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[1] We summarize the geoeffectiveness (based on the Dst and Kp indices) of the more than 300
interplanetary coronal mass ejections (ICMEs) that passed the Earth during 1996–2009, encompassing
solar cycle 23. We subsequently estimate the probability that an ICME will generate geomagnetic
activity that exceeds certain thresholds of Dst or Kp, including the NOAA “G” storm scale, based on
maximum values of the southward magnetic field component (Bs), the solar wind speed (V), and the y
component (Ey) of the solar wind convective electric field E = −V × B, in the ICME or sheath ahead of the
ICME.Consistent with previous studies, the geoeffectiveness of an ICME is correlatedwith Bs or Ey ≈VBs in
the ICME or sheath, indicating that observations from a solar wind monitor upstream of the Earth are
likely to provide the most reliable forecasts of the activity associated with an approaching ICME. There
is also a general increase in geoeffectiveness with ICME speed, though the overall event‐to‐event
correlation is weaker than for Bs and Ey. Nevertheless, using these results, we suggest that the speed of
an ICME approaching the Earth inferred, for example, from routine remote sensing by coronagraphs
on spacecraft well separated from the Earth or by all‐sky imagers, could be used to estimate the likely
geoeffectiveness of the ICME (our “comprehensive” ICME database provides a proxy for ICMEs
identified in this way) with a longer lead time than may be possible using an upstream monitor.

Citation: Richardson, I. G., and H. V. Cane (2011), Geoeffectiveness (Dst and Kp) of interplanetary coronal mass
ejections during 1995–2009 and implications for storm forecasting, Space Weather, 9, S07005,
doi:10.1029/2011SW000670.

1. Introduction
[2] Interplanetary coronal mass ejections (ICMEs), the

interplanetary manifestations of coronal mass ejections at
the Sun, are well known to be important drivers of
enhanced geomagnetic activity including geomagnetic
storms [e.g., Zhang and Burlaga, 1988; Gosling et al., 1991;
Tsurutani and Gonzalez, 1997; Richardson et al., 2001;Huttunen
and Koskinen, 2004; Huttunen et al., 2005; Zhang et al., 2007;
Wu and Lepping, 2007; Echer et al., 2008, and references
therein]. Recently [Richardson and Cane, 2010], we compiled
a “comprehensive” catalog of the 340 ICMEs that passed
the Earth in 1996–2009, a period encompassing solar cycle
23, that extends and updates our previous catalog of events
in 1996–2002 [Cane and Richardson, 2003]. In this paper, we
summarize how the probability of exceeding certain geo-

magnetic activity thresholds, as indicated by the Dst
[Sugiura, 1964; Rostoker, 1972; Mayaud, 1980] and Kp [Bartels
et al., 1939; Rostoker, 1972; Mayaud, 1980; Menvielle and
Berthelier, 1991] indices, varies with the solar wind param-
eters of the ICME and upstream sheath for this large
sample of events. In particular, we consider whether the
ICME speed can be used as an indicator of potential
geoeffectiveness, a primary motivation being that, using
remote sensing for example by coronagraphs on the STE-
REO spacecraft separated in heliolongitude from the Earth
or all sky imagers such as the SolarMass Ejection Imager, it
is now possible to identify ICMEs moving out in the
direction of the Earth [e.g., Howard et al., 2006; Webb et al.,
2006; Davis et al., 2009; Thernisien et al., 2009; Liu et al.,
2010; Davis et al., 2011]. Our “comprehensive” ICME data-
base provides a proxy for the situation when routine
monitoring is able to identify most, if not all of the ICMEs
approaching the Earth and measure their speeds.
[3] The identification of the ICMEs used in this study is

discussed by Cane and Richardson [2003] and Richardson and
Cane [2010, and references therein] and makes use of a
number of the characteristic in situ signatures of ICMEs
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(see reviews by Gosling [1990], Neugebauer and Goldstein
[1997], and Zurbuchen and Richardson [2006]). The ICME
catalog ofRichardson and Cane [2010] includes the estimated
times of passage of the leading and trailing edges of the
ICMEs and of the associated shock driven by the ICME, if
present, which occurs several hours ahead of arrival of the
ICME. The region between the shock and the ICME leading
edge is termed the “sheath.” In the case of slower ICMEs,
the shock may be weak, developing or absent. For sample
events illustrating the relationship between near‐Earth
solar wind parameters and geomagnetic activity during the
passage of ICMEs, see for example, Gonzalez and Tsurutani
[1987], Tsurutani and Gonzalez [1997], Farrugia et al. [1998],
Huttunen et al. [2005], Zhang et al. [2007, 2008], Richardson and
Zhang [2008], and Echer et al. [2008].

2. Results

2.1. Dst Index During the Passage of ICMEs
[4] Figure 1a shows the distribution of minimum Dst

measured during the passage of the ICMEs in 1996–2009
cataloged by Richardson and Cane [2010] or their associated
sheath regions. (Both ICMEs and sheathsmay contribute to
the geomagnetic activity [e.g., Tsurutani et al., 1988;Huttunen
and Koskinen, 2004; Huttunen et al., 2005; Zhang et al., 2007].)
Themeanminimum value ofDst is −74.3 nT while the most
probable minimum value is ∼−40 nT. Some 25% of the
events have Dst ≤ −100 nT, i.e., were associated with an
“intense” storm [Tsurutani and Gonzalez, 1997]. There is also
an extended tail of events associated with exceptionally
high levels of geomagnetic activity. In particular, 6% of the
ICMEswere associatedwith “severe” storms (Dst ≤ −200 nT
[Tsurutani and Gonzalez, 1997]). Thus, although ICMEs are
widely recognized as important drivers of the largest geo-
magnetic storms, clearly only a small subset of the cycle 23
ICMEs (or associated sheaths) gave rise to such storms.
[5] Note that theDst values used here are “final” values to

2003, “provisional” values for 2004–2007, and “quick‐look”
values thereafter, obtained from the WDC for Geomagne-
tism, Kyoto (http://wdc.kugi.kyoto‐u.ac.jp/). The provi-
sional and quick‐look values may be subject to future
revision (typically by only a few nT), but the main conclu-
sions of this paper should not be affected. In addition, we
have not included in the analysis seven ICMEs for which
geomagnetic activity was dominated by ongoing activity
from a previous event.
[6] Why should ICMEs display such a wide range of

geoeffectiveness? It is well known that enhanced geoef-
fectiveness is associated with intervals of increased south-
ward solar windmagnetic field and the y component of the
electric field [e.g., Tsurutani and Gonzalez, 1997, and refer-
ences therein] which drive enhanced reconnection with the
magnetospheric magnetic fields [Dungey, 1961]. Figure 1b
shows minimum Dst plotted versus the maximum south-
ward magnetic field component (Bs, in GSM coordinates)
during passage of the sheath or ICME based on 1 hour
averages of observations from near‐Earth spacecraft and is
consistent with this view. (The observations are from the

Figure 1. (a) Distribution of minimum Dst during the
passage of the ICMEs in 1996–2009 and their associated
sheath regions.MinimumDst associatedwith passage of
the ICME or upstream sheath versus maximum 1 hour
averaged (b) Bs or (c) solar wind speed.

RICHARDSON AND CANE: GEOEFFECTIVENESS OF ICMES S07005S07005

2 of 9



OMNI database and from individual spacecraft including
ACE and WIND. There are a few minor corrections com-
pared with Figure 14 of Richardson and Cane [2010].) The
correlation coefficient (cc) is −0.889, and the best fit line
gives a relationship Dst = −8.03Bs + 4.39, where Dst and Bs
are in nT. Note that this relationship extends down to the
weakest storms. There is a much poorer correlation
between minimum Dst and the solar wind speed
(Figure 1c), where we use the maximum solar wind speed
observed in the sheath or ICME. The correlation (cc =
−0.542) is largely determined by two fast ICMEs associated
with severe storms. A caveat to these results is that in situ
solar wind speed measurements are not complete for a few
of the faster ICMEs. The relationship between ICME
parameters and geoeffectiveness has also been discussed
by, for example, Kane [2005] and Gopalswamy et al. [2008]
(for magnetic clouds).
[7] Figure 2 shows minimum Dst plotted versus the

maximum value of Ey, the (GSM) y component of the solar
wind convective electric field E = −V × B (i.e., Ey ≈ VBs), in the
sheath or ICME, again based on 1 hour averages. The cor-
relation coefficient is −0.874. The relationship between
minimumDst and Ey is given byDst = −10.4Ey − 20.0, where
Ey is in mV/m. The symbol indicates the magnetic field
configuration of the ICME based on the work of Richardson
and Cane [2010]. A blue square indicates a magnetic cloud,
an ICME including an enhancedmagnetic field >10 nTwith
a smooth rotation in field through a large angle suggestive
of a flux‐rope‐like magnetic field configuration [e.g., Klein
and Burlaga, 1982; Lepping et al., 2006] corresponding to
the “class 2” events of Richardson and Cane [2010]. A green
circle indicates evidence of a field rotation but the other

criteria for a magnetic cloud (such as the enhanced mag-
netic field intensity) were notmet (“class 1” events), while a
red cross indicates that the field shows no evidence of a
rotation or an organized magnetic field (“class 0” events).
It is clear that the majority of the most geoeffective ICMEs
were those with magnetic cloud signatures (see, e.g.,
Farrugia et al. [1997] for a discussion of the geomagnetic
response to magnetic clouds). In particular, 61% of the
ICMEs associated with severe (Dst ≤ −200 nT) storms were
magnetic clouds, as were a similar fraction of the ICMEs
associated with −200 ≤ Dst ≤ −100 nT storms. Weaker
activity levels were predominantly associated with non-
cloud ICMEs [see alsoWu and Lepping, 2007]. For example,
only 22% of ICMEs associated with minimum Dst > −50 nT
were magnetic clouds while 41% had no rotation or orga-
nized magnetic field. Overall, around 48% of magnetic
clouds during 1996–2009 were associated with intense or
stronger storms, and 11% with severe storms.
[8] We now consider how the probability of generating

an intense or severe storm varies with the maximum value
of Ey or Bs in the ICME or sheath asmight bemeasured by a
monitor upstream of the Earth. Considering Ey, Figure 3
shows the probability of an ICME or sheath producing
activity with Dst ≤ −50 nT, ≤−100 nT (intense storm),
≤−150 nT, ≤−200 nT (severe storm) and ≤−300 nT as a
function of maximum Ey. For example, for Ey < 4 mV/m,
there is only a small probability of an intense storm being

Figure 2. MinimumDst plotted versus maximum Ey for
ICMEs in 1996–2009. Blue symbols indicate ICMEs that
are magnetic clouds, green symbols indicate those that
include amagnetic field rotation but do notmeet the cri-
teria for magnetic clouds, and red symbols indicate
those ICMEs without an organized, flux‐rope‐like mag-
netic field.

Figure 3. (top and bottom) Variation of the percentage
of events with Dst ≤ −50 nT, ≤−100 nT, ≤−150 nT,
≤−200 nT, and ≤−300 nT versus maximum Ey in the
ICME or sheath. The number of events in each Ey range
is shown in Figure 3 (top).
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generated,while for Ey≥ 10mV/m, all ICMEs are associated
with intense storms. A 50% probability of an intense storm
occurs at Ey ∼ 6mV/m. This result is consistent with those of
previous studies. For example,Gonzalez and Tsurutani [1987]
concluded that Ey > 5 mV/m for a duration of >3 hours is
required to generate an intense storm (a similar result was
found by Echer et al. [2008] for the cycle 23 intense storms)
although Farrugia et al. [1998] noted a similar situation that
was not accompanied by an intense storm. (Though we
have not considered the duration of enhanced values of Ey
specifically in our analysis, the use of 1 hour averaged
values requires that these conditions persist for durations
of this order.) Ji et al. [2010] concluded that Ey ≥ 5 mV/m for
≥2 hours was a “promising candidate” to trigger an intense
storm, again based on the cycle 23 events. Returning to
Figure 3, severe storms require Ey > 10 mV/m, and all
ICMEs or sheaths with Ey > 20 mV/m produced such
storms. The 50% probability point is estimated to be Ey ∼
15 mV/m. For a Dst ≤ −50 nT ICME‐associated storm, 50%
probability is at ∼3 mV/m. Figure 3 (top) shows the number
of ICMEs included in each range of Ey. Although there is an
excellent sampling of events for the weaker activity levels,
note that the conclusions regarding the conditions leading
to the strongest storms are based on small numbers of
events.
[9] Considering Bs in a similar way (Figure 4), intense

storms are rarely associated with ICMEs or upstream
sheaths with Bs < 10 nT, whilemost cases with Bs ≥ 16 nT are
associatedwith such storms; 50%probability is at Bs ∼ 12 nT.

Figure 4. (top and bottom) Variation of the probability
of minimum Dst exceeding thresholds ranging from
−50 nT to −300 nT versus maximum Bs in the ICME or
sheath. Figure 4 (top) shows the number of events in
each Bs range.

Figure 5. (a) Distribution of maximum Kp*10 values for
the 1996–2009 ICMEs. Maximum Kp*10 values versus
maximum 1 hour averaged value of (b) Bs or (c) Ey.

RICHARDSON AND CANE: GEOEFFECTIVENESS OF ICMES S07005S07005

4 of 9



This is comparable to the condition Bz < −10 nT for >3 hours
for the drivers of intense storms noted by Gonzalez and
Tsurutani [1987] and by Ji et al. [2010] (who additionally
suggest the condition Bz < −15 nT for >2 hours). Severe
storms are rarely associated with Bs < 20 nT, but all events
with Bs ≥ 23 nT produced such storms, though again we
note that these conclusions are based on a small sample of
events.

2.2. Kp
[10] We now turn to consider the behavior of the Kp

geomagnetic index during the passage of the cycle 23

ICMEs and the associated sheaths. Figure 5a shows the
distribution of maximum Kp*10 (where Kp*10 = 7 corre-
sponds to Kp = 1−; Kp*10 = 10 corresponds to Kp = 1; Kp*10 =
13 corresponds to Kp = 1+, etc). The mean maximum value
of Kp*10 is 51.2, i.e., Kp ∼ 5. The broad distribution again
emphasizes that ICMEs are associated with a range of
geoeffectiveness. Figures 5b and 5c show correlations
between maximum Kp*10 and maximum Bs (cc = 0.783) or
Ey (cc = 0.878), respectively.
[11] In Figure 6 we show the probability of generating

storms equaling or exceeding the NOAA “G” storm sizes
(http://www.swpc.noaa.gov/NOAAscales/) that are based

Figure 6. (a and b) Probability of storms equaling or exceeding NOAA sizes G1 to G5 versus max-
imum Ey in the ICME or sheath. Figure 6b includes 34 pre‐1996 events with Ey ≥ 10 mV/m.

Figure 7. Maximum Kp*10 plotted versus (a) the plane of the sky speed of the associated LASCO
halo or partial halo CME, (b) the maximum solar wind speed in the ICME or sheath, and (c) the dis-
turbance 1 AU transit speed.
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on Kp. Specifically, G1 (“minor”): Kp = 5; G2 (“moderate”):
Kp = 6; G3 (“strong”): Kp = 7; G4 (“severe”):Kp = 8 including
a 9− and G5 (“extreme”): Kp = 9. Figure 6a shows results for
the 1996–2009 ICMEs. The results suggest that for example,
for an ICME with maximum Ey = 6 mV/m, there is a 100%
probability that a ≥G1 storm will result, 90% for a ≥G2
storm, ∼30% for a ≥G3 storm, <5% for a ≥G4 storm, and
no chance of a G5 storm. The 50% probabilities lie at: Ey ∼
3.5 mV/m for ≥G1; Ey ∼ 4.5 mV/m for ≥G2; Ey ∼ 8 mV/m for
≥G3; and Ey ∼ 12 mV/m for ≥G4. The value for G5 storms is
difficult to estimate given the small number of such storms
(Figure 6a, top), butmay lie at Ey ∼ 30–40mV/m. To increase
the sample of events with stronger geomagnetic activity,
Figure 6b includes 34 pre‐1996 ICMEs with Ey ≥ 10 mV/m.
These were identified by examining solar wind magnetic

field and plasma observations in the vicinity of intervals
with Ey ≥ 10 mV/m for evidence of ICMEs and with refer-
ence to ICME/magnetic cloud related studies by ourselves
and others [e.g., Burlaga et al., 1987; Lepping et al., 1990;
Richardson and Cane, 1993, 1995; Cane et al., 1996, and
references therein]. However, the results are essentially
unchanged and the number of the most geoeffective events
is not significantly increased.

2.3. Geoeffectiveness and ICME Speed
[12] The results discussed so far again demonstrate that

measuring Ey and/or Bs in the ICME and sheath using an
upstream monitor such as ACE provides an excellent
indication of the likely level of geomagnetic activity thatwill
result. However, such a monitor provides little warning of
impending activity, around an hour or less in the case of a
spacecraft at L1 such as ACE. Halo CMEs directed toward
the Earth may provide around 1 to 4 days advance warning
of the possible arrival of an ICME at the Earth, but it is well
established that only a subset of suchCMEs are followed by
geomagnetic storms [e.g., St. Cyr et al., 2000; Wang et al.,
2002; Zhao and Webb, 2003; Kim et al., 2005; Moon et al.,
2005] depending, for example, on the geoeffectiveness of
the related ICME and whether this ICME actually
encounters the Earth. An additional complication is that a
large subset (almost a half) of near‐Earth ICMEs in cycle 23
were not preceded by plausibly associated full or partial
halo CMEs [Cane and Richardson, 2003; Richardson and Cane,
2010] including a few cases that generated intense storms
[Zhang et al., 2007].
[13] Figure 7a shows themaximum value ofKp*10 plotted

versus the plane of the sky speed of the halo or partial halo
CME associated with the near‐Earth ICMEs where this can
be identified [Richardson and Cane, 2010] (the CME obser-
vations are from the LASCO coronagraphs on SOHO).
Although the most severe (Kp*10 ≥ 80) storms tend to be
associated with the fastest CMEs [e.g., Srivastava and
Venkatakrishnan, 2004] overall there is little correlation
between CME speed and the maximum value of Kp asso-
ciated with passage of the related ICME (cc = 0.296). Thus,
even for those cases where the ICME associated with a halo
or partial CME does encounter the Earth, the plane of the
sky CME speed near the Sun is overall a poor predictor of
geoeffectiveness.
[14] Figure 7b shows Kp*10 plotted against the maximum

solar wind speed measured in the sheath or ICME (Vmax),
while 7(c) shows the Kp*10 versus the 1 AU transit speed of
the leading edge of the ICME‐related disturbance, i.e., the
shock for a fast ICME. The correlations between Kp and
Vmax or the 1 AU transit speed are stronger than with the
halo or partial halo CME speed though still modest (cc =
0.584 or cc = 0.576, respectively). Hence, using just the ICME
speed, it is unlikely that the geoeffectiveness of a particular
ICMEor sheath can accurately predicted. Instead, this large
sample of events may be used to estimate the probability of
certain levels of geoeffectiveness based on the ICME speed.
Figure 8a shows the probability of exceeding particular
G storm sizes as a function of Vmax. For example, for a

Figure 8. (a) Probability of occurrence of a storm equal
to or exceeding NOAA size G1 to G5 versus maximum
solar wind speed in the ICME or sheath based on events
in 1996–2009. The “error bars” indicate the effect of
changing the number of events by one. (b) Probability
of occurrence of a storm exceeding various Dst thresh-
olds versus maximum solar wind speed in the ICME
or sheath.
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maximum solar wind speed in the ICME or sheath of
600 km/s, there is a ∼70% probability of a ≥G1 storm, ∼50%
probability of a ≥G2 storm, ∼20% probability of a ≥G3
storm, ∼5% probability of a ≥G4 storm, and ∼0% probability
of aG5 storm.A 50%probability of a particular size stormor
larger occurs at Vmax ∼ 500 km/s for G1, 600 km/s for G2,
750 km/s for G3, 1000 km/s for G4, and 1300 km/s for G5,
though this last result is compromised by the limited
number of G5 storms in our sample; here the “error bars”
indicate the effect of changing the number of events by one.
[15] Figure 8b shows the probability of Dst exceeding

specified thresholds as a function of Vmax, again indicating
a generally increased likelihood of stronger storms as
the maximum speeds in the ICME or sheath increase. A
50% probability of a Dst ≤ −50 nT storm occurs at Vmax ∼
500 km/s, and at around 900 km/s for Dst ≤ −100 nT.
For larger storm thresholds, the curves are closely spaced,
so it would be difficult to assess the probability of such
storms occurring based on Vmax, though it is evident that
above Vmax ∼ 1000 km/s, activity is likely to exceed Dst =
−150 nT, and there is a 50% or higher probability of
exceeding Dst = −300 nT.

3. Summary and Discussion
[16] We have summarized the geoeffectiveness (Dst and

Kp) of the over 300 ICMEs that passed the Earth during
1996–2009, encompassing solar cycle 23 [Richardson and
Cane, 2010]. Our results demonstrate, as have previous
studies, that the geoeffectiveness is strongly correlatedwith
Bs and Ey in the ICME or sheath, suggesting that observa-
tions of the solar wind Bs and Ey upstream of the Earth may
provide reliable estimates of the potential geoeffectiveness
of ICMEs and their related sheaths. We have not explicitly
considered here the duration over which these conditions
prevail, but this is also important, as incorporated for
example into empirical prediction methods (e.g., O’Brien
and McPherron [2000] for Dst). The ICME speed, whether
measured in situ, or based on the 1 AU transit time, has a
weaker correlation with geoeffectiveness and hence cannot
be used to give a reliable prediction for a specific event.
However, using this large sample of ICMEs, we can esti-
mate the probability that a particular storm threshold will
be attained or exceeded as a function of ICME speed.
[17] The results may be of interest in a scenario where

ICMEs approaching the Earth can be identified remotely,
for example using coronagraph observations from space-
craft separated in heliolongitude from the Earth (such as
the STEREO spacecraft [e.g., Thernisien et al., 2009; Liu et al.,
2010]), and all‐sky imagers such as the Solar Mass Ejection
Imager (SMEI) [e.g., Howard et al., 2006; Webb et al., 2006].
Our overall results (Figure 1) suggest that only around one
in four of these ICMEs is likely to generate an intense (Dst ≤
−100 nT) storm, while a severe (Dst ≤ −200 nT) storm will
result for around one in sixteen events. Thus, if a storm
warming were to be issued on the approach of any ICME,
there would be many “false alarms.” Identifying a method

of distinguishing potentially geoeffective ICMEs might
improve the situation. Current remote sensing obser-
vations provide no direct information on either the mag-
nitude or direction of the magnetic field within the ICME
and sheath that are evidently the major factors controlling
the geoeffectiveness of the ICME. (We note though that
Wood and Howard [2009] have used STEREO coronagraph
observations to infer the orientation of a flux rope structure
within a CME which may be a promising technique to
predict the field configuration in an ICME.) The speed of
the ICME may be determined more readily. However, the
results presented above demonstrate that the ICME speed
is a less reliable predictor of geoeffectiveness. Nevertheless,
we suggest that the results in Figure 8 could be used in
conjunction with remote sensing estimates of the speeds
of ICMEs approaching the Earth to help indicate the
potential geoeffectiveness of these ICMEs. For example, for
an ICME approaching at 600 km/s, these results suggest, as
noted above, that there is a ∼70% probability of a ≥G1
storm, 50% of a ≥G2, 20% of a ≥G3, 5% of a G4 and 0%of
a G5. Considering Dst, there is a ∼70% probability of Dst ≤
−50 nT, 30% of Dst ≤ −100 nT, 10% of Dst ≤ −150 nT and 5%
of Dst ≤ −200 nT.
[18] As an illustration, Liu et al. [2010] used STEREO

observations to reconstruct the trajectories of two ICMEs
that passed the Earth, both also noted by Richardson and
Cane [2010]. The first ICME and the related shock passed
the Earth on November 19–20, 2007. Liu et al. [2010] esti-
mated the ICME speed from remote sensing to be 388 km/s
(Feature 2 in their Table 1). This ICME was associated
with minimum (provisional) Dst = −63 nT, and maximum
Kp*10 = 53, i.e., Kp = 5+, corresponding to a G1 storm.
Figure 8a suggests a 30% probability of a G1 storm and 10%
for a G2 storm with this ICME speed. We note that Vmax

measured in situ was higher (∼ 500 km/s) whichwould raise
the probability of a G1 storm to ∼ 40%. Figure 8b suggests
a ∼30% probability of Dst ≤ −50 nT for a speed of 388 km/s.
[19] The second ICME considered by Liu et al. [2010] [see

also Davis et al., 2009] passed the Earth on December 17,
2008. The associated disturbance, possibly a developing
shock, arrived at ∼12 UT on December 16 [Richardson and
Cane, 2010]. The estimated ICME speed from remote
sensing was ∼400 km/s [cf. Liu et al., 2010, Figure 9] (in situ
Vmax was ∼380 km/s). The ICME was associated with
minimum (quick‐look)Dst = −18 nT andmaximum Kp*10 =
27, i.e., Kp = 3−, so the G1 storm threshold was not reached.
For a speed of 400 km/s, our results suggest a 30% chance
of a G1 storm or Dst ≤ −50 nT.
[20] In another study,Davis et al. [2011] inferred speeds of

469 to 545 km/s for an Earthward directed CME on April 8,
2010 using STEREO coronagraph observations and various
analysis methods. The associated ICME reached the Earth
on April 11–12 and was accompanied by geomagnetic
activity with minimum Dst = −56 nT and Kp = 6−, i.e., a G2
storm. Figure 8a suggests a ∼50% probability of a ≥G1
storm, ∼30% for ≥G2, and ∼10% for ≥G3 for such speeds, so
the observed G2 storm is in line with such predictions.
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Figure 8b suggests a ∼50% probability of Dst < −50 nT, and
∼20% for Dst < −100 nT, again consistent with the observed
Dst. Overall, the observed geoeffectiveness of these three
remotely sensed ICMEs is reasonably consistent with the
expectations based on the results obtained using our large
sample of ICMEs. In particular, these results suggest that
the ICMEs are unlikely to be associated with particularly
strong storms.
[21] While combining remote sensing of earth‐directed

ICMEs and the results in this study may be a useful tech-
nique for forecasting potential geoeffectiveness of ICMEs,
there are a few points to note. In particular, a significant
fraction of major geomagnetic storms involve the interac-
tion ofmore than one ICMEand/or the related shocks, or an
ICME interactionwith a corotating high‐speed stream [e.g.,
Burlaga et al., 1987; Farrugia et al., 2006a, 2006b; Zhang et al.,
2007]. Thus, the geoeffectiveness of an ICME approaching
the Earthmay be influenced by the structures in the vicinity
of the ICME. In addition, as noted above, there are limited
in situ observations at the times of the largest geomagnetic
storms, and few such storms, so it is difficult to estimate the
probability of such important storms occurring based on
the limited statistics. Extending our analysis to events from
earlier solar cycles will increase the number of events that
may be included, as in Figure 6b, though the problem of the
small number of exceptionally geoeffective ICMEs is likely
to remain.
[22] Another aspect is whether the potential geoeffec-

tiveness of an ICME with a particular speed is influenced
by, for example, the phase of the solar cycle (e.g., the
fraction of ICMEs that are magnetic clouds, and hence
potentially more geoeffective, may be larger at solar mini-
mum [Richardson and Cane, 2004]) or the time of the year
(in particular, geomagnetic activity tends to be enhanced
around the equinoxes compared to the solstices [e.g.,
Russell and McPherron, 1973; Cliver et al., 2000; Zhang et al.,
2007]). Investigation of the latter effect suggests that there
is only a slight dependence on whether the ICME occurs
closer to the solstice or the equinox. For example, the
probability of a 400–500 km/s ICME generating a G1 storm
is 35% for ICMEs closer to solstice compared with 45% for
those closer to equinox, while at 500–600 km/s, the proba-
bilities are 56% and 62%, respectively. A larger set of events
is required to allow the variation in geoeffectiveness with
time of year to be investigated more fully, especially for the
stronger storms.
[23] We have also not separated magnetic clouds and

other ICMEs in the results in Figure 8. However, since
magnetic clouds are typically more geoeffective, identifi-
cation of a flux rope structure in the CME/ICME by remote
sensing [e.g., Wood and Howard, 2009] might be a reason to
increase the expected geoeffectiveness. On the other hand,
it is possible that every ICME includes a flux rope sub-
structure that in principle might be identified remotely,
but this only encounters the Earth in a subset (around 25%)
of ICMEs that we then identify as “magnetic clouds,” in
which case the statistics in Figure 8 naturally allow for this
situation.

[24] Acknowledgments. The ACE data sets used in this study
were provided by the ACE Science Center (http://www.srl.caltech.
edu/ACE/ASC/). The OMNI solar wind database, compiled by the
Space Physics Data Facility at the Goddard Space Flight Center, is
available at http://omniweb.gsfc.nasa.gov/.
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