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Abstract: We investigate two abnormal CME-Storm pairs that occurred on 2014 September 10 - 12
and 2015 March 15 - 17, respectively. The first one was a moderate geomagnetic storm (Dstmin ∼ -75
nT) driven by the X1.6 high speed flare-associated CME (1267 km s−1) in AR 12158 (N14E02) near
solar disk center. The other was a very intense geomagnetic storm (Dstmin ∼ -223 nT) caused by a
CME with moderate speed (719 km s−1) and associated with a filament eruption accompanied by a weak
flare (C9.1) in AR 12297 (S17W38). Both CMEs have large direction parameters facing the Earth and
southward magnetic field orientation in their solar source region. In this study, we inspect the structure
of Interplanetary Flux Ropes (IFRs) at the Earth estimated by using the torus fitting technique assuming
self-similar expansion. As results, we find that the moderate storm on 2014 September 12 was caused
by small-scale southward magnetic fields in the sheath region ahead of the IFR. The Earth traversed the
portion of the IFR where only the northward fields are observed. Meanwhile, in case of the 2015 March
17 storm, our IFR analysis revealed that the Earth passed the very portion where only the southward
magnetic fields are observed throughout the passage. The resultant southward magnetic field with long-
duration is the main cause of the intense storm. We suggest that 3D magnetic field geometry of an IFR
at the IFR-Earth encounter is important and the strength of a geomagnetic storm is strongly affected by
the relative location of the Earth with respect to the IFR structure.

Key words: Impact of interplanetary coronal mass ejections on the Earth, 3D structure of interplanetary
flux ropes, Forecast of geomagnetic storms

1. INTRODUCTION

Since the first observation of coronal mass ejections
(CMEs) from space by MacQueen et al. (1974), CMEs
have been known as an important phenomenon of solar
activity that causes severe geomagnetic storms. Since
only a small number of CMEs lead to geomagnetic
storms, studies have proposed several conditions as
leading to geoeffective CMEs such as front-side, large
angular width, fast speed, southward orientation of the
magnetic field, and the location of the solar source
region near the disk center (e.g., Pevtsov & Canfield
2001; Wang et al. 2002; Webb 2002; Venkatakrishnan
& Ravindra 2003; Yurchyshyn et al. 2004, 2005; Moon
et al. 2005; Gopalswamy et al. 2007; Kim et al. 2008).
The primary controlling factor of the geoeffectiveness
of a CME is the product of the intensity of the south-
ward magnetic field strength (Bz) and the speed (v) of
the CME at the point of its encounter with the Earth
(Snyder et al. 1963; Fairfield & Cahill 1966).
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Remote observations of CMEs often show a three-
part structure that consists of a bright front, a dark cav-
ity, and a bright core (e.g., Fisher & Poland 1981). In
situ measurements near the Earth reveal that many in-
terplanetary CMEs (ICMEs) have a characteristic mag-
netic structure and often are preceded by a shock and
a sheath of turbulent plasma between the ambient so-
lar wind and the ICME (e.g., Sheeley et al. 1985; Zur-
buchen & Richardson 2006). Some of ICMEs exhibit
magnetic flux ropes with smooth rotation of the mag-
netic field vector (magnetic clouds: MCs) and others
have a non-flux complex rope structure without any sig-
nificant rotational signature (non-MC ejecta or simply
ejecta).

It is still not resolved whether all ICMEs have flux
rope or not. Recently, there were many reports from
Coordinated Data Analysis Workshops (CDAWs) sup-
porting that majority of CDAW events contain flux rope
(Gopalswamy et al. 2013). For example, Cho et al.
(2013) inspected helicity signs of 34 CME-ICME pairs
from the CDAW events and concluded that the signs
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of the ICMEs generally agree with those of the injected
helicity in the solar source regions of the correspond-
ing CMEs. Recently Marubashi et al. (2015) reported
that they identified flux rope structures in 51 out of 54
ICMEs.

The strength of geomagnetic storms is measured
by using the minimum Dst value (Dstmin) in the main
phase of the storms since there is a close relationship
between the total energy of the ring current and the ge-
omagnetic Dst index (Dessler & Parker 1959). Accord-
ing to Gonzalez et al. (1994), the strength of the storms
can be classified into three groups : weak or minor (-30
> Dstmin ≥ -50 nT), moderate (-50 > Dstmin > -100
nT), and intense (Dstmin ≤ -100 nT). Kim et al. (2010)
investigated the behavior of geomagnetic storm inten-
sity (minimum Dst) depending on the conditions of 66
halo or partial halo CMEs associated with M-class and
X-class solar flares observed from 1997 to 2003. The au-
thors reported that the Earth-ward direction of CMEs
is best correlated with the storm strength (Dstmin) and
proposed an empirical relationship to predict the oc-
currence and strength of the storm by using initially
observed CME parameters. Gonzalez et al. (2007) re-
ported that MCs, sheath fields, corotating interaction
regions lead to intense geomagnetic storm development,
and Echer et al. (2008a) concluded that MC and sheath
fields are main causes of superintense (Dstmin < -250
nT) geomagnetic storms. Meanwhile a number of pa-
pers reported that merging of CMEs can generate a
complex structure with enhanced magnetic field, which
may be potentially geoeffective (see, Wang et al. 2002,
2003; Lavraud & Rouillard 2014; Liu et al. 2014; Lugaz
& Farrugia 2014, and references therein). The issue of
geoeffectiveness of interacting CMEs is discussed in de-
tails by Cid et al. (2008) with comments on Echer et
al. (2008a) and by Yermolaev & Yermolaev (2008) with
comments on Gonzalez et al. (2007).

It is widely accepted that ICMEs carrying south-
ward magnetic fields are effective in producing intense
storms (e.g., Snyder et al. 1963; Gonzalez et al. 1994;
Echer et al. 2008b). Normally, fast CMEs occurring
near solar disk center propagate toward the Earth and
trigger stronger geomagnetic storms than slow CMEs
that occur away from solar disk center (Srivastava &
Venkatakrishnan 2004; Yurchyshyn et al. 2004). In this
study, we choose two abnormal events in the campaign
events by ISEST/working Group 41 that are far be-
yond our general understanding of Sun-Earth connec-
tion. The first is the intense storm on 2015 March 17
(Dstmin ∼ -223 nT) and the other is a moderate ge-
omagetic storm that occurred on 2014 September 12
(Dstmin ∼ -75 nT). In fact, we can expect an intense
geomagnetic storm from the 2014 September CME be-
cause there was a fast CME that occurred near solar
disk center. The CME had a large direction parameter
facing to the Earth and associated with the strong flare.
However it produced a moderate storm. On the other
hand, the 2015 March CME had similar characteristics

1http://solar.gmu.edu/heliophysics/index.php/

but was slower and associated with a weaker flare than
that of the September CME, but it produced a very
intense geomagnetic storm. We try to understand why
the 2014 September and 2015 March storms were much
weaker and stronger than expected, even though the
magnetic field strength and the speed of the associated
ICMEs near the Earth were not very different between
the 2014 September event (Bmax ∼ 30 nT and Vmax ∼

690 km s−1) and the 2015 March event (Bmax ∼ 30 nT
and Vmax ∼ 600 km s−1).

The rest of the paper is organized as follows. In
Section 2, we briefly describe the data and methodology
of our study. Observations and interpretations of the
2014 September and the 2015 March events from solar
surface to interplanetary space are presented in Section
3 and Section 4, respectively. A brief summary and a
discussion are delivered in Section 5.

2. DATA AND METHODOLOHY

We used the geomagnetic Dst index data provided
by the World Data Center2 and the white-light CME
data obtained by Solar and Heliospheric Observatory
(SOHO)/ Large Angle and Spectrometric Coronagraph
(LASCO) instrument. We can easily identify the CME
and storm pairs: a halo CME occurred on 2014 Septem-
ber 10 and the corresponding moderate geomagnetic
storm started on 2014 September 12; a halo CME on
2015 March 15 caused a strong geomagnetic storm on
2015 March 17. To avoid incorrect pairing of the CMEs
and storms, we inspected other CMEs that occurred
near the onset time of the selected CMEs and confirmed
no other CME candidates that could have driven the
storms. As for the solar source regions of the CMEs,
we first inspected the GOES X-ray flares whose start-
ing time was approximately coincident with the extrap-
olated CME onset time and then identified their loca-
tions from the flare list compiled by the National Geo-
physical Data Center (NGDC3). The deduced source
location were further confirmed by visual inspection of
the Atmospheric Imaging Assembly (AIA: Lemen et al.
2012) brightening/dimming which coincided spatially
and temporally with the eruption of the LASCO CMEs.
The low coronal eruptions of the CMEs were inspected
by using the running difference of AIA images in 94Å,
211Å, and 304Å channels. Time-distance maps along
the propagation direction of the eruption were used to
determine the initial speed of the eruption as well as
their association with CMEs.

According to the suggestion by Cho et al. (2013),
the preliminary CME-storm association was then con-
firmed by comparing the helicity sign of the solar source
region with that of the Interplanetary Flux Ropes
(IFRs) associated with the storms. The helicity injec-
tion through the photosphere in the source AR was es-
timated by using the formula proposed by Pariat et al.
(2005) and the numerical calculation method developed
by Chae (2007). We applied the method to magne-
tograms obtained by the Solar Dynamics Observatory

2http://wdc.kugi.kyoto-u.ac.jp/
3ftp://ftp.ngdc.noaa.gov/STP/SOLAR DATA/FLARES



September 2014 and March 2015 Events 31

(SDO)/Helioseismic and Magnetic Imager (HMI). Re-
fer to Cho et al. (2013) for details of the helicity mea-
surement method. To minimize geometrical projection
effects, we used magnetogram data when the AR was
located within 60% of the solar radius from the appar-
ent solar disk center. We used the solar wind mag-
netic field data from the Magnetic Field Experiment
(MAG: Smith et al. 1998) onboard the Advanced Com-
position Explorer (ACE) spacecraft, and identified the
IFRs from the model-fitting analysis. The helicity and
magnetic field structures of the IFRs were determined
using the model developed by Marubashi & Lepping
(2007). We selected a time interval in which the mag-
netic field variations show smooth rotations, executed
the least-squares fitting of the observed variations, and
finally determined the geometry of the IFRs for the ap-
propriate model.

In this study, we used the empirical model of Kim
et al. (2010) for prediction of a geomagnetic storm
strength (Dst), which is solely based on initially ob-
served CME parameters such as its speed and direction
parameter as well as longitude and magnetic field ori-
entation of the source region that produced the CME.
Thus the Dst prediction model can give us a 2-3 days ad-
vance warning of a geomagnetic storm after a CME oc-
currence. In fact, the model reflects several CME char-
acteristics. Besides the speed, the longitudinal asym-
metry was considered by adopting an offset of 15◦ west
from the central meridian, since it gives the best cor-
relation between source location and storm strength.
The direction parameter, which shows how much CME
propagation is directed to Earth (Kim et al. 2008), is
also considered to establish the model. However, the
model tends to underestimate the minimum Dst value
for strong southward events, and contain errors that
need to be improved. For more accurate forecast, real
time solar and near Earth conditions as well as the con-
nection of CME parameters with near Earth interplan-
etary conditions should be considered.

3. OBSERVATIONS

3.1. 2014 September Event

A moderate geomagnetic storm (Kp = 7 and Dstmin

= -75 nT) occurred on 2014 September 12 with a sud-
den commencement at 15:54 UT as shown in Figure 4
(a). This storm was associated with a halo CME and
a X1.6 flare that occurred in NOAA AR12158 near the
disk center (∼ N14E02) at 17:21 UT on September 10.
As described by Marubashi & Cho (2015), the associa-
tion between the halo CME and the geomagnetic storm
is not very ambiguous when we predict the arrival time
of the CME at the Earth using the empirical model of
Gopalswamy et al. (2001). A solar proton event accom-
panied the CME starting at 02:40 UT on September 11
with the maximum flux of 126 pfu (> 10 MeV). The
CME was fast (1267 km s−1) and had large earthward
directional parameter (D = 0.65, Figure 1 (a)). In the
Figure, the white ellipse denotes the CME front and the
white line that passes the center of Sun (red dot) and
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Figure 1. The 2014 September 10 CME events. (a) Red and
blue dots indicate the locations of centers of solar disk and
the ellipse that encircles the boundary of CME1 in LASCO
C2 field of view. The ratio of the shorter (S) to longer (L)
distances of the CME front measured from the solar center
along the line is used as the direction parameter, D. (b), (c),
and (d) Two CMEs appear on SOHO/LASCO C2 and C3
running difference images. The boundary of southern CME
(CME2) is denoted by the black arrows.

the center of ellipse (blue dot) is used to determine the
short and long distances of the CME front from solar
center. Here, we wish to note that the direction param-
eter is defined as the ratio of the shortest to the longest
distance according to Kim et al. (2008). The param-
eter is always between 0 and 1, and it quantifies how
much the CME propagation is directed to the Earth.
This CME was expected to cause an intense geomag-
netic storm (Dstmin < -100 nT) based on Kim et al.
(2010), because it exhibited a fast projected speed and
propagated directly to the Earth. However, the Dst
minimum of the associated storm was not actually that
strong (i.e., -75 nT).

To check for other possible CME sources of the
geomagnetic storm, we studied LASCO images care-
fully, and found that there was a faint shock front as-
sociated with another CME propagating in the south-
ward direction marked by the arrows shown in Figure
1 (b) and (c). The southern CME (hereafter CME2)
first appeared at 18:00 UT in LASCO C2 field of view
(FOV) before the first appearance of the southern edge
of the northern CME (hereafter CME1) detected at
18:12 UT. We have checked whether the geomagnetic
storm was produced by the CME2 or not. Figure 2
shows the propagation speeds of the eruptions asso-
ciated with northern CME1 and the southern CME2
measured along their leading edge in the low corona.
These two CMEs were associated with the X1.6 flare
and erupted with different directions and speeds. The
northern and southern eruptions seem to be associated
with the neutral lines located in the northwest and the
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Figure 2. Low coronal eruptions of CME1 (c) and CME2 (e), and the associated flare ribbons observed by SDO/AIA (a)
and the HXR flux obtained by Fermi/GBM (b). The time-distance plots of the CME leading edges along the slit on the
difference images of AIA 94Å (c) and AIA 211Å (e) are used to determine projection speeds and eruption times (yellow
arrows) of CME1 (d) and CME2 (f). The blue and red contours overlaid on the AIA difference images denote positive (red)
and negative (blue) polarities from SDO/HMI data.
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Figure 3. Estimation of helicity injection at the two CME
source regions in AR 12158. (a) Blue and red boxes on a
SDO/HMI magnetogram denote the source regions of the
southern and northern CMEs, respectively. Helicity injec-
tion rate and accumulated helicity in the regions of interest
are shown for western region (R1, b) and eastern region (R2,
d). The green vertical dashed lines denote flare times. (c)
Red and yellow arrows denote photospheric apparent mo-
tions of positive and negative photospheric magnetic fluxes,
respectively. Cyan and blue curved arrows indicate poten-
tial and sheared magnetic fields, respectively, crossing each
of the magnetic polarity inversion lines of CME1 and CME2
source regions.

southeast parts of the active region, respectively. Two
separated flare ribbons were observed by the SDO/AIA
304Å and two step increases in HXR fluxes were iden-
tified mainly in the high energy channel (i.e., 100 - 300
keV) of Fermi/GBM (Meegan et al. 2009) as shown in
Figure 2 (a) and (b), respectively. The blue and red
contours overlaid on the AIA difference images in Fig-
ure 2 (c) and (e) denote the positive (red) and negative
(blue) polarities from SDO/HMI data. As shown in the
time-distance maps in Figure 2 (d) and (f), the CME1
erupted first with ∼ 128 km s−1 at 17:22 UT and then
the CME2 erupted with ∼ 328 km s−1 at 17:24 UT.
The start times of the eruptions are marked with yel-
low arrows in the time-distance maps. In LASCO field
of view, it was found that the CME1 propagated with
a constant speed but the CME2 showed deceleration.
These observations indicate that the X1.6 flare event
actually consists of two separate eruptions.

We estimated the helicity injected through the pho-
tosphere of the CMEs’ source regions. We first defined
two local areas in NOAA AR 12158, marked in Figure
3 (a): i.e., one associated with the source region R1 of
the northern CME1 (marked with the red box) and the
other associated with the source region R2 of the south-
ern CME2 (marked with the blue box). We selected the
two regions which enclose the two different flare ribbons
in AIA 304Å observations (Ribbons 1 and 2 in Figure
2a) associated with the two CMEs in AR 12158. Note
that these two regions have differently oriented polarity

inversion lines (PILs). In panels (b) and (d) of Figure 3,
we plot the helicity injection rate (black dashed lines),
as well as the accumulated helicity (colored solid lines),
in R1 and R2, respectively. The occurrence time of the
CME-associated flare is marked by the vertical dotted
lines in Figure 3 (b) and (d). Both regions show contin-
uous injection of negative helicity during most of the he-
licity measurement time of ∼ 2.5 days before the CMEs
occurrence. One thing to notice is that the southern
CME’s source region R2 shows a gradual decrease of
the negative helicity injection rate during the helicity
measurement time and then very little injection of he-
licity for a few hours after the flare. Meanwhile there
was no significant change in the helicity injection rate
in the northern CME’s source region R1. Negative he-
licity injection in both regions can also be conjectured
from the shearing motions of the magnetic fields near
the PILs, derived by using the differential velocity es-
timator (DAVE) method (Schuck 2006) and marked by
the red and yellow arrows in Figure 3 (c) for veloci-
ties of positive and negative magnetic fluxes, respec-
tively. Moreover, the large-scale overlying and sheared
magnetic field lines which are roughly estimated from
the helicity injections in R1 and R2 are illustrated with
the blue curved arrows in Figure 3 (c), and the cor-
responding potential field lines with the cyan curved
arrows. The sheared magnetic field indicates that the
left-handed (negative) helicity had been injected in the
region.

Figure 4 presents the solar wind magnetic field data
from the ACE/MAG relevant to the development of the
moderate geomagnetic storm. The plots are 64-second
averages of the magnetic field intensity (B), the X, Y,
and Z components of the field (Bx, By, Bz) in Geocen-
tric Solar Ecliptic (GSE) coordinates, and the ratio of
the standard deviation of the magnetic field to the av-
erage intensity (Sb/B). Solar wind speed, proton num-
ber density, He++/H+ ratio, proton temperature, and
plasma beta are plotted in the Figure with Dst obser-
vation. Though the Geocentric Solar Magnetospheric
(GSM) coordinates are desirable for considering the so-
lar wind interaction with the magnetosphere, we use the
GSE coordinates in our fitting analysis, because the Y-
and Z-axes change with time as a function of UT in the
GSM coordinate system. We confirmed the difference
between the Bz component in GSM and that in GSE is
sufficiently small as indicated by the blue line in the Bz
plot of Figure 4 (a). The vertical dashed line denotes
the arrival time of an interplanetary shock, and the two
vertical solid lines denote the start and end times of the
IFR, which were identified from the fitting analysis as
described below. We can conclude that the main phase
of the storm was stimulated by the negative Bz in the
sheath region, and that the IFR acted to cease the Dst
development by large positive Bz. Flux rope fitting was
applied to the magnetic field variations during the time
interval indicated by the two vertical lines. During this
period, the proton temperatures are significantly lower
than the proton temperature statistically expected from
the solar wind speed, which is indicated by the hori-
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Figure 4. Solar wind data from the ACE spacecraft and Dst observation. Fitting results based on torus model assuming a
left helicity (a) and a right helicity (b) are denoted by the thick, solid, red lines on the solar wind data. The vertical dashed
and solid lines represent the arrival time of the interplanetary shock and the boundary of the IFR. The 3D geometries of
the IFR obtained by the fitting to a tours model with a left-handed helicity and a right-handed helicity are depicted in (c)
and (d), respectively. The red plus symbol denotes the point of the spacecraft crossing and the blue curved arrow indicates
the helicity direction of the IFR.

zontal dashed line in the temperature panel of Figure
4 (a). Although the helicity sign of the IFR can often
be identified from the rotation of magnetic field vectors
projected onto the Y-Z plane (GSE), the field vectors in
this IFR do not exhibit any significant rotation, keep-
ing almost constant direction (not shown in the figure).
We find that the fitting analysis yields good fits for two
torus geometries, one with left-handed helicity and the
other one with right-handed helicity. If we define the
root-mean-square divided by maximum magnetic field
strength (= Erms) as the accuracy of fitting (Marubashi
et al. 2015), Erms = 0.127 for the left-handed model
and Erms = 0.123 for the right-handed model, indicat-
ing the fit is extremely good in both cases. The cylinder
model, however, did not fit the data well. The magnetic
field profiles from the two torus fits are shown in red in
Figure 4 (a) for the model with left-handed helicity,
and in Figure 4 (b) for that with right-handed helicity.
Marubashi & Cho (2015) describe additional details of
the parameters obtained from the fitting. The geome-
try of the spacecraft encounter with the IFR is depicted
in Figure 4 (c) for the model with left-handed helicity
and in Figure 4 (d) for the model with right-handed
helicity, where the point of the spacecraft crossing is
marked with a red plus symbol.

If we accept the idea that the direction of the axial
field at the apex of the torus coincides with the sheared
field components along the PIL on the Sun, and that

the direction of the field component perpendicular to
the axis coincides with the solar magnetic field across
the neutral line (Marubashi et al. 2015), it is required
that the polarity change across the neutral line should
be positive on the east side and negative on the west side
for both models. In addition, according to the ‘helicity
conservation principle’ which was suggested by Berger
(1984) and confirmed by Cho et al. (2013) by using
34 CME-ICME pairs, we should choose the magnetic
structure in Figure 4 (c). Then, we conclude that the
eruption in the western part (R1 in Figure 3) of the
active region is the source event of the flux rope.

3.2. 2015 March Event

A strong geomagnetic storm started at 04 UT on 2015
March 17, with a storm sudden commencement at 04:45
UT. Maximum Kp index was 8 and the minimum Dst
(Dstmin) at 23 UT on March 17 was ∼ -223 nT accord-
ing to the World Data Center in Kyoto. By searching
for solar eruption related to the geomagnetic storm, we
found a halo CME that erupted from the AR 12297 lo-
cated at S17W38. The CME first appeared in LASCO
C2 FOV at 01:48 UT on March 15 but soon it swept two
preceding CMEs (CME-S and CME-N) in the south and
north of the Sun as marked by arrows in Figure 5 (b).
We excluded the preceding CMEs as a driver of the ge-
omagnetic storm because they are not halo CMEs and
they are not fast enough (CME-S ∼ 350 km s−1 and
CME-N ∼ 200 km s−1). In fact they were disturbed
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Figure 5. The 2015 March 15 CME events. (a) White el-
lipse indicates the boundary of the CME, and the line and
color dots are used for determine the direction parameter,
D as explained in Figure 1. (b) Multiple CMEs appears on
SOHO/LASCO C3 running difference image.

by the subsequent fast halo CME in LASCO C3 field
of view, which can be seen from the LASCO CME Cat-
alogue4. The direction parameter of this CME is 0.71
and the speed is ∼ 719 km s−1.

The empirical model due to Gopalswamy et al.
(2001) predicted that the CME will arrive at the Earth
between 13:00 UT on March 16 and 01:00 UT on March
17 and will cause a intense storm (-110 nT) since the
solar source region has southward magnetic field orien-
tation. The magnetic field direction of the CME was
defined by the magnetic field orientation angle in the
source region of the CME (see, Figure 3 of Song et al.
2006). It was observed that the CME associated shock
arrived at the ACE at ∼ 04:30 UT on March 17 and the
arrival of the main body of the ICME (flux rope) pro-
duced much stronger storm than the model prediction
by Kim et al. (2010).

Interestingly, the halo CME whose speed is greater
than 1200 km/s was associated with a weak C9.1 flare,
starting at 01:15 UT on 2015 March 15 in the AR 12297.
An associated weak solar proton event started at 02:00
UT on March 15 with maximum flux of 10 pfu (> 10
MeV) during the CME propagation. We find that the
CME was associated with a filament eruption trigged by
a jet. An S-shaped filament was located in the western
part of the active region as marked by a green dashed
curve in Figure 6 (a). The yellow and blue contours in
Figure 6 (a) denote positive and negative polarities of
AR 12297. The PIL was at the west edge of the active
region. There was a jet-like ejection seen at 00:38 UT
on March 15 in the AIA 304 Å data. It is likely that
the propagating jet drove the rise of another filament
located at the south end of the S-shaped filament at
01:00 UT and then the filament erupted from 01:10 UT
as shown in the AIA 304 Å difference images. The
measured speed along the line in Figure 6 (a) is about
172 km s−1 as denoted by dashed green line in the time-
distance plot in Figure 6 (b). After the eruption, the
C9.1 flare started at 01:15 UT near the S-shaped fila-
ment, which showed twisting motions.

As expected from the S-shape filament, we find
that positive helicity is indeed injected through the pho-

4http://cdaw.gsfc.nasa.gov/CME list/

(a)
(b)

Figure 6. Eruption of the filament associated with the CME
seen in AIA 304 Å (a) and the time-distance plot (b) of the
filament along the blue slit in (a). The blue and red con-
tours overlaid on the AIA difference images denote positive
(yellow) and negative (blue) polarities from SDO/HMI data.

tospheric surface of AR 12297. In the same format as
that of Figure 3, Figure 7 shows the helicity injection
rate and the accumulated helicity in two local areas of
AR 12297. The first local area R1 (blue box) is selected
large enough to cover the place where the jet-like ejec-
tion occurred, while the other area R2 (red box) for
the filament eruption associated with the main CME.
Accumulated helicity injections through both regions
have positive signs around the occurrence time of the
CME-associated flare. We notice that there was a con-
siderable amount of negative helicity injection in R1
for ∼ 1 day from 12:00 UT on March 11, but a larger
amount of positive helicity injection followed in the next
few days so that the sign of the accumulated helicity
become positive before the flare. On the other hand,
positive helicity was consistently injected in R2 during
the helicity measurement time, especially on March 12.
All the twist motions of the jet, the erupting filament,
and the S-shaped filament together show right-handed
twist.

It is noted that the storm had three Dst depression
as marked by the arrows in Figure 8 (a), which corre-
spond to the times when the sheath and IFR pass the
spacecraft. The first Dst minimum (Dstmin), where the
slope, dDst/dt changes its sign from negative to posi-
tive, corresponds to the negative Bz in the sheath region
near ∼ 09:00 UT, and the second and third Dst mini-
mum peaks correspond to the negative Bz in the IFR
at 18:00 UT and 23:00 UT on March 17, respectively.
We plot the magnetic field data of ICME associated
with the strong geomagnetic storm in Figure 8 (a) in
the same format as that of Figure 4. The thick red
solid lines are the results of fitting the toroidal model
with right-handed helicity. We selected the IFR interval
from 12:00 UT to 23:20 UT on March 17 and excluded
a small scale disturbance from 14:40 UT to 17:00 UT.
The fitting accuracy is quite good as given by Erms =
0.255. Note that Marubashi et al. (2015) used Erms

< 0.35 as a criteria for acceptable fits. It is notewor-
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Figure 7. Same as in Fig. 3 but for two CME source regions
in AR 12297. (a) Blue and red boxes on a SDO/HMI mag-
netogram denote the possible source regions of the CME.
Helicity injections in the regions of interest are shown for
eastern region (R1, b) and western region (R2, d). Red and
yellow arrows denote photospheric apparent motions of posi-
tive and negative photospheric magnetic fluxes, respectively.
Cyan and blue curved arrows indicate potential and sheared
magnetic fields, respectively, crossing each of the magnetic
polarity inversion lines of the possible source regions of the
CME.

(b)

(a)

RH

Figure 8. Solar wind data from the ACE spacecraft and Dst
observation. (a) Thick solid red lines on the solar wind data
denote the fitting results of the magnetic field based on torus
model assuming a right helicity deduced from solar source
region. A vertical dashed and solid lines represent the arrival
time of the interplanetary shock and the boundary of the
IFR. The 3D geometries of the IFR obtained by applying
the torus fitting is depicted in (b). The red plus symbol
denotes the point of the spacecraft crossing and the blue
curved arrow indicates the helicity direction of the IFR.

thy that a left-handed helicity model cannot reproduce
the observed field variation. We determined 12 optimal
fitting parameters and the geometry of IFR is shown
in Figure 8 (b). The point of the spacecraft crossing
in the IFR is marked with red plus symbol. We find
that the spacecraft passes the eastern part of the IFR,
which is consistent with the fact that the associated
CME erupted in the western hemisphere of Sun. Du-
ration time of the sheath with southward Bz is similar
to that of the 2014 September event. However there
is a long duration (∼ 12 hrs) of southward Bz in the
IFR structure after the sheath structure. We propose
that this is a main reason why the 2015 March CME
produced the strong storm.

4. INTERPRETATIONS

As shown in Table 1, we can expect an intense geo-
magnetic storm from the 2014 September CME because
it was associated with a strong flare, displayed high
speed, and occurred near the solar disk center facing
the Earth with a large direction parameter. However
it produced a moderate storm. On the other hand, the
2015 March CME had similar characteristics but was
much slower and was associated with a much weaker
flare. Nevertheless, it produced a very intense storm.
To address the question as to why different strength
of the storms have resulted from those CMEs, we have
investigated the two events in detail by using remote
observations of the CMEs and their source regions, and
in situ measurements of the magnetic structure of the
ICMEs. The photospheric magnetic helicity injection
in the solar source regions were measured to compare
with magnetic field structures of the IFRs of the ICMEs
near the Earth. The IFRs are determined by using a fit
based on the force-free torus model. The IFR structures
were compared with detailed features of the CMEs as
well as their solar source regions.

It is found that the moderate storm (Dstmin ∼ -75
nT) is generated by the sheath region between the IP
shock and the ICME that erupted in the western part
of the AR 12158 with left-hand (LH) helicity during the
X1.6 flare. The orientation of the IFR axis from torus
model fit with the LH helicity is nearly parallel to the
orientation of the neutral line with the LH helicity in-
jection. The southward eruption in the eastern part was
more prominent but the northward eruption (CME1) in
the western part of the active region was identified to
be the source event of the flux rope because the direc-
tion of the field component perpendicular to the axis
from the model fit should coincide with the solar mag-
netic field across the neutral line. As shown in Figure
9 (a and c), the spacecraft (or Earth) passes the south-
ern part of the IFR and the main phase of the storm
was stimulated by the negative Bz in the sheath region.
The IFR ceased the development of the storm with its
large positive Bz so that the geomagnetic response to
the CME ended up as a moderate storm. It is note-
worthy that the axial field is directed southward, which
means that it is difficulty of predicting magnetic field
variations from predicting only the direction of the flux
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Table 1
Comparison between 2014 September event and 2015 March event.

2014 September event 2015 March event
Flare X1.6 C9.1
AR Location N14E02 S17W38
AR Magnetic Field Orientation Southward Southward
CME Speed 1267 km s−1 719 km s−1

CME Width Halo Halo
Earthward Direction 0.65 0.71
Storm Prediction Dstmin ∼ -148 nT Dstmin ∼ -110 nT
Solar Wind Bmax ∼ 30 nT Bmax ∼ 30 nT
Condition Vmax ∼ 690 km s−1 Vmax ∼ 600 km s−1

Observed Moderate storm Intense storm
Storm (Dstmin ∼ -75 nT) (Dstmin ∼ -223 nT)

Figure 9. (Upper panels) Cartoons showing the ICME-Earth
impact geometries in the two cases: (a) 2014 September
event and (b) 2015 March event. The rectangles indicate
the parts where 3-D structures of IFRs deduced from torus
fitting model are shown. (Lower panels) 3-D IFR structures
and passages of the spacecraft in the IFRs for 2014 Septem-
ber event (c) and 2015 March event (d). The red curved
arrow and circle arrow denote the axis of the IFRs and the
helicity directions, respectively. The black arrow indicates
the pass of the spacecraft.

rope axis.

Meanwhile, the strong geomagnetic storm (Dstmin

∼ -223 nT) was generated by the CME associated with a
filament eruption driven by a moderate (C9.1) flare that
occurred at AR12297. The selection of the pair of IFR
and solar eruption was not difficult because torus model
fitting with a left-handed helicity model can not sat-
isfy the observed field variation and all signatures such
as twist motion of the jet, erupting filament, and the
S-shape filament after the eruption show right-handed
twist. The storm exhibits multi-step Dst depression cor-
responding to the times of the large southward fields in
the sheath and IFR, which indicates that a single CME

could drive a multi-step geomagnetic storm. Accord-
ing to the torus fitting as shown in Figure 9 (b and d),
the spacecraft passes the east part of the IFR with long
duration of southward field in the IFR structure and
it is consistent with the fact that the associated CME
erupted in the western hemisphere of Sun. It is notice-
able that there is no immediate storm recovery after
Dst minimum peak. This means that the storm would
be moderate like the 2014 September event, if there was
no subsequent southward Bz following. If the spacecraft
(or the Earth) had passed near the apex of the flux rope
loop, the observed Bz should have changed from neg-
ative (at the beginning) to positive (at the end), and
thus the duration of negative Bz should have been much
shorter. In fact, the Earth passed near the flank edge
of the flux rope where Bz was negative throughout the
long crossing time and this condition causes the strong
geomagnetic storm.

5. DISCUSSION

We emphasize that magnetic fields observed at the
Earth depend not only on the IFR structure itself but
also on the geometry of the encounter of the Earth with
the IFR. The two storms studied in this paper exem-
plify the importance of the encounter geometry. In case
of the 2014 September event, we proposed that the so-
lar source of the IFR is the eruption in the western part
(R1 in Figure 3) of the active region. This selection pro-
vides further consistent features between the IFR and
solar observations. Firstly, the orientation of the IFR
axis is nearly parallel to the orientation of the neutral
line, if the left-handed helicity being considered. Sec-
ondly, the result that the spacecraft (or Earth) passes
the southern part of the IFR is consistent with the as-
sumption that the main body of the associated ICME
were in the north of the ecliptic plane corresponding to
its source location. It is worthwhile to mention the pe-
culiar aspect of the CME-solar wind relationship in the
2014 September event. We found that the spacecraft
crosses near the edge of IFR loop and observed north-
ward magnetic field throughout its passage through the
IFR, in spite of the fact that the axial field is supposed
to be directed southward near its apex. If an IFR had
been crossed around the apex, we should have observed
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magnetic fields directed mainly southward and causing
a strong geomagnetic storm. In case of the 2015 March
event, we proposed that the spacecraft passes the east-
ern part of the IFR and the geometry of IFR determined
the fitting analysis is consistent with that of the CME
erupted in the western hemisphere of Sun. A long du-
ration of southward Bz in the IFR structure would be
the main reason why the 2015 March CME produced
the strong storm.

The new result of this study is that we used so-
lar wind observations for determining the 3D geometry
and magnetic field structure of the two ICMEs at the
ICME-Earth encounter. We emphasize that this kind of
study became possible after the development of the fit-
ting technique based on torus geometry (Marubashi &
Lepping 2007). It is noteworthy to point out that Zhang
et al. (2013) assumed a simple untwisted flux tube for
the leg part of the ‘flux rope’. On the other hand, Kim
et al. (2013) attributed the observed difference in ICME
structures to their propagation directions.

The strength of a geomagnetic storm depends on
the strength of the Bz component, the length of time
during which Bz is negative and the CME speed (e.g.,
Fairfield & Cahill 1966). Therefore, the Bz magnitude
depends on the orientation of an ICME relative to the
Earth’s magnetic field. We suggest that when the ICME
encounters the Earth, the resultant magnetic field varia-
tion observed at the Earth changes depending on where
the Earth is located in the ICME. In other words, the
relative location of the Earth with respect to the IFR
structure strongly affects the magnetic field variation
surrounding the Earth. This is the reason why fore-
casting CME-driven geomagnetic storms is difficult.

Readers may have a question how often abnormal
events occur. To find an answer, we investigated 12
CMEs occurred near disk center with large direction
parameter (> 0.6) among the 56 CME-ICME pairs com-
plied by Gopalswamy et al. (2010), and found four ab-
normal events which have slow speeds but produced in-
tense storms and vice versa. Future statistical studies
based on 3D geometry of ICME are required to better
understand the ICME propagation and its impact on
the Earth as a geomagnetic storm driver.
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