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ABSTRACT

Frontside halo coronal mass ejections (CMEs) are generally considered as potential candidates for producing geo-
magnetic storms, but there was no definite way to predict whether they will hit the Earth or not. Recently Moon et al.
suggested that the degree of CME asymmetries, as defined by the ratio of the shortest to the longest distances of the
CME front measured from the solar center, be used as a parameter for predicting their geoeffectiveness. They called
this quantity a direction parameter, D, as it suggests how much CME propagation is directed to Earth, and examined
its forecasting capability using 12 fast halo CMEs. In this paper, we extend this test by using a much larger database
(486 frontside halo CMEs from 1997 to 2003) and more robust statistical tools (contingency table and statistical pa-
rameters). We compared the forecast capability of this direction parameter to those of other CME parameters, such as
location and speed. We found the following results: (1) The CMEs with large direction parameters (D > 0.4) are
highly associated with geomagnetic storms. (2) If the direction parameter increases from 0.4 to 1.0, the geoeffective
probability rises from 52% to 84%. (3) All CMEs associated with strong geomagnetic storms (Dst < —200 nT) are
found to have large direction parameters (D > 0.6). (4) CMEs causing strong geomagnetic storms (Dst < —100 nT),
in spite of their northward magnetic field, have large direction parameters (D > 0.6). (5) Forecasting capability im-
proves when statistical parameters (e.g., “probability of detection—yes” and “critical success index”’) are em-
ployed, in comparison with the forecast solely based on the location and speed of CMEs. These results indicate that

the CME direction parameter can be an important indicator for forecasting CME geoeffectiveness.

Subject headings: solar-terrestrial relations — Sun: coronal mass ejections (CMEs)

1. INTRODUCTION

Coronal mass ejections (CMEs), gigantic magnetized clouds of
plasma from the Sun, are known as a major cause of space weather
disturbances that can influence the performance and reliability of
modern technological systems (Schwenn 2006). But only a small
portion of the CMEs can trigger geomagnetic storms. That is,
prediction of a geomagnetic storm, using all CMEs, frequently
results in false alarms. Thus, proper criteria to select geoeffective
CMEs that cause geomagnetic storms (Dst < —50 nT) are re-
quired, and a prediction capability test would be meaningful.

Several CME parameters have been proposed to select geo-
effective CMEs as follows. First, the frontside halo CMEs with
large angular width more than 120°, which appear as expanding
and circular brightening that surrounds the coronagraph occulting
disk, are known to be geoeffective because they are directed to-
ward the Earth (Webb 2002; Gopalswamy et al. 2007). Poomvises
& Zhang (2007) found, from the study of solar and interplanetary
sources of major geomagnetic storms (Dst < —100 nT), that the
main source of a major geomagnetic storm is a fast full halo CME.
Second, CME location and speed are also important geoeffective
parameters. Wang et al. (2002) found that 83% of the frontside halo
CME:s that caused geomagnetic storms with Kp > 5 took place
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within +30° of the central meridian and that their source locations
are asymmetrical in longitude with the majority located on the
west side of the central meridian. Srivastava & Venkatakrishnan
(2004) showed that the CME speeds in the LASCO field of view
were roughly correlated with the strength of geomagnetic storms
and that a large percentage (62%) of the geoeffective CMEs are
faster than 700 km s~!. Several studies suggested that fast halo
CMEs, which occurred close to solar center, are favorable candi-
dates for strong geomagnetic storms ( Venkatakrishnan & Ravindra
2003; Srivastava 2005). Third, the magnetic field orientation of a
CME’s source region was suggested as an important parameter
of the geoeffective CME (Pevtsov & Canfield 2001). Kang et al.
(2006) found that southward orientation of the magnetic field in
the CME source region plays an important role in the production
of geomagnetic storm by investigation of the source region’s shapes
(S orinverse S) of the X-ray sigmoids associated with 63 CMEs.
For about 84% of the CMEs, their geoeffective consequences are
consistent with their magnetic field orientations. Song et al. (2006)
showed that 92% (12/13) of the CME source regions associated
with the super storms (Dst < —200 nT) have southward field ori-
entations as determined by the potential field extrapolation from
daily full-disk MDI magnetograms. Fourth, Moon et al. (2005)
proposed a CME earthward direction parameter, D (defined in
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Fic. 1 —LASCO C2 (left) and C3 (right ) images to illustrate how to estimate the direction parameter. The ratio of the shorter (b) to longer (@) distance of the CME front
measured from the solar center along the line (b/a) is defined as the direction parameter, D. Note that the line passes both through the centers of the ellipse and the Sun.

§ 2.2), that quantifies the degree of asymmetry of the CME shape.
They found, using 12 events, that the CME earthward direction
seems to be the most important parameter in the geoeffectiveness
of very fast halo CMEs (>1300 km s~ ).

One major concern faced by the space weather prediction chal-
lenge is to predict the arrival time of a CME at the Earth and the
magnitude of the resulting geomagnetic storm. Several empirical
and physics-based models have been proposed to predict the CME
or CME-associated interplanetary (IP) shock arrival times based
on their initial speeds. The IP shock, first to be examined, is the
harbinger of a CME and can, itself, induce a sufficiently high dy-
namic pressure that can also be an important contributor to a geo-
magnetic storm (Gopalswamy et al. 2001; Zhang et al. 2003; Fry
etal. 2003; Cho et al. 2003; McKenna-Lawlor et al. 2006; Kim
etal. 2007). However, the forecast of geomagnetic storm strength
and its probability, based on CME parameters, has not been widely
investigated. Kim et al. (2005, hereafter Paper 1) examined the
relationship between CME parameters (location and speed) and
Dst index as the geomagnetic storm strength and made forecast
evaluations on the prediction of geoeffective CMEs using the con-
tingency tables with individual parameters and their combination.
They presented, for the first time, a probability map of geoeffective
CME:s that depends on their source location and speed. It was
found that the most probable source locations of halo CMEs to pro-
duce geomagnetic storms are 0° < L < 30° for slow (<800 kms ™)
CMEs and —30° < L < 60° for fast (>800 km s~') CMEs,
where L is the heliocentric longitude.

In this study we extend the work presented in Paper I by in-
cluding the earthward direction parameter as another important
factor. We reinvestigate the result of Moon et al. (2005) with a
contingency table and probability map of geoeftective CMEs, from
which we hope to be able to determine the most appropriate CME
criteria for geoeffectiveness that are valid for a wider range of
halo CMEs. This study also includes the forecast evaluation of
geomagnetic storms by using CME parameters.

In § 2, we define the CME’s earthward direction and explain
how to determine the direction parameter, D. In § 3, we provide
our results and discussion regarding the prediction probabilities
of geoeffective CMEs, comparisons with other CME parameters,
and a forecast evaluation based on a contingency table. A sum-
mary of our main results and conclusion are delivered in § 4.

2. METHODOLOGY AND DATA
2.1. Data

To examine the CME geoeffectiveness depending on its earth-
ward direction parameter, we first considered 7742 CMEs observed
by SOHO LASCO (Large Angle Spectroscopic Coronagraph;
Brueckner et al. 1995) from 1997 to 2003. Since the measured
CME properties such as linear plane-of-sky speeds, angular widths,
and position angles are well compiled in the CME online catalog!
(Yashiro et al. 2004), we easily selected 883 halo or partial halo
CMEs whose angular width is equal to or larger than 120°. To
select frontside halo CMEs we carefully compared the SOHO
LASCO images with SOHO EIT running difference images. By
investigating spatial and temporal closeness between the CME po-
sition and EUV features such as brightening or flare-associated
ejecting loops, we selected 510 frontside halo CMEs.

The identification of geoeffective CMEs is done as follows.
First, we estimated the arrival times of the selected 510 CMEs
at the Earth by using the empirical CME propagation model
(Gopalswamy et al. 2001). Second, we decided whether or not
the CME is geoeffective by searching for the lowest value of Dst
index from the National Space Science Data Center (NSSDC)?
within a +24 hr time window from the predicted CME arrival
time. According to Gonzalez et al. (1994), we defined the geomag-
netic storms when the Dst index is below —50 nT or less. A de-
tailed explanation on the selection procedure of the CME-Dst pairs
can be found in Paper I. We confirmed that our CME-Dst pair
identifications are mostly similar to those in other CME-Dst lists
(Cane & Richardson 2003; Cho et al. 2003; Kang et al. 2006;
Moon et al. 2005; Song et al. 2006; Zhang et al. 2003).

2.2. Earthward Direction Parameter

Even if we know the source location of a CME, we cannot
assume the propagation direction, since all CMEs do not eject
radially from the source region. In this respect, the direction pa-
rameter could be used to trace the CME’s propagating direction
at least near the Sun. If a CME is directly propagating toward the

! See http://cdaw.gsfc.nasa.gov/CME _list/index.html.
2 See http://nssdc.gsfe.nasa.gov/omniweb/ow.html.
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FiG. 2.— Direction parameter vs. Dst index for 486 frontside halo CMEs. The
horizontal dashed line represents Dst = —200 nT, and the vertical dashed line
indicates D = 0.6.

Earth, the shape of the CME front edge should be nearly sym-
metric, and the CME may trigger a geomagnetic storm. Other-
wise, the shape should be quite asymmetric and the CME may
not drive a geomagnetic storm. We thus define the direction pa-
rameter, D, as the ratio of distance between the shorter CME
front and the solar center to that of the longer CME front; thus, it
is always between 0 and 1.

The earthward direction parameter can be determined directly
from a coronagraph observation. The measurement of the direc-
tion parameter is made as follows: (1) an ellipse is plotted to fol-
low the CME front in the SOHO LASCO running difference
image as shown in Figure 1; (2) we then draw a line that passes
through the centers of both the Sun and the ellipse formed by the
CME front; (3) we measure the ratio (b/a) of the shorter (b) to
longer (a) distance of the CME front from the solar center along
this line, and set the ratio as the direction parameter, D. Among
510 events, 24 events are so faint or multiple that we excluded
these events (24/510, 4.7%). Since the direction parameter is ap-
plicable to most of the halo CMEs, the number of events (486)
that we consider in this study is much more than that (305) of
Paper I, in which the CMEs whose source locations were not
available were excluded.

As illustrated in Figure 1, we measure the direction parameters
for a single CME in LASCO C2 (left) and C3 (right) field of
view. When we compare the direction parameters from both im-
ages, these two measured values are very similar to each other:
0.48 for C2 and 0.41 for C3. For all 486 events, the mean ab-
solute difference from LASCO C2 and C3 is about 0.14. This fact
implies that the CME earthward direction does not change much
as the CME propagates. We use the direction parameters from
LASCO C3 images, since they have clearer CME front edges than
those from C2 images, and they give us final information on the
CME propagation.

3. RESULTS AND DISCUSSION
3.1. Relationship between Direction Parameter and Dst Index

We examined the relationship between the CME direction pa-
rameter and the Dst index for 486 frontside halo CMEs. As a re-
sult, we found that 188 CMEs are geoeffective according to the
criterion that they produced geomagnetic storms stronger than
—50 nT (188/486, 40%). This result is very similar to that of
Paper I. Figure 2 shows the distribution of the Dst index according
to direction parameter. It is found that all CMEs associated with
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Fic. 3.—Number of events as a function of direction parameter. The dashed
lines indicate the numbers of the geoeffective CMEs that caused the geomagnetic
storm (Dst < —50 nT) for given direction ranges, and the number on the dashed
line means the probability of geoeffective CMEs. There is a general tendency that
the probability of geoeffective CMEs increases with the direction parameter.

strong geomagnetic storms (Dst < —200 nT) have large direction
parameters (D > 0.6), as indicated by the dashed lines.

In order to gain an idea about achieving a criterion of the di-
rection parameter for geoeffective CMEs we plot the probability
of geoeffective CMEs as a function of their direction parameters
in Figure 3. The dashed lines indicate the numbers of the geoeffec-
tive CMEs for given direction ranges. There is a general tendency
that the probability of the geoeffective CMEs increases with the
direction parameter. We note that the probabilities with a direc-
tion parameter larger than 0.4 are significantly higher than those
with less direction parameter. In addition, it is found that the prob-
ability of a large direction parameter above 0.8 is about 84%,
which is about 2 times higher than the mean probability. Since
the probabilities are higher than the mean probability (40%) when
the direction parameters are larger than 0.4, we can choose 0.4 as
a criterion of direction parameter to predict geoeffective CMEs.

3.2. Comparisons between Direction Parameter
and Other Parameters

Figure 4 shows the comparison between the direction param-
eter and the longitude of a source region for 287 CMEs whose
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Fic. 4—Heliolongitude vs. direction parameter for 287 frontside halo CMEs.
The filled circles represent 115 geoeffective CMEs, and the empty circles, nongeo-
effective events.
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Fi6. 5.—Plane-of-sky speed vs. direction parameter for 486 frontside halo CMEs.
The filled circles represent 188 geoeffective CMEs, and the open circles, non-
geoffective events.

locations were identified in Paper I and selected from all 486 CMEs.
While the direction parameters are highly scattered for a given
heliolongitude, there are few events that occurred near the limb
but have a large direction parameter. If we consider the direction
criterion as represented by the horizontal dashed line (D = 0.4)
in Figure 4, it is found that 90% (104/115) of the geoeffective
CMEs have larger direction parameters than the criterion. As com-
pared with the location, 83% (95/115) of the geoeffective CMEs
occurred in the location criterion (L < |50°|) that was suggested
in Paper I, as represented by two vertical dashed lines in the fig-
ure. A more detailed comparison in terms of a statistical forecast
is described in § 3.3.

Figure 5 shows the comparison between the direction pa-
rameter and plane-of-sky speed for 486 frontside halo CMEs.
There is a trend that very fast CMEs (>2000 km s~ ') have rel-
atively small direction parameters near 0.4; that is, there are few
very fast CMEs that have larger direction parameters than 0.6 or
smaller direction parameters than 0.2. Noting that the speed is a
plane-of-sky speed estimated from the LASCO images, it is likely
that the speeds of the CMEs with large direction parameters
would be affected more by the projection effect and, consequently,
underestimated.

Itis found that 86% (161/188) of the geoeffective CMEs have di-
rection parameters larger than the value (D = 0.4) indicated by the
horizontal dashed line in Figure 5. Also, 87% (164/188) of the geo-
effective CMEs are faster than the speed criterion (400 km s~ )
indicated by the vertical dashed line that was proposed by Paper I.
That paper also showed that the CME speed may be one of the
criteria on which we might select a geoeffective CME, but it does
not seem to be critical, since it produces many false alarms.

3.3. Forecast Evaluation with Direction Parameter

To our knowledge Paper I was the first forecast evaluation of
the geoeffective CMEs to use the contingency tables and, thereby,
to suggest the most reliable criteria: CME location (L < 50°) and
speed (V7 > 400 km s~!). We evaluate the forecast capability of
the direction parameter by using the contingency table and com-
pare it with those from Paper 1. The contingency table is widely
used in the meteorological forecasting literature; it provides us with
the information about the success or failure (or degree thereof)
of the forecasting experience. Smith et al. (2000) first used the
contingency table in the space weather context for predicting in-
terplanetary shock times of arrival at Earth. In this study, we use
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COoNTINGENCY TABLE BASED ON THE DIRECTION PARAMETER (D > 0.4)

OBSERVATION
PRrEDICTION Yes No ToraL
161 117 278
27 181 208
188 298 486

several statistical parameters for forecast evaluation. The prob-
ability of detection—yes (PODy) means the proportion of yes
observations that were correctly forecast, and the probability
of detection—no (PODn) is the proportion of no observations
that were correctly forecast. The false alarm ratio (FAR) is the
proportion of yes predictions that were incorrect, and the bias is
the ratio of yes predictions to yes observations. The critical suc-
cess index (CSI) is the successful rate defined as the proportion
of hits that were either predicted or observed. We also calculate
some skill scores to compare with those from the forecasts by
location and speed. True skill statistic (TSS) is a measure of the
ability of the forecast to discriminate between yes and no obser-
vation. Heidke skill score (HSS) is the percent correct (hit or
correct null) adjusted by the number expected to be correct by
chance, and the Gilbert skill score (GSS) is the CSI corrected by
the number of hits expected by chance. The general form of the
contingency table and its statistical parameters can be found in
Smith et al. (2000) and Paper 1.

The criterion of direction parameter for geoeffective CMEs is
determined as D = 0.4, which gives us the best result of forecast
statistical parameters (practically the highest CSI). This estimate
is consistent with the value determined from the fraction of geo-
effective CMEs in Figure 3. In Table 1 the yes prediction is de-
fined when the CME direction parameter is equal to or larger than
0.4. The yes observation indicates the occurrence of the geomag-
netic storms (Dst < —50nT). Among 486 CMEs, 278 CMEs are
classified to be yes predictions and 188 CMEs are found to be yes
observations. Each value in this 2 x 2 table represents success
or failure of the forecasting experience such as hits (161), false
alarms (117), misses (27), and correct nulls (181).

Statistical parameters of forecast evaluation for the direction
parameter are given in Table 2. The estimated PODy, PODn,
FAR, bias, and CSI are 0.86, 0.61, 0.42, 1.48, and 0.53, respec-
tively. Note that the better forecasts are indicated by statistical val-
ues that are closer to 1.0, except for FAR, which should be closer
to 0.0 for a good forecast. As shown in Table 2, we also compare
the results with those of the source location and the speed from
Paper 1. Even though the sample sizes are different (305 events in
Paper 1), it is found that most of the statistical parameters of the
direction parameter are significantly better than those of the other

TABLE 2
COMPARISON OF THE FORECASTING STATISTICAL PARAMETERS

Parameter Direction  Location  Speed
Probability of detection—yes (PODy)....... 0.86 0.79 0.91
Probability of detection—no (PODn)........ 0.61 0.36 0.11
False alarm ratio (FAR) ......ccoooveveverenenene 0.42 0.55 0.60
i 1.48 1.76 2.26
Critical success index (CSI).......ccceevenene 0.53 0.40 0.39
True skill statistics (TSS).....ccccevvveueennnne. 0.47 0.15 0.02
Heidke skill score (HSS)... 0.43 0.14 0.02
Gilbert skill score (GSS) 0.27 0.07 0.01
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FiG. 6.— Probability map of goeffective CMEs depending on the combination
of CME location and direction parameter.

parameters. In particular, CSI (0.53), which is used as an impor-
tant index for forecast evaluation, is larger than that of CME lo-
cation (0.40) and speed (0.39). Since TSS, HSS, and GSS are
0.47, 0.43, and 0.27, respectively, the skill scores for the direc-
tion parameter, D, are much better than those from location and
speed.

3.4. Probability Forecast

We examined (Paper I) the probability of geoeffective CMEs
depending on the combination of two parameters. We presented,
in that work, a probability map of geoeffective CMEs depending
on the combination of CME speed and location. This kind of work
might help us to forecast the occurrence of geoeffective CMEs by
taking probability considerations into account. We now extend
this approach to consider the direction parameter, D. Figure 6 is
the probability map of geoeffective CMEs depending on direc-
tion parameter and location for 287 events. The probability for an
individual CME can, therefore, be forecasted according to its di-
rection parameter and location from Table 3. We find a tendency
that CMEs from disk center or western (—30° < L < 90°) events
with large direction parameters are more geoeffective. For east-
ern (—90° < L < —30°) events the probabilities are higher than
mean probability (40%) when their direction parameters are larger
than 0.6. For disk center or western events, the probabilities are
higher than the mean probability when their direction parameters
are larger than 0.4. Note that some probabilities with small event
numbers are regarded to be meaningless.

The probability of geoeffective CMEs depending on the combi-
nation of direction parameter and speed for 486 events is given in
Figure 7 and Table 4. Even fast CMEs tend to be nongeoeffective
when they have small direction parameters. The fast and earthward
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(i.e., large direction parameter) CMEs are more geoeffective than
slow CMEs with small direction parameters. As shown in Figure 7,
the direction parameter of the equiprobability line of 0.55 (55%)
is above D = 0.7 when the speed is about 400 km s~!, but it de-
creases to about D = 0.4 when the speed is faster than 2000 km s~ .

3.5. Usefulness of Direction Parameter
for Northward Field Storm Events

It is generally considered that geomagnetic storms are trig-
gered by southward interplanetary magnetic fields (IMFs). Mag-
netic reconnections between southward IMF and the northward
directed geomagnetic field occur at the day side magnetopause and
then transport energy from the solar wind into the magnetosphere
(Dungey 1961). If we assume that the field orientation of a CME
is preserved during its interplanetary transit to Earth, we can ex-
pect that a CME with southward field orientation will cause a geo-
magnetic storm.

Recently, Song et al. (2006) investigated the relationship be-
tween magnetic structures of CME source regions and geomagnetic
storms for 73 events. They defined the magnetic field orientation
angle 6 as the angle between the projection of the overlying po-
tential field line on the solar surface and the direction toward the
south pole. If |] is less than 90°, the magnetic field orientation of
the CME is southward; otherwise it is northward. They showed
that 73% (22/30) of the CME source regions associated with the
strong geomagnetic storms (Dst < —100 nT) had southward field
orientations. These workers also noted that eight strong geomag-
netic storms were caused by northward magnetic field CMEs.

In this respect, we feel that it is necessary to investigate the
direction parameters for these exceptional events. From the list
of 73 halo CMEs whose field orientations were estimated by

TABLE 3
ProBABILITY FOrRECAST OF FRONTSIDE HALO CMES BASED ON THEIR DIRECTION PARAMETER AND LOCATION FOR THE 287 EVENTS

FrontsipE HaLo CMEs AT HELIOLONGITUDE (deg)

DireECTION PARAMETER —90<L<—-60 —60 <L < -30 -30<L<0 0<L<30 30< L <60 60 <L <90 TotaL

0.8 <D<Tuveeene 0% (0/0) 0% (0/0) 100% (5/5) 88% (7/8) 100% (1/1) 0% (0/0) 93% (13/14)
0.6 <D<0.8.. 67% (2/3) 67% (4/6) 71% (10/14) 67% (16/24) 60% (6/10) 0% (0/0) 67% (38/57)
04<D<06.. . 29% (2/7) 38% (5/13) 50% (14/28) 65% (13/20) 53% (10/19) 64% (9/14) 52% (53/101)
02<D<04....... 9% (1/11) 0% (0/11) 17% (2/12) 9% (1/11) 16% (4/25) 13% (2/15) 12% (10/85)
0<D<02. . 0% (0/5) 0% (0/5) 0% (0/7) 0% (0/3) 20% (1/5) 0% (0/5) 3% (1/30)
Total ..coeeveieeeiieienee 19% (5/26) 26% (9/35) 47% (31/66) 56% (37/66) 37% (22/60) 32% (11/34) 40% (115/287)
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TABLE 4
ProBABILITY FOrRECAST OF FRONTSIDE HALO CMESs BASED ON THEIR DIRECTION PARAMETER AND SPEED FOR THE 486 EVENTS

FrontsibE HaLo CMEs at Speep (km s™1)

DIRECTION PARAMETER V < 400 V < 800

V <1200

V < 1600 V' <2000 V> 2000 ToraL

100% (1/1)
50% (9/18)
47% (8/17)
45% (5/11)

9% (1/11)
41% (24/58)

70% (7/10)
61% (27/44)
48% (30/62)
11% (5/44)
8% (2/25)
38% (71/185)

0.6<D<08..
04<D<0.6..
02<D<04..
0<D<02..

100% (5/5)
76% (13/17)
48% (28/58)

8% (3/40)
0% (0/20)
35% (49/140)

100% (1/1)
75% (3/4)
63% (15/24)
17% (4/24)
13% (1/8)
39% (24/61)

0% (0/0)
100% (4/4)
80% (4/5)
24% (4/17)
0% (0/1)
44% (12/27)

100% (2/2)
0% (0/0)
67% (4/6)
29% (2/7)
0% (0/0)

53% (8/15)

84% (16/19)
64% (56/87)
52% (89/172)
16% (23/143)
6% (4/65)
39% (188/486)

Song et al. (2006), we select 64 CMEs whose direction param-
eters are well determined. Figure 8 shows the magnetic field ori-
entation angle, , versus the Dst index for the CMEs. We found
that about 75% (30/40) of geoeffective CMEs (Dst < —50 nT)
have southward magnetic field orientations (|6] < 90°). We note
six exceptional events that have northward magnetic field ori-
entations but, nevertheless, caused strong geomagnetic storms
(D < —100 nT). Figure 9 shows the direction parameter versus
the Dst index for 23 northward CMEs among 64 events. It is very
interesting to note that all six exceptional events have large di-
rection parameters (D > 0.6).

4. SUMMARY AND CONCLUSION

We have examined the geoeffectiveness of frontside halo CMEs
and its dependence on CME physical parameters, especially the
CME earthward direction parameter. This parameter (D = b/a,
as defined in Fig. 1) indicates the degree of asymmetry of the
CME front and can be a proxy to represent the CME propagation
to the Earth. In this paper we investigated in detail whether the
direction parameter is valid for selecting geoeffective CMEs and
compared its capability with those of other parameters (source lo-
cation and speed). For this purpose, we made their forecast eval-
uations using contingency tables; we also presented probability
maps of geoeffective CMEs. Our main results can be summarized
as follows.

1. The mean probability of geoeffective CMEs associated with
geomagnetic storms (Dst < —50 nT) is about 40% (188/486).
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Fic. 8.—Magnetic field orientation angle vs. Dst index for 64 CMEs that
Song et al. (2006) analyzed. The arrows indicate six exceptional events that have
northward magnetic field orientation but produced strong geomagnetic storms
(Dst < —100 nT).

The storm strength for a given direction parameter is relatively
well correlated with an associated CME’s direction parameter,
and all CMEs associated with strong geomagnetic storms (Dst <
—200 nT) have direction parameters larger than 0.6.

2. CMEs with large direction parameters (D > 0.4) are highly
associated with geomagnetic storms, and their association prob-
ability rises from 52% to 84% as the direction parameter increases
from 0.4 to 1.0.

3. The forecast evaluation with contingency tables shows that
most of the statistical parameters and skill scores of the direction
parameter are much better than those that refer to location and
speed. In particular, CSI (0.53), which is used as an important
index for forecast evaluation, is much larger than that of CME
location (0.40) and speed (0.39).

4. We present probability maps depending on the combina-
tions of direction parameter and location, as well as direction pa-
rameter and speed. It is found that the disk or western CMEs
(—30° < L < 90°) with large direction parameters are more geo-
effective. The probability of a geoeffective CME increases with
direction parameter and speed and is much more sensitive to the
former than the latter. These probability maps can be directly used
for practical forecasts of geomagnetic storms based on frontside
halo CME data.

5. Using magnetic field orientation data of 64 CMEs from
Song et al. (2006), we examined their direction parameters and
CME geoeffectiveness. As a result, we found that all six northward
CMEs that produced strong geomagnetic storms (D < —100 nT)
have large direction parameters (D > 0.6). We speculate that these
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FiG. 9.— Direction parameter vs. Dst index for 23 northward CMEs among the
64 events studied by Song et al. (2006). It is clear that all six exceptional events
indicated by arrows have large direction parameters (D > 0.6).
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six CMEs possessed shock waves with associated high dynamic
pressure impacts on the bow shock—magnetosphere system.

Our results confirm that the direction parameter is superior to
source location and speed for selecting geoeffective CMEs. It is
valuable not only for fast CMEs but also for all frontside halo
CMEs. In addition, the direction parameter can be determined
directly from coronagraph observations so that it is applicable to
most of the halo CMEs, even though the frontside CME may have
an unknown source region. Among 510 frontside halo CMEs,
while we determined the locations of only 305 CMEs (about 60%),
we estimated the direction parameters of 486 CMEs (about 95%).
This point is very important for practical forecasts. Thus, we con-
clude that the direction parameter is useful for forecasting geo-
effective CMEs. Physical interpretation of the direction parameter
may be revealed if empirical three-dimensional (3D) mapping of
CMEs from STEREO data may become available in the near
feature. Physics-based modeling of ICMEs (CMEs and their inter-
planetary shocks) has already been started (Intriligator et al. 20006,
2007; Wu et al. 2007a, 2007b; Sun et al. 2007) as reviewed by
Dryer (2007).

The present work, together with our previous paper (Kim et al.
2005), shows a sufficient possibility to forecast geomagnetic storms
using frontside halo CMEs. Of course, we have to consider the IP

shocks and the real-time conditions of near Earth for more ac-
curate forecasts (Dryer 1998); however, forecasts using only CME
parameters would be very meaningful in that they would allow
us to make an earlier warning of specific Dst minimum levels of
geomagnetic storms 2—3 days in advance.
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