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Abstract. Utilizing 1-minute resolution data on the
geomagnetic indices SYM-H, AE, solar wind parameters
(velocity Vs, and density &,), and z-component B, of the
interplanetary magnetic field (IMF) during solar cycles
23 and 24, we have statistically analyzed the correla-
tions between geomagnetic activity (storms and sub-
storms), Vi, N,, B., and energy coupling functions of
solar wind and Earth’s magnetosphere. For the selected
131 CME-driven storms, SYM-H stronger depends on
Viw and B than other parameters, whereas the selected
161 CIR-driven storms have nearly the same depend-
ence on the solar wind electric field, the rate of open
magnetic flux do/dt, and the reconnection electric field
Exy. Thus, the solar wind electric field and the dayside
magnetic reconnection are likely to have different con-
tributions for storms of the two types. During storms
of different types, the substorm intensity AE relies
mainly on the IMF B., rate of open magnetic flux and
reconnection electric field.

Keywords: solar wind, coronal mass ejections, coro-
tating interaction regions, geomagnetic storms, magne-
tospheric substorms, correlations.

AnHotauus. Vcnons3ys 1-MUHYTHBIE JaHHBIE Teo-
MarHuTHbIX uHIeKcoB SYM-H, AE, nmapaMeTpoB COIHEY-
HOTO BeTpa (CKOpOCTb Vg, M INIOTHOCT N, U z-KOMIIO-
HEHTY B, MEXIUIaHeTHOro MaruutHoro nois (MMII)
BO BpeMs 23-T0 U 24-TO IMKJIOB COJHEUYHOM aKTHBHO-
CTH, MBI CTaTUCTMUYECKH MPOAHAIU3UPOBAIN KOPPEIs-
UM MEXIYy T€OMarHUTHONH aKTHBHOCTBIO (OypH U CyO-
oypu), Vsw, Np, B. 1 QYHKIMSAMU Hepefauy SHEPTUH U3
coNHeYHOro BeTpa B Marautochepy 3emuu. st BbI-
Opannoit 131 Oypu, Bb3BanHONH KBM, SYM-H umeer
0oJiee CHIIBHYIO 3aBUCHMOCTH OT Vg, M B, uem apyrue
rapameTpsbl, Torjaa Kak BelOpaHHas 161 Oypsi, BbI3BaH-
Has CIR, uMeer mo4TH Takue *e 3aBUCUMOCTH OT dJIeK-
TPUYECKOT'O TOJIsI COJIHEYHOI'O0 BETPa, CKOPOCTH OTKPHI-
TOTO MarHUTHOT'O ITOTOKA d®/dt ¥ 3JCKTPHUUESCKOTO MO
nepecoeauneHust Ey;. TakuM o0pa3oM, BIIEKTpUIECKOe
T10JIe COJTHEYHOTO BETpa U IHEBHOE MarHUTHOE MEPECo-
eIMHEHNEe, BO3SMOKHO, BHOCSAT Pa3HbIN BKJIa]l OypH IBYX
TUnoB. Bo Bpems Oypb pPa3IMYHBIX THUIIOB MHTCHCHB-
HOCTh CyOOypu AFE 3aBUCUT B OCHOBHOM OT B, MMII,
CKOPOCTH OTKPBITOI'0O MAarHUTHOTO MOTOKA U 3JIEKTpHUe-
CKOT'O TIOJISl IEpeCcoeTUHEHUSI.

KiroueBble ¢JIOBA: COMHCYHBIN BeTep, KOPOHATb-
HBIE BBIOPOCHI MacChl, 00JIACTh KOPOTHUPYIOIIETO B3au-
MOJICHCTBUS, T€OMAarHWTHBIC OYpH, MarHUTOC(HEPHBIC
cy0OypH, (DYHKIIMH CBSA3HM IO SHEPTHUH, KOPPEIAIUOH-
HBIM aHamu3.
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INTRODUCTION

Coronal mass ejections (CMEs) and corotating in-
teraction regions (CIRs) are two typical drivers of geo-
magnetic storms and magnetospheric substorms [Tsuru-
tani, Gonzalez, 1997; Gonzalez et al., 1999; Li, Wang,
2018]. According to different drivers, geomagnetic
storms are classified as CME-driven and CIR-driven
storms [Richardson et al., 2001; Tsurutani et al., 2006;
Borovsky, Denton, 2006; Liemohn et al., 2010; Katus et
al., 2015]. Intense storms and substorms can cause seri-
ous space weather phenomena such as Earth’s radiation
belts [Li et al., 2006, 2009, 2017, 2020] and plasma
sheet [Cao et al., 2013]. Therefore, the solar activity
dependence of geomagnetic storms and substorms and
their forecast have been hot topics in space weather [Le
et al., 2012; Zhao et al., 2022].

The development of geomagnetic storms is associated
with the solar wind energy input into Earth’s magneto-
sphere [Du et al., 2008]. Turner et al. have analyzed 118
CME-driven storms and 91 CIR-driven storms during
the period from 1995 to 2004 [Turner et al., 2009]. They
suggested that the CIR-driven storms provide more en-
ergy for the ionosphere and ring current than the CME-
driven storms. Verbanac et al. have investigated the
magnetospheric activity caused by CIR/HSS (High
Speed Streams) structures during the declining phase
of solar cycle (2005-2006), and have found that the
combination of solar wind parameters (BV? and BV)
plays an important role in the energy transfer from the
solar wind to the magnetosphere [Verbanac et al.,
2011]. Yermolaev et al. shows that the magnitude of the
interplanetary magnetic field (IMF) B in CIRs and
sheaths increases with increasing speed of pistons of both
types: HSS and ICME; the piston speed increase results
in an increase in geoeffectiveness of both compression
regions [Yermolaev et al., 2018]. Alexakis and
Mavromichalaki have suggested that the velocity of ICME
(Interplanetary CME) structure can be used to predict
the generation and intensity of geomagnetic storms
[Alexakis, Mavromichalaki, 2019].

During storms of different types, the energy and mo-
mentum transfers from the solar wind and IMF to Earth’s
magnetosphere are still under debate. Moreover, the ques-
tion of the relationship between geomagnetic storms and
magnetospheric substorms has been unanswered so far. To
distinguish the contributions of the solar wind density, ve-
locity, and IMF to storms of different types, we have se-
lected 131 CMEs, 161 CIR-driven storms, which occurred
during solar cycles 23 and 24, and have analyzed their cor-
relation with geomagnetic indices. In addition, we consider
the relationship between geomagnetic activity and solar
wind — magnetosphere coupling functions such as the
reconnection electric field Ex; [Kan, Lee, 1979], the rate of
open magnetic flux at the magnetopause do/dt, and the
energy function &.

The goal of this paper is to reveal geomagnetic/auroral
activity dependence not only on the solar wind and IMF
parameters, but also on energy coupling functions dur-
ing the solar activity period under study. Moreover, we
try to figure out which factor is more effective for the
development of geomagnetic storms.
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DATA AND METHOD

The 1-min averaged data on solar wind parameters
Vsws Np, B., and the geomagnetic indices SYM-H and AE
have been taken from the OMNI database in CDAWeb
[https://omniweb.gsfc.nasa.gov/form/omni_min.html].
AE denotes the substorm intensity, whereas the 1-min
resolution SYM-H is often used to replace the 1-hr reso-
Iution Dst index to indicate the intensity of storms
[Wanliss, Showalter, 2006]. For reference, we have also
used the sunspot numbers [https:/www.sidc.be/ sil-
so/datafiles].

The sunspot numbers during solar cycle 23 (1996—
2007) are larger than those during solar cycle 24 (2007—
2018). Therefore, the CME-driven storms are more in-
tense during solar cycle 23 than during solar cycle 24
[Alexakis, Mavromichalaki, 2019]. In front of CMEs,
IMF, Vg, N, and temperature T increase suddenly and
form a strong interplanetary (IP) shock [Kataoka et al.,
2005]. However, IMF, Vs, T, and N, increase gradually
around the stream interface of CIRs [Zhang et al.,
2008]. Consequently, the CIR-driven and CME-driven
storms have different rate of development.

Figure 1 gives two examples of the CIR-driven storm
that occurred on January 11, 2000 and the CME-driven
storm that occurred on August 3, 1997. The development
phases of the storms are indicated by SYM-H. Since the
increases in IMF B, V, from ~360 to ~500 km/s and N,
are gradual, there is no storm sudden commencement
(SSC) before the main phase of the CIR-driven storm, and
the CIR-driven storm develops slowly into the main phase.
Moreover, the CIR-driven storm recovery phase is also
long because of IMF quasi-periodic southward turn (B,<0).

In contrast, the CME-driven storm has a prominent
SSC because of the impact of the IP shock with the sud-
den increase in IMF B, V,, N,, and its main and recov-
ery phases are short because of fast southward and
northward turn of IMF.

According to different features of storms of two
types, we have selected 131 CME- and 161 CIR-driven
storms with a minimum Dst<-30 nT from 1996 to
2017. These storm events were selected from the list
compiled by Turner et al. [2009], which covered the
period from 1996 to 2004. For the period from 2005 to
2017, we have used the information on SSC taken from
[https://www.ngdc.noaa.gov/stp/geomag/geoib.html]  and
[https://isgi.unistra.fr/events sc.php], Vi, ring current
and Dst from [https://omniweb.gsfc.nasa.gov/ow.html].
To identify magnetic storms, we took into account sev-
eral patterns including the occurrence of SSC preceding
the storm, the development of Vsw, and the behavior of
the Dst index.

We have calculated Pearson’s linear correlation co-
efficient CC between the SYM-H, AE, and a single solar
wind parameters N,, Vs, and IMF B, for all selected
storms. Furthermore, we estimated CC between the geo-
magnetic indices and combined solar wind parameters.

The combined solar wind parameters represent the
energy coupling relationship between the solar wind and
Earth’s magnetosphere. The energy coupling functions
of the solar wind and magnetosphere are calculated
through the following empirical formulas. The Akasofu
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function correlates not only with magnetic storms but
also with individual substorm [Akasofu, 1981]. It is
expressed as [Perrault, Akasofu, 1978]:

e=V_B’sin' (0/2)1, (1)

where /, is a constant length (~7Rg, Rg=6371 km is
Earth radius). The scaling factor /, was obtained by con-
sidering the magnetospheric disturbance phenomena as
a manifestation of the dissipation process of energy pro-
duced by the solar wind — magnetosphere interaction;
0 is the projection of the polar angle of IMF onto YZ
plane in solar magnetospheric coordinates, and

0= tan"'(|8,]/8.), B. >0, )

€)

The Akasofu function depends not only on IMF
clock angle on YZ plane, but also on Vi, B>. VB repre-
sents the solar wind electric field that plays an essential
role in the magnetospheric convection [Burton et al.,
1975)].

Moreover, Ex; and do/dt also depend on the solar
wind electric field and IMF clock angle. Ey; is ex-
pressed as [Kan, Lee, 1979]

0=180°~tan"' (|8,|/8.), B. <0.

E, =V, Bsin’(0/2), (4)
do/dt is expressed as [Newell et al., 2007],
@:KW4/3BZ/3 sin8/3 (9/2)’ (5)

dt

do/dt is proportional to the rate at which the magnetic
flux is opened at the magnetopause, whereas the open
magnetic flux depends on Ey;. Thus, Ex; and do/dt cor-
relate with the dayside magnetic reconnection that
transports solar wind mass, energy, and IMF into the
magnetosphere.
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STATISTICAL RESULTS
Correlation for CME-driven storms

Figures 2 and 3 display the correlation coefficients
CC between geomagnetic indices SYM-H, AE, single
solar wind parameter Vi, N,, IMF B., and energy cou-
pling functions during 131 CME-driven storms. Three
correlation levels are defined: almost no or weak correla-
tion (|CC|<0.4), moderate correlation (0.4<|CC|<0.6),
and strong correlation (|CC|>0.6).

The CME-driven storms have a moderate correlation
with the solar wind velocity (CC =—0.51 between SYM-H
and V) and a strong correlation with the solar wind
electric field (CC=-0.6 between SYM-H and Vg, B).
Meanwhile, the CME-driven storms have also a moderate
correlation with the open magnetic flux (CC=-0.5 be-
tween SYM-H and do/df) or the reconnection electric
field (CC=-0.49 between SYM-H and Ex;). These re-
sults suggest that the CME-driven storms are mainly
caused by the convection electric field driven by the high-
speed solar wind. Yet, the dependence of the CME-driven
storms on N, and IMF B. alone is very weak (CC<0.4).

During 131 CME-driven storms, the substorm intensity
AE has a moderate correlation with IMF B, (CC=-0.54)
and strong correlations with the rate of open magnetic
flux (CC=0.71 between SYM-H and do/df) and the re-
connection electric field (CC=0.66 between SYM-H and
Ex1), indicating that the substorm activity mainly corre-
late with the dayside magnetic reconnection.

However, substorm activities have only a weak cor-
relation with the solar wind velocity (CC=0.37 between
AE and V) and moderate correlations with the Akasofu
function (CC=0.49 between AE and €) and the convec-
tion electric field (CC=0.5 between AE and V,B).
Thus, the contribution of the solar wind velocity or the
convection electric field is relatively small for the sub-
storm activity.
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CC for CME-driven storms
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Figure 2. Correlation coefficients CC between geomagnetic indices SYM-H, AE, and single solar wind parameters Vs,, N,

IMF B, during CME-driven storms
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Figure 3. Correlation coefficients CC between geomagnetic indices and energy coupling functions during 131 CME-driven
storms; € is the Akasofu function; do/dt is the rate at which a magnetic flux is opened at the dayside magnetopause; Ex; is the

reconnection electric field; Vi, B is solar wind electric field

Correlation for CIR-driven storms

Table lists correlation coefficients CC between
geomagnetic indices SYM-H, AE, single solar wind
parameters Vg, N, IMF B., and energy coupling
functions for 161 CIR-driven storms and 131 CME-driven
storms. The dependence of CIR-driven storms on the
solar wind velocity (CC=-0.27) and the convection
electric field (CC=-0.48) decreases in comparison with
that of the CME-driven storms (CC=-0.51 and —0.6),
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but their dependence on IMF B, are nearly the same
(CC=0.29 and 0.28). The dependence of the CIR-driven
storms on the convection electric field (CC=0.48 between
SYM-H and VB) is comparable to that on the rate of
open magnetic flux (CC=-0.42 between SYM-H and
do/df) and the reconnection electric field (CC= —0.44
between SYM-H and Ey;), indicating that the CIR-driven
storms depend simultaneously on the convection electric
field and the dayside magnetic reconnection.



Differences in the response

During CIR-driven storms, AE has a moderate
correlation with IMF B, (CC=-0.56) and strong
correlations with the rate of open magnetic flux
(CC=0.64 between AE and do/df) and the reconnection
electric field (CC=0.64 between AE and Ey;), indicating
that substorm activity is also closely associated with the
dayside magnetic reconnection. However, the dependence
of the substorm activity on the solar wind velocity and
the convection electric field decreases remarkably
during CIR-driven storms.

Correlation coefficients for CME and CIR-driven storms

CME-driven storms
Vew | Np B, e |do/dt| Exp | VB
SYM-H | -0.51|0.09| 0.29|-0.37|-0.50|-0.49| 0.6
AE 0.37]0.18 | —0.54| 0.49| 0.71| 0.66| 0.5
CIR-driven storms
Vew | Np B, e |do/dt| Exp | VB
SYM-H | -0.27]|0.15| 0.28|-0.39|-0.42|-0.44| —0.48
AE 0.08]0.14| -0.56| 0.51| 0.64| 0.64 0.39
DISCUSSION

The space parameter data and geomagnetic field
indices provided on the Internet have different time
resolutions such as 1 min, 5-min, and 1 hr. Badruddin et
al. [2022] have studied the correlation coefficients of
the solar wind parameters and IMF with geomagnetic
field indices of 10 selected individual storms, using
three time resolutions. The results show that the
correlation coefficient between Dst (1-hour or smoothed
data) and the solar wind parameters turns out to be
higher than 0.5 only during the main phase of 50 % of
storms. The results also suggest that the hourly
development of geomagnetic storms during the main
phase could not be unambiguously associated with a
simultaneous change in solar wind parameters. High-
resolution data may be helpful not only in understanding
the physical processes during the development of a
geomagnetic storm but also in predicting space weather.

Although there is no obvious correlation between the
CME-driven storms and IMF B, alone (CC=0.29), the
CME-driven storms have also moderate correlations
(CC>0.4) with the rate of open magnetic flux and the
reconnection electric field (combined solar wind
parameters). The dependence of the CME-driven storms
(CC=-0.6) is stronger on the convection electric field
than the rate of open magnetic flux and the reconnection
electric field (CC=-0.5, —0.49). Thus, the contribution
of the convection electric field to the CME-driven
storms is likely to be larger than those of the dayside
magnetic reconnection do/dt and Eyx;. However, the
CIR-driven storms have nearly the same dependence
on the three parameters (CC=-0.42, —0.44, —0.43),
thereby suggesting that the convection electric field and
the dayside magnetic reconnection have nearly the same
contributions to the development of CIR-driven storms.

During these storms, the substorm intensity relies
largely on IMF B,, the rate of open magnetic flux, and
the reconnection electric field. The solar wind velocity
or convection electric field contribution is relatively
small for substorms. Although magnetospheric sub-
storms mainly occur in the nightside magnetosphere
[Baker et al., 1996; Duan et al., 2011] substorm activity
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can promote the ring current through injections of hot
and energetic particles as suggested by previous obser-
vations [He et al., 2016]. According to our statistical
analysis, we found a moderate correlation between the
intensity of substorms (4F) and both CME-driven and
CIR-driven storms (SYM-H), with correlation coeffi-
cients of —0.51 and —0.5 respectively.

This confirms that both substorms and enhanced
convection contribute to enhancement of a storm-time
ring current [Lui et al., 2001].

SUMMARY AND CONCLUSIONS

By analyzing the correlation coefficients between
geomagnetic indices SYM-H, AE, single solar wind
parameters, and energy coupling functions for 131
CME-driven and 161 CIR-driven storms we have found
that the CME-driven storms stronger depend on the
solar wind velocity Vs, and the convective electric field
VB than other parameters, whereas the CIR-driven
storms have nearly the same dependence on the solar
wind electric field, the rate of open magnetic flux do/dt,
and the reconnection electric field Ey;. The different
dependence indicates that the convection electric field
driven by high-speed solar wind play a dominant role in
the development of the CME-driven storms but the
convection electric field contribution to the CIR-driven
storms may be comparable to that of the dayside magnetic
reconnection.

Interestingly, storms of the two types have moderate
dependence on the substorm intensity AE, suggesting
that substorm activity promotes the enhancement of
geomagnetic storms to some extent. This conclusion is
in line with the results obtained in [Gonzalez et al.,
1994; Boroyev, Vasiliev, 2020]. The substorm intensity
relies strongly on IMF B,, rate of open magnetic flux,
and reconnection electric field, but their dependence on
the solar wind velocity and the solar wind electric field
are relatively weak. This indicates that the dayside
magnetic reconnection plays a crucial role in the solar
wind energy transfer to Earth’s magnetosphere and the
energy storage and release in the magnetotail during
substorms.

The data sets for this study were obtained from the
OMNI database [https://omniweb.gsfc.nasa.gov/form
/omni_min.html]. We sincerely acknowledge all teams
for the OMNI database. We also thank Center for Space
Magnetism, Kyoto University for providing Dst index data.
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