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1 Executive Summary

The Solar Dynamics Observatory (SDO) is a
cornerstone mission within the Living With a
Star (LWS) program. SDO’s mission is to un-
derstand the nature and source of the solar vari-
ability that affects life and society. As such, its
principal functions are two-fold. First, it must
make accurate measurements of those solar pa-
rameters that are necessary to provide a deeper
physical understanding of the mechanisms that
underlie the Sun’'s variability on timescales
ranging from seconds to centuries. Second,
through remote sensing, it must monitor and re-
cord those aspects of the Sun’'s variable radia-
tive, particulate, and magnetic plasma outputs
that have the greatest impact on the terrestrial
environment and the surrounding heliosphere.

Our Sun is an active star. This activity impacts
planet Earth and human society in numerous
ways. Terrestrial climate, ozone concentrations
in the stratosphere, and atmospheric drag on sat-
ellites al respond to variations in the Sun’sra-
diative output. Astronauts, airline passengers,
and satellite electronics are al imperiled by the
energetic particles produced in solar flares and
coronal mass gections (CMEs). Electrical power
to our homes and businesses, communications,
and navigation systems can all be interrupted by
geomagnetic storms driven by blasts in the solar
wind. SDO will study the mechanisms of solar
variability — through a broad spectrum of tempo-
ral, spatial, and energetic scales—to provide the
tools and scientific understanding that will en-
able us to improve the quality of forecasts of
solar activity. SDO will aso provide the meas-
urements that are critical asinput to studies of
the geospace environment at their point of origin
in the Sun-Earth system in order to quantify the
Sun’s influence on global change and improve
our characterizations and forecasts of space
weather.

In this report we discuss several key science
guestions that derive from our present incom-
plete knowledge of the physica underpinnings
of the Sun’s variability. They are selected for the
promise they hold in catayzing a significant

advance in modeling, quantifying, and perhaps
eventually predicting solar variability over the
relevant timescales. Variable solar outputs nec-
essarily impact paralel efforts aimed at under-
standing, modeling, and predicting the behavior
of the Sun-Earth system. Accordingly, we aso
speak to the scientific issues and problems that
arise from inadequate knowledge of solar radia-
tive, particulate, and magnetic plasma outpults.

Together, the solar and terrestrial science ques-
tions and ongoing research activities point to
specific observables that must be supplied by
SDO for the successful operation of the LWS
science program. This document identifies a set
of required observables that best addresses the
dual objectives of SDO. In so doing, it provides
the basic arguments and the supporting evidence
that leads to the identification of the essential
observations. The nature of the required meas-
urements in turn drives the choice of a geosyn-
chronous (GEO) orbit for the spacecraft. A po-
tential suite of instruments is described which is
in principle capable of acquiring the required
observables, while at the same time satisfying
the logistical constraints imposed on the SDO.

The overarching science questions to be ad-
dressed by the SDO are:

What mechanisms drive the quasi-periodic
11-year cycle of solar activity?

How is active region magnetic flux synthe-
sized, concentrated, and dispersed across the
solar surface?

How does magnetic reconnection on small
scales reorganize the large-scale field topol-
ogy and current systems? How significant is
it in heating the corona and accelerating the
solar wind?

Where do the observed variations in the
Sun’s total and spectral irradiance arise, and
how do they relate to the magnetic activity
cycles?

What magnetic field configurations lead to
the CMEs, filament eruptions, and flares that
produce energetic particles and radiation?
Can the structure and dynamics of the solar
wind near Earth be determined from the



magnetic field configuration and atmos-
pheric structure near the solar surface?
When will activity occur, and is it possible
to make accurate and reliable forecasts of
space weather and climate?

The answers to these pressing science questions
are to be found in direct observations of the
relevant solar activity and the interpretation of
these data. To this end, the complement of SDO
instruments should supply the following basic
data types (ordered from solar interior outward,
not by priority).

Full-disk dopplergrams of appropriate spa-
tidl and temporal resolution, duration and
continuity to permit accurate helioseis-
mological inferences of conditions in the
solar interior.

Full-disk magnetograms capable of charac-
terizing the surface magnetic field and its
evolution, and monitoring the emergence
and processing of magnetic flux.

Full-disk precise photometric images to ex-
plore the temporal and spatial variability of
the solar irradiance and determine couplings
with the magnetic structures.

Full-disk filtergrams recorded simultane-
oudy in a variety of visible and EUV band-
passes to assess the dynamics and energetics
of the solar atmosphere on global and active
region scales.

Sun-as-a-star EUV spectra irradiance meas-
urements to monitor and record temporal
variations of radiative outputs crucia for
gauging ionospheric, mesospheric and ther-
mospheric responses to solar forcing.
Restricted field of view UV/EUV dlit spectra
to make precise diagnoses of plasma dy-
namics and energetics.

White-light polarization brightness images
of the solar corona to record and monitor co-
ronal evolution and re-structuring important
for generating geoeffective interplanetary
disturbances.

To provide a context and a guide for proposals
submitted in response to the forthcoming AO
associated with SDO, we have devised a poten-
tial suite of generic instruments. The instruments

listed below satisfy the data requirements stated
above while remaining within the financial and
logistical limitations placed upon the SDO mis-
sion.

Helioseismic/Magnetic |mager
Atmospheric Imaging Array
EUV Spectral Irradiance Monitor
Coronagraph

Photometric Mapper

UV/EUV Spectrometer

Vector Magnetograph

The first three instruments are of highest prior-
ity. SDO must include instruments such as these
to fulfill its mission. All three provide data with
proven value that are not likely to be supplied
through other programs. The final four instru-
ments are of high priority. The data they obtain
are needed for the SDO mission but they may be
supplied in some other, albeit compromised,
form by other programs, may be more specula-
tive in nature, or may tax the SDO resources. A
Total Solar Irradiance Monitor is aso consid-
ered to be of highest priority, but two TS|
Monitors are expected to fly on other platforms
concurrently with SDO.

The remainder of this document amplifies on the
considerations that went into this selection of
guestions, critical data, and instrument comple-
ment. It provides the traceability from the scien-
tific questions to the instrument requirements
and mission design.



2 Overview

The primary goa of SDO is to understand
the nature and source of the solar variations
that affect life and society. This broad goal
leads to two objectives. One objective is to
understand the mechanisms of solar vari-
ability as characterized by three processes
that operate on three different timescales —
the solar cycle (months to centuries), active
region evolution (hours to months), and
small-scale magnetic element interactions
(seconds to hours). The second objective is
to understand the solar influences on global
change and space weather as characterized
by three different sources — irradiance varia-
tions, energetic particles from flares and
CMEs, and plasma disturbances from solar
wind structures.

With the exception of the slow evolutionary
changes in solar structure over the last 4.5
billion years, al solar variability is magnetic
in origin. The solar cycle is a magnetic cycle
in which the Sun’s magnetic poles reverse
with a periodicity of approximately 11 years
and intense magnetic fields erupt through
the surface in sunspots whose numbers wax
and wane with the cycle. Solar flares and
CMEs occur when magnetic fields are
stressed beyond their limits. The very
structure of the corona and the solar wind is
determined by the structure of the magnetic
field. The heating of the Sun’s corona and
the acceleration of the solar wind are
thought to be due to interactions between
small-scale magnetic elements. SDO will
help us to understand the mechanisms of
solar variability by observing how the mag-
netic field is generated and structured and
how this stored magnetic energy is released
into the heliosphere and geospace. Our cur-
rent scientific understanding leads to a series
of outstanding questions that must be ad-
dressed by SDO. These questions lead to

observations, potential instruments, and a
mission design.
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Figure 2.1. Recent solar cycle variability. Sunspot
number and solar 10.7 cm radio flux (top two panels)
are well-correlated indicators of solar variability.
Solar flares (third panel) and total solar irradiance
(fourth panel) generally follow the solar cycle. Geo-
magnetic variability (bottom panel) has a component
in phase with the cycle but also shows considerable
activity near solar minimum attributed to the effects
of high-speed solar wind streams.

What mechanisms drive the quas-
periodic 11-year cycle of solar activity?

The solar cycle controls the long-term be-
havior of solar activity and the resultant
modulation of the Sun's electromagnetic,
particulate and magnetic plasma emissions
that affect the Earth. Solar magnetic fields
with their associated forces and electric cur-
rents are recognized as being responsible for
the Sun's activity, but the underlying proc-
esses which create and then dissipate these
fields in an 11-year cycle are poorly under-
stood. Although helioseismology has re-
vedled flows and thermal structures related
to the magnetic variability, present theoreti-
cal models based on these observations can
only broadly reproduce the observed mag-
netic evolution and are far from having pre-



dictive capability. Historical records suggest
that the strength of the cyclic magnetic
variations may have been different from
what is observed today and that there may
have been associated terrestrial climate
changes. Furthermore, sun-like stars are ob-
served to have a wider range of activity than
is seen in the Sun, suggesting that current
solar behavior could be misleadingly steady.

SDO will examine the processes that control
the solar cycle. The SDO Magnetographs
will measure the structure and evolution of
the magnetic field itself. The Helioseismo-
graph will measure the relevant fluid flows
at levels within the Sun from the surface to
the deep interior with unprecedented resolu-
tion and coverage. By extending the volume
of the solar interior accessible to heliosais-
mic probing and increasing its sengitivity in
the crucial regions, SDO will provide data
critical for understanding the 11-year activ-
ity cycle. The Photometric Mapper will
measure temperature and radiance variations
on the solar surface that are associated with
the deep-seated drivers of the solar cycle
while the EUV Spectral Irradiance Monitor
measures the dramatic variations in the
EUV.

How is active region magnetic flux syn-
thesized, concentrated, and then dis
persed acrossthe solar surface?

The evolution of active regions controls the
behavior of solar activity on timescales from
hours to months. Sunspots cause decreases
of a few tenths percent in total in solar irra-
diance. Energetic particles are released
through magnetic reconnection associated
with the evolution of active regions. Al-
though simple isolated regions rarely pro-
duce flares or CMEs, complex sunspot
groups with complicated and stressed mag-
netic field elements frequently do produce
eruptive events. Bright active regions — evi-

dent as faculae in the photosphere, plage in
the chromosphere and large loop structures
in the corona — alter electromagnetic radia-
tion at al wavelengths. The evolution of ac-
tive regions depends upon the structure of
the emerging magnetic flux, the local flow
patterns, and the magnetic connections in
the solar atmosphere.

SDO will have the capability to study active
regions and their evolution by obtaining
measurements unavailable from other mis-
sions or observatories. The Helioseismo-
graph will measure the local flow patterns
using observations with unique spatial
resolution and coverage. It will have the
ability to “see” active regions as they de-
velop on the far side of the Sun and will re-
solve structures just below the surface. It
may also be able to detect magnetic struc-
tures before they emerge at the surface, a
capability shared with the Photometric
Mapper. The Magnetographs and Atmos-
pheric Imaging Array will provide critical
information on the complexity of the mag-
netic structures in active regions. The resul-
tant fluctuations recorded by the EUV
Spectral Irradiance Monitor will capture the
disk-integrated effect of the emergence,
evolution and rotation of al active regions.

How does magnetic reconnection of solar
magnetic fields on small spatial scalesre-
late to coronal heating, solar wind accel-
eration and the transformation of the
lar ge-scale field topology?

The small-scale magnetic elements control
solar activity on short timescales. As these
elements erupt through the photosphere they
interact with each other and with larger ex-
tant magnetic structures such as those asso-
ciated with active regions. The magneto-
dynamic nature of small-scale magnetic flux
may be the basis for short-term solar vari-
ability. They may provide the triggers for



eruptive events and their constant interac-
tions may be a key source of coronal heating
and solar wind acceleration. They may also
contribute to irradiance variations in the
form of enhanced network emission.

SDO will make critical observations of the
small-scale magnetic elements, their inter-
actions, and the resulting transformation of
the large-scale field topology. The Mag-
netographs will have sufficient spatial and
temporal resolution and coverage to follow
the evolution of these elements. The Helio-
seismograph will determine the nature of the
photospheric and sub-photospheric  flows
that control their motions. The Atmospheric
Imaging Array will follow the magnetic
connections within the atmosphere by si-
multaneously providing images of coronal
loops at a series of different temperatures.
The EUV Imaging Spectrometer will deter-
mine the physical conditions associated with
these features including temperature and
bulk velocity. The Coronagraph will provide
information on the large-scale field topology
and the associated solar wind.

Where do the observed variations in the
Sun’s total and spectral irradiance arise,
and how do they relate to the magnetic
activity cycles?

The Sun’'s electromagnetic radiation is the
primary energy input to the Earth. This ra-
diation varies at al wavelengths, and on all
timescales observed thus far. Total solar ir-
radiance varied by about 0.1% during recent
11-year sunspot cycles. While these varia-
tions are thought to be too small to have a
dominant impact on climate, there is never-
theless considerable evidence in both con-
temporary and paleo-climate records of ap-
parent solar-related variability. Variations in
the solar UV are larger and have adirect and
significant effect on stratospheric ozone
concentrations. Still larger variations in the

Sun’s EUV radiation cause dramatic fluc-
tuations in the density of the Earth’s outer-
most atmospheric layers and the electron
density in the ionosphere, affecting the con-
trol and operation of earth-orbiting space-
craft, and communication and navigation
systems. Magnetic features — sunspots, ac-
tive regions, network — that alter the tem-
perature and composition of the solar at-
mosphere are primary sources of solar irra
diance variability.

SDO will make direct measurements of the
solar irradiance, map the sources of the irra-
diance variations, and provide observations
of the physical characteristics of these
sources. The SDO EUV Spectral Irradiance
Monitor will provide the first continuous,
high time resolution measurements of the
EUV irradiance variations that are critically
important for changes in the Earth’s upper
atmosphere and ionosphere. The measure-
ments will be made on a timescale of sec-
onds while the SDO mission provides cov-
erage over the solar cycle. The Photometric
Mapper will provide unique imaging capa-
bility in bolometric intensity and in visible
and IR bandpasses that allow for the positive
identification of the solar sources of the total
irradiance variations. The Atmospheric Im-
aging Array will provide coincident images
of the full solar disk made in EUV radiation
at selected emission temperatures so as to
identify the sources of the observed EUV
variations. SDO will also provide measure-
ments to aid in our understanding of the
sources of the irradiance variations. The
EUV Imaging Spectrometer will examine
the physical conditions of key features.
Magnetograms will provide information on
the magnetic nature of the features and their
interactions while Helioseismic images pro-
vide information on related sub-surface
structures and flows.



What magnetic field configurations lead
to the CMEs, filament eruptions, and
flaresthat produce energetic particles?

The Sun emits energetic particles during
solar flares and CMEs. The energetic parti-
cle flux in a large proton flare can be letha
to an astronaut outside the protective enve-
lope of Earth’s magnetosphere. Significant
particle fluxes penetrate to aircraft altitudes
where they pose a health risk to passengers
and crew. Showers of these energetic parti-
cles degrade and destroy electronic compo-
nents on commercial, military, and research
satellites. They aso cause short-term deple-
tions of the ozone layer, especialy in polar
regions. The solar eruptions that produce
large fluxes of energetic particles are also
magnetic in nature, frequently resulting from
the reorganization of magnetic fields in the
outer solar atmosphere.

SDO will provide continuous and improved
observations of the solar conditions that lead
to eruptive events such as flares and CMEs.
Magnetographs will provide images of the
underlying magnetic field. The Atmospheric
Imaging Array will revea the resulting
structures in the chromosphere and corona at
the spatial and tempora resolution of the
TRACE imager but with the full-disk cover-
age of the SOHO/EIT instrument. The Co-
ronagraph will detail the structure and evo-
lution of the corona and CMEs while the
EUV Imaging Spectrometer examines the
physical conditions at key positions associ-
ated with the energetic particle events.

Can the structure and dynamics of the
solar wind be determined from the mag-
netic field configuration and atmospheric
structure near the solar surface?

Disturbances in the solar wind rack the
Earth’s magnetosphere and drive geomag-
netic storms. These storms enhance and re-

organize populations of energetic particles
in the Earth's magnetosphere, radiation
belts, and ionosphere. Storm-induced elec-
tric currents can flow through power lines,
overpower circuit breakers and transformers,
and ultimately disrupt power distribution.
Sudden changes in the electron density and
structure of the ionosphere can hamper
global positioning systems and radio com-
munications. During maxima of the solar
cycle CMEs are the primary contributors to
these solar wind disturbances. Near minima
the disturbances are dominated by variations
in the structure of the solar wind itself. Solar
wind structures also modulate the flux of
galactic cosmic rays, allowing a larger flux
of cosmic rays at the Earth during periods of
lower solar activity. The resultant cosmo-
genic isotopes — **C and *°Be — when stored
in tree rings and ice cores produce unique
archives of long-term solar variability that
are crucia to untangling solar influences on
Earth’s past climate. There is even specula-
tion that galactic cosmic rays may alter cli-
mate by creating cloud condensation nuclei.

SDO will observe the structure and dynam-
ics of both the corona and the source region
of the solar wind. The Coronagraph will ob-
serve both CMEs and solar wind structures.
The Magnetographs and Atmospheric Im-
aging Array will reveal the related magnetic
structures closer to the surface. The EUV
Imaging Spectrometer will examine the
physical conditions that accompany the ac-
celeration of the solar wind, the heating of
the corona, and the initiation of CMEs. Co-
rona spectroscopy would be an important
tool for detailed measurements of velocity,
composition, and temperature.

When will activity occur, and isit possible
to make accurate and reliable forecasts of
space weather and climate?



Within the LWS Program SDO must pro-
vide the observations that are crucia for un-
derstanding and predicting solar variability
on al timescales. SDO must provide the
data that serves as inputs to, or boundary
conditions for, the other systems within the
LWS program. The extent to which space
weather and climate can be predicted will be
recognized only after we gain a better un-
derstanding of the sources and nature of so-
lar variability by addressing the preceding
guestions.

SDO Science. In the following section
(Section 3) we outline our current under-
standing of solar variability itself — irradi-
ance variations, energetic particle emission
by flares and CMEs, and solar wind varia-
tions — along with the mechanisms that drive
this variability — the solar cycle, active re-
gion evolution, and small-scale magnetic
element interactions.

SDO Instruments. The outstanding scien-
tific questions that arise can be addressed by
a set of observations as described in Section
4. A potential set of instruments to acquire
these observations on SDO includes:

Helioseismic/Magnetic Imager
Atmospheric Imaging Array
EUV Spectra Irradiance Monitor
Coronagraph

Photometric Mapper

UV/EUV Imaging Spectrometer
Vector Magnetograph

A Total Solar Irradiance (TSI) Monitor
should also be included if redundant obser-
vations are not available concurrently with
SDO. The detailed instrument capabilities
are traced back to the scientific questions in
the following sections. However, a brief de-
scription of the instruments should provide
some initial guidance.

The Helioseismic/M agnetic Imager would
extend the capabilities of the SOHO/MDI
instrument by going to higher spatial and
tempora resolution with continuous full-
disk coverage. The Atmospheric Imaging
Array would be similar to the SOHO/EIT
and TRACE instruments but with severa
independent telescopes providing simulta-
neous observations with the spatial resolu-
tion of TRACE, an order of magnitude in-
crease in tempora resolution and the full-
disk coverage of EIT. The EUV Spectral
Irradiance Monitor would provide long-
term, continuous measurements of the solar
irradiance from 1 nm to 120 nm. The Co-
ronagraph would be smilar to the
SOHO/LASCO instrument but with far bet-
ter gpatial and tempora resolution aong
with extended spatial coverage from 1.1
Rg,, 10 15 Rg,,. The Photometric Mapper

would be unique to SDO. It would provide
photometric and bolometric images of the
solar radiance. The UV/EUV Imaging
Spectrometer would be a high resolution,
high time cadence imaging spectrometer de-
signed to complement the Atmospheric Im-
aging Array and Magnetographs. The Vec-
tor Magnetograph would provide both the
strength and direction of the magnetic flux
across the full solar disk at 5-minute inter-
vals.

SDO Mission Concept. The high resolu-
tion, rapid cadence, and continuous cover-
age required for the observations lead to an
SDO Mission design that places the satellite
into a geosynchronous orbit. This allows for
continuous contact at high data rate with a
dedicated ground station. A geosynchronous
orbit can aso be used to minimize the data
interruptions caused by the satellite passing
through the Earth’s and the Moon's shad-
ows. The SDO Mission Concept (Section
6) cals for a launch in late 2006 or early
2007 on a Delta booster. The mission would
be for a nomina 5 years with an additional



5-year extended mission. The SDO mission
will help us make great strides toward un-
derstanding the solar variability that affects
life and society. The instruments will pro-
vide the observations that lead to a more
complete understanding of the solar dy-
namics that drive variability in the Earth's
environment.

3 Current Scientific Under-
standing and Outstanding
Questions

We have learned much about the Sun and
solar variability in the last few years. The
scientific discoveries from missions such as
SOHO and TRACE make headlines in the
popular press and are occasionally featured
on the nightly news. The very nature of sci-
entific inquiry, however, teaches us that the
more we learn the more we find that we
don't understand. We have learned much
about the solar influences on globa change
and space weather, but we have aso found
that we do not fully understand all sources
of the irradiance variations and we can't re-
liably predict energetic particle eruptions or
solar wind variations. Likewise, we have
learned much about the structure and dy-
namics of the solar interior and the evolution
of active region magnetic fields, but we still
don’t understand the solar dynamo and can’'t
reliably predict the size of the next solar cy-
cle or the emergence of the next active re-
gion. The understanding of the mechanisms
of solar variability that we have gained from
previous missions, ground-based observa-
tions, and theoretical studies leads us to ad-
ditional questions that require new observa-
tions. In the following subsections we de-
scribe our current scientific understanding
and list some of the outstanding questions
that must be addressed by SDO.

We have divided the science into two broad
areas with three subdivisions each. The solar

influences on globa change and space
weather represent one broad area. There are
three significant types of solar influences:
photons (irradiance), energetic particles (as-
sociated with flares and CMEs), and plasma
(corona structure and solar wind variabil-
ity). The mechanisms of solar variability
represent the other broad area. While these
mechanisms are all magnetic in nature, they
can be neatly separated according to the
timescales associated with each: long-term
(the solar cycle), mid-term (active region
evolution), and short-term (small-scale
magnetic element interactions). SDO must
address all these areas to advance our under-
standing of the nature and source of the solar
variations that affect life and society.

3.1 Solar Influences on Global
Change and Space Weather

Understanding the solar influences on global
change and space weather is increasingly
important as society becomes more reliant
on technology. Global warming and ozone
depletion can be influenced by solar irradi-
ance variations. The health and safety of sat-
ellites and astronauts can be influenced by
energetic particles from solar flares and
CMEs. Electrical power distribution to our
cities can be interrupted by geomagnetic
storms induced by variations in the solar
wind. While our understanding of these ef-
fects and their solar origins has improved
greatly over the past decade, many out-
standing questions remain.

3.1.1 Irradiance Variations

The radiation that the Sun provides to the
Earth varies a all wavelengths and on all
timescales. While the Sun's fundamental en-
ergy source is the nuclear conversion of hy-
drogen to helium in the core, the immediate
radiative energy source for the Earth’'s sur-
face and lower atmosphere is the solar pho-



tosphere. The chromosphere and corona
produce the UV, EUV and X-ray radiations
that are the primary source of energy for the
Earth’s upper atmosphere and ionosphere.
With million-year photon diffusion times in
the core, the emergent luminosity at its outer
boundary should be effectively constant on
any total solar irradiance measurement
timescale. Given the observed variability, it
follows that the mechanisms that deliver en-
ergy to the photosphere must be variable.
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Figure 3.1. Solar spectral irradiance and its solar
cycle variability as functions of wavelength. The so-
lar cycle variahility at wavelengths shorter than about
100 nm istypically greater than 100%.

The magnitude of the irradiance variability
depends on the timescale and the wave-
length of the radiation (Fig. 3.1). Most vari-
able is EUV radiation at the shortest wave-
lengths. Emitted from outer layers of the
solar atmosphere, this radiation exhibits
rapid short-term order-of-magnitude fluc-
tuations during solar flares and more gradual
variations of a few orders of magnitude
during the solar cycle. Least variable is the
near infrared spectrum, emitted from the
deepest layers of the photosphere, where
flare-related variability is negligible and so-
lar cycle changes are thought to be a few
tenths of a percent, at most.

1475 1540 1985 15400 185 2000

Figure 3.2. Tota solar irradiance (W/m?) as a func-
tion of time. Total solar irradiance varies by about
0.1% over a solar cycle and by several times that on
shorter (solar rotation) timescales.

The spectrally integrated ‘total’ irradiance,
of relevance to climate on Earth, varies by a
few parts per million in association with p-
mode oscillations, a few tenths percent dur-
ing solar rotation, about 0.1% in recent solar
cycles (Fig. 3.2), and possibly by a few
tenths percent on longer timescales. The UV
radiation from 160 to 300 nm that produces
stratospheric ozone and modulates the mid-
dle atmosphere, varies by 1 to 20% during a
solar rotation, about twice that during the
solar cycle, and possibly more on longer
timescales. Although the radiative output at
ultraviolet wavelengths less than 400 nm
congtitutes only 8% of the total radiative
output, the stronger variability at these
shorter wavelengths makes a significant
contribution (30%) to the total solar irradi-
ance variations. The EUV radiation from 1
to 120 nm that produces the ionosphere and
is the primary heat source for the thermo-
sphere varies by 50% to factors of two or
more during solar rotations and the solar cy-
cle. Significant variations are expected dur-
ing solar flares, but are presently unknown.

3.1.1.1 Irradiance Variations —
Current Understanding

Magnetized features in the solar atmosphere
are associated with solar irradiance varia-
tions across the entire electromagnetic spec-
trum. Magnetic fields in sunspots redirect
the upward flow of energy from the convec-



tion zone and affect the emergent radiation
locally in the photosphere. In bright mag-
netic regions, specificaly active region
plage, faculae and dispersed network, irradi-
ance is locally enhanced. The interplay of
locally “dark and bright” features causes
variations in photospheric radiation (wave-
lengths > 200 nm) on timescales ranging
from days to a solar cycle. Bright, magnet-
ized features largely control the variability
of chromospheric emission that includes
some of the strongest EUV emission lines.
In the outer solar atmosphere, magnetic
fields in active regions expand to form coro-
nal loop structures that at times cover a Sig-
nificant fraction of the global solar atmos-
phere. Density and temperature enhance-
ments alter the emission in coronal magnetic
loops and their presence causes significant
increases in X-ray and extreme ultraviolet
lines, especially during flares.

Fluctuations in total (spectraly integrated)
irradiance are traceable to both sunspot and
facular sources on short (solar rotation)
timescales. The movement across the visible
solar disk of alarge sunspot group can cause
the total irradiance to decrease by a few
tenths of a percent. These short-term varia-
tions are superimposed on an overall total
solar irradiance increase from sunspot
minimum to maximum. Empirical models of
sunspot darkening and facular brightening
account for recent solar irradiance cycles,
but the models require a factor of two more
facular brightening than sunspot darkening
during maximum. It is not clear that all the
variation can be found in the faculae. Mod-
els for the flow of heat through the convec-
tion zone suggest that heat flow blockage by
sunspots should restructure the convection
zone and produce bright rings around active
regions. Recent observations of bright rings
around active regions and changes in the
solar radius add to the controversy.

Ground-based measurements of the solar
radius exist over the last 300 years, but these
results are controversial and inconsistent.
Historical measurements show that the Sun's
radius may even have been larger during the
Maunder Minimum - during extremely cold
periods in Europe and the Atlantic regions.
The French CERGA radius measurements
detected a larger solar radius during solar
minimum. Others have found the opposite
positive correlation between apparent radius
changes and the solar activity cycle. There
are aso hints of periodic solar radius varia-
tions over timescales of 1,000 days to 80
years, but taken as a whole these measure-
ments generally are neither consistent nor
conclusive. It is apparent that the results to
date have been severely limited by the at-
mosphere.

Because the nuclear energy generation rate
is effectively constant on solar cycle time-
scales the Sun must be storing a fraction of
this energy flux in thermal, gravitational, or
magnetic forms in order for its net luminos-
ity to vary. Each of these mechanisms leads
to distinct perturbations in the equilibrium
stellar structure and potentialy detectable
changes in the solar diameter. It follows that
a sensitive determination of the solar radius
fluctuations can help reveal the cause of the
solar cycle changes.

Quantitative understanding of the magnetic
sources of EUV irradiance variations is far
less developed. Until recently, the only
models of EUV irradiance variability were
simply parameterizations of the 10.7 cm ra-
dio flux. In redlity the database of reliable
EUV irradiance observations is simply too
limited to redlisticaly constrain even the
most simple of empirical models. This has
lead to a new approach of using differential
emission measures (combined with atomic
parameters of the emitting species) of spe-
cific magnetic features (active regions, co-
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rona holes) and the quiet background Sun,
to construct full-disk EUV irradiance. Solar
images (e.g., Ca K, SOHO/EIT, Yohkoh/
SXT) provide estimates of the fractional
volume covered by the respective features at
any time during the solar cycle. This ap-
proach depends on having reliable emission
measure distributions.  Unfortunately, we
have only a small number of suitable, cali-
brated, high spectral and spatial resolution
observations covering the needed wide
range of emission temperatures. Neverthe-
less, the new approach to quantifying mag-
netic sources of EUV irradiance variability
from a more physica understanding of the
temperature, density and atomic parameters
ispromising. The magjor challenge hereisto
obtain better data in the EUV lines of coro-
na and transition region origin. Many of
these lines arise in structures whose areas
are poorly estimated by traditional chromos-
pheric indices such as CaK and Mg 11.

3.1.1.2 Irradiance Variations —
Outstanding Questions

Where do the observed variations in the
Sun’s total and spectral irradiance arise,
and how do they relate to the magnetic
activity cycles? This is the overarching
guestion for the solar irradiance variations.
It leads to a series of more focused questions
in specific areas.

What are the sources of the total irradi-
ance variations? The projected areas of
sunspots and faculae are well correlated with
the total solar irradiance variations. How-
ever, adternative sources such as luminosity
changes due to radius variations associated
with sunspots and faculae can aso give this
correlation. Present photometry of spots and
faculae is not accurate enough to demon-
strate that the irradiance effects are equal to
— rather than merely proportional to — the

total irradiance variations attributed to them.
An accurate (~10%) equality would be an
important test of the models. Equality of the
year-to-year photometric and radiometric
contributions probably offers the cleanest
discriminator between the enhanced net-
work, and other explanations of the 11-year
component of irradiance variation. Merely
showing proportionality leaves open the
possibility that more global changes aso
proportional to activity level might be play-
ing asignificant role.

[Text highlighted in gray provides the trace-
ability between the scientific goals, the
measurement characteristics, and the re-
quirements on potential instruments for
SDO.]

The total solar irradiance must continue to
be monitored to address these questions. Ef-
forts toward identifying the sources of these
variations are of little use without knowl-
edge of the variations themselves.

Photometric images, photometrically accu-
rate narrowband images and broadband bo-
lometric images, are needed to determine the
actual sources of the irradiance variations.
These images must have the spatial resolu-
tion to resolve sunspots and faculae and the
accuracy and precision to determine their
contribution to the total irradiance.

Magnetograms with comparable spatial
resolution are also needed in order to dis-
criminate between the magnetic and the non-
magnetic irradiance sources.

Helioseismic images will aid in measuring
variations in the size of the Sun that should
be related to luminosity variations.

Heliometry — precise measurements of the

size and shape of the Sun — will also aid in
measuring variations in the size of the Sun
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that should be related to luminosity varia-
tions.

How does the EUV spectral irradiance
change on timescales of seconds to dec-
ades? There is a severe lack of knowledge
of solar spectral irradiance variability at
wavelengths shorter than 120 nm, where the
database is characterized by intermittent ob-
servations made with poorly calibrated in-
struments. Solar cycle EUV irradiance vari-
ability amplitudes are uncertain by 50% or
more, and variations associated with flares
are essentially unknown. Only for the total
irradiance and for the spectra irradiance
from 120 to 400 nm do continuous, well-
calibrated databases exist. NASA’ s Office of
Earth Science (OES) has made these latter
observations during the past decade at
longer wavelengths for understanding natu-
ral variationsin climate and ozone.

The EUV spectral irradiance shortward of
120 nm must be monitored. The observa-
tions should cover the neglected wavelength
range from 1 nm to 120 nm with enough
spectral resolution to be useful to solar, up-
per atmospheric and ionospheric studies.
The temporal resolution should be short
enough to follow flares, and the temporal
coverage should extend through a solar cy-
cle. These measurements should have suffi-
cient short-term precision and long-term
stability to monitor the EUV variations on
timescales of flares to the solar cycle.

What are the sources of the spectral irra-
diance variations? Although magnetic re-
gions are understood to be the primary cause
of EUV and X-ray irradiance variations, the
details of this association have yet to be de-
termined. This is because of the complete
absence of simultaneous well-calibrated full-
disk images (that resolve the spatial features
with adequate spectral resolution) and inde-
pendent, spectrally-compatible, EUV irradi-

ance observations (to specify the actua
variations and to verify the understanding
developed from analysis of the images).

Atmospheric images like those obtained
with SOHO/EIT and Yohkoh/SXT will aid
in the identification and quantification of the
spectral irradiance variations. Full-disk, nar-
rowband EUV images at a series of EUV
wavelengths should be taken simultaneously
with the EUV spectral irradiance measure-
ments. These images should have the spatial
resolution to identify the nature of the fea-
tures and the temporal resolution to follow
the rapid variations in flares. The measure-
ments must be made in a sound radiometric
way that eliminates spurious instrumental or
spacecraft effects. The spectral bands should
be chosen such that emission measures
spanning a range of temperatures from 10*K
to a few 10°K can be constructed for indi-
vidual or classes of magnetic elements.

UV/EUV spectra are needed to provide de-
talled information about the density and
temperature of the plasma in individua
magnetic regions on the Sun's disk. It is evi-
dent that a maor contributor to irradiance
changes are the variations in UV/EUV emis-
sion lines associated with regions of strong
magnetic fields in the photosphere. Without
sufficient spectral and spatial resolution it is
not possible to understand the physica
mechanisms responsible for the variations.
High spectral resolution would provide sig-
nificantly more reliable emission measure
determinations, and the coordination with
the full-disk images would provide global
context for these spatially resolved observa-
tions.

Were solar irradiance variations larger in
the historical past? Present specifications
of solar total and spectral irradiance vari-
ability for terrestrial research are based
largely on multi-component empirical mod-
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els. Although these models can be quite
complex, they represent a very simplified
view of the structure of the solar atmos-
phere.

The ability to understand solar variations
outside of the current era requires the devel-
opment of physical models based on obser-
vations of the solar sources of the total and
spectral irradiance variations at the neces-
sary spectral and spatial resolution.

3.1.2 Flares and CMEs as the
Source of Energetic Parti-
cles

Flares and CMEs are the primary sources of
energetic particles from the Sun. Solar flares
and coronal mass gections are the largest
explosions in the solar system, and are the
root cause of much of the Earth’s geomag-
netic and ionospheric disturbances. The en-
ergetic particles produced in these explo-
sions can be harmful to humans and elec-
tronic instruments in space. Figure 3.3
shows LASCO images of the solar corona
before and after the flare of July 14, 2000.
The energetic particles produced in this
event showered the LASCO detector and
made observations impossible for some
time. The fundamental physics of these
events remains elusive and predictions must
become more reliable. These extremely
complex phenomena require the explosive
conversion of magnetic energy into acceler-
ated particles, bulk mass motions, light, and
heat. SDO must examine the evolving mag-
netic configurations associated with these
events and identify their precursors.

Figure 3.3. LASCO images of the solar corona be-
fore (left) and just after (right) the large flare of July
14, 2000 (the Badtille Day event). Energetic particles
from the flare eventually overwhelmed the detector
and made observations impossible for some time.

3.1.2.1 Flares and CMEs — Cur-
rent Understanding

Solar flares have long been recognized as a
key component of solar variability on short
timescales. The advent of space-based ob-
servations has aso added CMEs and shocks
in the solar wind as significant components.
Much has been learned about these phenom-
ena and about how they accelerate particles
to cosmic ray energies. Our understanding
and predictive abilities have improved but
not to the point where we can reliably pre-
dict the occurrence and geoeffectiveness of
these events.

Solar flares can be detected at virtualy all
wavelengths. The NOAA GOES satellites
include solar X-ray monitors that are used to
detect and classify solar flares. The occur-
rence of flares is well correlated with the
magnetic complexity of active regions. Delta
spots, sunspots with opposite magnetic po-
larities included within a common penum-
bra, often produce flares. Detailed meas-
urements of the magnetic field also reved
stressed magnetic field configurations in
flaring active regions. Figure 3.4 shows a
flaring active region along with the observed
magnetic field and the stress-free field de-
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rived from the observed line-of-sight field
component. The magnetic field vectors are
twisted or sheared in the region where this
flare occurred. Other indicators of stressed
field configurations include sigmoid, or S
shaped, corona loops observed in images
obtained in the UV/EUV. While these mag-
netic structures indicate the likelihood of a
flare, they are not highly reliable and cannot
indicate when a flare will occur or how
strong it will be. Detailed determinations of
the magnetic configurations in many flaring
and non-flaring active regions are needed for
systematic studies of these and other flare
indicators.
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Figure 3.4. Stressed magnetic field configuration in a
flaring active region (off-band Ha - top panel). The
observed magnetic field vectors (center panel) are
twisted relative to the stress-free field vectors (bot-
tom panel) in the region of the flare.

Traditionally CMEs have been observed
with white light coronagraphs using polariz-
ers and broadband filters. With the launch of
SOHO, considerable progress toward a de-
tailled description of CMEs is being made
through a combination of observations with
the EIT, LASCO and UVCS instruments.
SOHO observations with the LASCO co-
ronagraphs show that CMEs have a wide
range of speeds from 100 km/s to greater
than 1000 km/s. EIT observations show that
a large CME can empty a substantial frac-
tion of the corona. We know typical masses
(10" g) and total energies (10* ergs) of
CMEs, but not what causes the variations of
these parameters from one CME to another.
We need to know how the magnetic field
energizes and accelerates CME material.

There is evidence that initially slower-speed
CMEs that tend to have higher accelerations
are related to prominence eruptions while
the faster CMEs are associated with flare
events but the correlation is not exact. SMM
observations show that the range of CME
speeds does not appear to be related to the
amount of thermal input into the CME, so
the variation must be related to the nonther-
mal energy from the magnetic field. UVCS
observations indicate ionization states
formed at temperatures over a broad range
(from 10* to 10’ K) and heat input compara-
ble to the kinetic energy in the gected mate-
rial.

By their explosive nature, CMEs aso reflect
short-term changes in the configuration of
the coronal magnetic field. On short times-
cales, magnetic reconnection of field linesis
often seen just before and sometimes after a
CME has erupted, but whether reconnection
is a cause or an effect of the CME is still
debated. There has been some success in
using the presence of sigmoid magnetic
fields in the low corona as a precursor for
CME eruptions but it is not yet possible to
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predict which sigmoid structures will erupt
or when.

The geoeffectiveness of CMEs that strike
the Earth is known to depend, in part, on the
shock strength and on the direction of the
magnetic field. Those CMEs that have
southward directed interplanetary magnetic
fields are known to produce the largest
geomagnetic storms. Studies of the relation-
ship between the direction of the magnetic
field in CMEs and their geoeffectiveness
conclude that accurate storm forecasting re-
quires a means of predicting the magnetic
field configuration in CMEs.

The process of magnetic reconnection is
thought to be the principle mechanism by
which magnetic energy is converted into
thermal energy in flares and CMEs. A pri-
mary result of magnetic reconnection is the
creation of new field line connectivities. On
large spatial scales, the new plasma loops
are often seen to connect pre-existing photo-
spheric flux elements with newly emerged
photospheric flux elements. The rate at
which these new loops appear is on the order
of 0.1% to 10% of the Alfvén time, indicat-
ing that this occurs in the regime of fast re-
connection. The high electrical conductivity
of the coronal plasma implies that small
gpatial scales are often needed in order for
magnetic reconnection to occur at a reason-
able rate. These spatia scales are below the
resolution limit of current instrumentation.

Besides providing clues about the storage
and release of magnetic energy, CMES pro-
vide a magjor avenue (in addition to the fast
and slow speed wind) for coupling the Sun's
amosphere to the more extended helio-
sphere. CMEs may be the fundamental
means by which the Sun sheds both mag-
netic flux and helicity (Fig. 3.5) over the 11-
year solar cycle. The rate of free energy
built up over the solar cycle (in the form of

increasing helicity) may be about the same
as the amount of free energy removed con-
vectively by CMEs during a solar cycle.
While there is good evidence for the ex-
pected flux and helicity transport in the past
three decades of solar wind data, quantita-
tive inferences about magnetic helicity from
solar observations have been difficult to ob-
tain.

Figure 3.5. Hdlical structure in a CME observed with
LASCO on June 2, 1998.

3.1.2.2 Flares and CMEs — Out
standing Questions

What magnetic field configurations lead
to the CMEs, filament eruptions, and
flares that produce energetic particles?
Our current understanding of flares and
CMEs suggests that the magnetic field con-
figuration and its evolution determine the
development of these explosive events. The
photosp