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Abstract

Two types of solar agents are mainly responsible for geomagnetic disturbances—long-lived coronal holes, regions of open solar mag-
netic field and sources of high speed solar wind (HSS) related to recurrent geomagnetic activity, and coronal mass ejections (CME’s),
regions of closed solar magnetic field related to sporadic geomagnetic activity. The coronal mass ejections can be additionally divided
into magnetic clouds (MC’s) and non-magnetic clouds, according to the presence or absence of magnetic field rotation. We compare
the geoeffectiveness of HSS’s, MC’s and non-MC CME’s. The average geoeffectiveness is highest for MC’s and lowest for non-MC
CME’s. The average geoeffectiveness of MC’s is strongly solar cycle dependent, but their number is relatively small, except around sun-
spot minimum when their geoeffectiveness is low. The geoeffectiveness of HSS’s and non-MC CME’s practically doesn’t change through-
out the cycle, however their relative abundance changes, and so does their relative contribution to the overall geomagnetic activity. The
long-term decrease in the correlation between solar and geomagnetic activity is mainly due to the increasing number of HSS’s on the
declining phase of the sunspot cycle, which we suppose to be determined by the long-term changes in the tilt angle of the heliospheric
current sheet.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the beginning of the twentieth century, both the
geomagnetic activity as expressed by aa geomagnetic index
and the solar activity measured by the sunspot numbers
have increased, and their long-term variations are very sim-
ilar (Lockwood et al., 1999). In the same time, studies of
the variations of aa and sunspot number in the 11-year
solar cycle show that their short-term correlation has been
steadily decreasing (Kishcha et al., 1999), from 0.76 in the
period 1868–1890, to 0.35 in the period 1960–1982, while
the lag has increased from 0 to 3 years (Vieira et al.,
2001). A number of studies have been devoted to the differ-
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ent solar drivers of geomagnetic activity. According to the
classification of Feynman (1982), geomagnetic storms can
be caused by two main solar sources—long lived, such as
polar coronal holes, sources of high speed streams (HSS’s)
related to recurrent geomagnetic activity, and sporadic or
short lived, such as solar flares and disappearing filaments,
related to coronal mass ejections (CME’s) and sporadic
geomagnetic activity. Richardson et al. (2001) studied the
sources of geomagnetic storms over nearly three solar
cycles (1972–2000) and found that the most intense storms
as defined by Kp index at both sunspot minimum and
sunspot maximum are almost all generated by transient
structures associated with CME’s; weaker storms are pref-
erentially associated with HSS’s from coronal holes at solar
minimum, and with CME’s at solar maximum, while a
small fraction of the weaker storms at both solar minimum
and solar maximum are generated by slow solar wind. In a
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following paper Richardson et al. (2002) speculated that
the long-term increase in the geomagnetic activity observed
in the 20th century was due not to the increase in the radial
component of the interplanetary magnetic field (IMF) as
suggested by Stamper et al. (1999) but rather to the
increased geoeffectiveness of the slow solar wind. Echer
et al. (2004) dealt with the change in the correlation
between solar and geomagnetic activity in the 11-year solar
cycle, and found that the probable cause seems to be
related to the aa index double peak structure. The second
peak, related to HSS’s, seems to have increased relative
to the first one, related to sunspot (CME’s) one. Kishcha
et al. (1999) suggested that maybe we could even neglect
the sporadic sunspot related activity when the annual geo-
magnetic indices are used.

These two types of solar drivers are fundamentally dif-
ferent in their magnetic field configuration. The coronal
holes are regions of open magnetic field lines propagating
outwards from the Sun into the interplanetary space, and
the high-speed solar wind originating from them is charac-
terized by high speed, low density and high temperature.
The coronal mass ejections originate from regions of closed
field lines extending far away from the Sun, with unusually
low proton temperature or low plasma beta (ratio of
plasma pressure to magnetic pressure), composition anom-
alies, bidirectional suprathermal electron strahls indicating
looped magnetic field lines rooted at both ends on the Sun.
Fast CME’s drive shocks with enhanced plasma speed,
density and temperature. An Earth-directed CME is
observed as a halo around the Sun. A subclass of CME’s
is magnetic clouds (MC’s), distinguished by enhanced mag-
netic field with smooth rotation inside the structure.

In the present paper we compare the geoeffectiveness of
the two types of solar drivers—HSS’s and CME’s, addi-
tionally dividing the CME’s into two types—MC’s and
non-MC CME’s (which we will further denote as simply
CME’s). Our study covers 11 years, from 1992 to 2002—
the period in which a fleet of satellites has been providing
regular measurements of the Sun and the solar wind. It is
almost entirely in the solar magnetic positive polarity cycle.

2. Data

We evaluate the geomagnetic disturbances by the plane-
tary geomagnetic index Kp and the ring current index Dst,
both from NASA OMNI database (http://nssdc.gsfc.nasa.
gov/omniweb). We use the same database to identify the
three different types of events—HSS’s, CMEs and MCs.
We define a HSS event as a sharp rise in the solar wind
velocity by at least 100 km/s in no more than a day to no
less than 500 km/s, accompanied by high plasma tempera-
ture and low plasma density. In the period 1992–2001 we
have a total of 126 HSS events.

In the period 1992–2002 we have 92 MCs defined by
high magnetic field magnitude, low proton temperature
or low beta, and smooth magnetic field rotation. We have
compiled this list from a number of sources: Fenrich and
Luhmann (1998), Leamon et al. (2002), Vilmer et al.
(2003), SOHO LASCO CME catalog (http://cdaw.gsfc.
nasa.gov/CME_list/), WIND MFI magnetic cloud list
(http://sprg.ssl.berkeley.edu/~davin/clouds/cloud_list.html).
We define the beginning of a MC event by the beginning of
the magnetic field rotation accompanied by a drop in plasma
beta. For the CME’s we use the list of Cane and Richardson
(2003), from which all events identified as MC’s have been
removed, which leaves us with a total of 128 cases in the per-
iod 1997–2002. The beginning of a CME event is usually
determined by distinct magnetic field discontinuities, which
may be accompanied by abrupt changes in plasma para-
meters (Cane and Richardson, 2003).

3. Results

3.1. Average geoeffectiveness

To compare the average geoeffectiveness of CME’s,
MC’s and HSS’s, in Fig. 1a and b a superposed epoch anal-
ysis is presented of the daily averaged values of Kp and Dst
indices, respectively, on days of events (day 0), one day
before and after the events (days �1 and +1, respectively),
etc. The period studied is 1997–2001 when we have data for
all three types of events. In this period, HSS’s and MC’s
appear to be equally geoeffective as expressed by the aver-
age value of Kp index on the day of the event. However, in
the case of MC’s Kp index recovers faster to its undis-
turbed value while in the case of HSS’s the disturbances
last longer. CME’s lead to much smaller Kp values than
MC’s and HSS’s, and like in the case of the MC’s the geo-
magnetic activity related to them quickly recovers to its
undisturbed level. This undisturbed level is higher than
for MC’s and HSS’s, which is to be expected taking into
account that the majority of CME’s occur around sunspot
maximum when the background activity is higher.

The average value of Dst index associated with MC’s is
highest, and is reached on the day of the event (Fig. 1b).
The HSS-associated maximum negative Dst value is com-
parable, but is reached one day later. Also on the day fol-
lowing the event are the maximum disturbances as
measured by the Dst index caused by CME’s, and they
are almost two times weaker than the ones caused by
MC’s and HSS. It should be reminded that according to
the definition of a HSS which we have adopted, the day
of the event is the day of the fast growth of the solar wind
speed, while usually the speed continues growing and
reaches its maximum on the following day (Fig. 1c), and
it is significantly higher than the speed of the average
MC’s and CME’s. The maximum speed of CME’s is also
on the day following the event, as is the minimum CME-
related Dst value. The maximum magnetic field intensity
for all three types of events is on the day of the event,
and it is much higher for MC’s than for CME’s and HSS’s
which is to be expected taking into account that Cane and
Richardson (2003) didn’t require enhanced B for an event
to be determined as a CME.

http://nssdc.gsfc.nasa.gov/omniweb
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Fig. 1. Superposed epoch analysis of average daily (a) Kp index, (b) Dst index, (c) solar wind speed, and (d) IMF magnitude on days with CME’s
(solid line), HSS’s (broken line) and MC’s (dotted line) in the period 1997–2001.

Fig. 2. Yearly averages of the daily (a) Kp index, and (b) Dst index on
days with CME’s (solid line), HSS’s (broken line) and MC’s (dotted line).
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The solar cycle variation of the geoeffectiveness of the
different solar drivers is compared in Fig. 2a and b. The
HSS-related Kp index practically doesn’t change through-
out the solar cycle, i.e. HSS’s on average are not more geo-
effective in some phase of the cycle than in any other phase.
Some increase can be noted in the years around sunspot
minimum and maximum but the amplitude of the variation
is very small. Strong solar cycle dependence is observed for
magnetic clouds. The MC-related Kp index increases 3
times from sunspot minimum to sunspot maximum. Conse-
quently, HSS’s are on the average much more geoeffective
as expressed by Kp index than MC’s in sunspot minimum,
and MC’s are much more geoeffective in sunspot maxi-
mum. CME’s on the average appear to be the least geoef-
fective structure, at least in the period for which we have a
list of CME’s, which are not MC’s. This means that the
high geoeffectiveness of CME’s as a whole reported in a
number of previous studies is due to the high geoeffective-
ness of MC’s. The CME-associated Kp index follows the
sunspot cycle and the MC-associated Kp index but its
amplitude and values are much smaller than in the case
of MC’s.

Similar is the picture for the geoeffectiveness of these
three structures as expressed by the Dst index—Fig. 2b.
The HSS-related Dst index has no solar cycle variations,
except for a well expressed maximum disturbance (maxi-
mum negative Dst value) in 1998 which is not seen in Kp
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index. In 1998 HSS’s are the most geoeffective solar driver,
though the average ring current intensity associated with
them is not very high. The geoeffectiveness of MC’s again
has a strong solar cycle variation, with more than 5 times
increase from solar minimum to solar maximum. At solar
maximum the MC’s are the source of the strongest Dst dis-
turbances, more than twice more effective than HSS’s and
CME’s. CME’s are again the least geoeffective structure,
and have no expressed solar cycle dependence. We could
therefore suppose that the sunspot cycle dependence of
CME-related Dst index reported in previous studies (e.g.
Webb, 2002) is related to the cycle variations of MC-
related Dst index.

In Fig. 3a and b, the yearly averages of the velocity V
and magnetic field magnitude B of HSS’s, MC’s and
CME’s are compared. For MC’s, both V and B follow
the sunspot cycle, with well expressed minima in sunspot
minimum and maxima in sunspot maximum, which
explains the solar cycle variations of their geoeffectiveness.
The speed of CME’s, which are not MC’s, also follows the
sunspot cycle. The solar cycle dependence of the speed of
CME’s, without dividing them into MC’s and non-MC’s,
has been shown earlier for cycle 23 (Wu et al., 2003; Cane
and Richardson, 2003), though it was not obvious for the
previous cycle (Gopalswamy et al., 2003). A surprising
result is the lack of whatever variations in the magnetic
field magnitude of CME’s, at least during the ascending
Fig. 3. Yearly averages of the daily (a) solar wind speed, and (b) IMF
magnitude on days with CME’s (solid line), HSS’s (broken line) and MC’s
(dotted line).
phase of the solar cycle (Fig. 3b). The magnetic field mag-
nitude of HSS’s follows the sunspot cycle and in sunspot
minimum its value is equal to the one of MC’s, but in solar
maximum it is substantially lower. The HSS speed has
three peaks—one on the descending phase of the sunspot
cycle (1993–94), one around sunspot maximum (2000–01)
and an additional one in 1998, coinciding with the maxi-
mum in the average HSS-related Dst values.

3.2. Cumulative geoeffectiveness

The average geoeffectiveness of the different solar drivers
is an important factor for the long-term variations of geo-
magnetic activity, but another important factor is their
abundance. In the next figures we compare the ‘‘cumulative
geoeffectiveness’’ of HSS’s, MC’s and CME’s expressed by
the daily averaged values of Kp and Dst indices summed
over all days with the respective events. Thus a comparison
of the cumulative geoeffectiveness of the different solar
drivers provides their relative contributions to the overall
geomagnetic activity.

Fig. 4a and b are superposed method analysis of the
sums of Kp and Dst indices, respectively, on and around
all days with HSS’s, MC’s and CME’s. Again, for this par-
ticular figure the period used is 1997–2001 when we have
data for all three types of events. The picture now is quite
different from Fig. 1. Though the CME’s are on the aver-
Fig. 4. Superposed epoch analysis of the sums of the daily (a) Kp index,
and (b) Dst index, on days with CME’s (solid line), HSS’s (broken line)
and MC’s (dotted line) in the period 1997–2001.



Fig. 5. Yearly sums of the daily (a) Kp index, and (b) Dst index on days
with CME’s (solid line), HSS’s (broken line) and MC’s (dotted line).

Fig. 6. Yearly number of the observed CME’s (solid line), HSS’s (broken
line) and MC’s (dotted line).
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age the least geoeffective events, in this period they have the
biggest contribution to the overall geomagnetic activity as
expressed by Kp index, while the MC’s, in spite of their
high average geoeffectiveness, have the smallest contribu-
tion (Fig. 4a). Expressed in Dst index (Fig. 4b), the most
geoeffective are HSS’s, and the least geoeffective are
CME’s. The maximum disturbances caused by both HSS’s
and CME’s are again on the day following the event, while
for MC’s they are on the day of the event.

The different behavior of Kp and Dst index has been
noted long ago. For example, Campbell (1979) has found
that only about one third to one half of the low-Kp days
would be quiet by Dst index standards. Fares Saba et al.
(1997) demonstrated that the correlation between Dst
and Kp is variable, depending on the season and with a
maximum during magnetic storms. In a recent study Hutt-
unen et al. (2002) compared the magnetospheric storms
caused by different solar wind perturbations, and found
that the behavior of Kp and Dst is different during storms
caused by CME’s, shocks and sheaths driven by CME’s, or
shocks without following CME’s. Though the number of
the storms, determined from Kp and Dst in their study,
were about the same, only about a half of the storms fell
in the same intensity category according to both indices.
In fact, the two indices are proxies for different physical
processes. During a magnetic storm the Earth’s magneto-
sphere compresses, and the auroral zone’s equatorward
boundary moves to lower latitudes. The Kp index is a mea-
sure of the geomagnetic field disturbances at subauroral
latitudes and a proxy for the auroral zone position. Due
to the trapping of fresh plasma-sheet material in the inner
magnetosphere, the ring current increases drastically in the
course of the storm. The ring current induces a magnetic
field with an opposite sigh to the Earth’s ambient field,
adds to it and depresses it. The Dst index is a measure of
the magnetic field depression at low latitude stations and
a proxy for the ring current intensity. The delay in the reac-
tion of the Dst index relative to Kp also noted by Huttunen
et al. (2002) may be explained by the delayed maximum in
solar wind speed in the case of CME’s and HSS’s, but it
also demonstrates that the ring current needs more time
to build up than the magnetosphere to compress (Gonzalez
et al., 1994). Dst has no delay in the case of MC’s, its max-
imum negative value is on the day of the event. This may be
related to the criterion which we have applied for the begin-
ning of a MC—the beginning of the magnetic field rotation
which is usually well after the eventual shock. Moreover,
the majority of MC’s in the period studied (corresponding
to positive solar magnetic polarity), are S-N type (Both-
mer, 2003), so the beginning of the magnetic field rotation
coincides with the maximum negative Bz value.

In Fig. 5 the solar cycle variations of the cumulative geo-
effectiveness of the three types of events is compared, and in
Fig. 6—the yearly number of the events. Due to their large
number, in solar maximum the CME’s have the highest
impact to the overall geomagnetic activity as expressed by
Kp index (Fig. 5a), while at the descending phase of the sun-
spot cycle the agent which contributes most to the Kp are the
HSS’s. 1994–95 is the period with not only the biggest num-
ber of HSS’s but also of HSS’s with highest speed. The con-
tribution of HSS’s to the total Kp activity is substantial also
in sunspot maximum, and has a minimum around sunspot
minimum and in 1997. Though the MC’s are the most geo-
effective solar driver, their number is relatively small and
consequently their cumulative geoeffectiveness is not high.
A maximum in the sum of MC-associated Kp index is seen
in 1997, which was a year with unusually high number of
MC’s (Wu et al., 2003). Solar minimum is the period with
the highest portion of CME’s which are MC’s (Richardson
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and Cane, 2004), however their absolute number is not high
and the overall geomagnetic activity as expressed by Kp
index related to MC’s is low around sunspot minimum.

For geomagnetic activity expressed by Dst index, the sit-
uation is somewhat different (Fig. 5b). The maximum in
Dst is not in the year of the sunspot maximum, 2000, but
in the following 2001, and the contributions of CME’s
and MC’s in this year are almost equal. For both CME’s
and MC’s the geoeffectiveness decreases towards sunspot
minimum, again with the exception of year 1997 when
the high number of MC’s leads to a peak negative Dst
value. The HSS-associated cumulative Dst has three max-
ima coinciding with the maxima in their speed: 1994,
1998 and 2000, the strongest one being in 1994 which is
the maximum in both HSS’s speed and number (Fig. 6).

4. Summary and discussion

We have compared the average and cumulative geoeffec-
tiveness in the last solar cycle of two types of solar sources
of geomagnetic activity—high speed solar streams originat-
ing from coronal holes (regions of open solar magnetic
field) and coronal mass ejections (originating from regions
of closed solar magnetic field) with the goal to understand
the reason for the long-term changes of the correlation
between solar and geomagnetic activity. We find that on
the average the most geoeffective solar driver are not
CME’s in general but MC’s—a subclass of CME’s with a
magnetic field rotation inside the structure. Non-MC
CME’s are less geoeffective than HSS’s. The average geoef-
fectiveness of MC’s is strongly solar cycle dependent, but
their number is relatively low, except around sunspot min-
imum when their geoeffectiveness is small. The geoeffective-
ness of HSS’s and non-MC CME’s practically doesn’t
change throughout the cycle, however their relative abun-
dance changes, and so does their cumulative geoeffective-
ness. Therefore the relative contribution of the different
types of solar drivers to geomagnetic activity mainly
depends on their number—compare Fig. 6 to Fig. 5a. So
the geomagnetic activity at sunspot maximum is mainly
caused by the large number of non-MC CME’s whose aver-
age geoeffectiveness is not high, and the small number of
strong MC’s, both originating from closed solar magnetic
field regions, and by the large number of HSS’s originating
from open solar magnetic field regions. Around sunspot
minimum when almost all CME’s are MC’s, the contribu-
tions by MC’s and HSS’s are comparable, while on the
declining phase of the sunspot cycle the geomagnetic activ-
ity is very predominantly due to the large number of HSS’s.
We could therefore suppose that the power of this maxi-
mum in geomagnetic activity on the declining phase of sun-
spot activity depends on the number of HSS’s, and the
question about the geomagnetic activity maximum on the
declining phase of the sunspot cycle is related to the ques-
tion about the HSS’s number in this period.

The sources of HSS’s around solar maximum are the
small low latitude coronal holes, while on the declining
phase of the sunspot cycle these are mainly the big polar
coronal holes (Wang and Sheeley, 2002). Recurrent geo-
magnetic activity on the declining phase of the sunspot
cycle driven by recurrent streams of HSS’s can be observed
at times when the Sun’s polar coronal holes extend towards
the solar equator, forming a thin heliospheric current sheet
with large speed gradients across it (e.g. Burlaga and Lep-
ping, 1977). If the current sheet becomes sufficiently tilted,
the Earth encounters two high-speed streams per solar
rotation (Zhao and Hundhausen, 1981). The presence of
two HSS’s per solar rotation associated with coronal holes
leads to a larger number of HSS’s and exceptionally high
geomagnetic activity (Tsurutani et al., 1995). Mursula
and Zieger (1996) studied the half solar rotation (�13.5
days) periodicity in solar wind, IMF and geomagnetic
activity, occurring when the interplanetary magnetic field
has a two-sector structure and the solar dipole (heliosheet)
is sizably tilted, so there are two HSS’s per rotation. They
found that the power of this periodicity was lower in cycles
9–13 than in the more recent cycles, and even more impor-
tantly, during these low sunspot cycles, the �13.5 day peri-
odicity related to two HSS’s per solar rotation tended to
occur before or around sunspot maximum, while during
the later high sunspot cycles, it moved to the declining
phase of the sunspot cycle (see their Fig. 1). We could
therefore conclude that the long-term changes of the corre-
lation between sunspot and geomagnetic activity are
related to the changing tilt angle of the heliospheric current
sheet.

Mursula and Zieger (1998) explain the long-term varia-
tions of the power of the 13.5-day periodicity by the long-
term changes in sunspot activity. They speculate that the
solar dipole moment was weaker at the end of the ninetieth
and beginning of the twentieth century than during the
more recent cycles, and that coronal evolution during these
slowly increasing, low sunspot number cycles was very sta-
ble, with a flat heliosheet and open coronal holes until close
to sunspot maximum. Furthermore, they suggest that new
sunspot groups and solar dipole tilt are generally related,
being probably due to common magnetic processes. This
could be a possible explanation of the long-term decrease
in the correlation between sunspot and geomagnetic activ-
ity with the century-scale increase of solar activity.
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