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ABSTRACT

Context. A detailed comparison of the geomagnetic responses to interplanetary coronal mass ejection (ICMEs) and corotating inter-
action regions (CIRs) during solar cycle 23 was performed using geomagnetic indices Dst, Ap, and AE.

Aims. We aim to find out if there are relative differences in the response of various magnetospheric current systems to the impact of
ICMEs and CIRs. In addition, we are exploring the possibility of forecasting geomagnetic activity using the coronagraphic observa-
tions of the ICME take-oft.

Methods. The peak values of the plasma characteristics of ICMEs and CIRs (velocity V, magnetic field B, and BV related to the elec-
tric field), and geomagnetic indices were investigated by applying the linear and power-law cross correlation analysis. The influence
of the time-resolution on the results was performed for two time resolutions obtained by one-hour (three-hour for Ap) and six-hour
data averaging.

Results. For ICMEs the power-law fits are found to be important only for the relationships between BV and geomagnetic indices.
For Ap and Dst, there is no difference between the one-hour (three-hour for Ap) and six-hour option. For AE, the one-hour data
distribution shows more clearly the non-linear dependence on BV. Our data set shows that below BV ~ 5 mVm~' ICMEs have
practically no geomagnetic effect at low and mid latitudes, but at high latitudes at least some geomagnetic activity will be triggered.
For all HSS/CIRs dependencies, a power law is found to better describe the data than the linear fit. The data distributions show that
BV has to reach ~4 mV m™! in order to drive at least some geomagnetic activity at all latitudes. We observed that there are fast CMEs
that have almost no geomagnetic effect at low and mid latitudes. On the other hand, at high latitudes, fast CMEs always trigger some
geomagnetic activity. This might be have implications for space weather forecasting.

Conclusions. Magnetospheric response to both solar drivers ICMEs and CIRs) is different at various latitudes, thus results in dif-
ferent development of various current systems within the Earth’s magnetosphere and ionosphere. Furthermore, we show that ICMEs
and CIRs cause different geomagnetic activity. In the case of ICMESs equatorial current system responses in a linear manner, while the
response of the polar-current system is likely to be non-linear. For HSS/CIRs, apparently all current systems respond in a non-linear

way, especially the polar current system.
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1. Introduction

Dynamical processes in the solar atmosphere continuously affect
the Earth in a variety of ways. The solar-terrestrial relationship
to which we refer in this paper considers phenomena associated
with varying outflow of the solar wind that affects the Earth’s
magnetosphere.

The most important process in the interaction of the solar
wind and magnetosphere is magnetic reconnection by which the
solar wind magnetic field becomes connected across the dayside
magnetopause to the Earth’s magnetic field. This enables the en-
ergy transfer from the solar wind into the magnetosphere (e.g.,
Dungey 1961). In particular, energy transfer from the solar wind
into the magnetosphere is most favorable when the interplane-
tary magnetic field (IMF) has a strong southward component By
(where By = B, for B, < 0 and B = 0 for B, > 0) (e.g., Gonzalez
et al. 1994; Kivelson & Russel 1995). The major solar agents
that account for the presence of By, and thus for the geomagnetic
disturbances, are interplanetary coronal mass ejections (ICMEs)
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and solar wind high speed streams (HSSs) that originate from
equatorial coronal holes. For a discussion of the interplanetary
causes of geomagnetic storms see, e.g., Tsurutani & Gonzalez
(1997), Zhang et al. (2007b) and Echer et al. (2008).

The magnetic field component By associated with ICMEs
is contained in their internal structure and/or in the turbulent
sheath region between the ICME-driven shock and the ejection
(e.g., Lavraud et al. 2006). However, the interaction of the HSS
and the slow wind forms a corotating interaction region (CIR),
containing regions of compressed plasma (e.g., Gosling 1996,
and references therein) indicated by enhanced plasma density
and magnetic field intensity. In HSS/CIRs the By is associated
with these compressions and/or Alfvénic waves in the HSS it-
self (e.g., Burlaga & Lepping 1977; Schwenn 1983; Tsurutani &
Gonzalez 1987; Tsurutani et al. 2004; Prolss 2004). The occur-
rence rate of [CMEs peaks during the solar cycle maximum (e.g.,
Borovsky & Denton 2006; Richardson & Cane 2010, and refer-
ences therein), and then their geomagnetic effects dominate. On
the other hand, during the descending phase of solar cycle the
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geomagnetic activity is dominantly driven by HSS/CIRs, since
the CME occurrence rate is low (e.g., Richardson et al. 2001;
Richardson & Cane 2012).

The geoeffectiveness of ICMEs and HSS/CIRs has been
studied by many researchers (e.g., Schwenn et al. 2005;
Huttunen et al. 2005; Borovsky & Denton 2006; Georgieva et al.
2006; Lavraud et al. 2006; Alves et al. 2006; Richardson et al.
2006; Yermolaev & Yermolaev 2006; Vrsnak et al. 2007; Zhang
et al. 2007b; Gopalswamy 2008; Echer et al. 2008; Verbanac
et al. 2011a; Richardson & Cane 2010, 2012; Verbanac et al.
2011b, and references therein). In most of these studies, the
level of the geomagnetic activity is commonly quantified with
the storm-time disturbance index Dst, which is a relatively good
measure of the ring current strength (Gonzalez & Tsurutani
1987; Wang et al. 2003; Kane 2005; Alves et al. 2006; Bakare &
Chukwuma 2010). However, we note that consideration of only
Dst does not provide the information of the geomagnetic activ-
ity at mid and high latitudes. Moreover, the observed Dst has
contributions not only from the ring current, but also from mag-
netopause currents, tail currents, induced currents in the solid
Earth, and other sources not yet fully quantified (e.g., Gonzalez
et al. 1994; Verbanac et al. 2007).

Verbanac et al. (2011a and b), hereafter Paper I and Paper II,
studied the geoeffectiveness of HSS/CIRs during the declining
phase of the solar cycle 23, by employing various geomagnetic
indices. In this paper we expand the analysis focusing on a
detailed comparison of the geomagnetic responses to ICMEs
and HSS/CIRs. For this purpose, we separately investigate the
ICME- and HSS/CIR-driven geomagnetic activity at low, mid,
and high latitudes by analyzing geomagnetic indices Dst, Ap,
and AE. The aim is to find out if there are relative differences in
the response of different current systems within the Earth’s mag-
netosphere to the impact of ICMEs and HSS/CIRs. Finally, we
also relate the coronagraphic observations of the ICME take-off
to their in situ properties and the geomagnetic-activity charac-
teristics, looking for a way to forecast the geomagnetic activity
at various latitudes using the coronagraphic observations of the
ICME take-oft.

Following Mostl et al. (2012), we define an ICME as the
full interval of the solar wind signature that appears as a change
of the background solar wind attributable to the presence of the
eruption. In other words, we consider the effect of the overall
disturbance, which includes the shock, the sheath region, and
the magnetic ejection, making no distinction between the geoef-
fectiveness of individual structural elements.

This paper is organized as follows. In Sect. 2 we describe
the data set and the method of analysis. In Sect. 3 the overall
characteristics of the employed samples are presented. Section 4
contains the cross-correlation analysis between ICME parame-
ters and geomagnetic indices (Dst, Ap, and AE), and the analysis
of the relationship between the considered geomagnetic indices.
The same cross-correlation analysis is preformed for HSS/CIRs
in Sect. 5. In Sect. 6 we present the comparison between ICMEs
and HSS/CIRs cross-correlation results. In Sect. 7, we relate the
ICMEs in situ properties (V and B) and geomagnetic indices
(Dst, Ap, and AE) to the coronagraphic CME speed. Finally, all
the results are discussed, and conclusions are drawn in Sect. 8.

2. Data sets and method

Our study is based on the following data sets:

— one-hour averages of the solar wind velocity V and the mag-
netic field strength B;
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— one-hour averages of geomagnetic indices Dst and AE;

— three-hour averages of geomagnetic index Ap;

— the mean speed of the CME measured by the Large Angle
Spectroscopic Coronagraph (LASCO; Brueckner et al.
1995), Veume.

The solar wind data were obtained from the Solar Wind Electron
Proton and Alpha Monitor (SWEPAM; McComas et al. 1998)
and the Magnetometer (MAG; Smith et al. 1998) onboard the
Advanced Composition Explorer (ACE; Stone et al. 1998). We
used the merged hour-averaged level-2 ACE data’.

Five of the considered ICMESs have gaps in the ACE velocity
data. These data gaps were filled by WIND data when possible.
In these cases, the 92-s resolution WIND data®> were employed
to calculate the hour averages.

Planetary geomagnetic activity index Ap, the storm-time
disturbance index Dst, and the auroral electrojet index AE
can be downloaded from http://wdc.kugi.kyoto-u.ac.
jp/cgi-bin/kp-cgi, http://swdcwww.kugi.kyoto-u.
ac.jp/dstdir/, and http://wdc.kugi.kyoto-u.ac.jp/
dstae/index.html, respectively. For more detailed informa-
tion about the indices, we refer to Prolss (2004) and Verbanac
et al. (2011a, 2010). Among the available geomagnetic indices,
these three indices have been chosen for the evaluation of the
geomagnetic activity since their variations can be physically
interpreted and related to the specific current system, for
example, the ring current and polar electrojet.

The mean speeds of CMEs in the LASCO field of view are
obtained from http://cdaw.gsfc.nasa.gov/CME-1ist/.

Although it is known that the southward magnetic field com-
ponent By is the major parameter controlling geomagnetic ac-
tivity, as the first step in this paper we used the magnetic field
strength B for the following reason. We are exploring the pos-
sibility that our study will have value for space weather fore-
casting. Via statistical relationships, we linked the directly ob-
served solar features (e.g., Vomg) with magnetosheric responses
(presented in Sect. 7). The ICME magnetic field strength B and
bulk plasma speed V measured in-situ are linked to Veyge. On
the other hand, we do not know B on the Sun and it does not
depend on the velocity at the Sun. Prediction of southward B,
requires a much more sophisticated approach.

For ICMEs we performed the analysis on two time resolu-
tions, one-hour (three-hour) and six-hour resolutions. The six-
hour means are calculated from hourly data of all quantities (for
Ap three-hour values). The influence of the time-resolution on
the results is presented in Sect. 4.

We focused on six-hour means for the following reasons.

First, when studying the geoeffectiveness (based on the con-
sideration of different geomagnetic indices Dst, Ap, and AE) of
HSS/CIRs in Paper I, we performed a preliminary analysis test-
ing various options, and found that the six-hour resolution (ob-
tained by averaging one-hour values), is the optimal one for all
three indices, since when shorter intervals are applied the results
of the correlation analysis do not change much, only the noise
level increases. Moreover, we observed prolonged periods of AE
activity (discussed in Paper I and Paper II) associated with en-
hanced convection which provides an additional energy injection
in both ring current and polar current. With six-hour resolution
such activity is better taken into account. To make a comparison
with the magnetospheric response to the impact of ICMEs, we
employed the same resolution for the ICME speeds and mag-
netic fields. Furthermore, since our study aims to be used for the
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Table 1. Overall characteristics of the employed data set (six-hour resolution), compared with characteristics of samples used in some other studies.

ICMEs
B Vv BV Dst Ap AE
mT) (kms™') (mV/m) (nT) (nT) (nT) Reference
MAX 48 1176 454 -341 345 1575
MEAN 21 634 13.5 -122 115 808
MEDIAN 18.3 611 11.4 -121 105 778 (63 ICME?5)
HSS/CIRs

MAX 22 742 12 -116 157 874
MEAN 14 610 7 =52 49 573
MEDIAN 13 614 6 -40 37 596 (38 HSS/CIRs)

purposes of the space weather forecasting, we are interested in
how the observed overall interplanetary parameters are related
to the overall magnetospheric perturbation. Thus, the longer du-
ration aspect of the solar wind disturbance becomes more im-
portant than individual shorter-duration peaks in the data. The
duration of the considered events (defined here as the time inter-
val of the enhanced magnetic field) are larger than six hours, so
the individual spikes seen at a higher resolution might not rep-
resent well the cause of the overall geomagnetic perturbation.
We emphasize that by the six-hour averaging we smoothed the
one-hour values, but we kept the original information so that the
results based on six- and one-hour averages could be compared
(Sect. 4).

In the analysis we focus on ICME- and HSS/CIR-related ge-
omagnetic activity during solar cycle 23.

The ICME sample analyzed in this paper includes 43 events
classified as ICME in Table B.1 in Appendix B of Dumbovié
et al. (2011) which was based on the list of CME-ICME pairs
prepared by Schwenn et al. (2005), and 21 CME-ICME pairs
from Zhang et al. (2007a). The majority of the selected ICME-
driven storms were driven by a single ICME. Yet, the sample
includes several events of a more complex structure resulting
from ICME-ICME interactions, which enabled us to encompass
also the strongest storms of cycle 23. We note that this sample
represents the general sample of events, which includes different
levels of geomagnetic activity, from very low to very high. That
allows us to study both the lower and upper limits on the strength
of the geomagnetic disturbance.

As in Paper II, here we study the HSS/CIR events that oc-
curred during the ICME-less periods in the declining phase
of solar cycle 23: in 2005 (day of year, DOY 25-125)
and in 2006 (DOY = 60-261). The original data set contains
32 HSS/CIR structures (see Paper I and Paper II). We identified
four ICME:s just before HSS/CIRs. In these cases it was not pos-
sible to distinguish the ICME and HSS/CIR peaks, especially in
the magnetic field data. These events were excluded from the
analysis. We supplemented this sample by ten HSS/CIRs from
Zhang et al. (2007a), out of which only two occurred in 2005,
i.e., in the period overlapping with the initial data set. Other
events cover different phases of cycle 23 (1998, 2002, 2003, and
2004), when the general state of the heliosphere is much more
affected by the CME activity. We note that these events are the
strongest CIR-related events.

3. Overall characteristics of the employed samples

The 1 AU parameters characterizing the employed samples of
HSS/CIRs and ICMEs are considerably different. In Table 1 we
present overall characteristics of the samples, where the first
three columns describe the 1 AU properties of HSS/CIRs and

ICMESs, whereas the next three columns represent the related
geomagnetic activity. For estimated peak values of all consid-
ered parameters, we calculated maximum, mean and median val-
ues (deWe noted as MAX, MEAN and MEDIAN respectively in
Table 1).

The highest V and B peaks found among all the events,
are significantly higher for ICMEs than for HSS/CIRs. The dif-
ferences are also present in average and median values of B,
whereas the differences are less pronounced for V. The differ-
ences are also pronounced in the maximum, average and median
BV peak values.

The geomagnetic activity related to the analyzed ICMEs,
as quantified by all three geomagnetic indices, is significantly
stronger than that related to HSS/CIRs. For ICMEs, the highest
Dst amplitude (=341 nT) is related with V = 663 kms~!, ac-
companied by strong magnetic field (B = 42 nT) The strongest
Ap peak (345 nT) is associated with the maximum V peak
(1176 kms™"), accompanied by strong B (42 nT). The highest
AE peak (1575nT) is found for V = 966 kms~! and the strongest
B (48 nT).

Following the terminology of Sugiura & Chapman (1960);
Gonzalez et al. (1994), intense storms are those with Dst be-
low —100 nT, moderate storms are those with Dst in the range
between —50 nT and —100 nT, and weak storms fall between
—30 nT and —50 nT. Most of the observed Dst peaks fall into
the range —200 < Dst < 0 nT, and following the above criteria
we can say that within our sample of events storms of different
intensities occurred, from weak to intense.

For HSS/CIRs, the strongest Dst peak (—116 nT) associated
and the strongest Ap peak (157 nT) are associated with maxi-
mum peak V = 742 kms~! and B = 14 nT peak. The highest
AE peak (874 nT) is associated with V = 509 kms~!' and the
B =17nT.

Most HSS/CIR-driven storms were weak (Dst peaks be-
tween —80 nT and —20 nT). These storm levels indicate that in-
tense events have lower probability of occurrence than weaker
storms, as already noticed in previous studies (Tsurutani et al.
2006; Alves et al. 2006, see also Paper I and II). Richardson
et al. (2006) also show the lower occurrence of weaker events for
a 159 CIR sample (see their Fig. 9). We note that, CIRs alone oc-
casionally may produce intense storms (Richardson et al. 2006;
Zhang et al. 2003).

We note that maximum peak values of different geomagnetic
indices do not occur in the same event. This may indicate that
different current systems within the Earth’s magnetosphere (as
measured by ground magnetometers at different latitudes and
quantified by geomagnetic indices) show different responses
on the geoeffective solar wind flow. This is observed for both
ICMEs and HSS/CIRs.
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Fig. 1. Relationship between the ICME peak velocity and peak mag-
netic field. The parameters and the correlation coeflicient R of the linear
least-squares fit are shown in the inset.

4. Cross-correlations for ICMEs

In the following we investigate the relationships between the
ICME parameters B, V, and BV, and geomagnetic indices Ap,
Dst, and AE, by applying the cross-correlation analysis. For all
relationships, we performed linear and power-law least-squares
fitting. The latter option is found to be important for the rela-
tionships between BV and all three geomagnetic indices, as de-
scribed below. We employ the simple power-law fit of the form
y = ax®, which can be solved analytically and does not depend
on the used numerical procedure.

The scatter-plot relating the peak values of the ICME mag-
netic field and velocity is presented in Fig. 1. There is a modest
correlation between B and V (R = 0.64). The range of values
in the data scatter reveals that large values of B, for example
B ~ 30 nT, occur at V ~ 600 kms~'. However, we note that
there are also fast ICMEs without strongly enhanced magnetic
fields (e.g., at V. ~ 1050 km s~L according to the scatter plot,
B ~ 15 nT may be expected). Nevertheless, the fitted linear re-
lation clearly shows a trend that ICMEs with stronger magnetic
fields propagate at higher velocities (the fits gives the most prob-
able valuesi.e., B=20nT at V = 600 kms~' and B = 36 nT at
V =1050 kms™).

This has implications for geoeffectiveness since the prod-
uct BV, related to the electric field, is enhanced by both factors,
V and B. Our V-B correlation is generally in agreement with
the linear correlations found by other studies (e.g., Gonzalez
et al. 1998; Gopalswamy et al. 2008; Dal Lago et al. 2001;
Richardson & Cane 2010). Differences could be attributed to
different sample sizes, different ways in which peak-values were
determined, and the fact that we did not consider separately dif-
ferent ICMEs substructures (e.g., shock, sheath, MC). For in-
stance, (Richardson & Cane 2010) obtained modest V—B corre-
lation for magnetic clouds, while there was little correlation for
other events. For a discussion of the relationship between ICME
magnetic field intensities and speeds see also Owens et al. (2005)
and Richardson & Cane (2010).

In Table 2 we present the linear least squares correlation co-
efficients between ICME parameters and geomagnetic indices.
The highest correlations are for the relationships B—Dst, B—Ap,
and BV—-Ap. The AE is most tightly correlated with V and BV
(R = 0.69 and R = 0.65, respectively), whereas Dst is most
tightly correlated with B and BV (R = —0.85 and —0.79, respec-
tively). The Dst is generally better correlated with the ICME
parameters than AE. The only exception is V—AE correlation,
which is higher than the V—Dst correlation. The relatively tight
correlations between all geomagnetic indices and peak ICME
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Table 2. Linear least squares correlation coefficient for the relationship
between geomagnetic indices and ICME parameters.

Ap Dst AE
B 0.83 -0.85 0.60
Vv 073 -0.57 0.69
BV 082 -0.79 0.65
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Fig. 2. Correlations V-Ap, V-Dst, V-AE for ICMEs. The linear least-
squares fit parameters and the correlation coefficient R are presented in
the insets; dashed lines represent the residual standard deviation.

speed may be related to a good V-B relationship (R = 0.64),
shown in Fig. 1. Both linear relationships V—Dst and B—Dst
have also been investigated for example, by Alves et al. (20006)
and Gopalswamy et al. (2008). The V—Dst relationship is also
discussed in e.g., Kane (2005), Richardson & Cane (2010).

The V-Ap, V-Dst and V-AE scatter plots are shown in
Fig. 2. In Fig. 3 the scatter plots B—Ap, B—Dst, and B—AFE are
displayed. According to the linear regression analysis (Fig. 3)
weak, moderate, and intense storms (=50 < Dst < =30 nT,
—100 < Dst < =50 nT, and Dst < —100, respectively) are on
average caused by ICMEs characterized by, say, B < 15 nT,
15 < B < 20 nT, and B > 20 nT, respectively. However, the
data scatter reveals that these storm levels (weak, moderate, and
intense) could also occur for different magnetic field strengths.
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Fig. 3. Correlations B—Ap, B—Dst, B-AE for ICMEs. The linear least-

squares fit parameters and the correlation coefficient R are presented in
the insets. Dashed lines represent the residual standard deviation.

We note that such values of B are considerably higher than the
typical field magnitudes of 5 nT in the quiet solar wind (see, e.g.,
King 1986).

In Fig. 4 the scatter-plot of Ap, Dst, and AE, versus BV is
shown, together with the linear and power-law least-squares fits.
These dependencies are investigated for two time resolutions,
i.e., applying one-hour (three-hour for Ap) and six-hour averag-
ing (both shown in Fig. 4). Most of the geomagnetic-index peaks
are related to BV values below ~35 mV m~!. At six-hour resolu-
tion, the highest AE peak (1575 nT) is found for the strongest BV
peak (BV = 45 mV m™"). On the other hand, the highest values
of Ap and of Dst peaks (345 nT and —341 nT, respectively) are
associated with a somewhat lower value, BV = 35 mV m~! and
BV =27mVm!, respectively. The data distributions show that,
generally, a higher BV causes a stronger geomagnetic activity at
all latitudes.

The results of linear fitting (y = ax+b) and power-law fitting
(y = ax”) for different time resolutions are displayed in Table 3.
For both resolutions, the correlation coefficients for the BV —Dst
relationship show that linear fit and power-law fit describe the
data equally well. We note, the exponent of the power-law fit
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Fig.4. Linear y = ax + b (solid line) and power-law y = ax” (dashed
line) fits for the relationships BV—-Ap (top), BV—Dst (middle), and
BV—-AE (bottom) for ICMEs. Blue circles and red crosses represents
one-hour resolution data (three-hour resolution for Ap) and six-hour
resolution data, respectively. Fit parameters and correlation coefficients
are displayed in Table 3.

Table 3. Linear and power-law least-squares fits (y = ax+b, y = ax’, re-

spectively), and corresponding correlation coeflicients R, describing the
relationships between ICME BV and geomagnetic indices for one/three
hour-resolution and six-hour resolution.

Ajin blin Apow bpow Rlin Rpow
Dst 1h 7.1 29 8.3 1 -0.77 -0.78
Dst 6h 68 26 7.8 1 -0.79 -0.79
Ap 3h 88 22 48 126 0.84 0.86
Ap 6h 7 20 43 124 082 0.86
AE 1h 29 780 370 044 0.67 0.72
AE 6h 21 520 270 043 0.65 0.63

Notes. Subscripts lin and pow refer to linear and power-law fits,
respectively.

at both resolution is close to one, highlighting that Dst is lin-
early dependent on BV (not depending on the data resolution).
The fitted dependencies are shown in the middle panel of Fig. 4.
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Below ~5 mV m™' all Dst peaks are below —50 nT. The fits in-
dicate that, on average, BV has to be around ~10 mV m~! and
~35 mVm™! in order to cause an intense geomagnetic storm
(Dst < =100 nT) and extreme storm (Dst < —300 nT), re-
spectively. However, the data distribution shows that storms of
these intensities could occur at BV even below these values.
We note that for very large BV (BV > 40 mVm™') there are
storms with Dst below —250 nT. However, at such high BV val-
ues, we do not have sufficient data points to reach a general con-
clusion. For additional information about the conditions leading
to intense geomagnetic-storm Dst levels, we refer to studies by,
e.g., Gonzalez & Tsurutani (1987), Echer et al. (2008), Ji et al.
(2010), and Richardson & Cane (2010).

For the BV—Ap relationship, the correlation coefficients
show that the power-law dependence is slightly better than the
linear dependence at both resolutions (the uppermost panel of
Fig. 4). The six-hour resolution data (as well as fitted lines) are
moved to somewhat lower values compared to the three-hour
resolution data. Below ~5 mVm™' Ap peaks have low values
(<50 nT). We note the tendency of a kind of a saturation of Ap
peak values at BV > 20 mV m~! which is not well reproduced
by the power-law fit.

In the case of the BV—AE relationship the linear and power-
law fits are very similar at the six-hour resolution, while at the
one-hour resolution the power-law provides a better fit. The
power-law exponent is close to 1/2, regardless of the resolution.
At the six-hour resolution the data (and fits) in the scatter plot
are moved toward lower values compared to the data at one-
hour resolution, as seen in the bottom panel of Fig. 4. It is in-
teresting to note a different type of data distribution compared to
BV—Ap data. In the case of AE, there is a clear upper limit to the
data. This upper-limit boundary, located some 500 nT above the
power-law fit, rises up to ~25 mV m~', and then indicates a kind
of saturation. On the other hand, at very high BV, there is also a
lower limit to the data, namely there is no AE below ~600 nT.
It is also worth noting that even at very low BV peak values
(<5 mVm™), some significant AE values are observed, up to
700 nT. We note that the scatter in the BV plots is partly due to
the strong field that can be oriented northward (weak activity) or
southward (strong activity).

The above results clearly indicate different magnetospheric
responses on the same input from the solar wind driver (BV) at
various latitudes. Our sample reveals that the equatorial current
system’s response is linear, while the polar current system’s re-
sponse is likely to be non-linear.

The presented analysis of the influence of the time-resolution
influences on the results shows that for Ap and Dst, there is
practically no difference between the one-hour (three-hour for
Ap) and six-hour option. For AE, the one-hour data distribution
shows more clearly the non-linear dependence on BV.

The different responses of the polar and equatorial magneto-
sphere reflect the different nature of geomagnetic storms at these
latitudes. Namely, the geomagnetic storms at polar region may
be viewed as the results of a series of geomagnetic disturbances,
that consist of a series of pulses (seen in the AE index), each
lasting a few hours.

5. Cross-correlations for HSS/CIRs

A complete time-series analysis of the HSS/CIR-driven geomag-
netic activity was performed in Papers I and II. Here, we focus
on the peak values of HSS/CIR solar-wind parameters and ge-
omagnetic indices, to compare the ICME- and HSS/CIR-driven
geomagnetic activity at various latitudes (Sect. 6).
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Table 4. Correlation coefficients for the relationship between the
HSS/CIR parameters and geomagnetic indices.

Ap Dst AE
Rlin Rpow Rlin Rpow Rlin Rpow
B 043 056 -0.70 -0.72 043 0.51
Vv 0.16 0.18 -0.04 -0.02 0.15 0.16
BV 056 062 -064 -0.67 050 0.58

Dst (nT)

-100 q

X

_12 I I I I 1 I
200 450 500 550 600 650 700 750
V (km/s)

Fig. 5. Linear least-squares fit V—Dst for HSS/CIRs. The events from
Paper I and Paper II are depicted by the blue pluses (the corresponding
linear fit Dst = —0.14V +49 is shown by blue line), and the events from
Zhang et al. (2007a) by red crosses.

5.1. Cross-correlation between HSS/CIR parameters
and geomagnetic indices

In the following we investigate the relationship between the
HSS/CIR parameters B, V, and BV, and geomagnetic indices
Ap, Dst, and AE, by applying the cross-correlation analysis. As
in the case of ICMEs, for all relationships we apply linear and
power-law least-squares fitting.

In Table 4 we present the correlation coefficients of the lin-
ear and power-law fit. The table shows that there is no corre-
lation between geomagnetic indices and V. On the other hand,
the correlations between geomagnetic indices and B and BV are
relatively well defined. The best ones are B—Dst and BV—Dst
correlations. The B—Ap and B—AE correlations are somewhat
weaker, while BV—Ap correlation is somewhat better than the
BV-AE correlation. For all dependencies, a power law is found
to better describe the data than the linear fit.

Regarding the relationship between V and geomagnetic in-
dices, it is interesting to note that when we examine separately
events from our previous papers (Paper I and Paper II), namely
CIR/HSSs occurring in 2005 and 2006, which were not affected
by ICMEs, we obtain moderate-to-weak correlations for V-Ap
(R =0.42) and V-Dst (R = —0.37), and somewhat better corre-
lation for V—AE (R = 0.58). As an illustration, we show in Fig. 5
the scatter plot V—Dst. The linear fit for the data from Paper 1
and Paper II (displayed as blue plusses) is shown by a blue line.
Inspecting the plot, three group of events can be noticed: 1) the
events in the lower-left part having 450 < V < 550 kms™!
and —120 < Dst < —80 nT (events only from Zhang et al.
2007a); 2) the events in the range 550 < V < 750 km s~! and
—120 < Dst < —60 nT (events from Zhang et al. 2007a and from
our Paper I and Paper II) and 3) the events in the uppermost part
having 530 < V < 750 kms™! and —50 < Dst < 0 nT (events
only from Paper I and Paper II).

The events from Zhang et al. (2007a) were selected as having
intense storms. Hence, they will lie at lower Dst than the other
set of events. We note that these strongest CIR-related events
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Fig.6. Linear and power-law least-squares fits B—Ap, B—Dst, and
B-AE for HSS/CIRs. Fit parameters and the correlation coefficients are
presented in the insets.

are distributed through different years and phases of the solar
cycle, when the general state of the heliosphere is significantly
more complex than it is in the phases when the occurrence rate of
CME:s is low. One may speculate that because of the permanent
CMEs activity, these CIRs (from Zhang et al. 2007a) produced
different effects than those that occurred in the period of low
CME activity (from Paper I and Paper II).

The scatter plots B—Ap, B—AE, and B—Dst displayed in
Fig. 6 show that B has to reach 8 nT in order to trigger at least
some geomagnetic activity. It can also be noticed that there is
an upper limit in Dst and lower limit in Ap data distributions
that roughly have a form of a power-law. The largest Dst dip
(=116 nT) and the highest Ap peak (157 nT) occur at ~14 nT.
These values are about two (four) times higher than the Dst
(Ap) values given by the corresponding linear-regression fits. At
this value of B, the upper (lower) limits suggest Dst ~ =20 nT
(Ap ~ 20 nT). We note that the power-law fit is more pronounced
for B—Ap dependence. The B—AE data distribution reveals the
presence of both the lower and upper limit that have the form
of a power-law curve; as soon as B gets enhanced, it results in a
recognizable AE disturbance.
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Fig.7. Linear and power-law least-squares fit BV—-Ap, BV—-Dst and
BV—-AE for HSS/CIRs. Fit parameters and the correlation coefficients
are presented in the insets.

The BV—-Ap, BV-AE, and BV—Dst data are drawn in Fig. 7
and show that BV has to reach ~4 mV m~! in order to trigger
at least some geomagnetic activity. Generally, stronger geomag-
netic activity is related to higher BV values. The highest val-
ues of Ap (157 nT) and Dst (—116 nT) are associated with the
strongest BV (10 mV m~") while the strongest AE (874 nT) is as-
sociated with BV = 7mV m~!. Interestingly, we obtain BV —Dst
dependence that has a form close to the quadratic (the power-
law exponent is 2.2). Furthermore, the power-law fit indicates
that, on average, HSS/CIRs drive intense low-latitude geomag-
netic storms (Dst < —100) for BV above 9 mV m~!. However,
according to the data scatter, such storms can already occur at
BV ~ 5mVm™.

Finally, we note that Ap and AE correlations with BV are
better than with B, although the correlations with V is practically
zero. Namely, the velocity here plays the important role only
indirectly. Higher velocities lead to a stronger compression, so
the B enhancement is stronger, and thus, BV gets stronger too.
For Dst, we found that Dst—BYV correlations are weaker than the
Dst—B correlation, suggesting that V does not play an important
role in producing Dst.
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Table 5. Linear least-squares correlation coeflicients for the relationship
between geomagnetic indices.

ICMEs HSS/CIRs
Ap-Dst  -0.92 -0.85
AE-Dst  -0.67 -0.81
AE-Ap 0.76 0.79

6. Comparison of ICME and HSS/CIR
cross-correlation results

6.1. Cross-correlation between geomagnetic indices

In Table 5, the correlation coefficients for the linear relationships
between geomagnetic indices for ICMEs and HSS/CIRs are
compared. The presented values show that in the case of ICMEs
the best correlation is Dst—Ap, and the lowest is Dst—AE.
For HSS/CIRs, again the strongest correlation is Dst—Ap. We
note that the Dst—Ap correlation is better for ICMEs than for
HSS/CIRs, while both Dst—AE and AE—Ap correlations are
higher for HSS/CIRs. This is consistent with the locations of the
geomagnetic observatories used for deriving a certain geomag-
netic index. The obtained correlations indicate that for stronger
storms (ICMEs), the auroral oval shifts to lower latitudes and the
substorm strength, as quantified by the AE index, starts showing
a reduced level of activity.

6.2. Relationship between solar wind parameters
and geomagnetic indices

By comparing Tables 2 and 4 one finds that the corresponding
correlations are weaker for HSS/CIRs than for ICMEs. In par-
ticular, the correlations between all three geomagnetic indices
and V are significant for ICMEs, while no correlations is found
for HSS/CIRs.

In the following, we compare in detail the ICMEs and
HSS/CIRs linear dependencies BV-Ap, BV-AE, and BV—-Dst.
To compare the significance of these relationships (as quantified
by the correlation coefficients), it is necessary to use the same
dynamical BV range, for both ICMEs and HSS/CIRs. Thus, we
consider here the ICMEs for which BV < 12 mVm™', which
is the highest value of BV in the studied HSS/CIR sample. The
outcome of the cross-correlation analysis is presented in Table 6.
As expected, the ICME correlations in the restricted range of BV
values are weaker than the ICME correlations for the whole BV
range. Now, only for Ap is the ICME correlation coefficient con-
siderably higher than for HSS/CIRs (R = 0.79 and R = 0.56,
respectively); the correlations for the Dst and Ap indices are al-
most the same. Table 6 reveals that the slopes of the regression
lines for ICMEs and HSS/CIRs are the same within the error
limits for all three indices. The parameter b of the linear least-
squares fits for HSS/CIRs are lower, meaning that at the same
BV ICMEs are more geoeffective at all latitudes. In the consid-
ered range, the mean BV value is 7.4 £2.5 mV m~! for ICMEs
and 6.5+1.7 mVm~! for HSS/CIRs. In case of ICMEs, the
mean values of Ap, Dst, and AE are 63 =47 nT, -73 £ 45 nT, and
652 + 234 nT, respectively. For HSS/CIRs these values are some-
what lower, equaling 49 + 33 nT, —52 + 33 nT, and 572 + 165 nT.

7. Relationship to the coronagraphic CME speed

For space-weather forecasting purposes, in the following we ap-
ply the cross-correlation analysis to the relationships between:

— peak values of the ICME parameters B and V, and the coro-
nagraphic CME velocity Veme;
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Table 6. Linear least-squares fits (y = ax + b) and correlation coeffi-
cients R describing the relationships between BV (BV < 12 mVm™')
and geomagnetic indices.

AIcME acr bieve ber Rieve  Rewr
Dst 12+2 12+2 13+19 2817 -0.65 -0.64
Ap 14+£2 11+3 -35+14 -21+18 0.79 0.56
AE 45+13 47+14 328+99 265+93 0.52 0.50

Notes. Subscripts ICME and CIR refer to ICMEs and HSS/CIRs,
respectively.
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Fig. 8. Dependence of ICME peak velocity V (top) and ICME peak
magnetic field B (bottom) on the coronagraphic CME mean speed Vyg.
The linear least-squares fits are shown by the solid lines (parameters and
the correlation coeflicients R are shown in the insets).

— peak values of geomagnetic indices Ap, Dst, and AE and the
velocity Veume.

In Fig. 8 we show how the ICME parameters V and B are related
to the mean speed of CMEs measured in the LASCO field of
view, Veme. The ICME speed V is relatively well correlated with
Veume (R = 0.61), whereas the correlation Veyg—B is rather weak
(R = 0.27). Values of Vcyg are in the range ~250—-3000 km s7h.
The corresponding speeds at the Earth (1 AU) are in the range
~380 to ~1200 kms~'. The narrower range of speeds at Earth
is a direct result of the interaction between CMEs and the solar
wind (e.g., Lindsay et al. 1999; Gopalswamy 2010; Vr$nak et al.
2010).

The V(Veume) linear fit gives the value V = 410 km s~! for
the y-axis intercept (Vemg = 0). Furthermore, we find that V be-
comes equal to Vg for Veye = 512 km s~1. Thus, for Veme be-
low this value, ICMEs are accelerated, i.e., V > Vcoumg, whereas
if Veumg is higher than this value, ICMEs show V < Veyg, im-
plying they are decelerated.

Although the correlation Veyme—B is quite weak, the linear
fit (Fig. 8, bottom panel) indicates that higher-speed CMEs tend
to have a stronger magnetic field B near the Earth. However, we
note that the fastest two CMEs in our sample were associated
with only modestly enhanced B at the Earth. We note also that
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Fig. 9. Correlations Veyg—Ap, Veme—Dsst, and Veye—AE.

slow CMEs do not result in a strong ICME field (data void in the
upper-left part of the graph). The relationship between ICME pa-
rameters B, V, and CME speed have also been discussed by, e.g.,
Lindsay et al. (1999); Gopalswamy (2008, 2010) and Richardson
& Cane (2011).

In Fig. 9 we present the relationships between Veye and
Ap, Dst, and AE. The correlation coefficients are considerably
lower (by about a factor of 2) than for the correlations ob-
tained employing the ICME speed V. The best correlation is
found for the dependence Veye—Ap (R = 0.35). The correlation
coefficients for the relationships Veyp—AE and Veyg—Dst are
similar (R = 0.30 and R = —0.28, respectively),

Finally, it should be noted that there are fast CMEs that have
almost no geomagnetic effect at low and mid latitudes as seen
from the Vemp—Ap and Veyg—Dsst graphs. On the other hand, in
the case of AE, the lower limit shows that at large Vcmg there
will be always some geomagnetic activity triggered.

8. Discussion and conclusions

The geomagnetic activity associated with 63 ICMEs and
38 HSS/CIRs in the period 1998—2006 has been studied. We
considered the effect of the overall ICME disturbances, which
includes the shock, the sheath region, and the magnetic ejection,
making no distinction between the geoeffectiveness of individ-
ual structural elements. Most of the selected HSS/CIRs occurred
in periods when the activity of coronal mass ejections was low
(two periods in 2005 and 2006 were considered, as in Paper II).

We have analyzed various linear and power-law least-squares
relationships, separately for ICMEs and HSS/CIRs, to examine
similarities/differences in the magnetospheric response at low,
mid, and high latitudes to ICMEs and HSS/CIRs. We summarize
our results as follows (the quoted values of V, B, Dst, Ap, and
AE represent six-hours averages).

For ICME:s the fitted linear relation V—B clearly shows a
trend that ICMEs with stronger magnetic field propagate at
higher velocities. This has implications for geoeffectiveness
since the product BV, related to the electric field, is enhanced
by both factors, V and B.

For ICMEs the power-law least-squares fits are found to
be important only for the relationships between geomagnetic
indices and BV. The performed analysis for two time resolu-
tions obtained by one-hour (three-hour for Ap) and six-hour
averaging show: Dst is linearly dependent on BV, and does
not depend on the data resolution. Below ~5 mVm™!, all Dst
peaks are below —50 nT. The fits indicate that an intense ge-
omagnetic storm (Dst < —100 nT) and a very intense storm
(Dst < =300 nT) occur, on average, at BV ~ 10 mV m~! and
~35mVm, respectively. However, the data distribution shows
that such storm intensities could occur at BV even below these
values. For the BV—Ap relationship, the power-law dependence
is slightly better than the linear dependence at both resolutions.
Below BV ~ 5mVm™, Ap peaks have low values (<50 nT).
The cross-correlation coefficient of the power-law BV—-Ap fit is
the largest one. In the case of the BV-AFE relationship, the lin-
ear and power-law fits are very similar at the six-hour resolution,
while at the one-hour resolution the power-law provides a better
fit. This indicates that the response of the polar magnetosphere is
more sensitive to fast fluctuations in the solar wind (here quan-
tified by the product BV) than is the equatorial current system.
Thus, for studying the nature of the temporal variability of the
magnetic activity at high latitudes that is caused by ICMEs, the
one-hour resolution is probably more appropriate. The power-
law exponent is close to 1/2, regardless of the resolution. The
BV—AE data distribution indicates a pronounced upper limit to
the data. This upper-limit boundary, located about 500 nT above
the power-law fit, rises up to BV ~ 25 mV m~!, and then in-
dicates a kind of saturation. On the other hand, at very high
BV values, there is also a lower limit to the data, i.e., there is
no AE below ~600 nT. It is worth noting that even at very low
BV peak values (<5 mV m™'), some significant AE values are
observed, up to 700 nT.

For HSS/CIRs there is no correlation between geomag-
netic indices and V. However, when we examine separately
events from our previous papers (Paper I and Paper II), namely
CIR/HSSs occurring in 2005 and 2006, which were not affected
by ICMEs, we obtain moderate-to-weak correlations between V/
and geomagnetic indices.

For all HSS/CIRs dependencies, power law is found to de-
scribe the data better than the linear least-squares fit. The best
correlations are B—Dst and BV —Dst.

The HSS/CIRs BV—-Ap, BV—-AE, and BV—Dst data distribu-
tion show that BV has to reach ~4 mV m™! in order to drive at
least some geomagnetic activity.

The power-law BV-Dst fit indicates that, on average,
HSS/CIRs drive intense low-latitude geomagnetic storms
(Dst < —100) for BV above 9 mVm~'. However, according
to the data scatter, these storms can occur already at
BV~5mVm™.

We observed that the HSS/CIRs velocity is important for Ap
and AE, though only indirectly, while it does not play an impor-
tant role in producing Dist.
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The Dst—Ap correlation is better for ICMEs than for
HSS/CIRs, while both Dst—AE and AE—-Ap correlations are
higher for HSS/CIRs.

Within the same dynamical BV range (BV < 12 mVm™'),
only the ICMEs Ap(BV) correlation is considerably stronger
than the HSS/CIRs Ap(BV) correlation (R = 0.79 and R = 0.56,
respectively). Nevertheless, the regression parameters indicate
that at the same value of BV ICMEs are more geoeffective at all
latitudes.

For ICMEs the correlation coefficients for AE(BV) and
Dst(BV) drop significantly when BV < 12 mVm~! was ana-
lyzed. This may indicate that both the polar electrojet and ring
current are quite sensitive to the BV amplitude.

The ICME speed V is relatively well correlated with CME
speed Vome (R = 0.61), whereas the correlation Veyg—B i
rather weak (R = 0.27). Anyway, the linear fit Voyg—B indi-
cates that higher-speed CMEs tend to have a stronger magnetic
field B near the Earth. We note also that slow CMEs do not result
in a strong ICME field.

We observed that there are fast CMEs that have almost no
geomagnetic effect at low and mid latitudes. On the other hand,
at large Vemg there will be always some geomagnetic activity
triggered at high latitudes. This is an important finding regarding
the space weather forecasting.

For both ICMEs and HSS/CIRs, the maximum peak values
of different geomagnetic indices do not occur in the same event.
This suggests that different current systems within the Earth’s
magnetosphere (as measured by ground magnetometers at dif-
ferent latitudes and quantified by geomagnetic indices) show dif-
ferent responses to the geoeffective solar wind flow.

The results clearly indicate different magnetospheric re-
sponses to the same input from the solar wind driver (BV) at
various latitudes. Furthermore, we observed relative differences
in the response of different current systems within the Earth’s
magnetosphere to the impact of ICMEs and HSS/CIRs.

The ICME-driven activity shows that the development of the
equatorial and polar current systems are not always in constant
proportion (as we noted by Gonzalez et al. 1994). Namely, the
Dst(BV) correlations are stronger than AE(BV) correlations, and
the AE(Dst) dependence is the weakest one of the three geomag-
netic indices analyzed. For ICMEs the highest impact at mid
latitudes probably reflects the contribution from both current
systems in these regions, and consequently a growth of iono-
spheric currents. Moreover, during the intense particles injection
into the magnetosphere, the substorm currents may be formed
at lower latitudes, and so will not be as strong as expected at
high-latitude observatories. Instead, the Ap index will be addi-
tionally increased.

For HSS/CIRs, the AE and Dst are tightly related, suggest-
ing that development of the ring current and auroral electrojet
are closely related for this type of solar wind disturbances. This
aspect should be investigated further.

In conclusion, our study shows that the magnetosphere re-
action on both solar drivers (ICMEs and HSS/CIRs) is differ-
ent at various latitudes. Thus, the full picture of the ICMEs and
HSS/CIRs driven geomagnetic activities can be obtained only by
studying the development of different current systems within the
Earth’s magnetosphere and ionosphere.
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