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Abstract We compare the geoeffective parameters of halo coronal mass ejections (CMEs).
We consider 50 front-side full-halo CMEs (FFH CMEs), which are from the list of Michalek,
Gopalswamy, and Yashiro (Solar Phys. 246, 399, 2007), whose asymmetric-cone model pa-
rameters and earthward-direction parameter were available. For each CME we use its pro-
jected velocity [V, ], radial velocity [V;], angle between cone axis and sky plane [y] from
the cone model, earthward-direction parameter [D], source longitude [L], and magnetic-
field orientation [M] of its CME source region. We make a simple linear-regression analy-
sis to find out the relationship between CME parameters and Dst index. The main results
are as follows: i) The combined parameters [(V;D)!/? and V,y] have higher correlation
coefficients [cc] with the Dst index than the other parameters [V, and V;]: cc = 0.76 for
(V;D)'2, cc = 0.70 for V;y, cc = 0.55 for V,, and cc = 0.17 for V. ii) Correlation coeffi-
cients between V;y and Dst index depend on L and M; cc = 0.59 for 21 eastern events [E],
cc = 0.80 for 29 western events [W], cc = 0.49 for 17 northward magnetic-field events [N],
and cc = 0.69 for 33 southward magnetic-field events [S]. iii) Super geomagnetic storms
(Dst < —200 nT) only appear in the western and southward magnetic-field events. The
mean absolute Dst values of geomagnetic storms (Dst < —50 nT) increase with an order
of E4+N,E+ S, W+ N, and W + S events; the mean absolute Dst value (169 nT) of W + S
events is significantly larger than that (75 nT) of E + N events. Our results demonstrate
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that not only do the cone-model parameters together with the earthward-direction parameter
improve the relationship between CME parameters and Dst index, but also the longitude
and the magnetic-field orientation of a FFH CME source region play a significant role in
predicting geomagnetic storms.

Keywords Coronal mass ejection, initiation and propagation - Magnetosphere,
geomagnetic disturbances

1. Introduction

Coronal mass ejections (CMESs) are giant magnetized bubbles that are ejected from the lower
corona of the Sun. CMEs and their associated shocks are thought to be key drivers of space
weather as they can cause geomagnetic storms (Gosling et al., 1991; Brueckner et al., 1998).

Several CME parameters have been proposed to explain the geoeffectiveness of CMEs
(Wang et al., 2002; Srivastava and Venkatakrishnan, 2004; Kim et al., 2005; Moon et al.,
2005; Michalek et al., 2006; Song et al., 2006; Michalek, Gopalswamy, and Yashiro, 2007).
The angular width of a halo CME is an important geoeffective parameter. Several researchers
have found that front-side full-halo CMEs (FFH CMEs) are more strongly related to geo-
magnetic storms than front-side partial-halo CMEs (FPH CMEs) (Wang et al., 2002; Zhang
et al., 2003; Zhao and Webb, 2003). Zhang et al. (2007) reported that among the 68 identi-
fied CMEs associated with major geomagnetic storms (Dst < — 100 nT), 46 CMEs (68 %)
were FFH CMEs and 22 CME:s (32 %) were FPH CMEs.

The velocity of a CME is also an important geoeffective parameter. Several studies re-
ported that projected CME velocities [V,] obtained by a linear fit to height-time measure-
ments in the Large Angle and Spectrometric Coronagraph (LASCO: Brueckner et al., 1995),
which is onboard the Solar and Heliospheric Observation (SOHO), field of view, were
roughly correlated with the Dst indices (Srivastava and Venkatakrishnan, 2004). Radial ve-
locities [V;] from the cone model (Michalek, Gopalswamy, and Yashiro, 2003) were also
roughly correlated with the Dst indices (Michalek et al., 2006). Michalek, Gopalswamy,
and Yashiro (2007) showed that the V; angle between cone axis and sky plane [y] de-
rived from the asymmetric-cone model (Michalek, 2006) has a higher correlation coefficient
(cc = 0.74) with the Dst index than the value of V,,y obtained from the SOHO/LASCO CME
catalog.

Another important geoeffective parameter is the earthward-direction parameter [D], de-
fined as the ratio of the shorter distance to the longer distance of the CME front edge mea-
sured from the solar center along the line which passes through both the centers of the
ellipse and the Sun (Figure 1 of Moon et al., 2005). If a CME originates from the front
side of the Sun, this parameter implies whether the CME can propagate toward the Earth
or not. Kim et al. (2008) have investigated the relationship between the earthward-direction
parameter and Dst index. They demonstrated that CMEs with large earthward-direction pa-
rameters (D > 0.4) are highly associated with geomagnetic storms and all CMEs with super
geomagnetic storms (Dst < —200 nT) have direction parameters larger than 0.6.

In addition, the longitude and the magnetic-field orientation of a CME source region
are important geoeffective parameters. Several studies found that the disk CMEs are more
geoeffective than limb CMEs (Wang et al., 2002; Kim et al., 2005; Gopalswamy et al., 2007;
Zhang et al., 2007), and many storm sources originate from the western hemisphere rather
than the eastern hemisphere (Wang et al., 2002; Zhang et al., 2007). Michalek et al. (2006)
observed that only CMEs occurring in the western hemisphere cause severe geomagnetic
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storms (Dst < — 150 nT). Several researchers have studied the geoeffectiveness depending
on the magnetic-field orientation of a CME source region (Pevtsov and Canfield, 2001; Kang
et al., 2006; Song et al., 2006). Song et al. (2006) determined magnetic-field orientations
by using a potential-field model (Abramenko, 1986). They showed that 92 % (11/12) of
the CME source regions associated with super geomagnetic storms (Dst < —200 nT) and
73 % (22/30) of the CME source regions associated with intense geomagnetic storms (Dst <
— 100 nT) had southward magnetic-field orientations.

Although many studies have been carried out on the relationship between CME param-
eters and geomagnetic storms, we do not know which CME parameter is the best proxy
related to geomagnetic storms. The purpose of this article is to find the best proxy, one
CME parameter or its combinations, for geomagnetic storms and the dependence of geo-
magnetic storms on their associated CME parameters. For this we use 50 FFH CMEs from
2001 to 2002 and geomagnetic disturbances related to these events, which are from the list
of Michalek, Gopalswamy, and Yashiro (2007).

The article is organized as follows: In Section 2, we describe the data and analysis. Re-
sults and discussion are given in Section 3. A brief summary and our conclusion are pre-
sented in Section 4.

2. Data and Analysis
2.1. Data

We use CME parameters and their associated Dst data from Table 1 of Michalek, Gopal-
swamy, and Yashiro (2007). This table consists of observed dates of 69 FFH CMEs
using SOHO/LASCO-C2, projected CME velocities, CME parameters derived from the
asymmetric-cone model (Michalek, 2006) such as radial velocities [V;] and the angles be-
tween cone axis and sky plane [y] of the CMEs, Dst indices obtained from the World Data
Center (wdc.kugi.kyoto-u.ac.jp), and travel times. In this study, we only consider 50 FFH
CMEs related to geomagnetic disturbances (Dst < — 18 nT) for investigating the relation-
ship between CME parameters and Dst index. We assume that the uncertainty of the radial
velocity is 94 kms~!, which is an average of the root mean square [RMS] errors given by
Michalek, Gopalswamy, and Yashiro (2007) who determined the RMS error as the differ-
ence between fitted projected speeds and measured projected speeds. According to Gonzalez
et al. (1994) and Kim et al. (2010), we classify geomagnetic storms as follows:

1) moderate geomagnetic storms, minimum Dst falls between — 50 and — 100 nT;
ii) intense geomagnetic storms, minimum Dst falls between — 100 and — 200 nT; and
iii) super geomagnetic storms, minimum Dst of —200 nT or less.

In addition, we derive the earthward-direction parameter [D] as a CME parameter for
the geo-effectiveness using LASCO images. Figure 1 shows an example to determine the
earthward-direction parameter of the CME observed at 22:06 UT on 26 July 2002 by using
SOHO/LASCO-C2. The outer white ellipses are plotted by visual inspection of the CME
front edges. As exemplified in Figure 1, we determine the earthward-direction parameters
for a single CME in LASCO-C2 and C3 fields of view. These two determined values are
similar: 0.48 for C2 and 0.41 for C3. For all 50 events, the RMS value of the differences
between the earthward-direction parameter from LASCO-C2 and C3 is about 0.15. We use
the earthward-direction parameters from the LASCO-C3 images, since they have clearer
CME front edges than those from the C2 images, and they give us final information on the
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Figure 1 LASCO-C2 (left) and C3 (right) running-difference images to exemplify how to determine the
earthward-direction parameter [D], which is defined as the ratio of the shorter distance [b] to the longer
distance [a] of the CME front edge measured from the solar center along the black line [b/a]. Note that the
line passes both through the centers of the outer white ellipse and the inner white circle. The outer ellipse
indicates the CME front edge. The inner circle indicates the location and size of the solar disk (Figure 1 of
Kim et al., 2008).

CME propagation in LASCO field of view. If the LASCO-C3 images do not have clearer
CME front edges than those from the C2 images, we use LASCO-C2 images. From an-
other perspective, some uncertainty for determining the earthward-direction parameter of a
CME may exist because an ellipse is plotted by visual inspection of the CME front edge.
To find out the uncertainty of the earthward-direction parameter, we consider three typical
CME:s (D = 0.94 for the 29 March 2001 CME, D = 0.41 for the 26 July 2002 CME, and
D = 0.22 for the 18 July 2002 CME), which are the maximum, mode, and minimum val-
ues of the earthward-direction parameter, respectively. We make ten measurements of the
earthward-direction parameter, and then we calculate its standard deviations [sd] for each
CME: sd = 0.036 for the 29 March 2001 CME, sd = 0.024 for the 26 July 2002 CME, and
sd = 0.031 for the 18 July 2002 CME. For this study, we assume that the uncertainty of the
earthward-direction parameter is 0.03, which is an average of these standard deviations. The
method to determine this parameter is well described by Moon et al. (2005) and Kim et al.
(2008). If a CME is propagating directly toward the Earth, D is close to unity, and the CME
may produce a geomagnetic storm. If a CME is propagating away from the Sun—Earth line,
D is close to zero, and the CME may not drive a geomagnetic storm.

To identify the source longitude [L] of a CME, we use the source locations in the flare list
compiled by National Geophysical Data Center (NGDC) (ftp.ngdc.noaa.gov/STP/SOLAR_
DATA/SOLAR_FLARES/FLARES_XRAY). Among 50 FFH CMEs, 48 FFH CMEs accom-
pany X-ray flares, while 2 FFH CMEs do not accompany X-ray flares and Ho flares. In
the case of a flare-associated CME, we assume the location of an X-ray flare as the lo-
cation of a CME accompanied by an X-ray flare. Otherwise, we carefully look into their
SOHO/LASCO images and SOHO/Extreme ultraviolet Imaging Telescope (EIT: Delabou-
diniere et al., 1995) running-difference images. By investigating any disk activity associated
with a CME, such as EUV brightening/dimming or flare-associated ejecting loops, we de-
termine the source location of the CME. Figure 2 shows a set of SOHO/LASCO-C2 images
and EIT running-difference ones for the 19 March 2001 event, which is not associated with
an X-ray flare. As can be seen in Figure 2, we check the EUV brightening within the white
square after the CME eruption. We assume the location of an EUV activity associated with a
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Figure 2 SOHO/LASCO running-difference images (Left: before the event, right: after the event) of a 19
March 2001 CME event with their corresponding SOHO/EIT ones. The white square indicates its source
location. The white circle indicates the location and size of the solar disk.

CME is the location of a CME unaccompanied by an X-ray flare. Since the source locations
of CMEs without flares are determined by SOHO/EIT images whose pixel size is 2.6 arcsec,
their errors should be within a few degrees.

We determine the magnetic-field orientation [M] of a CME source region by applying
the potential-field model (Abramenko, 1986) to SOHO/Michelson Doppler Imager (MDI:
Scherrer et al., 1995) images. If the direction of M is toward the North Pole or South Pole of
the Sun, we consider M as the northward or the southward direction, respectively. Among
50 FFH CMEs, 46 FFH CMEs occur near the center of the Sun, 4 FFH CMEs occur near
the limb of the Sun. In the case of the center events, we easily determine the directions of
magnetic-field orientations by visual inspection of the structures of the field lines. However,
in the case of the limb events, we cannot easily determine the directions of magnetic-field
orientations because it is hard to discriminate between the main positive polarity regions and
the main negative polarity regions by projection effects such as decrease of projected area
and the change of magnetic-field strength and polarity. In order to determine the magnetic-
field orientations of limb events, we have carefully identified SOHO/MDI magnetograms
of the active regions related to four limb events by considering the solar rotation rate. By
assuming that their magnetic-field orientations had not been changed during several days,
we determine the magnetic-field orientations of these limb events. Since we determined the
magnetic-field orientations of 50 FFH CMEs using the Potential-Field Solar Surface [PFSS]
model without any difficulty, we think that the uncertainty for determining the magnetic-
field orientations of the CME source regions is negligible. Figure 3 shows an example to
determine magnetic-field orientations in the source region of the CME observed at 16:50 UT
on 19 October 2011 by using SOHO/LASCO-C2.

Table 1 summarizes the information of the 50 front-side full-halo CMEs. The first three
columns are from the SOHO/LASCO catalog and give the date of the first appearance in
the LASCO field of view, the projected velocities [V, ], and normalized V,, which is de-
fined as the projected velocity divided by the maximum projected velocity. In column 4 the
earthward-direction parameters [D] are presented. The radial velocities [V;] and parameters
[y] estimated from the asymmetric-cone model are shown in columns 5 and 7, respectively.
In columns 6 and 8 the normalized V; and the normalized y are presented. The source lo-
cations and magnetic-field orientations [M] are shown in columns 9 and 10, respectively. In
column 11 the minimal values of the Dst indices for geomagnetic disturbances caused by
FFH CMEs are presented.
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Figure 3 Magnetic-field lines,
which are computed from the
potential-field approximation,
based on SOHO/MDI
magnetogram taken at 16:03 UT
on 19 October 2001. The orange
arrow indicates the direction of
the magnetic-field orientation.
The field of view is

12 x 12 arcminutes.

2.2. Analysis

We make a simple linear regression analysis to find the relationship between CME param-
eters and Dst index. We normalize CME parameters such as V;,, V;, and y from zero to
one for comparing the geoeffectiveness of the CME parameters. Here the geoeffectiveness
is indicated by the slope of the linear regression equation for each parameter. For example,
we use the normalized V;, which is defined as the radial velocity divided by the maximum
radial velocity. Normalized CME parameters are shown in columns 3, 6, and 8 of Table 1.
We make the same analysis by dividing all CMEs into several sub-groups according to their
source longitudes (eastern and western events) and according to their magnetic-field orien-
tations (northward magnetic-field and southward magnetic-field events). We also examine
the dependence of the geomagnetic storms on the combination of longitude and magnetic-
field orientation such as the following: eastern and northward magnetic-field events [E + N],
eastern and southward magnetic-field events [E 4 S], western and northward magnetic-field
events [W 4 NJ, and western and southward magnetic-field events [W + S].

3. Results and Discussion
3.1. Comparison of Geoeffective CME Parameters

Figure 4 shows the relationship between the Dst index and the four geoeffective CME pa-
rameters: the projected velocity [V, ], the radial velocity [V;], the combined parameter [V;y ],
and the combined parameter [(V;D)'/?]. As shown in Figure 4, the combined parameters,
(V;D)'/? and V,y, have higher correlation coefficients [cc] with the Dst index than the other
parameters [V}, and V;]: cc = 0.76 for (V,D)!'/?, cc = 0.70 for V,y, cc = 0.55 for V;, and
cc =0.17 for Vj,. Our results are consistent with previous ones. Michalek et al. (2006) ob-
tained a similar statistical trend: that V; has a higher correlation coefficient with the Dst
index than V},, and Michalek, Gopalswamy, and Yashiro (2007) showed that the combined
parameter [V;y] is better correlated with the Dst index. We find that (V,D)'/? and V;y are a
little more sensitive to their Dst index than the other parameters (V;, and V;). These results
imply that cone-model parameters together with the earthward-direction parameter improve
the relationship between CME parameters and Dst index.
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Table 1 Front-side full-halo CMEs (2001 —2002).

Date 4 Normalized D Vi Normalized y Normalized Source M Dst
[km s_l] Vo [km s_l] Vi [deg] y location [nT]
20 Jan2001a 839 0.35 0.45 893 0.3 57  0.66 SO7E40 N -6l
20 Jan 2001b 1507 0.63 0.3 1513 0.5 47  0.54 SO7E46 S —-61
28 Jan 2001 916 0.38 0.32 1080 0.36 39 045 S04W59 S —40
10 Feb 2001 956 0.4 0.41 1090 0.36 75 0.86 N37W03 N -50
11 Feb 2001 1183 0.49 0.33 1150 0.38 62 071 N24W57 S —50
19 Mar 2001 389 0.16 0.79 700 0.23 81 093 S20W00 S —-75
24 Mar 2001 906 0.38 0.74 1088 0.36 70 0.8 NI5E22 S -56
25Mar 2001 677 0.28 0.57 1070 0.36 70 0.8 NI16E25 N -387
29 Mar 2001 942 0.39 0.94 2731 0.91 87 1.0 N20W19 S —387
05 Apr2001 1390 0.58 0.44 1360 0.45 58  0.67 S24E50 S —59
06 Apr2001 1270 0.53 0.65 1243 0.41 75 0.86 S21E31 S —-63
09 Apr2001 1192 0.49 0.69 1549 0.51 77 0.89 S21W04 S —271
10 Apr 2001 2411 1.0 0.49 2680 0.89 77 0.89 S23W09 S —271
11 Apr2001 1103 0.46 0.61 1423 0.47 72 0.83 S22W27 S =77
12 Apr 2001 1184 0.49 0.5 1610 0.53 73 0.84 S19W43 S 75
26 Apr 2001 1006 0.42 0.3 1396 0.46 76 0.87 N20WO05 S —47
14 Aug 2001 618 0.26 0.5 1042 0.35 84 097 N16W36 N —105
24 Sep 2001 2402 0.99 0.37 3010 1.0 71 0.82 SI6E23 S —102
28 Sep 2001 846 0.35 0.69 1293 0.43 82 094 NIOEI8 S —148
01 Oct 2001 1405 0.58 0.37 1415 0.47 49  0.56 S24W81 S —166
09 Oct 2001 973 0.4 0.53 1116 0.37 65 0.75 S28E08 N —71
19 Oct 2001 901 0.37 0.62 1465 0.49 83 095 NI15W29 N —187
22 Oct 2001 1336 0.55 0.43 2180 0.72 80  0.92 S21E18 S —57
250ct 2001 1092 0.45 0.42 1335 0.44 75 0.86 S16W21 S —157
04 Nov 2001 1810 0.75 0.77 2530 0.84 82 094 NO6W18 S —292
17 Nov 2001 1379 0.57 0.24 1460 0.49 54 0.62 SI13E42 S —48
22 Nov 2001a 1443 0.6 0.34 1683 0.56 70 0.8 S25W67 S —221
22 Nov 2001b 1437 0.6 0.6 1833 0.61 73 0.84 S17W36 S —221
13 Dec 2001 864 0.36 04 910 0.3 76 0.87 NI6E09 N -39
14 Dec 2001 1506 0.62 0.33 1493 0.5 43 049 NO7E86 S —39
14 Mar 2002 907 0.38 0.41 1000 0.33 65 0.75 SI18E55 S —37
15 Mar 2002 957 0.4 0.61 1030 0.34 79 091 SO8W03 S —37
22 Mar 2002 1750 0.73 0.47 1725 0.57 61 0.7 S1I0W90 S —100
15 Apr2002 720 0.3 0.86 1033 0.34 87 1.0 S15W01 S —127
17 Apr 2002 1240 0.51 0.49 1720 0.57 76 0.87 S15W34 S —149
21 Apr 2002 2393 0.99 0.47 2381 0.79 56  0.64 S14W84 S —57
07 May 2002 720 0.3 0.5 831 0.28 76 0.87 SI0E25 N —110
08 May 2002 614 0.25 0.67 961 0.32 83 095 S12W07 N —110
16 May 2002 600 0.25 0.41 1022 0.34 77 0.89 S23E15 N -—58
22 May 2002 1557 0.65 0.49 1724 0.57 71 0.82 S22W53 N —109
18 Jul 2002 1099 0.46 0.22 1110 0.37 66 0.76 NI9W30 N —38
20Jul 2002 1941 0.81 0.34 1683 0.56 46  0.53 SI3E90 S —38
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Table 1 (Continued)

Date Wb Normalized D Vi Normalized y Normalized Source M Dst
kms—1] Vo kms~!] v [deg] ¥ location [nT]
26 Jul 2002 818 0.34 0.41 846 0.28 65 0.75 SI9E26 N —18
16 Aug 2002 1585 0.66 0.41 1576 0.52 74 0.85 SI4E20 S —106
22 Aug 2002 998 0.41 0.43 1151 0.38 52 0.6 SO7TW62 N —45
24 Aug 2002 1913 0.79 0.33 1890 0.63 48  0.55 S02W81 S —45
05 Sep 2002 1748 0.73 0.24 2638 0.88 75  0.86 NO9E28 S —181
09 Nov 2002 1838 0.76 0.27 1673 0.56 63 072 SI2W29 N —43
24 Nov 2002 1077 0.45 0.61 1433 0.48 81 0.93 N20E35 N —64
19 Dec 2002 1092 0.45 0.55 1155 0.38 72 0.83 NISW09 N —-75
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Figure 4 The relationship between CME parameters and the Dst index for four CME parameters: (a) pro-
jected velocity [Vp], (b) radial velocity [Vr], (c) combined parameter [Vy], (d) combined parameter
[( VrD)l/ 2]. The solid line is a linear fit to all of the data points. The error bar of each parameter is de-
termined by error-propagation analysis (Ku, 1966). cc, ss, and sd indicate correlation coefficient, statistical
significance, and standard deviation, respectively.
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Figure 5 The relationship between the combined parameter [V;y ] and the Dst index for four sub-groups
according to their source longitudes and their magnetic-field orientations: (a) eastern events, (b) western
events, (c) northward magnetic-field events, (d) southward magnetic-field events. The solid line is a linear
fit to all of the data points. The horizontal broken line represents a Dst index of —200 nT. The error bar of
each parameter is determined by error-propagation analysis. cc, ss, and sd indicate correlation coefficient,
statistical significance, and standard deviation, respectively.

3.2. Dependence on Source Longitude and Magnetic-Field Orientation

To examine the dependence of the Dst index of the geomagnetic storms on the source lon-
gitudes of the 50 associated FFH CMEs, we divide the CMEs into two sub-groups: eastern
events [E] and western events [W]. Figures 5a and b show the relationship between the com-
bined parameter [ V;y ] and the Dst index of eastern and western events, respectively. For the
eastern events the correlation coefficient, statistical significance, and standard deviation are
0.59, 99.6 %, and 31 nT, respectively (Figure 5a). Here the statistical significance is defined
as (1 — p-value) x 100. The p-value, which is the probability to accept the null hypothe-
sis that both quantities are randomly distributed, is estimated by using the number of data
and the correlation coefficient under the assumption of Student’s t cumulative-distribution
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function (Neter et al., 1996). For the western events the correlation coefficient, statistical
significance, and standard deviation are 0.80, 100 %, and 54 nT, respectively (Figure 5b).
We find that western events have a higher correlation with the Dst index than eastern events,
and super geomagnetic storms (Dst < —200 nT) were only located in the western events,
which is similar to the results of Michalek, Gopalswamy, and Yashiro (2007). In this study,
we note that the slope of the western events is about three times larger than that of the eastern
events, implying that FFH CME:s originating from the western region are more geoeffective
than those from the eastern region.

To investigate the dependence of the Dst index of the geomagnetic storms on the
magnetic-field orientations of the 50 associated FFH CMEs, we divide the CMEs into two
sub-groups: northward magnetic-field events [N] and southward magnetic-field events [S].
Figures 5c and d show the relationship between the combined parameter [V;y ] and the Dst
index of northward magnetic-field and southward magnetic-field events, respectively. For
the northward magnetic-field events, the correlation coefficient, statistical significance, and
standard deviation are 0.49, 95.6 %, and 34 nT, respectively (Figure 5c). For the south-
ward magnetic-field events, the correlation coefficient, statistical significance, and standard
deviation are 0.69, 99.9 %, and 64 nT, respectively (Figure 5d). The correlations of south-
ward events are quite similar to that of all events, but the correlations of northward events are
smaller. This seems to be because the V;y and Dst values of northward events are much more
confined than those of all events. Super geomagnetic storms (Dst < — 200 nT) only appear in
the southward magnetic-field events. We find that the slope of the southward magnetic-field
events is a little steeper than that of the northward magnetic-field events. Since the differ-
ence between the slopes of the northward and southward magnetic-field events is within the
errors of the slopes, it is necessary to make a further study using more events.

Figure 6 shows the relationship between the combined parameter [(V;D)!/?] and the
Dst index for four sub-groups according to their source longitudes and their magnetic-field
orientations: (a) eastern events, (b) western events, (c) northward magnetic-field events, and
(d) southward magnetic-field events. As shown in Figure 6,

i) super geomagnetic storms (Dst < —200 nT) only appear in both the western and the
southward magnetic-field events, and
ii) the slope of the western events is steeper than that of the eastern events.

These tendencies are consistent with the results of the relationship between the com-
bined parameter [V,y] and the Dst index. Regarding the dependence of the Dst index on the
magnetic-field orientations, we find that the slope of the southward magnetic-field events
is a little steeper than that of the northward magnetic-field events. This tendency is more
noticeable for (V;D)!'/? than V,y, which may imply that the earthward-direction parameter
[D] should be a better proxy for the direction than the angle between cone axis and sky plane
[y ] obtained by the asymmetric-cone model.

From Figures 4 -6, we can find that linear-fitting relations have non-zero y-intercepts.
This may imply that CMEs have certain values of V; and D if they produce geomag-
netic disturbances. For example, in Figure 6b, the linear-regression equation is Dst =
—507(V,D)"/? 4 148. This means that when (V,D)'/? is larger than 0.48, the CME can
produce intense geomagnetic storms (Dst < — 100 nT). It is noted that there is no CME
with V;.D =0.

As a next step, we divide the CMEs into four sub-groups according to both their
source longitudes and their magnetic-field orientations: eastern and northward magnetic-
field events [E 4 NJ, eastern and southward magnetic-field events [E + S], western and
northward magnetic-field events [W + N], and western and southward magnetic-field events
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Figure 6 The relationship between the combined parameter [(VrD)l/ 2] and the Dst index for four sub—
groups according to their source longitudes and their magnetic-field orientations: (a) eastern events, (b) west-
ern events, (c) northward magnetic-field events, (d) southward magnetic-field events. The solid line is a linear
fit to all of the data points. The horizontal broken line represents a Dst index of —200 nT. The error bar of
each parameter is determined by error-propagation analysis. cc, ss, and sd indicate correlation coefficient,
statistical significance, and standard deviation, respectively.

[W + S]. Also, we examine the geomagnetic-storm fraction and mean Dst depending
on the sub-group (Table 2). As can be seen in Table 2, one-third of the W + S events
are super geomagnetic storms (Dst < —200 nT) but all other sub-group events are mod-
erate geomagnetic storms (— 100 nT < Dst < —50 nT) or intense geomagnetic storms
(=200 nT < Dst < — 100 nT). That is, all super geomagnetic storms are found in the west-
ern and southward magnetic-field [W + S] events. Their mean absolute Dst values for ge-
omagnetic storm events (Dst < — 50 nT) increase with the order of E+ N, E+ S, W + N,
and W + S events. It is noted that the mean absolute Dst value (169 nT) of W + S events
is significantly larger than that (75 nT) of E + N events. These results imply that we should
consider source longitudes and magnetic-field orientations of CMEs to predict geomagnetic
storms using CME parameters.
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Table 2 Geomagnetic storm
fraction and mean Dst depending
on the sub-group.

E+N E+4+S W+N W+S

— 100 nT < Dst < —50 nT 5/8 5/13 2/9 5/20
—200nT <Dst<—100nT  1/8 4/13 4/9 5/20
Dst < —200 nT 0/8 0/13 0/9 6/20
Mean Dst [nT] —-75 —-93 — 106 — 169
Standard deviations [nT] 18 43 26 100

4. Summary and Conclusion

In this study, we have investigated the relationship between CME parameters [V}, V;, Vv,
and (V,D)'/?] and the Dst index as well as the dependence of geomagnetic storms on other
CME parameters [L and M]. In addition, we have examined the geomagnetic-storm fraction
and the mean Dst depending on sub-groups: E + N, E+ S, W + N, and W + S. For this
we used 50 FFH CMEs from 2001 to 2002 and their associated geomagnetic disturbances
(Dst < — 18 nT).

The main results of this study can be summarized as follows: First, the combined param-
eters [(V,D)!/? and V,y] have higher correlation coefficients [cc] with the Dst index than
the other parameters [V, and V;]: cc = 0.76 for (V. D)2, cc = 0.70 for V,y, cc = 0.55 for
V;, and cc = 0.17 for V,. Second, super geomagnetic storms (Dst < — 200 nT) only appear
in the western and southward magnetic-field events. The mean absolute Dst values of geo-
magnetic storms (Dst < — 50 nT) increase in the order of E4+ N, E+ S, W+ N, and W + S
events. These results confirm that the geoeffectiveness of FFH CMEs depends on their ve-
locities, propagation directions, source longitudes, and magnetic-field orientations (Wang
et al., 2002; Moon et al., 2005; Song et al., 2006; Michalek, Gopalswamy, and Yashiro,
2007; Kim et al., 2010). Our results demonstrate that not only the cone-model parameters
together with the earthward-direction parameter improve the relationship between CME pa-
rameters and the Dst index, but also the longitude and the magnetic-field orientations of a
FFH CME source region play a significant role in predicting geomagnetic storms.
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