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1  Introduction

In a famous episode in 1859, a major geo-
magnetic storm was observed on the Earth
approximately thirteen hours after the British
astronomer R.C. Carrington observed the
occurrence of a white-light flare on the solar
surface.  From the latter half of the 1960s to
the 1970s, disturbances in the solar corona
referred to as coronal mass ejections (CMEs)
were observed from space for the first time,
via coronagraph observation; it was subse-
quently surmised that these CMEs were
directly associated with geomagnetic storms
[1]-[4].  However, even today, our forecasting
of the occurrence of geomagnetic storms is
only qualitative; we can only say for sure that
a geomagnetic disturbance is induced by the
arrival at the Earth of a disturbance that origi-
nated in the Sun.  In order to conduct more
effective "space weather forecasting," we must
advance from this qualitative forecasting to
quantitative forecasting.  In terms of forecast-
ing geomagnetic storms, it is necessary to pre-
dict precisely when a geomagnetic storm will
occur, how large it will be, and how long it
will last.

There have been several studies on fore-

casting the arrival time of solar disturbances at
the Earth, and they have utilized empirical
equations based on observation, simple mod-
els, and numerical simulations.  An example
of a model used in such studies is the shock-
time-of-arrival (STOA) model[5][6], which
assumes that an interplanetary shock propa-
gates explosively, much like a supernova
explosion, and predicts the shock arrival time
at the Earth using the velocity of the distur-
bance within the corona determined from
observation of type II solar radio bursts.
Gopalswamy et al.[7] have presented an empir-
ical equation for calculating the propagation
time using the velocity and acceleration of
CME derived from observation data of the
LASCO (Large Scale Spectrometric Corona-
graph) aboard the SOHO spacecraft, but their
prediction error remains significantly large.
The Hakamada-Akasofu-Fry (HAF) model
developed by Hakamada, Akasofu, and Fry[8]
[9][10][11] uses a kinematic model to predict
the propagation of the interplanetary distur-
bance.  Dryer and Smith et al.[12] [13] [14] pro-
posed a magnetohydrodynamic (MHD) simu-
lation model called the interplanetary shock
propagation model (ISPM), and have predict-
ed arrival times using several input parame-
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ters: the velocity of disturbance (based on
observation of type II solar radio bursts), the
duration of flare (observed by the GOES satel-
lite), and the location of flare occurrence on
the Sun.  They have also attempted to evaluate
their model by comparing their results to actual
observations.  However, we have not yet
reached the stage where we can declare the
establishment of full-scale numerical prediction.

This report presents a tool, created with
Java script, designed to predict the arrival time
at the Earth of disturbances, using a simple
model that can be used on the web.  The
results of evaluation of the precision of predic-
tion using this tool are also reported.  Finally,
a tool has also been developed to determine
the time of occurrence and the initial velocity
at the Sun of a geomagnetic disturbance-
inducing phenomenon based on the observed
speed and time of arrival at 1 AU; this tool is
also described in this paper.

2  The Model

Fig.1 presents the model on which our tool
is based.  The disturbance retains its initial
velocity of V0 to a distance of R1 from the Sun,
and from that point on, it decelerates with
velocity inversely proportional to the powerα
of distance.  The background solar wind was
assumed to have a constant velocity of Vb.
The velocity V of the disturbance at distance
R from the Sun can thus be expressed by the
following equations.

The values of R1 andαare difficult to
determine from direct observation, and so it
was assumed here that a disturbance retains its
initial velocity to 0.3 AU, after which its
velocity decreases in inverse proportion to the
0.5 th power of distance (R1 = 0.3 AU,α=
0.5).  This assumption was based on observa-
tion by the SOHO/LASCO that fast CMEs
that are decelerated in interplanetary space are
not normally decelerated within the field-of-

view of the LASCO (30 solar radii) [15].
Helios satellite observations of the interplane-
tary space between 0.3 AU and 1 AU have
revealed that sock deceleration is inversely
proportional to the 0.5th power of dis-
tance[16][17].

If R2 is the distance from the Sun to the
Earth, then the propagation time T of the dis-
turbance from the Sun to the Earth will be:

(5)

The arrival time at the Earth of a solar
event that induces a disturbance can be calcu-
lated by adding the propagation time given by
Eq.(5) to the time of occurrence of the event at
the Sun.  Furthermore, the velocity of the dis-
turbance near the Earth can be predicted from
Eq.(4).  Conversely, if the near-Earth velocity
of the disturbance and the background solar
wind velocity are given, then the initial veloci-
ty of the disturbance can be calculated from
Eq.(4).  Using this initial velocity, the propa-
gation time can be calculated from Eq.(5),
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which can then be subtracted from the arrival
time of the disturbance at the Earth to estimate
the time of occurrence of the solar event asso-
ciated with the disturbance.

Fig.2 and 3 show the graphical user inter-
face (GUI) of the tool for calculating the
above using Java script on the web.  The tool
in Fig.2 outputs the predicted arrival time and
the velocity of the disturbance at 1 AU based

on several input values: time of occurrence of
the disturbance on the Sun, initial velocity of
the disturbance, and background solar wind
velocity.  On the other hand, the tool in Fig.3
calculates the predicted values of the time of
occurrence and initial velocity of the distur-
bance on the Sun when the parameters are
input for the time of observation at 1 AU,
velocity of disturbance at 1 AU, and the back-
ground solar wind velocity.

3  Applications to Actual Events

3.1  Estimation of Disturbance Arrival
Time

The model was validated using 28 events
in which a significant shock was observed
near the Earth.  The disturbance arrival time,
the time of occurrence of the associated event
on the Sun, CME velocity, and the prediction
error for arrival time are presented in Table 1.
The CME velocity is taken from the catalog of
CME velocities created through collaboration
between the NRL and the Center for Solar
Physics and Space Weather of the Catholic
University of America, in which CME veloci-
ties are calculated with linear fitting methods
for CME events observed by SOHO/LASCO.
The prediction errors appear smaller for high-
er initial CME velocities.  Fig.4 shows the dis-
tribution of the transit time of interplanetary
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disturbances calculated using values in Table
1.  The transit time is 53.8 ±16.2 hours.
Although the variance is large, it can be seen
that a disturbance will reach the Earth in about
2 days.

Fig.5 shows the distribution of the predic-
tion error of the arrival times.  The mean pre-
diction error is 0.9 ±11.9 hours.  It can be seen
from the distribution that the model used in

the present study tends to predict a later-than-
actual time of arrival of the disturbance.  Fig.6
is a scatter diagram of the velocity of the dis-
turbance observed near the Earth and of the

velocity predicted from the model.  A positive
correlation can be seen between the two.
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3.2  Estimation of the Time of Occur-
rence of a Solar Event Associated with
an Interplanetary Disturbance

Fig.7 shows the distribution of the differ-
ence (prediction error) between (i) the time of
occurrence of the associated solar event, pre-
dicted using Eqs.  (3), (4), and (5) based on
the disturbance arrival time at the Earth, its
velocity, and the background solar wind veloc-
ity; and (ii) the observed time of occurrence of
the associated solar event shown in Table 1.
The mean prediction error is －7.1 ±11.1
hours, and it can be seen that our model tends
to predict an earlier-than-actual occurrence of
the associated event.

Fig.8 shows the correlation between longi-
tude and the ratio of two CME velocity val-
ues: that observed by the SOHO/LASCO and
that predicted from the model based on solar
wind observations near the Earth (at 1 AU).
The observed velocity tends to be smaller than
the predicted velocity for events that occur
near the central regions of the Sun, while the
opposite holds true for events that occur in the
limb regions.  This is believed to be due to the
fact that the velocity component perpendicular
to the direction of the CME is mainly
observed for events that occur in the central
regions, while the velocity component parallel
to the main direction of the CME is observed

for events occurring in the limb.

3.3  Examination of Parameters Used in
the Calculations

The distance R1 at which the disturbance
begins to decelerate and the factorαthat
determines the deceleration may take values
that are different from those assumed above.
In this study, the two values were fixed since
they are difficult to obtain directly from obser-
vation.  It is possible, however, to determine
R1
α from the relationship in Eq.  (4) using the

CME velocity actually observed, the velocity
of the disturbance observed near the Earth,
and the background solar wind velocity.
Therefore, by assuming that either R1 orαis
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known and has a constant value, it is possible
to obtain a distribution of the other, unknown
parameter.  Fig.9 shows the distribution of R1

whenα= 0.5.  In this case, the mean value of
R1 is 0.19 ±0.23 AU.  On the other hand, Fig.
10 is the distribution ofαwhen R1 = 0.3.  The
mean value ofαis 0.7 ±0.4.  Although both
distributions display large variance, R1 was
smaller than the assumed value of 0.3 AU, and
αwas larger than the assumed value of 0.5.
These results imply that deceleration may
begin nearer to the Sun than assumed.  In
practice, St. Cyr et al.[18] have reported a case
of deceleration observed within the field of
view of the SOHO/LASCO.

In this study, it was assumed that the back-
ground solar wind velocity is constant.  Some
observation results to date have indicated that
solar wind acceleration ceases within a dis-
tance of 10 solar radii[19], and so the predic-
tion error resulting from this assumption is
considered to be minor for high-velocity dis-
turbances.  However, when a disturbance
arrives at the Earth after passing through a

region of slow solar wind (such as a sector
boundary), the effect of the interaction
between background solar winds and the dis-
turbance may result in larger errors.  The
observed CME velocities appear to display
longitudinal dependency due to projection, as
shown in 3.2.  It may be necessary to correct
the data for the location of the occurrence of
the disturbance and for its spatial distribution.

4  Conclusions

Although the model used in this study was
a relatively simple one, its predictions exhibit-
ed relatively high precision.  A precise predic-
tion of the arrival time of a disturbance from
the Sun to the Earth means that a precise esti-
mation can be made of the time of occurrence
of a disturbance-causing solar event based on
near-Earth observations of interplanetary dis-
turbances.  Such attempts are important for a
greater understanding of the physics of the
Sun-Earth connection system.  In the future, it
should be possible, using methods such as
MHD simulations, to make highly precise pre-
dictions that take into consideration the 3-D
structure of the disturbance and the interac-
tions between the disturbance and background
solar wind structure.  Furthermore, the
STEREO (Solar Terrestrial Relation Observa-
tory) planned for launch by NASA in 2005 is
expected to enable further observation of the
velocity and propagation of disturbances
toward the Earth[20].

The CME catalog of SOHO/LASCO
observation used in the present study is creat-
ed and maintained through collaboration
between NRL and the Center for Solar Physics
and Space Weather of the Catholic University
of America.  The SOHO satellite was
launched as a joint project of the ESA and
NASA.
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