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Abstract. We analyzed observations of the solar activities (1997 and references therein) noted the importance of inter-
and the solar wind parameters associated with large geoplanetary magnetic flux ropes as a source of geomagnetic
magnetic storms near the maximum of solar cycle 23. Thisstorms. Cane, Richardson, and St. Cyr (2000) studied all
analysis showed that strong southward interplanetary maghalo/partial, halo coronal mass ejections (CMEs) detected
netic fields (IMFs), formed through interaction between anby the LASCO coronagraphs on board the SOHO space-
interplanetary disturbance, and background solar wind or beeraft during 1996—-1999 and compared them to geomagnetic
tween interplanetary disturbances are an important factor irstorms. They noted that the southward IMF associated with
the occurrence of intense geomagnetic storms. Based on ogjecta determined mainly their geo-effectiveness, regardless
analysis, we seek to improve our understanding of the physiof whether ejecta was a magnetic cloud structure or not.

cal processes in which large negat®gs are created which We studied the interplanetary disturbances with strong
will lead to improving predictions of space weather. southward IMF near the maximum of solar cycle 23. Al-
most continuous observations of solar wind and solar activi-
ties from space near the maximum of solar cycle 23 enabled
us to study the relation between solar activities and strong
southward IMF. Our analysis is complementary to the study
made by Tsurutani et al. (1988) for the previous solar cycle.
However, our study includes more cases.

Key words. Interplanetary physics (Flare and stream dy-
namics; Interplanetary magnetic fields; Interplanetary
shocks)

1 Introduction

According to Tsurutani and Gonzalez (1997 and reference® Data sources

therein), interplanetary events with interplanetary magnetic

fields (IMFs), B,, of less than-10 nT and a duration longer We analyzed geomagnetic storms wilh; indices of less
than three hours, tend to cause intense geomagnetic stormilan—100nT between 1998 and 2000. There were 30 such
Strong southward IMFs are an important factor in the occur-cases which satisfied this criterion. In our analysis, hourly
rence of geomagnetic storms. Tsurutani et al. (1988) havewveraged solar wind parameters (magnetic field, speed, den-
made a study of the causes of the southwBArdcompo-  sity, and temperature) observed by the ACE spacecraft were
nent responsible for major geomagnetic storms near the pressed to study the cause of strong southward IMFs associated
vious solar maximum (1978-1979). From their analysis ofwith the geomagnetic storms. The solar observations of the
10 cases they concluded that the negatiyewas caused SOHO and Yohkoh spacecrafts were used to identify the so-
by internal fields of ejecta for only four cases. For otherslar sources of the geomagnetic storms.

there were various causes such as sheath field ahead of ejectalable 1 lists the starting dates of magnetic storms, types
or shock intensification of pre-existing IMF. McComas et of storms, minimum values ady; index and minimum val-

al. (1989) studieds, perturbations induced by a draped mag- ues of B, during the storms, the causes of strong southward
netic field ahead of fast coronal mass ejections (CMEs). WuJMFs, solar sources of the geomagnetic storms, occurrence
Dryer, and Wu (1996) and Wu et al. (1996) suggested thedates of the solar sources, and transit speeds of the interplan-
formation of B, caused by interplanetary shocks using three-etary disturbances.

dimensional MHD simulation. On the other hand, Marubashi
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We first investigated the relationship between the transit 0Ff 3
speeds of the interplanetary disturbances and the minimum ]
values of theD;; indices during the geomagnetic storms. E E
Figure 1 shows a scatter plot of these parameters for all ofthe 100 |- %ﬁg | E
storms listed in Table 1 for which solar sources were identi-i- i o = -
fied, sorted on the interplanetary drivers. Squares, triangles;” g 0o ]
and diamonds represent the storms associated mainly with in® —200 | © O g
terplanetary magnetic flux ropes, sheath regions (or shocks)s g A ]
and interactions, respectively. According to Fig. 1, a corre- © g 1
lation between the speed and the magnitude of geomagnetic —>00 - A
storms is not clear. The correlation is weak even though the ]
magnetic storms were associated with sheath regions or in- : 1

ions. This result is consistent with the result by Cane, 0
teractions y ' 400 600 800 1000 1200 1400

Richardson, and St. Cyr (2000) (see their Fig. 4). transit speed (km/s)

Fig. 1. A scatter plot of average transit speed of interplanetary dis-
3 Cause of strong southward IMF turbances and minimurBy; index of geomagnetic storms (square:
magnetic flux rope, triangle: shock, and diamond: interaction).
In this section we will discuss the various interplanetary

causes of the southwat} listed in Table 1, illustrating the
categories with examples of the interplanetary data together, Storm no. 21 is an example of a storm caused by a mag-

with the Dy, signatures. netic flux rope with a strong axial magnetic field (approxi-
_ _ _ mately 80 nT) and high speed (more than 1000 km/s). This
3.1 Corotating Interaction Regions (CIRs) magnetic flux rope was associated with the halo CME on 14

July 2000 (the so-called “Bastille Day event”) and produced
Geomagnetic storms of numbers 2 and 12 listed in Table Jan intense geomagnetic storm. Figure 3 shows a negative im-
were associated with CIRs. The number of geomagneticage of the soft X-ray solar observation associated with this
storms associated with CIRs was small because the studiegiyent. This image was taken by the Yohkoh/Soft X-ray Tele-
period was near the maximum of solar cycle 23. Many geo-scope (SXT). The soft X-ray arcade expanded in the east-
magnetic storms caused by CIRs are usually observed duringest direction. According to the result of a fitting of the
the declining phase of solar cycles (Watari, 1997; Watari anccylindrical magnetic flux model (Marubashi, 1997) to the so-
Watanabe, 1998). lar wind data, the orientation of the magnetic flux rope was
longitude, 34 degrees and latitude, 10 degrees. The projected
3.2 Southward IMFs associated with magnetic flux ropes direction of the magnetic flux rope on the solar surface (the
arrow in Fig. 3) is close to the orientation of the observed soft
According to Table 1, the magnetic flux ropes were observedx.ray arcade. This suggests that the orientation of the mag-
in 21 of 30 geomagnetic storms. And they were the mainnetic flux rope stayed constant during propagation, and there
cause of strong southward IMF in 10 out of 30 geomagneticis a possibility to infer southward IMF inside the magnetic
storms. flux rope based on the orientation of soft X-ray arcades or
Figure 2 showsD,, index and one-hour-shifted solar wind on the solar observations. Watari, Watanabe, and Marubashi
parameters (magnetic fields, speed, density, tempergture, (2001) noted that orientations of interplanetary magnetic flux
and ratio of helium and hydrogen) of storm no. 21 on 15 Julyropes correspond well to the orientation of a stretch soft X-
2000. The solar wind parameters were measured at the Liay solar activities or soft X-ray arcades).
point, approximately 1.510° km upstream from the Earth.
Hence, we plotted the one-hour-shifted values to compares.3 Interaction between a magnetic flux rope and a CIR
them with theDy; index observed at the Earth. Two verti-
cal solid lines in Fig. 2 indicate the start and end times of Figure 4 shows the solar wind parameters #@ngdindex of
the geomagnetic storm. The dashed curve plotted in the temstorm no. 16 on 21 October 1999. According to this figure,
perature panel shows the temperature calculated from the s@outhward IMF in the slow-speed ejecta was strengthened by
lar wind speed by using the correlation between solar windthe following high-speed solar wind or a CIR. This kind of
speed and proton temperature (Lopez, 1987). The abnorevent has been reported by Watari and Watanabe (1998).
mally depressed proton temperature compared with the cal-
culated temperature has often been observed in the case 8f4 Interaction between a magnetic flux rope and a follow-
interplanetary magnetic flux ropes or ejecta (Richardson and ing shock
Cane, 1993). Lowg or higher ratios of helium and hydrogen
were other signatures of ejecta (Goldstein, Neugebauer, anbh storm no. 3 a weak geomagnetic storm associated with
Clay, 1998). a magnetic flux rope already started (Fig. 5). This mag-
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Fig. 2. Dy; index and solar wind parameters of storm no. 21. Two vertical solid lines show the duration of the geomagnetic storm. Horizontal
dashed lines stress some distinct valueg (ndex: —100 nT,B;: —10nT, B-phi: 135 and 315 degregs, 1, and He/H: 0.08).
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Fig. 3. A negative image of soft X-
ray observation of solar activity asso-
Ry ciated with storm no. 21. This image
14—=JUL=00 15:30:07/ was taken by the Yohoh/SXT. The ar-
row shows the projected orientation of
the magnetic flux rope observed by the
ACE spacecraft.

netic flux rope was associated with a halo CME on 29 April This event was associated with the M3.2/SF flare that oc-
1998. And then another strong shock arrived at the Earthcurred at S23W41. Figure 10 shows a source surface map
The strong southward IMF associated with this shock madeproduced by the Wilcox Solar Observatory. The solar source
the storm more intense. This is an example of a double-stepf the storm (a circle in Fig. 10) was located in the south-
storm (Gonzales et al., 2001). ern solar hemisphere in the away sector and an upper part of

The strong southward IMF of storm no. 4 was observedejecta was expected to pass the Earth. The southward IMF
behind a magnetic flux rope (Fig. 6). In this case, the fluxin front of ejecta in the upper panel of Fig. 13 can explain
rope itself did not carry the strong southward component ofthe southward IMF of this event. This example suggests that
IMF. A shock that penetrated into the flux rope possibly pro-it is possible to infer the southward IMF expected at 1 AU
duced the strong southward IMF. according to the solar observations.

In storm no. 9, there were two major dips in theg; index, Figure 11 shows the plot for storm no. 24 on 17 Septem-
as shown in Fig. 7. The first dip corresponded to the southber 2000. Two dashed lines show a duration of a magnetic
ward IMF of an ejection in front of a strong shock, and the flux rope. A high-speed interplanetary disturbance with a
second dip corresponded to the southward IMF caused by apeed of more than 800 km/s formed a sheath region with
magnetic flux rope. strong southward IMF, and the geomagnetic storm began at

Figure 8 shows the plots for storm no. 20 on 23 May the same time as the arrival of this disturbance. Then there
2000. In this case, the southward IMF was formed betweervas a magnetic flux rope behind the sheath region. However,
two ejecta. Figure 8 indicates that the collision of the ejectathis magnetic flux rope did not have strong southward IMF
strengthened the southward IMF. in this case.

3.5 Southward IMF in sheath 3.6 Miscellaneous
In storm no. 13, strong southward IMF of more than 20 nT Figure 12 shows thé;, indices and the solar wind param-

was observed on 18 February 1999. This strong southwareters of storm no. 5. The southward IMF continued for ap-
IMF was formed in the sheath region, as shown in Fig. 9.proximately twelve hours. Associated with a weak shock,



678 S. Watari et al.: Formation of a strong southward IMF

1999/10/20-1999/10/24

6 50k =

[0 = |

E o ; 7777777777 - - - Y 7~ - |

o 50 E
800

(
~
(@]
(@]

71

\\\?‘\\\\

m/s)
T
‘ % ;
‘ ‘ \\\\‘\\\\ ‘ ‘ ‘ ‘

Fig. 4. Dg; index and solar wind parameters of storm no. 16. Two vertical solid lines show the duration of the geomagnetic storm.
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Fig. 5. Dy; index and solar wind parameters of storm no. 3. Two vertical solid lines show the duration of the geomagnetic storm and two
vertical dash lines show the duration of a magnetic flux rope.
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Fig. 6. Dy; index and solar wind parameters of storm no. 4. Two vertical solid lines show the duration of the geomagnetic storm and two
vertical dash lines show the duration of a magnetic flux rope.
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Fig. 7. Dy; index and solar wind parameters of storm no. 9. Two vertical solid lines show the duration of the geomagnetic storm and two
vertical dash lines show the duration of a magnetic flux rope.
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2000/5/22-2000/5/26
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Fig. 8. Dg; index and solar wind parameters of storm no. 20. Two vertical solid lines show the duration of the geomagnetic storm.
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Fig. 9. Dy; index and solar wind parameters of storm no. 13. Two vertical solid lines show the duration of the geomagnetic storm.
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Fig. 10. A source surface map produced by the Wilcox Solar Observatory. The circle shows the location of a M3.2/SF flare associated with
the geomagnetic storm no. 13.

the magnitude of IMF increased to approximately 20 nT. Thelower part of the ejects tends to pass the Earth if the ejecta

speed of the solar wind was approximately 400 km/s duringoriginates in the northern hemisphere of the Sun. For exam-

this period. In storms numbers 15 and 17, strong southwargle, southward IMF in front of the ejecta observed at 1 AU

IMFs were observed in low temperature ejecta. However,is formed in the away sector in the upper part of the ejecta

causes of these southward IMFs were uncertain. and in the towards sector in the lower part of the ejecta (see
Sect. 3.5).

4 Possibility to infer southward IMF
5 Discussion and summary
There are two main causes of the formation of southward
IMF associated with transient events. One possible sourc&outhward IMF is an important factor in the intensity and
is a southward component directly ejected from the Sun agluration of geomagnetic disturbances. One purpose of this
interplanetary magnetic flux ropes. Another is a formation study was to find a way to infer soutty two- or three-days in
of southward IMF by an interaction between an interplane-advance. It was found that the strong southward IMF is either
tary disturbance and the background solar wind or betweergjected from the Sun as interplanetary magnetic flux ropes,
interplanetary disturbances. or it is formed by the interaction between an interplanetary
It is possible, in some cases, to infer orientation of a mag-disturbance and background solar wind or interplanetary dis-
netic flux rope from solar observations (orientation of solarturbances. We presented a possibility of inferring southward
filaments that disappeared or soft X-ray arcades), by assumMF from solar observations considering those mechanisms.
ing that the orientation of the flux rope remains constant dur- According to our study, intense geomagnetic storms of-
ing propagation (see Sect. 3.2, storm no. 21). This means thden occurred in association with interplanetary magnetic flux
it is possible to infer southward IMF inside the flux rope. ~ ropes. However, strong southward IMFs were observed
There are four ways to form southward IMF by interac- around the interplanetary flux ropes rather than inside them.
tion between ejecta and the IMF of the background solarThey were formed through the interaction of the flux ropes
wind (Fig. 13). In this figure, the ejecta travel from left to Wwith the background solar wind. Interactions between inter-
right. The southward IMF that forms in front of ejecta is well planetary disturbances, or between the other interplanetary
known (McComas et al; 1989; Wu, Dryer, and Wu, 1996). In disturbances and the background solar wind also produced
contrast, we found the formation of southward IMF in the tail Strong southward IMFs. This is an important factor in the
of the ejecta through the interaction with the following CIRs severity of storms. The interaction causes the observed com-
or shocks (see Sects. 3.3 and 3.4). According to Fig. 13, it ilex signatures of interplanetary disturbances (see Sect. 3).
possible to infer southward IMF by using the sector of back-And the interactions make it more difficult to infer southward
ground solar wind if we know which part (e.g. upper part or IMF at 1 AU from solar observations.
lower part) of the ejecta passes the Earth. The upper part of
the ejecta tends to pass the Earth if the ejecta originates in
the southern hemisphere of the Sun. On the other hand, the
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Fig. 11. Dy, index and solar wind parameters of storm no. 24. Two vertical solid lines show the duration of the geomagnetic storm and two
vertical dash lines show the duration of a magnetic flux rope.
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Fig. 12. Dy; index and solar wind parameters of storm no. 5. Two vertical solid lines show the duration of the geomagnetic storm.
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