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Abstract Interplanetary coronal mass ejections (ICMEs)
are believed to be the most common and important drivers
of the strongest geomagnetic storms. In this work, the geoef-
fective characteristics of the ICMEs occurred during the last
solar cycles 23 and 24 (years 1996–2017) have been studied
in detail. The maximum velocity V max, either of the ICME’s
Sheath region or of the ICME itself, the mean velocity of the
ICME, the minimum value of the southward component of
the Interplanetary magnetic field Bs and the y-component
of the solar wind convective electric field E = −V × B

observed at L1 point during the pass of the ICME, were
used. It was found that, in accordance to past similar stud-
ies, the most dominant characteristic of ICMEs in the gen-
eration of geomagnetic storms is the Bs component along
with the Ey parameter, while the maximum velocity seems
to be of less importance. Nevertheless the maximum speed
is an good forecasting factor due to the fact that it is much
easier to estimate the velocity of an ICME-structure many
hours before it arrives at Earth compared with the observa-
tions of Bs and Ey that can only be done, for the time be-
ing, at the L1 point. That means we can use the velocity of
ICME-structure to forecast the possible generation and mag-
nitude of the geomagnetic storms. From a comparison of the
ICME-generated geomagnetic storms with the total number
of geomagnetic storms generated during the last two solar
cycles, it seems that approximately half of the ICMEs (49%
for Dst index and 53% for Kp index) produced geomagnetic
storms during the solar cycles 23 and 24. Moreover the ve-
locities of ICMEs are more in accordance with the rising and
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maximum phases of solar cycles 23 and 24 than the geomag-
netic activity (storms) are, as well as during the first stages
of the declining phases of these cycles, especially during so-
lar cycle 23.
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Geomagnetic storm · Solar cycle · Statistical analysis

1 Introduction

The solar wind structures that are transported throughout the
interplanetary space can cause disturbances on the Earth’s
magnetic field. These are called geomagnetic disturbances
and the most severe of them are called geomagnetic storms
(GSs) (Zhang and Burlaga 1988; Gosling et al. 1991; Gonza-
lez et al. 1994; Tsurutani and Gonzalez 1997; Feynman and
Gabriel 2000; Richardson et al. 2001; Daglis et al. 2003;
Zhang et al. 2007). These storms, depending on their in-
tensity, can cause many physical, technological and health
effects on space and ground-based systems and human ac-
tivity (Thomson et al. 2005; Rama et al. 2009; Welling
2010; Lakhina and Tsurutani 2016; Galata et al. 2017). The
main mechanism behind geomagnetic storms is the mag-
netic reconnection between the south component of the in-
terplanetary magnetic field (IMF) and the Earth’s magnetic
field (e.g. Dungey 1961; Gonzalez et al. 1994, 1999; Echer
et al. 2008, 2017 and references therein). During this pro-
cess, energy and magnetic flux are transferred from the
solar wind and it’s structures inside the Earth’s magneto-
sphere. It is believed that the most intense storms are mainly
caused by the interplanetary manifestation of coronal mass
ejections, i.e. the Interplanetary Coronal Mass Ejections
(ICMEs) (Gosling et al. 1991; Zhang et al. 2007; Mus-
tajab and Badruddin 2011; Wu et al. 2013; Paouris and
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Mavromichalaki 2017a, 2017b). These structures can carry
intense south component of the IMF, leading to intense ge-
omagnetic disturbances. They can be measured globally by
ground magnetometers located all over the Earth’s surface
with the use of the so called geomagnetic indices (Mayaud
1980). Each geomagnetic index describes usually differ-
ent physical phenomena and is measured at different lat-
itudes, for example the AL and AE indices measure the
global auroral electrojet activity at polar regions, the Kp in-
dex measure the disturbances of the field-aligned currents
at mid- latitudes and the Dst index measure the intensity
of the ring current system near the equator (Borovsky and
Shprits 2017). They are calculated by estimating the vari-
ations in the magnitude of the horizontal component of the
local geomagnetic field, which are directly linked to the vari-
ations in the geomagnetic current system (Mayaud 1980;
Menvielle and Berthelier 1991). Thus, the geomagnetic dis-
turbances that are produced by the solar wind and it’s struc-
tures (e.g. ICMEs), can be measured, to their intensity, by
the geomagnetic indices.

One of the major targets of space weather forecasting is
the accurate prediction of the arrival time of the disturbances
of solar wind. To succeed in this achievement, the scientific
community needs to understand the behavior of the solar
wind, especially during disturbed times, that may generate
strong geomagnetic activity. Our study aims to this direc-
tion by doing a statistical analysis of the ICMEs and their
geoeffectiveness to improve their forecasting, by correlating
their most geoeffective characteristics with their impact on
the magnetosphere.

2 Data selection

In order to examine and analyse the geoeffectiveness of the
ICMEs described in the catalogue of Richardson and Cane
(www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.
htm) occurred during the last two solar cycles 23 and 24
(1996–2017), hourly averaged plasma data for solar wind-
ICMEs and geomagnetic indices from the GSFC/SPDF OM-
NIWeb (omniweb.gsfc.nasa.gov) and World Data Center for
Geomagnetism (wdc.kugi.kyoto-u.ac.jp/) databases, were
used. In this work data of the geomagnetic indices Kp and
Dst were used in order to analyse the geoeffectiveness of the
ICMEs. Also, data of the 13-month smoothed sunspot num-
ber (SSN) was obtained from the World Data Center-SILSO
database (sidc.be/silso/home).

A statistical analysis of the ICMEs velocities and their as-
sociation with geomagnetic storms (GSs) and also a study of
the geoeffectiveness of some characteristic plasma param-
eters of these ICMEs was performed. The classification of
the GSs according to the mentioned geomagnetic indices Kp
and Dst, is shown in Table 1. That is, according to Kp index

Table 1 Geomagnetic Storms classification. The Kp-classification is
based on the NOAA “G” Scale (https://www.swpc.noaa.gov/noaa-
scales-explanation) and the Dst-classification is according to Loewe
and Prölss (1997) classification

Storms
scale (Dst)

Dst values Storms
scale (Kp)

Kp values

Moderate −100 < Dst ≤ −50 nT G1 Kp = 5

Strong −200 < Dst ≤ −100 nT G2 Kp = 6

Severe −350 < Dst ≤ −200 nT G3 Kp = 7

Great Dst ≤ −350 nT G4 Kp = 8

G5 Kp = 9

the NOAA “G” scale (https://www.swpc.noaa.gov/noaa-
scales-explanation) and according to Dst the Loewe and
Prölss (1997) scale for GSs. A number of 502 ICMEs dur-
ing the solar cycles 23 and 24 obtained from the catalogue
of Richardson and Cane were examined in this work, ei-
ther they were associated with a leading shock region or
not, excluding 7 of them due to the lack of data. More-
over, both the maximum velocity of the structure head-
ing to Earth (either of ICME/sheath or the shock) and the
mean velocity of the ICME, the south component Bs of
the magnetic field of the ICME and the dawn-to-dusk con-
vective electric field Ey (in GSE coordinates) which is be-
lieved to play an important role in the magnetic reconnec-
tion mechanism at the dayside of the Earth’s magnetosphere,
thus an important role at energy injection in the magneto-
sphere were analyzed (Dungey 1961; Owens et al. 2005;
Ji et al. 2010). This study focuses on connecting these
plasma parameters of the ICMEs and their possible shock
with the geomagnetic activity and the thresholds of each GS
category based on Kp and Dst indices, that ICMEs may pro-
duce. A correlation study of the geoeffectiveness of ICMEs
with the total number of geomagnetic storms during the last
solar cycles 23 and 24 was also carried out.

A typical sample of the ICMEs catalogue of Richardson
and Cane (2019) is given in Table 2. In this Table the first
column of the catalogue shows the time of the disturbance,
measured by ground magnetometers, or the possible shock
measured by ACE, WIND or SOHO CELIAS/MTOF/PM
spacecrafts. In the second and third columns the start and
the end times of the ICME are presented respectively. In
fourth and fifth columns there are the start and end times
of the associated interval of abnormal solar wind composi-
tion/charge states in hours relative to the start and end times
of the ICME (data available from 1998 and thereafter). The
sixth and seventh columns give the start and end times of
the Magnetic Clouds (MCs), in hours relative to the ICME
leading or trailing edges. In the eighth and ninth columns
we have evidence of BiDirectional suprathermal Electron
strahls (BDE) and BiDirectional energetic Ion Flows (BIF).
The tenth column gives the “quality” of the boundary times
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Table 2 A typical sample of the ICMEs catalogue of Richardson and Cane (2019) from 1996 up to date (www.srl.caltech.edu/ACE/ASC/
DATA/level3/icmetable2.htm)

of the ICME. At the eleventh column the acceleration of the
upstream disturbance (shock/wave) estimated from 1-hour
averaged solar wind data (with shock indication from ACE)
is given. The twelfth to fourteenth columns give the mean
ICME velocity, the maximum solar wind velocity during the
passage of the ICME and the mean magnetic field strength
of the ICME respectively. In the fifteenth column we see
if the ICME had or not any MC evidence. In the sixteenth
column there is the minimum Dst value from the ICME pas-
sage. In the seventeenth and eighteenth columns the mean
1 AU transit velocity of the disturbance based on the possi-
ble CME association of the ICME from SOHO/LASCO or
STEREO spacecrafts are given.

3 Results

3.1 Geomagnetic storms and ICMEs

Our results revealed that during the last two solar cycles
(1996–2017) half of the ICMEs were associated with geo-
magnetic storms (GSs) and only ∼20% of the ICMEs with
strong GSs (Dst < −100 nT/Kp ≥ 7) (see Sects. 3.2 and
3.3), even though they are considered as important drivers
of the intense GSs. The 13-month smoothed solar sunspot
number, obtained by the World Data Center-SILSO (upper
panel), the annual number of GSs based on the Kp and on
Dst indices (middle panels) and (the yearly number of all
ICMEs, the annual number of ICMES associated with GSs
based on Kp (green color) and based on Dst (red color) as
well (last panel) during the two solar cycles 23 and 24, are

shown in Fig. 1. We can see that for the cycle 23 (1996–
2008) a very good relation of SSN and the number of ICMEs
is presented, where the number of ICMEs follows the solar
cycle with a maximum at the year 2000, near the solar max-
imum of the sunspot number at the year 2001 and a corre-
sponding minimum at the year 2008. The number of GSs
does not follow exactly the same feature, as they present a
maximum at the year 2003 and a minimum at 2009, that
means a slight forwarding shift for about ∼1 year. For so-
lar cycle 24 the number of ICMEs presents a maximum two
years before the solar maximum at the year 2014 and the
number of GSs has their maximum again one year after the
solar maximum.

It is clear that ICMEs do not follow exactly the mo-
tivation of strong geomagnetic activity (i.e. the geomag-
netic storms), especially during the declining phase of the
solar cycle, where the number of geomagnetic storms de-
creases, although there is an increase in the number of the
ICMEs produced GSs (during both cycles, mainly in the
years 2005 and 2015). However, they seem to follow re-
ally well the rising phase of solar cycle, indicating that ge-
omagnetic activity is more affected by the ICMEs during
the rising phase rather than the declining phase of solar cy-
cles (Gonzalez et al. 1999, 2011; Gopalswamy et al. 2014;
Gerontidou et al. 2018). For example, at the year 2003 (de-
clining phase) a dramatic increase of geomagnetic activity
but not in the number of ICMEs (only 22 where 14 of them
were generated by a GS) was observed.

The geomagnetic storm-related ICMEs (red and green
color at Fig. 1d) also show the same behavior, especially

http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
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Fig. 1 (a) The 13-month smoothed sunspot number (SSN), (b) the
annual number of geomagnetic storms (GSs) according to Kp index,
(c) the annual number of GSs according to Dst index and (d) the annual
number of ICMEs during the solar cycles 23 and 24 (1996–2017) are

presented. In this last panel the total number the ICMEs (blue color),
the ICMEs generated a GS according to Kp index (green color) and
the ICMEs generated a GS according to Dst index (red color) are pre-
sented. Above the bars the corresponding values are indicated

during the declining phases of the cycles, where the ra-
tio of ICMEs/Geoeffective-ICMEs drops (as Geoeffective-

ICMEs are considered the ICMEs generated a GS). This
probably means that during the declining phases of these
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Fig. 2 Yearly distribution of the Vmean (left panel) and of the Vmax (right panel) velocity of ICMEs for each range (in colors) during the years
1996–2017

two solar cycles there is an increase, in number, of other
solar sources that generate this increased geomagnetic ac-
tivity, such as high speed solar wind streams from coro-
nal holes (Gonzalez et al. 1999, 2011; Gerontidou et al.
2018). Nevertheless, the general behavior remains the same,
at solar cycle 23 the ICMEs (and the GSs) are larger in
numbers and geoeffectiveness than in the corresponding
ones of the cycle 24. This result is consistent with the ob-
served results that the even solar cycles (such as the cy-
cle 24) are less active than the odd ones (such the cycle 23)
in general activity (Mavromichalaki and Vassilaki 1998;
Gerontidou et al. 2018), and also that the plasma parameters
of ICMEs at solar cycle 23 are higher than in solar cycle 24
(Chi et al. 2016).

We didn’t notice any dramatic difference between the
Kp-associated and Dst-associated geomagnetic storms
(Fig. 1d) due to the ICMEs. However, during the data analy-
sis we noticed some differences between these two “kinds”
of GSs. For example we noticed some ICMEs with suffi-
cient Bs and Ey that generated high Dst values but low Kp
values (e.g. 29/8/2004, 14/1/2007 etc.), or with low Bs, Ey
and Dst reduction and average speed they gave high Kp
(4/6/2011), or ICMEs with almost identical velocities, Bs
and Ey and same Kp generated different Dst reductions (e.g.
10/4/2015 and 6/5/2015). We can also see that the Dst-GSs
seem to follow slightly better the annual numbers of the
ICMEs which means that Kp index is more easily affected
by other drivers. All these differences can be explained by
the fact that both the Kp and Dst indices are affected by
different physical current systems, i.e. different magneto-
spheric currents and thus a little different number of these
two categories of GSs are observed. It is known that the
Dst index is affected by the ring current system and the
Kp is affected by the field aligned Birkeland currents and

the magnetopaused-magnetotail current (Ganushkina et al.
2018).

The yearly distribution of ICMEs velocities (mean and
max, according to Richardson and Cane’s ICMES cata-
logue) over the last two solar cycles (1996–2017) is illus-
trated in Fig. 2. It is well known that ICMEs are the main
drivers of intense GSs during the rising phases and maxi-
mums of solar cycles (e.g. Gonzalez et al. 2011), and our re-
sults are in accordance with these past results (Fig. 1 and 2).
During the rising phase of solar cycles 23 and 24 we have
an increase in number of medium and high velocities (blue
and yellow lines in Fig. 2) of the ICMEs compared to the
lower velocities (green color), which is much more clear in
cycle 23 than 24. During the declining phases of both cycles
we have a clear decrease of slower ICMEs and an increase in
faster ICMEs (yellow and red color) and also a small occur-
rence rate of extremely high velocity events (black and pink)
in cycle 23. More specifically, in cycle 23 we had 3 extreme
velocity events (black and pink) and we also see fast events
in the declining phase of cycle 24 (comparing with the low-
velocity events of this cycle). These results suggest that dur-
ing the rising phases we have an increase of ICME events,
in almost all velocity ranges, at the solar maximum we have
a decrease in low-velocity and an increase in mid and high-
velocity ICMEs (where their geoeffectiveness will normally
increase) and at the declining phase we have a persistence
in mid and high-velocity ICMEs and a small occurrence of
very high-velocity ICMEs (comparing to the general veloc-
ities background for each cycle), especially for cycle 23.

Despite the moderate correlations between the mean and
maximum velocities of the ICMEs with their geoeffective-
ness (see Sects. 3.2 and 3.3), an increase in these velocities
seems to enhance their geoeffectiveness. This is confirmed
by Fig. 1 (b and c) where we see an increase in the num-
ber of GSs during the intervals where there was an increase
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in ICMEs velocities (maximum and declining phases of the
solar cycles).

3.2 ICMEs and Kp index

The number of ICME events that led or not, to geomag-
netic storms (GS) during their passage from the magneto-
sphere, according to the Kp index (NOAA “G” scale) are
shown in Fig. 3. We can see that ICMEs’ or sheaths’ geo-
effectiveness (Tsurutani et al. 1988; Huttunen et al. 2005;

Fig. 3 The number of ICMEs not associated with geomagnetic storms
(Kp ≤ 4, blue color) and the number of ICMEs associated with geo-
magnetic storms (Kp > 4, green color) versus the Kp values

Owens et al. 2005; Zhang et al. 2007) can contribute to
almost all possible levels (except level zero Kp = 0). The
mean value of Kp is ∼4.7, corresponding to Kp = 5− ac-
cording to NOAA “G” scale.

Note that we have used the integer and not the decimal
values of Kp index. The percentages of ICME events that
triggered the creation of a GS were found to be ∼53% (263
out of 495 ICMEs), where 47% (232 out of 495 ICMEs)
didn’t lead to a GS. We also see that ∼20% (98 events) of
the events generated a G1 storm, ∼16% (81 events) gener-
ated a G2 storm, 10% (49 events) a G3, 4% (21 events) a
G4 storm and 3% (14 events) a G5 storm. In Fig. 4 we can
see the correlation of maximum Kp index occurred during
the passage of the ICME (and the possible sheath/shock re-
gions), with (a) the max and (b) the mean ICME velocities
during the event passing from the magnetosphere. It’s clear
that there is an increase in the level of storms with the in-
crease of velocities, but correlations are in moderate levels
(cc = 0.56 for both).

The minimum value of the southward component Bs of
the IMF of the ICME (left panel), and the maximum value
of the dawn-to-dusk Ey convective field at L1 point versus
the kp values of each event are given in Fig. 5. It seems that
the Kp index has a better correlation with these two plasma
parameters (cc = −0.74 with Bs and 0.72 with Ey) than the
maximum and mean velocities of the ICMEs. This means
that these can be more suitable forecasting parameters than
the ICME maximum and mean values of velocity (Richard-

Fig. 4 Correlation diagram of
the ICME Vmax (left panel) and
of the ICME Vmean (right
panel) during their passage from
the magnetosphere versus of the
Kp index during the years
1996–2017

Fig. 5 A correlation diagram of
the minimum value of the IMF
south component Bz (left panel)
and of the maximum value of
the dawn-to-dusk Ey convective
field (right panel) versus the Kp
index values is presented
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Fig. 6 The variation of the probability of generated storms (or per-
cent of events) that reach at a specific storm class (based on NOAA
“G” scale) versus the minimum absolute Bs value of the interplanetary
magnetic field (left lower panel) and the maximum Ey value of the con-

vective electric field of each ICME at L1 point (right lower panel). In
the upper panels the number of the ICME events in each range of |Bs|
(left upper panel) and Ey (right upper panel) values is given during the
years 1996–2017

son and Cane 2011 and references therein). Our results are
in consistent with the results of the study of Richardson and
Cane (2011), where the cc was 0.78 and 0.88 respectively,
for solar cycle 23 (1995–2009). These slight differences can
be explained by two factors. We used in our study the in-
teger and not the decimal values of Kp index, which may
influences the accuracy of the cc, and also our data are for
two solar cycles (1996–2017), which seem to differ in their
intensity (Figs. 1 and 2).

The probability of an ICME generating a specific class
of GS or not, depending on its minimum |Bs| value (left
lower panel) and maximum Ey value (right lower panel)
are given in Fig. 6. We can see that for example, an ICME
with a value of approximately |Bs| ≈ 12.5 nT (value be-
tween 10 and 15 nT), has a ∼5% probability of not gen-
erating a GS (Kp < 5), a ∼95% probability of generating
a G1 storm (Kp = 5), a ∼55% probability of generating
a G2 storm (Kp = 6), a ∼20% probability for G3 storm
(Kp = 7), and no chance of generating a G4 or G5 storms
(Kp = 8 and 9). Moreover, if we have for example the value
Ey ∼7 mV/m (e.g. with value between 6 and 8 mV/m),
there is ∼2% probability of not generating a GS (Kp < 5),

∼98% for generating a G1 storm, ∼82% for generating a G2
storm, ∼30% for generating a G3 storm, ∼4% for generat-
ing a G4 storm and finally no chance for G5 storm. The re-
sults are inconsistent with the ones of Richardson and Cane
(2011). The points for 50% probability of generating GSs
are found at the values: |Bs| ∼ 7 nT and Ey ∼ 3 mV/m
for G1 storms, |Bs| ∼ 10 nT and Ey ∼ 5 mV/m for G2
storms, |Bs| ∼ 15 nT and Ey ∼ 8 mV/m for G3 storms, and
|Bs| ∼ 22 nT and Ey ∼ 12.5 mV/m for G4 storms. For G5
we have only 11 events, insufficient for the probabilities to
be measured in a useful level, but it seems that they are ap-
proximately at |Bs| ∼ 35–40 nT and Ey ∼ 20 mV/m. In the
upper panels of this Figure the number of the ICME events
in each range of |Bs| (left upper panel) and Ey (right up-
per panel) values is given during the years 1996–2017. The
black line at the lower panels of Fig. 6 (Kp < 5 means there
was no GS generated from the passing ICME) is the prob-
ability of an ICME to generate a disturbance with Kp < 5
which means that this lines drops as the values of Bs and Ey
increase in the ICME because these values are very impor-
tant for the generation of a geomagnetic disturbance due to
their role at the reconnection process in the dayside of the
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Earth’s magnetosphere. The colored lines are the probabili-
ties for generation of specific scales of GSs, as explained in
the panel.

3.3 ICMEs and Dst index

Moreover the geoeffectiveness of the ICMEs according to
Dst index (Zhang et al. 2007; Richardson and Cane 2011
was also considered. The used Dst index data from the WDC
for Geomagnetism, Kyoto are the final values up to 2014, the
provisional values for 2015–2016 and the quicklook values
thereafter. Some (a few) provisional and quicklook values
may be revised in the future, with changes only a few nT,
which means that our results will not be efficiently changed.
It is noted from Fig. 7 that 50.9% (252 out of 495 events) of
the ICMEs didn’t generate a GS, while 49.1% (243 events)
generated a GS. We also notice that 29.5% (146 out of 495)
of the events (ICMEs and their possible sheath region and
Shock) generated a Moderate storm, 15,3% (76 out of 495)
generated a strong storm (−50 < Dst ≤ −100 nT), 3% (16
events) generated a severe storm and 1% (5 events) gener-
ated a great storm. This means that only a quarter of the

Fig. 7 Distribution of the number of the geomagnetic storms-associ-
ated with ICMEs (Dst ≤ −50 nT, blue color) and those non-storm
events (Dst > −50 nT, green color) under the affection of the ICMEs
during the years 1996–2017

ICMEs of the last two solar cycles 23 and 24 are associated
with intense storms (Dst ≤ −100 nT) (Tsurutani and Gon-
zalez 1997; Richardson and Cane 2011), even though the
ICMEs are considered as important drivers of the intense
GSs.

A correlation diagram of the mean ICME (solar wind)
velocity (left panel) and the maximum velocity of the event
(ICME/Sheath and the possible shock) (right panel) with the
minimum Dst value of each event is presented in Fig. 8. It’s
clear again (as well as with Kp) that the correlation of the
minimum Dst value with these velocities is moderate (cc is
−0.48 and −0.53 accordingly). Thus, the velocities of an
ICME structure are good but not solid space weather fore-
casting factors. So we must turn our view on the other im-
portant space weather factors, the south component Bs of
the ICME’s magnetic flux structure and the y-component of
the convective electric field Ey of solar wind at L1 point,
measured by WIND and ACE spacecrafts. Figure 9 (left and
right panels) shows that the correlation of minimum Dst is
much higher with these factors (cc is 0.88 and −0.87 accord-
ingly), confirming previous studies that showed that Bs and
Ey play a vital role on space weather effects due to the mag-
netic reconnection process between the solar wind magnetic
field and the magnetosphere (Tsurutani and Gonzalez 1997;
Ji et al. 2010; Richardson and Cane 2010; Paouris and
Mavromichalaki 2017a, 2017b).

We now consider the probability of an ICME generat-
ing GS, depending on the Dst index. Figure 10 (left and
right panels) demonstrates that probabilities (or the percent
of events that occurred during the solar cycles 23 and 24)
of generating specific scales of GSs, depending on the mini-
mum |Bs| and maximum Ey values of the events. We see that
for an ICME with the value of, for example, |Bs| ≈ 12.5 nT
(e.g. values between 10 and 15 nT) there is a 10% proba-
bility of not generating a GS, 90% probability of generat-
ing a Moderate GS, 34% probability of generating a Strong
GS and 0% for intense storms (see Table 1 for scales). We
also notice that when |Bs| is at least 17.5 nT (e.g. 15–20 nT
and above) we have 0% chance of not generating GS, which
means that ICMEs with value |Bs| > 15 nT will surely gen-

Fig. 8 Correlation diagram of
the ICME Vmax (left panel) and
of the ICME Vmean (right
panel) velocity with the
minimum Dst values
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Fig. 9 Correlation diagram of
the minimum value of the south
component Bs of the
interplanetary magnetic field
(left panel) and the maximum
value of the y-component Ey of
the convective electric field
(right panel) versus the
minimum Dst index values

Fig. 10 Minimum absolute Bs value of the interplanetary magnetic
field (left panel) and maximum Ey value of the convective electric field
of each ICME at L1 point (right panel) versus the variation of probabil-
ities (or percent of events) for generation of specific storm scale based

on Dst index scale, during the years 1996–2017. On the upper panels
the number of ICME events in each range of |Bs| (left) and Ey (right)
values are given

erate a GS. For Ey, this value seems to be at 8–10 mV/m and
above. The points for 50% probability of generating specific
GSs scales are found at: |Bs| ≈ 8 nT and Ey ≈ 4 mV/m
for Moderate storms, |Bs| ≈ 13 nT and Ey ≈ 6 mV/m for
Strong storms, |Bs| ≈ 26 nT and Ey ≈ 16 mV/m for Severe
storms. For Great storms we have very few events to give ac-
curate probabilities, although here we find them at the values
|Bs| ≈ 32 nT and Ey ≈ 36 mV/m. The results are also con-
sistent with those ones of Richardson and Cane (2011) for
the solar cycle 23.

3.4 ICMEs and their velocities

The fact that there are no in-situ observations of the reli-
able geoeffective factors Bs and Ey makes the ICMEs geo-
effectiveness forecasting more complicated. We can only
use upstream monitors at L1 point (such as WIND and
ACE), which provides us with little warning time of upcom-
ing events (less than an hour) (Richardson and Cane 2011).
However, the velocities (mean and maximum) of the ICME
structures (ejecta, sheath and possible shock) seem to have
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Fig. 11 The number (black color) and percentages (red color) of ICMEs versus the ICMEs Vmax (left panel) and the ICMEs Vmean (right panel)
velocities during 1996–2017) are given

Fig. 12 The variation of probabilities (or percent of events) for gen-
eration of a specific storm scale according to Kp (left panel) and to
Dst indices values (right panel) versus the maximum (Vmax) values

of velocity of the ICMEs recorded during the solar cycles 23 and 24
(1996–2017) is illustrated

less potential to geoeffectiveness forecasting, but they can
be estimated remotely around 1 to 4 days in advance. We
can use these data to make estimations on the probability
of an ICME generating specific Geomagnetic Storm level.
In Fig. 11 (a and b) we see the maximum and mean veloci-
ties distributions over the solar cycles 23 and 24. The most
probable value for the maximum velocity is 460 km/s and
370 km/s for the mean velocity. In Fig. 12 we can see the
probabilities of generating specific GS scales depending on
the maximum velocity of the ICMEs. Two results can be out-
lined. The first is that the maximum velocity of the ICMEs
can be more geoeffective according to Kp index (i.e. affect
more easily the Kp index than Dst). This can be ascertained
by the higher storm-generation probabilities from lower ve-
locities of the ICMEs according to Kp index. The second

is that the probabilities for Severe and Great storms for Kp
are also higher. This is due to more events for Kp = 8 and
Kp = 9 (33 events in total) than Dst ≤ −200 nT (12 events),
which can also be explained by the different magnetospheric
current systems that affect these indices (Ganushkina et al.
2018 and references therein). The estimations for Severe and
Great storms, according to Dst, are not very good due to low
number of events and hence cannot be used efficiently for
space weather forecasting purposes. This confirms our pre-
vious results for the correlation of ICMEs mean and maxi-
mum velocities versus the geomagnetic activity (Kp and Dst
index, see Sects. 3.2 and 3.3). It is noted that only for low
and medium velocities of the ICMEs, we can have good es-
timations of the probabilities of generating specific storm
scales, due to large number of events.
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4 Conclusions and discussion

In this work the relation of 502 ICMEs (although excluding
7 due to lack of data) with the Geomagnetic Storms (GSs),
during the last two solar cycles 23 and 24 were investigated.
At first, the number of the ICME events was compared with
the annual number of GSs during these two solar cycles. The
most geoeffective parameters of the ICMEs and the way
they affect the magnetosphere, depending on their impact
on Kp and Dst geomagnetic indices were analyzed. We also
considered the mean and maximum velocities of the ICMEs
according to Catalogue of Richardson and Cane (2019) for
both solar cycles. Summarizing our results are the follow-
ing:

(a) Despite the fact that ICMEs are characterized as im-
portant drivers of the geomagnetic storms (GSs), we
found out that only ∼50% of the ICMEs were generated
GSs during the years 1996–2017. Moreover, ∼23% of
them were generated intense GSs (with Dst ≤ −100 nT
and/or Kp ≥ 7) and the probability for severe storms was
7% with Kp ≥ 8 and 4% with Dst ≤ −200 nT. Similar
results were found also by Richardson and Cane (2011)
for the time period 1995–2009. We note that in this
study the duration of the events (i.e. the duration of the
southward component Bs of the events) were not con-
sidered, although it seems to have an important role on
their geoeffectiveness (O’Brien and McPherron 2000;
Ji et al. 2010).

(b) The southward component of the interplanetary mag-
netic field Bs and the dawn-to-dusk (y-component) con-
vective electric field Ey, measured at L1 point by ACE
spacecraft obtained from OMNIWeb presents a much
better correlation with the geoeffectiveness, as it was
expected due to their role in the magnetic reconnection
process in the dayside of the magnetosphere (Tsurutani
and Gonzalez 1997). Due to the lack of distant in-situ
observations, we cannot use them to make space weather
forecasting enough time before the ICME encounters
the magnetosphere, unless there is a good method to
measure or forecast these factors several hours/days
before the disturbance arrives. There have been many
promising steps to this direction (e.g. Riley et al. 2017;
Riley and Love 2017) for predicting the Bs component
of the IMF. With such techniques, and along with the
results of this study, space weather forecasters will have
a very good and reliable tool for forecasting the future
geospace activity enough time in advance to take all
the necessary measures and precautions. We also no-
tice that the correlations of these factors (Bs and Ey)
are slightly better with the minimum Dst (cc = 0.88 and
−0.87) compared to the Kp index (cc = −0.74 and 0.72)
respectively (Table 3). This difference can possibly be
explained by the fact that these two indices are affected

Table 3 The correlation coefficient of the GSs measured with Kp and
Dst index versus the plasma parameters Bs and Ey of the ICMEs, for
the years 1996–2017

Southward Bs
(nT)

Ey
(mV/m)

Storms according to Kp −0.74 0.72

Storms according to Dst 0.88 −0.87

Table 4 The correlation coefficient of the GSs measured with Kp and
Dst index versus the plasma parameters Bs and Ey of the ICMEs, for
the years 1996–2017

Mean ICME
velocity

Max ICME
velocity

Storms according to Kp 0.56 0.56

Storms according to Dst −0.53 0.48

by different magnetospheric currents (Ganushkina et al.
2018 and references therein). More specifically, the Kp
index can also be affected by the substorm mechanism
through the magnetotail current and field-aligned cur-
rents which means that with Kp we count more events.
This can also explain the difference in GSs numbers in
Fig. 1b and 1c recorded by these two indices. The results
seem to be in accordance with the results of the work by
Richardson and Cane (2011) for the solar cycle 23.

(c) The mean and maximum velocities of the ICMEs have
a moderate correlation with the GSs, both with Kp
and Dst indices (Table 4), thus they are considered
as moderate space weather forecasting factors. How-
ever, velocities of the ICMEs can be measured from
long distance by coronographs on spacecrafts (e.g. from
LASCO/SOHO or STEREO choronographs) or by all-
sky imagers (e.g. Solar Mass Ejection Imager) (Richard-
son and Cane 2011 and references therein), making
them important factors for geoeffectiveness’s prediction
of ICMEs for the time being, due to lack of in-situ obser-
vations of other important geoeffective plasma parame-
ters of the ICMEs. Thus, we can have probabilities of
generation of specific GSs scales using these velocities
of ICME-structures.

(d) To compare our results with the similar study of Richard-
son and Cane (2011) for the geoeffectiveness of the
ICMEs and their probabilities of generating specific GS
scales, we summarized our results in the following Ta-
bles 5, 6 and 7.

In Tables 5 and 6 we see the values of the param-
eters Bs and Ey that an ICME must have in order to
have 50% probability to generate specific Geomagnetic
Storm scale, according to Kp and Dst indices. For ex-
ample, in order for an ICME to have 50% probability to
generate a G3 storm (Kp = 7), it’s Bs value must be at
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Table 5 The minimum values of parameters Bs and Ey of the ICMEs
that are required in order to have 50% probability of generating spe-
cific geomagnetic storm scales by the ICMEs. The storms are referred
according to Kp index. The values are for cycle 23 (from the study of
Richardson and Cane 2011) and for cycles 23 and 24 (from this study)

Geomagnetic storms with probability >50% – Kp index

Plasma parameters
versus indices

Cycle 23
Richardson and Cane
(2011)

Cycles 23 and 24
This work

Bs – G1 – 7 nT

Bs – G2 – 10 nT

Bs – G3 – 15 nT

Bs – G4 – 22 nT

Bs – G5 – 35–40 nT mV/m

Ey – G1 3.5 mV/m 3 mV/m

Ey – G2 4.5 mV/m 5 mV/m

Ey – G3 8 mV/m 8 mV/m

Ey – G4 12 mV/m 12.5 mV/m

Ey – G5 30–40 mV/m 20 mV/m

Table 6 The minimum values of parameters Bs and Ey of the ICMEs
that are required in order to have 50% probability of generating spe-
cific geomagnetic storm scales by the ICMEs. The storms are referred
according to Kp index. The values are for cycle 23 (from the study of
Richardson and Cane 2011) and for cycles 23 and 24 (from this study)

Geomagnetic storms with probability >50% – Dst index

Plasma parameters
versus indices

Cycle 23
Richardson and
Cane (2011)

Cycles 23 and 24
This work

Bs – Moderate GS 8 nT 8 nT

Bs – Strong GS 12 nT 13 nT

Bs – Severe GS 20 nT 26 nT

Bs – Great GS ∼ 28 nT 32 nT

Ey – Moderate GS 3 mV/m 4 mV/m

Ey – Strong GS 6 mV/m 6 mV/m

Ey – Severe GS 15 mV/m 16 mV/m

Ey – Great GS ∼30 mV/m 36 mV/m

least 15 nT and the Ey must be at least 8 mV/m. For a
50% probability of a Strong storm (Dst ≤ −100 nT) the
ICME must have a Bs at least 12 nT and an Ey at least
6 mV/m, according to these two studies.

In Table 7 we see the correlation coefficients for ev-
ery association of the values of the first column. Again
we see similar values, which means that the geoeffec-
tiveness of the values Bs, Ey and the velocities of the
ICMEs is not affected much by the solar cycles. We only
notice a difference at the value of Ey, according to Kp
only. This difference can again be explained by the fact
that Kp index can be affected by the geomagnetic sub-
storm system, hence provide us with events that are not

Table 7 Correlation coefficients of the different parameters used in this
work in relation to the Kp index (upper) and to the Dst index (lower)
during solar cycle 23 (Richardson and Cane 2011) and during the cy-
cles 23 and 24 obtained from this work

Correlation coefficients

Plasma parameters
versus indices

Cycle 23
Richardson and Cane
(2011)

Cycles 23 and 24
This work

For Kp index

Vmax–Kp 0.58 0.56

Vmean–Kp – 0.56

Bs–Kp 0.78 −0.74

Ey–Kp 0.87 0.72

For Dst index

Vmax–Dst −0.54 −0.48

Vmean–Dst – −0.53

Bs–Dst 0.89 −0.88

Ey–Dst −0.87 −0.87

considered as GSs by the Dst index (with low intensity
of course). We also notice that the correlation coeffi-
cients of our study compared to the ones of the study
of Richardson and Cane (2011) have different sign due
to the fact that we maintained in this work the negative
values of Bs, while in Richardson and Cane (2011) the
values were turned positive. This point does not affect
the general results.

Even though this study was for both cycles 23 and 24,
we see only small differences in values of the geoeffec-
tiveness of the ICMEs between this study and the study
of Richardson and Cane (2011) for solar cycle 23. We
notice that on the Tables 5 and 7 some points are miss-
ing, because they are not provided in the other study.
The fact that the plasma parameters and the correlation
coefficients are similar in values means that, in general,
the role of each parameter to the geoeffectiveness of the
ICMEs does not change per solar cycle.

(e) Despite the moderate correlation between the mean and
maximum velocities of ICME-structures and their geo-
effectiveness, we see an increase of GSs occurrence to-
gether with an increase of mid and high-velocity ICMEs
during rising and around maximum phases, especially
at solar cycle 23 (see Figs. 1b, c, d and 2). It is also
clear that during the first stages of the declining phases
of solar cycles, we have an increase both in number of
GSs and in the velocity of the ICMEs together with
a decrease of the number of the ICMEs, which means
that the faster and more geoeffective ICMEs alone can-
not justify the big increase of the number of GSs dur-
ing that period. Hence, different source drivers of strong
geomagnetic activity increase in numbers. Such drivers
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are high speed solar wind streams from Coronal Holes
(Gonzalez et al. 1999, 2011; Gerontidou et al. 2018).

(f) According to both the number of GSs and the numbers
and characteristic velocities of ICMEs, we see that the
two solar cycles have big differences in intensity. More
specifically, solar cycle 23 seems to be stronger in all
factors, something that has been observed in other stud-
ies too (e.g. Chi et al. 2016). For example, the mean
and maximum velocities are higher in every phase of cy-
cle 23 than 24, but the two cycles seem to have the same
trend, concerning the occurrence of GSs and numbers
and velocities of ICMEs. Also, they both have faster
ICMEs during the declining phases than the rising and
maximum phases (Figs. 1b, c, and 2a, b). The maxi-
mum annual numbers of the GSs and the ICMEs seem
to be in accordance with the SSN maximum for both cy-
cles, with ∼1 year difference. However, for the cycle 23
we see a dramatic increase of geomagnetic activity at
2003, which is not followed by an increase in the num-
ber of ICMEs. Although this year may be an exception
and not a rule for the solar cycles, during the declin-
ing phase of solar cycles there is a decrease (except the
years 2005 and 2015) in numbers and geoeffectiveness
of the ICMEs (Fig. 1d) which is not exactly followed
by the same decrease in geomagnetic activity. This con-
firms the previous results about the increase in numbers
of other geoeffective solar sources of the GSs.

In conclusion, we infer that ICME velocities can be
used, for now, for space weather forecasting due to the fact
that they can be measured distantly and therefore we can
have sufficient warning time for their possible geoeffective-
ness, depending on their velocity measures (statistically).
There are also models that can estimate very well the ar-
rival time of an ICME and it’s possible Shock at the Earth’s
magnetosphere (e.g. the EAMv2 model, see: Paouris and
Mavromichalaki 2017a, 2017b). Such tools, together with
the distant measurements of the velocities, can be used
at space weather forecasting, as it is already happening,
for example, at Athens Space Weather Forecasting Center
(cosray.phys.uoa.gr/index.php/space-weather-report). The
results for the probabilities of generating specific storm
scales from this work, using the velocities, can be useful
to such forecasting methods.

However these methods cannot yet be used for the more
geoeffective parameters Bs and Ey of the ICMEs, although
numerical and empirical models for forecasting the orienta-
tion and magnitude of the magnetic field of the ICMEs (and
the solar wind in general) may provide a useful and reliable
tool for space weather forecasting, using also it’s correla-
tion with the geoeffectiveness given in this work. Moreover,
we note that during 2018, eight ICMEs were recorded in
the catalogue, but only one of them gave rise to a geomag-
netic storm, at 25/08/2018 with minimum Dst = −174 nT

(Richardson and Cane’s ICMEs catalogue). Thus, not in-
cluding these eight events should not affect the main re-
sults of this work. Also, 7 of the ICMEs during 1996–2017
showed errors in the data of Bs and Ey according to data
from OMNIWeb, so we didn’t include them in our analysis.
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