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Abstract. We present a summary of the main scientific results from the ESA/NASA
SOHO mission, with a special emphasis on remote sensing observations of the solar
atmosphere, that are related to the subject of this conference, solar polarization.
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1. Introduction

The Solar and Heliospheric Observatory (SOHO) is a project of interna-
tional cooperation between the European Space Agency (ESA) and NASA
to study the Sun, from its deep core to the outer corona, and the solar wind.
SOHO was launched on December 2, 1995, on top of an Atlas/Centaur com-
bination, from Cape Canaveral Air-Force Base in Florida. It reached its op-
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erating orbit around the L1 Sun-Earth Lagrangian point in mid-February
1996. For more than two years this unique vantage position has allowed
uninterrupted observations of the Sun, 24 hours a day, 365 days a year
(Fig. 1).
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Figure 1. 'The SOHO orbit around the first Lagrangian point, 1.6 million km sunward
from the Earth.

The main scientific objectives of the SOHO mission are

— to study the solar interior, using the techniques of helioseismology,

— to study the heating mechanisms of the solar corona through data
obtained by imaging telescopes and spectrometers, and

to investigate the solar wind and its acceleration processes, again by
remote sensing, and by in situ particle measurements.

To achieve these objectives SOHO carries on-board a complement of
twelve state-of-the-art instruments, developed and furnished by twelve in-
ternational Principal Investigator (PI) consortia involving 39 institutes
from 15 countries. Nine of these consortia are led by European PlIs, and
the three others by US PlIs.

During the nominal mission, from 1 May 1996 to 30 April 1998, the
SOHO spacecraft has operated extremely well, exceeding its specifications
in many instances, while the SOHO instruments have collected a large
amount of data, allowing SOHO scientists to make substantial progress in
all three science objectives. Scientific highlights from the nominal mission
will be presented below. Because of SOHO’s scientific success, ESA and
NASA have both committed themselves to a mission extension of several
years. On June 24 1998, during routine maintenance operations, ground
controllers lost contact with the spacecraft. Efforts to re-establish nominal
communication succeeded seven anguish-filled weeks later, and a team of
ESA and MATRA engineers succeeded in returning the spacecraft to full
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nominal status. All experiments onboard have been restored to the same
operational status as before the accident, despite the extremes in heat and
cold endured.

In December 1998 science observations were interrupted again, after
the last gyroscope stopped functioning during a maneuver. After several
weeks SOHO was successfully programmed for gyroless operations (using
the reaction wheels as substitute gyros), and normal science operations
have been resumed.

A full technical description of the SOHO experiments, their scientific
goals, and intended performance, can be found in the dedicated Solar
Physics issue, edited by Fleck, Domingo and Poland (1995). A second Solar
Physics issue, edited by Fleck and Svestka (1997) has been devoted to the
first scientific results of SOHO and a review of in-flight performance of the
experiments.

The SOHO Web Site with up-to-date information on mission status,
observing programs, and an illustrative picture and movie gallery can be
found at: http://sohowww.nascom.nasa.gov/index.html.

2. Science Highlights

A summary of images of the outer solar atmosphere as observed with some
of the SOHO instruments can be seen in Figures 3—-5. Exploitation of the
enormous amount of data from the SOHO nominal mission is only in its
initial phase, but already a large amount of exciting new results has been
announced. A brief synopsis is given below.

2.1. SOLAR SURFACE AND INTERIOR

- MDI medium angular degree data have provided the most precise mea-
surements of the sound speed profile and the (differential) rotation profile
within the Sun, thus setting new boundaries for the solar model (Koso-
vichev et al. 1997).

- Application of a new technique, called time-distance helioseismology,
to high-resolution MDI data has provided for the first time ever an image
of the convection zone of a star, showing the first maps of vertical and
horizontal flow velocities as well as sound speed variations in the convection
zone just below the visible surface (Duvall et al. 1997).

- MDI data have revealed a jet-like flow near the poles, which is totally
inside the Sun and cannot be seen at the surface. Circling the Sun at about
75° latitude, this flow consists of a flattened oval region about 30,000 km
across where material moves about ten percent faster than its surroundings
(Schou et al. 1998, see Fig. 2).
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- MDI data have also revealed six differentially rotating belts in the
northern and southern hemispheres. These belts are more than 65,000 km
across and they move about 15 km h  faster than their surroundings
(Kosovichev and Schou 1997, see Fig. 2).

- The use of the new time-distance helioseismology technique in analyz-
ing MDI data has yielded that the entire outer layer of the Sun, to a depth
of at least 25,000 km, is slowly but steadily flowing from the equator to
the poles at about 80 km h |, fast enough to transport an object from the
equator to the pole in just over a year ( iles et al. 1997, see Fig. 2).

- High precision MDI measurements of the Sun’s shape and brightness
obtained during two special 360 degree roll maneuvers of SOHO have pro-
duced the most precise determination of solar oblateness ever. There is no
excess oblateness. These measurements unambiguously rule out the possi-
bility of a rapidly rotating core, and any significant solar cycle variation in
the oblateness (Kuhn et al. 1998).

- Results from the radiometers and photometers of IR O confirm that
active regions modulate total and spectral irradiance on time scales of days
to weeks (Frohlich et al. 1997).

2.2. SOLAR CORONA AND SOLAR IND

- The U CS coronagraph has revealed dramatic differences in the line
widths of the strong hydrogen Lyman- line and even more so in the reso-
nance lines of O I in coronal streamers and coronal holes at heliocentric
heights from 1.25 out to 3.5 solar radii. Preferential acceleration of high
mass ions affords one possible explanation for generating the observed ve-
locities in the O I ions (Kohl et al. 1998).

- Combined Doppler-dimming measurements of U CS, LASCO white
light images of the solar corona, and radio scintillation measurements by
the alileo spacecraft have yielded new insight into the origins of the slow
and fast solar wind. While the prevailing view is that the fast solar wind
originates only in polar coronal holes and their equatorial extensions, the
new measurements are interpreted as evidence that the slow solar wind is
limited to the axes (or stalks ) of coronal streamers while the fast solar
wind dominates the corona (Habbal et al. 1997).

- A U CS spectroscopic study of the composition in coronal streamers
has revealed an ionization temperature 1 6 10 K. The elemental abun-
dances in the leg of the streamers and in active region streamers are similar
to those observed in the slow solar wind, indicating that the slow solar wind
originates at the legs of the coronal streamers (Raymond et al. 1997).

- The spectroheliometers CDS and SUMER have observed extensive
evidence of energy release in transition-region lines. These could be the sig-
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nature of magnetic reconnection events in nearby small magnetic dipoles,
observed in MDI and Big Bear magnetograms. These events seem to ac-
count for a substantial part of the energy that is needed to heat the corona.
SUMER has observed jets emitted in explosive events (Innes et al. 1997),
and CDS more gentle blob like intensity variations (Harrison 1997), called
blinkers. A comparison of Big Bear magnetograms with SUMER observa-
tions of explosive events (Chae et al. 1998), has yielded that these events
are strongly correlated with cancellation of weak photospheric magnetic
fields.

- Coordinated measurements by SUMER and CDS have provided new
observations of the temperature structure of coronal holes. The temperature
measured at the base has a higher value than anticipated, of the same order
as that of closed field regions (about 10 K), but it falls much more rapidly
with height than had been expected, reaching only about 03 10 Kat 1.3
solar radii. This is not consistent with a thermally driven fast solar wind
(David et al. 1998).

- SUMER observations of polar coronal holes give a relation between
outflow velocities (as measured with the Ne IIIline at 770 A, formed at the
base of the corona) and the chromospheric magnetic network structure (as
outlined by chromospheric SilIl 1533 A intensity images). This suggests that
the fast solar wind is emanating predominantly from localized regions along
boundaries and boundary intersections of magnetic network cells (Hassler
et al. 1999).

- Time-lapse sequences of white light images from the LASCO coron-
agraph, obtained during sunspot minimum conditions in 1996, have been
used to measure, for the first time, the acceleration of the slow solar wind.
The outflow of about 150 features in the streamer belt has been tracked be-
tween 3 and 30 solar radii. The speed versus radial distance profiles cluster
around a parabolic path characterized by a constant acceleration of about
4 m s throughout the field of view. That profile is consistent with an
isothermal solar wind expansion at a temperature of 11 10 K and a
sonic point around 5 solar radii (Sheeley et al. 1997).

- EIT and LASCO have recorded the very onset and evolution of several
earth-directed coronal mass ejections (CMEs), a few of which actually hit
the Earth’s magnetosphere. This type of observations holds considerable
promise for the further development space weather forecasting methods
( hao and Hoeksema 1997). The LASCO instrument is collecting an exten-
sive database for establishing firm statistics on CMEs and their geomagnetic
effects (Brueckner et al. 1998).

- The LASCO coronagraphs have discovered more than 50 sungrazing
comets, several of which were observed crashing into the Sun. See the SOHO
Website for a fascinating movie of a double comet impact.
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- The in-situ particle detectors (ERNE and COSTEP) regularly detect
high energy protons, electrons, and particles, in the aftermath of filament
eruptions and CMEs, while CELIAS, SOHO’s solar wind analyzer, has
doubled the number of elements and isotopes previously recorded in the
solar wind (Lang 1997, Ipavich et al. 1999). During a enus disk passage
CELIAS also observed, for the first time from such a large distance, pick-up
ions from the enus’ ionosphere, finding a much smaller diffusion cone than
anticipated ( runwaldt et al. 1997).

- SWAN, looking away from the Sun, has recorded full-sky Lyman-
maps at a resolution and signal to noise ratio of at least a factor 10 better
than previous observations. From these maps, the latitude distribution of
the solar wind is determined (Bertaux et al. 1997).

SOHO and Solar Polari ation

Three of the SOHO instruments are able to measure polarized light from
the Sun, namely U CS, MDI and under certain circumstances also SUMER,
(cf. Kohl et al. 1995, Scherrer et al. 1995 and Wilhelm et al. 1995 for a
description of the instruments).

- The U CS White Light Channel (WLC) is a broad-band polarimeter
which has obtained polarization brightness data over the extended solar
corona (between 1.5 and 5 solar radii from Sun center) regularly since
April 1996. The polarized radiance is determined by combining individual
observations with a half-wave retarder plate oriented at 0, 30, and -30
degrees from a linear polarizer at a fixed reference angle. This eliminates
unpolarized contributions from the instrument and the F-corona which is
dust-scattered light (Romoli et al. 1997).

- From these observations the mean properties of coronal hole regions
have been deduced giving the mean radial variation of electron density
over the heliographic poles (Kohl et al. 1998, Cranmer et al. 1999). This
empirical knowledge then goes into the analysis of other U CS data to
derive, e.g., hydrogen and oxygen velocity distribution functions from U
emission line data.

- Observations of wave-like temporal fluctuations observed with the
WLC indicate the possible detection of compressive density oscillations
with periods of about 10 minutes. These periods agree with observed peri-
ods of brightness fluctuations in dense polar plumes made much closer to
the solar surface with the EIT instrument (Ofman et al. 1997, 1998, 1999)

- Recent observations by MDI show that the magnetic field in the quiet
Sun is replaced in about 40 hours. The kinetic balance of emergence, frag-
mentation, merging, and cancellation is responsible for the magnetic net-
work observed in the quiet Sun. The constantly changing mixed polarity
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fields in the network are potential sources for the energy release necessary
for heating the corona (Schrijver et al. 1997a, b, 1998).

- A study of the temporal behaviour of quiet Sun coronal bright points
seen in EIT (Fe II at 195 A) and ohkoh/S T over a period of one
day shows a good correlation with the changes of magnetic flux measured
by MDI. Rough estimates of radiative and conductive energy losses of the
bright points are comparable with the available energy of the associated
magnetic flux (Pres and Phillips 1999).

- Time-sequences of sunspots and their surroundings have been taken
by MDI in its high resolution field of view. A clear but highly localized
oscillatory signal in the magnetic flux has been found in the 3 — 6 mHz
frequency range. The observed phase relations between the magnetic and
velocity oscillations indicate that the magnetogram oscillations are due to
magnetoacoustic waves (Norton et al. 1999, Ruedi et al. 1998, 1999, in this
volume).

- Another important application of the MDI magnetograms is the mod-
elling of the large-scale coronal magnetic field. The magnetograms are used
as input for potential field extrapolation calculations. hao et al. (1999)
have modelled the boot-shaped coronal hole of Aug. 1996 and studied the
day-to—day changes of the coronal hole boundary.

- Aulanier et al. (1998, 1999) have performed a detailed comparison of
H observations with a 3-D model magnetic configuration of a quiescent
filament. MDI magnetograms were used to calculate the magnetic field with
a linear magnetohydrostatic extrapolation method, which extends the usual
linear force-free field extrapolation by including the effects of pressure and
gravity. They find that the localization of the magnetic dips are in very
good agreement with the observed H fine structure.

- Applying the theory of anisotropic resonance line scattering in moving
media the velocity field vector of the solar wind can be determined. The the-
ory shows that the O I line at 1032 A is not only shifted and its intensity
dimmed, but that it is also linearly polarized due to the anisotropy of the
incident radiation coming from the transition region below (Sahal-Brechot
et al. 1998). According to Hassler et al. (1997), the SUMER spectrometer
is sensitive to the state of linear polarization of the incoming radiation on
its wavelength scan mirror. Using a roll of the SOHO spacecraft polari-
metric observations have been obtained with SUMER in the wavelength
band which includes the two O I lines at 1032 A and 1037 A. An outline
of the theoretical approach and the SUMER observations are presented in
Raouafi et al. (1999, in this volume).
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SOHO O erations and Data Library

While the SOHO experiments have capability to observe Solar polarization
directly, they have also provided essential supporting data for polarization
measurements from ground based observatories, eclipse expeditions, rocket
underflights, and other spacecraft. Requests for collaborative observations
from Solar observers at other observatories are strongly encouraged, and
the resulting data are easily available. Those interested in collaborative
observations are referred to the Operations pages at the SOHO Website,
or Martens (1998) while a summary of the Science Operations and Data
Libraries is presented in the remainder of this section.
SOHO is unique among Solar physics missions in that data are received

live , and the experiments commanded in near real time directly from the
EOF for about 8 hours a day. Scientists, from behind their workstations,
can retarget and reprogram their experiments in a matter of minutes in
response to events on the Sun. This makes coordinated observations with
ground based observatories feasible and effective. The center of SOHO op-
erations is the Experiment Operations Facility (EOF) at oddard Space
Flight Center ( SFC), where experiment commanding, real-time coordi-
nation, and long term planning is executed. Representatives of the six in-
teractive experiments (SUMER, CDS, EIT, MDI, U CS, and LASCO) are
permanently present at the EOF to operate the mission in collaboration
with the NASA Flight Operations Team and the ESA/NASA Project Sci-
entist Team.

Four SOHO data archives are being constructed, one in the US, at

oddard Space Flight Center, and three in Europe, at Medoc in Orsay,
Rutherford Appleton Laboratory in the UK, and in Torino. These archives
contain all experiment data, except for the MDI helioseismology data, that
are stored in a separate facility at Stanford. To make the data easily acces-
sible through the Internet, for the widest possible group of scientific users,
and to facilitate multi-experiment data analysis the SOHO archive has a
uniform data format (FITS), uniform access to all experiment data, a cam-
paign catalog that cross-links experiment data of coordinated observations,
a collection of synoptic data from observatories world wide, and a complete
set of analysis software, regularly updated with user contributions. The
main SOHO catalog, an event catalog, and the experiment catalog round
out the archive.

Conclusions

We have presented a number of scientific results of SOHO, many more
are still in progress and we can look forward to hear more intriguing and
exciting results in the future. All data of the first two years of SOHOs
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nominal mission are open to the public and we strongly encourage scientists
from all over the world to make use of it.
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