2-3 Solar Wind and Interplanetary Disturbances
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This report describes basic knowledge of solar wind and interplanetary disturbances
first. And then it discussed recent results from new observations and theories. At the end it
presented research activities to predict interplanetary disturbances for space weather fore-

cast.
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1 Introduction

During the solar cycles 22-23, almost con-
tinuous observations of the Sun and solar wind
were made by space probes and satellites such
as Yohkoh (1990-2002)(11, Solar and Helios-
pheric Observatory (SOHO; 1995-)i21, Transi-
tion Region And Corona Explorer (TRACE;
1998-)131, Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI; 2002-)(41,
WIND (1994-)(51, Advanced Composition
Explorer (ACE; 1997-)ie], and Ulysses (1990-
) 171, resulting in a massive accumulation of
new information.

The Ulysses spacecraft was the first to
succeed in direct observations of high-latitude
solar wind, in the course of passing over both
polar areas of the Sun twice; once during the
solar minimum in 1994-1995 and once during
the maximum in 2000-2001. Results of 11-
year solar observations made by the Soft X-
ray Telescope (SXT) aboard the Yohkoh satel-
lite have revealed that the corona, the outer
atmosphere of the Sun, is dynamically chang-
ing even during the solar minimum. Observa-
tions of disturbances in the corona referred to
as coronal mass gjections (CMES) were made
using the Extreme ultraviolet Imaging Tele-
scope (EIT) and the coronagraph (LASCO:
Large Angle and Spectrometric Coronagraph)
aboard the SOHO spacecraft. Together with
direct observations of solar wind disturbances
by the WIND satellite and the ACE spacecraft,

the results have clarified the relationship
between CMEs and solar wind disturbances.
The ACE spacecraft has also performed
almost continuous solar wind observation at
the Lagrange point 1 (L1), the point of equi-
librium between the Sun's and the Earth's
gravities, located approximately 1.5 million
km sunward from the Earth. Real-time trans-
mission of the ACE observation data to
ground stations has enabled predictions of
geomagnetic storms approximately 1 hour
before their occurrence.

This report will provide an overview of the
status of, and prediction efforts relating to
solar wind and solar wind disturbances based
on the results of recent studies.

2 Solar Wind

2.1 Acceleration of the Solar Wind

The existence of the solar wind, a super-
sonic plasma flow streaming from the Sun,
was theoretically predicted by Parkers; and
indirectly inferred from comet observations by
the German astronomer Bierman. However, it
was not until the 1960s that the existence of
the solar wind was confirmed by direct obser-
vations by former-Soviet and U.S. satellites.

Parker's theory showed that a supersonic
solution was present when pressure gradient
and gravity were assumed to be the two forces
acting on the plasma of the solar corona (at
temperatures of 1 million degrees Kelvin).
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The steady state for spherically symmetric
corona can be expressed as
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where V is velocity, m is mass of ions, nis
number density, T is temperature, k is Boltz-
mann's constant, G is the gravitational con-
stant, M is solar mass, and r is the distance
from the center of the Sun. From this equa-
tion, we obtain
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Here, V& = 2 kT/m (velocity of sound),
Ve=2 GM/r, (escape velocity from solar gravi-
ty), and r, is the distance from the base of the
corona to the center of the Sun. If the plasma
velocity V at the corona base is assumed to be
smaller than the velocity of sound Vs, then the
plasma is accelerated (dV?dr > 0) when the
right side of the equation takes a negative
value. When T (coronal temperature) = 10° K
and r, is the solar radius, Vs = 130 km/s and V,
=620 km/s.

Thus, at r = r,, the right side of Eq. (2)
becomes negative and the plasma is accelerat-
ed outwards. At the critical point satisfying
r're=V¢/2V¢, the plasma velocity is equal to
the velocity of sound. Past this critical point,
the right side and the term (1-V</V?) on the
left sides of Eq. (2) switch signs simultane-
ously and take positive values, and so the plas-
ma continues to be accelerated to supersonic
velocity. Fig.1 shows the process by which
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the solar wind becomes a supersonic flow.

Recently, Grall et al.j91 used a method of
determining solar wind velocity and density
fluctuations based on observations of the scin-
tillation of radio stars by the solar wind, the
Inter-Planetary Scintillation (IPS) method, to
reveal that the acceleration of the solar wind is
nearly terminated at around 10 solar radii.
This acceleration is referred to as the "rapid
acceleration.” Solar winds with higher veloci-
ties and temperatures are associated with low-
temperature coronal holes. The solar wind
density observed near the Earth is smaller than
the theoretically predicted value. Parker's the-
ory is not sufficient to provide a consistent
explanation for these observed facts, and an
additional acceleration mechanism is required
near the Sun.

At the present, the source of energy for
this additional solar wind acceleration is con-
sidered to be the same as the source which
heats the solar corona from 6,000 K to 10° K.
Two theories are presently proposed to explain
the generation of this energy source: the wave-
heating theory, in which energy is transferred
to the corona along magnetic field lines by
waves created by perturbations of the magnet-
ic field lines induced by photospheric convec-
tionr1o11111; and the nano-flare theory, in
which energy is supplied to the corona by
small nano-flaresi121. However, neither theo-
ry has been sufficiently supported by observa
tion.

It is presently agreed that the nano-flares
cannot supply sufficient energy for coronal
heating based on estimations made from a dis-
tribution of flare sizes and frequencies
obtained by present observations[131(141(15].
Further observations of nano-flares at higher
resolutions and sensitivities are therefore nec-
essary. On the other hand, results of the
observation by Raju et a.(17) have revealed
that, due to turbulence, corona holes (sources
of fast solar winds) yield greater spectra line
width than quiet regions (regions of closed
magnetic fields). This may lend support to
wave energy as the source of coronal heating.
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2.2 Solar Wind Properties
2.2.1 Average Properties Near the
Earth

Table 1 lists the parameters of an average
solar wind. Near the Earth, the velocity of
sound within the solar wind is approximately
60 km/s, and so a solar wind with velocities
exceeding several hundred km/s represents a
supersonic flow. The energy transported out
by the solar wind is only one one-millionth of
the total energy released by the Sun, but it is
the major driving factor behind variations
observed in the space environment.

The solar wind is mainly composed of
hydrogen ions, with about 5 % helium ions
and smaller amounts of heavy ions. Electrons
also exist in the solar wind at quantities nearly
equivalent to those ions. Since the solar wind
has a low density, it forms a collisionless
shock, in which the width of the shock is
shorter than the collision mean free path.

I[o]JJEN BN Average solar wind parameters

parameters averaged values
speed (km/s) 450
temperature (K) 1.2 105
density (cm™3) 6.6
magnetic field (nT) 7.0

2.2.2 Interplanetary Magnetic Field
and the Sector Structure

Since the solar wind plasma has high elec-
tric conductivity, the magnetic field is frozen-
in to the plasma and is carried along with the
plasmaflow. The solar wind plasma basically
moves radially away from the Sun, but due to
solar rotation, the solar wind magnetic field
forms a curved pattern known as the
Archimedes spiral (Fig.2). The angle¢
between the spiral magnetic field and the radi-
a vector can be given as

Ba wr

R @3)

Here, Br is the r component and Bsis the

IZ[e WA The spiral structure of the interplane-
tary magnetic field

¢ component of the magnetic field, w is the
angular velocity of the solar rotation, r is the
distance from the Sun, and V is the solar wind
velocity. Near the Earth, ¢ has a value of
approximately 45°. With increasing distance
from the Sun, ¢ increases and becomes nearly
90° near Jupiter.

The magnetic field within the solar wind is
called the interplanetary magnetic field (IMF).

The IMF has a sector structure with fields
of positive (anti-sunward) and negative (sun-
ward) polarities that alternate at cycles almost
coinciding with the Sun's rotational period of
27 days. The region at which the polarity
changes from positive to negative is called the
sector boundary.
2.2.3 High-Latitude Solar Wind

The Ulysses spacecraft, launched as a col-
laborative project by the European Space
Agency (ESA) and the National Aeronautics
and Space Administration (NASA), made
observations in the high-latitude regions of the
solar system during the solar minimum in
1994-1995 and the maximum in 2000-2001.
Results of observation showed that there was a
clear boundary during the solar minimum
between high-latitude regions (with fast, low-
density solar winds) and low-latitude regions
(with slow, high-density solar winds)iisir19l.
In contrast, during the solar maximum, the
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solar winds were slow on the whole, and there
was no clear boundary between the low-lati-
tude regions with low densities and the high-
latitude regionsi2oj211.
2.2.4 Seasonal Variations of Interac-
tions with Solar Wind and the Earth's
Magnetosphere

Geomagnetic disturbances frequently
occur in spring and autumn. This is a mani-
festation of the seasonal dependence of the
interactions between solar wind and the
Earth's magnetosphere. Several mechanisms
have been proposed to explain this seasonal
variation, such as: (1) the axial effectie2],
which states that the perpendicular configura-
tion of the Earth's rotational axes relative to
the Sun-Earth radial vector in spring and
autumn creates favorable conditions for the
development of Kelvin-Helmholtz (KH) insta-
bilities in the magnetosphere due to interac-
tions with the solar wind; (2) the equinoctial
effectre311241, which claims that the relation-
ship between the Sun's rotational axis and the
Earth's orbital plane places the Earth at higher
latitudes relative to the Sun in the spring and
autumn, making the magnetosphere more sus-
ceptible to the effects of coronal holes at mid-
latitudes; and (3) the Russell-McPheron effect
(251, which states that the 23.5° inclination of
the Earth's rotational axis relative to the
orbital plane generates southward IMF com-
ponents from the radial components of the
solar magnetic field in the negative sector in
spring and in the positive sector in autumn.
Recently, the axial effect has been re-evaluat-
ed as an explanation of seasonal variations by
Cliver et a. [es.
2.2.5 The Heliosphere

The heliosphere is a region directly affect-
ed by the solar wind, and a boundary is
believed to exist near 90 AU, representing the
point of equilibrium between the solar wind
pressure and the interstellar pressure, although
the size of the heliosphere changes with varia-
tions in solar wind pressure due to the solar
cyclei271. Presently, in 2002, Voyager 1 and
Voyager 2 are cruising near 85 AU and 67 AU,
respectively, and they are expected to be able

to make direct observations of the boundary in
the near future. The heliosphere is moving at
velocity of 20 km/s relative to the surrounding
interstellar medium, and so it is expected to
have a comet-like tail structure.

3 Solar Wind Disturbances

3.1 Recurrent Disturbances

Fig.3 is a plot of solar wind parameters
observed near the Earth. Variations in solar
wind parameters, such as solar wind velocity,
display recurrent cycles coinciding with the
Sun's rotational period of 27 days. Such vari-
ations reflect the effect of fast solar winds
streaming out from coronal holes of the Sun.
Coronal holes have open magnetic field struc-
tures, and, as seen in Fig.4, appear as a dark
region in soft X-ray observations. The fast
solar wind represented by arrows in Fig.3
originate in this coronal hole. When the fast
solar winds streaming out from corona holes
catch up with the preceding slower solar
winds, the plasma near the boundary is com-
pressed. In the slow solar wind region, plas-
ma density is increased by compression, and
within the fast solar wind that has caught up,
the kinetic energy of the plasma is converted
into thermal energy, resulting in plasma heat-
ing. This contact between the slow and fast
solar wind is called the stream interface, and
the region of compression is called a co-rotat-
ing interaction region (CIR) (Fig.5). Inside
the CIR, the strength of the IMF is increased
and its direction is perturbed, which results in
a recurrent geomagnetic disturbance with
cycles coinciding with the 27-day rotational
period of the Sun.

The CIR grows with increased distance
from the Sun, and eventually creates a shock
called the co-rotating shockiesi291. The co-
rotating shock develops as forward and
reverse shock pairs. In fast solar wind regions
adjacent to CIRs, large Alfven-wave-like vari-
ations are induced, and the fast flow and this
large IMF variation may prolong weak geo-
magnetic disturbances30(311.
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Solar wind with 27-day recurrent period (OMNI data of NASA)

3.2 Non-recurrent Disturbances
Non-recurrent solar wind disturbances are
triggered by CME, whose existence and prop-
erties have been established and gradually elu-
cidated through a series of observations (using
a coronagraph, an instrument allowing obser-
vation of the corona by blocking the image of
the Sun and the immediately surrounding

bright region) made by the OSO-7 satellite,
Skylab, P 78-1/Solwind, and Solar Maximum
Mission (SMM) in the 1970s and 1980s [321(33].

A typical CME consists of a bright loop
(front), dark region (cavity), and a promi-
nence. Fig.6 shows how a CME develops
with time, as observed by the SOHO/LASCO.
The frequency of CME occurrences depends
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(7l /B Coronal hole observed with the soft X-
ray telescope (SXT) aboard the
Yohkoh satellite (courtesy of the
Yohkoh SXT Team)

slow solar wind

fast solar wind

7l BB CIR formation by fast solar winds

on the solar activity, and during solar maxi-
mums, there are on average one or two occur-
rences of CME per day. The CME sources are
concentrated in low-latitude regions of the
Sun during minimums, while they tend to
spread out to regions of higher latitudes during
the maximum. An average CME stretches 40-
50 degrees and has velocity, mass, and energy
of 400-500 km/s, up to 10* kg, and up to 10%®
erg (10% J), respectively[32)(33.

It is believed that CMEs are triggered by
the release of energy accumulated by the dis-
torted magnetic field, although the precise

mechanism of this triggering remains unclear.
Several ideas have been suggested, such as
shear motion or converging motion at the base
of the magnetic loop generated by the flow on
the photosphere surface, or reconnection with
the magnetic field rising from the photos-
phere. These mechanisms are being investi-
gated theoretically using methods such as sim-
ulations(341(35).

Past studies have revealed that filament
disappearances and long-duration soft X-ray
events (LDEs) frequently accompany CMEs
(36]. Results of observation by the SXT
aboard the Yohkoh satellite launched by the
Institute of Space and Astronautical Science
(ISAS) of Japan in 1990 has shown that a soft
X-ray arcade is often formed in response to a
CME (Fig.7)3711381. This formation of the
soft X-ray arcade is thought to cause a LDE.

The SOHO launched by the ESA and
NASA in 1995 is equipped with LASCO, a
high-sensitivity wide-field (approximately 30
times wider than the solar radius) coronagraph
(39]. Numerous observations have been made
by LASCO, especialy of the ring-like CME
called the halo CME (Fig.8). Thisis an inter-
planetary disturbance moving toward the
Earth, or of one moving away from the Earth
for an event occurring on the reverse side of
the Sun.

When the interplanetary disturbance
accompanying a CME reaches the Earth, the
shock and the strongly southward-oriented
IMF produces geomagnetic disturbancei4o;.

Dimming of soft X-ray and extreme ultra-
violet radiation often accompanies CME
events. This is believed to be caused by the
loss of coronal materials through CME411-
[45]. It has aso been reported that CMEs are
likely to occur in the active regions revealed
to have sigmoid structures in soft X-ray obser-
vationei371. This structure is created by
magnetic shear in the active region, and fre-
guently displays an S-shape and a reverse S
shape in the northern and southern hemi-
spheres, respectively.

Results of observations by the EIT aboard
the SOHO satellite have shown that concentric
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waves propagating outward, referred to as EIT
waves, were observed during CME (Fig.9)
481149]. Additionally, the Morton wave in the
chromosphere, a phenomenon resembling the
EIT wave, may also be observed on the solar
surface in the course of H & -line observations
during solar flare activitys01. Simultaneous
observation of the EIT and Morton waves has
shown that the two have different velocities
and locations, suggesting that they are sepa-
rate phenomenas11.

Interplanetary electrons and particles are

C3 2000/0217 23:18:13

A halo CME observed by SOHO/LASCO
(courtesy of ESA & NASA)

accelerated not only by solar flares but also by
interplanetary shock waves accompanying
CME, with increased levels of high-energy
particles near the Earth sometimes observed (a
proton event)(s21(53]. In some cases, inter-
planetary typell solar radio bursts are
observed, in which solar radio waves excited
by the shock-accelerated electrons drift from
higher to lower frequencies as the shock prop-
agates away from the Sun in the form of high
electron density(s41. The propagation of high-
energy particles is strongly affected by IMF,
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and so the temporal variations and energy
spectra of high-energy particle flux near the
Earth are strongly dependent on the source
location of the high-energy particle and on the
relationship between the Earth and IMF. The
structure of an interplanetary disturbance has
been reconstructed based on the results of
such observations (Fig.10)5211531. When a
CME occurs on the western longitudinal sec-
tion of the Sun, the flux increases rapidly and
then gradually decreases with time. When a

CME occurs in the eastern section, the flux
increases gradually and peaks near the region
where the shock reaches the Earth.

Associated with disturbances produced by
CME, regions with the following features can
be observed within the interplanetary solar
wind: low-temperature regions, regions with
helium/hydrogen abundance ratios larger than
0.08, regions with bi-directional flows of elec-
trons and particles, and regions of strong mag-
netic fields with smoothly rotating magnetic
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field vectorsiss). To provide a consistent
explanation for the observed regions, the
structure of an interplanetary disturbance
shown in Fig.11 was conceived.

IZ[«WER Structure of solar wind disturbance
predicted from observations

4 Approaches to Prediction

4.1 Background Solar Wind Velocity
and IMF Prediction

To date there have been several observa-
tion-based attempts to predict solar wind
velocity and IMF polarity near the Earth.
4.1.1 The Wang-Sheeley Model 56](57]

The background solar wind velocity and
IMF polarity at the Earth are predicted based
on magnetic field observations of the solar
surface. First, the magnetic field at the source
surface, a spherical shell located 2.5 solar radii
away from the Sun, is calculated based on
magnetic field observation data of the solar
surface, assuming a potential field. Next, the
solar wind velocity is predicted using an
empirical equation positing that the ratio of
the radial components of the magnetic field at
the solar surface and source surface (expan-
sion factor) is inversely proportional to the
corresponding solar wind velocity. The for-
mula expressing the relationship between the
expansion factor and solar wind velocity was
modified using the more voluminous data pro-
vided by Arge et al. (58] at the Space Environ-
ment Center of the National Oceanic and

Atmospheric Agency (NOAA/SEC). They
are currently attempting to improve the preci-
sion of solar wind velocity predictions by con-
tinuing to calculate source surface magnetic
field intensity using data from daily observa-
tions of the solar surface magnetic field.
4.1.2 Predictions Based on Coronal
Hole Size

Relying on Skylab observation data, Nolte
et al.[59) indicated that the velocity of the solar
wind from a coronal holeis proportional to the
surface area of the corona hole observed by
soft X-ray. To confirm their findings, Watari
et a.[1411 have statistically determined the rela-
tionship between coronal hole sizes and the
solar wind velocity to examine the feasibility
of using this method for predicting solar wind
velocity near the Earth. However, this method
has the disadvantage that acquisition of long
exposure data is required for coronal hole
observation by soft X-ray, the long exposure
data are affected by stray lights from active
regionsin periods of high solar activity.
4.1.3 Prediction Based on IPS Obser-
vations

A joint study is being carried out by the
Nagoya University and the University of Cali-
fornia, San Diego (UCSD) on a method to pre-
dict solar wind condition and solar wind dis-
turbances near the Earth based on a 3-D
reconstruction of solar wind velocity and den-
sity determined from tomography analysis
(http://stesun5.stelab.nagoya-u.ac.jp/forecast/)
eoie1]. The velocity and density data can be
acquired from many points in interplanetary
space, since |IPS observations measure radio
wave scintillation from radio stars. This
allows the 3-D reconstruction of solar wind
disturbances and identification of recurrent
fast solar wind phenomena.

4.2 Prediction of Arrival of Solar Wind
Disturbances

Attempts have been made at predicting the
arrival of solar wind disturbances using empir-
ical models and magnetohydrodynamic
(MHD) simulations. Groups at the University
of Alaska Fairbanks (UAF), Exploration
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Physics International Inc. (EXPI), and
NOAA/SEC have made joint efforts at pre-
dicting arrival times using the shock time of
arrival (STOA) model, the Hakamada-Akaso-
fu-Fry (HAF) model, and the interplanetary
shock propagation model (1SPM) [621(63.
4.2.1 The STOA Model 64165]

This model assumes that shock accompa-
nying a CME maintains constant velocity for a
certain distance from the Sun, and that past
this point, the shock decelerates to velocities
inversely proportional to the 0.5th power of
distance. This model assumes that an inter-
planetary disturbance is a phenomenon similar
to the propagation of shock in supernova
events and nuclear explosions. In the STOA
model, the arrival time at the Earth is calculat-
ed using input parameters of coronal distur-
bance velocities obtained for typell solar radio
bursts and background solar wind velocities.
Watariiee) has developed a tool for predicting
disturbance arrival times using Java script;
thistool is available at hiswebsite.

4.2.2 The HAF Model (57

The HAF model attempts to reconstruct
the propagation of solar wind disturbance
using a kinematic model based on the plasma
flow from a source near the Sun. First, the
quiet solar wind velocity at a source surface
with a radius of approximately 2.5 solar radii
is calculated using a model in which the
velocity increases from the heliospheric cur-
rent sheet to higher latitudes and the Wang-
Sheeley model. Then, the spatial distribution
of the quiet solar wind velocity is obtained
using an empirical formula for velocity and
distance. The velocity distribution is given as
a Gaussian distribution in a circular region
corresponding to the disturbance. The distur-
bance propagation is modeled assuming that
the velocity initially increases rapidly and then
gradually decreases. The propagation of dis-
turbance is determined by providing the input
parameters of the location of the disturbance
source, spatial distribution, and initial veloci-
ty. Recently, the HAF model has been modi-
fied by Fry et a.i63) and applied to actual pre-
dictions.

4.2.3 The ISPM Model

Dryer and Smith et a. (s21168] have con-
ducted studies to predict the arrival time and
intensity of shock at 1 AU with 2.5-D and 3-D
MHD simulations. This model calculates the
propagation of disturbance using input param-
eters for flare size and duration (observed by
the GOES satellite) and for flare source loca-
tion and coronal disturbance velocity
(obtained from typell solar radio wave bursts).
Since 2.5-D and 3-D simulations are per-
formed, the differences in the Earth arrival
times and shock intensities can be predicted
for the central part and the flank of the distur-
bance.
4.2.4 Prediction Based on High-Energy
Particle and Cosmic Ray Observations

High-energy particles accelerated by a
shock arrive at the Earth faster than the distur-
bance itself. Therefore, attempts have been
made to detect the gjection of disturbance
from the Sun and to predict the precise arrival
time of the disturbance using the arrival time
of high-energy particlesisa;. It is widely
known that solar wind disturbances cause
variations in the observed intensity of galactic
cosmic rays, thisis referred to as the Forbush
decrease. Recently, it has been found that the
shock created at the front of a disturbance pro-
duces distinct variations in the observed inten-
sities of galactic cosmic rays before the distur-
bance arrives at the Earthi7o1. A study on pre-
dicting the arrival of disturbances through
detection of this precursor phenomenon via a
worldwide network of cosmic ray observa-
tions is currently underway, conducted mainly
by the cosmic ray observation group in Japan.

4.3 Prediction of Southward IMF

Watari et a. (711 have examined the possi-
bility of predicting southward IMF caused by
solar wind disturbances based on solar obser-
vations. There are two types of southward
IMF that interact with the Earth's magnetos-
phere: one type is created in front of an inter-
planetary disturbance during propagation by
drapingi721, and the other extends directly
from the Sun as a magnetic flux rope7a.
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As shown in Fig.12, southward IMF creat-
ed by draping can be predicted to some extent
based on the relative positions of the Earth
and solar wind disturbance and also based on
the IMF sector structure. Southward IMF
originating from a magnetic flux rope can be
predicted by observations of filament disap-
pearance on the solar surface associated with
the magnetic flux rope and by soft X-ray
arcade observations when the structure of the
flux rope is maintained from the Sun to the
Earth 7311741.

gjecta (T

background IMF l
Bs

[Z[e WP Formation of southward IMF by drap-
ing

Here, two models are presented. South-
ward IMF can be predicted either by observa-
tion of the Sun - the cause of such IMF-or by
predicting the evolution of solar wind condi-
tions from the present state. The Wu-Dryer
prediction methodi7s1 below takes the former
approach, and the Chen et al.'s prediction
model takes the latter approachi7e1771.

4.3.1 The Wu-Dryer Prediction Model

Wu and Dryer(75) performed 3-D MHD
simulations to study the effect of the IMF
solar wind sector structure on the propagation
of solar wind disturbance in interplanetary
space. As a result, a method was devel oped
for predicting variationsin the B IMF compo-
nents at the disturbance front based on the
location of the disturbance-inducing phenome-

na on the solar surface and based on the IMF
solar wind sector structure through which the
disturbance propagates. This method was
applied to 25 CME events that caused giant
geomagnetic storms, selected by Gosling et al.
(781. The results showed that, for 21 of the 25
events, variations in the Bz IMF component at
1 AU associated with the arrival of the distur-
bance were predicted correctly(75).

4.3.2 The Chen Prediction Model

Chen et a. (7e1developed a method for
predicting the maximum intensity and dura-
tion of the southward IMF that precedes solar
wind disturbance several hours ahead of the
occurrence thereof based on real-time obser-
vation data for the solar wind magnetic field
for disturbances that maintain the magnetic
flux rope structure. This method takes advan-
tage of the specific features of magnetic
clouds with a magnetic flux rope structure;
namely, prolonged periods of strong and stable
southward IMF and smooth rotation of the
vector.

Assuming that the By and Bz components
of the IMF display sinusoidal phase variations,
fitting is performed on the observed data and
the results are compared to the variation pat-
terns of past data according to the Bayesian
classification to predict the scale and duration
of disturbances. This method was tested on
solar wind data for a five-month period from
August to December 1978, and it has been
reported that five out of the six solar distur-
bances that caused geomagnetic storms during
this period were correctly predictedi771.

5 Concluding Remarks

So far, the results of studies have revealed
that the CMEs, which are disturbances in the
solar corona, are strongly associated with solar
wind disturbances. Furthermore, it has been
shown that shock accompanying solar wind
disturbances accelerates high-energy particles
and that southward IMF associated with
CMEs causes geomagnetic storms. Attempts
are currently being made to predict solar wind
disturbances using the results of these studies,
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and future research is expected to improve the
precision of prediction.

The Solar Terrestrial Relations Observato-
ry (STEREO) scheduled for launch by NASA
in 2005, will perform stereo observation of
solar wind disturbances with two satellites,
and should reveal the 3-D structure of solar
wind disturbances;79). Furthermore, precision
observations of the photospheric magnetic
field and velocity field by the Solar-B satel-
lite, scheduled for launch by the ISAS in

References

2004, may provide new insight into the mech-
anisms of solar coronal heating, solar wind
acceleration, and CME triggering, which have
yet to be resolvedisor.
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