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ABSTRACT

We have analyzed three active regions to investigate the relationship between magnetic configurations of active
regions and geomagnetic storms. Each active region was associated with multiple full-halo coronal mass ejections
(CMEs). This study demonstrates that, although full-halo CMEs may originate from the same active region, it is not
necessary for them to have similar geoeffectiveness, depending on the magnetic configurations actually involved in
the corresponding flare activities. This implies that (1) the flares, CMEs, and geomagnetic storms are closely related
magnetically, as already suggested by many others, and (2) the occurrence of solar active regionYrelated geomagnetic
storms may be determined by the magnetic fields that are involved in the corresponding solar flares. These associ-
ations suggest ways to improve geomagnetic storm prediction.

Subject headinggs: Sun: activity — Sun: coronal mass ejections (CMEs)

1. INTRODUCTION

On significantly different spatial scales, flares and CMEs are
two major manifestations of eruptive release of energy. Flares
usually occur in active regions, showing disturbances within lo-
calized areas. It is thus considered that flares are related to small-
scale magnetic fields. CMEs, on the other hand, are deemed to be
large-scale or even global phenomena, related to the large-scale
magnetic field. Although there is still uncertainty about the rela-
tionship between flares and CMEs, observations give increasing
evidence that at least the timing of some CMEs are highly asso-
ciated with flares (see, e.g., Zhang et al. 2001).

It is generally believed that long intervals of enhanced south-
ward interplanetary magnetic field (IMF) and the high solar wind
speed are the primary causes of intense geomagnetic disturbances,
and that the solar sources of such geoeffective solar wind struc-
tures are usuallyCMEs (Webb et al. 2001, and references therein).4

However, not all Earth-directed CMEs can produce geomagnetic
storms. Evidence has been presented that the properties of the
Earth-directed CMEs, such as the internal structure of the mag-
netic field, may determine whether or not a geomagnetic storm
subsequently occurs (see, e.g., Burton et al. 1975; Cane et al.
2000).

This suggests that the magnetic field serves as a link between
flares, CMEs, and geomagnetic storms. As flares usually occur in
active regions, it is natural to ask if the configuration of magnetic
field of active regions is an essential factor determining whether
the related events are geoeffective. In fact, several studies were
conducted to establish this link. Pevtsov & Canfield (2001) an-
alyzed geomagnetic events temporally associated with eruptions
of active regions with coronal X-ray sigmoids in the period from
1991 to 1998. They found that ‘‘there is a clear tendency for sig-
moids with leading southward fields to be associatedwith stronger
geomagnetic storms and for those with leading northward fields
to be associated with weaker ones.’’ They also found an increase
of strong geomagnetic storms after 1996, the solar minimum,
which cannot be described reasonably by the scenario that the

large-scale dipole field determines geoeffectiveness (see, e.g.,
Crooker 2000, and references therein). They thus suggested that
the magnetic structure of individual active regions plays a role in
geomagnetic events. Leamon et al. (2002) extended this work by
using a larger sample in the period from 1991 to 2000. They found
that the leading fields in magnetic clouds show a weak, solar
cycleYbased correlation, implying that the toroidal fields of in-
dividual active regions are related directly to their heliospheric
structure. In a further study, however, they estimated the mag-
netic twists of themagnetic clouds and their related active regions,
and demonstrated that ‘‘there is no systematic sign or amplitude
relationship between them’’ (Leamon et al. 2004). The measure
of magnetic twist of an active region used there is the multipli-
cation of the average force-free � of the active region by the size
of the active region.

Thus, we are still far from establishing a detailed correlation
between solar active regions and geomagnetic storms, although
interest has been increasing in understanding the role of active
regions in the occurrence of geomagnetic storms, and evidence
has already been presented to demonstrate a magnetic link. Spe-
cifically, it is still unclear whether geomagnetic storms depend
on the magnetic configurations of the related active regions. To
investigate this question, in this paper, we study themagnetic con-
figuration of the active regions that were associated with multiple
full-halo CMEs. The basic hypothesis we are investigating is that
if the magnetic configuration of the active regions is a key factor
for determining occurrence of geomagnetic storms, the full-halo
CMEs originating from the same active region should produce sim-
ilar degrees of geoeffectiveness. If not, what causes the difference?

This paper is organized as follows. In x 2,we give a list of active
regions that are used in this research. This list is based on two ex-
isting databases. Each active region was associated with multiple
full-halo CMEs, and the CMEs were associated with solar flares.
Their geoeffectiveness was determined independently. In x 3, we
present the detailed magnetic configurations of the active regions
and explore the relationship of those configurations and their geo-
effectiveness. We summarize our results in x 4, together with a
brief discussion.

2. ACTIVE REGIONS AND RELATED ACTIVITIES

We search for active regions from two databases. One is
Table 2 in Zhang et al. (2003). This table contains the geomagnetic
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stormYrelated full-halo CMEs from 1996 to 2000. Solar disk
source regions of those CMEswere carefully identified using ob-
servations such as Solar and Heliospheric Observatory (SOHO)
Extreme ultraviolet Imaging Telescope (EIT) for solar transient
determination. The other is from D. F. Webb (2004, private com-
munication), who studied 134 full-halo CMEs observed by Large
Angle and Spectrometric Coronagraph Experiment (LASCO)
from 1996 to 2000 (see also Zhao&Webb 2003). A geomagnetic
storm in that study was defined by the peak Dst < �50 nT. Solar
disk regions for those CMEs were determined using observa-
tions such as H� , Yohkoh X-ray, and EIT images.

The criteria for selection of the events for this paper are that
(1) the active regions were associated with multiple full-halo
CMEs, (2) each CME was associated with one solar flare (but
multiple flares for event 5; see Table 1 note for more details), and
(3) its geoeffectiveness was determined. Three active regions
were chosen for this study (see Table 1). Column (1) of this table
is the identification number of the eruption. Footnotes b and c de-
note the original source of the data. Columns (2)Y(4) are flare
size, date, and time, respectively. Here, the flare time represents
the flare start time from the SECWeekly Report: The Preliminary
Report and Forecast of Solar Geophysical Data.5 Columns (5)
and (6) are the solar disk active region numbers and their disk
coordinates, respectively. The date and time, and peak Dst of the
related geomagnetic storms are presented in columns (7) and (8),
respectively.

3. RESULTS

Each flare location was aligned to the relative SOHO MDI
magnetograms (Scherrer et al. 1995) in order to explore the mag-
netic configuration associated with the flare. The alignment for
the data taken by SOHO and Yohkohwas done using the IDLmap
software in the Solar SoftWare (SSW) written by D. Zarro.

3.1. Active Region AR 8100

Active region AR 8100 produced three flares associated with
full-halo CMEs:M4.2 occurred at 10:18UTof 1997November 3,
X2.1/2B at 05:54 UT of November 4, and X9.4/2B flare at
11:22 UTof November 6 (see Table 1). We denoted these flares
as ‘‘F1,’’ ‘‘F2,’’ and ‘‘F3.’’ Figure 1 shows an EIT image taken
at 10:21 UT, overplotted in contours by an MDI magnetogram

TABLE 1

Active Regions with Multiple Halo CMEs and Their Geoeffectiveness

Eruption Number

(1)

Flare

(2)

Date

(3)

Timea

(UT)

(4)

Source

(5)

Location

(deg)

(6)

Time

(month day, hr)

(7)

Storm Dst

(nT)

(8)

1b ................................ M4.2 1997 Nov 3 10:18 AR 8100 S20, W15 None

2b,c .............................. X2.1/2B 1997 Nov 4 05:54 AR 8100 S14, W33 Nov 7, 02 �110

3c ................................ X9.4/2B 1997 Nov 6 11:22 AR 8100 S18, W63 Nov 7, 02 �54

4b,c .............................. C5.2/SFd 1998 Nov 4 03:14 AR 8375 N17, E01 Nov 7, 14 �81

5c ................................ C5.0/SN 1998 Nov 5 00:20 AR 8375e N19, W11 Nov 8, 01 �149

C7.1/SF 1998 Nov 5 01:21 AR 8375e

6b,c .............................. M8.4/2B 1998 Nov 5 18:31 AR 8375 N22, W18 Nov 8, 06 �142

7c ................................ X2.3/3B 2000 Jun 6 15:00f AR 9026 N20, E18 Jun 8, 18 �87

8c ................................ X1.2/3B 2000 Jun 7 15:04 AR 9026 N23, E03 Jun 10, 08 �56

9c ................................ M5.2/3B 2000 Jun 10 16:37 AR 9026 N22, W38 None

a Flare start time from the Solar Geophysical Data.
b Event identified by Zhang et al. (2003).
c Event identified by D. F. Webb (2004, private communication).
d D. F. Webb in his table identified this event associated with a C4/SN flare occurred at 03:14 or a C5/SF flare at 03:30, or both. The SEC Weekly

Report combines the two flares as a C5.2/SF flare lasting from 03:14 to 04:07, although there are two possible peaks in the Geostationary Operational
Environmental Satellite (GOES ) X-ray profile. Checking the H� images shown in Fig. 7 of Zhang &Wang (2001), we can see that these two flares were
actually associated with eruption of one filament. The C5/SF flare was associated with the continuous eruption of the low part of the filament. So, as a
reasonable approximation for the purpose of this study, we regard these two flares as one in the analysis.

e D. F. Webb identified this event as probably associated with multiple flares: a C5/SN flare at 00:20 and another C7/SF flare at 01:20. The GOES
X-ray profile clearly shows these two flares. Both were reported in the SEC Weekly Report. The bright ribbon patterns of these two flares are similar.

f The onset of the flare X2.3/3B was 15:00 UT, but it was reported as 12:06 UT in the SEC Weekly Report. Actually, that is the onset of an earlier
X1.1/2N flare that occurred at the same place of the later ones. The GOES X-ray flux profile clearly shows two separate peaks.

5 Available at http://www.sec.noaa.gov/weekly.

Fig. 1.—Alignment of SOHO EIT and MDI data. An EIT image at 195 8
wavelength, taken at 10:21 UT on 1997 November 3, is overplotted in contours
by a MDI magnetogram taken at 11:05 UT of 1997 November 3. The red (blue)
lines represent positive (negative) magnetic field. Solar rotationwas corrected for.
The bright pattern, marked by F1, was the location of the 10:18 UT M4.2 flare.
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Fig. 2.—Left: EIT image overplotted by a MDI magnetogram, as Fig. 1. The EIT and MDI data were taken, respectively, at 05:57 and 06:27 UTof 1997 November 4.
The EIT image was saturated due to the 05:54 UTX2.1/2B flare (F2). Right:H� image overplotted by a line-of-sight magnetogram. The data were taken at 05:55 UT (H�
image) and at 05:23 UT (magnetogram) at HSOS. The bright pattern in the H� was the flare F2.

Fig. 3.—Evolution of magnetic field of the active region AR 8100 from 1997 November 3Y6. Themarks F1, F2, and F3 denote the locations of theM4.2, X2.1/2B, and
X9.4/2B flares, respectively. The field of view is 30000 ; 30000. Time goes from left to right and top to bottom.



taken at 11:05 UT. The initial brightening of flare F1 is marked
by F1.
We displayed in the left panel of Figure 2 an EIT image taken

at 05:57 UTof November 4, overplotted by the 06:27 MDI mag-
netogram. As the EIT image was saturated due to flare F2, an
H� image, taken at 05:55 UTat Huairou Solar Observing Station
(HSOS), is presented in the right panel. Overplotted in the right
panel is a magnetogram taken at 05:23UTat HSOS. The location
of flare F2 was then determined. The location of flare F3 was de-
termined by aligning the Yohkoh soft X-ray images with an MDI
magnetogram.
We showed in Figure 3 the evolution of the magnetic field of

AR 8100 from November 3Y6. The locations of flares F1YF3 are
also marked in the figure. It is seen that F2 and F3 occurred at the
same location, while the earlier flare F1 occurred east of this.
Magnetic field observation seems to suggest that the magnetic

field involved in the F2 and F3 flares is different from that in the
F1 flare. Figure 4 shows the magnetic configuration for the F1
flare. It appears to be associated with an elongated negative mag-
netic feature, marked as ‘‘EFR1.’’ This feature was an emerging
flux region. It appeared first at the middle of the active region in
the MDI 1997 November 3 08:03 magnetogram (see Fig. 5) and
elongated afterward. Flares F2 and F3, on the other hand, occurred
at the area F2 (see Fig. 6). They appeared to be related to a positive

Fig. 4.—MDI magnetogram taken at 11:05 UT of 1997 November 3. White
(black) represents positive (negative) polarity. Emerging magnetic flux (marked
as EFR1) was found to be associated spatially with the flare F1, as seen in Fig. 1.

Fig. 5.—Series of enlarged MDI magnetograms shows the evolution of magnetic field in the square area in Fig. 4. The magnetic flux, marked by EFR1 in the bottom
left panel, was seen to emerge quickly. This emerging flux region appears to be associated with the flare F1. The field of view is 12000 ; 12000. Time goes from left to right
and top to bottom.
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magnetic patch, marked as ‘‘EFR2’’ in Figure 6. This patch, first
seen in theMDI 1997November 2 22:24magnetogram (see Fig. 7),
was likely to be another emerging flux region. It continued emerg-
ing and developing in the following days (see Fig. 8).

The magnetic structure of this active region may be represented
by an extrapolated nonlinear force-freemagnetic field. TheYohkoh
soft X-ray bright patterns above this region and the change of the
patterns from November 3 to 4 were reproduced successfully by
a nonlinear force-free field calculation (Liu et al. 2002).We plot-
ted in Figure 9 the field lines extrapolated from a photospheric
vector magnetogram taken at 00:56 UTof November 4 at HSOS
using a boundary integral equation representation proposed by
Yan & Sakurai (2000). From these field lines, we selected those
that match well with the Yohkoh soft X-ray bright loops/patterns
and plotted them in Figure 10. Basically, we see two bipolar mag-
netic configurations in this active region, shown in white and
black lines. Both bipolar fields obey the Hale-Nicholson polarity
law (Hale & Nicholson 1938), further verifying such configura-
tions. The small one was clearly related to the emerging flux re-
gion EFR2. Flares F2 and F3 occurred at the interface of the two
bipolar magnetic fields. Flare F1, on the other hand, occurred be-
neath the large bipolar field, far away from this interface.Fig. 6.—MDImagnetogram taken at 06:27 of 1997November 4. The F2 flare

occurred along amagnetic neutral line between the positive field patch (marked as
EFR2) and the negative field.

Fig. 7.—Evolution of magnetic field in the square area shown in Fig. 6. It was seen that the emergingmagnetic fluxes, denoted by EFR2 and appearing in the November 2
22:24 magnetogram (top right), increased dramatically afterward. The field of view is 15000 ; 15000. Time goes from left to right and top to bottom.
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The small bipolar field configuration was also verified by
the vector magnetic field observation. The left panel of Figure 11
shows the vector magnetic field of this active region on the
photosphere taken at 05:23 UTof November 4. In the right panel
is an enlarged figure displaying the magnetic field of EFR2. This
figure demonstrates an evident connectivity from the positive
patch of EFR2 (marked by ‘‘A’’) to the negative magnetic field
to its right (marked by ‘‘B’’). This connectivity is consistent with
the small bipolar field configuration.

In order to show the large-scale magnetic field involved in
those events, we presented in Figures 12Y14 the remappedMDI
magnetograms in the top panels and the remapped EIT running
difference images in the bottom panels. We remapped the im-
ages onto the heliospheric coordinates to avoid projection ef-
fects because those events occurred 3 days apart, and events F2
and F3 were far away from the disk center. The EIT dimming
was clearly seen in those events. Although the level of darkness
was probably caused by the magnitudes of the related flares, the
dimming areas in all three events connected AR 8100 on the
southern hemisphere and AR 8102 on the northern hemisphere,
suggesting that the magnetic field connecting the two regions
was also involved in the events. In fact, such a transequatorial
magnetic system has already been identified from Yohkoh soft
X-ray images and a potential fieldmodeling (Delannee&Aulanier
1999).

From the above analysis we can see that, although full-halo
CMEs associated with flares F1, F2, and F3 were related to the
same active region and the large-scale magnetic field involved in
these events was similar, their geoeffectiveness was different (see
Table 1). Only flares F2 and F3, which occurred at the same lo-
cation, were found to be associated with geomagnetic storms.
This seems to suggest that the magnetic fields that were actually
involved in the related flares play a role in determining the oc-
currence of geomagnetic storms.

3.2. Active Region AR 8375

Active region AR 8375 produced three (or four) flares that
were associated with full-halo CMEs: C5.2/SF at 03:14 UT of
1998 November 4 (see footnote d of Table 1 for more detail),
C7.1/SF at 01:21 UT (and/or C5/SN flare at 00:20 UT) of 1998
November 5, andM8.4/2B at 19:31 UTof 1998 November 5. As
the November 5 C5/SN flare is very similar with the C7.1/SF

Fig. 8.—Evolution of magnetic field of emerging flux region EFR2 from November 4Y6. Flare F2 occurred at the magnetic neutral line between this emerging flux
region and an adjacent negative patch. This emerging flux region was also associated spatially with flare F3. A geometric projection effect was corrected for in these
magnetograms. The field of view is 20000 ; 20000. Time goes from left to right and top to bottom.

Fig. 9.—Magnetic field lines (white lines) computed from a photospheric
vector magnetogram under the nonlinear force-free-field assumption. The vec-
tor data were taken at 00:56 UTof 1997 November 4 at HSOS. The image shows
the line-of-sight component of the magnetic field.
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flare in term of flare locations and their bright patterns,6 we only
use the C7.1/SF flare for event 5. We denoted these flares as
‘‘F4,’’ ‘‘F5,’’ and ‘‘F6,’’ respectively. The same alignment be-
tween the EIT images and MDI magnetograms was performed,
as described in the beginning of x 3, to determine the locations of
these flares. Themagnetic configuration of this active region looks
fairly simple: a dominant positive magnetic patch surrounded by

several small parasitic negative magnetic features (see Fig. 15).
The initial brightenings of the flares are found to be associated
with three parasitic features, denoted by F4, F5, and F6 in Fig-
ure 15. The locations of these features were quite close to each
other. All three flares were associated with eruptions of filaments.
Presented in Figure 16 are H� images at the line center before
(left) and during the flares (right).7 We can clearly see that flares
F4, F5, and F6were associatedwith eruptions offilament L1 (top),
filament L2 (middle), and filament L3 (bottom), respectively. In
fact, flares F4 andF6 have been analyzedbyZhang&Wang (2001)
and Wang et al. (2000). The eruptions of the filaments (filaments
L1 and L3) shown in theH� images in those papers appeared to be
the so-called eruption of a filament layer (Tang 1986); i.e., only an

Fig. 10.—Selected field lines viewed from different angles showing the magnetic configuration in this active region. Apparently there are at least two well-defined
bipolar magnetic configurations, as demonstrated in white and black field lines. The F2 and F3 flares occurred at the interface of the two bipolar fields.

Fig. 11.—Left: Photospheric vector magnetic field of the active region AR 8100 taken at 05:23 UTof 1997 November 4 at HSOS. The contours represent the line-of-
sight magnetic field with positive polarity in blue and negative polarity in red. The levels of the contours are 40, 120, 360, and 1280 G. The black bars represent the
transverse magnetic field, and the right and left green bars at the top denote 1000 and 2000 G, respectively. Right: Enlarged vector magnetic field. The field of view,
shown as a square in the left panel, covers the emerging flux region EFR2, as described in Fig. 6. The transverse magnetic field shows a tendency for the field to connect
with the emerging flux patches A and B.

6 These two flares were observed in H� wavelength at Hida Observatory.
(Data are available at http://www.kwasan.kyoto-u.ac.jp/observation /event /fmt /
lists/FMT-B-Nov98.html.) The first available H� image, taken at 00:16, only
shows two bright ribbons, suggesting that the flare already occurred. Thus, we are
not able to identify whether this flarewas associatedwith an eruption of a filament
or not, but the pattern of the ribbons seems to imply a filament eruption. Later, a
filament formed along the filament channel of the presumably previous erupted
filament (see the 00:51 image). Part of this filament disappeared in the 01:20 H�
image, leading to the C5/SN flare. The bright pattern of this flare is similar to that
of the 00:16 flare.

7 Kyoto data are available at http://www.kwasan.kyoto-u.ac.jp/observation /
event /fmt /index_en.html.
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upper layer peels off, and a low-lying remnant remains in the chro-
mosphere. The eruption offilament L2 (associatedwith theC7.1/SF
flare) also displayed the same kind of eruption as shown in the
H� data taken by Hida Observatory. From their shapes and lo-
cations, it is likely that these three filaments belong to the same

‘‘parent filament’’ (Tang 1986), although observations are not
able to provide solid evidence to verify this due to a data gap. It is
reasonable to believe that these filaments had very similar struc-
tures. Thus, we can expect that the magnetic field involved in
those flares had very similar configurations.
The large-scale magnetic field involved in these events was

also similar. As with AR 8100, we show in Figures 17Y19 the re-
mapped MDI magnetograms and the remapped EIT running dif-
ference images. Although very faint, we can still see that, for the
three events, the EIT dimming areas connected AR 8375 in the
northern hemisphere and AR 8373 in the southern hemisphere,
implying a transequatorial magnetic system involved in all three
events. Such a connectivity was verified by the Yohkoh soft X-ray
observation (see Fig. 20).
We have demonstrated here that the magnetic field in the three

flares had similar configuration and that the large-scale field involved
in these events was also very similar. All three of these full-halo
CMEswere associatedwith large geomagnetic storms (see Table 1).

3.3. Active Region AR 9026

The active region AR 9026 also produced three flares that
were associated with full-halo CMEs. We denoted these flares as
‘‘F7,’’ ‘‘F8,’’ and ‘‘F9’’ for the X2.3/3B flare at 15:00UTof 2000
June 6 (see footnote f of Table 1 for more detail), X1.2/3B flare at
15:04 UTof 2000 June 7, and X5.2/3B flare at 16:37 UTof 2000
June 10, respectively. As before, we determined the locations of
the flares by aligning the EIT images with the related MDI mag-
netograms. A series of magnetograms in Figure 21 was taken
from 2000 June 6 to 10, showing the evolution of the magnetic
field in this region. The locations of the flares were marked by
F7, F8, and F9 on the related magnetograms.
Significant changes in magnetic field can be seen in this pe-

riod. For example, at the center of the images were two magnetic
patches with opposite polarities that decayed markedly from
June 6 to 9 and were barely visible on June 10. It is clear that

Fig. 12.—Remapped MDI magnetogram (top) and EIT running difference
image (bottom) in heliospheric coordinates. The MDI magnetogram was taken
at 11:15 UT of 1997 November 3, while the EIT running difference image was
derived from two EIT images taken at 10:33 and 10:50 UTof 1997 November 3.

Fig. 13.—Same ass Fig. 12, but for theMDImagnetogram taken at 06:27 UT
and the EIT images taken at 05:58 and 06:32 UT of 1997 November 4.

Fig. 14.—Same as Fig. 12, but for the MDI magnetogram taken at 12:48 UT
and the EIT images taken at 12:01 and 12:15 UT of 1997 November 6.
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Fig. 15.—Evolution of magnetic field of the active region AR 8375 from November 3Y6. The initial brightenings of the three flares are marked by F4, F5, and F6,
respectively. It is seen that these locations are very close, and each one was associated spatially with a parasitic magnetic feature surrounding the dominant magnetic
patch at the center. The field of view is 24000 ; 24000. Time goes from left to right and top to bottom.



Fig. 16.—H� line center images taken before the flares (left) and during the flares (right). The images in the top panels, taken at HSOS of Beijing Astronomical
Observatory, show flare F4 and an erupted filament, marked by L1. The images in the middle panels, taken at Kwasan and Hida Observatory of Kyoto University, show
flare F5 and filament L2. The images in the bottom panels, taken at Big Bear Solar Observatory (BBSO), show flare F6 and filament L3. The field of view is roughly
20000 ; 20000.



flares F7 and F8 occurred at the same region along the neutral
line of these two magnetic patches. Although the third flare, F9,
occurred geometrically close to this place, the basic configu-
ration of magnetic field in the place had changed; the magnetic
patches had disappeared completely in the MDI 2000 June 10
16:00 magnetogram before flare F9 had occurred. The EIT dim-

ming for these events exhibited similar patterns (see Figs. 22Y24),
implying that the large-scale magnetic field involved in the events
had a similar configuration.

It is interesting to note that, although the three flares occurred
in the same places and were associated with full-halo CMEs, and
the large-scale magnetic field involved in the events was similar,
only two flares, F7 and F8, were found to be related to geomag-
netic storms. They occurred at the neutral line of the major mag-
netic patches with opposite signs. These patches had disappeared
before the third flare F9 occurred. F9 was not related to any
geomagnetic storms.

4. CONCLUSIONS AND DISCUSSIONS

We have analyzed three active regions to explore the rela-
tionship between the magnetic structure of active regions and
geomagnetic storms. Each active region was associated with mul-
tiple full-halo CMEs. The study shows that it is not necessary for
the full-haloCMEs to have similar geoeffectiveness, although they
originate from the same active region. Further analysis reveals
that, although the large-scale magnetic field involved in the CMEs
appears to be similar, locations of the associated flares and there-
fore the magnetic configurations could be totally different. The
latter seems to lead to different degrees of geoeffectiveness. More
specifically, it is shown that, when the associated flares occurred
in the places where the configurations of magnetic fields were
identical or similar, the halo CMEs did have similar geomagnetic
effects. This implies that theflares,CMEs, andgeomagnetic storms
are closely relatedmagnetically, as suggested by others (see, e.g.,
Webb et al. 2000; Zhao & Webb 2003, and references therein).
This research also implies that the occurrence of solar active
regionYrelated geomagnetic storms may be determined by the
magnetic field that is actually involved in the corresponding so-
lar flares. These associations suggest ways to improve geomag-
netic storm prediction.

Fig. 17.—Same as Fig. 12, but for the MDI magnetogram taken at 03:12 UT
and the EIT images taken at 03:24 and 03:48 UT of 1998 November 4.

Fig. 18.—Same as Fig. 12, but for the MDI magnetogram taken at 01:39 UT
and the EIT images taken at 01:04 and 01:20 UT of 1998 November 5.

Fig. 19.—Same as Fig. 12, but for the MDI magnetogram taken at 19:12 UT
and the EIT images taken at 18:16 and 18:38 UT of 1998 November 5.
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Fig. 20.—Full-disk, soft X-ray images taken by Yohkoh SXT at 03:29:01 of 1998 November 4, 00:21:07 of 1998 November 5, and 18:21:49 of 1998 November 5.
A transequatorial loop/pattern connecting active regions AR 8375 and AR 8373 can be seen in each image.

Fig. 21.—Evolution of magnetic field of the active region AR 9026 from 2000 June 6 to 10. The flares are denoted by F7, F8, and F9. While the locations of the
flares seem to be very close to each other, the magnetic field involved in the flares F7 and F8 was significantly different from that in flare F9: The magnetic field
associated with the flares F7 and F8 had completely disappeared by the time the flare F9 occurred. The field of view is 24000 ; 24000. Time goes from left to right and
top to bottom.



We noticed that flare F1 was an M-class flare, weaker than the
other two (F2 and F3) in the same active region, and that flare F9
is also weaker than F7Y8 in AR 9026. Both flares did not cause
any geomagnetic storms. However, we feel that importance of
the flares in the events analyzed here may not be a key factor in
determining whether or not a geomagnetic storm occurs but that
the configuration of the erupted magnetic field is. In fact, there

has been evidence to support this conjecture. For example, in
a statistical research, Cane et al. (2000) demonstrated that ‘‘the
geoeffectiveness of ejecta depends strongly on the southward
magnetic field strength’’; Zhang et al. (2003) also concluded, by
analyzing 27 major geomagnetic storms in the time period be-
tween 1996 and 2000, that no correlation was found between
occurrence of major geomagnetic storms and the speed of the as-
sociated CMEs, the importance of associated flares, and the as-
sociation of filament eruptions.

A possible interpretation of our result involves reformation of
the magnetic field configuration after eruption. There have been
frequent observations that record such reformations. For exam-
ple, Hiei et al. (1993) reported reformation of a streamer after an
eruption of a prominence, while reformation of filaments has
been widely observed for decades (see, e.g., Martin 1973; Tang
1986). The reformed magnetic field, which is identical (or very
similar) to the previous magnetic configuration, is likely to yield
another similar eruption. Thus, the recurrence of flares and/or
CMEs in essentially the same or close locations is a natural con-
sequence of this scenario, and themagnetic configurations involved
in the events will be very similar. Such magnetic configurations,
when they form the core part of a CME, expand into interplan-
etary space and can make them very geoeffective. In fact, such a
magnetic link was already proposed 20 years ago by Marubashi
(1986) to establish a correlation between eruptive filaments and
the magnetic clouds. He first demonstrated in two cases the close
relationship between the magnetic field configuration of mag-
netic clouds and the solar magnetic field around the solar fila-
ments and then suggested that ‘‘solar magnetic fields overlying
a disappearing filament already have a flux rope structure at the
time of eruption, and that this structure is extended through
interplanetary space to be observed as’’ a magnetic cloud
(Marubashi 1997). As supporting evidence, agreement of the
chirality of magnetic clouds and their related filaments was also
found by Rust (1994) and Bothmer & Rust (1997).

Fig. 22.—Same as Fig. 12, but for the MDI magnetogram taken at 16:00 UT
and the EIT images taken at 15:36 UT and 15:48 UT of 2000 June 6.

Fig. 23.—Same as Fig. 12, but for the MDI magnetogram taken at 16:00 UT
and the EIT images taken at 16:00 UT and 16:24 UT of 2000 June 7.

Fig. 24.—Same as Fig. 12, but for the MDI magnetogram taken at 16:00 UT
and the EIT images taken at 16:48 UT and 17:24 UT of 2000 June 10.

ACTIVE REGIONS, CMEs, AND GEOMAGNETIC STORMS 1347



Our result may, in fact, provide an interpretation for what
Leamon et al. (2004) found: compared to the much stronger cor-
relation between magnetic clouds and eruptive filaments (see,
e.g., Marubashi, 1986, 1997; Wilson & Hildner 1986; Rust 1994;
Bothmer & Schwenn 1994; Bothmer & Rust 1997), there is no
systematic sign or amplitude relationship between the magnetic
twists of magnetic clouds and their related active regions. We
argue that the reason for this discrepancy probably is that the
twist of an active region they measured is only an average twist
of the whole active region, and not that of the magnetic field
actually involved in the eruptive event. This average twist cannot
always represent the properties of the erupted magnetic tubes (or
flux rope) in the CME. On the other hand, the eruptive filaments
themselves are indeed representative of the magnetic field that is
actually involved in the eruptions and therefore represent the
nature of the magnetic field in the CMEs. Thus, it is not surpris-
ing that the relationship between magnetic clouds and their asso-

ciated eruptive filaments can be well established, but that between
active regions and magnetic clouds cannot.

The alignment of the observations from various instruments
is a formidable task. We greatly appreciate the mapping software
of D. Zarro and the availability of the SSW, which make the
alignment much easier. We wish to thank the anonymous referee
for the valuable suggestions that have helped improve the man-
uscript. We thank J. Zhang at Beijing Astronomical Observatory,
Kwasan and Hida Observatories, and J. Qiu at BBSO for the
H� data. X. P. Z. and Y. L. were supported at Stanford University
by NASA NAG5-13261, the NSF/CISM project under grant
ATM 01-20950 and the Department of Defense MURI grants.
D. F. W. was supported at Boston College by Air Force contract
AF19638-00-K-0073 and NASA grant NAG5-10833. SOHO is
a project of international cooperation between ESA and NASA.
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