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Abstract

In order to statistically investigate the relationship between the low-latitude coronal holes (CHs), the solar wind speed,
and the geomagnetic activity in solar cycles 23 (1996-2008) and 24 (2009-2016), we conducted a superposed epoch
analysis of the variations in CH area, solar winds, the interplanetary magnetic field (IMF), and geomagnetic indices

(AL, AU, and SYM-H) for the period from 1996 to 2016. We further divided the temporal variations of the IMF into four
types and then investigated the variations in solar winds, the IMF, and the geomagnetic indices before and after the
corotating interaction region (CIR) reached Earth’s magnetosphere in each case. As a result, we observed a north—
south asymmetry in the CH area, which shows that the CH area was much larger in the southern hemisphere than in
the northern hemisphere during solar cycles 23 and 24. In addition, the CH area for solar cycle 24 tended to appear in
a wider latitude region compared with that for solar cycle 23. The maximum values of the CH area and the solar wind
speed in solar cycle 24 tended to be smaller than those in solar cycle 23. The relationship between these maximum
values showed a positive correlation for both solar cycles. The distribution was larger for solar cycle 23 than for solar
cycle 24. The variations in solar wind speed and the geomagnetic indices (AE and SYM-H) associated with CIRs in solar
cycle 24 tended to be smaller than those in solar cycle 23. We conclude that the geomagnetic activity for solar cycle
24 associated with CIRs was slightly lower compared with that for solar cycle 23. This decrease in geomagnetic activity
was due to a decrease in the dawn-to-dusk solar wind electric field intensity, which is obtained as the product of the
solar wind speed and the north-south component of the solar wind magnetic field.
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Introduction Therefore, it is necessary to predict their magnitude and

Space weather refers to the conditions on the Sun and
in solar wind, the magnetosphere, the ionosphere, and
the thermosphere that can affect the performance and
reliability of space-borne and ground-based technologi-
cal systems and that can affect human life and health
(Schwenn 2006). Disturbances in space weather affect
human life by causing, for example, artificial satellite fail-
ure, communication problems, and astronaut exposure.
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duration.

Many studies have shown that the solar activity for
solar cycle 24 is low [e.g., Jiang et al. (2007), Kamide and
Kusano (2013) and Watari et al. (2015)]. Svalgaard et al.
(2005) predicted that the then-approaching solar cycle
24 would have a peak smoothed monthly sunspot num-
ber of 75+ 8 and that it may be the smallest cycle in the
past 100 years. After that, the maximum sunspot number
(SSN) recorded was 116.4 according to the World Data
Center for Sunspot Index and Long-term Solar Observa-
tion (WDC-SILSO), Royal Observatory of Belgium, Brus-
sels. This was the smallest number observed since the
maximum of solar cycle 14 (Watari 2017). Gopalswamy
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et al. (2015a) showed that high-solar-energy particle
events were the lowest since the dawn of the space age.
From the viewpoint of space weather, it is important to
investigate the differences in scale between solar activity
and geomagnetic activity in solar cycles 23 and 24-.

Solar phenomena that are a key factor for variations
in space weather are coronal holes (CH). CHs are dark
regions in the solar corona and are frequently observed
in the declining phase of each solar cycle. These features
can be seen in extreme ultraviolet (EUV) and soft X-ray
solar observations. The temperature and plasma density
in the CH region are lower than those of the surround-
ing solar corona. High-speed solar wind can flow out
from the CH region because it has open magnetic fields
expanding into the interplanetary space. High-speed
solar wind overtakes low-speed solar wind, and thus, the
plasma density and magnetic field are compressed in a
boundary between the high- and low-speed solar winds.
When this solar wind structure, called corotating interac-
tion region (CIR), arrives at Earth’s magnetosphere, geo-
magnetic activity is frequently enhanced and the plasma
environment in the magnetosphere is changed. There-
fore, investigations of the characteristics of CHs and the
CIR are essential for evaluating the influence of the Sun
on the environment in geospace.

There have been many previous studies on the charac-
teristics of plasma environmental changes in the mag-
netosphere and the ionosphere due to high-speed solar
winds with a CH origin [e.g., Harvey and Sheeley (1978),
Sheeley and Harvey (1981) and Verbanac et al. (2011a,
b)]. Harvey et al. (2000) and Harvey and Recely (2002)
provided a good idea of the geoeffectiveness of high-
speed solar wind flows during solar cycles. Harvey and
Recely (2002) measured polar CHs from 1989 to 2002.
They found that the pole hole is asymmetric around
the pole and usually has lobes that frequently extend to
the latitude of the active area. Because they focused on
the long-term variation in polar CHs, Tsurutani et al.
(2006b) suggested that the effects of isolated equatorial
CHs should also be evaluated. Gopalswamy et al. (2015b)
pointed out that polar CHs are an index of the strength
of the polar magnetic field and the level of the activity
of the next solar cycle (Gopalswamy et al. 2012; Selhorst
et al. 2011; Shibasaki 2013; Mordvinov and Yazev 2014;
Altrock 2014) and that equatorial CHs are a good indica-
tor of high-speed streams (HSS) and CIRs reaching the
earth (Tsurutani et al. 1995, 2006a; Cranmer 2009; Ver-
banac et al. 2011a; Akiyama et al. 2013; Borovsky and
Denton 2013).

In addition to CIRs, coronal mass ejections (CMEs)
also significantly change the plasma environment in the
magnetosphere and the ionosphere. However, it is known
that the influences of CIRs and CMEs on geomagnetic
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activity are different from each other. Borovsky and Den-
ton (2006) showed that the response of the bow shock,
the magnetosheath, the radiation belts, the ring current,
the aurora, Earth’s plasma sheet, magnetospheric convec-
tion, ULF pulsations, spacecrafts charging in the magne-
tosphere, and the saturation of the polar cap potential are
different between CME-driven geomagnetic storms and
CIR-driven geomagnetic storms. They also pointed out
that CME-driven storms represent a more serious prob-
lem to Earth-based electrical system, whereas CIR-driven
storms cause more problems for space-based assets.

There is a relationship between the CH area, high-
speed stream (HSS)/CIR parameters, and geomagnetic
indices (Verbanac et al. 2011b). Alves et al. (2006) inves-
tigated the effects of 727 CIRs on the magnetosphere
from 1964 to 2003 by classifying the magnitude of the
magnetic storm into three levels according to the value of
the Dst index. They found that 33% of the CIRs induced
moderate/intense magnetic activity (Dst<—50 nT).
Zhang et al. (2008) investigated the effects of CIRs in
the heliosphere (<1 AU) on geomagnetic activity dur-
ing solar cycle 23 (1996—2005) and found that 50% of the
CIRs generate classical interplanetary shocks during the
descent period and that 89% of CIR-related shocks are
followed by a geomagnetic storm. These results show that
CIR-related shocks are not a necessary condition for gen-
erating a magnetic storm, but the majority of CIR-related
shocks are related to storms. Verbanac et al. (2011a) con-
ducted a cross-correlation analysis of the fractional CHs
area measured in the central meridian distance inter-
val +10°, solar wind velocity, the interplanetary magnetic
field, and geomagnetic indices, and then showed that the
Ap and AE indices exhibit a good correlation with CH
area and solar wind parameters. Tokumaru et al. (2017)
researched the relation between CH area and solar wind
speeds during 1995-2011. They carried out a potential
field (PF) model analysis of magnetograph observations
and interplanetary scintillation (IPS) observations made
by the Institute for Space-Earth Environmental Research
(formerly the Solar Terrestrial Environment Laboratory)
of Nagoya University and obtained a positive correla-
tion between the square root of CH area and solar wind
speed.

Recently, there have been many studies regarding the
latitude of appearance of CHs for solar cycles 23 and
24. Mclntosh et al. (2015) showed that the variations in
the 50-day running average of CH area in the southern
hemisphere were larger than those in the northern hemi-
sphere from 1996 to 2008, which correspond to solar
cycle 23, expect for 2004—2005 (see Fig. 6 in McIntosh
et al. 2015). Abunina et al. (2015) categorized more than
300 CHs observed from 2002 to 2013 by their polarity
and heliolatitude and showed that transequatorial holes,
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northern holes with negative polarity, and southern holes
with positive polarity produced more enhanced geomag-
netic activity than the other holes. Lowder et al. (2016)
detected CH areas for the period from May 31, 1996 to
October 14, 2014 by using SOHO/EIT195 A and SDO/
AIA193 A data and showed that the latitude distribution
of the appearance of CHs in the southern hemisphere
was larger than that in the northern hemisphere dur-
ing 1996-2008, whereas CH distribution after 2009 was
smaller than that for solar cycle 23 (refer to Figs. 2 and
3 in Lowder et al. 2016). Bagashvili et al. (2017) investi-
gated the area and latitude of appearance of 3056 CHs by
calculating the rotational velocities of CHs from the posi-
tion of the geometric center of a polygon for each object
from January 1, 2013 to April 20, 2015, which includes
the extended peak of solar cycle 24. In that study, CHs
were divided into three groups according to their area
and the researchers found that the distribution of CHs
larger than 40,000 Mm? was concentrated around a lati-
tude of —60°.

However, the latitudinal dependence of CH area on the
magnitude of high-speed solar winds and geomagnetic
activity remains unknown, and the differences in the
responses of Earth’s magnetosphere to high-speed solar
winds between solar cycles 23 and 24 have not been clari-
fied yet. The purpose of this study is to statistically inves-
tigate the relationship between low-latitude CHs, solar
wind speeds, and geomagnetic activity for solar cycles 23
(1996-2008) and 24 (2009-2016). In the present study,
we determine the CH area on the solar surface using two-
dimensional soft 195 A and 193 A images obtained from
SOHO/EIT and SDO/AIA and statistically investigate
the variations in CH area, solar wind parameters, and
geomagnetic activity indices.

Data set

We used the two-dimensional soft X-ray images obtained
from the Extreme ultraviolet Imaging Telescope (EIT:
Delaboudiniére et al. 1995) onboard the Solar and Helio-
spheric Observatory (SOHO) and from the Atmospheric
Imaging Assembly (AIA) onboard the Solar Dynamics
Observatory (SDO: Lemen et al. 2012) in order to inves-
tigate the temporal and spatial variations in CH area on
the solar surface. The EIT and AIA data were provided
by the Virtual Solar Observatory (https://sdac.virtualsol
ar.org/cgi/search/) and AIA Cutoff Data (https://www.
Imsal.com/get_aia_data/). The periods of the EIT and
AJA data used in our analyses are from 1996 to 2008
and from 2009 to 2016, respectively. These data are cali-
brated, and the spatial resolution of the EIT and AIA data
is 1024 x 1024 and 4096 x 4096, respectively. Further-
more, the solar wind proton density and flow speed, the
interplanetary magnetic field (IMF), and geomagnetic
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indices (AU, AL, and SYM-H) were used to examine
the response of the magnetosphere to the high-speed
solar winds associated with CIRs. The time resolution of
these data is 1 min. The IMF coordinates are expressed
in geocentric solar magnetospheric (GSM) coordinates.
The solar wind data and geomagnetic indices were pro-
vided by the Coordinated Data Analysis Web (CDAWeb:
https://cdaweb.sci.gsfc.nasa.gov/) and by the World Data
Center for Geomagnetism, Kyoto (WDC, Kyoto: http://
wdc.kugi.kyoto-u.ac.jp/), respectively. In this study, we
took advantage of the Inter-university Upper atmosphere
Global Observation NETwork (IUGONET) data analysis
web service (http://search.iugonet.org/list.jsp) and the
IUGONET data analysis software (UDAS) (Tanaka et al.
2013) for ground-based observations of the upper atmos-
phere developed in the IUGONET project (Hayashi et al.
2013).

Analysis method

How to choose CIR events and the superposed epoch
analysis method

In present study, we referred to the stream interaction
region (SIR) and CIR lists based on observations by the
Advanced Composition Explorer (ACE) and WIND from
1995 to 2009 (http://www-ssc.igpp.ucla.edu/~jlan/ACE/
Level3/SIR_List_from_Lan_Jian.pdf, see Jian et al. (2006,
2011) for details) and the SIR lists based on the obser-
vations made at Solar TErrestrial RElations Observa-
tory (STEREO) from 2010 to 2016 (http://wwwssc.igpp.
ucla.edu/~jlan/STEREO/Level3/STEREO_Level3_SIR.
pdf, refer to Jian et al. (2013) for details). SIRs are essen-
tially the same as CIRs (Jian et al., 2011). From 1996 to
2009, we chose events in which low- and middle-lati-
tude CHs were observed on the sun surface four days
before the date of each CIR in the list. From 2010 to
2016, we referred to the solar wind density, flow speed,
and the IMF around the date of each SIR in the list and
visually extracted the date in which the solar wind den-
sity become maximum and the speed began to increase
owing to the CIR’s (or SIR’s) arrival at Earth’s orbit. Then,
we chose events in which low- and middle-latitude CHs
were observed on the sun surface 4 days before the date
of each of the extracted events. As a result, we found
313 CIR events with low- and middle-latitude CHs in
a period of 21 years. The number of CIR events found
every 2 years and for all years is listed in Table 1. The
italic letter represents the number of events analyzed in
present study.

We conducted a superposed epoch analysis of the
CH area, solar winds, the IMF, and geomagnetic indi-
ces in order to investigate the relationship between CH
area, high-speed solar winds of CH origin, and geo-
magnetic activity. Figure 1 shows the variation of the
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Table 1 The number of events every 2 years and all year in referred CIR/SIR list and the present study

Solar cycle 23

Number of events
in present analysis

Number of events
in referenced list

Solar cycle 24

Number of events
in present analysis

Number of events
in referenced list

1996-1997 57 23
1998-1999 41 14
2000-2001 36 20
2002-2003 45 33
2004-2005 52 34
2006-2007 80 51
2008 35 26
Total 346 201

2009-2010 74 27
2011-2012 75 21
2013-2014 59 28
2015-2016 65 36
Total 273 112

The italic letter represents the number of events analyzed in our study. The number of referenced SIR events rather than that of CIR is counted from 2010 to 2016
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proton density and the flow speed of the solar winds,
provided by CDAweb, from February 27 to March 12,
2005. In panels (a) and (b) in this figure, proton density
becomes maximum and flow speed starts to increase
at approximately March 6, as indicated by the vertical
light blue line. Moreover, the sign of the first derivative
of the solar wind, that is, the acceleration of the flow
speed, also inverted from negative to positive, as shown
in panel (d). This feature is one of the characteristics

of the stream interfaces of CIRs that arrive around
Earth’s orbit. We selected solar wind data and the geo-
magnetic indices of 7 days before and after the day in
which the solar wind speed started to increase at the
maximum density around the event dates described
in the referenced CIR and SIR list. After that, we esti-
mated the median value of the half-day averaged CH
area, 1-h averaged solar wind, the IMFE, and the geo-
magnetic indices (AL, AU, and SYM-H) by conducting
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Fig. 3 Diagram of determining CH area. Pixels less than threshold are
painted in blue

a superposed epoch analysis for solar cycles 23 (1996—
2008) and 24 (2009-2016).

Identification of CH area on the solar surface

This section describes the identification of CH area
from the EIT and AIA data. In the first step, we divided
the solar surface into four regions: (—60 to —30, —30
to 30), (—30 to 0, — 30 to 30), (0 to 30, — 30 to 30), and
(30 to 60, —30 to 30) degrees in solar latitude and lon-
gitude, respectively, as shown in Fig. 2. In the next step,
we defined a threshold for solar brightness in the extreme
ultraviolet (EUV) range as half of the median value of the
intensity in a whole area using the method proposed by
Akiyama et al. (2013). Lastly, we derived the CH area as
the ratio of the number of pixels with a lower intensity
than the threshold in each region. Figure 3 shows a sche-
matic of how to determine the CH area. All pixel num-
bers are 12, and we set the threshold to 4 in this example.
The value of the blue pixels is smaller than the threshold.
The number of blue pixels is 6 in Fig. 3. Therefore, the
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area value is calculated as 6/12=0.5=50% in this sche-
matic. Figure 4 shows an example of a CH region identi-
fied using this method. The identified CH regions in this
analysis are shown in the part surrounded by the yel-
low line. The half-day averaged CH area was used in our
analyses.

Classification of the orientation of the IMF associated

with CIR events

The energy of solar wind flows is injected into the mag-
netosphere via the reconnection of the southward IMF
and the terrestrial magnetic field. Therefore, in space
weather applications, we are most interested in the solar
wind’s velocity and mass density and the strength and
orientation of the interplanetary magnetic field (Rus-
sell 2001). In this study, we classified the patterns in the
temporal variations in the IMF related to CIRs into four
types. We first defined the cases in which IMF Bx and By
are, respectively, positive and negative as “toward” cases.
On the other hand, the cases in which IMF Bx and By
are, respectively, negative and positive were defined as
“away” cases. We further divided these into two groups
containing either positive or negative IMF Bz for both the
“toward” and “away” cases. Figure 5 shows the definition
of the orientation of each component of the IMF in the
GSM coordinate system.

Results

CH areas for solar cycles 23 and 24

Figures 6 and 7 show the CH area (percentage) obtained
by conducting the superposed epoch analysis for solar
cycles 23 and 24, respectively. Figure 6 shows the tem-
poral variations of the 12-h averaged CH area (percent-
age) in the middle- and low-latitude regions during solar
cycles 23 (1996-2008) and 24 (2009-2016) indicated by
the black and red lines, respectively. The horizontal axis
represents the time interval from — 7 to 6 days before and
after the solar wind velocity began to increase. The ver-
tical dashed line indicates the start time of an enhance-
ment of solar wind flow velocity. Error bars correspond
to 95% confidence intervals with median absolute devia-
tion (MAD). MAD is defined as the median of the abso-
lute deviation from the median of the data set. In panel
(c) in Fig. 6, the CH area in the low-latitude region in the
southern hemisphere shows a clear increase before the
arrival of high-speed solar wind for both solar cycles 23
and 24. The CH area in this region had a maximum value
of about 5% and 3% for solar cycle 23 and 24, respec-
tively. After that, those maximum values decreased to 1%
within 3 days. On the other hand, as shown in panels (a),
(b), and (d), the middle-latitude CH area did not exhibit
a clear variation for solar cycle 23, and the CH areas in
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Fig. 4 The two-dimension solar image obtained from SOHO/EIT
195 A on August 21, 2000. The identified CH in the present study are
regions surrounded by a yellow line

these three sectors were smaller than those during solar
cycle 24. The maximum value of these CH areas for solar
cycle 24 was approximately 3%. Figure 7 shows the tem-
poral variations of the average CH areas of the middle-
to low-latitude regions using data from every two years
for solar cycles 23 and 24. In the left panel (c), the low-
latitude CH area in the southern hemisphere from 2002
to 2003 (the green line) shows a significant increase of
20.3%. The CH area began to increase significantly 4 days
before the start time of the increase in solar wind speed.
CH area exhibited a peak value half a day before the onset
of an increase in solar wind speed. This time difference
can be interpreted via the spiral structure of solar wind
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and the longitudinal width of the analysis window in the
present study. The width of the window used was from
—30° to 30° in solar longitude. Furthermore, the mag-
netic field lines of CHs form an angle of 45° with respect
to the x axis of the GSM coordinate system. From these
facts, we can determine that the Sun rotates 75° before
the solar wind flow reaches Earth’s orbit. Therefore, it
takes 360°/75°=4.8 days for a solar wind flow originated
from a CH to arrive at Earth’s orbit. However, CH area
decreased by 10.7% 2 days after the solar wind began to
increase, and then the CH area increased by 16.5% 4 days
after the start time of the increase in solar wind speed.
As shown in the left panels (b) and (c), the variation of
the CH area in the latitude from —30° to 0° tended to
be larger than that in the latitude from 0° to 30° for solar
cycle 23. This tendency can also be seen for solar cycle
24, as shown in the right panels (b) and (c). Furthermore,
the CH areas from 2013 to 2014 and from 2015 to 2016
significantly increased in the southern hemisphere, as
shown in the right panels (c) and (d).

Relationship between CH area and solar wind speed

Figure 8 shows a scatter plot of the maximum value of
CH area and solar wind speed for cycles 23 and 24. The
horizontal and the vertical axes represent CH area and
solar wind speed, respectively. The black line represents a
linear regression. It should be noted that the values of the
maximum CH areas in this figure are half of the sum of
the CH area for area b (0° to 30° in solar latitude) and area
¢ (—30° to 30° in solar latitude) in Fig. 6. In other words,
Fig. 8 shows the correlation between the CH area from
—30° to 30° in solar latitude and solar wind speed. The
maximum values of the CH area for solar cycles 23 and
24 were 68.27% and 32.36%, respectively. The maximum
solar wind speed values for solar cycles 23 and 24 were

a Z axis b
.t x: towards the Sun
y: Vertical to xz plane
z: Parallel to the plane containing
the magnetic poles X axis
E‘ I
IMF
] XZ plane 45
. [\
Y axis '
E
X axis Y axis 7 axis
Fig. 5 The definition of orientation of each component of IMF. a The definition of geocentric solar magnetospheric (GSM) coordinate. The x axis is
defined in the direction toward the Sun. The z axis is parallel to the plane containing the magnetic pole of the Earth. The y axis is vertical to the xz
plane. b A view of the earth from the z axis direction. When viewed from the Earth, the IMF makes an angle of 45° with the x axis
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915.35 km/s and 790.58 km/s, respectively. As shown in
Fig. 8, there is a positive correlation between the maxi-
mum values of CH area and solar wind speed for both
solar cycles, and the correlation coefficients between the
maximum values of CH area and solar wind speed for
solar cycles 23 and 24 were 0.24 and 0.42, respectively.
The covariance between the maximum value of CH area
and solar wind speed was 246.51 in cycle 23 and 208.18
in cycle 24. Therefore, the data distribution was larger for
solar cycle 23 than for solar cycle 24.

Variations of solar wind parameters and geomagnetic
indices

The temporal variations of the solar wind parameters and
the geomagnetic indices calculated through superposed
epoch analyses for solar cycles 23 and 24 are shown in
Figs. 9 and 10. These data were 12-h running-averaged
in order to grasp the trend of the variations more visu-
ally. The vertical dashed line indicates the start time
of an increase in solar wind flow velocity. The meaning
of the horizontal axis is the same as that of Fig. 6. Solar
wind speed started to increase approximately half a day

before solar wind density became maximum in all cases
for both solar cycles 23 and 24. This feature suggests that
the stream interfaces of CIRs correspond to an increase
in the solar flow speed and a decrease in density, as
reported by Kataoka and Miyoshi (2006).

The variations of solar wind density, flow speed, and
the IMF exhibited the same tendency in all cases for
solar cycles 23 and 24, respectively. Solar wind density
became maximum around the day in which solar wind
speed increased and then decreased after 1 or 2 days.
Solar wind speed became maximum within 2 days and
decreased gradually after several days. However, the
decreases in solar wind speed from the peaks for solar
cycle 24 were faster than those for solar cycle 23. The sign
of the IMF reversed approximately 1 day before the day
in which solar wind speed increased, but the sign of the
IMF in the “toward” cases with a positive IMF Bz only
reversed after two or more days before the day in which
solar wind speed increased. The daily variation of IMF Bz
was larger than that of IMF Bx and By. Furthermore, the
variations of the three magnetic indices after solar wind
speed increases in cases with a negative IMF Bz were
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larger than those in cases with a positive IMF Bz. The
variations of AU and AL roughly corresponded to the
variation of IMF Bz.

On the other hand, the IMF cases with the largest vari-
ations in solar wind and magnetic indices were different
between solar cycles 23 and 24. The maximum values
for solar wind speed and the AU index for solar cycle
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23 were larger than those for solar cycle 24 for all IMF
cases, but those of solar wind density, AL, and SYM-H
indices for solar cycle 24 were larger than those for solar
cycle 23 depending on each IMF case. The peak values
of the solar-density negative IMF Bz for solar cycle 24
were larger than those for solar cycle 23. Moreover, the
minimum values of the AL and SYM-H indices for solar
cycle 24 were larger than those for solar cycle 23 in the
“toward” cases for either positive or negative IMF Bz.

The temporal variations of the AE and SYM-H indices
for solar cycles 23 and 24 are shown in Figs. 11 and 12.
Figure 11 shows the 12-h running-averaged variations
of the AE index for IMF cases. The black and red lines
indicate the variation of the AE index for solar cycles 23
and 24, respectively. The error bars represent standard
deviation. The meanings of the vertical blue line and the
horizontal axis are same as those for Fig. 6. The AE val-
ues shown in Fig. 11 were calculated by subtracting AL
from AU; they do not show the observed value. As shown
in this figure, the value of AE increased on the day the
solar wind speed increased in each solar cycle. The maxi-
mum value of AE was 350.95 in the “toward” case and a
negative IMF Bz for solar cycle 23. The variation of AE
after the day in which solar wind speed began to increase
(indicated by the blue vertical line) for cycle 23 tended to
be larger than that for solar cycle 24 in all IMF cases, and
this tendency was most remarkable in the “away” case
with a positive IMF Bz. The peak AE value also tended
to be larger in cases with a negative IMF Bz than those
with a positive one. On the other hand, Fig. 12 shows the
12-h running-averaged variation of the SYM-H index for
IMF cases. The black and red lines indicate the variation
of the SYM-H index for solar cycles 23 and 24, respec-
tively. The error bars represent standard deviation. The
meanings of the vertical blue line and the horizontal axis
are same as those for Fig. 6. As shown in this figure, the
value of SYM-H decreased within half a day from the day
in which solar wind speed increased for both solar cycles.
The minimum value of SYM-H was — 26.94 in the “away”
case and for a negative IMF Bz in solar cycle 23. The vari-
ation of SYM-H after the beginning of the increase in
solar wind speed for cycle 23 tended to be larger than that
for solar cycle 24 in all IMF cases, and this tendency was
most noticeable in the “away” case with a positive IMF
Bz. These results are the same as those for AE. Moreover,
the minimum value of SYM-H tended to be larger in the
cases with a negative IMF Bz than with a positive one.

Discussion

Latitude of appearance of CH areas for solar cycles 23

and 24

The present study shows that the averaged variation of
the CH area in the latitude range from 0° to 30° in the
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southern hemisphere was maximum during solar cycle
23 and that this tendency was remarkable from 2002 to
2003. Our results regarding this the north—south asym-
metry of CH appearance are basically consistent with
those shown by MclIntosh et al. (2015) and Lowder et al.
(2016), but we newly found that this asymmetry was
strongest from 2002 to 2003 after the starting time of a
declining phase. Moreover, Lowder et al. (2016) showed
that the CH distribution in the latitude range from —55°
to—30° was larger than that in the latitude range from
—30° to 0° in 1996-2008 (see panel (b) in Fig. 2 in Low-
der et al. (2016)). This tendency was not seen in the pre-
sent results. This difference originates from the fact that
we extracted the CHs related to CIRs for solar cycle 23,
which were determined from solar wind data. Accord-
ing to Abunina et al. (2013, 2015), the origin of the high-
speed solar winds observed near Earth’s orbit is thought
to be low-latitude or transequatorial CHs. Therefore, it
can be assumed that the present data analysis method
tends to select low-latitude CHs.

On the other hand, the present data analysis results
also show that the characteristics of the CH appearances
were different between solar cycles 23 and 24. CHs dur-
ing solar cycle 24 tended to appear in a wider latitude
region, between — 30° and 30°, compared with those dur-
ing solar cycle 23. However, the north—south asymmetry
in CH appearance could also be seen during solar cycle
24. Recently, Bagashvili et al. (2017) reported that larger
CHs frequently appeared in the southern hemisphere
from 2013 to 2015. Their results are in good agreement
with the increase in CH variation from 2013 to 2016
shown in Fig. 7. The important objective of the present
study was to clarify the difference between the two solar
cycles in terms of the latitude distribution of CHs that
affect geomagnetic activity. The difference found is that
the isolated CHs in solar cycle 23 tended to appear in a
confined region of the southern hemisphere, whereas
CHs in solar cycle 24 tended to appear in a wider region
in the poloidal direction compared with those in solar
cycle 23.

Relationship between CH area and solar wind speed

The results of the present study show that there is a posi-
tive correlation between the maximum values of CH area
and solar wind speed for cycles 23 and 24. These maxi-
mum values were larger for solar cycle 23 than for solar
cycle 24. This tendency indicates that solar wind speed in
solar cycle 24 was lower than in solar cycle 23. The rela-
tionship between the maximum values of CH area and
solar wind speed found in the present study is consistent
with the results presented by Tokumaru et al. (2017), who
indicated that there is a significant positive correlation
between solar wind speed and the CH area. However,
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they showed the relationship between the square root of
CH area and solar wind speed. From these results, the
differences in the relationship between CH area and solar
wind speed for solar cycles 23 and 24 can be interpreted.
The CH area for solar cycle 23 tended to be relatively
large, and faster solar winds flowed out from the CHs.
On the other hand, the CH area for solar cycle 24 tended
to be relatively small compared with that for solar cycle
23. Therefore, the solar wind speed associated to CHs for
solar cycle 24 was statistically lower than that for solar
cycle 23.

Knowing the relationship between CH area and solar
wind speed is valuable partly because it provides impor-
tant information to elucidate the acceleration mecha-
nism of solar winds and partly because it enables us to
predict solar wind speeds at Earth from CH imaging
observations. This relationship has been studied from the
perspective of space weather forecast using many instru-
ments (e.g., Vr$nak et al. 2007; Rotter et al. 2012, 2015;
Reiss et al. 2016; Tokumaru et al. 2017).

Variations of solar wind parameters and geomagnetic
indices

The present study shows that the variations in solar
wind and geomagnetic activity for solar cycle 24 tended
to be smaller than those for solar cycle 23. In particu-
lar, this tendency can be seen in the variations of the
AE index for solar cycles 23 and 24 in all IMF cases, as
shown in Fig. 11. From those results, we conclude that
the geomagnetic activity in solar cycle 24 associated with
CIRs is moderate compared with that in solar cycle 23.
Gopalswamy et al. (2015a) and Watari (2017) showed
that geomagnetic activity was lower in solar cycle 24
than in solar cycle 23. The results of these previous stud-
ies are similar to our analysis results. Gopalswamy et al.
(2015a) reported that the number of the magnetic storms
was low because of the expansion of the CME due to the
drop in solar wind density of 1 AU from 2008 to 2013.
Watari (2017) said that the measured low geomagnetic
activity was caused by the weak dawn-to-dusk solar wind
electric field, which is a result of solar wind speed and
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the north—south component of the solar wind magnetic
field. The present study shows that the solar wind speeds
for solar cycle 24 were lower than those for solar cycle
23. Therefore, it can be inferred that the intensity of the
dawn-to-dusk electric field became weaker in solar cycle
24, as mentioned by Watari (2017). The most important
result of the present study is that the variations of solar
wind speed and the AU index for solar cycle 24 were
smaller than those for solar cycle 23 in all IMF cases.

It should be noted that the number of CIR events ana-
lyzed for solar cycle 24 was lower than that for solar
cycle 23 and that data after 2017 were not included in the
present study. Therefore, it is necessary to increase the
number of CIR events analyzed for solar cycle 24 and to
analyze data from after 2017 in future works.

Conclusion

High-speed solar winds flow out from low-latitude CHs
and have a significant influence on Earth’s magnetosphere
and ionosphere. Therefore, investigating the character-
istics of the distribution of CH area and the variation

of solar wind parameters and geomagnetic activity is
important for space weather researches. We studied the
temporal and spatial variations of the CH area related to
high-speed solar winds observed around Earth’s orbit for
solar cycles 23 (1996-2008) and 24 (2009-2016). In addi-
tion, we performed a statistical analysis of the temporal
variations of solar wind density, flow speed, the IMF,
and geomagnetic indices and statistically investigated
the relationship between low-latitude CHs, solar wind
speeds, and geomagnetic activity for solar cycles 23 and
24. The results of this study are summarized below:

1. The variation of the CH area in the latitude range
from 0° to 30° in the southern hemisphere was maxi-
mum for solar cycle 23, and CH areas did not appear
in the middle-latitude region (30°-60°) in both hemi-
spheres.

2. The north—south asymmetry of the low-latitude CH
area was strongest from 2002 to 2003 after the start
time of a declining phase in solar cycle 23.
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3. The low-latitude CH area for solar cycle 24 appeared
with north—south asymmetry just as for solar cycle
23. In addition, the CH area for solar cycle 24 tended
to appear in a wider latitude region compared with
that for solar cycle 23.

4. There is a positive correlation between the maximum
values of CH area and solar wind speed. These max-
imum values were larger for solar cycle 23 than for
solar cycle 24.

5. The variations of solar wind speed and the geomag-
netic indices (AE and SYM-H) associated with CIRs
for solar cycle 24 tended to be smaller than those for
solar cycle 23, and the geomagnetic activity for solar
cycle 24 associated with CIRs was moderate com-
pared with that for solar cycle 23.

It should be noted that the results for solar cycle 24
shown in the present study are not absolutely repre-
sentative because the data of the last part of the decline
and solar-minimum data for solar cycle 24 are missing.
Therefore, in future works, the number of CIR events
for solar cycle 24 should be increased and data from
after 2017 should be analyzed.
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