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Figure Captions

Figure 1. Geomagnetic and ionospheric storms are caused by two types of sclar
phenomena. The first one is transient activities, such as solar flares, prominence
disappearances, coronal mass ejections, while the second one is a high speed stream
from a coronal hole which is the least active region of the sun. Thus, the storm

prediction scheme must take both phenomena into accourt.

Figure 2. There is a considerable spread in the transit time (Ts) of solar disturbances
associated with solar flares to reach the earth. The histogram shows that
geomagnetic storms can occur about 20 hours after a flare, but can be as late as 70
hours. Therefore, although the mean value of the transit time is 43 hours, such a
statistical study is little use for predicting the onset time of a geomagnetic storm after

a specific flare.

Figure 3. The modern geomagnetic storm prediction scheme must depend on the
latest progress in solar-terrestrial physics, not on statistical results shown in Figure 2.
It is based on the fact that a geomagnetic storm results from increased electric
currents around the earth, which are, in turn, caused by an increased power of the

solar wind-magnetosphere generator.

Figure 4. The modern geomagnetic storm prediction scheme consists of three steps.
After parameterizing and quantifying a solar flare, three vital quantities (V, B, 8) are
computed at the carth’'s location in step 1. In step 2, the three values are used to
compute the power of the solar wind-magnetosphere generator as a function of time

>ince the power is related to, empirically or theoretically, to the geomagnetic storm
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indices (AE, Pst, Kp), it is possible to predict the the indices as a function of time in

step 3.

Figure 5. It is important to be able to calibrate the storm prediction scheme when
the responsible solar disturbance reaches about half way to the earth. By monitoring
celestrial radio sources (A, B,...F) over the sky, it is now possible to infer the
geometry of the advancing solar disturbance, since the solar disturbance (the plasma
cloud) causes intense scintillation of radio sources. Details of the scheme is shown

in Figure 6.

Figure 6. Based on the six flare parameters of a specific flare, the modern storm
prediction scheme can determine the geometry of the advancing solar disturbance.
The prediction scheme can then produce the predicted sky map of interplanetary
scintillation (IPS) at a given time, say 24 hours after a specific flare. When the
observed IPS sky map becomes available, both sky maps can be compared. (In this
particular example, the IPS was expected to occur in the western sky, but the
observed high (H) scintillation occurred in the eastern sky). By this calibration
method, it was found that the responsible flare was misidentified in the first
computation; during an active period of sun, many flares take place within a few
hours over the solar disk. The correct identification of the responsible flare was
confirmed by finding that another flare can reproduce the observed IPS sky map.
Based on the new six parameter for that flare, the prediction scheme is carried out to
demonstrate that the observed variations of the solar wind speed is very close to the

predicted one.

Figure 7a. Comparison of the observed solar wind speed by an earth-bound satellite

and the predicted one for the September 25 - October 1, 1978 storm event. In spite of
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a very complicated series ot events on the sun, the three shock structures are well

reproduced by the prediction scheme (see also Figure 6).

Figure 7B. The predicted geomnetry of the advancing interplanetary disturbance for

the storm event illustrated in Figures 6 and 7A. S: Sun, E. Carth.

Figure 7C. The predicted IPS sky map of the advancing interplanetary disturbance
for the storm event illustrated in Figures 6, 7A and 7B. Note that the second IPS,

caused by a new flare, began on September 25, 1978.

Figure 7D. The observed IPS sky map of the advancing interplanetary disturbance
for the storm event illustrated in Figures 6, 7A, 7B and 7C. The high scintillation

area is indicated by H. This observation was made by the Cambridge IPS group.

Figure 8A. In the moderr storm prediction scheme, the geomagnetic storm indices
(AE, Dst, Kp) are estimated empirically on the basis of the computed power of the
solar wind-magnetosphere generator (Figure 4). This is because there is so far no
reliable theoretical formulation to relate the power to the indices. However, here
we attempt to set up an equivalent electrical circuit for the magnetosphere. Thus, by
providing the predicted power as a function of time, it will be possible to determine

the geomagnetic indices.

Figure 8B. For a given voltage variation (®CT (1)), the equivalent circuit can predict
variations of the resistance RT in the magnetctail, the polar cap potential drop (‘Dps)
and the cnergy (WB) released in the polar ionosphere. From these predicted values,

it is possible to infer the geomagnetic indices (see Figure 9).
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Figure 9. The equivalent circuit in Figure 8A can predict the potential drop (@ pg)
across the polar cap. There are two important empirical relationships between @ pg
and the AE index, obtained by satellite observations (Weimer, et al.) and ground-
based observations (Ahn, et al.). Using this established relationship, it is possible to

infer the AE index as a function of time from & ps-

Figure 10. We can advance the present geomagnetic storm prediction scheme to
include the prediction of ionospheric storms. Once the power of the solar wind-
magnetosphere generator is predicted in step 2 (Figure 4j, it is possible to predict the
potential drop @ pc across the polar cap, as illustrated in Figures 8A, 8B and 9. Our
prediction scheme can also predict the size of the auroral oval. Thus, for a given
date and time, the ionosphere storm code can predict the flow of ionospheric plasma
across the polar region and the electron density profile at a desired time. Radio ray
paths can be computed on the basis of the predicted electron density profile. In this
case, a high @ pc caused an intense flow of ionospheric plasma from the sunlit

hemisphere to the dark hemisphere across the polar cap.

Figure 11. Example of the computed electron density profile at an altitude of 300
km. There is a high density in the dayside ionosphere (caused by the solar radiation)
and also along the auroral oval (caused by auroral particle precipitation). The
dayside plasma flows into the polar cap by the dawn-dusk potential drop (? p¢) can

be seen.
Figure 12A. Simulation result demonstrating how a particular type of disturbance
caused at a confined location in a magnetic flux tube propagates. Such a disturbance

may be identified as a "magnetic cloud.”
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Figure 12B. Our prediction scheme has teen improved to the point o be abl> {o
predict the solar wind speed V and the interplanetary iropactic feld {(IMF)
magnitude B for simple evoents. The simplest cvent 55 illustrated woay in whach the
advancing shock wavel(s) compresses the existing interplaniary magneiic field m
the vicinity of the eartir. If the IMF field is directed southward end has a magnitude
of 5 nT, che arrival of the svock wave can compress (e flerd, causing o darge (~ 156
n[) sowhward polating field. Such a high southward ueldt car rertainly cause an
intense geomagnetic storm. However, the advancing disturbences are orten much

more complicatad. In an exactly opoposite cas2, an enhanced northward directed
J ks ’

freld will reduce geomaynetic activity A number ¢f possibilities are shown here.

Figure 13. During 1974, there were two large coronal hajos, from which two high
speed streams emanated. During a single solar rotation (27 days), two peaks of the
solar wind speed were seen {(top). The pext two rows shoeven, the IMF magnitude
ard the twe angles of the IMF (the latitude angle theta and the azimutnal angle phi).
Cn the basis of these cbserved quantity, the power ¢ ¢ ) of the solar wind-
magnetosphere generator is computed. The last two rows <how the AT and Dst
index, respectivity. There i1s a fainy good similarity between € and AE, suggesting

that ¢ can predict the envelope of the AE index.

Figure 14A. The prediction of a high speed stream depends criticaily on the
magnetic field distribution on the so-called "source surtace,” a spherical surface of
radius of 2.5 solar radii. In the right column, sunspot number between 1876 and
1986 1s shown. In the middle column, shows how the inaygnoetic reutral line (or the
magnetic egaator) on the source suitace changed during the sunspot cvele. The left
coiumn shows the polanity of the magnetic field and the magnet.c equator in solar
longitude-iatitude map (the magnetic field is directed inward in the hatched area).
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Figure 14B. In order to predict the geometry of the magnetic neutral line, a simple
method is developed to represent the magnetic neutral line. The method uses a
central, axially aligned dipole and two (or at most four) dipoles or the photosphere.
The observed and reproduced magnetic neutral lines are compared for Carrington

rotation 1666.

Figure 15. Once the magnetic neutral line is reasonably reproduced, the prediction
of the magnetic neutral line is reduced to the prediction of changes of the two
photospheric dipoles in Figure 14B. The figure shows the observed and reproduced
magnetic neutral lines for Carrington rotations 1661-1664. In these cases, four

photospheric dipoles are used.

Figure 16. In this figure, we follow the location (latitude, longitude), the azimuth
angle and magnitude of the photospheric dipole no. 3 in Figure 15. One can see that
the changes of the dipole were not erratic. Thus, it was possible to extrapolate
changes of the dipole quantities and thus predict changes of the magnetic neutral

time during the successive Carrington rotations.
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The centract nas two major ohjectives. The firct ebreciive is 1) estabush the
computer scheme vwnic can wrediwet the occarrence and deveiopment of & gjor
gcomagnetic stoerm after an ¢ itense solar i.are.  Since the intensity of
gopinuL nee aiarm iz piven in terms of the gesmagnetic mdices such as Al Kp

E

ANG DIt s G s Lwe 216EI wrediction muast be able to provide ine geomagnetic

indices as a tuncuon of time for o given solar flare.
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The prediction scheme consists of three steps. The first step is an attempt

to corupute the ~elor wind vpeed %) tnenterplanct=ry wao o-Ge feld magnitude
(R and the noler ensle (4. The second step computes the power (127 generated by

the solar - nd ravnet sphore Tateraction.  In the thisd <ep the cmpiricad
relationsnip hetween P oand the geomagnebo indicos - used to compule the
geomagnetic indices as a function of time. At the present f1ine, it is not possible to
predict the polar nncle of 8 of the interplanetary magncoac feld. This raduces our
scheme to predict the maximum possible power P,

. We have compleicd the soler wind cede which prordhicts the solor wind speed
V and the 1aterpianctary magnetic field magnitude B at the frent of the
magnetosphere even for a complicated situation in which many flares occur 1n a
relatively short period. The two guantities aliow us to compute the maximum
possible pover oo the solar windd mapoctosphere neneracor

. In the prediction schemie, it 15 important to be able to compare the observed

and computed geonetry of the shock wa e at a midpoint between ‘he sun and the




earth  We have found that the interplanetary scintiffation Lid o G serve fur
such a purpose. Thus, we have successfully incorporiated results from the

interplanetary scintillation (IPS) in the prediction scheme. In the eodel we can

i
calibrate the initial conaitions of a solar flare using the [PS chservations
. Since we can compute Pn(t) as a function of time and sineoe thers are
empirical relations between P'it) and AE Kp/Dst, it iv possible to predict the
maximum AE/Kp/Dst as a function of time.
’ Since there is ar cropirical reiationship hetween P and the cress-poiar cap
potential @, it is also possibte to infer time vanation: of the maximum value of
dpe for a given time variation of Py,.
. We have also deve.oped an equivalent circvit for the magnetosphere. For a
given input function P(t) or Pp(t), it 1s possible to predict AE/Kn/Dst (or the
maximum of AE/KP/Dst) as a function of time.
. We have also developed a code to predict the distribution of tne F-layer
electron density. The F-layer electron density in the pelar cap depends crucially
on the potential drup @, across the polar cap.

The second objective of *his project is t4 advance the prediction of 27-day
recurrent storms.
. We have found that this project is reduced to predict both the solar wind
speec and the IMF magnitude 27 days in advance and that this task is further
rednced to predict the geometry of the acutral line un he soelar scurce suriace fa
sphierical surface of 2.5 selar radin.
. We have devised a multi-dipole method to reproduce the neuvtral line
. Thus, the prediction is finally reduced o predict the grovth and decav of
the dipoles i low Tatitude of the phetosphers We have made inuch progress in

understanding the nature of these dipoies.
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In summary, altogether we have developed a computer code to execute
what is described in the above, our present prediction scheme may ne considered
to be a ‘skeleton structure’ for the future scheme. We believe that most of the
elements in the prediction scheme are assembled and are properly connected.
The methed requires much improvement in the future, which depends on the
progress, both cbeservatisnal and theoretical, in the ficid of solar-terrestrial

physics. These are summarized in the last section "Concluding Remarks.”




L1 Generg! Review

Solar-terrestrial physics has been advanced considerably during the last
two decades. The progress has been prominent in almost every discipline,
namely studies of solar flares, interplanetary disturbances and magnetospheric
disturbances. A transient phenomenon called "coronal mass ejection (CME)” has
been discovered (cf. Gosling, et al., 1974; Hildner, et al., 1975, 1976; Sheeley, et al.,
1980; Wagner, 1984) and its association with soft x-ray events and other
phenomena have been investigated (Sheeley et ai., 1983, 1984; Kahler et al., 1984a,
b; Burlaga et al., 1982). The source region of high speed solar wind streams,
namely the "coronal holes,” have also been identified (cf. Zirker, 1977). A study of
interplanetary disturbances has been greatly advanced by the availability of in situ
observations of the solar wind and the interplanetary magnetic field (IMF) by deep
space probes and earth-bound satellites. The interaction between the 'quiet time’
solar wind and a high speed solar wind stream, namely the stream-stream
interaction, has been studied extensively, both observationally and theoretically
(cf. Dryer and Steinolfson, 1976; D'Uston, ct al., 1981).

In addition to such progress in each discipline of solar-terrestrial physics,
there have been considerable efforts in finding one-to-one relationships between
solar activity and interplanetary disturbances and also between interplanetary
disturbances and magnetospheric substorms and storms. An extensive study of
the relationship between the large-scale magnetic field in the photospheric level
and the interplanetary magnetic field in the photospheric level and the
interplanetary magnetic field has been made (cf. Wilcox et al., 1980; Hoeksema et
al., 1982, 1983). The relationship between solar activity (such as flares and CMEs)
and shock waves in interplanetary space has been investigated (Chao and

Lepping, 1974, Joselyn and Bryson, 1980; Sheelev et al., 1985). The so-called




"Sudden Disappearing Filaments (SDFs)" have been added as a new possible
source of interplanetary magnetospheric disturbances (Schwenn et al., 1983;
Joselyn and Mclntosh, 1981; Wright and McNamara, 1983; Sanahuja et al., 1983).
In solar wind-magnetosphere interaction studies, some of the key physical
quantities in the energy transfer processes have been identified. Among these,
the north-south component of the IMF is found to play a crucial role in the energy
transfer (cf. Arnoldy, 1981; Tsurutani and Meng, 1972; Russeii and McPherron,
1973; Meng et al., 1973; Clauer et al,, 1981; Akasofu, 1981; Baker et al., 1981;
Meloni et al., 1982).

In spite of such progresses in each discipline and in some interdisciplinary
areas, our understanding of some of the most crucial aspects of solar-terrestrial
physics has not been very much improved. One of such examples is the so-called
"driver-gas” which is supposed to be ejected during a solar event and to cause an
interplanetary shock wave which causes, in turn, a geomagnetic storm.
However, the identification of the "driver-gas” in interplanetary space has not
been very conclusive. First of all, only a few plasma ejectas identified in the Ha
photographs have been observed to leave the field of view of the camera; some of
them simply rain back down to the chromosphere. Tracing of type IV radio
bursts which are supposed tc be generated by energetic electrons in the ‘ejecta’
have been limited to about several solar radii. Except for a fairly high correlation,
the physical relationship between a CME and a shock wave has not been
established yet. Is a CME an early stage of the shock wave, a driven gas or
neither of them?

There has also been no agreed common signature of the driver gas from
spacecraft measurements. Some workers consider that a high ratio of He/H (or a
high concentration of helium) after the passage of the shock waves is an

important signature of the "driver gas” (Hirshberg et al., 1970, 1972a, b; Gosling et




al., 1980; Borrini et al., 1982a, b; Zwickl et al., 1983). Others consider a prominent
decrease of the proton temperature (Gosling et al., 1973; Zwickl et al., 1983), or a
very steady, large magnitude of the interplanetary magnetic field (Smith, 1983) as
the most important signature. The so-called "magnetic cloud” proposed by Klein
and Burlaga (1982) may also be added as another proposed signature. Bi-
directional streaming of solar wind electrons has also been considered as an
evidence for a closed field structure within the drive gas (Bame et al., 1981). For a
recent review on the plasma properties of the solar wind, see Neugebauer (1983).

A number of MHD simulation studies have also been conducted to predict
how the density, temperature and velocity of the disturbed solar wind and IMF
vary behind the interplanetary shock waves. The common practice in this
particular simulation study is to allow the duration of heat input during a flare to
be a variable. An impulsive heat input of duration of 30 min - 1.5 hours into the
solar atmosphere simulates the generation of a blast wave, while a constant heat
input lasting for at least 40 hours simulates a continuous 'piston-like’ process
with a shock front (cf. Hundhausen and Gentry, 1969a, b; Dryer, 1970). The
simulation studies of the blast waves indicate that it is followed by a large
depression of the density and of the IMF magnitude (cf. Wu et al., 1976; D'Uston et
al., 1981; Wu et al., 1983; Dryer et al., 1984).

However, such a prominent depression of both the proton density and the
IMF magnitude after the passage of the shock waves is not a common occurrence,
although the proton density can drop after the passage of several major shocks
(Sheeley et al., 1985). For this and other reasons, Borrini et al., (1982b) concluded
that there is little evidence that the blast waves actually exist in interplanetary
space and that the occurrence of mass ejection events (Hildner et al., 1976) is more

than sufficient to account for all shocks observed at 1 AU. Recently, Smart and




Shea (1985) suggested that most of the shock waves are initially driven o a
distance of 0.1 AU and then propagate as a blast wave.

Recently, Zwickl et al. (1983) showed that of 54 shocks observed from August
1978 to February 1980, 9 events were followed by a clearly identifiable decrease of
the temperature and an increase of the He/H ratio, although the source activity
for those chosen 9 events were not identified. Zwickl! et al. (1983) also added an
increase of the IMF magnitude as a signature of the driver gas. Borrini et al.
(1982b) inferred that a high ratio of He/H arises from flares in the vicinity of the
central meridian, although their paper does not show any supporting evidence for
such an inference.

Geomagnetic/ionospheric storms can be classified into two types,
depending on their origin in the solar atmosphere (Fig. 1). The first type is
associated with intense eruptions in the solar atmosphere, which are generally
called solar flares. It is known, however, that not all flares cause
geomagnetic/ionospheric storms. Recent studies have revealed that solar flares
followed by soft x-ray emissions of a long duration (of several! hours) cause
geomagnetic/ionospheric storms (Sheeley et al., 1983, 1984). It is expected that
such a flare ejects a gas cloud into interplanetary space. As the driver gas
advances into interplanetary space, it generates an interplanetary shock wave. A
geomagnetic/ionospheric storm begins when the shock wave and the driver gas
collide with the earth’s magnetic field. The development of a geomagnetic storm
depends on several physical parameters of the driver gas and its relative path
with respect to the earth. As we reviewed earlier, our knowledge on the driver
gas is still too poor to be used in predicting the development of a geomagnetic
storm.

The second type of geomagnetic/ionospheric storms is associated with an

intense solar flare wind flow from very quiet regions of the solar corona. Such




regions look very dark when the corona is observed by a soft x-ray camera. It is
for this reason that these regions are called ‘coronal holes.' It is not known at all
why the most quiet region of the solar corona can produce the most intense solar
wind. Hakameda (1987) and Wang and Sheeley (1990) showed that the highest
speed wind may be related to very limited regions on the photosphere. The life
time of coronal holes varies considerably, from less than one month to more than
12 months. A long lasting coronal hole causes geomagnetic storms with an
interval of approximately 27 days, as the sun rotates once in 25 days and the earth

revolves around the sun in the same direction.

1.2 Needs for a New Prediction Scheme

In the past, most prediction effort of geomagnetic/ionospheric storms had
been based on statistical results. For example, the prediction of the onset time of a
geomagnetic storm is made on the basis of a statistical result that geomagnetic
storms begin most frequently about 43 hours after a responsible flare. Figure 2
shows the histogram which shows the time interval between flare onset and
storm onset. Although such a histogram is useful, the spread is too large to be
useful in predicting the onset time of a geomagnetic storm after a specific solar
event.

Like the modern weather forecasting, the modern prediction scheme
should be based on numerical methods for individual events and is based on the
following facts (Fig. 3):

(1) The interaction between the solar wind and the earth's magnetic field
constitutes a generator.

(2) The power of the generator depends on the solar wind V, the magnitude B
and the polar angle 6 of the interplanetary magnetic field (Perreault and
Akasofu, 1978; Akasofu, 1981).
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P (Mwatts) = 20 V (km/sec) B%(nT) sin* (6/2)

(3) Thus, having a higher speed V and greater magnitude B of the
interplanetary magnetic field, a 'gusty’ solar wind (the shock wave/driver
gas or of the solar wind flow from the coronal hole) tends to increase the
power of the solar wing-magnetosphere generator.

(4) The resulting intensified electric currents generate complex magnetic fields
which are the cause of a geomagnetic storm.

(5) Part of electrons carrying the intensified currents collide with upper
atmospheric atoms and molecules and are responsible for causing
ionizations there, causing auroral phenomena.

(6) An increased potential drop associated with an enhanced power drives the F-
layer ionization in the dayside to drift into the polar cap, causing major
changes in the distribution of the ionization.

A geomagnetic/ionospheric storm and an auroral display are nothing but
different manifestations of the intensified currents. The higher the power of the
generator 1s, the higher is the current intensity, causing more intense
geomagnetic disturbances and brighter auroral displays. This is why both a very
intense geomagnetic/ionospheric storm and a great auroral display occur
together.

Therefore, the prediction of geomagnetic/ionospheric storms and the
aurora is reduced to predicting the power of the generator which depends on the
solar wind speed V, the sotar wind magnetic field B and its polar angle 8. The

h ve thr
iti r_the i ri nd for an

intense solar wind flow from a coronal hole,




)

In section 2, we desorthe the progress we have made in predicting major
geomagnetic storms, in particular our efforts to cooperate the interplanetary
scintitlation (IPS) shseevat e As we shall describe in more detail later, the 1PS
observation serves the purpose of checking the prediction at a midpoint between
the sun and the carti. [ sewiien 3, we descnibe the progress we have made in
predicting the 2%-day r curren? geomagnetic storms  We show that this
particular project is vecucsd to predict the geometry of the neutral line on the
source surface of the sun on the bas:s of the observed neutral lines during the

I}

past Carnngton rotation. Thrs, much of our effort has been concentrated in

~

understardiag the moynetic Aelds on the scurce surface and their variations.

2. PREVICTION OF MAJOR GEOMAGNETIC STORMS AFTER INTENSE
SOLAR ACTIVITY

The modern prediction schiema should be able te provide not only just the
occurrence and the maxvmum intensity for a given storm, but also the time
development of th: sturin Since the intensiiy of a geomagnetic storm field at a
given time can be cxpressed in terms ef the gecmagnetic indices, we must be able
to predict the geomognetic indices as a function of time (such as AE, Dst, Kp,
etc.). namely A Dsuit). K (v ete. Toward this gna!, we have develoed a

three-step process; fsee Aksrofu and Fry (1986) and Figure 4).

2.1 STEP 1
STEP 1: On the basis of the observation of a particular solar flare, we

determine the {ollowing parameters:

1. Time (U, dute of the ocenrrence

¢ View loroiiude 9 W latitude (N,S) of flare
3. Imiual speed of the solar wind*

4. Area covered by the flare?




5. Duration

The quantities with * depend on the intensity of a flare and are given in

Table 1.
Table 1: Conversion From Flare Importance and

Brilliance to Vg and op

Importance/Brilliance Vg (km s1) Op (€)
OF 200 4]
ON 300 30
0B 400 40
1F 400 X0
IN 600 40
1B 800 5]
2F | 500 0
2N 800 50
2B 1200 70
3F 700 30
3N 1100 X
3B 1500 70
4F 800 40
4N 1200 a0
4B 1600 80

Using the above solar flare parameters as the input, a computer program
has been developed to predict the solar wind speed (V) and the magnitude (B) of
the interplanetary magnetic field at the front of the magnetosphere as a function
of time, namely V(t), and B(t). When a number of flares take place during a given
period, they can be inputed successively into the program. This is often the case,
when there are one or more very active regions on the solar disx.

STEP 2: The predicted values in the above enable us to estimate the total

maximum power P, generated by the magnetospheric interaction as

11




L (Mwatts) = 20 V (km/sec) B2(nT)

Note that P, differs fromn P by eliminatir> sin¥0/2)<1 ¢

STEP 3: On the bavis of the empirical retationships between P and AE, P and

“

Dst 2 and ¥, ote, we predict the geomagnetic indices AE(t), Dstit)

and K, it) ns a function of time. There is also an empirical

relaticusaip b iweon 27 and the eross-polar cap potential Ppe.

L J

Using Abl{o, -1ty and Kp(t) thus Jdetermined, some other
Importan parsmeters can aise be predicted:

The aramter of tiie auroral oval can also be estimated trom the
predictod A end Dstit), since an empirical relationship
Pt vl L ovas diametst ond AE/Dst has been established.

The distribrticn of the electron density in the polar 1onosphere
after storm onset can also be predicted as a function of time by
1.

knewiig the diemeater of the auroral oval and the cross-polar cap

potendal <.

¢

We have teited the propram extensively by ‘postdicting’ many past major

solar terrestrial »vonts dunng the last {en vears or so and calibrated the

computer code (ct. Akasofu and Tee, 1988, 1886, 1990).

One of the difficuliie: we er.countered in applying our prediction scheme 1s

that a majer active yenion on the sun produces many flares, more than 10 1n a

two-week perod. Siace o all flares produce interplanctary disturbances, it has

Leen ditficult fronm the fave chservation alone to determine which flares are likely

to have caused mmierplon. ore disturbances.
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It 1s very fortunrate that an anajysis of the interplanetary scintiliation (IPS)
has now become available. In the IPS study, radio waves trom a predetermined
set of radio galaxies o ouacies are monitered by a fixed antenna system or
systems. Thus. i a p'soina coud ejected by a solar flare i1s located between a
radio galaxy and the i, & ~orong scintiliation of the radic wave from the radio
galaxy is observed (Figure 51 The fixed antenna system can scan the entire sky,
as the sky ‘rotates’ arou@:d the ecarth. Since the plasma cloud covers only a
portion of the sky, the iPS region occupies only a limited region in the sky (the sky
map). Therefore we have medified sur computer code to produce predicted IPS
sky maps whichi 1idicats partions of the sky where IPS is expected to occur for a
given tlare.

In this way, we cun compare the gbserved sky map and the predicted sky
map ing the trangzit of the vlasma cloud from the sun to the earth. If there is
any major disapreqment hetween them, we can modify the input flare
parameters uniit both 2cree. The steps te be taken in this scheme are
graphically lustrated 0 Figure 6.

() Determine the ~ix parameters from the observation of a flare.

a1 Using the <olar wivd code, determine the geometry of the shock front at
predetertsiooc our s arte, the flare. The predetermined hour depends on
the locationio) oF o 198 obgervation,

(i) Project the commouter seovociry of the shock wave in the sky map.

(ivy  Compain the sky mi  hus produced with the observed IPS sky map.

(v) If both <ky praps agree, cxtend the compui-tion on the basis of the same six

parameters and compute V ond B and then power P
(viv I the two shy aaps ave sviataatialiv differont, change the six parameters

or choeose a different iare.

(vit)  Repeat the process (vi) unti! the two maps agree reasonably well.

]




(vit1) On the basis of the six parameters thus determined finally, compute V and

B and then Pp,.

Thus, it is our finding that the IPS observation can provide us with a
vaiuable mid-point calibration in the storm prediction scheme. The IPS
observation is found to be far more useful than a single space probe because we
can infer a 3-D geometry of the expanding solar plasma cloud.

Since the present IPS observation uses a fixed antenna system, the sky can
be 'scanned’ only once a day at a station (using the earth’s rotation). At the
present time, IPS observations are conducted at two locations, Cambridge
(England) ard Nagoya (Japan). Thus, we can make the 'IPS calibration’ about
twice during the transit of the solar plasma cloud from the sun to the earth. Our
prediction scheme has been developed to be able to produce expected IPS sky maps
at any given time at both locations. [t is learned that India will also soon join in
the IPS observation.

We have tested the geomagnetic storm prediction scheme by including the
IPS observations and found that the IPS observation can increase considerably the
accuracy of the prediction (Akasofu and Lee, 1989, 1990).

In order to test the usefulness of IPS observations, we examined possible
shock waves (in terms of time variations of the solar wind speed, the arrival time,
etc.) which should have been caused by some of the seven flares during the period
between September 21 and 27, 1878, by taking into account their location on the
solar disk and their intensity. The coronal hole was also modeled carefully in
order to account for the observed variations of the solar wind speed for the period
between 22 Septernber and 6 October. Since these interplanctary events tend to
superpsse upon each other, the speed, arrival time and intensity of a particular
shock event cannot be investigated without considering all responsible flares and

high spead streams. A quantitative method is necded to identify solar flares




which are responsible for the observed interplanetary events. The method we
have developed is capable of handling several solar events.

It is after a large cumber of trials and errors that we have tentatively
identified the cause-effect relationship between the flares and the interplanetary
events during the period of our concern (Table 2). We have identified F1 on 21
September as the cause of the shock wave which was observed on 25 September at
the Earth. However, this identification is not in agreement with that made by
Cane et al. (1982). Thus, based on their conclusion, we repeated the modeling by
assuming that F2 on 23 September is the cause of the shock wave on 25 September.
The former modeling is calied here Case 1 and the latter Case 2 (see Table 2).
Table 3 shows the six parameters for the chosen flares, F1 (Case 1), F2 (Case 2), F3
and F6. It is assumed in this study that the background solar wind stream
without the high speed ~tream is 350 km/sec. This is a reasonable choice based on

the observations during this period.
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Table 2: List of Solar Flares Which Occurred Between
21 and 27 September 1978: Among Them F1, F3 and F6 are
Identified to be Responsible for S1, S2 and S3, Respectively.

Flares

Interplanetary shock waves
(arrival date and time)

T'1: 21 Sept: 04:16 U.T- N23 E49; 1B

Case 1-S1. 25 Sepi: 01:16 U.T.

F2: 23 Sept: 09:44 U.T.; N35 W50; 3B

Case 2-S1: 25 Sept: 01:18 U.T.

F3: 24 Sept: 17:20 U.T.; N25 W07; 1B

S2: 26 Sept: 20:10 U.T.

F4: 24 Sept: 21:12 U.T., S20 W43; 2B

F5: 27 Sept: 07:25 U.T.; S18 W80; 1F

F6: 27 Sept: 08:18 U.T.; N10 W16; 1IN

S3: 29 Sept: 03.01 U.T.

F7: 27 Sept: 14:28 U.T.; N27 W19; 2B

Table 3: Parameters Employed for the Three Flares

Onset Time Lat. Long \' T G

(0,0) (km/sec) (h) (0)

Case 1 N23 E40 200 5.0 40
F1:21 Sept, 04:16, 1978

Case 2 N35 W50 2800 20 40
F2:23 Sept, 09:44, 1978

F3:24 Sept, 17:20, 1978 N25 W07 H0 2.0 50

F'6:27 Sept, 08:18, 1978 N10 W16 550 20 5
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Case 1

Figure 7a shows both the observed and the simulated variations of \he solar
wind speed. The results are obviously not totally satisfactory. However, this is the
best fit obtained by our method. A change of any one of the parameters affects
overall results in very complicated ways, because the observed results are a
superposition of individual events. For example, if the simulated peak speed of
the solar wind on 29 September is reduced, in order to make a better fit with the
observation, its arrival time will shift from the observed one, as well as the speed
and arrival time of all the other shocks. Thus, the identification of the responsible
flare (F6) becomes questionable. However, it was found that the other flares give a
worse fit than F6. A better fit would also be made by adjusting the speed of the
high speed stream. However, such a change affects the overall variations of the
solar wind speed during the entire period, resulting in often different
combinations of the cause (flare)-effect (shock) relationship which is worse than
what we have obtained so far. At this stage of development in this study, a better
fit between the observation and the simulation is difficult without additional
observations for the identification.

The three-dimensional structure of the expanding shock wave caused by F1
is shown in Figure 7b. Note that the second shock wave generated by F2 begins to
appear on 25 September; both the longitude and latitude lines of interval 5° are
used to provide the geometry of the shock wave. The shock associated with the TPS
event reached the Earth on 25 September. Thne corresponding IPS sky maps are
also constructed on the basis of Fig. 7b and are shown in Fig. Tc. The crosses
indicated cross points of the latitude and longitude lines with 5° intervals. From
Fig. 7c, one can see that the shock wave covered almost one half of the sky
centered around the Sun (although the 5° interval mesh is too coarse to show the

shock in the vicinity of the center of the sky map when it is too close to the Earth).

21




Indeed, the IPS observation showed that this was indeed the case (Tappin et al.,
1983; a part of Fig. 2 in Hewish et al. (1985} is reproduced here as Fig. 7d. In
particuiar, note that the highest IPS occurred in the 30°-60°E sector, centered
around latitude 50°N. Our results (Figure 7c) are in good agreement with the

observed IPS distribution (Figure 7d).

Case 2

It is natural to try to associate interplanetary events with most intense
activities on the Sun. during the period of our concern, there occurred a 3B flare
(F2) (N35, W50) at 09:44 U.T. on 23 September; see Table 2. It has been generally
believed that the second interplanetary shock event (S2) at 20:10 U.T. on 26
September was caused by this 3B flare. However, this association requires an
average speed of the shock wave of about 920 km/sec (Cane et al. 1982, 1986; Cane
and Stone, 1984). One difficulty we face here is that the solar wind speed at the
time of the arrival of S2 was only about 400 knv/sec and the estimated initial speed
was more than 2500 km/sec {Canc et al., 1982). Thus, it was difficult to model F2
as the flare responsible {or S2.

In spite of such difficulties, we have attempted to model the possible
association between F2 and S1 by choosing the parameters listed in Table 3. The
corresponding results show that the computed IPS disagrees with the observed
one. In this case, the computed IPS was mostly confined to the western sky, while

the observed one was in the castern sky (as discussed in Case 1),

22 STEP 2
The STEP 2 is simply to compute the maximum power Pp, as a function of
V and B which are computed in STEP 1. The power P thus determined is a

function of time.
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23 STEP 3
(a) Geomagnetic Indices

There is no theory to reiate directly the power P of the solar wind-
magnetosphere dynamo to the geomagnetic indices AE, Dst, Kp, etc. However,
there are empirical relationships between P and AF, P and Dst, etc.

AE(nT) = -300 (log P + 11800 log £-113200
IDst (nT 1 =60 (log P-18)% + 25

Thus, both AE and Dst can be cemputed as a function of time when P is
given as a function of time. Since the preseni prediction scheme can provide Py,
instead of P, we can estimate on!y the maxirrum possible AE and Dst by replacing
P by Pp,.
(b) Cross-Polar Cup Potential dpe

Renf et al. (1981) found that the polar cap potential @) is related to the
Power P by @, = (11 30 - 319)V2 Thus, it is possible to predict dpe as a function of
time if P can be predicted. Since we can predict P, we shall be able to predict
maximum value . of &y,
(¢)  Equivalent Circuit

One way to replace the empirical relationship between P and AE is to
consider an equivalent current circuit. For this purvase, Liu et al. (1988)
developed an equivalent circuit (a computer code) for the magnetosphere (Figures
8a and 8b). Once Pit) can be inferred from Steps | and 2 (Higure 1), it is possible to
determine the input voltage @ for the circuit. The equivalent circvit can then
determine all the magnetospheric quantities. Figure 8b shows how the
magnetosphere responds to a step-function like incceas : of o J The response as
a function of time may be ceen clearl:r in the ceass-pelar cop potentiald, . and the

total €. rgy deposition 'n the 1onosphere (denoted by WB).

. )
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(d) @,. and AE

Another important progress in this regard is that we have determined the
relationship between the cross-polar cap potential drop ®,. and the AE index on
the basis of both satellite-based and ground-based data (Akasofu et al. 1990). The
results are shown in Figure 9. Since ®,. (Kv) =236+ 0.83AE or AE = 11.2
(®ye -36), if the relationship between the solar wind quantities (V, B, 8) and the
cross-polar cap potential can be established, it is possible to predict the AE index
as a function of time.
(e)  Polar Ionosphere

Once the cross-polar potential @ (or ®pc) can be determined as a function of
time, it is now possible to compute the electron density distribution as a function of
time over the entire polar region. Figure 10 shows the computational scheme and
Figure 11 shows an example of the results. One can see clearly that the 1onization
produced by the solar radiation in the dayside hemisphere is driven into the polar
cap from the cusp region. In the polar region, however, there is also the
ionization caused by the precipitation of auroral particles. This model reproduces
fairly well the ionospheric trough. Note in particular that the trough extends
from the night sector to the day sector, as discovered by Whalen (1989).
() IMF Polar Angle 6

An accurate determination of the power P requires not only V and B, but
also the polar angle 2. Unfortunately, inspite of our efforts during the last several
years, we are far from predicting 6 as a function of time. So far, our prediction
code can determine V and B, but not 6. Thus, we can simply estimate the

maximum possible power P,.
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(a) t=10 (b) t =3.41t, (c) t=6.951,

FIGURE 12a
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FIGURE 12b
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In order to understand the magnetic field configuration in the driver gas,
we have started to model a magnetic cloud. Figure 12a shows a study of the
propagation of a "magnetic cloud" along a flux of the interplanetary magnetic
field (IMF) lines (Wang et al. 1988; Wei et al. 1990). When the earth encounters
such a structure, the IMF vector at the earth is expected to vary in a complicated
way. Our study can, however, predict the expected type of variations in a
magnetic cloud or a driver gas. It has been suggested that such a "magnetic
cloud” is generated above a flare and propagate out in interplanetary space. So
far, we have identified several causes for variations of 6 (Figure 12b). However,

we are unable, at the present time, to identify which causes dominate variations

of 6 for a given flare.

3. E -DAY RE ENT M

3.1 Introduction

The past prediction method of recurrent geomagnetic/ionospheric storms is
based on a study of the so-called "Bartels Kp musical diagrams.” Obviously, such
a method is not based on physics. Like flare-caused storms, the modern scheme
must be based on the prediction of the power of the generator. Thus, the
prediction of the 27-day recurrent geomagnetic storms is reduced to predict the
power P for a 27-day period and the geomagnetic indices AE, Dst, Kp, etc. for the
same period. At the present time, it is not known how Alfvén waves and
turbulence are generated in a high speed stream. Thus, it is not possible to
predict the polar angle 8. However, it is possible to predict the of P = 20 VBZ sin*
(6/2), namely |P|= 20 VB2, since 0 £ sin4 (8/2) £ 1.0. Then, from the envelope of P,
it is possible to infer the envelope of the AE index, a rough trend of the maximum

AE index as a function of time.




Figure 13 shows variations of the solar wind quantities during the period
between June 25 and July 21, 1974. Compare the observed VBZ and the AE index.
We can see that the general trend of AE index variations during the 27-day period
follows reasonably weil that of VB2. Note that fine time variations of the AE index
represent individual substorm. Thus, we can predict the upper limit of the AE
index and of its 27 -day variations if we succeed in predicting V and B for a 27-day
period.

ral Lir r

In the above, we have demonstrated that the forecasting of the recurrent
geomagnetic activity is reduced to predicting the solar wind speed V and the
magnitude B of the IMF for a 27-day period. In turn, the prediction of V and B is
reduced to inferring geometry of the neutral line on the source surface which is
an imaginary spherical surface of radius 2.5 solar radii. The natural line varies
in a very complicated way during a sunspot cycle (Figure 14a). For this purpose,
we must find a simple way to reproduce the neutral line. Fortunately, we found
that the neutral line on the source surface can be reproduced fairly accurately by
a dipole at the center of the sun and a few dipoles on the photosphere (Saito, Oki,
Olmsted and Akasofu, 1989). This finding has provided us with an opportunity to
predict the geometry of the neutral line on the source surface by extrapolating
time variations of the characteristics of the dipoles.

3.3 A New Method of Representing the Neutral Line

In order to reproduce the observed neutral line on the source surface, we
assume the axial dipole at the center of the sun and a few dipoles near the
equatorial plane of the photosphere (Figure 14b). In the upper left diagram, the
observed neutral line for Carrington rotation 1666 1s shown, while the upper right
diagram shows its reproduction using our modeling method (Saito, Oki, Olmsted

and Akasofu, 1989). In this particular example, the two dipoles are located in low
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latitudes on the photosphere. One can see that our method reproduces fairly well
the observed neutral line in the upper left diagram. The lower diagrams are
spherical representations of the upper ones. The cross in the upper right
diagram shows the view longitude of the spherical presentation.
r 1 r ] ri

Figure 15 shows how accurately we can reproduce the observed neutral line
by a combined axial field (in the righthand side) and four dipoles located in low
latitude, No. 1, 2, 3, and 4. During four solar rotations, from Carrington rotation
1661-1664, the four dipoles varied rather fairly smoothly. Figure 16 shows time
variation of the dipole No. 3 in terms of latitude, longitude, the azimuth and the
magnitude. Thus, time variations of the equatorial dipoles can be extrapolated,
allowing us to predict the geometry of the neutral line, in turn the solar wind
speed V and the IMF magnitude B and finally the envelope of the maximum
variations of VB2 and of the AE index.
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4. CONCLUDING REMARKS

The modern prediction scheme of geomagnetic storms must be based on
numericai methods, not on statistical methods. We believe that we have
formulated the entire scheme which consists of these computational steps. Our
scheme is applicable for a complicated situation in which many flares take place
in a relatively short period, say one week. Although much refinement is no doubt
needed in the future, we believe that the general scheme is well established by the
present project. We have also introduced successfully interplanetary scintillation
observations into the scheme to increase the accuracy of the prediction. Most of
the refinements require future advance in the field of solar physics, solar wind
physics and magnetospheric physics.

One of the critical progresses needed in the prediction is a better
understanding of the nature of variations of the polar angle 6 of the interplanetary
magnetic field. At the present time, it 1s not known how the variations are
caused, although some researchers consider them in terms of 'magnetic clouds’
and 'driver gas.'

The present project has also formulated the prediction method of the 27-day
recurrent geomagnetic storms. We have shown that the envelope of the 27-day AE
index variations can be predicted by predicting variations of the neutral line on

the source surface of the sun. The method is simple enough to put into practice.
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