succeed.”

Our present generation of space research-
ers has inherited a fantastic legacy from the 
exploratory missions and discoveries of earlier 
decades.  Our success in conducting a robust 
program of exploration at new scientifi c fron-
tiers will leave to future generations a similar 

gift of achievement and inspiration.  Because 
the purpose of exploration is to understand 
the unknown, the precise benefi ts of their fu-
ture space research and their path to success 
defy prediction.  We do know that progress will 
require constant adaptation to exciting diver-
sions and new directions.

Sun, Earth, Moon, Mars, and Beyond...
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 Exploration and Fundamental Science

“ Something hidden. Go and fi nd 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 scientifi c investigation 
of processes fundamental to space physics?  Advice came recently from the Space Studies Board of the 
National Academy of Sciences who offered fi ve guiding principles, the fi rst 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, effi ciently, and economically.  There are many ex-
amples 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 sci-
ence 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 magne-
tosphere 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 gen-
erates the Sun’s magnetic fi eld.

• 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 space-
craft, our most distant explorer.

The new pragmatic challenges of the Vision for Space Exploration will dictate re-focused and intensi-
fi ed scientifi c exploration.  This exploration will bring forth exciting discoveries, but only if it has the same 
broad scientifi c base that has nurtured the SSSC community to its current maturity.  Why?  Because space 
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 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 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 con-
tinuity 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 funda-
mental science objectives while being effi ciently 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.
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The Calm Between the Storms 

Powerful events such as the 2003 Halloween space storms (page 4) obviously affect astronauts, satel-
lites, communication and electrical power systems.  But it may seem that the space environment is usually 
benign and unimportant because such storms are rare.  In fact, the constant variation of the space environ-
ment makes the time between storms anything but calm.

Magnetic active regions on the Sun emerge and decay over days to weeks.  The numbers of active re-
gions varies regularly with the 11-year solar cycle and erratically over longer time scales - up to centuries.  
The patchy distribution of regions over the Sun produces variation at the 27-day solar rotation period.            

Many phenomena –  emission of light, short wavelength radiation, so-
lar wind, and blocking of cosmic rays – vary signifi cantly with the time 
scales of the solar magnetism, even without storms.

Light from the solar surface directly heats the Earth’s surface and low-
er atmosphere.  Dark sunspots and bright faculae in magnetic regions 
alter the emission of light from the surface enough to affect the climate 
over long intervals.

The corona above magnetic regions is heated to millions of degrees 
and emits strong and variable X-rays, EUV, and UV radiation.  The ra-
diation heats, dissociates, and ionizes the atmospheres of Earth and 
other planets, producing our ozone layer, the ionosphere, and the  ther-
mosphere.  It alters atmospheric chemistry and temperature, which in 
turn modifi es the mixing of molecules over height and latitude.  As these 
layers heat and cool, they become more and less dense, changing the 
drag that slows satellites until they reenter.

The solar wind, striking Earth’s magnetic fi eld, drives the acceleration 
of energetic particles that fi ll the radiation belts.  By contrast, Mars has 
no global magnetic fi eld, and the solar wind directly impacts and strips 
away Mars’ upper atmosphere.  The wind’s magnetic fi eld, constantly re-
shaped by change on the Sun, can power intense geomagnetic storms 
even in absence of solar events, with the whole array of energetic par-
ticle acceleration, aurora, and disturbances of satellites systems.

Coronal holes above stable solar areas power the solar wind, which 
carries magnetic fi elds with it.  The magnetized solar wind, fi lling the 
heliosphere, defl ects many of the cosmic ray particles that fi ll the rest of 
the galaxy.

Understanding the varying space environment on all timescales is the motive for our SSSC Great Obser-
vatory and for the new missions planned in this Roadmap.  From the climate of Sun and Earth, to travel to 
other planets, and out to the space between the stars, the Sun-Solar System Connection seeks to predict 
these variations that we know – and those we have yet to discover.

Soft X-ray images from Yohkoh 
(above) show the change over 
an 11yr solar cycle, but might 
look similar over a 27d solar ro-
tation, or a millennium.  Solar 
wind velocity (below) follows a 
similar pattern.



A New Science for the Age of  Exploration:
The Science of Exploration
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A New Science for the 
Age of Exploration
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Several kinds of space plasma simulation models have been developed to provide a theoretical 
understanding of the fl ow of energy from the Sun through interplanetary space to the Earth’s mag-
netosphere.  This fi rst frame illustrates the progression of a coronal mass ejection (CME).  Shown 
are magnetic fi eld lines (white) and magnetic fi eld strength (low = blue to high = red) 20 hours into an 
event. The sun is the small black dot at the center of the red glow to the left. The CME is at the right 
riding on top of the expanding fl ow of the solar wind at speeds up to 2,000 kilometers per second.

Our program will help 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.
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This frame is a continuation of the same simulation as the CME im-
pacts the Earth’s magnetosphere creating a geomagnetic storm, 
which fi rst manifests itself as large, episodic variations in the 
Earth’s magnetic fi eld.  The electromagnetic pulses can produce a 
new radiation belt in minutes, not days, as normally occurs.

False color composite picture of the Sun illustrating the source 
of the disturbance shown in the simulation. The Sun is the center 
object in green.  The areas in red and blue are views of the Sun’s 
atmosphere (corona) where the CME can be seen as white areas 
moving rapidly away from the Sun.

Our approach to experimentally probing this 
vast system of systems is three-fold:

a) Identify the weakest links in our understanding 
of the coupled system and deploy targeted missions 
to resolve those science questions.

b) Utilize all NASA deployed assets as a 
dustributed sensor net to sample large-scale 
phenomena.

c) Combine these necessarily sparse data with 
modeling and theory to achieve system-wide 
understanding.
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Challenges to achieving a quantitative, predic-
tive understanding of this complex “system of 
systems”

• Microphysical processes regulate global &    
     interplanetary structures

• Multi-constituent plasmas and complex   
     photo chemistry

• Non-linear dynamic response

• Integration and synthesis of multipoint ob-  
     servations

• Data assimilative models & theory

• Interdisciplinary communities and tools
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 Achieving the Vision
Sun-Solar System Connection
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SSSC Science Objectives

Open the Frontier to Space 
Environment Prediction

Understand the fundamental 
physical processes of the space 

environment - from the Sun to 
Earth, to other planets, and be-
yond to the interstellar medium

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 fi elds

Safeguard the Journey 
of Exploration

Maximize the safety and 
productivity of human and 

robotic explorers by de-
veloping the capability to 
predict the extreme and 

dynamic conditions in space
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The present generation of space research-
ers has inherited a fantastic legacy from the 
exploratory missions and discoveries of earlier 
decades.  Our success in conducting a robust 
program of exploration at new scientifi c fron-
tiers will leave to future generations a similar 
gift of achievement and inspiration.  Because 
the purpose of exploration is to understand 
the unknown, the precise benefi ts of their fu-
ture space research and their path to success 
defy prediction.  We do know that progress will 
require constant adaptation to exciting diver-
sions and new directions.

Building on this rich history of exploration, we 
now seek to transform human understanding 
of this fascinating system of systems that are 
so closely connected (page 4).  We will not only 
develop a predictive capability to address haz-
ards to space travelers and important techno-
logical assets closer to home, but we will also 
learn how the interplay of fundamental space 
processes affects the habitability of other dis-
tant environments.  The SSSC strategic plan 
for the future consists of three encompassing 
scientifi c and exploration objectives:

Sun-Solar System Connection:  
The Science

Chapter 1

Understand the fundamental physical process-
es of the space environment - from the Sun to 
Earth, to other planets, and beyond to the in-
terstellar medium

Our upper atmosphere, the Sun, our solar 
system, and the universe consist primarily of 
plasma, resulting in a rich set of interacting 
physical processes and regimes, including in-
tricate exchanges with the neutral environment.  

Open the Frontier to Space 
Environment  Prediction:  

We will encounter hazardous conditions on our 
return to the Moon and our journey to Mars.  
Technological systems are disrupted and 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 un-
derstanding of the fundamental physical pro-
cesses 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 univer-
sal themes of energy conversion and transfer, 
cross-scale coupling, turbulence and nonlinear 
physics have been chosen as near-term prior-
ity targets.  The fi ve fundamental processes 
that have been identifi ed as the critical imme-
diate steps are magnetic reconnection, particle 
acceleration and transport, the generation and 
variability of magnetic fi elds, cross-scale cou-
pling 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, 
together with modeling to provide a three di-
mensional large-scale perspective as well as 
a detailed small-scale microphysics point of 
view.  With our increasingly sophisticated un-
derstanding of such basic processes, we will 
open the frontier of predictive modeling across 
the solar system.
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Understand how human  society, tech-
nological systems, and the habitability of 
planets are affected by solar variability and 
planetary magnetic fi elds

Mankind does not live in isolation; we are in-
timately coupled with the space environment 
through our technological needs, the habitabil-
ity 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 interac-
tion of the space environment with the Earth 
and the effect of this interaction on humankind.  
Building on our new knowledge of fundamen-
tal processes, we plan to characterize and de-
velop 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 robotic and human pres-
ence throughout the solar system, we will be 
increasingly interested in the planetary envi-
ronments that await us and how the lessons 
learned can be applied to our home on Earth.  
Much can also be learned by studying our own 
atmosphere and applying that knowledge to 
the exploration of other planets.  Even a  casual 
scan of the solar system is suffi cient to discov-
er that habitability, particularly for humankind, 
requires a rare confl uence of many factors.  
At least some of these factors, especially the 
role of magnetic fi elds in shielding planetary 
atmospheres, are a subject of immense inter-
est.  We believe we know some of the features 
that make planets habitable, but there is much 
more to be understood.

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

The great variety of space environment con-
ditions will have a signifi cant impact on our fu-
ture 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 fundamen-
tal processes, we plan to understand those 
aspects of the space environment essential 
for enabling and securing space travel.  Use-
ful  engineering data are already fl owing into 
exploration-oriented planning and implemen-
tations because the Sun-Solar System Con-
nection community has been exploring use-
ful scientifi c directions.  Our space plasma 
research community is poised to provide the 
next generation of measurements, simulations, 
and models that will be useful to the imple-
mentation of manned and robotic missions to 
the Moon, Mars, and other planetary bodies.  
Such parameterizations of the space environ-
ment will be essential inputs for solutions to the 
challenging engineering problems that must be 
solved for successful and economical explora-
tion activities.

Understand the Nature of Our 
Home in Space:  

Safeguard the Journey of 
Exploration:  
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As We Leave the Protective Cocoon of the Earth System, Our Explorers Will 

Move from a Gravitationally Dominated to a Magnetically Driven Environment

Galaxies Heliosphere Stellar Magnetism

Gravitationally Driven
Familiar Physics - Two Forces:

• Gravity
• Pressure

Magnetically Driven
Sun-Solar System Connection Physics- 

Three  Forces:
• Gravity

• Pressure
•Magnetism

Space Weather

Stars/Sun:

CMEs Flares
Solar 

Variability

Total Solar 
Irradiance & 

Climate Magnetars Shocks

Atmospheric 
Chemistry

Aurorae Ionospheres Planetary Magnetospheres 
& Atomspheres

Planets:

The dynamic interplay between the three forces (pressure, gravity, and magne-
tism) in the various venues of the solar system - the Sun’s atmosphere; the rela-
tionship between the Sun and the heliosphere; the interfaces between planets, 

their magnetospheres and the heliosphere; and the boundary between the solar 
system and the galaxy

Planets
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Open the Frontier to Space 
Environment Prediction

Understand the fundamental physical processes of the space 
environment - from the Sun to Earth, to other planets, and 

beyond to the interstellar medium.

This results in a rich set of interacting physi-
cal processes, including intricate exchanges 
with the neutral gas in planetary atmospheres.  
Although physicists know the laws governing 
the interaction of electrically charged particles, 
the collective behavior of the plasma state 
leads to complex and often surprising physical 
phenomena.

As the foundation for our long-term re-
search program, we will develop a complete 
scientific understanding of the fundamental 
physical processes that control our space 
environment – from the Sun to the Earth, to 
other planets, and beyond to the interstellar 
medium.  We must be able to predict the be-
havior of the complex systems that influence 
the inimical conditions we will encounter on 
our return to the Moon and journeys to Mars.

Objective F

By quantitatively examining similar phenom-
ena occurring in different regimes through a 
variety of measurement techniques, we can 
ultimately identify the important controlling 
mechanisms and more rigorously test our de-
veloping knowledge.  Both remote sensing and 
in situ observations must be utilized to provide 
the three-dimensional large-scale perspective 
and the detailed small-scale microphysics view 
necessary to see the complete picture.

The strategy for prioritizing this first science 
objective focuses on the knowledge gaps 
most vital to safe and productive exploration 
via the development of accurate forecasting 
of the space environment.  Four fundamental 
processes have been identified as crucial im-
mediate steps: magnetic reconnection, par-
ticle acceleration, the physics of plasma and 
neutral interactions, and the generation and 
variability of magnetic fields with their cou-
pling to structures throughout the heliosphere.  
Each of these research focus areas (RFA’s) 
involves the universal themes of energy con-
version and transport, cross-scale coupling, 
turbulence, and nonlinear physics – concepts 
that are fundamental to the understanding of 
space and planetary systems.  In addition they 
all include processes that can be influenced by 

The Sun, our solar system and the universe 
consist primarily of plasma.  Plasmas are more 
complex than solids, liquids, and gases be-
cause the motions of electrons and ions pro-
duce both electric and magnetic fi elds.  The 
electric fi elds accelerate some of these parti-
cles, sometimes to very high energies, and the 
magnetic fi elds guide their motions.

Prediction provides the ultimate test for scien-
tific understanding.

The processes of inter-
est occur in many locations, 
though with vastly differ-
ent magnitudes of energy, 
size, and time.  The same 
processes rule the seething 

atmosphere and interior of our Sun, the  su-
personic wind of particles that our star flings 

outward into space, Earth’s cocoon-like mag-
netosphere, the variability of the Earth’s iono-
sphere, the tenuous upper atmosphere of 
Mars, and even the fantastically energetic spin-
ning pulsars that spray out beams of x-rays.
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Particle Acceleration:  By 
far the most distinguishing 
characteristic of plasmas, in 
contrast to the neutral states 
of matter of planets, is that 
plasmas produce prodigious 

large-scale boundaries or by coupling between 
regions with very different conditions (for ex-
ample, cold, dense neutral atmospheres with 
energetic particles).

Plasmas are conductive assemblies of charged 
particles and neutrals that exhibit unfamiliar col-
lective effects.  Plasma systems carry electrical 
currents, generate magnetic fields, and can in-
teract explosively.  The solar system is the only 
directly accessible laboratory for exploring the 
behavior of astrophysical plasmas.  We must 
prepare our space explorers to live and work in 
this harsh alien environment.

Magnetic Reconnec-
tion: Magnetic recon-
nection occurs in highly 
localized regions when 
interacting magnetic 
fields “snap” to a new, 

lower energy configuration, as if a pair of twist-
ed rubber bands broke and relinked to form two 
new relaxed bands.  Magnetic reconnections 
release vast amounts of stored energy and are 
responsible for solar flares, CME’s and geo-
space storms.  An explosive release of energy 
can be potentially devastating to space assets 
and voyaging humans, and can seriously affect 
worldwide communications.  Although we have 
developed an initial picture of where reconnec-
tion may occur and the observable results, the 
detailed physical mechanisms, in particular, 
the microphysical processes and the role of 
large-scale topology are not understood.  This 
focus area (RFA F.1) will deliver a fundamental 
understanding of this universal process in the 
very different regimes where it occurs.    

amounts of radiation.  Because energetic par-
ticle radiation has the most direct impact on 
human and robotic space explorers, detailed 

understanding of the particle acceleration pro-
cesses that produce radiation, the regions in 
which these processes operate, and the bound-
ary conditions that control them is crucial to 
the exploration of space.  RFA F.2 will investi-
gate the mechanisms that accelerate particles 
within the solar system, including small-scale 
waves, shocks, and quasi-static electric fields.  
Radiation can be produced almost instanta-
neously through explosive processes, but also 
built up step-wise by processes acting under 
more benign conditions.  Providing essential 
predictions of the radiation environment along 
the end-to-end path of space explorers will in-
volve accounting for particle acceleration in all 
its forms and locations, from Earth’s aurora to 
the solar corona.

Plasma-Neutral Interac-
tions:  The Sun-Solar System 
Connection requires under-
standing of the fundamental 
physics of plasma and neu-
tral particle coupling.  This 

coupling encompasses a variety of mecha-
nisms and regions from turbulence and charge 
exchange in the solar wind to electrodynamic 
processes in the ionosphere and thermosphere 
to gravity waves and chemical/collisional inter-
actions in planetary atmospheres.  Space plas-
mas are often in a non-equilibrium state and 
they can be a highly nonlinear medium.  Many 
of the techniques developed for understanding 
nonlinear systems ensue from basic plasma re-
search – chaos theory is one example; another 
is the understanding of turbulence, which is so 
important to safer air travel.  The goal of RFA 
F.3 is a comprehensive understanding of how 
nonlinear processes influence plasma-neutral 
interactions from atmospheric to heliospheric 
scales. This work has specific applicability to 
the operation of satellites in the Martian atmo-
sphere, the mitigation of the effects of global 
change, as well understanding how habitable 
planets retain their atmospheres.
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Magnetic Dynamos: Under-
standing the variations of the 
magnetic fields of the Sun and 
planets on both long and short 
time scales is the key element 
of the Sun-Solar System 

O PE N  T H E  F RO N T I E R  TO  S PAC E  W E AT H E R  P R E D I C T I O N

Priority Research Focus Areas & 
Investigations

F1.Understand magnetic reconnection as 
revealed in solar fl ares, coronal mass ejections, 
and geospace storms
1. What are the fundamental physical processes of 

reconnection on the small scales where particles 
decouple from the magnetic fi eld?

2. What is the magnetic fi eld topology for 
reconnection at the Earth and at what size scales 
does magnetic reconnection occur on the Sun?

F2. Understand the plasma processes that 
accelerate and transport particles
1. How are charged particles accelerated to high 

energies?
2. How are energized particles transported?
3. How is the solar wind accelerated and how does 

it evolve?
4. How are planetary thermal plasmas accelerated 

and transported?

F3. Understand the role of plasma and neutral 
interactions in nonlinear coupling of regions 
throughout the solar system
1. What governs the coupling of neutral and ionized 

species at various spatial and temporal scales?
2. How do energetic particles chemically modify 

planetary environments?
3. How do the magnetosphere and the ionosphere-

thermosphere systems interact with each other?
4. How do the heliosphere and the interstellar 

medium interact?
5. How does the neutral environment in planetary 

and cometary systems affect their global 
morphology through charge exchange and mass 
loading processes?

F4. Understand the creation and variability of 
magnetic dynamos and how they drive the 
dynamics of solar, planetary and stellar 
environments.
1. How do subsurface fl ows drive the solar dynamo 

and produce the solar cycle?
2. How do solar and stellar dynamos evolve on 

both short and long-term time scales?
3. How are open fl ux regions produced on the Sun, 

and how do variations in open fl ux topology and 
magnitude affect heliospheric structure?

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

Connection addressed by RFA F.4.  The creation 
of these fields – the magnetic dynamo problem 
– remains one of the outstanding problems in 
physics.  How dynamos operate in such widely 
disparate systems – from stellar interiors 
to planetary cores – is poorly understood.  
Dynamos determine the characteristics of the 
solar activity cycle.  The Sun’s magnetic field 
controls the structure of the heliosphere and, 
thus, regulates the entry of galactic cosmic rays 
into the solar system.  Therefore, it is imperative 
that we understand the origin and variability of 
solar magnetism.  The Earth’s interior dynamo 
sustains the geomagnetic field and provides the 
shield that enables life to flourish in the harsh 
radiation environment of space.  Understanding 
how dynamos are created and sustained, how 
they affect the nearby space environment, how 
to predict their variations and ultimately their 
demise is at the heart of understanding our 
own destiny.

With our increasingly sophisticated 
understanding of these fundamental physics 
process, we will open the frontier to the 
development of truly predictive space weather 
models.
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RFA F.1.  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.  Recon-
nection can accelerate particles to very high 
energies and, because it changes the magnet-
ic field topology, it can dramatically alter the 
regions of space that are accessible to those 
particles. In the corona reconnection can sever 
large clouds of dense plasma from the mag-
netic fields that anchored them.  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 en-
ergy 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 mag-
netopause 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 bil-
lion square kilometers. While there have been 

a few encounters with the diffusion region in 
the near-Earth environment, systematic in situ 
study of this region is just beginning.  Current 
solar imaging is insufficient  to resolve the diffu-
sion region associated with solar flares.  Thus, 
the physical processes that initiate and control 
reconnection remain to be measured.

Most of our basic theoretical understanding 
of reconnection comes from an MHD perspec-
tive. Although this approach has provided im-
portant insight, it is inherently limited in that it 
cannot examine the very small scales on which 
ions and electrons decouple from the mag-
netic field or predict the particle energization 
process.  Important questions that remain un-
answered include:  What initiates the reconnec-
tion process?  What are the kinetic processes 
that occur and what is their role? What is the 
range of scale sizes of the region over which 
reconnection occurs in different regimes? Is 
reconnection quasi-steady or bursty? What 
mechanisms or boundary conditions control 
the spatial and temporal scales? What is the 
3D structure of the reconnection region and 
how does this structure affect particle accel-
eration?

One type of reconnection takes place when the Earth’s usually impenetrable magnetic field fractures and 
has to find a new stable configuration. Until the field mends itself, solar protons leak through the gap and 
jet into Earth’s atmosphere, precipitating aurora and ionospheric currents.  For a predictive capability, very 
high time resolution, 3D measurements of particles and fields from multiple satellites with variable separa-
tions are needed reveal the micro- to meso-scale processes needed to directly probe the electron diffusion 
region. [Image Credit: NASA/Goddard Space Flight Center Scientific Visualization Studio]
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Granulation on the solar surface reveals Texas-sized convective cells produced by hot columns of rising 
gas. (left)  The cells originate just below the visible photosphere and only last for about five minutes.  The 
emergence of active regions disrupts this steady state and stores energy in the overlying atmosphere 
(center)  Eventually this leads to dramatic energy releases from coronal loops in the form of flares and 
coronal mass ejections (right).  Various acceleration mechanisms have been proposed to explain the highly 
efficient energy conversion in these eruptions, including strong electric fields induced by reconnection in 
current sheets.

RFA F.2. Understand the plasma 
processes that accelerate and 
transport particles.

High-energy particles accelerated at the 
Sun and within interplanetary space, as well 
as cosmic rays from outside the solar system, 
pose a serious hazard to the human and robotic 
exploration of our solar system.  Energetic 
particles produced or trapped within planetary 
magnetospheres can have deleterious effects 
on important technological assets in those 
locations.  Predicting these effects requires a 
fundamental understanding of where and how 
particles are accelerated and how they are 
transported.

More than one mechanism can operate to 
produce a given energetic particle population 
at a given location and the nature of the seed 
population from which the accelerated particles 
are drawn is a critical part of the puzzle.  
Important processes for near-term investigation 
include quasi-static electric fields parallel to 
the background magnetic field, wave parallel 
electric fields, stochastic (Fermi) acceleration, 
and the drift of particles along a component of 
the electric field. such as occurs in shocks and 
the magnetotail.  The Earth’s aurora provides a 
unique opportunity to understand acceleration 
by parallel electric fields and waves.  Particle 
acceleration at CME shock fronts is a leading 

candidate for the production of gradual solar 
energetic particle (SEP) events.

Energetic particles accelerated both at 
localized sites (solar flares, magnetotail 
reconnection sites, auroral acceleration 
regions), and globally (coronal and 
interplanetary shocks, co-rotating interaction 
regions and global merged interaction regions 
in the solar wind, and the termination shock) 
need to be understood.  An understanding of 
the acceleration of thermal plasmas is also vital 
to meeting NASA objectives.  For example, 
both the interaction of the Sun with planets 
and the transport of solar energetic particles 
are mediated by the solar wind.  Successful 
progress on the understanding of solar wind 
acceleration will significantly improve the 
predictive capability for determining the 
severity of solar wind disturbances.  The origin 
of the solar wind is not well understood and 
represents a large gap in our knowledge of 
fundamental processes.

O PE N  T H E  F RO N T I E R  TO  S PAC E  W E AT H E R  P R E D I C T I O N
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Image of electron density enhancements (equato-
rial arcs) in the Earth’s ionosphere. The transport of 
plasma away from the equator results in alternating 
traveling bands of enhanced and depleted densi-
ty.  These exist during the daytime and most of the 
night and create enhanced media transmission er-
rors in navigation and communication signals.

RFA F.3. Understand the role of 
plasma and neutral interactions in 
the nonlinear coupling of regions 
throughout the solar system

Plasma populations are embedded in a back-
ground neutral gas throughout the solar sys-
tem, from the solar transition region, to plan-
etary upper atmospheres, to the heliosphere’s 
interface with the interstellar medium.  These 
populations transfer energy and momentum 
through multi-scale, nonlinear interactions 
which act to redistribute the bulk flows that, 
in turn, feed energy back into the original cou-
pling system.

For example, the upper atmospheres of plan-
ets, including Earth, are dramatically affected 
by energetic inputs originating at the Sun in the 
form of photons, particles, and fields.  How-
ever, there are many pathways by which that 
solar energy is transformed and redistributed 
throughout the atmosphere until the energy is 
ultimately re-radiated to space.  Connected 
with these processes is much of the inherent 
variability of the atmosphere over daily to mil-
lennial time scales.

The lower atmosphere is periodically pumped 
and heated, giving rise to a spectrum of small-
scale gravity waves and longer-period oscil-
lations.  These waves can propagate into the 
mesosphere and thermosphere depositing 
momentum.  The atmospheric mean circula-

tion is thereby modified, resulting in changes 
to the temperature structure and redistribu-
tion of radiation absorbers and emitters.  The 
mean wind and temperature structures in turn 
influence the propagation of the waves and the 
manner in which they couple the lower and up-
per atmosphere.  Similar processes are also 
key to understanding the upper atmosphere 
weather and climate on Mars and Venus.

The ionospheric electron density distribu-
tion depends on thermospheric composition 
and winds, together with electric fields that 
can be generated within the I-T system or im-
posed from the magnetosphere.  In turn, the 
ionospheric plasma can inhibit or accelerate 
thermospheric winds that produce electric 
fields via an electrodynamic interaction.  The 
interactions and feedback mechanisms remain 
a mystery due to a lack of simultaneous mea-
surements of all the parameters that describe 
the fully coupled system.  These interactions 
can occur on a global scale, but can also pro-
duce mesoscale structures such as high lati-
tude thermospheric density cells that affect 
satellite orbits, or midlatitude electron density 
enhancements that disrupt aircraft navigation 
systems being implemented by the FAA.  In 
addition, smaller scale structures cause iono-
spheric irregularities that degrade communica-
tion systems.

Turbulence is another example of a very im-
portant 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.

In addition, electrodynamic and mass cou-
pling along magnetic fields are fundamental 
physical processes that cut across many disci-
plines of space science.  The interface between 
the heliosphere and the interstellar medium is a 
coupling region about which we are just begin-
ning to learn.

Finally, mass loading through ionization and 
charge exchange is a phenomenon of broad 
interest from planetary and cometary atmo-
spheric erosion to energetic particle creation 
and loss.
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The figure shows the residual solar rotation 
speed after removing the average differential ro-
tation.  The cut-away shows the surface velocity 
on the left of the disk and a cross-section of the 
interior on the right.  The two figures show how 
the rotational profile changes over six months.  

RFA F.4. Understand the creation 
and variability of magnetic dyna-
mos and how they drive the dy-
namics of solar, planetary and 
stellar environments.

The Sun’s variable magnetic field is the en-
ergy source for solar particle acceleration and 
its structure controls the entry of galactic cos-
mic rays into the solar system.  Helioseismic 
data from SOHO and ground-based observa-
tories have revolutionized dynamo theories by 
placing the solar-cycle dynamo action at the 
base of the convection zone, in the rotationally 
sheared layer called the tachocline.  Having 
the correct meridional circulation has proven to 
be a key ingredient for determining the length 
of the solar cycle.  For the first time models 
can now use the meridional flow patterns from 
previous cycles to estimate the length of the 

next cycle.  However, although these dynamo 
models can now forecast the cycle length, nei-
ther the amplitude nor details, such as whether 
the cycle will be double peaked, are within our 
predictive capability.  For example, we do not 
know why the last two solar cycles have had 
relatively small maxima for the sunspot num-
ber.  We know even less about activity cycles 
on other stars, though comparative stellar dy-
namo studies should reveal much about the 
long-term behavior of stars and the Sun.  De-
veloping the understanding of dynamo process 
to enable this kind of prediction is important for 
long-term planning for solar activity and would 
have obvious applications in trying to under-
stand past and future periods of abnormally 
reduced solar activity and concomitant affects 
on terrestrial climate and planetary habitabil-
ity.

Closer to home, reversals and other large 
variations 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 effects of 
magnetic field changes at both the Earth and 
the Sun.  This understanding is essential to de-
scribing the coupled Sun-Solar System Con-
nection and has important implications for the 
exploration of our solar system.

Simulated reversal of Earth’s magnetic field, with inward (blue) and outward (yellow) directed field lines.  
The location of the core-mantle boundary is evident where the structure becomes complex.  We seek to 
understand the effects of such magnetic field variations on the formation and retention of planetary atmo-
spheres. [Image credit:  Gary Glatzmaier, Los Alamos National Laboratory]
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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.

Objective H

We do not live in isolation.  Our past, present, 
and future are intimately coupled to the relation-
ship between the Earth and Sun - and with the 
universe beyond.  Increasingly we are sensitive 
to changing conditions on the Sun and in the 
space environment because of our technology; 
increasingly we have a practical interest in the 
habitability of planets and solar system bodies 
we plan to explore; and increasingly we recog-
nize how astrophysical phenomena influence 
life and climate on our home planet.  Variability 
in this environment affects the daily activities 
that sustain our society, including communica-
tion, navigation, and weather monitoring and 
prediction.  We are living with a star.

man life and society provide the context for our 
investigations.

This context is not limiting.  As we extend our 
presence throughout the solar system, we are 
interested in the planetary environments await-
ing us and how the study of these environments 
can be applied to our home on Earth.  Habit-
ability, for humankind in particular, requires a 
rare congruence of many factors.  These fac-
tors, 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 un-
derstand some of the features contributing to 
make planets habitable, but key questions re-
main.

The interactive couplings of solar system pro-
cesses, in the Sun and interplanetary space, 
with the interstellar medium, and throughout 
the near-Earth environment - require compre-
hensive study of these linked systems through 
a series of investigations covering these re-
gions.  Investigations of impacts on human-
kind must begin with the Sun, understand the 
cause of eruptive events and solar variability 
over multiple time scales, follow propagation 
and evolution of solar wind disturbances and 
energetic particles through the heliosphere to 
Earth, and finally investigate the interaction of 
solar radiative emission and the solar wind with 
Earth’s coupled magnetosphere-ionosphere-
atmosphere system.

Our four Research Focus Areas (RFAs) have 
been formulated to understand:  the Sun so we 
can predict solar variability and the evolution 
of solar disturbances as they propagate to the 

With this objective SSSC re-
searchers strive to understand 
our place in the Solar System.  
We investigate 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.  This effort builds on the 
understanding of the fundamental physical 
processes addressed in Objective F.  Our sci-
entific goal is to understand the web of linked 
physical processes connecting Earth with the 
space environment.  Our applied goal is to pro-
tect society and its technological infrastructure 
from space hazards and understand the exter-
nal drivers of long-term climate change.  We 
will improve technological efficiency of future 
operational systems by exploiting our under-
standing of Earth and its place in space.  Hu-
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Earth; the response of the coupled ionosphere, 
thermosphere, magnetosphere plasma envi-
ronment and the impacts on society; 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; and, in a 
broader context than just the Earth, the solar 
photon and particle impact on other solar sys-
tem bodies and how stellar activity and mag-
netic fields affect the evolution of planetary 
habitability over time.

It is not enough to study just variability and 
change from external drivers.  Coupled sys-
tems also have complex internal forcings, e.g. 
gravity waves breaking in the upper atmo-
sphere.  The internal dynamics of the near-
Earth coupled systems that protect us must be 
understood, even in the absence of solar vari-
ability.  The program outlined below focuses 
on both internal linkages and external forcing 
mechanisms.

Priority Research Focus Areas & 
Investigations:

H1. Understand the causes and subsequent 
evolution of solar activity that affects Earth’s 
space climate and environment.
1. How do solar wind disturbances propagate and 

evolve from the Sun to Earth?
2. What are the precursors to solar disturbances?
3. Predict solar disturbances that impact Earth.

H2. Determine changes in the Earth’s 
magnetosphere, ionosphere, and upper 
atmosphere to enable specifi cation, 
prediction, and mitigation of their effects.
1. What role does the electrodynamic coupling 

between the ionosphere and the magnetosphere 
play in determining the response of geospace to 
solar disturbances? 

2. How do energetic particle spectra, magnetic and 
electric fi elds, and currents evolve in response to 
solar disturbances?

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

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.
1. How do solar energetic particles infl uence the 

chemistry of the atmosphere, including ozone 
densities

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

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

H4. Apply our understanding of space plasma 
physics to the role of stellar activity and 
magnetic shielding in planetary system 
evolution and habitability.
1. What role do stellar plasmas and magnetic fi elds 

play in the formation of planetary systems?
2. What is the role of planetary magnetic fi elds for 

the development and sustenance of life? 
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 fi eld reversals at Earth?

4. How do local interstellar conditions infl uence the 
Solar System’s space environment and what are 
the implications for the formation, evolution, and 
future of life in the solar system?

Solar Variability & He-
liospheric Disturbanc-
es.  RFA H.1 aims to 
understand the Sun, de-
termine how predictable 
solar activity truly is, and 

spectral irradiance and the solar cycle varia-
tions that have signifi cant impacts on Earth’s 
climate and human society.

develop the capability to forecast solar activity 
and the evolution of solar disturbances as they 
propagate to Earth.  It focuses on both short-
term and long-term variability.  X-ray fl ares 
can immediately and severely degrade radio 
communications through ionospheric effects.  
Precursors to solar disturbances observable 
above and below the solar surface will initially 
serve as predictive tools for disruptive events.  
Coronal mass ejections that create large mag-
netic storms at Earth evolve signifi cantly over 
their multi-day travel time to Earth.  We will 
learn how disturbances initiate, propagate, 
and evolve from the Sun to Earth and incorpo-
rate this knowledge into a predictive model of 
geoeffectiveness at Earth to enable a warning 
and mitigation system for our technological as-
sets.  Solar energetic particle events can pose 
serious threats to technological assets and as-
tronauts in near-Earth orbit; we will learn how 
particles are accelerated in the inner helio-
sphere and how they propagate.  We must also 
understand the long-term changes in total and 
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Variability in the mag-
netosphere, ionosphere, 
and upper atmosphere.
RFA H.2 will develop under-
standing of the response 
of the near-Earth plasma 
regions (magnetosphere, 
ionosphere, and thermo-
sphere) to space weather.  

Solar Variability and 
Atmospheric Re-
sponses.  RFA H.3 ad-
dresses the role of the 
Sun as the primary en-
ergy source for Earth’s 
atmosphere.  We seek to 
understand not only the 
atmospheric response 

Stellar Variability and 
Magnetic Shielding.  Oth-
er planets and other stars 
provide illuminating per-
spectives for understand-
ing the Earth and Sun.  RFA 
H.4 addresses the long-
term impact of interactions 
of the solar wind with Earth, 

This complex highly coupled system protects 
Earth from the worst solar disturbances, but it 
also redistributes energy and mass throughout.  
A key element involves distinguishing between 
the responses to external and internal driv-
ers, as well as the impact of ordinary recon-
fi gurations of environmental conditions, such 
as might be encountered when Earth crosses 
a magnetic sector boundary in the solar wind.  
This near-Earth region harbors space assets 
for communication, navigation, and remote 
sensing needs; conditions there can adversely 
affect their operation.  Ground based systems, 
such as the power distribution grid, can also 
be affected by ionospheric and upper atmo-
spheric changes.  Investigations emphasize 
understanding the nature of the electrodynamic 
coupling throughout geospace (the near-Earth 
plasma environment), how geospace responds 
to external and internal drivers, and how the 
coupled middle and upper atmosphere re-
spond to external forcings and how they inter-
act with each other.

to solar variability, but also the importance of 
steady-state processes in maintaining our at-
mosphere.  It also considers long-term climatic 
impacts of solar variability on humankind.  We 
need to understand the changing inputs - both 
spectral changes in the electromagnetic radia-
tion and changing levels of energetic particles 
throughout the atmosphere.  Two fundamen-
tal problems are delineating what processes 

convert and redistribute solar energy within 
the atmosphere and determining how this 
is accomplished.  Other specifi c processes 
can have signifi cant impact on Earth’s atmo-
sphere and climate and merit dedicated inves-
tigations.  For example, the role of energetic 
particles from aurora, the radiation belts, and 
solar fl ares on ozone chemistry in the upper at-
mosphere is not well understood.  As another 
example, non-solar external processes, for ex-
ample cloud nucleation from galactic cosmic 
rays, may affect Earth’s climate but the details 
of this impact are uncertain.

other solar system bodies, the local interstel-
lar medium, and the study of activity on stars 
other than our Sun.  We need to understand 
the role plasmas and magnetic fi elds play in 
planetary formation and in the evolution of 
planetary atmospheres because this relates to 
the ultimate habitability of planets.  A particular 
goal is to understand the importance of plan-
etary magnetic fi elds for the development and 
sustenance of life.  

The interaction between the solar wind and 
the interstellar medium created boundaries that 
shield us from most of the hazardous galactic 
cosmic radiation.  The properties of the local 
interstellar medium and the solar wind change 
over the course of time.   How do these chang-
es affect the biosphees of planets like Earth?  
Observing activity on other stars will tell us 
how conditions change with time.  One applied 
investigation that stems from these studies is 
to determine the implications of past and fu-
ture magnetic fi eld reversals at Earth.  Such 
investigations provide important opportunities 
for linkages with other NASA fi elds of study.
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RFA H.1: Understand the causes 
and subsequent evolution of solar 
activity that affects Earth’s space 
climate and environment

The climate and space environment of Earth 
are primarily determined by the impact of plas-
ma, particle, and electromagnetic radiation 
outputs from the Sun.  The solar output varies 
on many time scales:  from explosive recon-
nection, to convective turn over, to solar rota-
tion, to the 22-year solar magnetic cycle, and 
even longer, irregular fluctuations, such as the 
Maunder minimum.  The variability is linked to 
the emergence of magnetic field from below 
the photosphere, its transport and destruction 
on the surface, and the eruption into the helio-
sphere of energy stored in the atmosphere as 
flares and coronal mass ejections.  The large-
scale heliosphere also modulates the propaga-
tion of incoming galactic cosmic rays.  Longer-
term changes that can affect Earth’s climate 
include solar total and spectral irradiance.

The solar wind, embedded disturbances, and 
energetic particle populations evolve as they 
travel through the heliosphere.  Shocks accel-
erate particles and interact with other irregular-
ities.  CME’s can even interact with each other.  
Current observations generally depend only 
on near-Sun and 1AU observations.  Under-
standing the three-dimensional time-varying 
propagation of solar disturbances is one of the 
greatest challenges facing us.  Understanding 
the internal configuration of the structures is 
another.

Precursors will provide useful information 
about solar and interplanetary events; however 
more complete predictive models based on 
physical principles are required.  Like terrestrial 
weather, it is not yet clear how long in advance 
solar activity is predictable.  Improved continu-
ous observations of the solar vector magnetic 
field and high resolution observations of the 
atmosphere are as critical for resolving this 
question as helioseismology is for revealing the 
subsurface conditions.

CAPTION
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RFA H.2: Determine changes in 
the Earth’s magnetosphere, iono-
sphere, and upper atmosphere to 
enable specification, prediction, 
and mitigation of their effects.

  
The near-Earth space environment, geo-

space, is unique in the solar system and cen-
tral to the protection of Earth and its inhabit-
ants.  This region includes the magnetosphere, 
ionosphere, and thermosphere (MIT) bound 
together as a tightly coupled system that in-
teracts with the neutral atmosphere below and 
the Sun and heliosphere above.  The variability 
within geospace and the nearby interplanetary 
environment is our local space weather.  Much 
of space weather is driven by the external pro-
cesses discussed in the previous section.  In 
addition, internal drivers of the MIT region such 
as the upward propagation of gravity waves, 
greenhouse gases generated in the tropo-
sphere, wave-particle interactions, and auro-
ral current systems are equally important and 
must be investigated.  The consequences of 
internal drivers include both the natural vari-
ability of the MIT system and anthropogenic 
effects.

Geospace is the location of most of our space 
activities.  Communication, navigation, Earth 
weather and remote sensing, emergency loca-
tion, defense reconnaissance, and NASA mis-
sions are all affected by space weather.  Space 
weather also causes disturbances of electric 
power grids and sensitive electronic systems 
on the ground.  The technological systems 
sensitive to disturbances in geospace are in-
creasing in importance and urgency to human 
society.

The electromagnetic, dynamical, and aero-
nomic processes that couple the inner and 
outer regimes of geospace remain unresolved.  
The exchange od mass and energy between 
these regions during both quiescent condi-
tions and disturbed times must be understood 
before predictive capabilities, or strategies to 
mitigate adverse space weather effects, can 
be developed.  Energetic solar and magneto-
spheric particles penetrate below the MIT do-
main into the middle and lower atmosphere, 

and establish the need to better understand 
the chemical and dynamical effects on the 
whole atmosphere.

CAPTION
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Research Focus Area H.3:  Under-
stand the role of the Sun as an en-
ergy source to Earth’s atmosphere, 
and in particular the role of solar 
variability in driving change.  

Solar energy in the form of photons and par-
ticles drives the chemical and physical struc-
ture of Earth’s atmosphere.  For example, 
ultraviolet and more energetic radiation depos-
ited globally throughout the mesosphere and 
thermosphere are responsible for formation of 
the ionosphere.  Also, while particles primarily 
deposit their energy at high latitudes, the re-
sulting ionization, dissociation, and excitation 
of atoms and molecules can have a global ef-
fect due to dynamical processes that transport 
energy around the globe.  Ultimately these pro-
cesses combine to drive the temperature and 
chemical composition of the entire Earth’s at-
mosphere.  A key example of how atmospheric 
modifi cation by the Sun affects life is strato-
spheric 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.  
The ionosphere-thermosphere plays an equally 
important role in protecting life on Earth, since 
it is the atmosphere’s shield against solar EUV 
radiation. 

Because life depends on the atmosphere and 
its climate, study of solar energy driven atmo-
spheric variations is critically important.  Solar 
energy and its changes have effects through-
out the atmosphere including the troposphere 
where humans live.  Despite this, the strength 
and variability of atmospheric solar energy de-
position remain poorly understood.  In addi-

tion, coupling processes that spread effects of 
energy deposition in altitude and latitude are 
not well understood.  Addressing these issues 
requires high time-resolution spectral observa-
tions of solar energy deposition measurements 
of the atmospheric response, as well as theory 
and modeling of dynamical processes that dis-
tribute effects of solar energy.

CAPTION
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Research Focus Area H.4:  Apply 
our understanding of space plas-
ma physics to the role of stellar 
activity and magnetic shielding in 
planetary system evolution and 
habitability.  

Plasmas and their embedded magnetic 
fi elds affect the formation, evolution and des-
tiny of planets and planetary systems.  The 
heliosphere shields the solar system from ga-
lactic cosmic radiation.  Our habitable planet 
is shielded by its magnetic fi eld, protecting it 
from solar and cosmic particle radiation and 
from erosion of the atmosphere by the solar 
wind.  Planets without a shielding magnetic 
fi eld, such as Mars and Venus, are exposed to 
those processes and evolve differently.  And 
on Earth, the magnetic fi eld changes strength 
and confi guration during its occasional polar-
ity reversals, altering the shielding of the planet 
from external radiation sources.  How impor-
tant is a magnetosphere to the development 
and survivability of life?  The solar wind, where 
it meets the local interstellar medium (ISM), 
forms boundaries that protect the planet from 
the galactic environment.  The interstellar in-

teraction depends on the raw pressure of the 
solar wind and the properties of the local in-
terstellar medium (density, pressure, and bulk 
fl ow).  These properties, particularly those of 
the ISM, change over the course of time, and 
change dramatically on long time scales (1,000 
years and longer) as the solar system encoun-
ters interstellar clouds.  How do these long-
term changes affect the sustainability of life in 
our solar system?  Understanding the nature 
of these variations and their consequences re-
quires a series of investigations targeting the  
structure of the heliosphere and its boundaries 
and conditions in the ISM.  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 interac-
tion with its parent star.  The role of magnetic 
fi elds in the formation process has not been 
fully integrated with other parts of the process.  
The study of similar regions in our solar system, 
such as dusty plasmas surrounding Saturn and 
Jupiter, will help explain the role of plasma pro-
cesses in determining the types of planets that 
can form, and how they later evolve.

FIGURE
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Safeguard the Journey  
of Exploration

Maximize the safety and productivity of human and robotic 
explorers by developing the capability to predict the extreme and 

dynamic conditions in space. 

Objective J

Harsh conditions in the space environment 
pose significant risks for the journey of explora-
tion.  Like seafaring voyagers, space explorers 
must be constantly aware of the current space 
weather and be prepared to handle the most 
extreme conditions that might be encountered.  
The important considerations include sudden 
changes in energetic particle and electromag-
netic radiation, encounters with plasmas that 
cause spacecraft charging and discharging, 
and the uncertain response of neutral atmo-
spheres to variable energy inputs.

The first step toward safeguarding astronauts 
and robotic assets in space is to characterize 
the extremes and ranges of variability that can 
occur in the space environment to help estab-
lish appropriate design requirements for vehi-
cles, electronics, and habitats.  This requires 
not only measurements in various locations at 
different times, but also an understanding of 
the physical processes that both cause tempo-
ral fluctuations and limit the range of responses 
of the system to those inputs.

The next milestone requires the ability to de-
termine current conditions in key locations from 
an affordable set of available measurements 
– nowcasting of the space environment.  This 
provides the critical operational knowledge that 
productive work can proceed at the time.  The 

set of observations must be carefully chosen 
and the physical system must be modeled well 
enough to give confidence that the results can 
be extrapolated to the relevant location.

Finally, we must develop the capability to 
forecast the dynamic conditions in space.  
Forecasting quiet times may be as useful as 
forecasting disturbances.  Initial reliance on 
empirical relationships will give way to high-
fidelity physics.  As our understanding of the 
fundamental processes improves, through 
comparison of predictive models with actual 
events, we will gradually improve the accuracy 
and extend the duration of our predictions, and 
provide key support to implementing the Vi-
sion for Space Exploration.  As with terrestrial 
weather in the past several decades, progress 
will be made, but it will be difficult because the 
systems are more diverse, the measurements 
are more sparse, and the physics is more com-
plex.

Humans will work with robots and vehicles on 
Mars. Safe and productive expedition activity 
will depend on accurate forecasting of surface 
and space weather conditions in order to miti-
gate risks but avoid false alarms. 

These steps are not necessarily sequential 
and some capability already exists in each 
area.  One of the first major challenges is to 
determine more precisely what capabilities are 
needed and when.  Our Objective J focuses 
on the science necessary to ensure safety and 
maximize productivity of both human and ro-
botic space explorers.  This objective includes 
both near-Earth and planetary environments, 
especially as they affect the robotic and tech-
nological systems that support human space 
flight.  Benefits of addressing these issues 
include the optimization of spacecraft and in-
strument design, improved planning of mission 
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and operations scenarios, ensuring the safety 
and maximizing the success and productivity 
of both robotic and human exploration.

Though much of the dramatic variability in 
the space environment is driven by solar activ-
ity, such as flares and coronal mass ejections 
or energetic particles accelerated by shocks 
in the heliosphere, understanding the more 
routine variations driven by rotation or slowly 
evolving structures is also important.  For ex-
ample the changing density of the Martian up-
per atmosphere depends on many uncertain 
factors in addition to solar activity.  The un-
derlying thread that links all three of the SSSC 
roadmap objectives is working to achieve a 
detailed understanding of the basic physical 
processes required to enable prediction.  While 
Objective H focuses on the science needed to 
understand the processes in the near-Earth 
space environment that affect life and soci-
ety, Objective J emphasizes understanding 
the variability of the space environment and its 
potential hazards with the purpose of enabling 
and securing human and robotic space travel 
across the inner solar system.

Objective J is divided into four priority Re-
search Focus Areas (RFAs).  The first aims to 
adequately characterize the important environ-
ments.  The second and third build on the first 
and focus on developing the capability to pre-
dict solar activity and understand the propaga-
tion and evolution of consequential events in 
the inner heliosphere.  The final RFA targets the 
environmental variability at planets (Earth and 
Mars) that impact exploration activities.

Characterization of Space 
Environments.  RFA J.1 fo-
cuses on determining the 
full range of extreme condi-
tions that may occur in the 
inhospitable environments 
that human and robotic 
explorers will encounter.  
Learning these limits takes 

drivers – the sources of external variability at 
the Sun and the interplanetary medium which 
modulates its extremes.  This knowledge feeds 
into the design of exploration activities and 
equipment.  Practical understanding of the 
physical conditions and processes that modu-
late various space environments will lead to a 
capability to nowcast and forecast both safe 
and hazardous intervals.

more than just observational surveys; it requires 
basic understanding of the dynamics of each 
space environment.  This entails developing an 
understanding of the internal mechanisms, the 
critical boundary conditions, and the external 

Prediction of Hazardous 
Solar Activity.  RFA J.2 
aims to develop the capa-
bility to forecast solar ac-
tivity and the onset of the 
solar disturbances that 
are sources of potentially 
hazardous space weather.  
Successful prediction be-

gins with reliable characterization of impulsive 
solar disturbances and their global effects on 
the corona and solar wind through which they 
propagate.  Presently solar fl ares and CME’s 
are no more predictable than earthquakes or 
volcanic eruptions.  Complex active regions 
and other features with high potential for erup-
tion can be identifi ed on the visible solar disk 
and, absent such regions, it is quite feasible 
to announce “all clear” periods, when sensitive 
activities can be safely accomplished.  How-
ever, during most of the 11-year solar activity 
cycle, when active regions are almost contin-
uously present or could emerge at any time, 
even short-term forecasting is unreliable with 
our current level of knowledge.  On longer time 
scales, we need to develop the ability to pre-
dict when and where active regions will arise, 
when the magnetic fi eld will become unstable, 
and what the heliospheric consequences will 
be.  This requires spacecraft observations of 
the entire solar surface both to follow the evo-
lution of active regions over the full solar disk 
and to observe complex active regions that 
may be magnetically connected to human or 
robotic explorers far from Earth.
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Propagation to Explor-
ers.  RFA J.3 entails de-
velopment of an under-
standing of heliospheric 
acceleration mechanisms, 
the propagation of solar 
disturbances, and local ac-

celeration of particles by plasma interactions 
in the disturbed solar wind.  All are needed for 
a practical predictive understanding of these 
events.  Disturbances interact with the solar 
wind.  Particles and fi elds can be swept up and 
shocks associated with CME’s can accelerate 
particles to dangerous energies.  We need to 
develop observational and modeling tools to 
more accurately predict the arrival times, du-
rations, and severity of solar energetic particle 
impacts.  In addition, exposure to high-energy 
galactic cosmic rays accumulates over long in-
tervals to dangerous doses.  Cosmic rays are 
modulated by the large-scale fi eld and diverted 
by disturbances in the outer heliosphere, so 
they are of less concern during intervals of high 
solar activity.  

Space Weather Effects 
on Planets.  Hazards in 
planetary environments 
must also be understood, 
characterized, and miti-
gated.   RFA J.4 targets 
how space weather im-

pacts planetary environments in ways that af-
fect exploration activities, such as spacecraft 
staging in low Earth orbit, or entry, descent, 
and landing (EDL) at Earth and Mars.  Reliable 
communications and navigation for spacecraft 
and surface crews will require improved under-
standing of Earth’s and Martian ionospheres.  
While the Sun and its variability drive these 
environments, many internal processes must 
also be understood.  Planetary space weather 
develops through the interaction of the solar 
wind with the planetary magnetic fi elds and 
plasmas, the interaction of solar photons with 
plasma and neutral gas populations, interac-
tions with the lower atmosphere, and via inter-
nal processes such as dynamos, wave inter-
actions, magnetic reconnection, electric fi elds, 
transport, and chemistry.  Because geospace 
is the site of initial staging activities and trans-
port of human and robotic explorers, as well as 
their return to Earth, understanding this envi-
ronment is particularly important.
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Priority Research Focus Areas & Investigations
J1. Characterize the variability, extremes, and boundary conditions of the space environments that will 

be encountered by human and robotic explorers.
1. What are the variability and extremes 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?
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?
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?

J2. Develop the capability to predict the origin and onset of solar activity and disturbances associated 
with potentially hazardous space weather events.
1. What are the observational precursors and magnetic confi gurations that lead to CMEs and other solar 

disturbances, and what determines their magnitude and energetic particle output?
2. What heliospheric observations, and empirical models are needed to enhance the predictive capability 

required by future human and robotic explorers?

J3. Develop the capability to predict the propagation and evolution of solar disturbances to enable safe 
travel for human and robotic explorers.
1. How are Solar Energetic Particles created and how do they evolve from their coronal source regions into 

interplanetary space?
2. How do solar magnetic fi elds 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?
3. How are energetic particles modulated by large-scale structures in the heliosphere and what determines the 

variations in the observed particle fl uxes?

J4. Understand and characterize the space weather effects on and within planetary environments to 
minimize risk in exploration activities.
1. To what extent does the hazardous near-Earth radiation environment impact human and robotic explorer’s 

safety and productivity?
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?
3. To what extent do ionospheric instability, seasonal and solar induced variability affect communication system 

requirements and operation at Earth and Mars?
4. What are the effects of energetic particle radiation on the chemistry and the energy balance of the Martian 

atmosphere?
5. What are the dominant mechanisms of dust charging and transport on the Moon and Mars that impact 

human and robotic safety and productivity?

The radiation dose to astronauts during the Apollo era missions is plotted with the sunspot count. This 
plot graphically highlights the profound difference between short Apollo-like expeditions to the Moon and 
the longer duration stays anticipated as part of the Vision for Space Exploration, where sporadic risks will 
become certain events. 
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Research Focus Area J.1:  Charac-
terize the variability, extremes, and 
boundary conditions of the space 
environments that will be encoun-
tered by human and robotic ex-
plorers.

Mitigating future risks to long-duration space 
flight requires knowledge of two elements for 
operational planning: the anticipated back-
ground environment and the worst-case tran-
sient event environment.  The primary goal 
of space environment characterization is to 
establish the range of variability both for sys-
tem design purposes as well as to develop 
and refine comprehensive models for predic-
tive capabilities.  This characterization must be 
conducted over a sufficiently long time frame.  
We also need to be able to nowcast the space 
environment in real time, so astronaut explor-
ers can react to current conditions.

Energetic particles from the Sun generally 
propagate along the spiral magnetic field em-
bedded in the solar wind.  However, CMEs 
routinely disrupt the field lines and solar wind 
flow.  Further complicating our understand-
ing of this relatively straightforward view are 
recent observations of significantly elevated 
proton levels without any activity observed on 
the Earth-facing side of Sun.  Activity on the far 
side of Sun can have effects throughout the in-
ner heliosphere.  Future spacecraft in transit to 
Mars will undergo a 6-9 month cruise phases 
far from either Earth or Mars, requiring the sup-
port, characterization and forecasting capabili-
ty from their own, remote location, independent 
of Earth-local forecasting.  Measurements from 
a wide range of longitudes will be required to 
accurately characterize, and ultimately predict 
the conditions throughout this region of the in-
ner solar system.

Understanding the near-Sun source region 
of the space environment is ultimately required 
to provide the boundary conditions to enable 
accurate predictive modeling.  This region pro-
duces solar energetic particles with energies 
as high as 1 GeV/nucleon.  Beyond ≈15 Rs 
from the Sun, the solar wind speed is higher 
than any of the embedded wave speeds, so 
it is not possible to extrapolate back from in 

situ measurements made outside this region 
to determine the physical mechanisms at work 
there. A near-Sun mission is the only way to 
provide the direct observations necessary to 
understand the physics of this critical region.

The continuous galactic cosmic ray back-
ground radiation is modulated by the helio-
sphere.  Progress in understanding the mod-
ulation requires measurements far from the 
ecliptic plane and from the inner and outer 
reaches of the heliosphere.

Because the near-Earth geospace region 
is the launch and staging point for outbound 
missions, the landing point for return missions, 
and the site of much of our space-based com-
munications and logistical infrastructure, char-
acterizing the variability of extremes of the 
hazardous radiation environment within the 
Earth’s magnetosphere is critically important 
for safeguarding exploration activities.  For ex-
ample, we are currently unable to distinguish 
among a growing number of theories relating 
to the function and evolution of new radiation 
belts, how energetic and hazardous they can 
become, or the relative importance of several 
particle acceleration and loss mechanisms. 
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Research Focus Area J.2:  Develop 
the capability to predict the origin 
and onset of solar activity and 
disturbances associated with 
potentially hazardous space 
weather events. 

The energetic particles in impulsive solar 
particle events produced near the Sun by flares 
or by CMEs in the low corona have 1 AU transit 
times of minutes to hours, whereas the gradual 
events associated with interplanetary CME 
shocks arrive hours or days later.  Coronagraph 
observations of a CME leaving the Sun may 
give 1-2 days warning of the gradual events.  To 
give warning of the near-relativistic impulsive 
events or to increase the warning time of CMEs 
and gradual events will require the capability to 
forecast the origin and onset of solar activity 
and disturbances from observations of the Sun 
itself.  Successful forecasting of space weather  
depends on knowledge of solar disturbances 
as well as the global corona and solar wind 
through which they propagate.  This RFA 
focuses on the onset of solar activity; the next 
RFA focuses on the propagation of the solar 
disturbances.

We already have some empirical 
understanding of the regions that generate 
solar activity: large, complex active regions 
are likely to produce flares and CMEs.  Both 
CMEs and flares are driven by magnetic energy 
release, but neither the stabilizing mechanism 
allowing energy to accumulate, nor the release 
processes are understood well enough to 
predict eruption reliably.  At present, the best 

indicators of oncoming geoeffective coronal 
disturbances are morphological.  New physical 
diagnostic measurements in the photosphere, 
sub-photosphere, and solar atmosphere may 
hold the key to more reliable prediction.  We 
need to develop the ability to predict the 
evolution of active regions and CME-producing 
regions from observations of the solar and 
corona magnetic fields.  We need to understand 
how changes in the magnetic configurations 
lead to flares and CMEs.

Another critical need for exploration will be the 
capability of predicting “all clear” periods when 
extravehicular activities (EVAs) can be safely 
accomplished.  This will require spacecraft 
observations of the entire solar surface, both 
to follow the evolution of active regions that 
are otherwise hidden on the back side of Sun 
and to observe complex active regions that 
may be magnetically connected to human or 
robotic explorers far from the Earth-Sun line.  
On a longer time scale, we need to develop 
the ability to predict when and where active 
regions will arise.  This will require development 
of helioseismology techniques and also 
observation of the Sun from multiple view 
points.  Research focus areas from Objective 
F provide the foundation for understanding the 
fundamental processes related to long term 
variations in solar activity.

In order to develop the methodology and tools 
required during the first human exploration 
operations on the Moon, currently scheduled 
near the solar maximum of 2020, these 
investigations need to begin at or just after the 
time of the next solar maximum (2011-2015).

One of the most diffi cult problems in space 
weather is the prediction of Solar Energetic Par-
ticles. These relatively rare events travel from the 
Sun to Earth in about an hour, giving astronauts 
and spacecraft operators little time to prepare. New 
theoretical models are providing information about 
the precise source region of the energetic particles. 
Instead of blasting outward from the fl are itself, 
many of these particles may arise in a thin electri-
fi ed sheet of gas that stretches from the fl are site to 
the base of the coronal mass ejection. This current 
sheet acts much as an particle accelerator, pushing 
atomic particles to almost the speed of light.
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Research Focus Area J.3: Develop 
the capability to predict the propa-
gation and evolution of solar dis-
turbances to enable safe travel for 
human and robotic explorers.

Predicting the heliospheric radiation environ-
ment requires an understanding of how solar 
energetic particles (SEPs) are produced, how 
solar disturbances evolve as they propagate 
outward, and how solar disturbances modu-
late galactic cosmic rays (GCRs).  The investi-
gations described below, along with the funda-
mental physical understanding provided by the 
Objective F investigations, are the necessary 
steps required for transitioning to predictive 
understanding.

Solar energetic particles can be grouped into 
two classes:  impulsive events and gradual 
events.  Impulsive events are associated with 
fl ares or current sheets in CME’s.  Gradual 
events are associated with CME shocks and 
some are produced farther out in the helio-
sphere by corotating interaction regions (CIRs).  
Gradual events produce greater risks to ex-
plorers because they extend tens of degrees 
in latitude and longitude and can last for days 
as a disturbance propagates through the in-
terplanetary medium.  We must characterize 
the coronal and interplanetary SEP source re-
gions and the properties of the resulting SEPs 
in order to understand the important factors 
that determine their composition, fl ux, energy 
spectrum, and duration.  In situ measurements 
within 0.3 AU are needed in order to charac-
terize the particles before they are scattered in 
the interplanetary medium.

The evolution of solar disturbances depends 
on the pre-existing state of the solar wind and 

the background magnetic fi elds through which 
they propagate.  Knowledge of the bulk proper-
ties of the solar wind is important for determin-
ing the strengths of shocks involved in ener-
getic particle acceleration.  On smaller spatial 
scales, wave turbulence processes play a role 
in particle heating and acceleration.  Remote 
sensing measurements, both spectroscopic 
and imaging, can tell us much about the re-
gion nearest the Sun.  However the regions 
of the outer corona that provide the interface 
between the inner corona and the heliosphere 
(solar wind) are best studied with direct in situ 
measurements.  In situ measurements taken 
more than about 0.1 AU from the Sun cannot 
be extrapolated back to determine the physical 
mechanisms at work in the coronal source re-
gions.Understanding the physics of these criti-
cal regions is necessary to predict the radiation 
environment throughout the solar system.

Galactic cosmic rays (GCRs) and other ener-
getic particles are affected by disturbances in 
the heliosphere.  The outer heliosphere shields 
us from much of the nearly continuous GCR 
fl ux, as much as 90% at 100 MeV/nucleon.  
The remaining fl ux is modulated by variations in 
heliospheric structure over the solar cycle and 
by sporadic events such as coronal mass ejec-
tions (CMEs).   Near Earth substantial variabil-
ity (factors of up to 10 over the solar cycle) is 
observed in the differential fl uxes of GCRs with 
energies below several hundred MeV/nucleon.  
The modulation is not completely understood.  
Global measurements of the heliospheric struc-
ture with concurrent measurements of in situ 
energetic particle fl uxes are needed.  In partic-
ular, missions that travel outside of the ecliptic 
plane and to the inner and outer reaches of the 
heliosphere provide essential boundary condi-
tions necessary to constrain models.

Martian Sunset
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T H E  S U N  -  S O L A R  S Y S T E M  C O N N E C T I O N

Research Focus Area J.4: Under-
stand and characterize the space 
weather effects on and within 
planetary environments to mini-
mize risk in exploration activities. 

Human and robotic exploration of our solar 
system will necessarily be infl uenced by the 
planetary environments encountered.  Both the 
plasma and neutral atmospheres of the plan-
ets, including Earth and Mars, impact explora-
tion activities.  Surface-to-orbit and surface-to-
surface communications are sensitive to space 
plasma variability.  Spacecraft control in low 
orbits and aerobraking parking orbits depend 
on the upper atmospheric density.  Asset stag-
ing and operations, as well as astronaut health 
and safety, are impacted by planetary radiation 
environments.  The radiation environment at 
the Moon varies as it traverses in and out of 
the Earth’s magnetosphere.  The plasma and 
ultraviolet radiation environment at the Moon’s 
surface contributes to known problems with  
lunar dust.

Planetary environmental conditions develop 
through the interaction of the solar wind with 
the planetary magnetic fi elds and plasmas as 
well as through the interaction of solar pho-
tons with plasma and neutral populations and 
with the atmosphere below.  To understand the 
planetary conditions essential for exploration, 
scientifi c investigations target the “near-plan-
et” environments of the Earth and other plane-
tary systems.  Because initial staging activities 
and transit of human and robotic explorers will 
occur in geospace, including at the Moon, un-
derstanding of this environment is particularly 
important (Investigation J.4.1).  Furthermore, 
near-Earth characterization and understanding 
provides an essential baseline for modeling the 
impact of space weather in other planetary en-
vironments.  As exploration proceeds at other 
planets, our understanding of the near-Earth 
environment will guide the development of fol-
low-on planetary missions.  In addition, com-
parison with other planetary environments will 
inform our understanding of our home planet.  
Understanding and characterizing the effects 
of near planet interactions and environments 
is essential to maximize the safety, productiv-

ity, and risk mitigation of hazardous conditions 
for exploration activities.  A human mission to 
Mars will require some combination of both or-
biting and landing crews.  Improved knowledge 
of the Mars atmosphere for aerocapture, en-
try, descent, and landing (Investigation  J.4.2), 
improved knowledge of densities in the aero-
braking regime (90 - 170 km), and in a possible 
low-altitude (200-300 km) station orbit are all 
required for safe operation of spacecraft.

Reliable communications and navigation be-
tween orbiting and surface crews, and with 
Earth, are essential, requiring improved under-
standing of the Martian ionosphere (Investiga-
tion J.4.3).  Neutral density variability at aero-
braking altitudes is predominantly controlled 
by dynamical infl uences from below and can 
be addressed by extending the same basic 
connections and measurements to higher al-
titudes.  

Orbiting crews may be affected by various 
space weather effects involving interaction be-
tween the solar wind and the partially-magne-
tized ionosphere and exosphere of Mars.  For 
example, energetic particle events are of con-
cern for astronaut safety, and the variability of 
radiation dosage when at the surface is poorly 
constrained (Investigation J.4.4).

The lunar surface that is encountered by the 
human and robotic explorers contains fi ne dust 
grains.  Due to the lack of any appreciable at-
mosphere, the grains are exposed to a plasma 
and solar ultraviolet radiation environment. 
This creates a known problem of dust grain ad-
hesion on astronaut suits and instrumentation 
that is not fully understood or resolved (Inves-
tigation J.4.5).
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The atmospheric density encountered by the MGS mission during its aerobraking phase. The density 
varied by an order of magnitude relative to the predictions, illustrating why current atmospheric prediction 
science makes for a very tricky science of aerobraking and aerocapture. MGS required far more thruster 
operation than anticipated, as a result of this uncertainty in atmospheric drag, and may have suffered 
minor damage to appendages. Human landings on Mars will require signifi cantly better knowledge of its 
atmospheric structure and dynamics to minimize fuel consumption while assuring safety. 

S A F E G UA R D  T H E  J O U R N EY  O F  E X P LO R AT I O N  




