Solar & Heliospheric Observatory

The SOLAR AND HELIOSPHERIC OBSERVATORY
(SOHO) is a project of international cooperation be-
tween ESA (the EUROPEAN SPACE AGENCY) and
NASA to study the Sun, from its deep core to the outer
corona, and the solar wind. SOHO was launched on De-
cember 2, 1995, on top of an Atlas/Centaur combina-
tion, from Cape Canaveral Air-Force Base in Florida. It
reached its operating orbit around the L1 SUN-EARTH
LAGRANGIAN POINT in mid-February 1996. For
more than two years this unique vantage position has
allowed nearly uninterrupted observations of the Sun,
24 hours a day, 365 days a year.

The main scientific objectives of the SOHO mission
are

¢ to study the SOLAR INTERIOR, using the tech-
niques of HELIOSEISMOLOGY,

e to study the heating mechanisms of the SOLAR
CORONA through data obtained by imaging tele-
scopes and SPECTROMETERS, and

e to investigate the SOLAR WIND and its acceler-
ation processes, again by remote sensing, and by
i situ particle measurements.

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

During the nominal mission, from 1 May 1996 to 30
April 1998, the SOHO spacecraft operated extremely
well, exceeding its specifications in many instances,
while the SOHO instruments collected a large amount
of data, allowing SOHO scientists to make substantial
progress in all three science objectives. Scientific high-
lights 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 main-
tenance operations, ground controllers lost contact with
the spacecraft. Efforts to re-establish nominal com-
munication succeeded seven anguish-filled weeks later,
and a team of ESA and MATRA engineers succeeded
in returning the spacecraft to full 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 the aftermath
of these events the third and last gyroscope onboard
the spacecraft failed, but after some initial difficulties
ground controllers succeeded in operating SOHO in a
gyro-less mode, with the function of the gyros taken
over by the reaction wheels.

Figure 1 The SOHO orbit around the first Lagrangian
point, 1.6 million km sunward from the Earth.

SOHO was first proposed in November 1982, in re-
sponse to a call for mission proposals by ESA, as a
high-resolution spectroscopic investigation of the upper
solar atmosphere. In 1983 helioseismology was included
as one of the science objectives. After a joint study by
European and US scientists, the Science Program Com-
mittee of ESA approved SOHO as part of the Solar Ter-
restrial Science Program (STSP), to be implemented in
collaboration with NASA.

ESA and NASA agreed that ESA would take the
responsibility for developing the spacecraft, and NASA
for the SOHO launch and operations. The twelve
SOHO experiments were selected in 1988 after a com-
bined ESA-NASA announcement of opportunity. The
SOHO spacecraft was build by a consortium of Euro-
pean industries, led by Matra, France.

SOHOislarge,43 2 3 m ,and weighs 1861 kg,
with 655 kg for the payload, and 250 kg of propellants.
The maximum power supply from the solar cells is 1400
Watt, with a maximum payload consumption of 625
Watt. SOHO’s reaction wheels are designed to provide
short term pointing stability better than 1 arc second
over 15 minutes, while the roll angle around the Sun is
stabili ed with the use of a star sensor unit to under
1.5 arc minutes over 15 minutes. Two Gbits of solid
state memory, backed up by a one Gbit tape recorder,
can store the continuous scientific data rate of 40 kbits
sec , plus 1.3 kbits sec , for more than 13 hours.
During continuous contact with the stations of NASA’s
Deep Space Network (DSN), another 160 kbits sec  of
MDI high rate data is downlinked.

SOHO was launched on top of a Centaur-Atlas com-
bination on 2 December 1995 at 8 08 UT. After one or-
bit around the Earth the Centaur engine was reignited
to set SOHO on course towards the first Lagrangian
point, about 1 million miles sunward from the Earth.



The launch was so accurate, and the orbital maneuvers
so efficient, that SOHO reached its halo orbit six weeks
ahead of schedule, on 14 February 1996, with sufficient
fuel left to maintain the (unstable) halo orbit for more
than a decade, at least twice the time foreseen prior to
launch.

The first four months of SOHO operations were de-
voted to commissioning and performance verification of
the spacecraft and the scientific instruments. By the
end of this period the spacecraft was shown to be in
excellent shape, with a pointing accuracy of 3 arc min,
better by a factor 2 than the specification, and a short
term (15 min.) stability of 0.3 arcsecond, exceeding the
specification by a factor 3. With some minor exceptions,
the experiments were all found to operate nominally or
better than anticipated.

An overview of the twelve science experiments onboard
SOHO is presented in Table 1. The experiments are
grouped according to their science objectives. The three
interior and surface experiments (GOLF, VIRGO, and
MDI) use the techniques of helioseismology to measure
the properties of the solar interior. GOLF measures the
net velocity uctuations of the entire Sun, VIRGO the
intensity variations of the Sun in a do en ones, and
MDI makes maps of the entire surface in velocity, in-
tensity, and magnetic field on a 1024 1024 CCD. The
GOLF and VIRGO instruments are designed to achieve
high absolute precision in order to detect the Sun’s in-
ternal gravity waves ( -MODES). MDI is geared to-
wards higher order acoustic modes ( -MODES), in or-
der to probe the detailed structure of the SOLAR CON-
VECTION ONE. MDI surface maps also allow us to
follow the generation and evolution of magnetic fields
on a GRANULATION to global scale, with a spatial
and temporal resolution sufficient to follow the life-cycle
of individual magnetic structures. The continuity of
SOHO observations is essential for achieving SOHQO’s
helioseismology objectives. To obtain a signal to noise
ratio necessary to detect the low-amplitude -modes,
and to measure the frequency of the -modes with the
desired accuracy of a few tens of nano-H , years of vir-
tually uninterrupted data are required.

SOHO’s remote sensing experiments study the outer
atmosphere and solar wind. Three of those, SUMER,
CDS, and EIT, concentrate on the transition region and
corona at moderate to high spatial and spectral resolu-
tion. The others, UVCS, LASCO, and SWAN, avoid
the disk to provide data on the outer corona, includ-
ing the SOLAR WIND ACCELERATION region. The
CELIAS Solar Extreme-ultraviolet Monitor (SEM) is a
very stable photodiode spectrometer that measures the
full disk solar wux in He IT at 304 A, as well as the
absolute integral ux between 1 0 and 00 A.

SUMER is a UV telescope with a NORMAL INCI-
DENCE spectrometer with high spatial and temporal
resolution (10 sec). It measures LINE PROFILES
and intensities of UV lines in the range from 500 to 1600
A, with a resolution of 18,800 to 40,000. Thus SUMER
can measure velocities down to 1 km sec . CDS oper-
ates at shorter wavelengths (150 to 800 A), and consists
of a Walter II telescope equipped with both a normal
and a GRA ING INCIDENCE spectrometer. It deter-
mines line intensities in selected EUV lines to study the
temperature and density of coronal structures. EIT ob-
tains full-Sun high-resolution images, limited only by
the 2.6 arc sec pixel si e, in four emission lines, and
corresponding to temperatures of 80,000, 1.3, 1.6, and
2.0 10 . EIT’s observations provide the morpholog-
ical context for the spectrographic data from CDS and
SUMER.

LASCO is a triple CORONAGRAPH with nested
concentric, and increasing annular fields of view. It
also has a Fabry-Perot interferometer for spectroscopic
measurements with a spectral resolution of about 00
mA inFe IVand ,Ca V,NaD ,and H . UVCS
is an occulted telescope equipped with high resolution
spectrometers for spectroscopic observations of the so-
lar corona out to 10 solar radii to determine the source
regions, the acceleration, and the heating of the solar
wind. One UVCS grating is optimi ed for line profile
measurements of Ly- , another for line measurements
in the range from 944 to 10 0 A. SWAN, finally, maps
the intensity of interplanetary Ly- , with two identical
periscope systems, each of which observes one hemi-
sphere at a resolution of 1 arc min. Its goal is to de-
termine the latitude distribution of the solar wind ux,
and its variation. In addition it can measure the shape
of the Ly- line at a resolution of about 3 10 .

Of the three in situ particle experiments onboard
SOHO, CELIAS studies the solar wind at L1, pristine
in comparison with the data affected by the Earth’s
foreshock, which are collected by near-Earth spacecraft.
The CELIAS proton monitor measures ions in the range
0.3 to 6 keV/e, and generates values of the solar wind
proton bulk speed, density, and north/south ow di-
rection with a 30 second temporal resolution. The
CELIAS Mass Determining Time-of-Flight (MTOF)
sensor is a high-resolution MASS SPECTROMETER,
which measures the solar wind’s elemental and isotopic
composition. CELIAS/CTOF, the Charge Determin-
ing Time-of-Flight sensor has obtained high time res-
olution charge state spectra for solar wind iron ions,
but is no longer fully operational. Finally, CELIAS’
Suprathermal Time-of-Flight Sensor (STOF) measures
ionic charge states of particles with suprathermal ener-
gies from just above the solar wind up to low energy SO-
LAR FLARE particles (20-4000 keV /amu), thus bridg-
ing the gap between the solar wind instruments and the
high-energy particle instruments ERNE and COSTEP.



(kb/s)

Global Sun velocity and Na-vapour resonant scattering 0.160
Global Oscillations magnetic field oscillations, cell, Doppler shift and
at Low Frequency harmonic degree  0-4 circular polari ation

Low degree ( 0- ) Global Sun and low resolution 0.1
Variability of Solar Irradiance irradiance oscillations and (12 pixels) photometers,
and Gravity Oscillations solar constant active cavity radiometers

Velocity oscillations with Doppler shift with Fourier 5 and
Solar Oscillations Investigation/ harmonic degree up to 4500 tachometer, 4 and 1.5 160
Michelson Doppler Imager resolution

Plasma ow characteristics Normal incidence spectrometer, 10.
Solar Ultraviolet Measurements  (temperature, density, velocity) 50-160nm, spectral resolution or 21
of Emitted Radiation chromosphere through corona 20000-40000, angular res. 1.2-1.5

Temperatures and density Normal and gra ing incidence 11.5
Coronal Diagnostic transition region and corona spectrometers, 1 -80nm, spectr. or 23
Spectrometer res. 1000-10000, angular res. 2

Evolution of chromospheric Full disk images (42'x42’ with 2.0
Extreme-Ultraviolet and coronal structures 1024 x 1024 pixels) in He I, or 6.6
Imaging Telescope Fel ,Fe II,and Fe V or 2

Electron and ion temperature Profiles and/or intensity of 5
Ultraviolet Coronagraph densities, velocities in corona spectral EUV lines
Spectrometer (1.3-10 ) (Ly- , O VI, etc.)

Coronal evolution, mass, 1 internal and 2 externally 5.9
Large Angle and Spectro- momentum, and energy occulted coronagraphs, or 9.2
metric Coronagraph transport (1.1-30 ) Spectrometer for 1.1-3 or 2

Solar wind mass ux Scanning telescopes with 0.2
Solar Wind Anisotropies anisotropies and temporal hydrogen absorption cell
Study variations for Ly- light

Energy distribution and Electrostatic de ection, 1.5
Charge, Element, and mass, charge, and charge time-of- ight measurements,
Isotope Analysis System state of ions 0.1-1000 keV /e and solid state detectors

Energy spectrum of protons, Solid state detectors and 0.3
Comprehensive Suprathermal -particles, and electrons, electrostatic analy ers
and Energetic Particle Analy er composition of ions

Energy distribution and Solid state, and plastic and 0.1

Energetic and Relativistic
Nuclei and Electron experiment

composition of ions
(p, Ni), 1.4-540 MeV /n,
and electrons 1-25 MeV

crystal scintillator detectors




ERNE and COSTEP are designed to detect Earth-
ward traveling energetic particles ejected from the Sun
in the course of ares and CORONAL MASS EJEC-
TIONS (CMEs). Electrons are recorded at energies
from 44 keV to 50 MeV, and protons from 44 keV
to over 100 MeV. Alpha particles are observed from
a few MeV /nucleon to over 100 MeV /nucleon. Heav-
ier elements, up to iron, can be identified up to 500
MeV /nucleon.

In nominal science operations each SOHO experiment
carries out an individual synoptic or baseline science
program, complemented for the remote sensing exper-
iments and MDI by a coordinated mode, involving
frequent JOINT OPERATIONS PROGRAMS (JOPs),
occasional targets of opportunity, and regular cam-
paigns with other spacecraft and ground-based obser-
vatories (GBOs).

The SOHO experiments were designed to comple-
ment each other, and through intense and innovative
use of the Internet, SOHO has lifted the standard, fre-
quency, and documentation of coordinated solar obser-
vations to a new level. Images, observing sequences,
and target coordinates are exchanged instantaneously,
while the data are automatically linked through the
SOHO catalogs. Hundreds of campaigns have been car-
ried out during the nominal mission. These vary from
large scale campaigns of several hours daily for one or
two weeks, involving GBQO’s all over the world as well
as other spacecraft (YOH OH, TRACE, ULYSSES),
to instrument intercalibrations of an hour or two, occa-
sionally supported by rocket under ights.

The center of SOHO operations is the E PERI-
MENT OPERATIONS FACILITY (EOF) at NASA’s
GODDARD SPACE FLIGHT CENTER, where exper-
iment commanding, real-time coordination, and long
term planning is executed. Representatives of the
six interactive experiments (SUMER, CDS, EIT, MDI,
UVCS, and LASCO) are permanently present at the
EOQF to operate the mission in collaboration with the
NASA Flight Operations Team and the ESA/NASA
Project Scientist Team. The science observing pro-
grams are planned through a regular, nested series of
meetings, that lead to a schedule that is both pre-
dictable enough to prevent overburdening operations
scientists, and exible enough to allow rapid reaction
to observing opportunities.

SOHO is unique among solar physics missions in
that data are received live , and the experiments com-
manded in near real time directly from the EOF for
about 8 hours a day. Scientists, from behind their work-
stations, can retarget and reprogram their experiments
in a matter of minutes in response to events on the Sun.

Four SOHO data archives are being constructed, one

in the US, at Goddard Space Flight Center, and three
in Europe, at Medoc in Orsay, Rutherford Appleton
Laboratory in the U , and in Torino. These archives
contain all experiment data, except for the MDI helio-
seismology data, that are stored in a separate facility at
Stanford. To make the data easily accessible 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 campaign cata-
log that cross-links experiment data of coordinated ob-
servations, a collection of synoptic data from observato-
ries world wide, and a complete set of analysis software.
The main SOHO catalog, an event catalog, and the ex-
periment catalogs round out the archive.

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.

- MDI medium angular degree data have provided the
most precise measurements of the sound speed profile
and the DIFFERENTIAL ROTATION profile within
the Sun, thus setting new boundaries for the solar model

- Application of a new technique, called TIME-
DISTANCE HELIOSEISMOLOGY, to high-resolution
MDI data has provided the first images of the convec-
tion one of a star maps of vertical and hori ontal ow
velocities, as well as sound speed variations in the con-
vection one, just below the visible surface.

- MDI data have revealed a jet-like ow near the
poles, which is totally inside the Sun and cannot be
seen at the surface. Circling the Sun at about 5 lati-
tude, this ow consists of a attened oval region about
30,000 km across where material moves about ten per-
cent faster than its surroundings.

- MDI data have also revealed at least six differen-
tially rotating belts, three in each hemisphere. These
belts are more than 65,000 km across and they move
about 15 km h  faster than their surroundings.

- The use of the new time-distance helioseismology
technique in analy 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 owing from the equa-
tor 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.

- High precision MDI measurements of the Sun’s
shape and brightness obtained during two special 360
degree roll maneuvers of SOHO have produced the most
precise determination of SOLAR OBLATENESS ever.



There is no excess oblateness. These measurements un-
ambiguously rule out the possibility of a rapidly rotat-
ing core, and any significant solar cycle variation in the
oblateness.

- Results from the RADIOMETERS and PHO-
TOMETERS of VIRGO confirm that active regions
modulate total and spectral irradiance on time scales
of days to weeks.

- The UVCS coronagraph has revealed dramatic differ-
ences in the line widths of the strong hydrogen Lyman-

line and even more so in the resonance lines of O VI
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 veloc-
ities in the O VI ions.

- Combined DOPPLER-DIMMING measurements
of UVCS, LASCO white light images of the solar
corona, and RADIO SCINTILLATION measurements
by the GALILEO 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 equato-
rial 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.

- A UVCS spectroscopic study of the composition in
coronal streamers has revealed an IONI ATION TEM-
PERATURE 16 10 . The elemental abundances
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.

- The spectrometers CDS and SUMER have ob-
served extensive evidence of E PLOSIVE EVENTS in
transition-region lines. These could be the signature
of MAGNETIC RECONNECTION events in nearby
small magnetic dipoles, observed in MDI MAGNE-
TOGRAMS. These events seem to account for a sub-
stantial part of the energy that is needed to heat the
corona.

- 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

), but it decreases much more rapidly with height than
had been expected, falling to about 03 10  at 1.3 so-
lar radii. This is not consistent with a thermally driven
fast solar wind.

- Time-lapse sequences of white-light images from
the LASCO coronagraph, obtained during sunspot min-

imum conditions in 1996, have been used to measure,
for the first time, the acceleration of the solar wind. The
out ow of about 150 features in the streamer belt has
been tracked between 3 and 30 solar radii. The speed
versus radial distance profiles cluster around a parabolic
path characteri ed by a constant acceleration of about
4m throughout the field of view. That profile is con-
sistent with an isothermal solar wind expansion at a
temperature of 11 10 and a sonic point around
5 solar radii.

- EIT and LASCO have recorded the very onset
and evolution of several Earth-directed CMEs, a few of
which actually hit the EARTH’S MAGNETOSPHERE.
This type of observation holds considerable promise for
the further development of SPACE WEATHER fore-
casting methods. The LASCO instrument is collecting
an extensive database for establishing firm statistics on
CMEs and their geomagnetic effects.

- The LASCO coronagraphs have discovered more
than 50 SUNGRA ING COMETS, several of which
were observed crashing into the Sun.

- The in-situ particle detectors (ERNE and
COSTEP) regularly detect high-energy protons, elec-
trons, and  particles, in the aftermath of PROMI-
NENCE ERUPTIONS and CMEs, while CELIAS,
SOHO’s solar wind analy er, has doubled the number
of elements and isotopes previously recorded in the so-
lar wind. During a Venus disk passage CELIAS also
observed, for the first time from such a large distance,
PIC -UP IONS from the Venus’ ionosphere, finding a
much smaller diffusion cone than anticipated.

- 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 distribu-
tion of the solar wind is determined.

SOHO Web Site with the latest information on mission
status and observing programs, and a picture and movie
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(a) Terms (and acronyms) defined in this article
SOHO

GOLF

VIRGO

MDI

SUMER

CDS

EIT

UVCS

LASCO

SWAN

CELIAS

CELIAS/SEM

CELIAS/MTOF

CELIAS/CTOF

CELIAS/STOF

COSTEP

ERNE

Joint Operations Program (JOP)
Experiment Operations Facility (EOF)

(b) Terms that need to be defined elsewhere
Sun-Earth Lagrangian Point

spectrometer

g-modes

p-modes

normal incidence (telescope or spectrometer)
gra ing incidence (telescope or spectrometer)
line profile

mass spectrometer

differential rotation

time-distance helioseismology

solar oblateness

Doppler dimming

radio scintillation

radiometer

spectrometer

slow solar wind

fast solar wind

coronal streamers

ioni ation temperature

explosive events

magnetogram

space weather

prominence eruption

pick-up ion

Goddard Space Flight Center

(¢) Cross-references to other articles
Coronagraphs (Trauger)

CCDs (Beletic)

Solar corona (Culhane)

Solar Coronal Mass Ejection (Harrison and Low)
Solar Flares (Ben and Forbes)

solar interior ( ahn)

helioseismology (Harvey and Christensen-Dalgard)
solar wind (Habbal)

convection one (Toomre)

granulation (Brandt)

active regions (Canfield)

solar wind acceleration (Esser)

magnetic reconnection (Schindler)

coronal holes ( ohl)

Sungra ing Comets (Biesecker)

Yohkoh (Tsuneta)

TRACE (Handy)

Ulysses (Balogh)

Galileo (Johnson)

European Space Agency (not yet allocated)
NASA (not yet allocated)

Earth’s Magnetosphere (Lockwood)



