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iv The Sun - Solar System Connection

Notes on Draft 1 of the SSSC Foundation 
Roadmap Report  –  Feb 24, 2005
Note - A few sections have been updated 
since Feb 24.

This draft provides a skeleton outline of the 
Foundation Roadmap with some sections fleshed 
out a little more thoroughly than others.

The FRM team has taken a top-down approach to 
the development of the SSSC objectives, deriving 
them from the statement of the NASA Objective for 
the Sun Solar-System Connection provided by the 
agency.

Significant effort has gone into the expression of 
the three SSSC Science and Exploration Objectives 
and the statements of the supporting Research 
Focus Areas.   Smaller teams have developed these 
and written the text presented in the draft.  These 
supporting texts identify areas that are recognized to 
be incomplete (e.g. many of the investigations).  They 
have not been  reviewed by the entire team.   Detailed 
comments and suggestions are most welcome.   

As one might expect from a top-down approach 
there is overlap at the lowest level – investigations 
for different objectives often require the same 
observations in the end.  These overlaps have not yet 
been addressed, but will figure in to the discussion of 
priority that has yet to take place.

In addition the team has identified the set of topics 
that will be addressed in the Foundation Roadmap.  
These range from context statements (such as our 
understanding of the evolving views of the Vision for 
Space Exploration), to some preliminary thoughts 
on program implementation (e.g. the exploitation 
and transformation of the SSSC Great Observatory), 
to discussion of critical program elements (e.g. the 
program for Low Cost Access to Space), and finally 
examples of accomplishment to support other 
sections of the document (for example the solar 
system-wide observations of the Halloween Storms 
in 2003).

These sections are in less polished form and so 
comments are welcome at any level.  Particularly 
helpful are suggestions for areas that have been 
missed or are incomplete in scope.  The sections 

on strategy and implementation are in particularly 
preliminary form and should be regarded as 
placeholders.

The FRM HAS NOT yet discussed implementation 
or strategy at any length.  Nor have  priorities been 
developed based on the objectives, research focus 
areas, and investigations.  

We have commissioned a dozen definition studies 
and have a very large number of mission concepts 
to consider.  The team expects to address this at 
our March meeting.   As in the past, quad charts 
documenting possible missions will be part of the 
FRM Report.

Subject to the understanding that NASA HQ will 
need to react on a timely basis to shifting conditions, 
we also invite comments on specific implementation 
tactics (e.g. PI leadership, competitive selection of 
strategic mission content, or the trade-offs between 
size, scope, and schedule of STP missions).

The FRM report is intended to provide the material 
that will eventually become the formal Strategic RM as 
well as other material.  The goal for the comprehensive 
Roadmap produced by the FRM team is to provide 
text that can be simply extracted for use in the SRM 
document.
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Sun-Solar System Connections - NASA 
Strategic Objective 15:  Explore the Sun-Earth 
system to understand the Sun and its effects on Earth, the 
solar system, and the space environmental conditions that 
will be experienced by human explorers, and demonstrate 
technologies that can improve future operational 
systems.

SSSC Science & Exploration Objective F
Opening 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.

F.1 Understand magnetic reconnection to reveal 
the causes of solar flares, coronal mass ejections, 
and geospace storms.

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

F.3 Understand How Nonlinear Interactions Transfer 
Energy and Momentum Within Planetary Upper 
Atmospheres.

F.4 Determine how solar and planetary magnetic 
dynamos are created and why they vary.

F.5 Understand the role of cross-scale coupling in 
creating plasma boundaries and the  significance of 
boundaries in controlling physical processes

SSSC Science & Exploration Objective H
Understanding the Nature of Our Home in 

Space
Understand how society, technological systems, 

and the habitability of planets are affected by the 
variable space environment.

H.1 Understand the causes and subsequent 
evolution of solar activity that affects Earth’s space 
climate and environment

H.2 Determine changes in the Earth’s 
magnetosphere, ionosphere, and upper atmosphere 
to enable specification, prediction, and mitigation of 
their effects

H.3 Understanding the role of the Sun as an energy 
source to the Earth’s atmosphere, and in particular 
the role of solar variability in driving change. 

H.4 Apply our understanding of space plasma 
physics to the role of stellar activity and magnetic 
shielding in planetary system evolution and 
habitability

SSSC Science & Exploration Objective J

Safeguarding Our Outbound Journey
Maximize the productivity and safety of human and 

robotic explorers by developing predictive capability 
for the extreme and dynamic conditions in space.

J.1 Characterize the variability, extremes, and 
boundary conditions of the space environments that 
will be encountered by human and robotic explorers.

J.2 Develop the capability to predict the origin and 
onset of solar activity and disturbances associated 
with potentially hazardous space weather events..

J.3 Develop the capability to predict the propagation 
and evolution of solar disturbances (including shocks, 
and the acceleration and transport of energetic 
particles from solar, interplanetary, and galactic 
sources) to enable safe travel for human and robotic 
explorers.

J.4 Understand and characterize the space weather 
effects on and within planetary environments to 
minimize risk in exploration activities.
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Composite image of our Sun in three wavelengths.  Blue-green are the coolest ____ wavelengths and show ____, Red is 
somewhat hotter and shows ___________ and yellow-white is the hottest part of the solar corona and _________________
___

NASA’S VISION
 To improve life here,
 To extend life to there,
 To find life beyond.

NASA’S MISSION
 To understand and protect our home planet,
 To explore the universe and search for life,
 To inspire the next generation of explorers
 ... As only NASA can.

NASA’S VALUES
 Safety, the NASA Family, Excellent, and Integrity
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NASA STRATEGIC OBJECTIVE #15
Explore the Sun-Earth system to understand the Sun and its effects on Earth, the 
solar system, and the space environmental conditions that will be experienced by 
human explorers, and demonstrate technologies that can improve future operational 
systems.

INTRODUCTION   -
QUOTE

Earth’s neighborhood and distant planetary systems, 
we will develop the quantitative knowledge needed 
to help assure the safety of the next generation of 
human and robotic explorers.  Focused research ad-
dressing specific space environmental hazards will 
help guide the design and operation of safe and pro-
ductive missions of exploration and discovery.   

Space weather and solar variability affect critical 
technologies used on Earth as well, for example 
communications, navigation, remote sensing, and 
power distribution.   Increasing reliance on vulner-
able global systems demands active management 
to respond to variations in the space environment.   
Even small changes in the total energy output of the 
Sun over extended periods can affect the world’s cli-
mate.

Predictive capability requires a deeper understand-
ing of the fundamental physical process that under-
lie the exotic phenomena of space.  This scientific 
exploration will target the highly coupled system that 
stretches from the Sun’s deep interior to disparate 
planetary neighborhoods and the vast expanses of 
interplanetary space.

Previous strategic road maps for understanding 
the Sun – Earth connection have motivated by basic 
questions:   Why does the Sun vary?  How do the 
Earth and planets respond?  What are the implica-
tions for humanity?    More recently the focus was on  
the understanding of the Sun, heliosphere, and plan-
etary environments as a single connected system:  
Explore the fundamental physical process of space 
plasma systems.  Understand the changing flow of 
energy and matter throughout the Sun, heliosphere 
and planetary environments.  Define the origins and 
societal impacts of variability in the Sun-Earth con-
nection.   

In this Road map for the Sun – Solar System Con-
nection we take a new approach.   We derive our 
strategic priorities from a stated U.S. national objec-
tive for NASA: “Explore the Sun-Earth system to un-
derstand the Sun and its effects on Earth, the solar 

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

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

The biological effects of the ordinary energetic par-
ticle radiation environment outside of low-Earth orbit 
remain largely unknown.   Astronauts aboard the ISS 
accumulate significant radiation exposure and ener-
getic particle events significantly impact space sta-
tion operations.   Safe and productive travel outside 
Earth’s protective magnetic cocoon, whether to the 
Moon or Mars, will require new predictive capability 
for solar particle events.  Even well-designed hard-
ware is damaged or degraded by extreme condi-
tions in space.

Building on NASA’s rich history of exploration of 
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system, and the space environmental conditions that 
will be experienced by human explorers, and dem-
onstrate technologies that can improve future opera-
tional systems.”  

New knowledge of this system enables safe and 
productive exploration.  Exploration enables new 
scientific understanding.  The knowledge has utility 
for society.  Our high priority science and explora-
tion objectives address each of these needs.  It is 
vital, compelling and urgent.  We identify three sci-
ence and exploration objectives.  We will gain the 
knowledge needed to

œ Open the frontier to space environment predic-
tion

Understand the fundamental physical processes 
of the space environment – from the Sun to Earth, 
to other planets, and beyond to the interstellar me-
dium.

œ Understand the nature of of home in space
Understand how society, technological systems, 

and the habitability of planets are affected by the 
variable space environment.

œ Safeguard our outbound journey
Maximize the productivity and safety of human and 

robotic explorers by developing predictive capability 
for the extreme and dynamic conditions in space.

We are already transforming human understand-
ing of this fascinating global system of systems, so 
closely connected that the same explosive event 
on the Sun can produce effects that span the entire 
solar system: spectacular coronal mass ejections, 
power outages on the Earth, degradation of solar 
panels on interplanetary spacecraft, fatal damage 
to instrumentation in Mars orbit, auroral displays on 
Saturn, and, months later, radio disturbances at the 
interface with the interstellar medium.  By expanding 
and deepening that understanding, we will not only 
develop a predictive capability to address hazards to 
space travelers and to important technological as-
sets closer to home, but we will learn how the funda-
mental space processes may interplay to affect the 
habitability of other distant environments, beyond 
our own solar system.

This endeavor requires a new science that syn-
thesizes and transcends the traditional disciplines 
of Sun-Solar System Connection inquiry.   A host of 
interconnected physical processes, most tied to so-

lar variability, affect the habitability of space locales.  
Cosmic rays from interstellar space, dangerous high 
energy solar photons, damaging particles acceler-
ated by shocks in the corona and solar wind, intense 
radiation trapped in planetary magnetic fields, and 
the many other menacing phenomena that impact 
the space environment cannot be understood in iso-
lation.  

Many of these phenomena are quite unfamiliar 
because they cannot be sensed directly.  A strong 
solar flare that ionizes much of the sunlit upper at-
mosphere is insensible, except to those who depend 
on radio propagation or are sensitive to ionospheric 
scintillation for navigation.  

Furthermore, most of the space regime is dominat-
ed not by the familiar forces of gravity and pressure, 
but by magnetism and electricity or a combination 
of them all.   Measuring, characterizing, and under-
standing these processes cannot generally be done 
with images and common intuition.   Localized mea-
surements cannot be easily interpreted to generate a 
global picture.   Conversely, the global picture does 
not provide insight into the physical determinants of 
the system.  For example, the magnetic reconnection 
that regulates much of the interaction between the 
solar wind and the Earth’s magnetosphere cannot be 
observed directly and it takes place in a rapidly mov-
ing location several Earth radii above the planet on a 
spatial scale of a few kilometers and temporal scale 
of milliseconds.

The new science that addresses these important 
issues is a new science; it spans several tradition-
al disciplines; and it is a science that as yet has no 
name.

Answering a specific science and exploration ques-
tion often requires a narrowly focused mission to a 
particular location with a unique instrument.  For ex-
ample, measuring flows in the solar interior requires 
a continuous series of velocity measurements at mil-
lions of locations on the solar disk, like those to be 
provided by the Solar Dynamics Observatory.

However, Sun – Solar System Connection science 
increasingly depends on combining multi-point in 
situ measurements with remote imaging.   Only by 
combining these techniques in a great observatory 
can the complete physical system be adequately 
understood.  Currently the SSSC Great Observato-
ry includes satellites that travel in Earth orbit, hover 
near L1 – a million miles upstream in the solar wind, 



circle over the Sun’s poles, and are encountering the 
first boundary between the interstellar medium and 
the Sun’s domain, the heliosphere.   As each set of 
scientific questions are answered, the observatory 
evolves with the addition of new spacecraft.  Soon 
the two STEREO spacecraft will drift away from Earth 
to provide the first stereoscopic views of the Sun and 
another cluster of the four MMS spacecraft will fly 
in tight formation to explore the multiple scales of 
reconnection and particle acceleration in the magne-
tosphere of the Earth.  
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A Definition of Exploration

 Something hidden. Go and find it. Go and look
 behind the Ranges---

Rudyard Kipling (1865-1936), “The Explorers” (1903)

 Exploration and Fundamental Science

On January 14,2004, NASA received specific in-
structions from President George W. Bush to under-
take a space exploration program with a clear set of 
goals, including implementation of “a sustained and 
affordable human and robotic program to explore the 
solar system and beyond.”1

1A Renewed Spirit of Discovery, the President’s Vision for U.S. 
Space Exploration, The White House, January 2004.

The response of the NASA Science Mission Direc-
torate to this challenge was:

Sun-Solar System Connections - NASA Strategic 
Objective 15:  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 human explorers, and dem-
onstrate technologies that can improve future opera-
tional systems.

Objective 15 introduces a greatly heightened em-
phasis on human exploration beyond the confines of 
the Earth-Moon system….and in particular, outward 
to Mars.  How is the SSSC community to respond, 
when its traditional culture has been the scientific in-
vestigation of processes fundamental to space phys-
ics?  Advice came recently from the Space Studies 
Board of the National Academy of Sciences who of-
fered five guiding principles, the first of which was:

“Exploration is a key step in the search for funda-
mental and systematic understanding of the universe 
around us. Exploration done properly is a form of sci-
ence.”2

2“Science in NASA’s Vision for Space Exploration”,  Committee 
on the Scientific Context for Space Exploration, Space Stud-
ies Board, National Research Council, The National Academies 
Press, February, 2005.

The answer for the SSSC community becomes 
clear when we realize that the converse of the guid-
ing principle also holds: Exploration cannot be done 
properly without science.

Exploration is also the necessary precursor to suc-
cessful colonization and settlement.  That necessity 
has been the motivation for mankind’s greatest ven-
tures into the unknown. Application of the scientific 
method is the only reliable way to reap the maximum 
harvest of the fruits of the exploration.

Exploration must be well-planned; history is rife 
with narratives of expeditions that ended fruitlessly 
or, even worse, tragically.  In reality, “properly” implies 
“safely, efficiently, and economically”.  Whether the 
exploration is undertaken by manned or robotic mis-
sions, the survival of the missions must be ensured in 
an orderly fashion and at reasonable cost.  Scientific 
knowledge is our only safe guide when entering un-
explored regions, and application of sound scientific 
methodology is the only reliable way to guarantee the 
maximum fruits of the exploration. 

For example, one of the pragmatic problems facing 
the successful implementation of the Vision Initiative 
is the present factor of 5 uncertainty either way of the 
biological effects of radiation in space---this means 
unacceptable design range of factor of 25.  The reso-
lution of this dilemma lies partly in prediction.  If the 
astronauts (or equipment) can be “sheltered” from 
the worst-case radiation when given a reliable warn-
ing, the design problem may be tractable.  Prediction 
is the ultimate validation of good fundamental sci-
ence, and that is the standard that the community 
has set itself.

Another pragmatic problem is the design of the 
critical entry of a Crew Exploration Vehicle into the 
Martian atmosphere---which is 10% the thickness 
of the Earth’s atmosphere, with corresponding dy-
namical complexities that threaten the aero-braking 
phase of the mission.  The solution to the problem 
is to be found in a thorough understanding of those 
dynamics gained from scientific analysis theoretical 
models based extensive data-gathering efforts in the 
terrestrial and Martian atmosphere.

The scientists who can enable safe missions are 
the same ones who are studying fundamental pro-
cesses on the Sun, the planets, and the heliosphere 
from its inner boundary to the outer boundary with 
the interstellar medium.  These scientists are even 
now answering, and will continue to answer,  the 
mission-critical questions because of the knowledge 
that they have gained and will continue to gain.  They 
will also be there to reap the harvest of the scientific 
data gathered in preparing for and carrying out the 
Exploration Initiative.
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The SSSC community is already providing scien-
tific measurements and models that are essential to 
the implementation of the Vision of manned and ro-
botic Exploration of the Moon and Mars.  These pa-
rameterizations of the space environment are inputs 
required for the eventual solutions of the challenging 
engineering problems that must be solved for suc-
cessful and economical Exploration.

At the same time, past and current SSSC missions 
are producing a steady stream of transformational 
science that is rewriting the textbooks of past de-
cades.  Think of Voyager-1 and its encounter with the 
puzzling outer boundary of the solar wind, featured by 
all the world’s leading newspapers and magazines.  
Think of the scientifically and aesthetically beautiful 
images revealing the intricacies of solar magnetic 
fields captured in SOHO images or auroral images of 
the Earth, Jupiter, and Saturn.

However, these same exploration missions were 
also the ones that gathered the parameters being 
applied to the preparations for Vision Exploration, 
the critical parameters that were ready for applica-
tion because they were digested and validated by the 
rigorous procedures of basic scientific research. 

Nonetheless, this is just the beginning of the con-
struction of the data base and knowledge repository 
that will be required to bring the Exploration Vision 
to a grand climax of technical and scientific achieve-
ment.   The SSSC community knows how to respond 
to this call to action.  It perceives the necessities of 
filling in the gaps in our knowledge of the space en-
vironment,  It also realizes that the increased under-
standing must develop organically from a broad base 
of basic scientific research of fundamental physical 
processes.

What is becoming clear is that the pragmatic chal-
lenges of Vision Exploration will dictate re-focused 
and intensified scientific exploration.  That new sci-
ence will bring forth exciting discoveries, but only if it 
has the same broad scientific base that has nurtured 
the SSSC community to its current maturity.  Why?  
Because space science is replete with pivotal dis-
coveries that came from unexpected quarters, from 
areas of sound but seemingly tangential research.  
We would not be understanding the details of the 
acceleration of solar energetic particles revealed by 
RHESSI if space scientists in the 1970’s (Reuven Ra-
maty among them) had not worked out the details of 
gamma-ray line emission in the solar atmosphere (a 
subject that struck many as esoteric in those days).

This SSSC Foundation Roadmap is different 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 a continuity with past strategic planning.  
Missions advocated by previous studies are carried 
forward, while new missions are put forward that will 
produce the science required for the success of 
the Vision for the moon (2020) and Mars (2035).  
Each of these new missions is soundly conceived 
in fundamental science objectives while being ef-
ficiently designed to do the science that will sup-
port the Vision Exploration.  Good science cannot 
help but produce exciting discoveries while pro-
ducing the results it has promised to obtain.

Segue to:

SSSC Science & Exploration Objective F
Opening the Frontier to Space Environment Predic-
tion
Understand the fundamental physical processes of 
the space environment – from the Sun to Earth, to 
other planets, and beyond to the interstellar medi-
um.

SSSC Science & Exploration Objective J
Safeguarding Our Outbound Journey
Maximize the productivity and safety of human and 
robotic explorers by developing predictive capability 
for the extreme and dynamic conditions in space.

SSSC Science & Exploration Objective H
Understanding the Nature of Our Home in Space
Understand how society, technological systems, and 
the habitability of planets are affected by the variable 
space environment.
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Section 1: SSSC Science & Exploration Objectives

Fill all these squares with 
pictures representing the 
SCIENCE program ...
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Add more images of fine-
scale structure ...
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Opening the frontier to space 
environment prediction

We will understand the fundamental physical processes important in space 
-- from the Sun to Earth, to other planets, and beyond to the instellar 
medium.

The sun, our solar system and the universe consist 
primarily of plasma, which results in a rich, complex 
and interacting set of key fundamental physical pro-
cesses, including intricate exchanges with the neutral 
gas in planetary atmospheres. To predict the behav-
ior of the complex systems that control the environ-
ments we will encounter on our return to the moon 
and journeys to Mars necessitates the development 
of a complete understanding of these processes. 
These key processes occur in many locations often 
with very different ranges of parameters and bound-
ary conditions. As a result, both in situ and remote 
sensing observations are obtained, which often pro-
vides a three dimensional large-scale perspective, 
as well as a detailed small-scale microphysics view. 
Our ability to quantitatively examine the same pro-
cess in different regimes with a range of diagnostics 
both tests our developing knowledge and enhances 
our understanding. All five research focus areas that 
comprise this objective share the universal themes 
of energy conversion and transfer, cross-scale cou-
pling, turbulence and nonlinear physics – themes 
which are fundamental to the understanding of space 
and planetary systems. With our increasingly sophis-
ticated understanding of these fundamental phys-
ics process, we will reach the frontier of developing 
the ability to develop predictive models. Objective F 
is, therefore, designed to provide the fundamental 
physics underpinnings that will enable the predictive 
capabilities to be developed as part of Objectives J 
and H.

The research focus areas that are included in Ob-
jective F have been selected because they are criti-

Objective F

cal steps to providing the detailed knowledge base 
required to enable the safe and productive explora-
tion via development of accurate forecasting of the 
space environment. These areas are magnetic re-
connection, particle acceleration and transport, the 
nonlinear physics of energy and momentum trans-
port and coupling in atmospheres, generation and 
variability of magnetic fields and cross-scale cou-
pling in boundaries and large structures. 

The fundamental importance of magnetic recon-
nection, the rapid conversion of magnetic energy to 
particle energy, in solar flares, CMEs and geospace 
storms is well recognized. This explosive release 
of enormous amounts of energy can have poten-
tially devastating consequences for space assets 
and voyaging humans, as well as serious effects on 

Priority Research Focus Areas

F.1 Understand magnetic reconnection as 
revealed in solar flares, coronal mass 
ejections, and geospace storms.

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

F.3 Understand How Nonlinear Interactions 
Transfer Energy and Momentum Within 
Planetary Upper Atmospheres.

F.4 Determine how solar and planetary magnetic 
dynamos are created and why they vary.

F.5 Understand the role of cross-scale coupling 
in creating plasma boundaries and the  
significance of boundaries in controlling 
physical processes

Opening the Frontier of Space Environment Protection
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The existence of the magnetic fields of the Sun and 
planets is a critical element of the Sun-Solar System 
connection and is the focus of RFA F.4.  The process 
which creates these magnetic fields – the dynamo 
problem – remains one of the outstanding problems 
in theoretical physics. How dynamos operate in such 
widely different conditions from stellar interiors to 
planetary cores is very poorly understood. Because 
the solar magnetic field controls the structure of the 
heliosphere and, thus, the entry of galactic cosmic 
rays into the solar system, it is imperative that we un-
derstand the origin and variability of the solar mag-
netic field. This is intimately linked to understanding 
the dynamo problem. The dynamo in the Earth’s in-
terior sustains the geomagnetic field, which provides 
the shield that enables life to flourish in the otherwise 
deadly radiation environment of the solar system. It 
is well known that the geomagnetic field varies in 
strength and has reversed multiple times in the his-
tory of our planet, which weakens this critical shield 
during this change.  Solving the dynamo problem will 
provide the key understanding to allow us to better 
predict and anticipate changes in the magnetic fields 
at both the Sun and the Earth.

Our solar system and, in fact, the universe are 
made up of large regions of space with relatively uni-
form properties separated by very narrow boundar-
ies. It is at these boundaries that much of the most 
interesting and important physical processes oc-
cur. The structure of the large spatial regions and 
their boundaries is also critical to understanding the 
modulation and control of fundamental processes 
including reconnection and particle acceleration and 
transport. An example is the modulation of galactic 
cosmic rays by the heliopause. RFA F.5 will develop 
an understanding of the significance of cross-scale 
coupling in these boundaries, as well as the role of 
boundary structures. 

worldwide communications. Magnetic reconnection 
is the focus of RFA F.1. Although we have developed 
an initial picture of where reconnection occurs and 
the observable results, the detailed physical mecha-
nisms, in particular the microphysics and the role of 
large-scale topology, is not understood. The inves-
tigations will deliver the fundamental understanding 
of this universal process in the very different regimes 
where it occurs.

One of the primary results of magnetic reconnec-
tion is the acceleration of particles to high energies. 
Within the solar system many other mechanisms, in-
cluding small-scale waves, shocks and quasi-static 
electric fields, energize particles. Because it is the 
energetic particles in the space environment that 
have the most direct impact on humans and robotic 
explorers, a detailed understanding of each of the 
acceleration processes, the regions in which they 
operate and the boundary conditions that control 
them is crucial to the exploration of space. Providing 
this understanding is one goal of RFA F.2. In addi-
tion, the origin and acceleration of the solar wind is 
a mystery. Although the bulk of solar wind particles 
are not energetic enough to damage spacecraft sys-
tems, much of the interaction between the sun and 
planets is mediated by the solar wind. It is, therefore, 
an essential component of the Sun-Earth system 
and the problem of solar wind acceleration must be 
solved and is included in RFA F.2.

RFA F.3 is designed to explore the fundamental 
nonlinear physics of energy and momentum coupling 
in planetary atmospheres.  The upper atmospheres 
of planets are dramatically affected by energy in-
puts, including solar radiation, energetic particles 
from the aurora and ring/current radiation belts, and 
winds and other inputs from the lower atmosphere. 
This RFA is designed to provide a comprehensive 
understanding of the nonlinear processes and inter-
related roles of these energy inputs. This is needed 
to enable the quantitative predictions of atmospheric 
structure that is essential for operations of satellites 
in the Martian atmosphere and mitigation of the ef-
fects of global change, as well as habitability of plan-
ets. The investigations focus on transfer of energy 
and momentum via gravity waves, energetic particle 
effects on atmospheric chemistry, and coupling be-
tween different plasma regimes. Additional funda-
mental processes include cross-scale coupling and 
development of nonlinear waves.
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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, which has long been rec-
ognized as an important process in a variety of space 
plasmas ranging from the very low density magneto-
tail of the Earth to solar flares as well as in the labora-
tory plasmas of fusion machines. Solar flares, coronal 
mass ejections and geospace storms are all initiated 
and energized by reconnection -- often with poten-
tially devastating effects to space systems. Although 
satellite measurements, laboratory experiments and 
simulations have provided good evidence for conse-
quences of this process as well as a strong indication 
where the process is initiated, the detailed physical 
processes are not well-understood. The explosive 
conversion of magnetic energy originates in a volume 
of space known as the diffusion region, which is very 
small in comparison to the large scales in space.  For 
example, the initiation of magnetic reconnection on 
the Earth’s magnetopause (the boundary separating 
solar wind magnetic fields from the Earth’s magnetic 
field) occurs in a region with an area of the order of 
hundreds of square kilometers on a surface that has 
a total area of approximately 60 billion square kilo-
meters.  Because this tiny initiation region exists on 
such a large surface, the physical processes that ini-
tiate and control reconnection are still poorly under-
stood because it single spacecraft are often not in 
the right position to make the needed measurements. 
Reconnection is, therefore, a process in which cross-
scale coupling is of paramount importance. It is also 
a process that accelerates particles to very high en-
ergies and, because it changes the magnetic field to-

Show some reconnection sequence ... either at magnetopause, magnetotail, or on the sun ... make the “why this is important” point 
... transfer of energy, mass ? site of explosive release?

pology, it can dramatically alter the regions of space 
that are accessible to those particles. Reconnection 
can also sever large ‘clouds’ of hot plasma from the 
magnetic fields that anchored them. Fortunately, we 
have reconnection occurring in near-Earth space so 
that we have the possibility to make direct, in-situ 
high time resolution measurements of the reconnec-
tion process both at the magnetopause and in the 
magnetotail. This critical capability is provided by the 
Magnetospheric Multi-Scale (MMS) Mission. These 
measurements when combined with remote sensing 
of the Sun which provides details of the large- and 
meso -scale topology of the magnetic field, hold out 
the promise of an essential understanding of this fun-
damental process. 

[ must accurately address role in cme’s . is recon-
nection important particularly in forming fast cmes 
and GeV particles]

Investigation 1. What are the fundamental physi-
cal processes of reconnection on the small-
scales where particles decouple from the mag-
netic field?

microphysics of mag reconnection [mms]

Recent in situ observations of reconnection by 
Wind, Polar and Cluster, in combination with state-
of-the-art simulations, have provided a tantalizing 
glimpse of the complex and dynamic process of re-
connection and the role of microphysics. To obtain 
the complete understanding required for predictive 
capability requires high time resolution measure-
ments of particles and fields from multiple satellites 
with variable separations to probe processes from 
micro-scales to meso-scales.
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Investigation 2.  What is the magnetic field to-
pology for reconnection and at what size scales 
does magnetic reconnection occur on the Sun? 

Reconnection on the Sun occurs in a hot, million 
degree turbulent plasma under much different condi-
tions than those in the Earth’s magnetosphere. It is 
responsible for producing the most dramatic energy 
releases on the Sun in the form of flares and coronal 
mass ejections (CMEs), both of which are primary 
drivers of Space Weather.  Reconnection is a com-
plex process that is likely to occur in many different 
magnetic geometries and size scales, and under a 
wide variety of circumstances. Thus it is important in 
many different solar phenomena ranging from local-
ized heating in naonoflares, particle acceleration in 
current sheets, global coronal heating, and possibly 
solar wind acceleration. These phenomena occur 
over time scales ranging from seconds to minutes 
and energy ranges from 1024 to 1032 ergs. 

EUV and soft x-ray imaging of coronal loops pro-
vides the most direct evidence for reconnection tak-
ing place on the Sun. High time cadence images of-
ten show the rapid reconfiguration of plasma loops 
with concurrent large releases of energy. Persistent 
common reconnection events occur nearly continu-
ously in active region structures that cover a wide 
latitiude band on the disk at solar maximum. The 
reconnection in active regions are due to the emer-
gence and shearing of new flux across magnetic neu-
tral lines and also due to the interaction of separate 
photospheric magnetic flux systems. By observing 
many of these events with high resolution imaging 
and spectroscopy in EUV and xray wavelengths, it 

is possible to identify the required conditions for re-
connection, relate the physical parameters of the re-
connecting environment to the energy released, and 
what are the important large scale morphologies that 
drive the reconnection process.

Reconnection occurs impulsively in coronal mass 
ejections (CMEs). In the standard CME model, an 
erupting flux rope leaves behind oppositely direct-
ed magnetic fields that are separated by a current 
sheet. Reconnection in this current sheet produces 
an arcade of post-CME loops.  Magnetic reconnec-
tion is believed to have a two-fold role in the eruptive 
process for CMEs.  First, reconnection breaks the 
magnetic field lines that pass over the flux rope and 
are anchored in the boundary surface at both ends. 
These field lines produce strong magnetic tension in 
a stretched configuration that would otherwise pre-
vent the flux rope from escaping to form a CME. Sec-
ond, reconnection dumps large amounts of energy in 
the lower atmosphere of the Sun, creating intense 
heating, which accounts for the traditional flare rib-
bons and loops and for the current sheet containing 
hot plasma.

Measurements of dynamical behavior of the mag-
netic reconnection products such as the separating 
flare ribbons on the solar surface and the growing 
flare loops in the corona can be used to better un-
derstand the main energy conversion process in the 
eruption. However if it is true that the current sheet 
itself contains essentially most of the physics behind 
the eruptive phenomena observed, then additional 
efforts should focus on it. Indirect evidence of CME 
current sheets is provided by the existence of hot 
plasma along a thin line trailing behind CMEs as 

Opening the Frontier of Space Environment Protection

Does something like this make a good sequence?? what would be in the middle? a big sunspot, and then a big sunspot with nasty 
polarity signatures? .... understanding how you get from such a pretty surface to a massive eruption is part of what section??  

maybe we need something more specific to reconnection here and use these figures in another place .... Granulation region 
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seen in the emission of Fe XVIII at ~ 6 x 106 K. [insert 
image.]

Measurements of current sheet thickness, compres-
sion ratios, velocity inflows onto the current sheet, 
Alfven Mach number will provide constraints on the 
magnetic and electric fields in the current sheets. 
High spatial and temporal resolution observations 
are needed to resolve the locations and dynamics of 
the fine-scale structure at reconnection sites. Multi-
wavelength broadband and spectroscopic remote 
sensing diagnostics of the temperatures, densities, 
and flow velocities of the plasma at the reconnection 
sites will be needed to follow the thermal history and 
energy budget of the plasma. Such measurements 
can constrain the reconnection and heating rates 
used in reconnection models.

[ missions include RAM ]

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

The existence of very high energy particles within 
the solar system is a impediment to the exploration 
of the solar system, particularly by humans due to 
the damage caused to both material and tissue by 
these particles. To mitigate the effects of these ener-
getic particles, we must understand how and where 
they are accelerated and how they are transported 
throughout the heliosphere so that we can predict 
their behavior. Gaining this understanding is the fo-
cus of RFA 1.2. Although the particles are accelerat-
ed in many different locations within and outside the 
solar system, there are only a handful of processes 
that operate to accelerate particles to high energies. 
These include quasi-static electric fields parallel to 
the background magnetic field, wave parallel elec-
tric fields, stochastic (Fermi) acceleration and drift of 
particles along a component of the electric field.

Energetic charged particles (ions and electrons) 
are accelerated both at localized sites (solar flares, 
magnetotail reconnection sites, auroral double lay-
ers), and globally (coronal and interplanetary shocks, 
CIRs, GMIRs, termination shock).  The particles then 
undergo complicated transport that distributes them 
through the global system. For example, the initial 
intensity of prompt solar energetic particles (SEPs) 
depends initially on the directness of their magnetic 

connection into the solar corona, while the total flu-
ence (dose) of energetic particle radiation depends 
on the transient magnetic disturbances that CMEs 
produce on field lines beyond the exposure location. 
If we are to characterize the distribution of these par-
ticles (in energy, time, and space) sufficiently well 
so that we can design Exploration missions that are 
reliable and economical, we must understand both 
the dynamics of acceleration sites and the transport 
throughout the spatial structure of the system.

[must include acceleration of solar wind; also if we 
subsume #4 into 2 and 3, then want a discussion of 
how multiple mechanisms result in the very energetic 
particles, for example in CMEs acceleration via com-
binations of reconnection and shock acceleratio, in 
rad belts, initially by reconnection to inject into nr 
eath, then additional acceleration, etc ]

Investigation 1.  How are energetic particles ac-
celerated in regions coupling very different plas-
ma regimes?

Understanding the role of boundary conditions and 
drivers that control the size and development of the 
electric fields field that accelerate particles to high 
energies is critical to obtaining the complete under-
standing of acceleration in astrophysical plasmas. 
The myriad scales and types of structures in which 
such fields can occur result in a complex phenom-
enology that occurs almost universally within space 
plasmas. Examples include parallel electric fields in 
kinetic Alfven waves and in solitary waves. A com-
plete understanding is necessary to provide predic-
tive capability for such phenomena as solar energetic 
particles.

The Earth’s aurora provides a unique opportunity to 
elucidate the mechanisms of energetic particle accel-
eration by parallel electric fields and waves.  Previous 
rocket and satellite missions have provided evidence 
that energetic electrons and ions are produced by a 
wide range of processes, including large amplitude 
quasi-static parallel electric fields occurring in mi-
crophysical structures (‘double layers’), wave parallel 
electric fields (KAW, electron holes, etc), and large 
perpendicular wave fields. The occurrence of these 
fields and the size of the acceleration are dependent 
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both on the ionospheric and atmospheric boundaries 
and on the drivers in the magnetosphere. Despite our 
great knowledge of auroral physics, the fundamen-
tal understanding of the auroral acceleration pro-
cess remains unsolved. The advent of multiple, small 
spacecraft that can allow us to connect many points 
in space at the same time gives us the opportunity 
to solve this longstanding problem in space science. 
The aurora is, thus, an excellent laboratory for study-
ing coupled systems and the interaction of large and 
small scales. Making progress in this study requires 
extremely high time resolution measurements on 
multiple satellites. 

[ could also include acceleration in other coupled 
regions like plasmasphere/ring current ]

Investigation2.  How are energetic particles 
accelerated and modulated by structures over 
a range of scales from small-scale waves to the 
large-scale heliosphere?

 
The heliosphere is a huge structure ~100 AU in 

radius, and its interface region (heliosheath) with 
the VLISM (Very Local Interstellar Medium) extends 
outward for yet another several hundred AU.  It is 
through this interface that galactic cosmic rays enter 
the solar system, while it is the details of the structure 
and dynamics of disturbances within the heliosphere 
(solar wind) that determine the solar-cycle modula-
tions of GCRs. Recent energetic ion and electron 
measurements fromVoyager-1 at 85-95 AU have also 
revealed highly efficient particle acceleration in the 
vicinity of the expected termination shock.

[telemaches and higo]
[this section will also include mechanisms associ-

ated with inner magnetosphere particle acceleration, 
shock acceleration and wave acceleration. maybe 
need to modify investigation subsume investigation 
4 into 2 and 3]

Investigation 3. What are the mechanisms of 
particle acceleration in reconnection?

One of the important components of the reconnec-
tion process is the acceleration of particles to high 
energies. Although some of the acceleration mecha-
nisms are understood, there are many that are not. 
New instrumentation and multi-spacecraft studies 

have revealed surprising results. Recent studies of 
Cluster data have shown that ions can be ballisti-
cally accelerated to 10s of kV along the electric field 
in the region where they are no longer coupled to the 
magnetic field.

Investigation 4. How are particles accelerated 
in solar flares and CMEs?

Particle acceleration at the Sun occurs at CME 
shock fronts, in CME/flare current sheets, and at un-
resolved flare sites.  The physical processes involved 
include Fermi acceleration, direct electric field ac-
celeration, stochastic (wave-particle turbulence) 
processes or magnetic reconnection. All of these 
processes require a seed population in addition to 
a way for energizing the particles. A more complete 
understanding of these aspects can be provided by 
obtaining a comprehensive set of remote sensing 
and in situ measurements to characterize the source 
regions and the properties of the energetic particles 
that are produced. 

Particle acceleration at CME shock fronts is the 
leading candidate for the production of gradual so-
lar energetic particle (SEP) events.  These particles 
(protons with energies > 1 MeV are the most serious 
component) are a major risk to human explorers in 
interplanetary space. Understanding the mechanism 
for their production is required for the development 
of an accurate predictive capability.  Similar shocks 
undoubtedly occur over a range of distances as the 
CME propagates outward from the Sun.  

Some features of the shock may be deduced from 
radio observations, and UV and white light corona-
graphic observations. The plasma is compressed 
and heated as the shock sweeps through. The com-
pression ratio of the shock can be estimated from 
suitable Type II radio burst data and independently 
from UV spectroscopic observations of multi-ion 
shock heating. When combined with white light and 
UV spectroscopic measurements, empirical con-
straints on the shock and CME speeds can be ob-
tained. The resulting speeds show that the shocks 
typically flow slightly faster than the underlying CME 
plasma, as expected from theories of, e.g., piston-
driven shocks.

Reconnection in CME/flare current sheets are an-
other leading candidate for solar energetic particle 

Opening the Frontier of Space Environment Protection
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acceleration. These events may be responsible for 
the impulsive energetic particles observed at the 
Earth.  Various acceleration mechanisms have been 
proposed to explain the very efficient energy conver-
sion in these solar eruptions and a likely mechanism 
is strong turbulence due to the tearing mode insta-
bility. Efficient particle acceleration also requires a 
strong electric field (> 1 V/cm) which is induced by 
the reconnection in the current sheet. Since elec-
trons and protons are accelerated in opposite direc-
tions by the electric field, their separation inevitably 
causes two-stream (Buneman) instabilities that can 
further excite ion-acoustic turbulent waves. 

Significant progress in studying the process of mag-
netic reconnection in current sheets can be made by 
measuring reconnection inflow speeds from mass 
motions and estimating the thickness of the current 
sheet with UV and EUV spectroscopic imaging of 
the extended corona. These measurements can be 
used to provide estimates for the electrical resistiv-
ity (conductivity) in the current sheets, an important 
parameter for theoretical models.  Measurement of 
the thickness of the current sheet, the speed of re-
connection inflow near the current sheet, as well as 
the magnetic field around the current sheet are also 
needed to advance models of current sheet dynam-
ics.  particle acceleration in shocks in cme, vs cur-
rent sheet in flare

Observations of photon emission (x-rays and gam-
ma-rays) prove that particles are explosively acceler-
ated to relativistic energies in the chromosphere and 
lower corona.  Subsequent acceleration by shocks 
(CME-driven) in the solar corona and solar wind (IC-
MEs) is a comparably important mechanism. The 
initial intensity of prompt solar energetic particles 
(SEPs), however, depends initially on the directness 
of their magnetic connection into the solar corona, 
while the total fluence (dose) of energetic particle 
radiation depends on the transient magnetic distur-
bances that CMEs have produced on field lines be-
yond the exposure location

Investigation 5. What are the processes that ac-
celerate the solar wind?

Successful progress on the understanding of so-
lar wind acceleration will significantly improve the 
predictive capability for determining the severity of 

solar wind disturbances.  The solar wind is the me-
dium through which Space Weather disturbances 
propagate. Understanding how it is produced and 
what causes its variations will provide the foundation 
for understanding the propagation of CME shocks, 
corotating interactive regions, and galactic cosmic 
ray modulation.

SOHO spectroscopic measurements in the solar 
wind acceleration region (above 1.5 Ro) have dem-
onstrated that the proton kinetic temperatures in 
coronal holes are larger than the observed electron 
thermal temperatures (~ 106 K). In fact the kinetic 
temperature for heavy ions like O5+ appears to be 
more than 100 times hotter than for the protons and 
these temperatures were found to be highly aniso-
tropic (parallel temperature much higher than per-
pendicular temperature). In addition, the SOHO data 
show that oxygen ions flow faster than the protons 
already at ~2 Ro in coronal holes. What causes the 
preferential heating and acceleration of heavy ions is 
still not known. The observations suggest that ion cy-
clotron resonant absorption of high frequency Alfven 
waves may be responsible but other processes in-
volving low frequency MHD or kinetic Alfven fluc-
tuations may be involved also.  The high frequency 
waves have not been directly observed and it is not 
known if they are produced by turbulent cascades 
from lower frequency waves or by impulsive shocks. 

While the SOHO measurements of emission lines 
(velocity distributions) from heavy ions in a collision-
less plasma can be used to reveal information about 
the processes taking place in the corona, it is still 
not known if these processes are also at work on 
the protons which make up the bulk of the coronal 
plasma. Furthermore, understanding the processes 
that produce the slow solar wind is more challenging 
than the case for the fast wind since these processes 
most likely occur at the transient boundaries between 
magnetically open and closed-field regions.

 Additional measurements of solar wind properties 
in both coronal holes and streamers are needed from 
both in situ and remote sensing instruments in order 
to identify the relative contributions of different phys-
ical processes to the heating and acceleration of the 
all solar wind plasma components. Measurements 
of the kinetic properties of electrons and many more 
ions (i.e., a wider sampling of charge/mass combi-
nations) are needed to better constrain the specific 
kinds of waves that are present as well as the specific 
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collisionless damping modes. Measuring non-Max-
wellian velocity distributions of electrons and posi-
tive ions would allow for testing of specific models of 
MHD turbulence, cyclotron resonance, and velocity 
filtration. 

[see discussion under rfa 5. should probably be 
moved here]

F.3. Understand How Nonlinear Interactions 
Transfer Energy and Momentum Within Plan-
etary Upper Atmospheres

The upper atmospheres of planets are dramatically 
affected by energetic inputs that originate at the Sun.  
The direct energy inputs and their immediate effects 
on the atmosphere are well-known, and include ab-
sorption of solar radiation at various levels, ener-
getic particle precipitation, and the Joule dissipation 
of currents.  However, there are many pathways by 
which solar energy is transformed and redistributed 
throughout the atmosphere until the energy is ulti-
mately radiated to space; and, connected with these 
processes is much of the inherent variability of the 
atmosphere over daily to millennial time scales.  Take 
the absorption of visible solar radiation at the sur-
face of Earth as an example.  Water vapor-laden air 
is heated, convectively rises deep into the upper tro-
posphere where the latent heat of evaporation is re-
leased.  The atmosphere is periodically pumped and 
heated over a range of spatial and temporal scales, 
giving rise to the excitation of a spectrum of small-
scale gravity waves, tides, and longer-period oscilla-
tions.  Other waves are generated by the solar-driven 
atmospheric flow over topography, which sets up 
periodic undulations that also excite vertically-prop-
agating waves.  Many of these waves are capable of 
propagating into the mesosphere and thermosphere 
where they can go unstable or dissipate through oth-
er processes, ultimately depositing momentum into 
the atmosphere.  The atmosphere responds through 
modification of the mean circulation, resulting in 
adiabatic heating and cooling due to vertical winds, 
concomitant changes in the temperature structure, 
and the redistribution of radiation-absorbing minor 
constituents.  The mean wind and temperature struc-
tures in turn influence the propagation of the waves 
and the manner in which they couple the lower and 
upper atmosphere. Other factors affecting the mean 
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circulation, such solar UV radiation and externally-
driven ozone changes, also modify the mean circula-
tion and its interactions with the wave field.  Similar 
processes and scenarios are also key to understand-
ing upper atmosphere weather and climate on Mars 
and Venus.

This RFA focuses on those energy and momentum 
transfer processes that are characterized by nonlin-
earity, feedback and cross-scale coupling; in short, 
nonlinear interactions.  Understanding in this area is 
needed to enable quantitative predictions of atmo-
spheric structure for aerocapture and EDL at Mars, 
realistic simulation of long-term change in terrestrial 
atmospheres, and the response of Earth’s thermo-
sphere-ionosphere to solar wind-magnetosphere 
coupling.  Investigation F.3.1 addresses the mutual 
interactions between gravity waves and the larger-
scale components of the circulation, as well as with 
the turbulence field that they are hypothesized to 
generate.  The relation between macroscopic iono-
sphere plasma properties and the mid-latitude plas-
ma irregularities that are seen during magnetically 
active periods also fall within this investigation under 
the common theme of cross-scale coupling.  In In-
vestigation F.3.2 we consider the prompt and long-
term modifications of ozone densities that result from 
energetic particle precipitation into the atmosphere.  
The large-scale circulation and turbulent mixing that 
drive the downward transport of NOx to the ozone-
rich stratosphere are those described in Investigation 
F.3.1, thus serving to link these two investigations.
Finally, Investigation F.3.3 seeks to understand the 
nonlinear feedback processes that control the cou-
pling between the high-latitude ionosphere and the 
magnetosphere over a range of spatial and tempo-
ral scales.  Fundamental to this understanding are 
the mechanisms that control energy and momentum 
transfer between the charged and neutral compo-
nents of the plasma.

Investigation .3.1 Understand the nonlinear 
dynamics governing transfer of momentum and 
energy between different spatial and temporal 
scales.

An important mechanism for transferring momen-
tum and energy within the atmosphere is through 
the generation, propagation and dissipation of grav-
ity waves.  Gravity waves are generated by convec-



17

tion and latent heating, geostrophic adjustment,
instabilities, and flow over topography in the lower 
atmosphere.  The waves grow exponentially with 
height, and eventually undergo dissipation at high-
er altitudes where they deposit net momentum and 
heat into the atmosphere.  It is well accepted that the 
meridional circulations in the middle atmospheres of 
Earth and Mars, and the accompanying deviations of 
their temperature structures from radiative equilibri-
um, are fueled by the dissipation of vertical propagat-
ing waves originating in the lower atmosphere.  Often, 
dissipation involves convective or dynamic instability 
and the transition to turbulence.  Turbulence is impor-
tant for the net vertical transport of heat, momentum 
and constituents.  Gravity waves also interact with 
global-scale atmospheric tides and planetary waves 
and modify their behavior.  In addition, gravity waves 
are launched from regions of intense auroral heating, 
and propagate horizontally, carrying energy and mo-
mentum to the low-latitude thermosphere and iono-
sphere.  Gravity waves are also thought to provide 
the seeding mechanism for the onset of ionospheric 
instabilities at the magnetic equator that eventually 
lead to plasma depletions, irregularity formation and 
the radio wave disruptions know as ‘Spread-F’ and 
‘scintillations’.  The fundamental physics of how grav-
ity waves are generated, how they interact with other 
scales of motion, and how they undergo instability, 
break and create turbulence is poorly known.  Sub-
grid parameterizations of gravity wave effects, which 
are essential for realistic general circulation model 
simulations of the atmosphere, cannot be developed 
until these basic physical processes are understood.  
Advances in this area require development of theo-
ry, intensive numerical simulations, high spatial and 
temporal measurements, and global measurements 
from space that delineate the sources, sinks and 
propagation characteristics of the waves throughout 
the atmosphere.  The WAVES Mission is intended 
to meet the need for the global characterization of 
waves required for further development of theory, 
models and comprehensive understanding of the 
phenomena, at the same time providing insight into 
phenomena responsible for many characteristics of 
Mars’ atmosphere pertinent to exploration mission 
requirements.  The Tropical ITM Coupler Mission fo-
cuses on the troposphere-ionosphere wave coupling 
processes specific to equatorial latitudes. 

The theme of cross-scale coupling is also pertinent 

to outstanding problems in the ionosphere involving 
the formation of small-scale structures or plasma ir-
regularities.  Plasma irregularities interfere with com-
munications and navigation systems. In many cases 
the ionosphere is preconditioned by large-scale pro-
cesses in a way that leads to the initiation of insta-
bilities and subsequent irregularity formation.  While 
some understanding exists for the onset of plasma 
irregularities at equatorial and polar latitudes, the 
processes relating to the origin and evolution of new-
ly-discovered storm-time mid-latitude ionospheric ir-
regularities have not yet been identified. Our ability 
to characterize these irregularities and to understand 
their driving mechanisms suffers from a lack of basic 
measurements and from limited theory and model-
ing.  In addition, the basic processes governing the 
onset, spatial extent, temporal evolution, intensities 
and spectral properties of these irregularities have 
not been characterized and in some cases never 
even measured.  The LWS ITM Storm Probe Mission 
is designed to address the above shortcomings in 
the characterization and our understanding of mid-
latitude ionospheric irregularities.

Investigation .3.2 Understand how energetic 
particles chemically modify planetary environ-
ments

Energetic particle precipitation (EPP) perturbs at-
mospheric composition through dissociation and 
ionization processes, excitation of atmospheric spe-
cies, and chemical pathways that are coupled with 
dynamical transport.  EPP is responsible for plane-
tary aurorae and, in Earth’s atmosphere, the produc-
tion of odd hydrogen (HOx) and odd nitrogen (NOx). 
These constituents play major roles in controlling 
global distributions of ozone.  For example, NOx is 
created in the mesosphere and thermosphere by 
EPP, and transported downward in the polar night, 
in the absence of photo-dissociating solar radia-
tion.   Once in the stratosphere, catalytic reactions 
leading to the destruction of ozone can occur.  The 
largest NOx increase in the upper stratosphere ever 
observed occurred in April 2004 and is attributed to 
EPP.   The major unknown in this problem is the spa-
tial and temporal variability of the energetic particle 
spectra over time scales ranging from hours to de-
cades.  Thus, the physical processes fundamental 
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to auroral precipitation, solar flare production of en-
ergetic protons, and electron precipitation from the 
radiation belts are key to our understanding of this 
phenomenon.   In addition, the processes controlling 
the transport of NOx downward to the stratosphere, 
including nonlinear interactions between gravity 
waves, the mean circulation and turbulence, are not 
well understood.  Finally, the dynamical-chemical 
feedback mechanisms that are important to deter-
mining the final atmospheric response need to be 
identified and understood.  The primary mission that 
supports this investigation is the Sun-Earth Coupling 
by Energetic Particles (SECEP) Mission, although the 
WAVES Mission will provide significant insight into 
the processes that enable the downward transport of 
NOx during the polar night.

Investigation .3.3 Understand how the magne-
tosphere and the ionosphere-thermosphere (IT) 
systems interact with each other

The exchange of energy and momentum between 
the magnetosphere and the ionosphere-thermo-
sphere (IT) system strongly affects the behavior of 
both regions.  Understanding how this exchange takes 
place on different space and time scales is essential 
for understanding and predicting both the quiet- and 
storm-time behaviors of these geospace regions.  
The exchange takes place mainly in the IT “bound-
ary layer” between about 100 and 170 km, where ion 
motions undergo a transition from dominance by col-

lisions with air molecules at lower altitudes to domi-
nance by electromagnetic fields at higher altitudes.  It 
is here that energetic particle precipitation increases 
ionization levels and enhances the inherent electrical 
conductivity of the region, modulating the magneto-
sphere-ionosphere electrical circuit that transfers the 
energy.  The rate of energy and momentum transfer 
is also influenced by winds that are set into motion 
by collisions with the rapidly moving ions, creating a 
time-dependent feedback.  The strong heating pro-
duces vigorous vertical motions of the air that mix the 
constituents unevenly and change the ion loss rate, 
affecting the ion densities and electrical conductivi-
ties.  The fundamental processes that determine the 
rates of energy and momentum exchange on different 
scales, the manner in which the magnetosphere and 
the IT system respond to this multi-scale exchange, 
and the character and strength of the various nonlin-
ear feedbacks, are poorly understood.  The Global 
Electrodynamics Connections (GEC) Mission seeks 
to provide the measurements needed develop this 
understanding, which is key to enabling accurate 
prediction of IT space weather.

Investigation .3.4.A dusty plasmas topic. may go 
here or perhaps in RFA 5. 

RFA F.4. Determine how solar and planetary 
magnetic dynamos are created and why they 
vary

The existence of the magnetic fields of the Sun and 
planets is a critical element of the Sun-Solar System 
connection. The process which creates these mag-
netic fields – the dynamo problem – remains one 
of the outstanding problems in theoretical physics. 
Dynamos occur on scales from the planetary to the 
galactic, and all involve the motion of an electrically 
conduction fluid. At Earth the molten iron core of our 
planet is driven by the release of thermal and gravi-
tational energy that drives the dynamo. In the Sun, 
convection driven thermonuclear fusion drives the 
motion of the conducting plasma. The dynamo pro-
cess involves the twisting and folding of magnetic 
fields so as to change and amplify the magnetic field. 
However, just how dynamos operate in such widely 
different conditions from stellar interiors to planetary 
cores is very poorly understood. 

The solar magnetic field is the ultimate source of 
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energy for acceleration of solar particles to high en-
ergies and controls the structure of the heliosphere 
and, thus, the entry of galactic cosmic rays into the 
solar system. These are key parts of the Sun-Solar 
System interaction and are important for exploration. 
The rotation of the Sun is governed by the hydro-
dynamic Navier-Stokes equations. Models built on 
these equations should be able to describe the ob-
served differential rotation of the Sun in which high-
er latitudes rotate more slowly than lower latitudes. 
However, thus far, models have not reached this 
goal. Helioseismology has shown that the radiative 
interior of the sun rotates almost as a rigid body, and 
it is in the Sun’s convection zone that the differential 
rotation occurs. This region of shear flow is known 
to play a major role in the Sun’s dynamo as the non-
uniform rotation tears and bends the Sun’s magnetic 
field. The clues to understanding this important re-
gion appear to involve a variety of sizes from larger, 
easily observed features to much smaller scales still 
beyond our current observational capability. By cou-
pling ever-advancing theoretic models with improved 
observations from space, we will understand how the 
differential rotation occurs and how this leads to the 
22 year periodicity in the solar magnetic field.

At the magnetized planets, including the Earth, the 
same basic physical processes as those at the Sun 
operate, but the specifics are sufficiently different to 
make planetary dynamos a different but closely re-
lated area of study. The dynamo in the Earth’s inte-
rior sustains the geomagnetic field, which provides 
the shield that enables life to flourish in the otherwise 
deadly radiation environment of the solar system. It 
is well-known that the geomagnetic field varies in 
strength and has reversed multiple times in the his-
tory of our planet, which weakens this critical shield 
during this change.  For many of the planets, a com-
mon feature is the dipole character of the gross mag-
netic field. The dominance of the Coriolis force in the 
motions of conduction planetary interiors provides a 
mechanism for understanding this feature and why 
the dipole axis is usually closely aligned with the ro-
tation axis. However, this fails to explain planets such 
as Uranus and Neptune which have very different 
magnetic fields. Why is this and what are the physi-
cal mechanisms that lead to this difference?

Solving the dynamo problem will provide the key 
understanding to allow us to better predict and an-
ticipate changes in the magnetic fields at both the 

Sun and the Earth. This understanding is essential to 
describing the coupled Sun-Solar System Connec-
tion and has important implications for the explora-
tion of our solar system.

Investigation F.4,1.  What are the causes for 
long-term variations in the solar cycle and how 
can these changes be predicted?

Helioseismic data from SOHO and ground-based 
observatories have revolutionized dynamo theories 
by placing the dynamo action at the base of the con-
vection zone, in a rotationally sheared layer called 
the tachocline.  The correct meridional circulation, 
which transports the magnetic fields (near the sur-
face) towards higher latitudes and then down to the 
tachocline layer at the poles, has proved to be a key 
ingredient in determining the length of the solar cy-
cle. Now for the first time models can use the meridi-
onal flow patterns from previous cycles to predict the 
length of the next cycle. 

These dynamo models can now predict the cycle 
length but not the amplitude or whether the cycle will 
be double peaked. For example we do not know why 
the last two solar cycles have had relatively small 
maxima for the sunspot number.  This type of infor-
mation is critical for long-term planning of solar ac-
tivity and would have obvious applications in trying 
to understand past periods of reduced solar activity.



20 The Sun - Solar System Connection

It is challenging to be able to predict variations in 
cycle maxima or even Maunder minimum type pe-
riods.  This would require models that incorporate 
more physics to explain the nonlinear interactions of 
convective motions, differential rotation, and mag-
netic field buoyancy in the Sun. Future models are 
needed to provide a physical explanation for the ob-
served radial variation of the solar rotation and a bet-
ter understanding of magnetic field diffusion in the 
tachocline layer. More accurate helioseismology data 
are also needed to pin down critical details of the 
subsurface flows and magnetic flux transport in the 
Sun. 

- (long-term planning for lunar/mars colonies), 
- solar dynamo: prediction of solar cycle What is 

the mechanism for diffusion of strong magnetic fields 
in the Sun?

- What produces the Sun’s differential rotation?
prediction of emergence of active regions (short-

term warning
 prediction of Maunder minimum (Ice ages ?, ozone 

holes?

Investigation 2: Planetary

Earth dynamo: prediction of magnetic field flipping
How do dynamos depend on the properties of 

planetary interiors?
What other forces besides the Coriolis force come 

into play in planets such as Neptune and Uranus?

How important is convection to the dynamo prob-
lem in the giant planets?

[connection to our nasa division Earth]

F.5  Understand the role of cross-scale coupling in 
creating plasma boundaries and the significance 
of boundaries in controlling physical processes

[alternate suggestions for rfa: Understand the Sun’s 
interaction with the local galactic medium or, Under-
stand the global mechanisms of the heliospheric 
cavity]

[to suggest the idea of understanding the physical 
processes important at the boundaries of different 
plasma regimes - e.g. the edge of the heliosphere, 
magnetospheric boundaries, and the inner corona. it 
is not clear that this RFA is needed. it appears that all 
these topics can be included in the other 4 rfas]

It has become evident that stellar winds are a ubiq-
uitous phenomenon. While we can detect and some-
times crudely image the cavities that these winds cre-
ate in their local interstellar medium, only in the case 
of the Sun can we hope to understand quantitatively 
the mechanisms shaping the plasma, magnetic, and 
particulate neighborhoods of planetary systems. Al-
though Earth and the inner solar system lie buried 
deep within the heliospheric cocoon, their environ-
ment is nonetheless influenced by the modulation of 
galactic cosmic ray by the heliosphere as a whole. In 
addition, particles accelerated at the boundary be-
tween the interstellar medium and the solar wind also 
impact the inner heliosphere.

Investigation 1. Probe the physical origins of 
the solar wind.

[this duplicates investigation F2.5 and should prob-
ably be moved there]

Although many theories and hypotheses have 
been advanced to explain coronally driven stellar 
winds, to this day the actual physical mechanism (or 
mechanisms) that heat the solar corona remains an 
enigma. Given the complexity of the problem, it ap-
pears unlikely that remote sensing observations and 
theoretical approaches will ever on their own resolve 
the issue. In situ measurements, challenging though 
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they may be to obtain, are critical to determining the 
physical means by which the solar wind is acceler-
ated to the high speeds observed in the interplan-
etary medium.

 Investigation 2. Explore the physics of the ter-
mination shock

[if we keep rfa 5, then this should be broadened to 
discuss socks in general]

The Voyager spacecraft are on the verge of cross-
ing the boundary between our heliosphere and the 
external galactic medium. Determining the proper-
ties of this one accessible boundary underpin all our 
efforts to understand analogous boundaries about 
other stars. It is also key to understanding the pen-
etration of galactic cosmic rays into the inner solar 
system and the modulation of that flux.

[also IBEX; should this investigation be rewritten to 
deal with shocks in general?]

Investigation 3. Understand the generation and 
propagation of energetic particles on a helio-
spheric scale.

[note: this duplicates investigation F 2.3 and should 
probably get moved to that discussion]

Includes all mechanisms related to the modulation 
of cosmic rays coming in from the galaxy, and those 
created at and within  the heliospheric boundary and 
sheath regions. Heavy emphasis on the topology of 
the magnetic field, including effects of random walk 
of fieldl ines, Fisk field idea, reconnection, etc. Also, 
22-year cycle effects, any variation in spectrum of 
cosmic rays as well as flux level (does high-Z content 
vary?).

Investigation 4. Understand how the properties 
of the heliospheric cavity evolve with time.

Over time scales of 10^4 years and more, the Sun 
in its motion through the Milky Way passes in and 
out of interstellar clouds. In each of these transitions, 
the environment of the heliospheric cavity is certain 
to change, perhaps substantially. It is important to 
ascertain the range of change and to assess the im-
pacts upon our interpretation of the historical record, 
in light of the realization that heliospheric properties 
are inconstant over these epochs.

[how are NASA satellites going to answer this 
one?]
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Understanding the nature 
of our home in space

We will understand how human society, technological systems, and 
the habitability of planets are affected by solar variability and planetary 
magnetic fields.

Priority Research Focus Areas

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

Determine changes in the Earth’s magnetosphere, 
ionosphere, and upper atmosphere to enable 
specification, prediction, and mitigation of 
their effects

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

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

Objective H

We do not live in isolation; we are intimately cou-
pled with the space environment through our tech-
nological needs, the habitability of planets and solar 
system bodies we plan to explore, and ultimately the 
fate of Earth itself.  Variability in the near-Earth space 
environment affects the daily activities that consti-
tute the underpinning of our society, including com-
munication, navigation, and weather monitoring and 
prediction.     

This objective attempts to understand our place 
in the Solar System by investigating the interaction 
of the space environment with Earth and the effect 
of this interaction on humankind.  There is neces-
sarily overlap between this Objective and the other 
Objectives in this Roadmap.  For example, the in-
vestigations under this Objective are dependent on 
the knowledge of fundamental processes investi-
gated under Objective F.  Furthermore, there is clear 
overlap with much of Objective J, “Safeguarding our 
outbound journey”, devoted to assuring the safety of 
human and robotic explorers.  Much of the same sci-
ence, for example, is applicable to both Objectives.  
The focus of this Objective, however, is the impact 
of the space environment on us and on our home, 
Earth, either directly or by what can be learned about 
life on Earth by studying other environments in our 
solar system and beyond.  Human life and society 
provide the context in which our investigations are 
conducted.  

This context, however, is not meant to be a limit-
ing one.  For example, as we extend our presence 
throughout the solar system, we are increasingly in-
terested in the planetary environments awaiting us 
and how the study of these environments can be ap-
plied to our home on Earth.  A casual scan of the 

solar system is sufficient to note that habitability 
to life in general, and humankind in particular, is a 
rare congruence of many events.  At least some of 
these factors, especially the role of magnetic fields 
in shielding planetary atmospheres, are a subject of 
immense importance.  We think we understand some 
of the features that make planets habitable, but we 
need to understand much more.

Because of the intimate coupling of solar system 
processes, the interplanetary medium, and the near-
Earth environment, a comprehensive study of this 
coupled system requires a series of investigations 
covering each of these regions.  Specifically, investi-
gations of impacts on humankind must start from the 
Sun, then follow propagation of solar disturbances 
through the interplanetary medium to Earth, and fi-

Understanding the Nature of Our Home in Space
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nally investigate the interaction of the solar wind with 
Earth’s coupled magnetosphere-ionosphere-thermo-
sphere system.  

To this end, four Research Focus Areas (RFAs) have 
been formulated seeking to understand the creation 
and evolution of solar disturbances from the Sun to 
the Earth, the response of the coupled near-Earth en-
vironment to these disturbances, the role of the Sun 
as the principal energy source in our atmosphere, 
and how magnetic fields affect planetary habitability.   
The first attempts to understand the Sun to the de-
gree that we can predict solar variability and the evo-
lution of solar disturbances as they propagate to the 
Earth.  The second tries to understand the response 
of the near-Earth plasma regions and their impact 
on society.  The third addresses the atmospheric re-
sponses over short and long times.  The fourth places 
the Earth and planets elsewhere in context, through 
study of the solar wind impact on other solar system 
bodies, and of the evolution of solar and stellar activ-
ity over the age of planetary systems.

It is important to note that it is not enough to just 
study variability and change.  Coupled systems have 
complex internal forcings, e.g. gravity wave breaking 
in the upper atmosphere.  Even in the absence of 
solar variability, we still have to understand the in-
ternal dynamics of the near-Earth coupled systems 
that protect us.  The RFAs outlined below therefore 
focus on both internal linkages and external forcing 
mechanisms.

RFA H.1 attempts to understand the sun to the de-
gree that we can predict solar activity and the evo-
lution of solar disturbances as they propagate to 
Earth.  It focuses on short-term events such as cor-
onal mass ejections that can create large magnetic 
storms at Earth and solar energetic particle events 
that can pose serious threats to technological assets 
and astronauts in near-Earth orbit.  It also addresses 
longer-term changes in solar irradiance that can af-
fect Earth’s climate.

To provide this understanding, an investigation is 
designed to seek out the precursors to solar distur-
bances that can serve as predictive tools of disruptive 
events.  Events such as coronal mass ejections can 
evolve significantly over their day or so travel time 
to Earth.  Therefore, another investigation is devoted 
to studying how disturbances propagate and evolve 
from the sun to Earth.  This RFA is not only devoted 
to short-term impulsive disturbances.  Indeed, long-

term variations in spectral irradiance or solar cycle 
variation can have much greater impact on society 
and Earth’s climate.  Thus, another investigation is 
targeted at studying the long-term (decades or lon-
ger) variations in the sun and the impact of these 
variations at Earth.

RFA H.2 tries to understand the response of the 
coupled near-Earth plasma regions (magnetosphere, 
ionosphere, and thermosphere) to solar disturbanc-
es.  This complex coupled system protects Earth 
from the worst solar disturbances, but in this process 
it also redistributes energy and mass throughout the 
coupled plasma system.   This near-Earth plasma in-
cludes space assets for communication, navigation, 
and remote sensing needs and can adversely affect 
their operations.  Ground based assets can also 
be affected by ionospheric and upper atmospheric 
changes.

A key element of investigations under this RFA is 
the need to distinguish between response to ex-
ternal and internal drivers, as well as the impact of 
simple reconfigurations of environmental conditions, 
such as might be encountered when Earth crosses a 
magnetic sector boundary in the solar wind.  Investi-
gations thus seek to understand how Geospace (the 
near-Earth plasma environment) responds to exter-
nal and internal drivers, how the coupled middle and 
upper atmosphere respond to external forcings and 
interact with each other, and the relative importance 
of internal versus external mechanisms on the upper 
atmosphere and ionosphere.  Finally, because these 
investigations directly impact society, it is important 
to make these findings available to those people and 
organizations charged with protecting us and mini-
mizing negative impacts of space weather.  There-
fore, an investigation is included to determine how 
best to transition this knowledge to an applied user 
community.

RFA H.3 investigates the role of the Sun as the pri-
mary energy source for Earth’s atmosphere.  It seeks 
to understand not only the atmospheric response to 
solar variability, but also the importance of steady-
state processes in maintaining our atmosphere.  It 
also investigates long-term climatic impacts of solar 
variability on humankind. 

A fundamental question to be answered is to delin-
eate what processes convert and redistribute solar 
energy within the atmosphere and how this is done.  
In concert with this investigation, other investigations 
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seek to understand the relative importance of solar 
versus anthropogenic effects on Earth’s climate, and 
how electrical coupling within and between the at-
mosphere, ionosphere, and the magnetosphere af-
fect Earth’s climate.

Other specific processes can have significant im-
pact on Earth’s atmosphere and climate and merit 
dedicated investigations.  For example, the role of 
energetic particles from aurora, the radiation belts, 
and solar flares on ozone chemistry in the upper at-
mosphere is not well understood.  As another ex-
ample, non-solar external processes, for example 
cloud nucleation from galactic cosmic rays, may af-
fect Earth’s climate but the details of this impact are 
uncertain.

RFA H.4 addresses the importance of understand-
ing additional, vitally important topics such as the 
impact of solar wind on other solar system bodies 
and the advantages of studying stars other than our 
sun.  In particular, it is intended to understand the 
role of plasmas and magnetic fields on planetary 
evolution and the ultimate habitability of planets to 
humankind.  Such studies provide important oppor-
tunities for linkages with other NASA fields of study.

Investigations under this RFA seek to determine the 
role plasmas and magnetic fields play in the evolu-
tion of planetary systems and what the study of anal-
ogous processes in our solar system tell us about 
the evolution of planets within the solar system.   A 
particular goal is to understand the role of planetary 
magnetic fields for the development and sustenance 
of life.  One applied investigation that stems from 
these studies is to determine what the study of plan-
etary interaction with the solar wind tells us about 
the implications of past and future magnetic field re-
versals at Earth

[NOTE: The RFA discussion below needs to be 
significantly expanded at both the RFA level and the 
investigation level.]

RFAs:
H.1 Understand the causes and subsequent 
evolution of solar activity that affects Earth’s 
space climate and environment

This RFA focuses on the solar part of the Sun-
Earth system and includes the variability of the Sun 
and how this variability is transmitted from the Sun to 

Earth.  However, it is not limited only to isolated dis-
turbances or single events.  Rather, it includes study 
of the impact of so-called quiet time changes, such 
as the passage of Earth through a solar wind mag-
netic sector boundary.  While not nominally thought 
of as a disturbance, such a process will affect Earth 
and its inhabitants.

The research topics include short-term impacts 
from energetic particles, moderate-term impacts 
from coronal mass ejections (CMEs), and longer-
term impacts from changes in irradiance.  They also 
include study of the impacts on planetary space en-
vironments, in particular Earth’s magnetosphere, but 
the details of this influence are captured in the fol-
lowing RFAs.

This RFA necessarily overlaps with RFAs J.2 and 
J.3, and much of the discussion there applies here 
as well.  However, the emphasis in this RFA, and 
throughout Objective H, is to understand the impact 
of solar activity directly relating to human activities 
on Earth.  This RFA highlights the fact that the Sun 
is the primary driver of the detrimental impact of the 
space environment on human society and techno-
logical systems.  A solid understanding of the physi-
cal processes beyond the planetary environment is 
thus critical to understanding the physical processes 
within the planetary environment.

This RFA is important because solar disturbances 
are the energy source for almost all near-Earth activ-
ity.  If we can show that our understanding of the 
solar and heliospheric physics is correct, then we 
can produce a predictive capability that works here 
at Earth as well as anywhere in the solar system.  

Investigations [NEED DISCUSSION AND GRAPH-
ICS FOR EACH]:

1. What are precursors to solar disturbances?
2. How do disturbances propagate and evolve from 

the Sun to Earth? 
3. What are the long-term (decades or longer) vari-

ations in the Sun?

Understanding the Nature of Our Home in Space
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H.2 Determine changes in the Earth’s magneto-
sphere, ionosphere, and upper atmosphere to 
enable specification, prediction, and mitigation 
of their effects

The near-Earth space environment, Geospace, is 
unique in the solar system and central to the protec-
tion of Earth and its inhabitants.  This region includes 
the magnetosphere, ionosphere, and thermosphere 
(MIT) bound together as a tightly coupled system 
characterized by plasma processes of ionized gas-
es.  

The variability within geospace and the nearby 
interplanetary environment is generically termed 
space weather.  Much of space weather is driven by 
the external processes addressed by RFA3.1.  This 
RFA (3.2) focuses on the geospace consequences 
of those processes.  In addition, internal drivers of 
the MIT region, such as the upward propagation of 
gravity waves, wave-particle interactions, and auro-
ral current systems are equally important and must 
be investigated.  This means that even in quiet so-
lar wind condition, there can be significant variability 
within the MIT region. 

Geospace is the location of most of our space ac-
tivities.  Communication, navigation, Earth weather 
and remote sensing, emergency location, defense 
reconnaissance, and NASA space science and as-
tronomy missions are all affected by space weather.  
Space weather also causes disturbances of electric 
power grids and sensitive electronic systems on the 
ground.  These include navigation systems used by 
commercial airliners. 

The technological systems sensitive to disturbance 
in geospace are increasing in importance and urgen-
cy to human society.  

Investigations [NEED DISCUSSION AND 
GRAPHICS FOR EACH]:

1. How do energetic particle spectra, magnetic and 
electric fields, and currents evolve in response to so-
lar disturbances?

2. What role does the electrodynamic coupling be-
tween the ionosphere and the magnetosphere play in 
determining the response of Geospace to solar dis-
turbances?

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

H.3 Understand the role of the Sun as an en-
ergy source to the Earth’s atmosphere, and in 
particular the role of solar variability in driving 
change.

Solar energy in the form of photons and particles 
drives the chemical and physical structure of the 
Earth’s atmosphere. Ultraviolet and more energetic 
radiation is deposited globally and throughout the 
stratosphere, mesosphere, and thermosphere and 
is responsible for the formation of the ionosphere. 
Particles primarily deposit their energy at high lati-
tudes but the resulting ionization, dissociation, and 
excitation of atoms and molecules can have a global 
effect as a result of dynamical processes occurring 
within the Earth’s atmosphere that transport energy 
over the globe. Ultimately these processes combine 
to drive the temperature and chemical composition 
of the entire Earth’s atmosphere. A key example of 
how solar modification of the atmosphere affects life 
is ozone in the upper atmosphere. Ozone provides a 
shield for humans from the effect of solar UV radia-
tion. The presence of ozone is a direct result of solar 
energy deposition. Nitric oxide is created at higher 
altitudes by processes involving solar energy but 
may be transported to lower altitudes where it will 
destroy ozone.  

Because life is dependent upon the atmosphere 
and its climate, studies of the modification of the 
atmosphere by solar energy are critically important. 
Solar energy and its variation are thought to have ef-
fects throughout the atmosphere including the tropo-
sphere where humans live. The magnitude and vari-
ability of the solar energy deposition remain poorly 
understood. In addition, the coupling processes that 
spread the effects of that energy deposition in al-
titude and latitude are also poorly understood. To 
resolve these issues, spectral measurements of the 
solar energy deposition which are resolved in space 
and time are required. Observation, theory, and 
modeling of the dynamical processes which distrib-
ute the effects of the solar energy are also crucial.

Investigations [NEED DISCUSSION AND 
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GRAPHICS FOR EACH]:

1. Understand the processes that convert and re-
distribute solar energy within the atmosphere.

2. Understand the effects of energetic particles on 
atmospheric ozone and Earth’s climate.

3. How does electrical coupling within and be-
tween the atmosphere, ionosphere, and the magne-
tosphere affect Earth’s climate? 

H.4. Apply our understanding of space plasma 
physics to the role of stellar activity and mag-
netic shielding in planetary system evolution 
and habitability

Plasmas and their embedded magnetic fields play 
an important part in the formation, evolution and 
destiny of planets and planetary systems.  The only 
habitable planet we know is shielded by its magnetic 
field, protecting it from solar and cosmic particle ra-
diation and preventing the erosion of the upper atmo-
sphere by the solar wind.  It is important to establish 
the extent that this is necessary for the formation of 
a stable planetary atmosphere that can sustain life.  
Planets without a shielding magnetic field, such as 
Mars, are exposed to additional physical process-
es (such as direct momentum transfer between the 
variable solar wind and their atmosphere) that may 
have a significant role in their evolution.

It is believed that planetary systems evolve from 
debris disks around young stars. Plasmas and mag-
netic fields are thought to play an important part in 
this process, both in the internal structure of the disk 
and its interaction with its parent star.  The study of 
analogous plasma processes in the solar system (for 
example dusty plasmas in magnetospheres of Sat-
urn and Jupiter) can lend insight into the significance 
of these effects.  The coupling between planetary 
magnetic fields and their magnetospheres (e.g. Ju-
piter and its magnetodisc and Earth and the plasma-
sphere) will provide insight into the mechanisms that 
couple young stars to their debris disks.

Investigations [NEED DISCUSSION AND 
GRAPHICS FOR EACH]:

1. What role do plasmas and magnetic fields play 

in the evolution of planetary systems?
2. What can the study of analogous processes in 

our solar system tell us about the evolution of plan-
ets within the solar system?

3. What is the role of planetary magnetic fields for 
the development and sustenance of life?

4. What can the study of planetary interaction with 
the solar wind tell us about the implications of past 
and future magnetic field reversals at Earth? 

Understanding the Nature of Our Home in Space
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Origins-Evolution-Destiny

SSSC Relationship to Aldridge Report No-
tional Science Agenda

The Report of the President’s Commission on 
Implementation of United States Space Exploration 
Policy (the Aldridge Report) suggested organizing 
the Exploration Initiative’s science research agenda 
around three broad themes: 

  • Origins – the beginnings of the universe, our solar 
system, other planetary systems, and life.
  • Evolution – how the components of the universe 
have changed with time, including the physical, 
chemical, and biological processes that have affect-
ed it, and the sequences of major events.
  • Fate – what the lessons of galactic, stellar, and 
planetary history tell about the future and our place 
in the universe.

How does the research of the SSSC community 
map into these themes? Here, we attempt to address 
this question.

Origins 

• The Early Sun & the pre-biotic solar system 
environment

Was the early Sun rotating faster? Was it more ac-
tive? A more active Sun would produce more ionizing 
(mutagenic) EUV radiation, more solar energetic par-
ticles, and possibly a significantly larger solar wind 
flux? All of these would affect pre-biotic solar system 
organic chemistry. 

Understanding the relationship between solar rota-
tion and magnetic activity is the central goal of he-
lioseismology; this is a prime focus of missions such 
as Solar Dynamics Observatory and Solar Polar 
Imager. Understanding the relationship between so-
lar activity and the solar wind is an important SSSC 
goal (Is this in our investigations?) that will be ad-
dressed by missions such as Solar Probe and Dop-
pler. Exploration of the moon can test these theories 
by studying the fingerprints of the early solar wind in 
lunar dust samples. 

• Formation of Planetary Systems

How did the planets form within the early solar neb-
ula? How do planets affect the structure of a stellar 
system’s dust disk?  

Mapping the structure of the dust distribution near 
the planets and in the Kuiper Belt is one of the goals 
of the Interstellar Probe Mission. Clues to collision-
al evolution of the solar system can be found in the 
pristine dust distributions in the Kuiper Belt. More-
over, we can use infrared observations of dust disks 
around other stars to help look for solar- type stars 
with planets once we understand how planets affect 
the dust distribution.

 Evolution

 • Role of Planetary Magnetic Fields in Creating 
Habitable Environments

The presence of a magnetic field shields the atmo-
sphere from the direct impact of the solar wind and 
dramatically affects the radiation environment of the 
planet. An unprotected atmosphere can be stripped 
away by the solar wind as may have happened on 
Mars. The evolution of life on a planet – and its fate 
– is critically dependent on its atmosphere and radia-
tion environment. 

One goal of the SSSC research is to understand 
the evolution of the Martian space environment. It has 
been proposed that the young Mars had a protective 
magnetic field, but, as the planet cooled, its magnet-
ic dynamo ceased. With no magnetic field, the solar 
wind, which may have been stronger then, had di-
rect access to the Martian atmosphere and may have 
stripped much of it away. Exploration of Mars may 
find clues to the evolution of its space environmetn in 
the dust and rocks.  In addition, new missions such 
as Mars Aeronomy and ????  (Help here Jeff) will 
study the interaction of solar wind with the Martian 
atmosphere. Understandin  current processes and 
interactions will shed light on the processes which 
determined the evolution of the Martian space envi-
ronment. 

 • Comparative Planetary Magnetospheres and 
Atmospheres

How did the magnetospheres and atmospheres of 
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the various planets evolve? How was this affected by 
the changing Sun? 

Understanding the interaction of the solar wind with 
planetary magnetospheres and atmospheres is major 
thrust in SSSC research. We can learn about process-
es now and in the past by comparing magnetosphere, 
ionospheres, thermospheres and atmospheres of the 
different planets and how they are affected by solar 
variations in irradiance and space weather.  Someone 
help with missions here. 

 Fate (Destiny)
 
 Solar variability and space weather 

Solar variability and solar activity cause disturbanc-
es in interplanetary space and in planetary environ-
ments known collectively as “Space Weather.” Solar 
energetic particles are generated by solar storms; in 
addition, solar storms can also dramatically effect 
the radiation environment around Earth causing geo-
magnetic storms. How can we mitigate the effects of 
space weather on human and robotic explorers?

Mitigation of space weather effects is central to two 
of thethree  SSSC high level objectives. One focuses 
on predicting space weather effects on Earth and the 
other on space weather effects in space and in other 
planetary environments. The specific investigations 
and missions are discussed at length in the sections 
on these objectives:

 • Solar variability effects on climate change

There are also important long-term (longer than a 
solar cycle, but shorter than stellar evolution time 
scales) variations in the Sun that may affect our cli-
mate and our radiation environment. For example, 
the period of low solar activity known as the Maunder 
Minimum is thought to have caused colder weather 
in parts of the world. Other Stars similar to the Sun 
show much greater variation in their total irradiance 
than the 0.1% observed for our Sun, suggesting 
much greater stellar activity. More activity implies 
more mutagenic EUV radiation as well as more solar 
energetic particles and space weather events in gen-
eral. Is it possible that the solar irradiance will change 
dramatically in the future? How would this affect our 
fate?

One goal of SSSC research is to assess the role of 

solar variability in climate change and global warm-
ing. One specific goal is to understand how variations 
in solar irradiance, primarily in the EUV, affect Earth’s 
climate (any missions?). At a more basic level, un-
derstanding the possible range of variations in solar 
activity and irradiance requires an understanding of 
the solar dynamo (see discussion under Origins)  and, 
in addition, requires a knowledge of activity in other 
stars to constrain the models. One mission, the Stel-
lar Interferometer, will try to image activity on other 
Sun-like starsfor this purpose. 

 • Long-term variations in the solar system’s ex-
ternal environment 

How does our local interstellar environment influ-
ence the solar system? Our solar wind and its mag-
netic field create a giant (hundreds of AU) bubble in 
interstellar medium known as the heliosphere. This 
magnetic shields us from some lower energy cosmic 
rays; however, the termination shock at the edge of 
the solar system is also thought to be a source of 
anomalous cosmic rays.  Presently, our solar system 
is immersed in a relatively low density cloud of inter-
stellar material. If our solar system encounter a re-
gion of hotter, denser plasma, the heliosphere would 
shrink and the flux of anomalous cosmic rays would 
increase dramatically.

Understanding the interaction of our solar system 
with the interstellar medium is an important goal of 
SSSC research. Controversial results from the Voy-
ager spacecraft, now at approximately 100 AU, in-
dicate that the first boundary of the heliosphere, the 
termination shock, is close by.  IBEX, a recently se-
lected Explorer mission, will study the structure and 
dynamics of the heliosphere remotely by imaging en-
ergetic neutral atoms created in the region beyond 
the termination shock by charge exchange of shock-
heated solar wind ions with interstellar neutrals. It 
is also known that the galactic cosmic ray flux has 
changed significantly in the last century.  Is this due to 
a change in our heliosphere or a change in the GCR 
flux incident on the heliosphere? The proposed Inter-
stellar Probe mission would directly sample the inter-
stellar medium and measure the GCR flux unaffected 
by the heliospheric magnetic field.
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The challenges of space exploration far exceed those 
faced by nautical explorers, but robotic observers 

and basic research will provide a level of situational 
awareness unknown to our ancestors. 
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Safeguarding our 
outbound journey

We will work to maximize the safety and productivity of human and 
robotic explorers by developing the capability to predict the extreme and 
dynamic conditions in space. 

Priority Research Focus Areas

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

Develop the capability to predict the origin and        
onset of solar activity and disturbances as-
sociated with potentially hazardous space 
weather events.

 Develop the capability to predict the propaga-
tion and evolution of solar disturbances (in-
cluding shocks, and the acceleration and 
transport of energetic particles from solar, 
interplanetary, and galactic sources) to en-
able safe travel for human and robotic ex-
plorers.

 Understand and characterize the space weath-
er effects on and within planetary environ-
ments to minimize risk in exploration activi-
ties.   

Objective J

Safeguarding Our Outbound Journey

There are many space environment conditions (i.e. 
energetic particle radiation, plasma and neutral par-
ticle environments, and electromagnetic radiation) 
that will have a significant impact on implementing 
the vision for exploration. This objective focuses on 
the science necessary for ensuring safety and maxi-
mizing productivity of all space explorers, both hu-
man and robotic, from low Earth orbit to the Moon, 
Mars and beyond.  By characterizing the variability 
and extremes of the space environment, and ulti-
mately developing the predictive capability to now-
cast and forecast the dynamic conditions in space, 
we provide a key element in supporting the vision. 
This objective includes the near-Earth environment 
as well as the robotic and technological systems in 
space that support human space flight. The general 
issues addressed by this objective are the character-
istics of various important environments, predicting 
the sources of deleterious variations, the amplifiers 
and modulators of perturbations, and understanding 
the effects on environments of interest. 

Addressing these issues is necessary for optimizing 
spacecraft and instrument design, planning mission 
and operations scenarios and ultimately ensuring the 
safety and maximizing the success and productiv-
ity of both robotic and human exploration. Most, but 
not all, of the variability in the space environment is 
driven by solar activity such as flares and coronal 
mass ejections (CMEs). The underlying thread which 
links all three of the roadmap objectives is achiev-
ing the detailed understanding of the basic physical 
processes required to enable prediction (Objective 

F), with the emphasis here on the practical needs of 
supporting Exploration. The distinction between this 
Objective and Objective H (which focus on the sci-
ence needed to understand how life and society are 
affected by the space environment) is the emphasis 
on understanding the variability of the space envi-
ronment and its potential for violent change for the 
purposes of enabling and securing space travel
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“There are no such things as applied sciences, 
only applications of science.”
- Louis Pasteur

There are fundamentally two ways in which under-
standing the dynamics of the space environment, 
the boundary conditions and sources which drive it, 
can assist future human and robotic exploration: 1) 
characterizing the variability and extremes, and 2) 
developing the predictive capability to nowcast and 
forecast transients (solar energetic particle events, 
CMEs, magnetic storms, etc.). Characterizing the 
likely or possible extremes of the space environment 
appears straightforward, yet requires understanding 
of the variables that modulate the conditions as well 
as their dependence on location within the solar sys-
tem and the relevant boundary conditions that may 
influence the conditions. Predicting the variability and 
the extremes associated with this variability requires 
a more fundamental level of understanding of the en-
tire system, and in particular, an understanding of the 
drivers and sources  of the variability at the Sun. As a 
result, developing and applying an understanding of 

This solar X-class flare was observed by TRACE at 16:43UT on 
22 November 1998. The flare heats up an arcade of loops at the 
edge of the disk that light up in the extreme ultraviolet.

event upsets, and deterioration of surface materials 
and solar panels. Planning for and mitigating these 
risks are all issues addressed by this objective.  (This 
section needs to be flushed out in the RFAs!)

This objective is divided into four Priority Research 
Focus Areas (RFAs). The first RFA is focused on 
characterization of the space environment to be en-
countered by human and robotic explorers, includ-
ing the current (?) conditions throughout the inner 
heliosphere, (characterize the system) the variations 
as well as the extremes to be expected. The second 
and third RFA build upon the first and are focused 
on developing the capability to predict the space en-
vironmental conditions throughout the heliosphere. 
RFA #2 is focused on the capability to predict the 
onset of solar activity and solar disturbances as 
the source of potentially hazardous space weather 
events, while RFA #3 is focused on the capability to 
predict the nature and severity of environmental haz-
ards associated with the propagation of solar distur-
bances through the heliosphere. RFA #4 is focused 
on the characterizing and understanding the impact 
of space weather on non-terrestrial? planetary envi-
ronments for the purpose of mitigating risk in explo-
ration activities. 

(Note: We could use help and input from the geo-
space folks to help flush out issues related to LEO, 
etc.)

the dynamic space environment (its boundary condi-
tions which constrain it, and the interplanetary me-
dium which modulates its extremes) is an important 
element of this objective.  

In the LEO and geospace environment there are 
many conditions which effect robotic and techno-
logical systems that support human space flight. 
SEP events produce errors in navigation and com-
manding systems, spacecraft surface charging and 
discharging, location errors in GPS systems, single 
event upsets (SEUs) in spacecraft electronics, de-
terioration of spacecraft surface materials, sensors 
and solar panels, false star sensor readings leading 
to ACS problems, and difficulty in unloading “dump-
ing” torque. Changes in the location of the auroral 
zone depends on geomagnetic activity, which can 
become disturbed in response to changes in the 
solar wind velocity, density, or direction. When the 
Earth’s magnetic field is disturbed, the auroral zone 
expands to lower latitudes in proportion to the mag-
nitude of the disturbance, and can produce errors in 
GPS systems and radar range errors which effect a 
wide range of systems. Enhancements in the trapped 
particle radiation belts or unexpected repeated pas-
sages through the radiation belts can also cause 
problems with spacecraft surface charging, single 
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RFA #J-1. Characterize the variability, extremes, 
and boundary conditions of the space 
environments that will be encountered by human 
and robotic explorers.

Of the many space environment conditions (i.e. 
energetic particle radiation, plasma and neutral 
particle environments, and electromagnetic radiation) 
that will impact explorers,  h the most significant  is 
the space radiation environment. Understanding this 
space radiation environment, and mitigating future 
risk to long-duration space flight, translates into 
two elements that are required input for operational 
planning, the anticipated background (average 
daily) environment, and the worst-case scenario, 
transient event environment. Ultimate success in 
future risk mitigation, as well as optimizing both 
human and robotic performance, includes not only 
measuring and characterizing this environment, but 
understanding and predicting it.

There are two major components to this radiation 
environment beyond Low Earth orbit (LEO), galactic 
cosmic rays (GCRs) and solar energetic particles . 
Galactic cosmic rays, at their most lethal energies, 
vary by roughly a factor of two throughout the solar 
cycle, and are strongly modulated by the solar wind 
and its variations.  Solar Particle Events (SPEs) 
are sudden intense bursts of energetic particles 
associated with solar activity, which can add 

Please send in the 
original file for these 
graphics!

 (Left) SOHO Extreme Ultraviolet Imaging Telescope (EIT) image revealing flaring plasma (near the middle of the image) formed 
at > 2 million degrees Celsius. (Right) The energetic particles from this event propagate out along the magnetic field, impacting 
spacecraft electronics and human explorers in their path. 

significantly to the accumulated doses and equivalent 
doses for both astronauts and robotic equipment. 
Both solar energetic particles and the charged 
plasma environment can disrupt communications 
and effect the electronic performance of satellites 
and spacecraft, increasing mission risk. SPEs can 
be roughly separated into two classes, impulsive 
and gradual, but the division is not sharp. Impulsive 
events originate near the Sun and have 1 AU transit 
times on the order of hours. The largest events are 
the gradual events whose particles are produced in 
shocks driven by large fast CMEs. One of the largest 
such events occurred between two of the Apollo 
moon landings. [Give facts about dose/effects from 
this famous event.] 

One aspect of this problem that has recently 
become vividly apparent to the community is the 
variation of this radiation environment as a function 
of location throughout the solar system. Energetic 
particles produced by a flare or CME close to  the 
Sun generally propagate roughly along the magnetic 
field embedded in the solar wind, approximating in 
the ideal case the path of an Archemidean spiral. 
However, this idealized case is routinely perturbed 
by CMEs and ICMEs which disrupt the field lines and 
solar wind flow, making modeling and prediction more 
difficult. Numerous measurements and monitoring 
across a wide range of latitudes, along with detailed 
monitoring will be required to accurately characterize, 
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and ultimately predict the conditions throughout this 
region of the heliosphere. 

A practical example of this is the space radiation 
environment en route to Mars, or at Mars, which 
can be significantly different than the radiation 
environment near Earth or at L1, purely for geometric 
reasons.  Half of the time, Mars is on the far side 
of the Sun or significantly separated from the Earth 
sun line. The implication is that near Earth or L1 
observations are not always sufficient to monitor or 
provide warning of the space environment for future 
Mars missions.  In the case of the Oct./Nov. 2003 
flare and CME events, which affected much of NASA’s 
armada of spacecraft, Mars was in line with Earth and 
did experience ‘our’ space weather. This fortuitous 
alignment brought attention to the problem, but at 
other times we have observed energetic particle 
activity at Mars without any indication of cotemporal 
activity at Earth. For example, the MARIE instrument 
on Mars Odyssey (knocked out by the Oct./Nov. 
storms) showed previous increases in proton flux at 
Mars with no observed change in the GOES proton 
level at Earth.  Future spacecraft in transit to Mars will 
undergo 6 – 9 month cruise phases far from either 
Earth or Mars requiring the support, characterization 
and forecasting capability from their own, remote 
location, independent of Earth-local forecasting.  

Complicating our understanding of this relatively 
straightforward view are recent GOES satellite 
observations which have detected significantly 
elevated proton events without any visible activity 
observed on the Earth-facing side of Sun!  The current 
hypothesis is that solar activity on the far side of Sun 
of sufficient magnitude can have broad reaching 
effects throughout the inner heliosphere, with the 
radiation field becoming almost isotropic.  Therefore, 
characterizing and monitoring the inner helisopheric 
space environment from all longitudinal vantage 
points is essential for understanding the nature and 
impacts of all levels of solar activity.  

The primary goal of space environment 
characterization will be to establish the range of 
variability for both system design purposes as well 
as to develop and refine comprehensive models 
for predictive capabilities.  This characterization 
therefore must be conducted over a sufficiently long 
time frame, over several solar cycles to properly 
experience and establish best and worst case 
scenarios of activities. Establishing this full range 

of activity levels is a fundamental need for mission 
planning and execution.  

In addition to planning for future missions, we 
also need to be able to characterize and monitor 
the space environment in real time, so astronauts 
can react to what is going on at the moment. An 
important objective from the point of view of planning, 
for example, future surface EVA operations on the 
moon, is the characterization required to provide 
real time forecasts and nowcasts of conditions 
and likelihood of events, above the nominal/normal 
baseline.  For example, in-situ observations of the 
relativistic energetic electron environment can serve 
as precursors for, and nowcasting of, higher energy 
proton and solar energetic particle events , which 
have significant biological and astronaut safety 
ramifications. Therefore, in this particular case, 
real time observations are crucial for planning and 
implementing EVA and other surface activities. 

Model of the inner solar system, illustrating the location of the 
planets superposed on the Archemidean spiral structure of 
the solar wind. Space weather forecasting is only valid in the 
local environment along a given spiral arm. In order to support 
continued exploration of the solar system, astronauts will need 
such forecasting capability from their own, remote location, 
independent of Earth-local forecasting.

Please send in the 
original files for these 
graphics ...
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Investigations: 
Investigation J.1.1  What is the worst case space 
radiation environment that will be encountered 
by future human and robotic explorers, both in 
space and on the surface of target bodies?

- Relevant Missions: SWB, Sentinels, L1-Star, 
ACE, Mars GOES

Investigation J.1.2 How does the interplanetary 
radiation environment vary as a function of 
radial distance, heliographic longitude, latitude 
and time, and how should it be sampled to 
provide situational awareness for future human 
explorers?

- Relevant Missions: SWB, Sentinels, Solar Probe, 
Mars GOES, ACE

Investigation J.1.3 What is the relative contribution 
to the space radiation environment from Solar 
Energetic Particles and Galactic Cosmic Rays 
and how does this balance vary in time?

- Relevant Missions: ACE, Sentinels, SWB, Mars 
GOES

Please send in the 
original postscript file 
for this graphic

GOES proton fluxes and ACE/SWEPAM solar wind data superposed on SOHO/EIT images. Massive Solar Energetic Particle (SEP) 
events from October/November 2003 created havoc on satellites and spacecraft throughout the solar system. Earlier in the month, 
a similar SEP event knocked out the MARIE instrument on Mars Odyssey after recording radiation doses in excess of 1200 mrad/
day. Remote sensing images, such as these, have been identified by the National Space Sudies Board as an important tool for 
predicting and forecasting space weather events. However, such instruments currently only exist in earth orbit and at L1 (SOHO). 
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RFA #J-2. Develop the capability to predict the 
origin and onset of solar activity and disturbanc-
es associated with potentially hazardous space 
weather events.

Successful space weather forecasting entails reli-
able characterization of impulsive solar disturbances 
as well as accurate knowledge of the global corona 
and solar wind through which they propagate. 

The energetic particles in the impulsive SPEs pro-
duced near the Sun by flares or CMEs in the low 
corona have 1 AU transit time of minutes to hours 
whereas the gradual events associated with CME 
shocks have travel at the shock speed. It may be 
possible to use coronagraph observations of a CMEs 
leaving the Sun to give 1-2 day warning of the grad-
ual events, but to give warning of the near-relativistic 
impulsive events, or to increase the warning time of 
CMEs and gradual events, it is necessary to develop 
the capability to predict the origin and onset of solar 
activity and disturbances from observations of the 
Sun itself.  This RFA focuses on the onset of solar 
activity; the next RFA focuses on the propagation of 
the solar disturbances.

We now have some empirical understanding of the 
regions that generate solar activity. We know that 
large, complex active regions are likely to produce 
flares and CMEs. But current understanding of coro-
nal stability is not sufficient to predict these flares or 
CMEs. Much work is needed to to develop this pre-
dictive capability, to understand when a flare or CME 
will occur and how large the event will be.  We need 
to develop the ability to predict the evolution of ac-
tive regions and CME-producing regions from obser-
vations of the solar and corona magnetic fields. We 
need to understand the magnetic configurations that 
lead to flares and CMEs and we need to understand 
what triggers a flare or CME.  Why do some active 
regions produce multiple CMEs and other not?  Both 
systems are thought to be driven by magnetic energy 
release, but neither the stabilizing mechanism allow-
ing energy to accumulate, nor the release process are 
understood well enough to predict eruption reliably. 
Additional diagnostics and techniques are needed 
to identify precursors of CMEs. Measurements of 
motions and changes in nonthermal velocity distri-
butions in the lower corona and chromosphere are 

crucial to separating the various models of CME on-
set. Depending upon the specific physical process, 
Dopplergrams and other derived data products are 
likely to be the most reliable indicators that a specific 
region is about to erupt.  Even without advance warn-
ings, “nowcasting” and the reliable characterization 
of near disk-center CME liftoff would represent a 
significant improvement in space weather modeling 
capability. 

Another critical need for exploration will be the ca-
pability of predicting “all clear” periods when EVAs 
can be safely accomplished. This will require space-
craft observations of the entire solar surface both to 
follow the evolution of active regions that are other-
wise hidden on the back side of Sun and to observe 
complex active regions that may be magnetically 
connected to human or robotic explorers in transit 
or on Mars.

On a longer time scale, we need to develop the 
ability to predict the when and where active regions 
will arise. This will require development of helioseis-
mology techniques and also observation of the Sun 
from multiple view points. Research focus areas from 
Objective F provide the foundation for understand-
ing the fundamental processes related to long term 
variations in solar activity. 

Investigation J.2.1 What are the observational 
precursors and magnetic configurations that lead 
to CMEs and other solar disturbances and what 
determines their magnitude and output of ener-
getic particles?

- Relevant Missions: IHS, DOPPLER, SHIELDS, 
RAM, PASO

Investigation J.2.2 What are the mechanisms 
that trigger CMEs and flares?

- Relevant Missions: IHS, DOPPLER, RAM, 
SHIELDS, SEPP

Current understanding of coronal stability is not yet 
sufficient to predict flares or CMEs. Both systems are 
thought to be driven by magnetic energy release, but 
neither the stabilizing mechanism allowing energy to 
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accumulate, nor the release process are understood 
well enough to predict eruption reliably. Existing in-
dicators, such as magnetic field configuration and X-
ray sigmoidal structure, do not provide precise pre-
diction of CME onset.  At present, the best indicators 
of oncoming geoeffective coronal disturbances are 
morphological: visible halo CME events, type II radio 
bursts, large flares, disappearing filaments, coronal 
dimmings, and “EIT waves”. Although coronagraph 
image sequences in principle provide some velocity 
information, they cannot measure directly the speed 
of Earth-directed shock fronts.  

New diagnostic observational techniques may hold 
the key to more reliable prediction. Measurements of 
motions and changes in nonthermal velocity distri-
butions in the lower corona and chromosphere are 
crucial to understanding the structure of the inner 
heliosphere, and for separating the various models 
of CME onset. Depending upon the specific physical 
process, Dopplergrams and other derived data prod-
ucts are likely to be the most reliable indicators that 
a specific region is about to erupt.  Even without ad-
vance warnings, the reliable characterization of near 
disk-center CME liftoff by means of Doppler imaging 
would represent a significant improvement in space 
weather modeling capability.  Signatures that may 
be detectable up to hours before eruption include an 
early slow liftoff seen in Doppler shift, increased tur-
bulent motions and/or heating, line asymmetries as-

sociated with prominence flows of 100 km/s or high-
er, sudden downflows in the vicinity of a prominence 
due to mass draining or reconnection, and sudden 
broadenings of chromospheric lines associated with 
energetic particle impacts due to reconnection high 
over the site of the potential eruption.

Investigation J.2.3 What observational data 
and models are needed to provide the predictive 
capability required by future human and robotic 
explorers?

- Relevant Missions: IHS, DOPPLER, SHIELDS, 
L1 Star, SEPP
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VRFA #J-3. Develop the capability to predict the 
propagation and evolution of solar disturbanc-
es (including shocks, and the acceleration and 
transport of energetic particles from solar, inter-
planetary, and galactic sources) to enable safe 
travel for human and robotic explorers.

Energetic particles from CME shocks and galac-
tic cosmic rays are a known radiation hazard to hu-
man and robotic explorers. In order to maximize the 
safety and productivity of these explorers, we need 
to develop the observational and modeling tools for 
more accurately predicting the arrival times, dura-
tions, and severity of impacts from these energetic 
particles. To a lesser degree shocks and plasma 
disturbances are also important since they can also 
damage space hardware. From a future operational 
point of view, an improved predictive capability will 
reduce the false-alarm rate and allow longer periods 
of extravehicular/lunar surface activity for human ex-
plorers. It should be noted that the emphasis for this 
RFA involves developing an understanding of the ac-
celeration mechanisms and propagation of solar dis-
turbances, and does not include understanding the 
triggering of solar events, which are included in RFA 
J.2. Both parts are needed for a complete under-
standing of these events. Research focus areas from 
Objective F provide the foundation for understand-
ing the fundamental processes related to shocks and 
particle acceleration.

Models along with a comprehensive set of in situ 
and remote sensing measurements are needed to 
determine the energy spectrum, yield, duration, and 
composition of solar energetic particles (SEPs) from 
CME shocks and current sheets.  The fastest 1AU 
transit time for the gradual event SEPs -- produced 
from CME shocks near the Sun -- are on the order of 
hours, which is the time constraint for which the in-
formation necessary for a confident prediction must 
be made. For energetic storm particles (ESPs) that 
are locally produced when the shock arrives at lo-
cations of interest, the lead time is the shock travel 
time (2-4 days to 1 AU).  The highly relativistic SEPs 
from impulsive events arrive at 1 AU in minutes but 
they are constrained to follow the Archimedean spiral 
of the large scale solar magnetic field and so their 
impacts are more localized in space.  By their na-
ture the SEPs from shocks are of greatest concern 

for safety because they affect a larger volume of the 
heliosphere and can produces disturbances that last 
for days. 

Theories for particle acceleration at shocks are 
reasonably well developed; however, questions 
about the source, injection, acceleration, and trans-
port of the particles remain unanswered. A better 
understanding of the magnetic field line geometry 
and how the energetic particles, once created, es-
cape along open field lines is also needed.  These 
models depend on the shock strength, the configu-
ration of the magnetic field and the turbulence in the 
vicinity of the shock, and the ambient energetic par-
ticle populations that are available for acceleration. 
Radio, white light imaging and EUV spectroscopic 
measurements of the extended corona have provid-
ed some information about shock properties in the 
extended corona but other new and more detailed 
measurements are needed to provide tight con-
straints for predictive SEP models.

Another possible source of SEPs is from CME/flare 
current sheets.  As the main energy conversion region 
in the eruptive processes, the current sheet contains 
essentially most of the physics behind the eruptive 
phenomena observed. Information about the physi-
cal processes that occur is usually deduced indi-
rectly by observing the dynamic behaviors of growth 
and separation of flare loops on the solar surface. 
However, indirect observations are not able to pro-
vide the information regarding the plasma density 
and temperature, the scale (mainly the thickness) of 
the current sheet, the rate of magnetic reconnection, 
and the magnetic field in the current sheet. This in-
formation is necessary for improving the understand-
ing of how SEPs from impulsive events are produced 
and accelerated.

The galactic cosmic ray (GCR) background is a 
continuous source of particle radiation that is modu-
lated by the disturbances in the heliosphere. Much of 
the GCR flux is shielded by the outer heliosphere and 
the remaining flux (approximately 10% at 100 MeV/
nucleon) that enters the solar system is modulated 
by variations in heliospheric structure over the solar 
cycle and by sporadic events such as coronal mass 
ejections (CMEs). Substantial variability is observed 
in the differential fluxes of GCRs with energies below 
several hundred MeV/nucleon. So far ongoing inten-
sive research has not achieved a complete physical 
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understanding of the processes responsible for fac-
tor of 10 or more solar cycle variation in the fluxes of 
these potentially hazardous particles.

Requirements for a predictive capability: Estab-
lishing a predictive capability for SEPs requires a 
program for obtaining the necessary set of measure-
ments that will characterize the conditions where 
the disturbances develop. These critical parameters 
can then be used as inputs to forecasting models 
that predict the severity of radiation storms. Dur-
ing their development, the models can be tested by 
comparing their expected outputs with actual par-
ticle measurements at various locations in the helio-
sphere. Ultimately, the only definitive way to confirm 
models that describe the production and transport 
of solar energetic particles is to travel to the Sun, 
where they are produced, and to make the critical 
measurements of the plasma parameters, magnetic 
fields, particle source populations, and acceleration 
processes in situ. 

The critical measurements that are needed for 
modeling CME shocks as they propagate from the 
Sun throughout the inner heliosphere can be ob-
tained from both remote sensing and in situ mea-
surements. Radio, white light and EUV (imaging and 
spectroscopic) measurements can constrain the im-
portant input parameters including the magnetic field 
topology at the Sun, orientation of CME magnetic 
field, background solar wind speed, shock speed in-

ferred from plane of the sky CME speed, density of 
the shocked and upstream plasma (compression ra-
tio), and magnetic field measurements (Alfven Mach 
number). Hard X-ray and gamma ray remote sens-
ing measurements can be used to derive the SEP 
energies and identify their source regions.  In situ 
measurements can determine directly that plasma 
and field parameters including the ion charge states 
and elemental composition of both thermal and en-
ergetic particle populations. 

Further progress in understanding the SEPs from 
CME/flare current sheets can be made with a similar 
complement of remote sensing and in situ diagnos-
tics discussed above for the study of shocks. Re-
quired measurements for the current sheet includes 
the thickness of the current sheet, the speed of re-
connection inflow near the current sheet, as well as 
the magnetic field around the current sheet. 

Remote sensing measurements provide an in-
direct means of studying the processes in the ex-
tended corona where the corona is heated to mil-
lions of degrees and the solar wind is accelerated to 
supersonic speeds. However, the best way to probe 
regions of the inner heliosphere is with a near-Sun 
in situ mission like Solar Probe in conjunction with 
remote sensing instruments to provide context. Un-
derstanding the physics of this critical region is ul-
timately necessary to produce the required models 
for predicting the radiation environment throughout 
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the solar system.
Models to predict the severity of GCRs at different 

destinations in the solar system require the following 
measurements as inputs: galactic proton flux, mag-
netic field strength and size scale of the CMEs in the 
heliosphere, the latitudinal distribution of CMEs, and 
polarity of the ambient magnetic field. The propagat-
ing diffusive barriers used by models of GCR modu-
lation need to be quantified in terms of CMEs and 
interaction regions.  

Proposed investigations for RFA J.3:

Investigation J.3.1.  What is the relationship 
between CME properties and the SEPs that they 
produce?

- Relevant Missions: SEPP, DOPPLER, IHS

Investigation J.3.2.  What is the origin of the 
seed population for solar energetic particles?

- Relevant Missions: Solar Probe, IHS

Within a few solar radii of the sun’s surface the so-
lar wind is accelerated to speeds of several hundred 
km/s and heated to temperatures of millions of de-
grees.  This region also is thought to be an impor-
tant source region where solar energetic particles 
are produced and accelerated to energies as high 
as GeV/nuc. Beyond ≈15 Rs from the sun, the so-
lar wind speed is higher than any of the embedded 
wave speeds, so it is not possible to extrapolate back 
from measurements made outside this region to de-
termine the physical mechanisms at work there. Re-
mote sensing measurements can tell us much about 
the region nearest the sun – from the photosphere 
into the corona, however the regions of the outer co-
rona that provide the interface between the surface 
and the heliosphere (solar wind) cannot be studied in 
this way.  Understanding the physics of this critical 
region is necessary to produce models that can use 
remote measurements of the sun and sparse mea-
surements in interplanetary space to characterize 
and predict the radiation environment throughout the 
solar system.

Investigation J.3.3. How do solar magnetic 
fields and solar wind plasma connect to the he-
liosphere?

- Relevant Missions: 

Investigation J.3.4.  What is the ground state of 
the solar wind through which heliospheric distur-
bances propagate?

- Relevant Missions: SWB, Sentinels, IHS

Investigation J.3.5. How are energetic particles 
modulated by the heliosphere and what deter-
mines the large variations observed fluxes of 
these particles?

- Relevant Missions: SWB, IHS, Sentinels, Solar 
Probe

RFA #J-4. Understand and characterize the 
space weather effects on and within planetary 
environments to minimize risk in exploration ac-
tivities.  

Human and robotic exploration of our solar system 
and beyond will necessarily depend on planetary 
environments. Both the plasmas and neutral atmo-
spheres of the planets, including Earth and Mars, 
impact the safety and productivity of exploration ac-
tivities in a variety of ways. Surface-to-orbit and sur-
face-to-surface communications depend on space 
plasma variability. Spacecraft control in low orbits 
and aerobraking parking orbits depend on the upper 
atmospheric density. Asset staging and operations, 
as well as astronaut health and safety, depend on 
planetary radiation environments. 

Planetary environmental conditions develop 
through the interaction of the solar wind with the 
planetary magnetic fields and plasmas as well as 
through the interaction of solar photons with plasma 
and neutral populations and with the atmosphere be-
low. To understand the planetary conditions essen-
tial for exploration, scientific investigations are tar-
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geted for the “near-planet” environments of both the 
Earth and other planetary systems. Because initial 
staging activities and transit of human and robotic 
explorers occurs in geospace, understanding of this 
environment is particularly important. Furthermore, 
near-Earth characterization and understanding pro-
vides an essential baseline for modeling the impact 
of space weather in other planetary environments. 
As exploration proceeds at other planets, our under-
standing of the near-Earth environment will guide the 
development of follow-on planetary investigations/
missions. In addition, comparison of other planetary 
environments to that of Earth will inform our under-
standing of the environment of our home planet. Un-
derstanding and characterizing the effects of near 
planet interaction and environments is essential to 
maximize the safety, productivity, and risk mitigation 
of hazardous conditions for exploration activities. A 
manned mission to Mars will require some combi-
nation of both orbiting and landing crews. Improved 
knowledge of Mars atmosphere for aerocapture and 
EDL (see Section J.1.x), improved knowledge of den-
sities in the aerobraking regime (90 - 170 km) and in 
a possible low-altitude (200-300 km) station orbit are 
all required for safe operation of spacecraft. 

In addition, reliable communications and naviga-
tion between orbiting and surface crews, and with 
Earth, are essential for crew safety, requiring im-
proved understanding of the Martian ionosphere. 

Neutral density variability at aerobraking altitudes is 
predominantly controlled by dynamical influences 
from below, and can be addressed through the same 
basic connections and measurements delineated 
in Figure x, extended to higher altitudes. However, 
orbiting crews may be affected by various space 
weather effects involving interaction between the 
solar wind and the partially-magnetized ionosphere 
and exosphere of Mars. For example, energetic par-
ticle events are of concern for astronaut safety, and 
the variability of radiation dosage when at the sur-
face is poorly constrained.  

The implementation of the investigations described 
below will provide solutions to and establish key de-
cision points for important questions that impact ro-
botic and  manned exploration program such as :

Investigations for J.4:

• What Level of Characterization and Understand-
ing of the Dynamics of the Atmosphere is Necessary 
to Ensure Safe Aerobraking, Aerocapture and EDL 
Operations at Mars?

• To what extent does the ionosphere vary with 
season and solar flux, and how will this affect com-
munication system requirements and operation?

• Do plasma instabilities and irregularities exist that 
can produce scintillations in navigation and commu-
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nications signals?
• To what extent does radio wave absorption and 

fading occur in connection with solar particle events 
and x-ray flares?

• To what extend does solar irradiance and solar 
wind variability induce variations of practical impor-
tance in the neutral composition and density of the 
upper atmospheres and ionospheres of Earth and 
Mars?

• What is the distribution of energetic particle 
populations after transmission through Mars’ atmo-
sphere?

• How do Mars’ magnetosphere and ionosphere 
respond to space storms?

• Are there particle populations at Earth or Mars 
that may be of concern for potentially hazardous 
spacecraft surface or deep dielectric charging?

Investigation J.4.1: What Level of Characteriza-
tion and Understanding of the Dynamics of the 
Atmosphere is Necessary to Ensure Safe Aero-
braking, Aerocapture and EDL Operations at 
Mars?

- Relevant Missions: Mars Dynamics, Mars Aer-
onomy

Aerocapture and EDL operations at Mars, particu-
larly those involving human exploration, require accu-
rate predictive knowledge of atmospheric densities 
and winds between the surface and 80 km altitude. 
The mean state and variability of Mars atmosphere 
is strongly driven by upward-propagating gravity 
waves and solar-driven thermal tides excited in the 
lower atmosphere, solar radiative forcing, CO2 cool-
ing, and during some seasons, dust storms. The at-
mosphere of Mars is a strongly coupled system from 
the surface to the thermosphere, and consequently 
measurements in one part of the domain provide im-
portant information and constraints on other parts of 
the system. The accompanying diagram illustrates 
the connections between the operational need to 
predict the neutral density and wind structures for 
successful aerocapture and EDL by manned space-
craft at Mars, and the various applied science and 
research elements necessary to satisfy this require-
ment. First principles models will be needed, upon 
arrival of manned spacecraft at Mars, to assimilate 

real-time atmospheric measurements in order to 
specify and predict atmospheric state variables for 
accurate trajectory and spacecraft dynamics calcu-
lations. The precursors to these models are the ex-
isting GCMs, which, however, remain to be validated 
by simultaneous measurements of Mars atmosphere 
density, temperature, winds and dust from the sur-
face to at least 100 km, but preferably to altitudes of 
order 150-200 km. It is critical that some measure-
ments be performed as soon as possible so that the 
physics and parameterizations in these models can 
be tested and improved upon, and so that realistic 
empirical models of Mars’ atmosphere structure can 
be developed for initial mission studies and perhaps 
even vehicle designs. The Mars Dynamics Mission 
is designed to provide many of the critical first mea-
surements of Mars atmosphere required for decision 
points in the Mars exploration spiral.

 A comparative planetary study of atmospheric dy-
namics on Earth and Mars is synergistic. Mars’ up-
per atmosphere is driven by the same processes as 
Earth’s mesosphere and lower thermosphere (MLT) 
region between about 60 and 150 km. Many key as-
pects of the upper atmospheres of both Earth and 
Mars are poorly understood, including energetics 
and dynamics. To understand the energy balance 
we need to measure the relative importance of vari-
ous heating and cooling rates, including the role of 
dust. To understand dynamics, we need to quantify 
the effect of wave-wave coupling, wave-turbulence 
coupling, wave-mean flow interactions, the effects 
of radiative cooling on waves, etc. Our first insights 
into the dynamics of Earth’s MLT region are provided 
by the UARS mission and the TIMED mission that is 
transforming our understanding of this region. How-
ever, our lack of knowledge of small-scale waves, 
their sources and sinks, and their interactions with 
larger-scale waves, the mean circulation, and turbu-
lence represents a key pivotal link that must be ad-
dressed in order to enable further progress.

 Thermosphere and Ionosphere of Mars. The up-
per atmosphere and ionosphere of Mars play impor-
tant roles in programmatic aspects of the Exploration 
program. Aerobraking operations, and prediction of 
the lifetimes of orbiting spacecraft, require an un-
derstanding of the upper atmosphere of Mars in the 
100-250 km region. Likewise, to ensure the ability to 
communicate and navigate requires knowledge of 
the ionosphere. In addition, the upper atmosphere 
mitigates the energetic particle and radiation envi-
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ronments that can affect humans. 
A small subset of the issues can be addressed 

using ground-based observations from Earth, and 
a larger subset can be addressed by continuing to 
study the Earth’s thermosphere and ionosphere 
through missions like TIMED and the planned LWS 
Geospace Ionosphere-Thermosphere Storm Probes 
and UV Imager. Some limited observations of the up-
per atmosphere at Mars are being made at present 
by several  spacecraft, yet taken together they will 
not provide the understanding of the upper atmo-
sphere structure, composition, dynamics, and vari-
ability necessary to address the pertinent risks to 
human exploration. Furthermore, the planned Mars 
Transponder Orbiter (MTO) mission has such a small 
payload available for instruments (~5 kg). There is no 
possibility that instruments on MTO will address the 
salient aeronomy issues. Therefore a dedicated mis-
sion to explore the upper atmosphere and ionosphere 
of Mars is needed, with the key goal of measuring 
key parameters simultaneously in order to provide a 
detailed understanding of the mechanisms that drive 
the variability in the thermosphere and ionosphere.

There are several existing first principles models of 
the Martian upper atmosphere and ionosphere, how-
ever there are insufficient data to validate the mod-
els except in an extremely rudimentary sense. These 
first principles models will be needed, upon arrival of 
manned spacecraft at Mars, to assimilate real-time 
atmospheric measurements in order to specify and 
predict atmospheric state variables for accurate tra-
jectory and spacecraft dynamics calculations. Nei-
ther the model nor data components are ready for 
this challenge.

The Thermosphere-Ionosphere of Mars (TIM) mis-
sion will transform our knowledge of Mars upper 
atmosphere and will help prepare the way for ex-
ploration of the planet by humans. The parameters 
that must be measured are dictated by operational 
requirements. For aerobraking activities, the neu-
tral density and winds must be measured in the 
100 - 250 km region. The ionospheric plasma can 
only be understood with a knowledge of the neutral 
composition, neutral winds, temperatures, electric 
fields and magnetic fields that produce the electron 
density structure. A comprehensive dataset contain-
ing these variables is therefore required by TIM. On 
Mars, neither the upper atmospheric winds or elec-
tric fields have been measured, so TIM will be an ex-

ploratory mission. In addition, the neutral composi-
tion and temperature, and the ionospheric electron 
density have only been sparsely measured, so there 
is much still to be discovered about this region of 
Mars’ atmosphere. For example, it is vital to discover 
whether the closed loops of the remnant magnetic 
field threading the ionosphere produce electron con-
centration peaks like the Appleton peaks found at 
low latitudes on Earth. On earth, these peaks are the 
location of maximum radiowave scintillation, and the 
cause of communication losses at all frequencies. If 
numerous similar structures exist in Mars complex 
magnetic topology, they could be problematic for hu-
man exploration. 

The measurements proposed for TIM are a core 
subset of required parameters. 

Investigation J.4.2 Radiation Hazardous of Plan-
etary Systems

Relevant Missions: MSL, Mars Aeronomy, Mars 
GOES

All robotic and human exploration activities will 
traverse the radiation environment within the Earth’s 
magnetosphere. Assets involved in near earth stag-
ing processes will be exposed the radiation environ-
ment over prolonged periods of time. Predicting the 
behavior of the hazardous radiation environments 
within the Earth’s magnetosphere is required in or-
der to safeguard our outbound exploration activities. 
The current state of knowledge of the formation and 
evolution of radiation belts cannot predict observed 
behavior. Previous missions such and SAMPEX and 
CRESS have provided key information on the behav-
ior of radiation belts that has led to the key decision 
point of developing the LWS Geospace Radiation 
Belt Storm Probe (RBSP) mission. A mission such as 
the RBSP is essential in order to predict the radiation 
environment of the near earth radian environment. In 
addition, the increase of knowledge resulting from 
this investigation is applicable to other magnetized 
planetary environments.
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SSSC activities outlined in this roadmap provide 
an excellent match with the Exploration Initiative 
through their studies of the physical processes of 
our Sun, the impact of these processes on the solar 
system, and the nature of the interaction between 
the Sun and solar system bodies.  Understanding 
all these processes is vital to safe exploration of the 
solar system.  

The Sun is the central driver of all physical processes 
throughout the solar system, whether through direct 
illumination, emission of highly energetic particles, or 
the constant stream of solar plasma called the solar 
wind that interacts with the planets, including Earth.  
This interaction determines the nature of solar effects 
and varies between the solar system bodies.   

The impact of the solar wind at Earth (and the 
Moon to a degree) is modulated by a strong 
terrestrial magnetic field that interacts with the solar 
wind in complex ways that are not well understood.  
Jupiter has a massive magnetic field that we are only 
beginning to understand.  Mars, on the other hand, 
has essentially no internal magnetic field so the solar 
wind interacts directly with the Martian atmosphere.  
This interaction is directly relevant to the question of 
what has shaped the Martian atmosphere and what 
became of any water that was present in the past.  
It is also directly relevant to the safe exploration of 
Mars.  The absence of a protective magnetic field 
requires thorough understanding of potentially 
dangerous events originating at the sun and a need 
for operational forecasts of both dangerous periods 
and ‘all-clear’ periods.

Mars exploration missions that employ aero-
braking or aero-capture require knowledge of the 
Martian atmosphere and dynamics.  While some 
robotic missions have successfully used these 
techniques, the state of our knowledge is insufficient 
to insure the safety of human explorers.  Significant 
progress must be made in the understanding of 
wave dynamics, in general, and specifically in the 
Martian atmosphere.  The fact that we do not fully 
understand these processes in Earth’s atmosphere 
underscores the amount of fundamental research 
that must be performed before we can safely support 
Mars exploration.
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Section 2: Strategies for Program Implementation
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The SSSC Great Observatory

Our Great Observatory is a great fleet of solar, 
heliospheric, Geospace, and planetary spacecraft 
working together to help understand solar activity 
and its interaction with planetary systems throughout 
the solar system. Like NOAA’s system for observing 
and predicting terrestrial weather, this observatory 
utilizes remote sensing, in situ measurements, data 
analysis and models to provide physical understand-
ing and predictive capability. The diverse measure-
ments across distributed spatial scales are linked 
with a variety of models that serve to fill in the gaps in 
the observations and help predict tomorrow’s space 
weather. Much of the observatory is supported by 
our Mission Operations and Data Analysis (MO&DA) 
program, but vital information comes from instru-
ments on other spacecraft as well in order to link to-
gether our understanding of the coupled Sun-Solar 
System.

Story F on the “Halloween Solar Storms” series 
gives an example of the unique and powerful capabil-
ity of the Great Observatory to view a system of sys-
tems. The effects of the solar storms from the Sun to 
the Earth and beyond were observed simultaneously 
in key regions and from specific vantages. It would 
not have been possible to link the consequences of 
these superstorms at Earth to the solar drivers with-
out this collection of satellites and the human and 
computational resources to interpret the data. Data 
from a single mission is rarely used in isolation.  The 
greatness of our Observatory comes from the com-
bination of multiple operational assets, focused and 
large-scale models, and associated data analysis.

The Great Observatory also helps us explain funda-
mental physical processes of the Sun-Solar System 
Connection. For example, magnetic reconnection 
between the interplanetary and Earth magnetic fields 
is the critical physical process determining the size of 
a geomagnetic storm. We have greatly increased our 
understanding of this process by relating upstream 
solar wind measurements to both data near the day-
side reconnection site and to satellite-based images 
of the corresponding ionospheric airglow emissions. 
These discoveries about the foundational phys-
ics of our solar system were made possible by the 
combined resources of our Great Observatory: the 
coupled observations, the detailed data analysis, the 
extensive modeling efforts, and the knowledge of the 
underpinning theory.

The figure below shows spacecraft of the Great 
Observatory that provided key observations of the 
coupled system response to the large 2003 “Hal-
loween Solar Storms”. The measurement capabil-
ity of the Great Observatory covers a broad range 
of methods including imaging the Sun, in situ and 
remotely sensing the disturbances in interplanetary 
space, measuring particles, fields, and radiation in 
Geospace remotely and in situ. With the SSSC por-
tion of the Great Observatory, we are able to see dis-
turbances moving out from the surface of the Sun 
all the way to the outer edge of the solar system 
(beyond 80 AU) and observe the effects propagat-
ing through the magnetosphere and ionosphere to 
the atmosphere.  Additional “observation posts” for 
space weather were provided by spacecraft such as 
Mars Global Surveyor (MGS), Cassini and the Hubble 
Space Telescope; these provided important informa-
tion on the effects of the Halloween superstorms on 
the space environment throughout the solar system. 
For example, from MGS, we learned that the fluxes 
of solar energetic particle radiation caused by the su-
perstorms were quite different at Mars than at Earth. 
Therefore, our Great Observatory will need to evolve 
and expand to fully understand why these responses 
were different in order to meet the needs of the Vision 
for Space Exploration.

Our Great Observatory continues to develop as 
new spacecraft join and old ones retire or change 
their operating modes. Missions in their prime phase 
are generally focused on particular science objec-
tives and systems; missions in extended phases 
(supported by MO&DA) provide the variety of obser-
vation posts needed to study the system of systems 
as demonstrated by the October Storms. One great 
strength of the SSSC Great Observatory fleet is that 
it is regularly evaluated and reviewed by the commu-
nity to maximize the return on our investments. The 
Senior Review process determines which spacecraft 
are most necessary to meet the needs of the Sun-
Solar System Connection program as defined by 
the community-developed Roadmap document. It is 
clear that there are some obvious gaps in this Ob-
servatory if it is to meet the new needs of the Vision 
for Space Exploration. New missions will be needed 
to characterize, understand and predict the dynamic 
environmental conditions in space to maximize the 
safety and productivity of both human and robotic 
space explorers.
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Note: do we include “soon to launch” missions, like 
STEREO, Solar-B, TWINS, and CNOFS?  Probably 
not, but this is a question to answer, like the inclu-
sion of NOAA, DOE, and DOD satellites in this table.
Spacecraft in Our Great Observatory
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Explorers and Other Mission Lines

There are three satellite lines that provide the ele-
ments of the ‘Great Observatory’ described in Section 
**, the Explorer program, the Solar-Terrestrial Probe 
line and the Living with a Star line. Operational and 
selected explorers and the operational  and planned 
strategic missions will contribute critical input to 
achieving the goals set out in the three scientific ob-
jectives. In addition, this roadmap describes the cru-
cial results obtainable from a set of satellites that are 
outside the scope of these three existing spacecraft 
lines. It is the connected nature of the Sun-Earth sys-
tem that allows each element to expand the capabili-
ties of the others.

The Role of the Explorer program:

The Explorer program has long been critical to 
maintaining the strength of the Sun-Earth Connec-
tion (now Sun-Earth System) science program. It af-
fords a regularly recurring unique opportunity to fly 
exciting new missions, selected by peer-reviewed 
science with a relatively short response time, utilizing 
state-of-the-art instrument development. In addition, 
the program provides the opportunity for instrument 
teams to participate in missions-of-opportunity pro-
vided by other agencies (DOD, etc) or international 
programs. These missions-of-opportunity allow the 
space physics community to obtain the data neces-
sary for specific strategic goals at a fraction of the 
cost of a dedicated mission. SEC Explorers are re-
sponsible for major scientific achievements that 
have profoundly transformed our understanding of 
the Sun-Earth system. Some highlights include: vi-
sualization of the global dynamics of the geospace 
system by IMAGE, the first gamma ray imaging by 
RHESSI, discovery of coronal magnetic complexity 
by TRACE, discovery of trapped anomalous cosmic 
rays in Earth’s magnetosphere by SAMPEX, and dis-
covery of small-scale size parallel electric fields in the 
auroral acceleration region by FAST. Many of these 
science discoveries provide direct input to the RFAs 
and therefore have already significantly contributed 
to the Vision for Exploration initiative. Examples in-
clude studies of particle acceleration via parallel elec-
tric fields by FAST (RFA 1.2), reconnection on the Sun 
by TRACE and in the Earth’s magnetosphere by IM-
AGE (RFA 1.1), and variability of radiation belts over 
a solar cycle by SAMPEX (RFA 2.4 and 3.2).**NEED 

ACE result** Upcoming explorers will also enhance 
our understanding questions raised in the RFAs. An 
example is AIM, a smex that will quantify the con-
nection between polar mesospheric clouds and the 
meteorology of the polar mesosphere and will pro-
vide the basis for study of long-term variability in the 
mesospheric climate and its relationship to global 
change. This study will contribute to solving RFA 1.3 
and 3.3. The five spacecraft THEMIS will elucidate 
the mechanisms of transport and explosive release 
of solar wind energy within the magnetosphere and 
will provide important science results for RFAs 3.2 
and 1.2. It is also a technology precursor to future 
‘constellation’ missions by providing an example of 
mission operation and data analysis from large num-
bers of satellites. This dual role has often been played 
by explorers. The recently selected IBEX mission to 
examine galactic cosmic rays and particle accelera-
tion at the heliopause will advance our understanding 
of RFA 1.2, 2.1 and 3.4. 

There are two mission-of-opportunity instruments 
that will be part of the SSSC operations: CINDI, 
which will fly on the DOD Communication/Navigation 
Outage Forecasting System (C/NOFS) satellite and 
TWINS, which will fly on DOD satellites. The CINDI 
investigation provides data that are not available 
from other C/NOFS instruments - continuous mea-
surements of the neutral wind, important for under-
standing the stability of the nighttime equatorial iono-
sphere, and the vector ion drift. The scientific goals 
of the mission, to elucidate the physical mechanisms 
that result in ionospheric irregularities that can impact 
communication and navigation systems, are part of 
those described in RFAs 1.3 and 3.2. TWINS is a two 
satellite mission in which identical energetic neutral 
imagers will provide the first stereoscopic imaging 
of the magnetosphere to study the 3d configurations 
and dynamics of large scale structures including the 
ring current. The results will contribute to RFAs 2.1 
and 3.2.

The Explorer line exemplifies the ability of the sci-
ence community to respond rapidly to ‘decision 
points,’ which is an important element in the strategy 
put forth in the Vision for Exploration initiative. Such 
decision points can be based on a new scientific dis-
covery that suggests the need for a new mission, on 
new instrumentation development that provide the 
opportunity to address questions previously not ac-
cessible to an explorer class, or new technologies 
or analysis techniques that enable a less expensive 
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mission. The rapid response of the SSSC commu-
nity to such promising scientific opportunities insures 
that science goals are met in the most cost and time 
effective manner. Results from such missions in turn 
may lead to development of new strategic missions 
or modifications of existing ones, a ‘spiral’ approach 
to meeting the goals put forth in the roadmap.

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

The Explorer program provides one of the four key 
elements (Explorers, strategic missions, LCAS inves-
tigations and SR&T) that are necessary to insure the 
continued vitality of Sun Solar System Connections 
science and its effectiveness in contributing to the 
goals of the Exploration initiative.  Although the road-
map can not plan that an Explorer mission will be 
selected in a particular timeframe that will address 
a specific RFA or investigation, history shows that 
the SSSC community responds to the high priority 
questions called out in the Roadmap with many in-
novative and unique mission concepts that have of-
ten been successful in the peer-review selection pro-
cess, resulting in significant progress on the RFAs. 
The Explorer is an essential part of the SSSC sci-
ence strategy, providing opportunities that cannot be 
anticipated in strategic mission lines. Interrupting or 
dramatically slowing the cadence the Explorer pro-
gram would cause a loss of innovative science, as 
well as a future shortage of scientists and engineers 
with the necessary expertise.

The Role of the Solar-Terrestrial Probe Line:

The Solar-Terrestrial Probe Line is one of two strate-
gic lines for the Sun-Solar System Connection. Stra-
tegic mission lines afford the space physics commu-
nity the opportunity to plan specific large missions to 
address one or more of the RFAs and thus make sig-
nificant progress in elucidating the fundamental pro-
cesses of the coupled Sun-Earth system. In addition, 
such capable spacecraft missions often result in un-
expected new discoveries.  Many such examples are 

provided by the strategic line, ISTP, which was a pre-
cursor to the STP mission line and focused on flow of 
energy and momentum in the Sun-Earth system.  For 
example, although not focused on microphysics, the 
ISTP missions have made numerous contributions to 
our understanding of plasma microphysics, such as 
direct measurement of the parallel electric fields in 
the auroral acceleration region (Polar), measurements 
of the electric field and electron motions in the elec-
tron diffusion region in magnetopause reconnection 
(Polar), ****need other examples from SOHO, Wind** 
discuss transformative science resulting**.

The first STP was TIMED, which is providing the first 
determination of both the energy input to the Earth’s 
upper atmosphere and the response to that energy, a 
focus of RFA 1.3 and 3.3. TIMED has shown dramatic 
global thermal, chemical, and dynamic responses of 
the upper atmosphere to high latitude auroral energy 
inputs. During the storms of April 2004, TIMED ob-
served a major NO enhancement in the upper strato-
sphere with evidence that it descended from the 
mesosphere (UARS also observed the largest NOx 
enhancement seen since its launch in 1993). This is 
an amazing event providing new evidence on atmo-
spheric pathways that link solar variability to climate.  
Modeling suggests that the source of this perturba-
tion is actually the superstorms in late 2003 in combi-
nation with a stable northern polar vortex. TIMED has 
also shown that the atmospheric response to high 
speed streams and coronal holes is more complicat-
ed than previously thought in a study of the impacts 
resulting from very large polar coronal holes and the 
geoeffective high speed streams of 2003. The inter-
action of atmospheric cooling and chemical changes 
due to large (30%) decrease in solar EUV with the 
effects of recurrent magnetic storms resulted in at-
mospheric effects of magnetic activity that extended 
deeper in altitude and lower in latitude and had signifi-
cant effects on the chemistry of the MLTI. Other stud-
ies have addressed the formation of storm enhanced 
density (SEDs) plumes that cause major problems for 
communications and navigation systems. These and 
many other important new results of TIMED are the 
groundbreaking efforts towards obtaining the goals 
outlined in RFA 1.3 and 3.3.

STEREO, scheduled for a 2006 launch, will provide 
the first stereoscopic images of CMEs, thus elucidat-
ing the 3d structure of CMEs, and will examine the 
associated acceleration of solar energetic particles 
(SEP). In addition to the remote imaging of the Sun, a 
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which reconnection occurs at the Earth’s magneto-
pause in response to these varying solar wind condi-
tions. Coincident measurements by MMS and GEC 
will facilitate understanding the impacts of energy in-
put via electromagnetic fields and particles due to re-
connection on the ionosphere and thermosphere and 
feedback of the ionosphere on the reconnection pro-
cess. In addition, the opportunity for serendipitous 
discoveries resulting from the overlap is lost.

 The Role of the Living with a Star Mission Line

The goals of the Living with a Star program are to 
understand the physical processes in the Sun-Solar 
System connection that directly affect life and soci-
ety. The complex needs of this program led to the 
development of a dedicated line of missions to fur-
ther these important goals and lead in the long term 
to operational missions and predictive capabilities. 
The LWS missions, which build on the fundamental 
knowledge gained by the STP missions, will very di-
rectly address the needs of the Vision for Exploration 
and Objective 2 and 3 of this roadmap. 

Solar Dynamics Observatory, the first LWS mission, 

primary goal of STEREO is to triangulate the location 
of solar radio sources, making use of simultaneous 
measurements from the two spacecraft, thus exam-
ining particle acceleration and the structure of CMEs.  
The two main types of solar radio emissions observed 
from space are the very commonplace bursts associ-
ated with solar flares and the much rarer bursts asso-
ciated with shocks driven by coronal mass ejections 
(CME).  Although many observations have indicated 
that the flare-related bursts are emitted into a very 
broad beam so their position can be easily triangu-
lated by widely space satellites, for the CME-related 
emissions, the beam width was not well known. The 
beam width is very important for understanding the 
relationship between ‘space weather’ near the Earth 
and elsewhere in the solar system. The figure below 
shows one example from many observed during the 
‘Halloween events’ of 2003, where the radio receiv-
ers onboard the Wind spacecraft near Earth and the 
Cassini spacecraft in route to Saturn both measured 
radio emissions from one of the CME-driven shocks.  
The two spacecraft were approximately 62 degrees 
apart as seen from the Sun, equivalent to the separa-
tion of the two STEREO spacecraft 1.5 years into the 
mission. The ability to forecast the occurrence and 
spectra of SEPs is critical for the Vision for Explo-
ration. STEREO will provide vital input for obtaining 
closure on RFAs 1.2, 2.3 and 3.1.

**Need words on Solar-B**
 

The next mission in the STP line is Magnetospheric 
Multi-Scale (MMS), which is a four spacecraft mis-
sion designed to study the microphysics of magnetic 
reconnection and particle acceleration in reconnec-
tion. This mission is critical to providing the answers 
to RFA 1.1 and 1.2. 

Obtaining closure on the science questions de-
scribed in this roadmap and their application to the 
needs of the Vision for Exploration initiative will be 
negatively impacted by the current slow-down in the 
cadence of these missions. In many cases, the sci-
ence is dramatically enhanced by having missions 
operational during the same time intervals. When 
satellites are not simultaneously operational, the 
ability to directly map causal chains may be compro-
mised. An example is that simultaneous observations 
by STEREO and MMS will allow the direct connec-
tion between specific types of CMEs and the way in 
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will examine the mechanisms that drive the Sun’s 11 
year cycle of variability, the magnetic field configura-
tions that are precursors to CMEs and solar flares, 
and the variations is solar irradiance. These science 
questions exactly address RFAs 2.2, 3.1 and 3.3. The 
next set of LWS missions are the Geospace Storm 
Probes, which examine the effects of solar variability 
on the Earth system, including the radiation belts and 
the ionosphere-thermosphere, contributing directly 
to RFAs 2.1, 2.4, 3.2 and 3.3.



54 The Sun - Solar System Connection

Mission Location Primary function in GO Phase/ funding

Solar

RHESSI Low Earth orbit imaging flare events Prime, SEC

SOHO L1 solar EUV and coronagraph observations Extended, MO&DA

TRACE Low Earth orbit solar EUV observations Extended, MO&DA

Heliospheric

ACE L1 upstream monitoring of SW Extended, MO&DA

ULYSSES Heliopolar orbit 
to 5 AU

heliospheric monitoring Extended, MO&DA

Voyager 1-2 80 & 90 AU outer heliosphere monitoring Extended, MO&DA

WIND L1-L2 SW measurements Extended, MO&DA

Magnetospheric

IMAGE High Earth orbit Auroral and magnetospheric imaging Extended, MO&DA

POLAR High Earth orbit Mag.-Ionos coupling, reconnection, 
radiation belts

Extended, MO&DA

Cluster High Earth orbit Magnetopause and cusp Extended, ESA and 
MO&DA

Geotail High Earth orbit Magnetotail and SW observations Extended, Japan and 
MO&DA

LANL sats Geosynch. orbit Inner magnetosphere radiation environment DOE

GOES Geosynch. orbit Magnetic field and radiation environment NOAA

GPS Medium Earth 
orbit

Total electron content, radiation belt 
monitoring

???

Ionospheric and 
Atmospheric

TIMED Low Earth orbit MLTI physics and coupling Extended, MO&DA

FAST Low Earth orbit Mag.-Ionos transition region Extended, MO&DA

POES Low Earth orbit Particle precipitation obs. NOAA

DMSP Low Earth orbit Particle precipitation, upper ionospheric 
measurements

DOD

Planetary

Mars Global 
Surveyor

Mars orbit Mars radiation monitor Extended, Mars 
Program

Mars Express Mars orbit Mars plasma observations Prime, ESA and Mars 
Program

Cassini Saturn orbit Monitor response of Saturn magnetosphere Prime, SSE
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Spirals/Stages/Pathwayas/Milestones/Decision 
Points

Each goal of the SSSC roadmap has a unique and 
compelling role in fulfilling the mission of NASA. The 
strategy employed to achieve the three goals maxi-
mizes the effectiveness of path-finding processes 
where clear decision points are based on discovery 
and new knowledge, and of developmental spiral 
or staged processes where recognition of needed 
Agency capabilities defines the activity. 

SSSC Roadmap Goal Strategic process

#1 – Fundamental Science Pathway

#2 – Exploration Science Spiral

#3 – Societal Impact Science Spiral + Pathway

To understand (or know?) is at the core of what the 
word ‘explore’ means in its most fundamental ex-
pression. To understand how the Solar System and 
the Sun are connected, to understand how that influ-
ences the ability to explore beyond our home plan-
et, and to understand how that impacts society are 
statements that define the content of the Sun-Solar 
System Roadmap. The processes that best enable 
the fulfillment of these statements will be implement-
ed.  The existing Sun-Solar System Great Observa-
tory, comprised of existing missions and associated 
MO&DA programs, is the foundation for the strategic 
processes that are adopted. Decision points are de-
fined as moments when the state of knowledge has 
progressed, as a result of previous activities and dis-
coveries, to the point that an informed decision can 
be made with respect to what the next step should 
be in furthering the understanding of the relevant in-
vestigation or in achieving a goal.

Goal #1

The strategic progression for achieving the 1st goal 
of the road map is to pursue fundamental measure-
ments in a stepwise fashion where the direction of 
the path is determined by the state of knowledge at 
the point of decision. Descision points Some deci-
sion points may dictate the end of a pathway if there 
are no compelling or urgent reasons to pursue that 
course. Other decision points may branch into mul-
tiple pathways that develop due to unexpected dis-

coveries, or they may confirm a path that had been 
predicted. An example that demonstrate this process 
is the pursuit to understand the fundamental pro-
cess of merging of magnetic fields or reconnection. 
The Magnetospheric MultiScale mission (MMS) has 
this as its primary objective. The results of this mis-
sion will mark the decision point and determine the 
path for future missions such as the Magnetospheric 
Constellation, Auroral Acceleration Probe, and the 
Magnetospheric Link mission (or whatever the better 
name for MiLiMII is). 

The missions of heritage for the Sun-Solar System 
science and the processes by which they were se-
lected provide strong evidence that the pathway pro-
gression has, in effect, been implemented in the past. 
The evolution of the Sun-Solar System Great Obser-
vatory is a testament that the pathway progression 
can be successfully utilized.

Need to flesh this out:
Solar Heliospheric Pathway
Heritage - SkyLab solar telescope, the Solar Maxi-
mum Mission (SMM), and Solwind  led to SoHO; 
SoHo led to SDO and STEREO
Future - The results of SDO and STEREO with those 
of TRACE and RHESSI will lead to a decision whether 
we need a large aperture solar telescope in space 
such as SEPP or MTRAP, or ground or 360° 1AU ring 
- to provide predictive capability. 

Geospace Pathway
Branch pathways have developed from heritage mis-
sions that can be described as a System Science 
path and Fundamental Science path.
fundamental path:
Heritage – Cress, IMP, Wind and Polar led to Cluster 
and MMS
Future – The results of MMS, Cluster with those of 
THEMIS will led to decision point regarding Magne-
tospheric Constellation or a radio sounding mission
system path:
Heritage – DE, FAST, Polar
Future –: The results of these missions along with 
the results of IMAGE and THEMIS lead to the com-
plimentary Auroral Acceleration Probe mission and 
Magnetospheric Link missions

Goal #2 – Exploration Science

Need to develop capability to predict and character-
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ize space environment. This is what is needed (1) pre-
dictive capability of Source of solar variability, (2) pre-
dictive and characterization of evolution of solar wind 
in interplanetary space, and (3) predictive and char-
acterization of the effect of solar wind and solar vari-
ability on planetary environments. Therefore a devel-
opmental spiral process in each of these areas will be 
implemented; the solar-source spiral, the inter-space 
spiral and the planet-system spiral. With the Sun-So-
lar System Great Observatory as the foundation for 
each spiral, the process of developing the capabil-
ity of characterizing and predicting the environment 
for exploration has already begun. The solar-source 
spiral is will develop based on the results of TRACE, 
RHESSI, SDO and SoHO to establish the predictive 
ability of existing models and measurement require-
ments for additional missions such as SEPP. The in-
ter-space spiral will use the measurements of SoHO, 
Wind, ACE, and those of STEREO to define drive the 
solar wind evolution models and energetic particle 
environment and the requirements of future missions 
to Mars and the Moon that will spend so much time in 
interplanetary space. Part of the staged process will 
likely require additional measurement capability with 
missions such as the Space Weather Vanes and L1. 
The Solar Probe mission will provide a key ingredient 
in the predictive capability of energetic particles. The 
planet-space spiral will use the results of Polar, Fast, 
Cluster and MMS with the discoveries of the Radia-
tion Belt Storm Probes to develop the predictive and 
characterization of the environment for the mars ex-
ploration missions and the associated staging in the 
near-Earth environment. The Ionosphere-Thermo-
sphere Storm Probes, GEC and the global FUV im-
ager will contribute to the knowledge of Mars global 
circulation models and to the requirements for the 
Aeronomy and Mars Weather (Dynamics) missions 
as well as define and predict the Mars environment in 
which aero braking/capture will occur.

Goal #3

A combination of strategic processes will be used to 
meet Goal #3. A spiral process will be implemented 
to develop the capability to predict the interplanetary 
space and its impact on the Earth’s environment 
where space and ground assets operate. This may 
consist of measurements at L1 and those closer to 
the Sun, with the aide of solar sail technology, and 
global observations of the Earth’s ionosphere/ther

mosphere system. A strategic process incorporat-
ing pathways and decision points will be realized to 
determine the impact of radiation and EUV on the 
Earth’s climate and space environment. The resulting 
knowledge of the SDO solar EUV measurements, the 
IT Storm Probes, and FUV global imager will deter-
mine the path to global circulation modeling efforts 
that impact communications/navigation and atmo-
spheric/ionospheric coupling. The RB Storm Probes 
will investigate the evolution and variability of the 
near-Earth radiation environment and provide direc-
tion for subsequent measurements.
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New Initiatives:

The SHMEx (Space Hazards Mitigation for Explo-
ration) Program, and Solar Probe

1. The SHMEx (Space Hazards Mitigation for Ex-
ploration) Program

The space environment poses a number of threats 
to the productivity and safety of both robotic and 
manned exploration missions.  With the miniaturiza-
tion of electronics comes increased susceptibility to 
deep dielectric discharge and to soft and hard up-
sets by single-event and cumulative-dose energetic 
particle deposition.  Spacecraft or habitat elements 
including life support systems, thermal coatings, 
solar cells, etc., require knowledge of the energetic 
particle environment to serve as a basis for proper 
design and perhaps corrective action.  The energetic 
particle spectrum, including the secondary particles 
generated by irradiation of a spacecraft or habitat, 
can also be hazardous to humans in space.  The ra-
diation environments of concern for the VSE include 
geospace, the lunar environment, the interplanetary 
medium, and the Martian space environment and 
planetary surface.

The external environment of a spacecraft also con-
sists of the neutral atmosphere that it encounters 
during aerocapture or atmospheric entry.  Accurate 
knowledge of density, particulates, winds, and the 
variability of these parameters, including turbulence, 
is important for accurate specification of spacecraft 
trajectories and heating.

The basic and applied research agendas of the 
SSSC Roadmap address the above concerns at sev-
eral levels, ranging from understanding basic physi-
cal processes to the development of predictive mod-
els that assimilate (ingest) observational data.  The 
VSE has set goals of manned missions to the moon 
by xxxx  and to Mars by yyyy.  It is possible to de-
lineate the SSSC elements that support the VSE by 
anticipating the operational needs of nominal lunar 
and Mars missions, deriving the enabling technolo-
gies, measurements and models required for mis-
sion success; and then to identify the basic physical 
understanding that must underly the above.  An ex-
ample is provided in the Mission-Enabling Flow Chart 
xx and accompanying Figure yy.  The figure delin-
eates the critical space environments to be encoun-
tered in the manned exploration program:  geospace 

environment and lunar transfer orbit; the moon; the 
interplanetary medium; and the Martian environment 
(orbit, aerocapture & entry, habitation).
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In going through the above process, the SSSC 
community has found that much of what we already 
do, and what is planned within the STP line and LWS 
program, can be traced through a flow diagram such 
as xx, leading to demonstrable connectivity with 
one or more operational needs.  However, signifi-
cant shortcomings have also been identified.  These 
shortcomings include accurate empirical knowledge 
of the radiation environments of geospace and the 
moon; real-time (during Mars transit and habitation) 
360° coverage of low-energy plasma, magnetic fields 
and energetic particles emanating from the Sun; the 
aerocapture, entry and descent environments of 
Mars; and real-time assimilative models of the above 
environments. It is proposed to address the above 
shortcomings through a proposed initiative, the 
Space Hazards Mitigation for Exploration (SHMEx) 
Program.  The main elements of SHMEx include:

(N.B. I don’t what the exact missions would be, but 
I am thinking one “radiation belt”, one “solar/helio-
sphere” and one “Mars atmosphere” – I don’t think 
we can credibly argue for more than 3 of these be-
tween now and 2035)

 • Characterization of the geospace and lunar ener-
getic particle environments, allowing for separation 
of spatial and temporal variability.  This would be ac-
complished in part by a mission similar to one cur-
rently known as MagCon, supplemented by other 
missions of opportunity (secondary payloads, etc.).
   • Characterization of the temperature, density and 
wind structure of Mars’ atmosphere from the surface 
to ~200 km.  This would be accomplished in part by 
the mission currently referred to as Mars Dynamics,
  • Characterization of the interplanetary and Martian 
energetic particle environments through mission of 
opportunity payloads on various Mars missions.
  • A real-time system (during manned mission to 
Mars) for measuring the spatial-temporal structure of 
disturbances emanating from the Sun.  This would 
be accomplished by a system of  “space weather 
buoys” surrounding the Sun at L1, measuring CMEs 
and SEPs, and providing other key data for ingestion 
into data assimilation models.
  • A comprehensive theory and modeling program, 
with the ultimate goal of producing first-principles 
data-assimilative models of the geospace and helio-
sphere particle environments.  This program would 
consist of large multi-institutional grants (~1 $M/year) 
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that aggressively tackle the difficult problem of accu-
rate specification and prediction needed for support-
ing manned missions to the moon and to Mars.
  •  SR&T and GI Programs in support of the above.

2. Solar Probe

Solar Probe is the SSSC flagship mission.  Using 
both in-situ and remote sensing instruments ap-
proaching as close as 4 solar radii from Sun, Solar 
Probe will visit one of the last unexplored regions of 
the solar system. Measurements will provide the first 
3-dimensional view of the corona, high spatial- and 
temporal-resolution measurements of the plasma 
and magnetic fields, and high-resolution helioseis-
mology and magnetic field observations of the solar 
polar photosphere.  The primary science objective 
of Solar Probe is “to understand the processes that 
heat the solar corona and produce the solar wind”.  
In addition, Solar Probe will expand our knowledge 
of physical processes on the Sun responsible for the 
formation of active regions and the eruptive release 
of energetic particles, EUV and UV radiation, and in-
deed, the long-term evolution of solar output driving 
Earth’s climate and weather.

According to the report of the 1999 science defini-
tion team the fundamental science questions to be 
addressed by Solar Probe include:

• What is the physics of the flow of energy through 
the Sun’s surface and into the solar atmosphere (co-
rona)?

• What causes the slow solar wind? What causes 
the fast solar wind?

• What are the properties of the smallest structures 
in coronal holes and streamers?

• What are the magnetic fields and solar rotation 
like near the poles of the Sun, beneath the polar cor-
onal holes?

Solar Probe is cited as the highest priority mis-
sion for Solar and Space Physics in the Decadal 
Research Strategy in Solar and Space Physics 
(“Decadal Survey”) published by the National Re-
search Council in 2003.  Solar Probe is technically 
feasible now, and remains a very high priority mission 
in the SSSC Roadmap.
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Programmatics, Partnerships, & Links

Because of the extensive nature of research in 
space plasmas, the Sun Solar System Connection 
has a broad set of links to and partnerships with other 
organizations and science disciplines.  Partnerships 
and links are made at multiple levels, from individual 
collaborations between scientists to national and 
international agreements between agencies.  While 
many of the partnerships that contribute to SSSC 
goals are not planned strategically (they are the 
result of competitive mission selection or mission 
implementation decisions, for example), they form 
an important part of the SSSC infrastructure and, 
in fact, make significant contributions to strategic 
goals.  Some examples of successful partnerships 
that benefit both SSSC and our partners are given 
below.

Scientific links exist between research efforts in 
SSSC and a number of other discipline areas; for 
example, the SSSC community has an ongoing 
relationship with the planetary science community.  
One common goal is the study of Mars: Mars Global 
Surveyor, which reached the red planet in 1997 and 
is still returning high-quality data, is equipped with an 
instrument to measure the magnetic field in the space 
environment around Mars.  This sensor transformed 
our understanding of Mars, detecting strong magnetic 
fields emanating from the crust of the planet.  The 
intensity of the fields are ten times stronger than 
Earth’s crustal fields, and their pattern and placement 
around Mars have changed our thinking about the 
geologic history of this planet.  A similar instrument 
flew on Lunar Prospector, detecting very faint crustal 
magnetic field signatures on the Moon.

In recent years, it has become increasingly clear 
that solar variability has an effect on the evolution of 
the Earth’s climate.  Attempts to explain this influence 
via the small (4%) variability in solar irradiance over 
the solar cycle have been unsuccessful, however, the 
UV output of the sun varies by as much as 20% over 
the cycle, providing a potential source of climatic 
influence.  In addition, it has been proposed that 
cosmic rays can seed the production of atmospheric 
aerosols and their variability could affect climate.  
Unraveling this mystery requires understanding the 
coupling of two complex systems:  the nature of the 
sun’s long-term variability and the coupling between 
solar variability and earth’s climate.

The results of scientific research in SSSC are also 

applied outside the solar system.  For example the 
study of the formation of planetary systems from 
debris disks is strongly influenced by the presence 
of plasma and magnetic field within these disks. 
Fundamental processes that are influenced by stellar 
magnetic fields and winds include the formation of 
an inner disk ‘magnetospheric cavity’, accretion flow 
along field lines and what factors affect planetary 
migration through the disk and momentum transfer 
between the disk and star. Stellar winds and magnetic 
fields also play an important role in the dynamics 
of older systems, from Vega-type debris disks (e.g. 
Vega, Fomalhaut, Epsilon Eridani, Beta Pic) through 
mature disks like our own zodiacal cloud.

Programmatic links within NASA also provide fruitful 
partnerships that help accomplish SSSC goals.  The 
Explorer Program has flown multiple high-return 
missions that have added substantially to the study 
of the Sun-Solar System Connection.  The IMAGE 
mission, a MIDEX explorer satellite launched in early 
2000, has dramatically changed the way we think 
about the inner magnetosphere.  It is the first mission 
dedicated to remotely sensing the plasmasphere, ring 
current, and auroral oval globally and simultaneously.  
These data have revealed how the global structure of 
these different plasma regimes dynamically evolves 
during geomagnetic disturbances.  It has also 
provided a wealth of understanding on the interplay 
between these disparate charge particle populations 
of geospace.

To pursue the ambitious missions required to fulfill 
SSSC objectives requires partnering with other parts 
of NASA to develop the necessary technology.  A 
number of planned SSSC missions require high 
delta-V propulsion, for example, to achieve high 
inclination solar orbits, to station-keep upstream of 
the L1 libration point or to leave the solar system 
completely.  One potential technology to enable these 
missions is solar sail propulsion.  Solar sails offer the 
promise of inexpensive high performance propulsion 
for low-mass payloads and NASA’s In-Space 
Propulsion Technology Program (ISPT) has pursued 
their development.  The complex problem of storing 
and deploying the large gossamer films required for 
solar sails has been solved, with 10m sail quadrants 
already successfully tested on the ground and full 
20m sails systems will be tested in the near future.  
The ISPT program is also developing the control 
systems and tools that will allow precise attitude 
control and trajectory determination.  Because of 
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these developments we are in a position to fly a flight 
demonstration solar sail mission in the near future, 
thus enabling several future SSSC missions.  Such a 
demonstration mission has been solicited by the New 
Millennium Program, and may fly as early as 2009.

SSSC partnerships also benefit other parts of 
NASA; for example, knowledge of the space radiation 
environment is critical to mitigating the risks of 
exposure to astronauts.  The Space Radiation Analysis 
Group at Johnson Space Center addresses this need 
for NASA’s manned space flight missions.  It provides 
radiological support during missions, crew exposure 
projections via space weather predictions and 
comprehensive exposure modeling, and operation 
of in-flight radiation instruments to characterize the 
environment in and around the spacecraft (i.e., the 
shuttle or the ISS).  This group is a conduit for the 
SSSC science results to be operationally applied to 
maximize the safety and enhance the productivity of 
human space explorers.

There are also significant partnerships between 
SSSC and outside agencies.  One such partnership is 
with NOAA’s Space Environment Center (SEC).  The 
SEC continually monitors and forecasts the Earth’s 
space weather conditions, providing alerts and 
advisory notices to commercial and governmental 
spacecraft operators around the world.  The SEC staff 
also conducts research and development programs 
to improve their predictive capabilities.  This includes 
operating space-based instruments for detecting solar 
and geophysical disturbances, as well as enhancing 
their modeling and theoretical capabilities.  SEC also 
provides a critical link in transitioning research tools 
into operational use through the Rapid Prototyping 
Center.  The RPC staff works with SSSC space 
scientists to convert their data sets and numerical 
models into streamlined, readily usable tools that 
enhance the predictive capabilities at SEC.

International Partnerships also play an important 
role in the pursuit of SSSC research.  One of the 
most spectacular examples is the SOHO mission, 
a partnership between NASA and ESA.  SOHO has 
revolutionized our understanding of the sun, probing 
its internal structure and sub-photospheric flows, the 
energization of plasmas and the explosive release 
of energy in Coronal Mass Ejections.  The Ulysses 
mission is also a successful partnership between 
NASA and ESA that has had a transformational 
impact on our understanding of the solar wind. As the 
first mission to orbit the sun at high latitude, Ulysses 

is providing enormous insight into the structure, 
composition and energetics of the global heliosphere 
over the whole solar cycle.
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Technology

NASA is intimately connected with technology, 
both in terms of enabling and enhancing technolo-
gies that are at the heart of NASA mission concepts, 
but also because of the impact of space weather ef-
fects on the global technological infrastructure.  One 
of NASA’s main goals is to understand the effects of 
solar disturbances on society, i.e. technology.
In furthering the study of the Sun Solar System Con-
nection development in a number of technology ar-
eas is required.  Future SSSC technology needs are 
driven by the requirement to sample space plasmas 
at multiple points simultaneously (with missions such 
as MMS and Magcon), to achieve high delta V orbits 
(to escape from the solar system or enter a polar he-
liocentric orbit for example) to visualize and analyze 
ever more complex data sets and assimilate them 
into sophisticated models.  Technologies that enable 
or enhance our efforts to study the Sun Solar System 
Connection will be pursued as part of our strategic 
plan.

Future SSSC technology needs are broken down 
into several focus areas:  Enabling high delta-V pro-
pulsion, enabling the development of compact low-
cost spacecraft, enabling the visualization, analysis 
and modeling of solar system plasmas and enabling 
the development of the next generation of SSSC in-
strumentation and enabling the return of large data 
sets from throughout the solar system.
 Enabling high delta-V propulsion

A number of SSSC missions will study solar sys-
tem plasmas from unique vantage points (examining 
the sun from over its pole, or leaving the heliosphere 
to study the interaction between plasmas in the so-
lar system and the interstellar medium).  To enable 
such missions we need to develop propulsion sys-
tems that can supply a larger delta-V than conven-
tional rocket engines.  Studies have shown that for 
the combination of low payload mass and orbit re-
quirements being considered, solar sails are an ideal 
choice.  Ground based demonstrations of solar sail 
subsystems have taken place over the last few years, 
and plans are being made to undertake a flight dem-
onstration of a 40m solar sail flight system that would 
provide all the necessary data to enable solar sails 
to be used operationally.  Following this flight dem-
onstration the first science missions (e.g. Heliostorm 
and Solar Polar Imager) would require sails in the 
100m 150m class.

 Enabling the development of compact low-cost 
spacecraft

Because of the complexity of solar system plas-
mas, it is often necessary to study them with clusters 
or constellations of spacecraft making simultaneous 
multi-point measurements (for example, Inner He-
liospheric Sentinels, MMS and Magcon).  For multi 
spacecraft missions enabling and enhancing tech-
nologies include the development of low power elec-
tronics and low mass, economical spacecraft.
 Enabling the visualization, analysis and modeling 
of solar system plasmas

One of the most exciting technological advances 
is in the field of advanced supercomputing for model 
development and innovative new technologies for 
data analysis and visualization.  Examples include 
NASA’s Information Power Grid, a joint effort be-
tween government, academia, and industry to pro-
vide large scale, distributed computing resources to 
the scientific and engineering community.  Another 
noteworthy example, the Columbia supercomputer, 
named in honor of the astronauts lost on the space 
shuttle, uses 10,240 Intel Itanium 2 processors and 
provides an order of magnitude increase in NASA’s 
computing capability.

One of the great challenges faced by current and 
future NASA missions is visualization of multiple vec-
tor and scalar quantities measured by many space-
craft in a simultaneous, coherent fashion.  The Vis-
BARD project, funded by NASA’s Applied Information 
Systems Research Program was developed to meet 
this need.

Space science data are displayed three-dimen-
sionally along the orbits which may be presented as 
either connected lines or as individual points.  The 
data display allows the rapid determination of vector 
configurations, correlations between many measure-
ments at multiple points, and global relationships.  
Events such as vector field rotations and dozens of 
simultaneous variables that are very difficult to see in 
traditional time-series line plots are easily visualized 
with this tool.

An example of this is shown in the figure with 
data from the Helios 2 spacecraft orbiting the Sun. 
The symbols on the orbit show that the plasma be-
comes colder (smaller symbol) and denser (blue and 
green) where the wind slows (colored arrows) and the 
magnetic field changes direction (blue arrows). The 
change in the field direction in this “sector boundary” 
region is quite complex, and is very difficult to visual-
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ize using line plots.
 Enabling the development of the next generation 
of SSSC instrumentation

Many of the missions needed to pursue future SSSC 
goals will require the development of new scientific 
instrumentation.  While most required measurement 
types can currently be made by flight instruments, 
these instruments are often more massive and power 
hungry than can be easily accommodated by future 
missions.  There are also important advances need-
ed in, for example, large focal plane arrays and large 
scale optics.
 Enabling the return of large data sets from 
throughout the solar system
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External Drivers Beyond SSSC Control

Scientists and engineers working on Sun-Solar 
System Connection science have overcome many of 
the problems of building, flying, and operating space 
missions.  But our science is limited by numerous 
factors beyond the control of the community.  Each 
is founded on rational decisions made by groups in 
the larger society which we work within.  Like Re-
inhold Niebuhr, we need “the serenity to accept the 
things [we] cannot change, the courage to change 
the things I can, and the wisdom to know the differ-
ence.” 

FREE MARKET AND SPACE LAUNCH COST

The single largest cost in most space missions is 
the cost of the launch vehicle.  Unlike nearly all tech-
nologies, the cost to orbit a kilogram has been nearly 
constant over the past decade.  Why is the cost per 
mass so expensive?  Space launchers are the most 
difficult challenges in engineering and amnufacture 
because the forces and energies present in a launch 
vehicle are so high that they prevent graceful failures.  
From 1988 to 1999, 4% of launches failed in ways 
that required their destruction to insure public safety.  
Indeed, as an Aeronautics and Space Engineering 
Board report states “Destruct commands are often 
superfluous because vehicles explode or break up 
because of dynamic forces.”   In the early years of 
spaceflight, NASA solved this problem by building 
duplicate satellites, such that one might succeed if 
another failed. Today the response of the users has 
been to emphasize reliability of a small number of 
satellites.

The commercial space market represents ap-
proximately half of the worldwide demand for space 
launch vehicles.  The 2004 FAA/COMSTAC forecast 
is the most recent summary of commercial demand.  
That report shows that the launch rate has been and 
will remain static at 22 per year from 2000 until 2013.  
The principal change has been the growth in demand 
for very large satellites.  The average mass per satel-
lite has grown from 2,400 kg in 1993-94 to 4,100 kg 
in 2003-04.  The demand for larger satellites drives 
the move to new, larger launchers.

The recent development of EELVs by the DoD sug-
gests that their needs are similar to those of the com-
mercial market.  Some of the other Federal space ac-
tivities, including NASA, also need large spacecraft 

and launchers.  Taken together, the manufacturers of 
space launchers have good reason to focus on larger 
vehicles.  The constant, small numbers of launches 
prevents economies of scale.  To recoup the high de-
velopment costs of new launchers, it is desirable to 
stop the production of older, smaller vehicles.  With 
only large, expensive vehicles available, the opportu-
nity for small, simple, inexpensive, risky payloads is 
absent.  Only large, expensive spacecraft make eco-
nomic sense.

Yet, many NASA science missions can be accom-
plished with much smaller, less costly spacecraft.  The 
SMEX, MIDEX, Discovery, ESSP, and New Millenium 
mission lines are all highly productive and depend on 
smaller vehicles. Fiscal responsibility, scientific and 
technological opportunities are strong arguments for 
working to maintain a range of launch vehicles, both 
large and small.

PUBLIC TRUST AND RISK TOLERANCE

NASA provides the visible demonstration of the 
value of American technological society to solving 
grand problems.  The inspiration provided by a great 
success such as the Mars Rovers is matched by the 
disappointment and concern attached to failures 
such as the Mars Climate Orbiter loss.  Success and 
failure are all visible and are owned by the American 
public.  

Personal freedom is one foundation of American 
society.  We accord individuals the right to pursue 
activities that have significant risk of injury or death 
as a price of that freedom.  These private risks, taken 
voluntarily, are accepted. 

In contrast, risk in systems supported or controlled 
by tax funds is not accepted.  Public safety and fiscal 
responsibility require detailed investigation to deter-
mine causality and future improvement.  Examples 
include airline or other controlled transportation ac-
cidents, military accidents, and NASA accidents.

As NASA missions grow in size and cost, their 
complexity compounds.  In turn, growing complexity 
drive a compounding of levels of risk management, 
including detailed process control, frequent reviews, 
and larger requirements on project management.  
Risk management is the cost of insurance to mini-
mize avoidable failures, which impose delay and un-
planned costs on all missions, because they share 
common technologies independent of their science 
focus.  As with other complex aspects of our society, 
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the cost of insurance is an increasing fraction of the 
total.

Yet risk is a critical part of the process of learning 
to succeed.  NASA fosters future success by offer-
ing broad range of projects and missions to permit 
new generations to learn through trial and error, and 
help the best progress to larger projects.  The de-
sire to minimize risk must be tempered by a desire 
to maximize success.  Scientists and the public are 
inspired by spaceflight, in ways that they are not by 
many other activities, because its challenges bring us 
to the edge.

NATIONAL SECURITY

Space technology provides unique contributions to 
national security, in reconnaissance, navigation, and 
communication (and space weather effects on such 
systems).  American technological advantages over 
potential adversaries drives restrictions on civilian 
space interactions with foreign collaborators.  Re-
cent increases in these restrictions, founded in the 
International Traffic in Arms Regulations (ITAR) and 
Export Administration Regulations (EAR), apply even 
to interactions with friendly nations.  One result is de-
creased opportunities for the cost-sharing of space 
missions.  NASA has accorded Principal Investiga-
tors (PI) freedom to involve foreign collaborators.  
Foreign contributions, such as the Huygens lander 
on the Cassini mission, have improved the quality of 
many science missions.  The costs of these positive 
foreign interactions are increasing, to insure the re-
quired compliance with ITAR/EAR restrictions.  This 
problem affects both facility and PI-class missions.

RECOMMENDATIONS

1) NASA should find ways to keep a broad range of 
launchers available, both large and small. 

2) NASA should work with all its communities to de-
velop the most cost-efficient methods for appropriate 
risk management of complex space projects.  NASA 
should engage the public in the challenges and inher-
ent risks of pioneering spaceflight and exploration.

3) NASA should aid its projects to achieve cost-ef-
fective compliance with ITAR rules.  NASA should 
continue dialog and negotiation with the relevant 

agencies to develop and clarify more appropriate 
rules, to facilitate valuable foreign collaboration with 
America’s space goals.
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EDUCATION AND PUBLIC OUTREACH  
(E/PO)

Sun-Earth System E/PO programs share the excite-
ment of science discoveries with the public, enhance 
the quality of science, mathematics, and technology 
education, and help create our 21st century scien-
tific and technical workforce.  These efforts align 
with NASA’s Science Mission Directorate’s education 
goals and priorities to inspire and motivate students 
to pursue careers in science, technology, engineering 
and mathematics (STEM), and to engage the public 
in shaping and sharing the experience of explora-
tion and discovery.   In addition, E/PO programs has 
focused on the development of tools for evaluating 
the quality and impact of Sun-Earth system science 
education and outreach programs, in order to identify 
and disseminate best practices in E/PO.  

Strengths

E/PO activities are currently integrated throughout 
flight missions and research programs of the Sun-
Earth System scientific community.  As the result a 
significant fraction of the Sun-Earth system scientific 
community contributes to a broad public understand-
ing of science and is directly involved in education at 
the pre-college and college level.  Graduate student 
participation in Sun-Earth system research programs 
is enhanced by the Graduate Student Research Pro-
gram, a cooperative program between NASA educa-
tion and the Science Mission Directorate.  

The Sun-Earth Connection Education Forum (SE-
CEF; a partnership between NASA Goddard Space 
Flight Center and the University of Berkeley) com-
bined with the regional Broker/Facilitator institutions 
work to establish strong and lasting partnerships be-
tween the Sun-Earth system science and formal and 
informal education communities.  These centralized 
efforts seek to 

• facilitate the involvement of Sun-Earth system 
scientists in E/PO activities; to develop a national 
network to identify high-leverage education and out-
reach opportunities and to support long-term part-
nerships, to 

• provide ready access to the products of Sun-
Earth system science education and outreach pro-
grams, and to 

• promote the participation of underserved and 
under-utilitzed groups in the Sun-Earth system sci-
ence program by providing new opportunities for mi-
norities and minority universities to compete for and 
participate in Sun-Earth system science missions, 
research, and education programs.  

Vigorous E/PO programs also stem directly from 
various science programs within the Sun-Earth Sys-
tem community that effectively connect with and 
serve the E/PO needs of local communities.

[The following texts are for sidebars that highlight 
two programs – one is the result of centralized efforts 
and the other directly associated with an observa-
tory]

Sun-Earth Day
Sun-Earth Day is an annual national event that was 

created and coordinated by SECEF.  Since 2001 op-
portunities have been provided to share the science 
of the Sun with educators, students, and the general 
public via informal learning centers, the Web, TV, etc.  
Webcast technology is used to bring NASA science 
into the classroom and to the museums in real time.  
Support materials are made available to registered 
users and through NASA centers.  While the empha-
sis is on the Sun-Earth connection, a specific theme 
is created each year to continue to engage the pub-
lic:

2001 - Having a Solar Blast
2002 -  Celebrating the Spring Equinox
2003 - Live from the Aurora
2004 - Venus Transit, and
2005 - Ancient Observatories: Timeless Knowl-

edge.

Sun-Earth day activities include telescopes on the 
Web, Webcasts, Web chats, teacher training work-
shops, museums activities, and the sharing of data 
collected by various audiences.  Scientists partici-
pate through classroom and museum presentations, 
and answering questions during the Webcasts and 
Web chats. The 2004 annual event directly engaged 
60,000 participants and indirectly several millions.  
For example, the Sun-Earth Day website received 40 
million hits in 40 hours.  There were 1000 news re-
ports on various TV channels, including 40 interviews 
with NASA scientists. More than 12,000 packets of 
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educational materials were distributed to teachers, 
museums, and amateur astronomers.  

(Images can be selected from: http://sunearth.gsfc.
nasa.gov/sunearthday/2004/vt_gallery.htm)

As part of the 2005 Sun-Earth Day programming, in 
fall 2004, the Ancient Observatories Timeless Knowl-
edge website (sunearthday.nasa.gov) and the Tradi-
tions of the Sun website (www.traditionsofthesun.
org) were launched to allow users to explore Chaco 
Canyon and other areas.  These websites also high-
light NASA research on the Sun and Native American 
solar practices within a larger historical and cultural 
context.   The culminating event for  Sun-Earth Day 
2005 is a bilingual webcast live from Chichen Itza, 
which will reach many Hispanics and Native Ameri-
cans. 

The Solar and Heliospheric Observatory 
(SOHO)

SOHO has produced many products for the infor-
mal audience and media outreach: for example  LAS-
CO and EIT images on the web and in many popular 
magazines including the National Geographic; and 
the lanticulars (3-D cards).

For the formal education audience, the English and 
Spanish presentations on the Dynamic Sun CD, and 
building your own spectroscope poster have been 
very effective. SOHO’s collaboration FiMS (Fellow-
ships in Mathematics and Science), a partnership 
grant with the Pa. Department of Ed. (in 3 school 
systems) is a strong example of the power in work-
ing directly with the local formal education system.  
SOHO educators and scientists work with their local 
teachers to increase content knowledge and support 
their ability to develop and implement inquiry-based 
lessons that are tied to state standards and the cur-
rent curriculum. The Endeavour program, a collabo-
ration between SOHO/NASA and 18 school systems, 
gives teams of students real-life NASA problems 
to research with the support of their teacher team 
leaders that have been exposed to the content and 
training through professional development.  [Image 
of spectroscope poster; images of SOHO educators 
working with their kids from the Pa. Dept of Ed., im-
ages of Endeavor teachers and student teams]

SOHO is bringing the science and exploration of 
our Sun to the visually impaired through their ground-
breaking “Touch the Sun” book.  [Image of Book]

Opportunities 

“Explore the Sun-Earth system to understand the 
Sun and its effects on Earth, the solar system, and 
the space environmental conditions that will be ex-
perienced by human explorers, and demonstrate 
technologies that can improve future operational sys-
tems.”  

The articulation of the scientific objective for the 
Sun-Earth system scientific community presents tre-
mendous opportunity to expand and invigorate E/PO 
efforts looking ahead.  The relevance of Sun-Earth 
system science to our daily lives has never been in 
doubt, and current E/PO efforts successfully em-
phasize the importance of the Sun in the Earth Sys-
tem (Sun-Earth Day programming and SOHO), and 
the impact of Space Weather on our technological 
systems.  In addition, E/PO efforts can and do take 
advantage of the connection between research and 
understanding of the processes that govern our Sun 
and those that govern stars in general (‘Living with a 
Star’).  In addition the highly visual and data-driven 
nature of Sun-Earth System science makes it very 
powerful for image-rich, dynamic E/PO products and 
programs. 

The new articulation of the Sun-Earth System sci-
ence objective also emphasizes human exploration 
of space, and this will galvanize public interest in 
NASA’s activities in general.  In particular, the public 
will be very interested in the essential role of Sun-
Earth system science in ensuring the safe transit of 
our astronauts as they explore the solar system.  De-
veloping the capacity to predict radiation conditions 
and other hazards in the space environment anywhere 
in the Solar System that humans may be traveling will 
be high priority for this community.  E/PO efforts will 
benefit greatly from a focus on exposing this exciting 
science to a full range of audiences both to enhance 
STEM efforts and keep the public informed of NASA’s 
progress towards its goals. 

Unification of the scientific enterprise into the Sci-
ence Mission Directorate presents opportunity for 
science education efforts in both the formal and in-
formal arenas, as well as for purposes of public out-
reach from across NASA, including the Sun-Earth 
System community.  Moving forward, while each Di-
vision, mission, and individual scientist and engineer 
within NASA will have unique content and experienc-
es to contribute to E/PO; overall, the result has the 
potential to be more effective in terms of message– it 
won’t matter if it’s Space Science, Earth Science, 
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Fundamental Physical and Biological Research, etc. 
– the ‘brand’ can be exciting, relevant NASA science.  
In addition, the opportunity exists to marry the inte-
gration of the sciences with an integrated E/PO effort 
across the scientific missions and activities.  The best 
strategies of each of the different former enterprises 
can be integrated to create the strongest possible 
suite of product/program.

Challenges 

Mission and individual PI based education efforts.  
As indicated above, commitment of substantial fund-
ing levels for E/PO that derive from the ongoing sci-
entific and mission-based activities is a very strong 
attribute of NASA’s programs.  Also, while the chal-
lenges indicated below to reflect the general sense of 
the community, there are many examples of success-
ful supplement and mission-based E/PO programs.  
However, design, development and implementation 
of E/PO on the mission and/or individual PI basis re-
sults in several challenges.

Scientists and engineers are overburdened.  On the 
small scale (i.e. E/PO supplements attached to fund-
ed research), the resources are not sufficient to cover 
PIs time needed to design, develop and deliver qual-
ity E/PO.  While the Broker/Facilitators are charged 
with facilitating this process, the support provided is 
uneven, and not accessed by many individual PIs.  
On the larger scale of missions, where substantial re-
sources are committed, relying on PIs to conceive of 
effective ways to invest these resources for maximum 
impact results in uneven outcomes, and is frustrating 
for PIs and the E/PO community.

Variable E/PO products and programs don’t consis-
tently best serve target audiences. NASA’s partners 
in E/PO – whether in schools (teachers) or in informal 
settings (Museums and Science Centers, youth-serv-
ing community based organizations, libraries, etc.), 
or various media outlets, need of tested programs 
and products.   Professional development and train-
ing is essential to maximize use of products and pro-
grams; and consistent formats, strategies, and ap-
proaches, to these programs will best enable effec-
tive, sustained professional development efforts. In 
essence, while educators and others involved in pub-
lic outreach will always benefit from personal contact 
with NASA scientists and engineers, they need the 
‘One NASA’ approach to effectively take advantage 
of NASA’s wealth of resources in the E/PO arena.

“If you build it, they will come” mentality.  Resourc-
es invested in E/PO should correlate strongly with 
impact; and thus broad dissemination is typically ex-
pected, particularly if the E/PO program involves the 
creation of a product of some type; or the reach of a 
message geared towards the general public.   How-
ever, effective dissemination is a big burden to place 
on individual researchers and even larger scale mis-
sions.  Well established channels that can be relied 
upon for new, relevant, resources and information, are 
key to success in working with partners to achieve 
E/PO goals.  Education Resource Centers have long 
been the strategy for getting NASA products to edu-
cators, however these operate with mixed success; 
in New York City, for example, the ERC is located on 
a college campus where it is not typically open af-
ter 3:00 in the afternoon meaning that teachers have 
little opportunity to access it, and it is not open for 
museum educators.    

Web dissemination has tremendous potential; and 
NASA’s site is in one of the top 3 most visited sites for 
educators, however centralized planning and mainte-
nance is key to sustaining investments.  The former 
OSS Educators Resource Directory is a powerful tool 
for educators, although ongoing maintenance of the 
Web sites accessed through that portal is always a 
challenge.  The former ESE Education Product Re-
view is another strategy that addresses the challenge 
of promoting strong educational resources to educa-
tors.  

“NASA speaks with one voice”.  As indicated 
above, the “One NASA” approach is key for achieving 
strong E/PO. NASA has embraced this goal already 
for public affairs, and thus, by extension, for public 
outreach.  To achieve this, NASA is increasingly ar-
ticulating “Look and Feel” as well as editorial mes-
saging for public affairs.  This raises the challenge 
of coordination with Public Affairs which is separate 
from E/PO.  In addition, it has been a challenge to 
discern between outreach and advertisement.  There 
have been many EPO products that really only served 
to advertise a mission, rather than keeping the pub-
lic informed about what NASA is doing, which is the 
goal for outreach.

Recommendations 

Strong opportunities exist to further extend the 
power of Sun-Earth System science and related mis-
sion activity to engage and inspire students in the 
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formal setting of schools and institutions of higher 
education, the audiences at informal learning centers 
(Museums, Science Centers, etc.) and other informal 
venues; and general public audiences across the na-
tion via the press and other communication outlets.  

Informal Education

In the informal arena, onsite exhibitions geared to-
wards the general public, programs that target vari-
ous segments of the public including families, chil-
dren, adults, etc.; as well as school groups and edu-
cators, and high-production media programs take 
advantage of Sun-Earth System science content to 
promote public understanding of science, science 
learning and teaching and building the nation’s sci-
entific and technological capacity.

Efforts should emphasize unique learning op-
portunities that Sun-Earth System-related con-
tent can provide, in particular, focused on the 
visualization of data, essential for advancing sci-
ence learning and the nation’s scientific capacity.  
Expand efforts already underway to create high-pro-
duction value media programs around the scientific 
assets of NASA, including Sun-Earth System. Fully 
digital space shows; HD media projections, etc. are 
powerful vehicles for promoting public understanding 
of complex phenomena and teaching students of all 
ages critical skills for 21st century science involving 
collecting, analyzing, visualizing and communicating 
data and constructing, manipulating and interpreting 
scientific models and simulations.  Increased efforts, 
taking advantage of partnerships with media produc-
tion groups, will contribute substantially to achieving 
greater impact for E/PO programs.

Focus on innovative partnerships with programs 
under development externally through funding 
from NASA and other agencies to reach broadest 
range of public.  Through leveraging partnerships 
with informal science learning centers (museums, 
planetaria, science centers, zoos); national parks; 
community groups, publishers and the media, Sun-
Earth system science can be disseminated through 
existing channels.  For example, NASA has connect-
ed very effectively with the National Parks to support 
content on the aurora and noctilucent clouds for sum-
mer programs in Alaska to information about the Sun 
supporting educational programs at National Parks 
in the southwest.  Programs such as these provide 
amplified impact by enhancing the capacity of estab-

lished channels to engage, excite and educate the 
public around STEM content.  New avenues should 
also be explored, for example, products developed 
with the gaming industry could engage the public, 
young and old, in the Exploration Vision.

To maximize impact of Sun-Earth System sci-
ence for E/PO, efforts should take advantage 
of opportunities that exist at the intersection of 
the “formal” education and “informal” education 
sectors. Too often in education policy and strategy, 
schools and museums are viewed independent of 
one another with isolated objectives and strands of 
efforts. While there are clear differences between 
the two, substantial connections and overlaps exist. 
Many informal science education institutions operate 
at the intersection of the two sectors – offering sub-
stantive professional development for teachers, pro-
viding learning experiences and field trips for class-
es, delivering afterschool services and developing 
and distributing curriculum materials and resources. 
A key strength of these institutions is local knowl-
edge.  The formal education landscape is highly vari-
able, and this local knowledge is key to successful 
connections between STEM-rich agencies, such as 
NASA, and STEM education efforts in the formal set-
ting.  NASA Education and Public Outreach should 
take advantage of the existing connections and over-
lap between the formal and informal education are-
nas.

Formal Setting

Promote and support the integration of the Sun-
Earth System-related content more fully into the 
curriculum.  National science education standards 
provide direct opportunity to take advantage of Sun-
Earth System Science. In this era of standards-based 
curriculum and high stakes testing, what gets taught 
is what is required in the curriculum and thus as-
sessed on tests. Tremendous opportunity exists for 
current Sun-Earth System science content to enrich 
and infuse standards-driven curricula.  Influential sci-
ence education standards such as the National Sci-
ence Education Standards (National Research Coun-
cil) and the 2061 Benchmarks for Science Literacy 
(AAAS) place substantial emphasis on Sun-Earth 
system related science concepts from the earliest 
grades through high school.   The 2061 Benchmarks, 
for example, posit that in order to achieve scientific 
literacy students in grades K-2, for example, master 
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concepts such as ‘The Sun can be seen only in the 
daytime, but the moon can be seen sometimes in day 
and sometimes in night’ (4A/2); students in grades 
3-5 further expand this understanding to ‘Stars are 
like the sun, some being smaller and some larger, 
but so far away they look like points of light’ (4A/5); 
in grades 6-8 they learn that ‘The Sun is a medium-
sized star located near the edge of a disc-shaped 
galaxy of stars, ….’ (4A/1), and that ‘Telescopes re-
veal that the Sun has dark spots’ (10A/2); and that by 
high school, that ‘Increasingly sophisticated technol-
ogy is used to learn about the universe.  Visual, radio, 
and X-ray telescopes collect information from across 
the entire spectrum of electromagnetic waves; ….’ 
(4A/3).  This progression of understanding highlights 
the role of understanding the Sun at many levels in 
developing scientific literacy (attached charts illus-
trate additional examples of concept strands in the 
Benchmarks that are connected to Sun-Earth system 
science that include concepts such as energy trans-
fer and the electromagnetic spectrum, matter, etc.; 
also see Benchmarks for maps that describe the Na-
ture of Science as well).  Sun-Earth System scientific 
research provides vivid, authentic examples to pro-
mote student mastery of these concepts. 

Provide a consistent and coherent set of formal 
education resources and professional development 
for K-12 science education that derives from across 
the NASA enterprise. For educators to take advan-
tage of Sun-Earth System science to engage their 
students from K-12 in the mastery of these essential 
concepts, however, NASA needs to centralize its out-
reach to the formal system.  Sun-Earth System sci-
ence is one aspect of the ongoing NASA enterprise.  
The entire enterprise could, for example, be mapped 
to the Benchmarks for Scientific Literacy.  The result 
will be a roadmap for integrating NASA science and 
engineering activities into science curricula across 
the nation.  Standards-based educational resources 
(e.g., an informational website, an animated simula-
tion, a set of data visualizations, a teaching guide, 
a set of standards-based curriculum activities, a 
professional development seminar, online course or 
videoconference, an interactive module, a poster, a 
set of opportunities to interact online and by video 
with scientists, engineers and technicians, an op-
portunity for student research, regular updates, etc. 
) and professional development offerings created in 
the context of this roadmap, that tap ongoing NASA 
missions, will provide a constant stream of fresh, cur-

rent, authentic scientific discovery and engineering 
practices that will ensure that educators will always 
have NASA in their tool-kit for effective science edu-
cation.  

This is equally relevant for the informal arena.  Sun-
Earth System and other NASA missions and activities 
are a wonderful springboard for learning. But educa-
tors and exhibit planners in the informal settings find 
each NASA opportunity requires a significant effort, 
simply to ramp up, since there is little consistency 
in what NASA produces, from center to center, from 
mission to mission. It would be tremendously helpful 
to know that for each NASA activity, there will be a 
standard set of resources (e.g., an informational web-
site, an annotated simulation, a set of opportunities to 
interact online and by video conferencing with scien-
tists, engineers and technicians, activities for out-of-
school settings, regular updates, etc.) with common 
interfaces and similar formats that are fairly constant 
from activity to activity. It is understood that flexibility 
is essential - unique opportunities and requirements 
of each activity should be exploited, technologies will 
evolve, and evaluation inform revision – however, to 
be able to count on a standard package would likely 
reduce the learning curve for users and increase the 
usability and use of the resources.  SECEF is a good 
example of the value of a coordinated national effort 
to develop and support E/PO activities; emphasis 
on standardized packages will strengthen this ap-
proach.

Extend focus to higher education in order to en-
sure adequate numbers of trained scientists and en-
gineers for the Sun-Earth system community (and 
the rest of NASA) to achieve the Exploration Vision.  
The field of solar and space physics is in need of a 
national effort that relates the exciting applications 
in our field to specific curricular needs of introduc-
tory physics and astronomy (of which there are huge 
enrollments at just about every college in the nation).  
And, in general, the excitement of space science 
should be utilized to entrain and encourage more un-
dergraduates through physics, math and engineering 
programs at the university level.  This will compliment 
current programs that are geared towards providing 
early research experiences (NSF’s REU program, for 
example) which are very important for attracting non-
traditional students into the workforce.  Attention 
needs to be paid to how the space physics work-
force is developed – where do students come from 
and why – in order to ensure sufficient numbers for a 



71

healthy scientific community able to achieve NASA’s 
goals.

Public Outreach/Affairs

New communication initiative already in develop-
ment.  A new initiative coming out of NASA Head-
quarters has set up a process in which NASA com-
munications, which includes most of the traditional 
EPO products, will be reviewed and accepted by a 
new Communication Review Team (CRT).  More de-
tails can be found at http://communications.nasa.
gov, but the bottom line is that this is a reaction to 
the diverse messages that NASA has traditionally set 
out.  One consequence is that new materials will have 
to conform to a NASA “Look and Feel”, although that 
“Look and Feel” has not been worked out yet.  The 
CRT will also be regulating content, insisting that one 
of NASA’s main messages (as determined by them) 
be a part of all communication.  Scientific papers are 
exempt as are scientific presentations, but there is 
talk of requiring NASA funded scientific presenta-
tions to use a standard powerpoint format.  The ini-
tial phase will only pertain to communications com-
ing from the NASA centers, but it is expected that all 
NASA funded communications will eventually require 
approval under this initiative.

• Develop better coordination with Public Affairs
The overlap between Public Outreach and Public 

Affairs (PA) should be much higher than most mis-
sions currently plan for.  Public Outreach from SSSC 
can cover a very large range of topics and is targeted 
directly to the public, and Public Affairs is typically 
new and current results targeted to the media for dis-
semination to the public.  However there is great sim-
ilarity in the style of writing and the visuals needed to 
make our science interesting and exciting.  We are not 
recommending that EPO funding be used for Public 
Affairs, but rather that new missions have a separate 
PA budget and plan, and that Public Affairs team up 
with the EPO group early on in order to work from 
the same core messages and visual assets..  This will 
facilitate getting better media coverage of scientific 
results and publicizing exciting EPO events.

• Focus on outreach, not advertisement
We discourage the use of EPO funds for lanyards, 

pins, etc., that are solely designed to advertise a mis-
sion or product instead of instructing or informing.  

While it is true that these can be very popular with 
the public, it is not acceptable for EPO to fund them.  
They may not be able to pass scrutiny by the Com-
munications Review Team, anyway.

Educate the public via outreach, informal and infor-
mal channels about the risks inherent in the explora-
tion of space.  As NASA pursues Return to Flight and 
the Exploration Vision, it will be very important for the 
public to be aware of the risks associated with these 
activities.  In the event that accidents occur that re-
sult in tragic loss of life or even setbacks in mission 
activities, the public will be best able to respond ap-
propriately if they were aware up front of the risks 
involved.

Overarching E/PO recommendations

Enhance existing and create new distribution chan-
nels for E/PO efforts: products, programs, and mes-
saging.   Do not make individual Sun-Earth system 
PIs responsible for building and sustaining these 
relationships.  This is not to say that individual PIs 
should not be encouraged to into classrooms, make 
public presentations, appear in the media, etc.– but 
it needs to be understood that these are choices in 
a spectrum of dissemination options sanctioned and 
supported by NASA.

Shift funding model for E/PO (but not level of fund-
ing).  It can’t be stressed too highly the impact NASA 
has had through commitment of substantial funds for 
E/PO efforts over the past decade or so.  In addition, 
the value of having the scientific community intimate-
ly involved in the development and implementation of 
E/PO products and programs can’t be over empha-
sized.  

At the smaller scale NASA should continue to use 
the model of supplements for which individual PIs 
can apply to encourage their participation in strong 
E/PO efforts.  Rather than rely on the PIs to invent 
their own E/PO activities, link allocation of these 
funds to a portfolio of approved E/PO strategies that 
guide choice of program and product templates from 
which the PI can select; and require dissemination 
activities through one or more of NASA’s approved 
and maintained channels as appropriate.  

At the mission scale – again, require that each mis-
sion select from range of approved product and pro-
gram suites coupled with appropriate dissemination 
strategies prior to approval/release of funds.  While 
individual PIs with particular interest and commit-
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ment to developing new types of E/PO should be en-
couraged and supported, as a general case, do not 
burden PIs with inventing E/PO program as they are 
putting their mission proposals together.  In essence, 
science proposals funded by the Science Mission 
Directorate should be selected on the basis of their 
scientific merit.  Funding for E/PO derived from these 
scientific missions and programs should then be set 
at agency approved levels. The E/PO funds should 
then be allocated to selections from the portfolio 
of approved programs and strategies as described 
above.

The portfolio of approved product and program 
suites should be developed using existing successful 
E/PO efforts as models, as well as taking advantage 
of best practices in formal and informal education.  
It is very important that these be developed through 
collaboration between the Science Directorate and 
the Office of Education.  It also very important that 
PIs funded by the Science Directorate play a sig-
nificant role in the choice of allocation of their E/PO 
funds to the products and program suites approved 
by the Science Mission Directorate and developed in 
collaboration with the Office of Education.  

Science in Common with Earth Science
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Section 3: Critical Elements of the SSSC Program
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Community Health

Summary:
STRENGTHS
World leaders...
Strong EPO 
Diverse spectrum of sizes and specialities 
Infrastructure
∑ Computing, e.g. Columbia, AISRP, CCMC
NASA Summer Faculty Fellowship program

NASA’s goals depend on a strong scientific and 
technical community to envision, develop and de-
ploy space missions, and to apply results from these 
missions for the benefit of society.  This community 
currently exhibits a diverse spectrum of sizes and 
specialties, based at universities, government and 
industrial labs, and is a world leader in space physics 
research.  

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

Fortunately, much of this supporting infrastructure 
is in place, with examples ranging from computing 
architectures such as the Columbia supercomputing 
project, the Community Coordinated Modeling Cen-
ter (CCMC), and NASA’s Applied Information Sys-
tems Research Program, to strong EPO efforts and 
innovative programs such as NASA’s Summer Fac-
ulty Fellowship program.

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

a population of 300 million, produces about 60,000 
engineers annually (2 per 10,000), while China and 
India, with a combined population of nearly 2 billion, 
produces 3,000,000 engineers annually, which is al-
most an order of magnitude more per capita than in 
the US.  [THESE FIGURES NEED TO BE VERIFIED.]

Universities have traditionally provided the bulk of 
the training function, through innovative co-operative 
programs provide training opportunities in non-Uni-
versity settings.  The needs for a robust training pro-
gram are necessarily tightly linked to education and 
public outreach goals.

[Potential Vignette: UMich hiring marketer from op-
erating budget to reach new students]

Training opportunities at the graduate and under-
graduate level provide an introduction to all aspects 
of space missions, including instrument develop-
ment, mission operations, data analysis, and theory 
and modeling.  These are often the first opportunities 
for students to experience the excitement of work-
ing in space physics and provide the primary means 
of recruiting these students into the space physics 
community.  NASA programs that provide low-cost 
access to space such as rocket, balloon, and air-
plane missions, are especially useful for training in 
that students can contribute to mission design and 
operations while obtaining data in a timely fashion for 
analysis.  This is particularly important in light of the 
long development times for complex missions that 
can exceed the normal tenure of graduate education.  
In such cases, students working on these projects 
may not see the fruits of their work before their grad-
uation.

The maintenance of existing research teams and 
investigators is also of paramount importance to a 
healthy and robust scientific community.  There is a 
real danger that the loss of ‘critical mass’ of research 
teams will begin to impinge on NASA’s science and 
exploration goals.

NASA’s SR&T, TR&T, and Guest Investigator pro-
grams are the traditional underpinning of most re-
search teams and individual investigators and have 
been repeatedly recognized as such in community 
strategy documents such as the Decadal Survey.  In 
this role, they have provided a significant contribu-
tion to the vast body of knowledge needed for direc-
tion and implementation of NASA’s initiatives and are 
envisioned as continuing in this role in the future.
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Continuity of funding opportunities is especially 
important to maintaining technical excellence, more 
than ever for hardware development teams which 
have a high startup investment and have difficulty in 
keeping technical expertise in uncertain funding cy-
cles.  NASA support for low-level hardware develop-
ment is generally deemed insufficient to support truly 
innovative instrument development.  Only the largest 
teams are perceived as capable of competition for 
hardware development  Paradoxically, the opposite 
can be said about modeling support, in that large-
scale modeling are not sufficiently funded for the 
tasks they face.  In all cases, there must be a balance 
between large and small research efforts, as well as 
between pure and applied science.

In fact, one of the principal recommendations of 
this Roadmap is that NASA should pursue programs 
across a broad spectrum of size and duration and that 
a portion of the budget be reserved for small levels 
that might otherwise be overlooked.  NASA should 
also seek to expand current partnerships with Indus-
try, Universities, and other agencies.  For example, 
current successful EPO efforts tend to focus on K-12 
levels without adequate resources for the critical later 
years when college students are making career deci-
sions and may need additional inspiration to continue 
toward a career in space physics.

The recommendations in this Roadmap chart a 
course of steady, uninterrupted progress towards 
NASA’s goals that provide ample opportunity to in-
spire, recruit, and train the next generation of space 
scientists and engineers while insuring the robust 
health of a community in support of NASA initia-
tives.

The Supporting Research Infrastructure

It takes a substantial investment in basic research 
and technology development to provide the infra-
structure to NASA’s scientific community needed to 
achieve NASA’s goals.  The term infrastructure is 
often used in the context of hard assets, such as 
launch facilities and communication networks such 
as the Deep Space Network (DSN).  However, in 
addition to investing in hard assets and flight mis-
sions, NASA also invests heavily in the scientific 
community through its programs of research grants 
(SEC SR&T, LWS TR&T, SEC Theory, AISR, etc.) 
and its support of computing and data analysis in-
frastructure. 

These investments in the science community are 
critical to the execution of a program to understand 
the Sun-Earth System and the solar system.  In par-
ticular, a robust research infrastructure provides the 
underpinning for large, strategic NASA missions.  
However, long before large missions are selected, 
there is an extensive development program starting 
from first generation ‘brass board’ instrument con-
cepts, followed by near-Earth testing under the Low 
Cost Access to Space (LCAS) opportunities.  More 
mature concepts are tested in Explorer-class mis-
sions.  Two excellent examples of this process are 
the IMAGE and STEREO mission concepts, both of 
which are based on SR&T funded research.

NASA also benefits from research funded by other 
agencies, such as NSF’s CEDAR, GEM, and SHINE 
programs.  In light of the importance of non-NASA 
research to NASA’s research infrastructure, it is im-
portant that intra-agency cooperative programs be 
supported.  (See, for example, the recommenda-
tions of the NRC Decadal Survey.)

New mission are formulated to answer questions 
arising from basic research and from the analysis of 
data from previous missions. To carry out this ba-
sic research and data analysis, the scientists need 
the data analysis tools and the computing facilities 
that are also a part of this infrastructure.  Moreover, 
this R&D infrastructure supports the training of the 
students and post docs who will become the next 
generation of scientists.

Research and development activities cover a 
broad spectrum of activities in basic and applied 
research.  As an example of most basic research, 
solar physicists supported by NASA grants  study 
fundamental physical processes such the gen-
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eration of solar magnetic fields. For example, Fig. 
1 (beautiful color picture from Cattaneo’s dynamo 
simulations) shows results from a three-dimension 
simulation of solar magnetic fields created in the so-
lar convection zone by the solar dynamo (Cattaneo et 
al, ApJ  588:1183-1198, 2003 May 10). 

Scientist use data from existing missions to con-
strain their theory and models; the results then tell 
us what measurements on the next mission to test 
the theory. Large scale numerical calculations such 
as these which give the temporal evolution of funda-
mental equations in three dimensions require mas-
sive supercomputers such as the new Columbia par-
allel computers at NASA Ames. Without the support 
of the computing infrastructure, such computations 
would not be possible.  A strong computing structure 
is needed to support data analysis as well.

One challenge of current and future NASA missions 
is the large quantity and complexity of the associated 
data sets.  This challenge is driving new research ef-
forts, funded by programs such as NASA’s Applied 
Information Systems Research (AISR) Program, to 
develop software tools to enable the analysis of the 
ever larger data set resulting from the existing NASA 
SEC missions.  Moreover, new missions such as STE-
REO and SDO will provide even greater challenges: 
STEREO, because of its need to utilize data from 
both STEREO spacecraft as well as from SDO,  ACE 
and ground based instruments; and SDO because  of 
its TBS daily telemetry requirements. 

One of the great challenges faced by current and 
future NASA missions is visualization of multiple vec-
tor and scalar quantities measured by many space-
craft in a simultaneous, coherent fashion.  The Visual 
System for Browsing, Analysis, and Retrieval of Data 
(ViSBARD) Project, funded by NASA’s AISR Program 
was developed to meet this need.

Space science data are displayed three-dimen-
sionally along the orbits which may be presented as 
either connected lines or as individual points.  The 
data display allows the rapid determination of vector 
configurations, correlations between many measure-
ments at multiple points, and global relationships.  
Events such as vector field rotations and dozens of 
simultaneous variables that are very difficult to see in 
traditional time-series line plots are easily visualized 
with this tool.

An example of this is shown in the figure with 
data from the Helios 2 spacecraft orbiting the Sun. 
The symbols on the orbit show that the plasma be-

comes colder (smaller symbol) and denser (blue and 
green) where the wind slows (colored arrows) and the 
magnetic field changes direction (blue arrows). The 
change in the field direction in this “sector boundary” 
region is quite complex, and is very difficult to visual-
ize using line plots.

The next concept in data analysis and visualiza-
tion is the concept of Virtual Observatories, in which 
all relevant data is collected into a unified data set 
with appropriate tools for access and display.  The 
original concept, pioneered by the astronomy com-
munity, is being applied to solar and space physics 
data.  An initial example is the Virtual Space Physics 
Observatory (http://vspo.gsfc.nasa.gov/websearch/ 
html/VSPO.html).
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LCAS & Instrument Development

The Low Cost Access to Space (LCAS) program, 
with key elements of the sounding rocket and bal-
loon (suborbital) programs, is a critical component of 
the NASA space physics research program, provid-
ing cutting-edge new science discoveries utilizing 
state-of-the art instruments in a rapid turn-around 
responsive environment. Many rocket and balloon 
investigations do stand-alone science, while others 
are flown in conjunction with satellite missions and/
or ground observations. Although these missions are 
selected solely on the basis of the importance and 
probable significance of their science goals, they play 
two other important roles that are not available in any 
other flight programs-training of experimental space 
physicists and engineers and the development of 
new instruments and instrumental approaches which 
are verified by actual spaceflight.

A recent example of this three-pronged role of the 
suborbital program is the new understanding of au-
roral physics and the structure of parallel electric 
fields obtained in a series of rocket flights that both 
developed the state-of-the-art instrumentation and 
the pathfinding  science  discoveries leading up to 
one of the first NASA small explorers, FAST.

 

Figure 1. Sounding rocket impact on auroral science 
showing how ever improving rocket capability has 
increased science return.

Figure 1 shows how new rockets with higher altitude 
capability than previously available demonstrated 
the importance of microphysics, the need to make 
extremely high time resolution measurements and time 
domain electric fields to elucidate the acceleration 
processes. The ‘top hat’ plasma detectors, developed 
by C. W, Carlson for this series of rockets, are now 
utilized on almost all space plasma missions to 
provide 3D, high time resolution electron and ion 
measurements.  The program provided Dr. Carlson 
(who became the FAST PI after a long association with 
the sounding rocket program) with the opportunity 
to develop project management skills and also 
provided the hand-on training of graduate students 
who became the instrument leads on the FAST 
satellite. As Figure 2 shows, FAST has made many 
new discoveries, important both for understanding 
aurora on earth but also for aurora on other planets, 
and particle energization in collisionless plasmas.

Although the LCAS program is often emphasisizes 
the suborbital sounding rocket component, the 
balloon flight program contributes strongly to NASA’s 
strategic objectives.  Recent and currently proposed 
solar physics flights are relevant to NASA’s strategic 
objectives and research focus areas. These balloon 
missions, utilizing solar physics research instruments, 
have an outstanding record of scientific discoveries.  
For example, the LASCO coronagraph on board the 
SOHO spacecraft enabled systematic studies and 
arrival time predictions of coronal mass ejections 
aimed at Earth (1.3 Develop the capability to predict 
solar activity and the evolution of solar disturbances 
as they propagate in the heliosphere).  The solar 
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telescopes on the RHESSI Explorer mission used hard 
X-ray imaging spectroscopy, high-resolution nuclear 
gamma-ray line spectroscopy, and gamma-ray line 
flare imaging to reveal the energy release process in 
solar flares in greater detail than ever before.  RHESSI 
has shown that flare-accelerated ions and electrons 
are physically separated on the sun (5.7 Discover 
how charged particles are accelerated).  The RHESSI 
results have implications not only for solar flare theory 
but also in other astronomical contexts where charged 
particle acceleration occurs.  These achievements 
can trace their heritage to balloon-borne instruments 
flown in the continental U.S. and in Antarctica.  

Besides the coronagraphs and high-energy flare 
spectrographs, the balloon program supported 
development of the active-cavity radiometers that 
detected decadal solar irradiance variations (1.3 
Understand the role of solar variability in driving 
global climate change), and it supported flights of 
high-resolution optical telescopes that revealed 
the convective nature of solar granulation and the 
serpentine structure of magnetic fields emerging from 
beneath the photosphere (5.6 Understand the origins 
and dynamics of solar magnetic variability).  Today, the 
ballooning program is supporting the development 
of new instruments for high-resolution solar imaging.  
For example, the Flare Genesis Experiment, an 80-
cm diameter solar telescope recently made the first 
near-space observations of vector magnetic fields in 
sunspot groups. 

The balloon program is enabling pioneering high-
resolution imaging with big telescopes and the 
concomitant development of lighter, cheaper optics 
for eventual use in space.   The Sunrise consortium of 
European and American investigators is assembling 
a 100-cm telescope to measure the vector fields 
in intergranular spaces.  The resolution will be high 
enough to study the origins and properties of the 
intermittent magnetic structures (5.7 Discover how 
magnetic fields are created and evolve). In another 
new program, the balloon-borne Solar Bolometric 
Imager recently mapped the sources of irradiance 
variations on the solar disk.  Another flight is planned 
at the next sunspot minimum to establish the baseline 
for irradiance variations in the absence of magnetic 
fields. It is the first step in a program to discover 
the physical mechanisms of the Sun’s long-term 
brightness variations (5.6 Understand the structure 
and dynamics of the Sun).   The SBI will also test 
new technology for eventual flight in a decade-long 

space mission to map all possible sources of solar 
brightness variation.  

Solar physics continues to benefit enormously from 
the ballooning program through new and unique 
observations and through the development of future 
space instrumentation.  Projects under consideration 
include a new approach to high-energy X-ray imaging 
and a telescope to operate in the near infrared for 
high-resolution studies of the magnetic transition 
zone between the photosphere and chromosphere. 
.  New balloon-borne flare instrumentation could 
provide 50 times RHESSI’s sensitivity to gamma-ray 
lines and at least twice RHESSI’s angular resolution 
for ions.  This could be accomplished in a budget of 
only a few million dollars.  With a ULDB platform and 
the addition of new neutron detection technology, 
the science return for a high-energy flare mission will 
be comparable to that of a small Explorer at a tiny 
fraction of the cost.

Another program that may be undertaken in the near 
future calls for further development of coronagraphs, 
especially those with features that can be implemented 
in the Terrestrial Planet Finder mission (5.9: Find out 
how common Earth-like planets are).  

LCAS – Responsive to evolving science needs

Several recent developments in the LCAS sounding 
rocket program have evolved specifically in response 
to needs articulated by the science community.   One 
of these is the capability (now demonstrated by a 
successful launch in 200?) to fly flat trajectories by 
igniting the final stage after reorienting the payload 
and motor in a nearly horizontal attitude.  The first 
successful flat trajectory launch was performed 
in a study of neutral atom responses within the 
auroral region (Conde).  Representative examples 
of other science focus areas that benefit from this 
new capability include studies of joule heating, E-
region layering phenomena, and large scale waves 
and instabilities in the electrojet.  To date this flat 
trajectory capability has only been utilized in flights 
from Alaska because of safety considerations, but it 
may be possible to utilize this approach from other 
launch sites.

A second example of LCAS responsiveness and 
flexibility is the development of an exciting new rocket 
technology called the High Altitude Sounding Rocket 
(HASR). (Note: This development effort was recently 
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halted to conserve financial resources).  This vehicle 
could carry 1000 lbs to 3000 km and afford more than 
40 minutes of observing time above 100 km. It would 
support payload of the order of 1 m in diameter . The 
increased diameter and increased observing time 
(compared to  6-12 minutes presently) would provide 
a substantial leap in observing opportunities for 
space science payloads. The longer observing time 
is important for solar and space physics payloads 
that track events on the sun or examine longer period 
phenomena in space. Lighter payloads could attain 
even higher altitudes (4000 km or more) opening up 
possibilities for in-situ space physics investigations 
of the inner radiation belt at mid-latitudes and auroral 
acceleration regions. Wallops Flight Facility has 
carried out a preliminary study to show that this can 
be done with existing hardware. The estimated price 
tag is about ~5M per launch, at least for launches out 
of Wallops. 

LCAS – The Importance of Developing Human 
Assets

As the Exploration Vision goes forward, an 
essential ingredient is a continuing source of well-
trained engineers and scientists who understand 
the demands of building and delivering spaceflight 
systems and hardware for implementing this vision. 
The suborbital program provides an important 
training ground for experimental space physicists and 
engineers with hands-on experience. It provides the 
opportunity for a graduate student to participate in 
the complete life cycle of a scientific space mission, 
from design, construction, testing to flight, and data 
analysis. No other flight programs have time scales 
commensurate with that of a Ph. D. thesis. The 
success of this program in doing this is statistic that 
more than 350 Ph.D.s have resulted from the rocket 
program. In addition, the lower cost allows for higher 
risk, so that graduate students and postdocs can be 
allowed to take substantive roles in the program. A 
rocket project offers the chance for young scientists 
to gain the project management skills necessary for 
larger missions (explorers,etc).**discuss numbers 
of sc and instrument Pis have come from rocket 
background. 

 The roadmap committee strongly endorses 
the importance of the suborbital program and, in 
addition, the continued development of these new 

capabilities.

Random Notes:
Rob Pfaff’s new physics above collisional ionosphere 

picture

Other science: weather wind shears etc or 
ionospheric (impacts on communication, etc)

other rocket-explorer connections-maybe the 
noctilucent cloud one. is climate an important issue 
for us in new NASA?

rocket supporting operational missions. 
callibrations, etc

rockets can support development testing of essential 
hardware for Exploration such as dosimieters 

Only other opportunity for hand-on training is DOD-
operational sc sicne have fast run-around

EELV Adaptor for piggy-back payloads on a regular 
basis.
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New rockets with higher altitude capability than 
previously available showed the importance of micro-
physics, the need to make extremely high time reso-
lution measurements and time domain electric fields 
to elucidate the acceleration processes. The ‘top 
hat’ plasma detectors, developed by C. W, Carlson 
for this series of rockets, are now utilized on almost 
all space plasma missions to provide 3D, high time 
resolution electron and ion measurements.  The pro-
gram provided Dr. Carlson (who became the FAST PI 
after a long association with the sounding rocket pro-
gram) with the opportunity to develop project man-
agement skills and also provided the hand-on train-
ing of graduate students who became the instrument 
leads on the FAST satellite. FAST has made many 
new discoveries, important both for understanding 
aurora on earth but also for aurora on other planets, 
and particle energization in collisionless plasmas.

**include another vignette on solar science, instru-
ment development leading to SC and include balloon 
examples. (BARRY).

LCAS – Responsive to evolving science needs

Several recent developments in the LCAS sounding 
rocket program have evolved specifically in response 
to needs articulated by the science community.   One 
of these is the capability (now demonstrated by a 
successful launch in 200?) to fly flat trajectories by 
igniting the final stage after reorienting the payload 
and motor in a nearly horizontal attitude.  The first 
successful flat trajectory launch was performed in a 
study of neutral atom responses within the auroral re-
gion (Conde).  Representative examples of other sci-
ence focus areas that benefit from this new capabil-
ity include studies of joule heating, E-region layering 
phenomena, and large scale waves and instabilities 
in the electrojet.  To date this flat trajectory capability 
has only been utilized in flights from Alaska because 
of safety considerations, but it may be possible to 
utilize this approach from other launch sites.

A second example of LCAS responsiveness and 
flexibility is the development of an exciting new rocket 
technology called the High Altitude Sounding Rocket 
(HASR). (Note: This development effort was recently 
halted to conserve financial resources).  This vehicle 
could carry 1000 lbs to 3000 km and afford more than 
40 minutes of observing time above 100 km. It would 
support payload of the order of 1 m in diameter . The 
increased diameter and increased observing time 
(compared to  6-12 minutes presently) would pro-
vide a substantial leap in observing opportunities for 
space science payloads. The longer observing time 
is important for solar and space physics payloads 
that track events on the sun or examine longer period 
phenomena in space. Lighter payloads could attain 
even higher altitudes (4000 km or more) opening up 
possibilities for in-situ space physics investigations 
of the inner radiation belt at mid-latitudes and auroral 
acceleration regions. Wallops Flight Facility has car-
ried out a preliminary study to show that this can be 
done with existing hardware. The estimated price tag 
is about ~5M per launch, at least for launches out of 
Wallops. 

The roadmap committee strongly endorses the im-
portance of the suborbital program and, in addition, 
the continued development of these new capabili-
ties.

Random Notes:
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Rob Pfaff’s new physics above collisional iono-
sphere picture

Other science: weather wind shears etc or iono-
spheric (impacts on communication, etc)

other rocket-explorer connections-maybe the noc-
tilucent cloud one. is climate an important issue for 
us in new NASA?

rocket supporting operational missions. callibra-
tions, etc

rockets can support development testing of essen-
tial hardware for Exploration such as dosimieters 

Only other opportunity for hand-on training is DOD-
operational sc sicne have fast run-around

EELV Adaptor for piggy-back payloads on a regular 
basis.

Should this emphasize science more?

Modeling & Theory

The interplay among observation, modeling and 
theory is necessary for the vitality of space science.  
In some cases, a model may have specific predic-
tions that spur the development of new techniques 
that are required to obtain the necessary data. In 
other cases, unexplained observations may lead to 
changes in an existing model or the creation of en-
tirely new models. 

Two examples that illustrate these connections are 
discussed below.  In the first example more accurate 
data has been used to fine-tune dynamo models and 
in the second example models for SEP acceleration 
drive the quest for improved observational tests at 
the production sites.

Helioseismic data has provided much more accu-
rate information on the solar radial rotation profiles, 
latitudinal shears, and meridional flows, which are 
crucial to developing realistic solar dynamo models. 
This information is important for understanding the 
evolution of the solar magnetic field which has a pro-
found influence on the dynamic structure of the Sun’s 
outer atmosphere including the production of flares, 
CMEs and the solar wind. Prior to the use of helio-
seismic techniques, it was believed that the magnet-
ic dynamo action occurred in the solar convection 
zone. Now using the high precision data from SOHO 
observations and ground-based observatories, it is 
believed that the dynamo action may be at the base 
of the convection zone and also possibly at an un-
expected sheared layer just below the photosphere. 
Concurrent with the improvements in the quality of 
helioseismic data, flux-transport dynamo models 
have become increasingly more sophisticated so that 
the length of quasi 11-year period of the solar cycle 
can be now be modeled. The new models are still not 
able to reproduce the strength of the magnetic field 
over the solar cycle but these efforts continue.

Another example shows how models can be used 
to address the problem of predicting solar energetic 
particles (SEPs), a known hazard to astronauts and 
their equipment in space. At the present, we do not 
have a satisfactory model for predicting the energy, 
yield, duration, or composition of SEPs from coronal 
mass ejections (CMEs), flares, and current sheets. 
Separate models that describe the production, and 
transport of energetic particles exist but many of 
these models cannot be adequately tested because 
of the lack of the necessary measurements of the 
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conditions at the Sun and in the inner heliosphere.  
Remote sensing measurements of plasma and mag-
netic field parameters at the SEP production sites 
can provide the necessary model inputs while in situ 
measurements can be used to characterize the out-
put particle properties. Models that can predict the 
particle properties starting from a known set of ini-
tial conditions will be the most useful. End-to-end 
predictive models based on physical processes are 
preferred to models based on statistical inferences 
alone. The next step in advancing these models is to 
identify the most useful input parameters.   

Systems-View Modeling Story 

Viewing the Sun – Heliosphere – Planet systems as 
an integrated whole is not just a challenge, but rather 
a critical next step toward understanding.  Scientists 
have spent much of the past few decades investi-
gating isolated regions in the heliospheric system.  
The surprises and rewards will lie in fitting these iso-
lated regions back together to capture the “system” 
behavior.  Critical to this effort are the use of high 
performance models of the regions and a software 
framework to couple them together.   

The systems that link the Sun with the planets in the 
solar system are extremely complex natural systems 
that involve many different interacting elements.   A 
major goal of the near future is to unify our under-
standing into a more comprehensive framework that 
can specify and predict the properties of these sys-
tems (solar system weather).   Significant progress 
in the unification and expression of this understand-
ing has been accomplished with the development 
of the Space Weather Modeling Framework (SWMF) 
and the physics codes that are fully coupled within 
this it. The SWMF is a NASA-funded endeavor, and is 
available to the community through the Community 
Coordinated Modeling Center (CCMC).  Other frame-
work efforts are also underway, e.g. the Earth System 
Modeling Framework (ESMF) and the Center for Inte-
grated Space Weather Modeling (CISM).

A major focus for the Vision for Space Exploration 
must be the extension of the software framework 
to the entire solar system and the objects within it.  
Further development of the models of the physical 
domains of the various planets, moons, comets, as-
teroids, etc. will be required.   Much of this develop-
ment will be extrapolations of what we have learned 
and modeled in the Sun-Earth system, and some will 

be new development based on our understanding of 
physics and the data from exploratory spacecraft.  
The effort to integrate and fully couple models is a 
considerable challenge that will require a sustained 
effort from multidisciplinary teams with expertise in 
high-performance computing, software design, infor-
mation technology, and all of the physical domains to 
be modeled, validated, and integrated.
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Section 4: Vignettes to enrich earlier sections
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Science Accomplishments

SCIENCE HIGHLIGHTS: 
Solar, Heliospheric, and Magnetospheric Mission 

Results

Solar:
  S1) First imaging of MHD Waves and oscillations 

in solar corona (EIT, TRACE) 
  S2) Mapping of the backside of the Sun with he-

lioseismology  (MDI/SOHO)
  S3) Spectroscopic detection of CME-driven shocks 

in type II events  (UVCS, LASCO, radio) - Raymond
  S4) Global waves (EIT waves) and coronal dim-

ming after launch of CME  (EIT) - Thompson
  S5) Radio signature of interaction between over-

taking CMEs (WIND, SOHO/WAVES) - Gopal
  S6) Polar magnetic polarity reversal linked to high-

latitude CMEs (SOHO/LASCO) - Gopal
  S7) Correlation between CME rate and galactic 

cosmic ray modulation (IMP-8, SOHO) - Lara
  S8) Deceleration of CMEs in interplanetary space 

(SOHO/LASCO, WIND, HELIOS/PVO) - Gopal
  S9) Detection of current sheets behind CMEs 

(UVCS/SOHO) - Ciaravella
S10) First imaging of gamma-ray emission from en-

ergetic protons  in solar flares (RHESSI) – Hurford 
S11) Acceleration of relativistic electrons by CME-

driven shocks in corona (ACE, WIND)
S12) Puzzles in isotopic and charge-states of ener-

getic solar ions (ACE) 

Heliospheric:
 H1) Triangulation of interplanetary type III radio 

bursts (WIND, ULYSSES) – Reiner, MacDowall
 H2) Propagation of solar energetic particles to so-

lar polar latitudes (ULYSSES) –  Reisenfeld, Lario
 H3) Voyager 1 exits the solar wind at 85 AU (termi-

nation shock) (Voyager 1) – NYT 
 H4) Interstellar pick-up ions–samples from the in-

terstellar medium (Ulysses, WIND, ACE)– Gloeckler 

Magnetospheric:
 M1) Observations of electron diffusion region in 

magnetic  reconnection (POLAR)
 M2) Imaging of continuous reconnection at the 

magnetopause complementarity of in-situ and re-
mote measurements (IMAGE, CLUSTER)

 M3) Ballistic acceleration of oxygen and hydrogen 
in the ion diffusion region in geotail (CLUSTER)

 M4) Direct observation of parallel electric fields 
and  structure in auroral acceleration region (FAST, 
POLAR)

 M5) The role and dynamics of plasmasphere within 
a strongly coupled system (IMAGE, POLAR, CLUS-
TER)

 M6) Particle acceleration by kinetic Alfven waves 
(rockets, FAST, POLAR) 

  M7) Energetic neutral atom (ENA) images of dy-
namics of trapped magnetospheric ions at Earth and 
Saturn (IMAGE, Cassini)

Energetic Particles

Gamma ray observations with the RHESSI space-
craft have determined that the source regions for solar 
energetic particle (SEP) hazards during solar storms 
are located well above the solar surface. One of the 
most likely locations of SEP production are current 
sheets near 1.5 solar radii, where magnetic energy 
is released and electricpotentials of up to 500 billion 
volts are induced. The other site is near the leading 
edge of coronal mass ejections (CMEs) where shock 
waves can accelerate protons to velocities near the 
speed of light (see Figure).  Instruments on the SOHO 
spacecraft have measured the current sheet and 
CME shock characteristics that are needed as inputs 
to theoretical models aimed at predicting the produc-
tion of SEPs for specific solar storm events.

The current sheet is the place where the conver-
sion of the magnetic energy that drives the flare and 
CME through a process called magnetic reconnec-
tion occurs. Magnetic fields of opposite polarities 
and plasma are successively brought into this region 
to maintain the continuous energy conversion. In this 
process, the anti-parallel magnetic fields annihilate 
one another and induce a strong electric field inside 
the current sheet where the electric field can reach 
5V/cm and sometimes as much as 50 V/cm. Such a 
robust electric field can accelerate charged particles, 
especially electrons and protons, to very high speeds 
in a few minutes. Turbulent modes inside the current 
sheet are expected to accelerate charged particles 
as well. Spectroscopic observations by UVCS/SOHO 
in concert with SOHO’s EIT and LASCO instruments 
have provided a robust diagnostic approach to ana-
lyzing and studying the properties of the plasma and 
the magnetic field of the current sheet before and 
during the eruptions. These properties include the 
electron density, plasma temperature, magneticfield 
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strength, magnetic reconnection inflow and outflow, 
and thusthe rate of magnetic reconnection. They are 
guiding the development of theoretical models that 
will ultimately forecast the production of energetic 
particle hazards.

The physics of particle acceleration in shocks is 
fairly well understood, in that models predict rea-
sonable shapes for the particle spectra.  However, 
the prediction of the number of particles accelerated 
is still under debate.  Shock fronts in the neighbor-
hood of 2 solar radii have been detected with UVCS/
SOHO.  The UV spectra have made it possible to de-
rive shock wave parameters (pre-shock density and 
composition as well as shock speed), and to mea-
sure the partitioning of thermal energy among various 
particle species.

Figure Caption:

New theories of solar flares and coronal mass ejec-
tions treat them asa single dynamic system called a 
solar storm. This picture consists ofa two dimension-
al image of a coronal mass ejection (CME) superim-
posed on a theoretical model of the magnetic field 
configurations of the solar storm.  The footpoints of 
an arcade of magnetic field loops (f) near the solar 
surface trace out the two ribbon flare (g) shown in 
the image of the coronal base.  As the event unfolds, 
instabilities in the coronal magnetic field stretched 
and pushed the fields upward until opposite polar-
ity magnetic field came in contact forming a current 
sheet (e). Enormous electrical potentials are induced 
across the current sheet accelerating protons to rela-
tivistic speeds, and magnetic energy is transformed 
into thermal and kinetic energy that drives the flare 
and heats and accelerates the CME. A shock front (d) 
forms above the leading edge of the CME (c) heating 
the coronal gas and accelerating solar energetic par-
ticles. The CME core (a) and void (b) are also shown.

Figure Credit: Alexander Panasyuk and the SOHO 
UVCS, EIT and LASCO

Consortia.

Voyager Exiting the Solar Wind

Abstract
Beginning in mid-2002, Voyager 1 observed an 

extended period of field-aligned flows of low energy 
ions and electrons that was unlike previous observa-
tions, suggesting that the spacecraft was in the vi-
cinity of the solar wind termination shock. However, 
the observations differed from expectations and have 
resulted in differing interpretations as to whether or 
not Voyager 1 crossed the termination shock and en-
tered the subsonic flow in the heliosheath for a seven 
month period. The puzzling aspects of the observa-
tions suggest that the shock is more complex and dy-
namic than generally expected and that there could 
be more surprises as Voyager 1 will likely encounter 
the shock several times before durably entering the 
heliosheath sometime in the next few years.

Two Voyager spacecraft were launched in 1977 on 
a journey of exploration of Jupiter, Saturn, Uranus, 
Neptune, and the outer heliosphere. We were fortu-
nate that this alignment of the giant planets was such 
that the Voyager spacecraft are headed in the gen-
eral direction of the nose of the heliosphere where 
the solar wind and the interstellar wind meet

(see Figure 1). In July 2002 Voyager 1 was at 85 AU 
and Voyager 2 at 68 AU, with radial speeds of 3.6 and 
3.1 AU per year. The size of the heliosphere is deter-
mined by the pressure balance between the outward 
supersonic expansion of the solar wind and the pres-
sure in the local interstellar cloud that surrounds the 
Sun. The distance to the termination shock will vary 
by _10 AU as the dynamic pressure of the solar wind 
varies over the solar cycle. Because of uncertainties 
in these pressures, the distances to the termination 
shock and heliopause are not precisely known. How-
ever, a summary of recent estimates [2] suggests that 
the termination shock may be at 90_10 AU, indicat-
ing that Voyager 1 may now be in the vicinity of the 
termination shock.

ADD FIGURES & ADDITIONAL TEXT
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Reconnection 

 Reconnection in space and astrophysical plasmas is 
the rapid conversion of the energy stored in stressed 
magnetic configurations into ion jets,  magnetic field-
aligned  electrons, and radiated wave energy. Re-
connection is the primary process driving almost all 
of the energy intensive processes operating in the 
Earth’s magnetosphere.  Despite the importance of 
this process, until recently, there have been very few 
direct in-situ observations of the spatial structure of 
the electric and magnetic fields along with simulta-
neously measured accelerated particle distribution 
functions.  Observations from the ESA/NASA Cluster 
Mission have provided the first evidence for very thin 
bifurcated current sheets (100 km or ~3-5 electron 
inertial lengths) with intense shock-like electric fields 
(60 mV/m) coinciding with/and directed normal to the 
current sheets. The potential drop across the current 
layer is  ~6 kilovolts. These electric field structures 
form potential wells, which are sufficiently thin that it 
is expected that incident ions are ballistically acceler-
ated across the electric field structures. Observations 
of H+ distribution functions in the reconnection sepa-
ratrix region between the shocks provide evidence 
for counter-streaming monoenergetic ion beams di-
rected along the shock normal with energies of ~5 
keV. The data indicates that a similar larger scale po-
tential structure (15-30 kV) coincides with large-scale 
portions of the cross tail current sheet and results in 
the formation of O+ beams.  This acceleration may 
be regarded as the first step in the creation of re-
connection jets. The second is ejection away from 
the x-line. Simultaneous observations by separate 
spacecraft moving through the reconnection struc-
ture near the x-line al soprovide the first evidence in a 
space plasma for the diverging standing wave struc-
ture reminiscent of the Petchek geometry. The three-
dimensional structure of the small scale potential well 
is that of an electrostatic nozzle. 

ADD FIGURES
Cluster observations near a reconnection x-line in 

the Earth’s geomagnetic tail of an electrostatic well 
and associated shock-like acceleration of ion beams 
between thin current sheets

Plasmaspheric Dynamics

A breakthrough in our understanding of the plas-
masphere was achieved through the convergence of 
remote sensing by the IMAGE mission, with in situ 
observations from Polar and Cluster. IMAGE showed 
us for the first time that the plasmasphere is every 
bit as dynamic as suspected, in response to geo-
space storms. In quiet times the plasmasphere is 
a relatively featureless corona-like extension of the 
ionosphere. But when dayside and nightside recon-
nection occur simultaneously, they create a strong 
sunward flow of the entire magnetosphere.  The 
outer part of the plasmasphere is swept sunward 
into a plume that is vividly illustrated by EUV imag-
ing of resonantly scattered solar Helium emissions. 
The Polar spacecraft substantiated this observation, 
showing that cold plasmaspheric material is rou-
tinely present in the subsolar magnetopause region, 
at highly variable density, and is subject to sporadic 
sunward flow bursts approaching Alfvén speed, in-
dicative of reconnection regions. The Cluster space-
craft, with its active spacecraft potential control, was 
able to sample plasmaspheric plumes in transit from 
the inner magnetosphere to the magnetopause, fur-
ther establishing this phenomenon and calibrating 
the EUV images. Taken together, these observations 
demonstrate the power of coordinated imaging and 
in situ measurements to enhance our understanding 
of space plasmas and their response to solar wind 
disturbances
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Raditation Effects

Radiation is a concern for Exploration Science from 
two perspectives; Astronaut safety and performance 
of the hardware component of space systems. The  
direct radiation effects on Astronauts include cancer, 
degenerative tissue diseases, damage to the cen-
tral nervous system, cataracts, and hereditary risks. 
However, the performance of space hardware is also 
related to Astronaut safety because it involves the 
performance of the crew vehicle plus all auxiliary 
space systems they rely on. Failures or malfunctions 
of these systems can endanger Astronauts. The 
space environment can endanger robotic missions 
that support Exploration Science. In addition, space 
environment effects are a concern for all space tech-
nologies that we as a species depend on, here in 
near Earth space.

The particulate radiation component of space envi-
ronments consists of the plasma, energetic ions and 
electrons and cosmic rays (both galactic and solar). 
These particles can also generate secondary radia-
tion in systems and within planetary materials that 
are of concern to both Astronauts and technology.

Table 1, shows examples of radiation components 
and their effects on humans. This table addresses 
the direct impact of radiation on Astronauts. The Q 
factor indicates the relative ability of energetic par-
ticles to cause biological damage. It is a function of a 
particle’s Linear Energy Transfer (LET) which is itself 
a function of the particle’s mass, nuclear charge and 
energy. Most of the sources and effects are related 
to primary energetic particle and secondary radiation 
to be found in interplanetary space and on planets 
without magnetospheres. The galactic cosmic rays 
(GCR) represent the highest energy component of 
interplanetary radiation. Their average flux is low but 
their persistence is an important factor in estimating 
the relative dose equivalence and biological effect. 
There is little to nothing that can be done to protect 
against the energetic GCRs.

The solar energetic particle (SEP) component of 
interplanetary radiation is significantly higher in flux 
but of short duration. It may be possible to predict 
the occurrence of SEPs. In any case, the onset of 
SEPs can be detected and estimates of the sever-
ity of a SEP event may be possible with continued 
study. Shielding can be effective against the lowest 
energy, high flux component of SEPs. Prediction and 
early detection of SEPs allows for management of 

that component of Astronaut radiation exposure us-
ing the concept of ALARA (keeping radiation expo-
sure As Low As Reasonably Achievable). 

As is noted in Table 1, for protons, electrons and 
the secondary sources, magnetospheres can be very 
inhospitable places for Astronauts. Magnetospheres 
energize the entrapped particles and build their flux-
es to levels that exceed average interplanetary levels 
by many orders of magnitude. At Earth, the worst ra-
diation occurs in the inner proton belts (generated via 
GCR interactions with the atmosphere). These pro-
tons have lifetimes of order 103 years so weak the 
source builds to high flux levels with hard spectra. 
Humans could not survive in such regions. Magne-
tospheric electrons are energized as they are trans-
ported inward from the outer boundaries. Internal 
process raise the fluxes and energies to high values 
such that during a traversal of the electron radiation 
belts dose levels can reach a few rads/hour behind 2-
3 mm Aluminum (for a few hour traversal of the belts) 
with 0.1% being from Bremsstrahlung radiation. The 
trapped radiation at weakly magnetized planets is not 
known and could be of concern, especially for close 
orbits. It would have to be measured in advance.

Table 2 shows space radiation effects on technolo-
gies. When considering the safety and effectiveness 
of Exploration endeavors, both direct effects on As-
tronauts and the impact on their support technology 
must be addressed. Failures and operational anoma-
lies of space systems caused by particulate radiation 
have been well documented. Total dose is a lessor 
concern than other impacts of space radiation pri-
marily because parts can handle higher dosage than 
people. Space vehicle charging and related malfunc-
tions have been a dominant source of operational 
anomalies and failures for systems orbiting in near 
Earth space (i.e. in a magnetosphere; ref. Fig 1). SEE 
related malfunctions, which occur both in interplan-
etary regions and inside magnetospheres, are the 
second most likely environmental cause of malfunc-
tions. Given the effects shown in Table 1, significant 
care has to be taken in designing systems that must 
transport and shelter Astronauts for extended mis-
sions. An equivalent “ALARA” needs to be used for 
these technological systems.

[Triboelectric charging is a non radiation effect that 
has occurred under some atmospheric conditions 
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ADD Figure 1. Percent of satellites that experienced 
anomalies from specific environmental causes

(e.g. launch vehicles passing through clouds) and 
should be a consideration for any planetary explo-
ration during entry and escape through the atmo-
sphere.]
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Halloween Storms

The solar eruptions late October and early Novem-
ber 2003 are the best observed outbreak of intense 
solar activity to date.  The violent solar eruptions oc-
curring from 18 October to 8 November 2003 can be 
considered as extreme events in terms of both their 
source properties at the Sun and their heliospheric 
consequences.  The eruptions were accompanied 
by intense solar flares and coronal mass ejections 
(CMEs) of very high energy. The plasma, particle and 
electromagnetic consequences of these events were 
detected by various instruments located throughout 
the heliosphere.

A series of shocks were launched into the helio-
sphere, some of them accelerating particles to un-
precedented intensities. 

Earth’s ionosphere and atmosphere were severe-
ly affected by these eruptions. The impact of these 
eruptions was felt not only in the near-Earth space 
environment, but also in the far reaches of the he-
liosphere: Spacecraft located much beyond Earth’s 
orbit such as Ulysses, Cassini, and Voyagers felt the 
shocks from these eruptions.  Disturbances asso-
ciated with two of the eruptions arrived at Earth in 
less than a day, providing bench mark data for space 
weather purposes. Historically, there were only 12 
eruptions with less than 1-day shock travel time to 
Earth including the Carrington event of 1859 Sep-
tember 1.  Several aspects of the solar eruptions in-
cluding active region size and potential energy, flare 
occurrence rate and peak intensity, CME speed and 
energy, shock occurrence rate, SEP occurrence rate 
and peak intensity, geomagnetic storm intensity dis-
played extreme behavior.  Shock transit times for 
the Oct-Nov 2003 events and documented histori-
cal cases suggest a minimum CME Sun-Earth transit 
time of about half a day. This minimum transit time 
(maximum CME speed) is consistent with the free en-
ergy available from active regions. 

About 59% of the reporting spacecraft and about 
18% of the instrument groups experienced some ef-
fect from the episode of solar activity between mid-
October and early November 2003:  electronic upsets, 
housekeeping and science noise, proton degradation 
to solar arrays, upper atmosphere-induced changes 
to orbit dynamics, high levels of accumulated radia-
tion, and proton heating were observed. The space-
craft affected were in low-Earth orbit (LEO), Geosta-

tionary (GEO) and interplanetary regimes.

The largest solar energetic particle event occurred 
on October 28, 2003 and resulted in a significant 
ozone depletion due to the production of high levels 
of hydrogen oxide constituents in the mesosphere 
and upper stratosphere. Ozone depletion was ob-
served between 50 and 80 km with a maximum value 
of 75% around 65 km. North American GPS receivers 
found more than ten times of total electron content 
enhancement over the US mainland during the Oc-
tober 30-31 superstorm.  The severity of the October 
geomagnetic storms marked by the day-time aurora 
reported in Boston in response to the 30 October 
2003 storm. Extraordinary density enhancements in 
both the magnetosphere and ionosphere coinciding 
with intervals of southward IMF and high-speed solar 
wind were observed.

By the time the disturbances reached Voyager 
2, about 180 days after   leaving the Sun, the mul-
tiple events observed at 1 AU had formed a   single 
merged interaction region (MIR).  The MIR was asso-
ciated   with an unusually large (about 450 days) and 
fast (about 560 km/s) stream   following a forward 
shock, with a sheath-like region between the shock 
and the stream.  The MIR was associated with a large 
depression in cosmic ray intensity, lasting more than 
70 days.  

Although it is not unusual that such solar eruptions 
occur during the declining phase of a solar cycle, 
these events bench mark the level of understand-
ing we have on the behavior of the sun over different 
time scales. Understanding these events will help us 
assess the extremeness in terms of the free energy 
available at the Sun and the geospace and helio-
spheric consequences.

ADD FIGURE + CAPTION
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Detecting Activity on the Far Side of the Sun Productive Teaming of Exploration and Science
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Space Weather 

Temporally variable conditions in the Sun, solar wind, 
and planetary space environments (magnetospheres, 
ionospheres, and atmospheres) are known as Space 
Weather. These conditions are measured by the 
plasma speed and density, the solar magnetic field 
and the radiation density. Space weather can damage 
space-borne or ground- based technological systems 
and may threaten human health and life. Space 
explorers need to mind space weather, which is likely 
to be different at different destinations. 

Most of the space weather drivers can be traced 
to the Sun, in the form of sunspot groups, filament 
regions and coronal holes. Flares and coronal 
mass ejections originate from these activity centers 
that dump huge amounts of energy in the form of 
energetic particles, plasmas and electromagnetic 
radiation.  Solar wind streams from coronal holes can 
press against each other creating interaction regions 
with shocks, which also accelerate charged particles. 
High speed streams can also lead to energetic particle 
population in Earth’s magnetosphere. Our galaxy and 
the interstellar medium also contribute to the space 
weather in the form of cosmic rays. There are also 
effects related to the interaction between these two 
sets (solar and non-solar) of drivers.

X-rays and EUV radiation generated at the time 
of flares can modify Earth’s ionosphere over a 
matter of minutes by enhancing the ionization. 
Radio communication systems depend heavily on 
the conditions in the ionosphere and hence can be 
severely affected by these prompt solar-flare effects.

An example of how the normal functioning of 
space instrumentation is affected by a solar event. 
Two SOHO/EIT images taken less than half an hour 
apart. The 07:14 image is seriously degraded by 
SEPs arriving at the spacecraft at L1. The SEPs 
were released from the Sun due to an eruption in the 
northwest quadrant of the Sun. 

Coronal mass ejections (CMEs) and the shocks 
driven by them result in more prolonged and severer 
effects. During their journey into the interplanetary 
space, CME-driven shocks accelerate charged 
particles to dangerously high energies and hence 
pose a radiation hazard. Astronauts’ career limits for 
radiation exposure can be exceeded during a single 
solar energetic particle event (SEP). The first particles 
can arrive almost as fast as light can. The bulk of 

SEPs arrive in tens of minutes. The shocks are most 
potent when they are near the Sun and release the 
highest energy particles when they are within the first 
10% of the Sun-Earth distance. The shocks arrive 
at spacecraft in the vicinity of Earth within a day or 
two, continuing to produce high levels of charged 
particles. It takes longer for the shocks to reach 
farther locations such as Mars. Even though the 
shocks are considerably weakened at these distant 
locations, they do produce hazardous SEPs.

Energetic CMEs and shocks sweep through the 
entire solar system in about six months. High energy 
particles can cause single event upsets in spacecraft 
electronics.  When they pass through humans, 
they ionize molecules along their track creating 
free radicals that can break DNA strands leading to 
cancerous cells.

 
CMEs contain hot plasma with enhanced magnetic 

field, so they can stir up the planetary magnetospheres 
on impact causing intense magnetic storms. At Earth, 
they can cause intense geomagnetic storms and lead 
to the production of another population of charged 
particles within the magnetosphere. The geomagnetic 
storms can also result in current surges in the ground, 
transmission lines, rail roads and pipelines leading to 
large disruptions with potential economic impacts. 

CMEs with southward interplanetary magnetic 
field disrupts the shielding currents in the inner 
magnetosphere and allows solar wind electric fields 
to penetrate all the way to the equator, lifting up and 
redistributing ionospheric plasma in a strong equatorial 
fountain, while allowing dense plumes of plasma to 
be drawn from mid-latitudes up over the polar cap. 
The SEPs can also penetrate into the magnetosphere 
and reside in new radiation belts for months, thus 
posing additional hazard to satellites. SEPs have 
been shown to affect  the atmospheric chemistry and 
the ozone layer in particular: SEPs combine with the 
energy inputs from the auroral storms to break up 
nitrogen and water molecules, creating nitrogen and 
hydrogen oxides (NOx and HOx), which react with 
atmospheric ozone and deplete it significantly. The 
stratospheric ozone distributions at lower altitudes 
remain disrupted possibly for months.  

The impact of SEPs and CMEs on other planetary 
atmospheres depends on the prevailing physical 
conditions and chemical compositions. For example, 
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the lack of global magnetic field in Mars minimizes 
magnetic storms and the related processes. However, 
the patchwork ionosphere at the locations of regional 
magnetic fields may be affected by CME/shock 
impact.  The thinner atmosphere makes it easy for 
the penetration of charged particles. The solar wind 
has eroded the atmosphere of Mars considerably, 
and CMEs represents gusts of enhanced solar wind 
that modulate the continued erosion. 

Magnetospheres are regions where internal 
processes enhance solar-variability driven space 
weather responses and generate their own space 
weather effects. Two examples of such responses 
are the enhancement of radiation belts and 
substorms. Both cause the phenomena of satellite 
charging (internal and surface) which can damage 
space platforms. These phenomena are uniquely 
magnetospheric. They are driven by magnetospheric 
processes which convert the solar wind energy into 
particle energy enhancements.  These processes 
occur in planetary magnetic fields such as at Earth, 
Jupiter, Saturn, etc. The danger to space platforms 
and their occupants exists to a significant degree 
independent of whether CMEs or SEPs have 
occurred or not. Within the Earth’s magnetosphere 
space platform charging has been the major cause of 
space weather related malfunction and failure. Chart 
1 shows the result of a study that identified number 
of space platforms that had anomalies and the cause 
of those anomalies. The second most likely cause of 
anomalies was single event effects from GCR, SEPs 
and energetic ions trapped in the magnetosphere.

Chart 1: Number of space platforms that have 
experienced anomalies of different types caused 
by the space environment. Other includes effects 
such as meteor strikes and atmospheric drag.  (after 
Koons, e. al. 1999)

During magnetic storms, electric fields, currents 
and energetic particles of magnetospheric origin 
induce extreme modifications of the ionosphere-
thermosphere system.  Energetic particles ionize the 
conducting layer of the high-latitude ionosphere, and 
deposit energy that heats the neutral and ionized 
gases and produces the aurora.  The electric fields 
and currents drive an ionospheric current system 
that also dissipates heat (Joule heating), leading to 
global modifications of thermosphere temperatures, 
densities, composition and winds.  These effects 
are manifested in significant increases in the drag 

experienced by satellites.  Electric fields penetrate to 
low latitudes, and are also induced by the dynamo 
effects of storm-time winds.  The electric fields, 
winds, and composition changes modify the global 
state of the ionosphere, leading to changes in radio 
propagation conditions including scintillations 
produced by small-scale plasma irregularities.

The upper atmospheres of Mars and Earth are 
significantly modified by upward-propagating gravity 
waves, tides and planetary waves that originate 
in the lower atmosphere and propagate to upper 
levels.   These disturbances of meteorological origin 
induce density variations relevant to re-entry and 
orbital drag concerns, and at Earth induce electric 
fields (via the dynamo mechanism) that map along 
magnetic field lines and redistribute ionization. The 
latter mechanism is responsible for a large fraction of 
Earth’s ionospheric variability at low latitudes.

There are two sources of space weather external to 
the solar system: (1) the galactic cosmic rays (GCRs) 
thought to be produced by supernova shocks in 
our galaxy. The GCRs are of very high energy and 
present everywhere in the heliosphere. The effects 
of GCRs on astronauts on long duration missions 
beyond the Earth’s magnetic field depend on when 
and to what destination the travel is made. (2) Neutral 
atoms from the inter stellar medium enters the solar 
system, get ionized by solar energetic photons or 
charge exchange with solar wind ions to be ultimately 
accelerated by the termination shock as anomalous 
cosmic rays (ACRs).

The solar wind turbulence and CMEs modulate 
the cosmic rays over 11 and 22 year cycles of solar 
activity. During solar maxima, the intensity of the 
GCRs is reduced to a minimum, while it reaches a 
maximum during solar activity minima. The duration 
of peak GCR intensity is alternatively higher and 
lower for successive solar activity minima because 
the heliospheric magnetic field flips its polarity during 
every 11 years. Thus both SEPs and GCRs are 
controlled by CMEs in a time dependent fashion.  

Space missions in general need to mind the space 
weather caused by CMEs, shocks, flares and the solar 
wind. Space Exploration in the future will extend to 
Mars, so monitoring Earth- and Mars-directed solar 
events is of crucial importance. Monitoring of cosmic 
ray intensity variation over different timescales at 
Earth and Mars is also very important.  Unmanned 
spacecraft venturing into the far reaches of the solar 
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system need to be safeguarded against GCRs. 
Empirical and physics based models with good 

computational resources are needed to monitor 
space weather at several locations within the sphere 
of human exploration. These models need to be 
constantly tested and updated using observations 
from existing and future assets in space and on the 
ground.

Chronology of an SEP Event

The SEP event of August 4, 1972 remains one 
of the bench mark events of radiation hazard to 
astronauts and dramatically illustrates the need for 
space weather forecasting. The impact time scale is 
similar to the Indian Ocean Tsunami of Dec 28 2004! 

At 06:20 UT, the flare starts. 
At 13:00 UT, the astronauts’ 30-day skin and eye 

exposure limit exceeded
At 14:00 UT, yearly limit for eyes and 30-day limit 

for blood-forming organs exceeded
At 15:00 UT, yearly limit for skin exposure 

exceeded
At 16:00 UT, career limit for eyes and yearly limit for 

blood-forming organs exceeded
At 17:00 UT the career limit for skin exceeded
At 21:00 UT the shock arrived at earth

The shock transit time for the Aug 4 1972 remains 
the shortest ever recorded. Even though there was 
no CME observation, models estimate that the speed 
of the progenitor CME to be 2857 km/s when it was 
near the Sun.
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Section 5: Recommended Investigations
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