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[1] In this paper, we examine and compare the statistical properties of interplanetary
coronal mass ejections (ICMEs) and their sheath regions in the near-Earth space, mainly
focusing on the distributions of various physical parameters and their geoefficiency.

The 53 events studied are a subset of events responsible for intense (Dst < —100 nT)
geomagnetic storms during the time period from 1996 to 2005. These events all fall into
the single-type category in which each of the geomagnetic storms was caused by a
well-isolated single ICME, free of the complexity of the interaction of multiple ICMEs.
For both sheaths and ICMEs, we find that the distributions of the magnetic field strength,
the solar-wind speed, the density, the proton temperature, the dynamic pressure, the
plasma beta, and the Alfvén Mach number are approximately lognormal, while those of the
Bz component and the ¥ component of the electric field are approximately Gaussian.
On the average, the magnetic field strengths, the Bz components, the speeds, the densities,
the proton temperatures, the dynamic pressures, the plasma betas, and the Mach numbers

for the sheaths are 15, 80, 4, 60, 70, 62, 67, and 30% higher than the corresponding
values for ICMEs, respectively, whereas the ¥ component of the electric field for
the sheaths is almost 1 s of that for ICMEs. The two structures have almost equal
energy transfer efficiency and comparable Newell functions, whereas they show
statistically meaningful differences in the dayside reconnection rate, according to the

Borovsky function.

Citation: Guo, J., X. Feng, J. Zhang, P. Zuo, and C. Xiang (2010), Statistical properties and geoefficiency of interplanetary
coronal mass ejections and their sheaths during intense geomagnetic storms, J. Geophys. Res., 115, A09107,

doi:10.1029/2009JA015140.

1. Introduction

[2] Manifestations of coronal mass ejections (CMEs) from
the Sun are frequently observed in the solar wind near the
Earth and are commonly called interplanetary coronal mass
¢jections (ICMEs). The signatures of ICMEs have been dis-
cussed extensively, such as low-proton temperature, enhanced
magnetic field strength, high ratio of alpha to proton particles,
and bidirectional electron heat flux [e.g., Richardson and
Cane, 1995; Neugebauer and Goldstein, 1997; Richardson
and Cane, 2004; Owens et al., 2005; Wimmer-Schweingruber
et al., 2006; Zurbuchen and Richardson, 2006]. However,
there is no single signature or a combination of signatures that
is a foolproof ICME identifier. ICMEs are also called ejecta,
which could be either magnetic clouds (MCs) or noncloud
ejecta. MCs are defined as having a smooth magnetic field
rotation (interpreted as a morphology of magnetic flux rope)
and enhanced magnetic field magnitude coupled with a
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reduced proton temperature [Burlaga et al., 1981], and they
comprise somewhere between one third to one half [Cane and
Richardson, 2003] of all ICMEs observed at 1 AU [Gosling,
1990; Cane and Richardson, 2003; Riley et al., 2006].
ICMEs moving faster than the ambient solar wind will
compress and deflect the upstream flow. If the relative speed
of the two plasma regimes is greater than the fast mode
magnetohydrodynamic wave speed, then a shock will form
ahead of the ICME. The region of compressed solar wind
bounded by the leading shock front and the trailing ICME
leading edge is referred to as the sheath region. The sheath
regions often have highly fluctuating fields, density, and
dynamic pressure. The boundary between the trailing edge
of the sheath and the ICME can sometimes be difficult
to identify. This may be partly due to the dynamic nature
of ICME propagation and, possibly, to evolution with time,
e.g., by reconnection [e.g., Gosling et al., 2005]. Moreover,
different in situ signatures do not necessarily give the same
boundaries. The primary objective of the present study is to
examine and compare the distributions of the variables in
these two different regions: sheaths and ICMEs. The variables
we chose include the characteristic quantities of solar wind as
well as the geoeffective parameters. They are (1) the magnetic
field strength B, (2) the Bz component, (3) the solar-wind
velocity V, (4) the solar-wind density N, (5) the proton
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temperature 7p, (6) the dynamic pressure Pdy, (7) the Y
component of the electric field Ey, (8) the plasma beta 3, and
(9) the Alfvén Mach number M,. A statistical knowledge of
these important parameters will help us understand the solar-
wind properties.

[3] The solar-wind parameters largely control the solar-
wind-magnetospheric coupling, although the magnetospheric
behavior also has some control [Borovsky, 2008; Borovsky
et al., 2008]. Thus, the differences in the geoefficiency
between different types of interplanetary structures, such as
ICMEs and sheaths, should be expected. Within a sheath,
the dynamic pressure is typically high and more fluctuating,
and the magnetic field direction can change several times
from south to north while, during an ICME, the magnetic
field direction typically changes smoothly over the time-
scales of a day [Huttunen et al., 2008]. Furthermore, the
passages of sheath regions are usually short in duration,
because their radial sizes are smaller when compared to that
of corresponding ICMEs. According to Zhang et al. [2008],
the durations and radial sizes of the ICMEs range from 8.0
to 62.0 h and 0.08 to 0.63 AU, respectively, with average
values of 30.6 h and 0.37 AU. The sheath durations and
radial sizes range from 2.6 to 24.5 h and 0.03 to 0.31 AU,
respectively, with average values of 10.6 h and 0.13 AU.
For MCs, their durations range from a few hours to more
than 40 h, with an average value of 20.5 h, and the temporal
separation between the shock and MC arrivals averages to
12.1 h [Lepping et al., 2006; Gopalswamy, 2006; Gopalswamy
et al., 2008]. The larger size of ICMEs in Zhang et al.’s
[2008] study is likely a selection effect due to the fact that
the events used in the study produced major geomagnetic
storms and, thus, may possess a larger physical size that may
help to sustain the geoeffective solar-wind condition. From
both forecasting and basic physics viewpoints, there is a need
for a better understanding of the solar-wind—magnetosphere
system during the two solar-wind structures. The second
objective of the present study is to investigate the interaction
of the two solar-wind structures with the magnetosphere,
using solar-wind—magnetosphere coupling functions.

2. Observations

[4] The ICMEs used in this study are a subset of the
88 events that produced intense (Dst < —100 nT) geomag-
netic storms during the period of 19962005 [Zhang et al.,
2007]. For the purpose of this study, we selected only the
53 so-called “S-type” events. Of the S-type storms, Zhang
et al. [2008] selected 46 events, for which data are avail-
able from the Advanced Composition Explorer (ACE) space-
craft, to study the sizes of the ICME and sheath. The 53 events
all fall into the single-type category, in which each of the
geomagnetic storms was caused by a well-isolated single
ICME in the near-Earth space, free of the complexity of
the interaction of multiple ICMEs. The corresponding
solar-wind magnetic field and plasma parameters are avail-
able from the 5 min averaged OMNI database (spacecraft-
interspersed, near-Earth solar wind data) at 1 AU (geocentric
solar magnetospheric coordinates).

[5] For each of the 53 events, we identified three critical
times:

[6] 1. The first is the arrival time of the ICME-driven
shock (or wave) giving the start time of the sheath.
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[7] 2. The second is the ICME arrival time, also indicating
the trailing edge of the sheath.

[8] 3. The third is the ICME ending time.

[s] The shock/wave arrival time is obtained from exam-
ining the solar-wind data upstream of the ICME for sharp
discontinuities or more gradual increases in the solar-wind
speed, temperature, density, and magnetic field intensity.
We also referred to the ACE shock list (http://www.ssg.st.
unh.edu/mag/ace/ACElists/obs_list.html) and considered the
transit time for the shock from the ACE spacecraft to the
magnetopause. Several recent studies have focused on
interplanetary shocks [Howard and Tappin, 2005; Oh et al.,
2007; Gopalswamy et al., 2010]. Note that preceding dis-
turbances driven by slower ICMEs may not have steepened
into shocks at 1 AU. To identify the start and end times of
the ICME, we have used a combination of ICME signatures,
including an enhancement of the magnetic field with a
smooth rotation through a large angle, low-field variance,
abnormally low proton temperature, and enhanced oxygen
and iron charge states [ Wimmer-Schweingruber et al., 2006;
Zurbuchen and Richardson, 2006]. We also refer to an
updated version of the “comprehensive” ICME list compiled
by Cane and Richardson [2003] that also considers addi-
tional ICME signatures: in particular, solar-wind ion com-
position and charge state anomalies [Lepri et al., 2001;
Richardson and Cane, 2004]. The updated list is available
at http://www.ssg.sr.unh.edu/mag/ace/ACElists/ICMEtable.
html. We find that, although most of the signatures generally
indicate a consistent starting time for a CME, the ending
time may be less well defined. In this situation, for consis-
tency, we use the trailing edge of the enhanced and smooth
magnetic field to define the ending time of the ICME. Once
the ICME region boundaries are identified, it is straight-
forward to collect all the solar-wind parameter points every
5 min for the sheaths and ICMEs, and use all of them (com-
bined for all 53 events) for present statistical analysis.

3. Distributions of the Sheath and Interplanetary
Coronal Mass Ejection Variables

[10] The statistical probability distributions of the vari-
ables of both sheaths and ICMEs are shown in Figure 1. The
two curves in each panel are the fits of the distributions to a
lognormal probability density function, except for Bz and
Ey, which are fits to a Gaussian probability density function
for the sheath regions (solid) and the ICMEs (dashed), respec-
tively. The lognormal probability density function [Mood
et al., 1974] of a variable x is

. b tnewe
Fls o) = e (1)
where the parameters p and o are the mean and the standard
deviation of the variable’s natural logarithm, respectively.
The Gaussian probability density function [Whang, 1977] is

1
oV2w

where the parameters ; and o are the mean and the standard
deviation of the variable, respectively. For lognormal
(Gaussian) fit, i is the most probable value of the variable’s

fxip,0) = e 2 (2)
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Figure 1. Distributions of various solar-wind parameters in sheath regions (plus symbols with solid
curves) and ICMEs (asterisk symbols with dashed curves). The parameters include (a) the magnetic field
strength B, (b) the Bz component, (c) the solar-wind velocity V, (d) the solar-wind density N, (e) the pro-
ton temperature 7p, (f) the dynamic pressure Pdy, (g) the ¥ component of the electric field Ey, (h) the
plasma beta (3, and (i) the Alfvén Mach number M. The distribution profiles are well fitted with a log-
normal distribution function, except for Bz and Ey, which are fit with a Gaussian function.

natural logarithm (the variable), and o shows how much
variation there is from the mean. Note that Bz and Ey have
negative or positive values in the solar wind; we take a
cutoff (250 km/s) for V. Table 1 lists the corresponding
estimates of the mean and standard deviation of the formula
fittings for the variables (columns 3 to 6); the high corre-

lations (7, columns 7 to 8) confirmed the goodness of the
lognormal or Gaussian fit to the distributions of these vari-
ables [e.g., Burlaga and Ness, 1998; Padhye et al.,2001]; the
last two columns indicate their mean physical values. As
we can see from Figure 1, the distributions of B, V, N, Tp,
Pdy, (3, and M, for both sheaths and ICMEs are lognormal

Table 1. Parameters u, o and Correlations 7 Obtained From the Probability Density Function Fit (Lognormal Distribution or Gaussian
Distribution) for the Variables of the Sheaths and ICMEs, Together With the Average Values of These Variables®

Solar-Wind Distribution B g r Mean
Parameters Function Sheath ICME Sheath ICME Sheath ICME Sheath ICME
B (nT) Lognormal 2.69 2.51 0.49 0.49 0.90 0.96 16.35 13.83
Bz (nT) Gaussian 3.02 0.58 11.89 9.60 0.97 0.95 3.02 0.58
V (km/s) Lognormal 2.28 2.20 0.47 0.49 0.93 0.98 524 503
N (em™) Lognormal 2.58 1.53 0.73 0.92 0.95 0.99 16.90 6.76
Tp (10° K) Lognormal 2.71 1.35 1.03 1.08 091 0.98 2.56 0.75
Pdy (nPa) Lognormal 1.92 0.79 0.72 0.89 0.97 0.99 8.76 3.28
Ey (mV/m) Gaussian 0.69 1.52 5.72 5.44 0.96 0.94 0.68 1.50
5 Lognormal 2.08 0.87 1.07 1.15 0.99 0.99 1.52 0.50
My Lognormal 1.84 1.45 0.49 0.51 0.99 0.99 7.12 4.90

*Average Bz and Ey values refer to their arithmetic values.
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Figure 2. (a) Normalized occurrence distributions (in
percentage) of the Akasofu [1981] function and (b) the
Newell function [Newell et al., 2007], for both the sheaths
(solid curves) and the ICMEs (dashed curves).

to a good approximation. The distributions of V for the
sheaths and ICMEs are almost identical, whereas the tails of
the distributions of B, N, Tp, Pdy, 3, and M are apparently
longer for ICMEs. The distributions of the Bz component
and the Y component of the electric field for both sheaths
and ICMEs reveal an approximately Gaussian distribution
ranging from —40 to 40 nT and —20 to 20 mV/m, respec-
tively, although there is possibly a small excess of low-electric
fields.

[11] We further calculate the mean physical values of the
variables of both sheaths and ICMEs, and the results are
also listed in the last two columns of Table 1. Note that the
average Bz and Ey values refer to their arithmetic values. The
average B in the sheaths is 16.35 nT, compared to 13.83 nT
for ICMEs, and both are significantly higher than the long-
term average value of 6 nT for the solar wind [Burlaga
et al., 2001]. According to Gopalswamy [2008], the aver-
age B (note that here, B corresponds to the maximum value
in the ICME interval) is about 23.1 and 19.8 nT for MCs
and non-MCs, respectively. The average Bz component for
sheaths is 3.02 nT, compared to 0.58 nT for ICMEs. The
average Bs (the negative component of Bz) for sheaths is
—8.48 nT, compared to —6.37 nT for ICMEs. The average V'
for the sheaths (524 km/s) is comparable to that for ICMEs
(503 km/s). The average V' is 559 km/s for MCs, compared
to 636 km/s for non-MCs [Gopalswamy, 2008] [note that
here, V corresponds to the speed at the time of MC arrival
and the maximum speed within the ICME interval for MCs
and non-MCs, respectively]. Owens et al. [2005] investi-
gated the relation between the characteristic magnetic field
strengths and speeds of both MCs and non-MCs at 1 AU
and found that correlation between field and speed is only
significant in the sheath region ahead of MCs, not within
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MCs themselves, whereas such a relation is not revealed in
the sheaths ahead of non-MCs. The average N for the
sheaths is 16.90 cm >, compared to 6.76 cm > for ICMEs,
and the latter is comparable to the long-term average value
for the solar wind (7 cm ) [Liu et al., 2005]. The average
Tp in the sheaths is 2.56 x 10° K, compared to 1.41 x 10° K
for ICMEs; these averages are higher and lower, respec-
tively, than the long-term average value for the solar wind
of 1.50 x 10° K [Burlaga et al., 2001]. The average Pdy in
the sheaths is 8.76 nPa, compared to 3.28 nPa for ICMEs.
The arithmetic average Ey for ICMEs (1.50) is twice that for
sheaths (0.68) (see also the range of X values in Figures 17h
and 17p of Gopalswamy’s [2008] paper). The average (3 for
sheaths (1.52) is about three times that (0.5) for ICMEs. The
average M, in the sheaths is 7.12, compared to 4.90 for
ICMEs, and both are lower than the long-term average value
for the solar wind of about 7.5 [Lavraud and Borovsky,
2008]. It should be noted that the Alfvénic Mach numbers
in this study are provided by the OMNI data set and are not
computed in the solar-wind frame. More recent study shows
that the computed average values for the shock Mach num-
bersat 1 AU is about 3.2 in the solar-wind frame [ Gopalswamy
etal.,2010].

4. Coupling Efficiency of the Sheaths
and Interplanetary Coronal Mass Ejections
With the Magnetosphere

[12] To investigate the coupling efficiency of both sheaths
and ICMEs with the magnetosphere, we use two types of
solar-wind—-magnetosphere coupling functions, namely, the
solar-wind “driver function” and the solar-wind “control func-
tion” (cf., Borovsky, 2008). The driver functions are derived
with “tuning” to optimize correlation coefficients between
magnetospheric measurements and solar-wind measure-
ments, while there are no explicit free parameters in the
control function.

4.1.

[13] The solar-wind driver functions used are the well-
known Akasofu function (or the epsilon parameter)
(Equation 3) [Akasofu, 1981] and the Newell formula
(Equation 4) [Newell et al., 2007]:

Solar-Wind Driver Function

4 0
(W) = M—:sz sin® (E) 2 (3)
d®/dt = **BY? sin¥/? (g) (4)

The variables v, B, By, 6, and [, on the right-hand side
denote the solar-wind velocity, the solar-wind magnetic
field magnitude, the solar-wind magnetic field perpendicu-
lar to the Sun—Earth line, the interplanetary magnetic field
(IMF) clock angle, and the scaling factor. The factor /; is
the linear dimension of an “effective cross-sectional area”
of the magnetosphere determined empirically to /o = 7 Rg
[Perreault and Akasofu, 1978]. The epsilon parameters for
both the sheaths and ICMEs are shown in fractional bins
in Figure 2 (a). As we can see, the normalized occurrence
distributions (in percentage) of the sheaths and ICMEs are
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Figure 3. Normalized occurrence distributions (in percentage) of (a) the magnetosonic Mach number
M,,, (b) the bow shock compression ratio C, (c) the plasma [ of the magnetosheath, and (d) the Borovsky
function for the sheaths (solid curves) and the ICMEs (dashed curves).

almost overlapping with each other. The average value
for the sheaths is 1.41 x 10'? K, compared to 1.34 x 10'* K
for the ICMEs. Therefore, the energy transfer efficiencies for
the sheaths and ICMEs are quite comparable. Similarly, the
Newell function for both the sheaths and ICMEs is shown in
fractional bins in Figure 2 (b). There are very few visible
differences between the occurrence distributions of the
sheaths and the ICMEs. The average Newell parameter for
the sheaths (122) is comparable to that for the ICMEs (116).
Interestingly, the difference between the two components is
not statistically distinguishable for the coupling efficiency
calculated from both driving functions.

4.2. Solar-Wind Control Function

[14] The solar-wind control function used is the Borovsky
function [Borovsky, 2008], (i.e., a reconnection rate written
in terms of upstream solar-wind parameters):

R = 0.47 sin(0/2)p* (1 + 0.5M;2) (1 + 8,)~'/?

ep+ 1+ ﬂs)"/zpm] o {(1 +6)"% + 1} e

(5)
where
By =32 x 1072 M}

(6)

is the plasma [ of the magnetosheath near the nose of the
magnetosphere,

C = {[1/4° + /(1 + 1.38log, M)} S (7)

is the compression ratio of the bow shock,

My = v/((B/4np) + 2P/ p)'"? (8)

is the magnetosonic Mach number of the solar wind, and

©)

is the Alfvén Mach number of the solar wind. A term sin(6/2)
is also added to account for the component reconnection
when the IMF has a clock angle of 6. In these expressions, v,
p, B, and P are the speed, mass density, magnetic field
strength, and particle pressure (thermal plus kinetic) in the
upstream solar wind. The Borovsky function is based on
the idea that dayside reconnection is governed by local
plasma parameters and that whatever controls those para-
meters controls the reconnection rate. The physical inter-
pretation of the control function is that solar-wind pressure
pv*(1 + 0.5M,72) largely controls the reconnection rate,
essentially by setting the strength of the magnetic field at the
nose of the magnetosphere via pressure balance.

[15] The magnetosonic Mach number M, sets the prop-
erties of the Earth’s bow shock, which converts unshocked
solar-wind plasma into shocked magnetosheath plasma. The
magnetosonic Mach number controls the compression ratio
C of the shock, which is the multiplicative density change
from upstream to downstream. The compression ratio C
varies from 1 to 4 [Tidman and Krall, 1971]. In solar-wind—
magnetosphere coupling, it is actually the magnetosheath
flow that drives activity in the Earth’s magnetosphere, and
the bow shock converts solar-wind flow into magnetosheath
flow [Borovsky and Denton, 2006; Lavraud and Borovsky,
2008]. The magnetosonic Mach number M,,,, the bow shock
compression ratio C, the plasma [ of the magnetosheath, and
the Borovsky function for both the sheaths and the ICMEs
are shown in fractional bins in Figures 3a, 3b, 3c, and 3d,
respectively. In calculating the magnetosonic Mach number,

M, = v(4mp)'*/B
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the electron temperature 1.5 x 10° K is taken for the solar
wind, since measurements of Te are not available in the
OMNI database. In fact, the solar-wind electron temperature
is relatively constant when compared to the proton tem-
perature, and it is not influenced by other concurrent para-
meters in the solar wind [Newbury et al., 1998]. Moreover,
Te = 1.5 x 10° K is approximately valid for all types of solar
wind [Skoug et al., 2000]. In addition, we take p,, = 0 in
expression (5) due to no information about the dayside mag-
netospheric mass density p,,. As we can see from Figure 3,
the magnetosonic Mach numbers for the sheaths are, in
general, larger than those for ICMEs, with average values of
4.5 and 3.7, respectively. Similarly, the compression ratio C
is also larger for the sheath regions, with an average value of
3.2 when compared with that of ICMEs with an average
value of 2.9. In about 49% of the time, the sheath region has
low 3, < 1 in the magnetosheath, whereas, in about 76% of
the time, the ICME has low (§; < 1. Unlike the driving
functions, the Borovsky parameter shows a clear difference
between the sheaths and ICMEs, with an average value of
3.3 x 10° and 2.6 x 10° gauss cm/s, respectively. A t test
was done to test the significance of the differences, and the
P value of 1.05 x 10 ® indicates that the average values are
statistically different (note that any value of P less than 0.05
gives greater than 95% confidence that they are statistically
different). This indicates a higher degree of coupling effi-
ciency for the sheaths.

5. Summary and Discussions

[16] We have shown that the distribution functions of the
magnetic field strength, the solar-wind speed, the density,
the proton temperature, the dynamic pressure, the plasma
beta, and the Alfvén Mach number are approximately log-
normal, while those of the Bz component and the Y com-
ponent of the electric field are approximately Gaussian, for
both sheaths and ICMEs. The approximately lognormal
distribution of the magnetic field strength at 1 AU was
initially reported by Burlaga and King [1979]. Furthermore,
Burlaga and Lazarus [2000] examined the distributions of
the speed, density, and proton temperature at 1 AU, and the
results suggested that the lognormal distribution provides a
good model of the observed distributions for 1996-1998.
The lognormal distributions suggest the presence of non-
linear interactions and multiplicative dynamical processes,
which are manifested in the tail of the distribution [Burlaga
and Ness, 1998]. The fluctuations of sheath and ICME vari-
ables might be associated with the large-scale coronal
expansion as well as local nonlinear effects. In fact, the log-
normal distribution was also shown to be true for some CME
parameters, such as the CME speed near the Sun [ Yurchyshyn
et al., 2005].

[17] On the average, the magnetic field strength, the Bz
component, the speed, the density, the proton temperature,
the dynamic pressure, the plasma (3, and the Mach number
for the sheaths are 15, 80, 4, 60, 70, 62, 67, and 30% higher
than the corresponding values for ICMEs, respectively,
whereas the Y component of the electric field for the sheaths
is almost half of that for ICMEs. However, the Gaussian
distribution curves of Ey for the sheaths and ICMEs are very
similar (see Figure 1g), which is consistent with Pulkkinen
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et al. [2007]. According to Gopalswamy [2008], the Dst index
is well correlated with the product VBz (equivalent of Ey). This
indicates that the two structures are equally geoeffective.

[18] Mitsakou et al. [2009] examined the correlation between
the mean characteristic properties of the ICMEs and sheaths
during the descending phase of cycle 23 and found that there
is a strong correlation between the sheath and ICME speeds
and a medium correlation between the sheath and the ICME
magnetic field strength, the proton density, the length scale,
and the passage time, while there appears to be no corre-
lation between their temperatures and plasma beta para-
meters. The strong correlation between the sheath and ICME
speeds implies that the shock and ICME are tightly coupled
at 1 AU, and the shock is not running away from the ICME,
which was first discussed by Gopalswamy [2004].

[19] By comparing the normalized occurrence distributions
of solar-wind—magnetosphere coupling functions between
the sheaths and ICMEs, we found that the two structures
have almost equal energy transfer efficiency and a compa-
rable Newell parameter, whereas they show statistically
meaningful differences in the dayside reconnection rate
according to the Borovsky function.

[20] Because of the comparable energy transfer efficiency
for sheaths and ICMEs, we can conclude that the relative
contributions to the total energy input into the magnetosphere
during these storms are dependent on the amount of time
spent within each of the two structures, which is consistent
with Zhang et al. [2008]. It should be noted, however, that
the epsilon parameter seems to suffer from overestimations
when pushed to the extreme circumstances [Rosengvist et al.,
2006]. The recent analyses of energy output suggested that
we can use epsilon by scaling the parameter up by a factor
of 1.5 to 2 when evaluating the energy input into the mag-
netosphere during intense storms. Moreover, we also should
note that the epsilon parameter does not account for all
energy passing through the magnetosphere but only that part
which is consumed in the storm processes [Koskinen and
Tanskanen, 2002].

[21] Our results show that the Gaussian distribution curves
of the dawn-to-dusk electric fields Ey for the sheaths and
ICMEs are very similar (see Figure 1g). However, the signif-
icant differences in the Borovsky parameter between sheaths
and ICMEs are exhibited in Figure 3d. This indicates that,
although the solar wind largely controls the rate of the dayside
reconnection, the solar-wind control is not directly via the
dawn-to-dusk electric field of the solar wind; rather, there is
a more complicated control that involves other solar-wind
parameters, such as solar-wind pressure and Mach number
[Borovsky, 2008]. According to the findings of Borovsky et al.
[2008], the solar-wind electric field £ = —V % B is, at best,
an indirect driver: indirect in that " and B of the solar wind in
part determine the relevant local plasma parameters at the
magnetopause. On the other hand, the differences in dayside
reconnection between sheaths and ICMEs could be respon-
sible for the differences in geomagnetic storms driven by
ICME:s and sheath regions, which have been reported in prior
research. For instance, the sheath-driven storms have stronger
auroral activity, stronger magnetotail field stretching, larger
asymmetry in the inner magnetosphere field configuration,
and a larger asymmetric ring current, while the ring current
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enhancement is stronger in the storms driven by magnetic
clouds [Huttunen et al., 2002, 2006; Pulkkinen et al., 2007].
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