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ABSTRACT

The dependence of the sources and properties of the near-Earth solar wind on solar eycle activity
is an important issue in solar and space physics. We use the improved ”two-step” mapping procedure
that takes into account the initial acceleration processes to trace the near-Earth solar winds back to
their source regions from 1999 to 2020, covering solar cycles (SCs) 23 and 24. Then the solar wind is
categorized into coronal hole (CH), active region (AR), and quiet Sun (QS) solar wind based on the
source region types. We find that the proportions of CH and AR (QS) wind during SC 23 are higher
(lower) than those during SC 24. During solar maximum and declining phases, the magnetic field
strength, speed, helium abundance (Ag.), and charge states of all three types of solar wind during
SC 23 are generally higher than those during SC 24. During solar minimum, these parameters of solar
wind are generally lower during SC 23 than those during SC 24. There is a significant decrease in
the charge states of all three types of solar wind during the solar minimum of SC 23. The present
statistical results demonstrate that the sources and properties of the solar wind are both influenced
by solar cycle amplitude. The temperatures of AR, QS, and CH regions exhibit significant difference
at low altitudes, whereas they are almost uniform at high altitudes.
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1. INTRODUCTION

Sunspot numbers (SSNs) serve as a reliable indicator of solar activity (Solanki et al. 2000; Gibson et al. 2009;
Goelzer et al. 2013). The about 11-year cycle of SSNs was discovered by Samuel Heinrich Schwabe in 1844 (Schwabe
1844). The statistical results show that the SSNs change significantly from solar maximum to minimum, and they are
also not the same in different solar cycles (Hathaway 2015).

The properties of different layers of the solar atmosphere are closely connected to SSNs (Kleczek 1952; Dicke 1979;
Aschwanden 1994; Ramesh & Rohini 2008; Frohlich 2013; Ramesh & Vasantharaju 2014). The SSN is a good indicator
of the magnetic field strength of the photosphere and it is proportional to the sunspot areas (Temmer et al. 2002, 2003).
The total solar irradiance (TSI) is predominantly contributed by the radiation from the photosphere and it also presents
a solar cycle variation although it is only 0.1% higher during solar maximum than during solar minimum (Frohlich
2003; Solanki et al. 2005). The TSI is extremely lower during the solar minimum between SCs 23 and 24 compared to
the previous solar minimums (Froéhlich 2013).

The Ly-a irradiance, Ca II K, and Mg II indices which represent the activities of the chromosphere are also pro-
portional to the SSNs (Heath & Schlesinger 1986; Woods et al. 2000; Frohlich 2013). The intensity of the corona
which is the outermost layer of the solar atmosphere is also positively correlated with the SSNs. The intensity of
the coronal green line Fe XIV 5303 A is higher (lower) during solar maximum (minimum) (Rybansky et al. 2005;
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Ramesh & Vasantharaju 2014). The background X-ray flux during solar maximum is 3 orders of magnitude higher
than that during solar minimum (Aschwanden 1994). In addition, the heliospheric magnetic field (HMF) is also mod-
ulated by the SSNs and it is higher (lower) during solar maximum (minimum) (Solanki et al. 2000; Lockwood 2003;
Owens et al. 2008; Goelzer et al. 2013; Rahmanifard et al. 2017).

The activities, such as flares and coronal mass ejections (CMEs) are also closely related to the SSNs. The flares and
CMEs are the two most powerful energy release processes on the Sun. The flare-index (Kleczek 1952), which reflects
the total energy released by flares, is positively correlated with the SSNs (Ozgiig et al. 2003, 2004). The occurrence rate
of CMEs is also changed with the SSNs and it is much higher during solar maximum than that during solar minimum
(Cliver & Ling 2001; Richardson & Cane 2010; Chi et al. 2016; Shi et al. 2022). In addition, Shi et al. (2022) divided
the ICMEs detected near the Earth into two types: with and without flares, only based on the charge states inside
ICMEs. They found that not only the yearly number of ICMEs associated with flares is changed with SSNs, but the
occurrence rate of ICMEs without flares is also positively correlated with SSNs.

The source of the solar wind also depends on the solar activity phases. The large-scale magnetic field structure of
the Sun is approximated as a dipole field during solar minimum. The high and middle latitude area is occupied by
large polar coronal holes. In contrast, the low latitude is covered by stable streamers. Therefore, the high and middle
latitude is filled by the fast solar wind originating from large polar coronal holes. Whereas, low latitude is occupied by
the slow solar wind coming from streamers and/or coronal hole boundaries (Gazis 1996; Schwenn 2006; McComas et al.
2008; Wang et al. 2009; Abbo et al. 2016). On the other hand, the magnetic field structures are more complex during
solar maximum. Thus the solar wind distribution characteristics in the heliosphere are also complicated as the large
polar coronal holes are dismissed during solar maximum. Fu et al. (2015) traced the near-Earth solar wind back to
the Sun using the standard two-step mapping procedure. Then the footpoint regions of the solar wind were classified
into coronal hole (CH), active (AR), and quiet Sun (QS) regions based on the photospheric magnetic field and corona
structures. Finally, the solar wind detected near the Earth was categorized into three types by the associated source
region types. They found that about half of the near-Earth solar wind comes from the active regions during solar
maximum. The proportion of CH wind is the highest during the solar declining phase. Whereas, nearly half of the
near-Earth solar wind originates from quiet Sun regions during solar minimum.

The in-situ parameters of the solar wind are closely related to the SSNs as well. The charge states and elemental
abundance in the solar wind are higher (lower) during solar maximum (minimum). The charge states, such as 07 /0%t
do not change beyond several solar radii. Therefore, it is believed that the O /0% inside solar wind reflects the
temperature of source regions (Owocki et al. 1983; Buergi & Geiss 1986; Hefti et al. 2000; Landi et al. 2012). The
statistical results show that the O7*/O%*t of near-Earth solar wind is decreased from solar maximum to minimum
(Fu et al. 2015, 2017; Shi et al. 2022). The above results are consistent with the belief that the coronal temperature
is highest (lowest) during solar maximum (minimum). The solar cycle variations of helium abundance (Ap.) inside
the fast and slow solar wind are significantly different. The Ap, of fast solar wind is higher (about 4-6) with a small
distribution range and does not change with solar activity. Whereas the Ap,. inside the slow solar wind is lower with a
large distribution range and it is positively correlated with solar activity (Aellig et al. 2001; Kasper et al. 2007, 2012;
Fu et al. 2018; Alterman & Kasper 2019). The FIP bias is higher (lower) inside slow (fast) solar wind with a large
(small) distribution range and it is also proportional to SSNs (Fu et al. 2017). In addition, the charge states, Age,
and FIP bias inside the solar wind coming from coronal hole, active, and quiet Sun regions are all decreased from solar
maximum to minimum (Fu et al. 2015, 2017, 2018).

The previous studies demonstrate that the occurrence rate and properties of ICMEs are significantly influenced by
solar cycle amplitude. The SSNs of SC 24 are significantly lower than that of SC 23. The yearly SSNs are nearly
180 during the SC 23 maximum. In contrast, the yearly SSNs are no more than 120 during the SC 24 maximum.
Accordingly, the occurrence and properties of ICMEs are different between SCs 23 and 24. Gopalswamy et al. (2020)
found that the occurrence, spatial scale, and speed of ICMEs are all different during the SCs 23 and 24. The occurrence
rate of CMEs observed by LASCO/SOHO is higher during SC 24 than SC 23. However, the number of fast and wide
CMEs during SC 23 is higher than that of SC 24. They suggested that this is consistent with the fact that the solar
cycle amplitude is higher during SC 23 than that of SC 24. Song et al. (2022) analyzed the helium abundance inside
ICMEs and solar wind from 1998 to 2019. They found that the Ap. inside ICMEs is proportional to the SSNs and
the Ap. inside ICMEs during the SC 23 is higher than that of ICMEs during the SC 24 (see Figure 2 in Song et al.
(2022)). In addition, Shi et al. (2022) found that the durations, speed, charge states (Qr. and O /0%T), helium
abundance, and FIP bias are all lower for ICMEs without flares on the Sun (non-flare-CMEs/NFCs) than that for
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ICMEs with flares on the Sun (flare-CMEs/FCs). The occurrence rate of FCs is much higher during SC 23 than that
during SC 24. The yearly number of FCs during SC 23 is about three times that of SC 24 (Shi et al. 2022).

Are the sources and properties of the near-Earth solar wind influenced by the solar cycle amplitude? Whether the
proportions of the solar wind originating from different source regions are the same or not between the solar cycles with
diverse SSNs? Are there differences in properties of the solar wind originating from the same type of source regions
between different solar cycles? The fact that the SSNs during the SC 24 are significantly lower than those of the SC
23 allows us to examine the above questions. The photospheric magnetic field, structures of the corona, and in-situ
properties of the near-Earth solar wind are observed and measured continuously during SCs 23 and 24. Consequently,
we can compare the sources and properties of the near-Earth solar wind between SCs 23 and 24.

In the present study, we first attempt to improve the standard two-step mapping procedure by taking into account
the two effects, the interactions between the fast and slow solar wind streams and the initial acceleration process
of the solar wind. In addition, the improved ”two-step” procedure is tested by statistical analysis. Then the solar
wind detected by the ACE and Wind satellites is traced back to the solar surface. The sources of the solar wind are
classified into CH, AR, and QS regions based on the photospheric magnetic field and the coronal structures (Fu et al.
2015, 2017, 2018). Accordingly, the solar wind near the Earth is categorized by the types of source regions. Finally,
the sources and properties of the three types of solar wind are analyzed and compared between SCs 23 and 24. The
statistical results will provide more observational facts on the sources and properties of the near-Earth solar wind.
In addition, the outcome will improve our understanding of the influence of solar cycle amplitude on the sources and
properties of the solar wind.

The paper is organized as follows. The data and the improved ”two-step” mapping procedure are described and
introduced in Section 2. The statistical results of the solar wind during SCs 23 and 24 are presented and discussed in
Section 3. In section 4, the summary of the results and the concluding remarks are presented.

2. INSTRUMENTS AND DATA ANALYSIS

The in-situ parameters of the solar wind in the present study are obtained from the Wind! (Acuiia et al. 1995)
and Advanced Composition Explorer (ACE?, Stone et al. 1998) spacecraft. The Solar Wind Experiment (SWE,
Ogilvie et al. 1995) onboard Wind provides data on speed and helium abundance (Ag.), and the Magnetic Field
Investigation (MFI, Lepping et al. 1995) onboard Wind measures the interplanetary magnetic field. The Solar Wind Ion
Composition Spectrometer (SWICS, Gloeckler et al. 1998) onboard ACE provides the charge states (Qr., O™ /057)
of the solar wind.

The larger magnetic field structure of the Sun is extrapolated by the PFSS model. The magnetic field vectors are
provided by the Solar Software PFSS package (Schrijver & De Rosa 2003). The photospheric magnetograms measured
by MDI/SOHO (Scherrer et al. 1995) and HMI/SDO (from 2011 to 2020, Schou et al. 2012) are used as the bottom
boundary. The coronal structures are observed by EIT/SOHO (from 1999 to 2010, Delaboudiniére et al. 1995) and
ATA/SDO (from 2011 to 2020, Lemen et al. 2012). The synoptic images of solar corona (EIT?, ATA*) are used in the
present study. The yearly SSNs are provided by the Solar Influence Data Center of the Royal Observatory of Belgium®.

In the present study, the standard two-step mapping procedure for tracing the solar wind back to the Sun is improved.
Generally, the standard two-step mapping procedure is used in connecting the solar winds detected in situ and their
source regions (Neugebauer et al. 1998; Liewer et al. 2004; Fu et al. 2015, 2017, 2018; Zhao et al. 2017). The solar
wind detected in situ is first traced back to the source surface at 2.5 R assuming the solar wind propagates with a
constant speed. Then the wind parcel is traced back to the solar surface following the magnetic field lines derived by the
potential-field-source-surface (PFSS) model (Schatten et al. 1969; Altschuler & Newkirk 1969). However, it’s evident
that the solar wind speed does not remain constant during the propagation in the heliosphere. The two processes during
the propagation of the solar wind in the heliosphere should not be ignored. The first effect is the initial acceleration
process of the solar wind. Generally, the fast solar wind is fully accelerated at about 10 Rg (Cranmer et al. 2007;
Cranmer 2009). In contrast, the acceleration process of the slow solar wind finished farther compared with that of the
fast solar wind. The theoretical models demonstrate that the acceleration of the slow solar wind should be finished
at about 20 R (Cranmer 2009; Abbo et al. 2016). The observational results about the speed curve of blobs are also

I https://cdaweb.gsfc.nasa.gov/index.html

2 http://www.srl.caltech.edu/ACE

3 http://satdat.oulu.fi/solar_data/Synoptic_.Map_EIT_ATA /EIT_ATA Synop_Maps/EIT/195A /195A Lat/195A Lat_fits/
4 https://sdo.gsfc.nasa.gov/data/synoptic/

5 http://www.sidc.be/silso/home


https://cdaweb.gsfc.nasa.gov/index.html
http://www.srl.caltech.edu/ACE
http://satdat.oulu.fi/solar_data/Synoptic_Map_EIT_AIA/EIT_AIA_Synop_Maps/EIT/195A/195A_Lat/195A_Lat_fits/
https://sdo.gsfc.nasa.gov/data/synoptic/
http://www.sidc.be/silso/home

4 SHI ET AL.

consistent with the notion that the acceleration process of slow solar wind is finished at about 20 R (Sheeley et al.
1997; Song et al. 2009, 2012). The second effect is the interaction between the slow and fast solar wind streams during
the propagation in the heliosphere. The slow solar wind should be accelerated if it is followed by a fast stream. For
the same reason, the fast solar wind should be decelerated if it is behind a slow stream.

In the present study, the two improvements are considered during the tracing procedure. First, the initial acceleration
processes of the solar wind are included. The solar wind is first classified into fast and slow solar wind with a threshold
of 500 km s~!. We make a simple treatment for correcting the initial acceleration processes of the solar wind. We
assume that the solar wind accelerates uniformly below 10 (20) R for fast (slow) solar wind. Therefore, the average
speed for the fast (slow) solar wind below 10 (20) R is regarded as half of the near-Earth speed. Second, the
effects of the interaction between fast and slow streams during propagation in the heliosphere are also evaluated.
Qualitatively, the fast (slow) solar wind should be decelerated (accelerated) if it is behind (followed by) a slow (fast)
stream. Following the method adopted by Wang et al. (1997), we introduce a modification factor (MF) for correcting
the solar wind stream interactions. The speed of behind fast (ahead slow) solar wind will be modified to detected_v
+MF*delta_v (detected_v -MF*delta_v). Here, the detected_v is the speed of the solar wind detected near the Earth
and the delta_v is the speed difference between the two solar wind parcels.

The important way to evaluate the accuracy of the tracing procedures is to examine the polarity consistency between
the in-situ solar wind and its footpoint region. To choose the best mapping procedure, we establish four experimental
groups. First, use the standard two-step mapping procedure as the control group. Second, consider only the impacts
of the initial acceleration process. Third, consider only the effects of the interaction between fast and slow streams
during propagation in the heliosphere. Fourth, simultaneously consider both of the above two effects. In the present
study, the time resolution for the near-Earth solar wind traced back to the Sun is 12 hours.

The statistical analyses demonstrate that the initial acceleration processes should be included in the tracing back
procedures. Using the standard two-step mapping procedure, the overall matched polarity proportion is 81.53%, from
1999 to 2020. When we only make corrections to the initial acceleration processes, the matched polarity proportion
increases to 82.38%, resulting in an improvement of 0.85% compared to the standard two-step mapping procedure.
However, when considering the effects of the interaction between fast and slow streams during propagation with different
MF, the increase of the overall matched polarity proportion does not exceed 0.2%. For some MFs, it may even have
negative impacts. Furthermore, when considering the combined effects of these two processes, the improvement in
matched polarity proportion is similar to the procedure for only including the effects of the initial acceleration processes.
Therefore, the impact of the interaction between fast and slow streams may not be as significant as initially expected.
Hence, in subsequent analyses, we will focus solely on correcting the effects of the initial acceleration process.

The yearly matched polarity proportions between footpoint regions and the in-situ solar wind for the standard
and improved two-step mapping procedures are presented in Figure 1. The yearly matched polarity proportions are
highest during the solar declining phase for both standard and improved two-step mapping procedures. The above
characteristic is the same as that in Fu et al. (2015). Statistically, the matched polarity proportions of the improved
two-step mapping procedure are higher than those of the standard two-step mapping procedure. The matched polarity
proportions for the improved procedures are higher than or equal to those of standard procedures in 18 years from
1999 to 2020. The above statistical results suggest that the improved two-step mapping procedure can trace the solar
wind back to its source region more credibly.

Then the solar wind is classified into three categories by the source region types. The classification scheme is
demonstrated in Figure 2. First, the footpoints of the near-Earth solar wind are overplotted on the photospheric
magnetic field and EUV synoptic images. Second, the solar wind is classified into CH, AR, and QS solar wind based
on the footpoint locations. The classification relies on the boundaries of coronal holes and magnetically concentrated
areas. The solar wind is categorized into CH wind if its footpoint is located inside the boundaries of coronal holes.
The AR wind is that the footpoint is located inside the magnetically concentrated areas with NOAA AR number. The
QS wind is that the footpoint is outside the coronal holes and magnetically concentrated areas. There are also some
footpoints located inside magnetic field concentrated areas that are not numbered by NOAA, and these are defined
as undefined (UN). More details on the determination of boundaries and classification procedures can be found in
Fu et al. (2015, 2017, 2018).
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Figure 1. The yearly matched polarity proportions between footpoint regions and the in-situ solar wind for the standard (blue)
and improved (yellow) two-step mapping procedures. Statistically, the matched polarity proportions of the improved procedure
are higher than those of the standard two-step mapping procedure.

The intervals occupied by ICMEs are removed by the near-Earth ICMEs list organized by Richardson and Cane (RC
list®, Cane & Richardson 2003; Richardson & Cane 2004, 2010), as we concentrated on the steady-state solar wind.
The data analyzed in the present study covers the years 1999 to 2020. The period includes SCs 23 and 24, and the
hourly solar wind samples for the solar wind as a whole, CH, AR, QS, and UN wind are 120216, 45348, 31992, 24384,
and 18492, respectively.

3. RESULTS AND DISCISSION
3.1. The comparison of the sources of the near-Earth solar wind between solar cycles 23 and 24

The numbers of hourly samples of CH (second column), AR (third column), QS (fourth column), and UN (fifth
column) wind for the years of 1999-2020 are presented in Table 1. For completeness, the periods occupied by ICMEs
are also presented in the sixth column. Only the solar wind that the in-situ magnetic polarity is consistent with the
footpoint is analyzed in the present study. The 12-hour solar wind parcels with the average in-situ magnetic field
strength less than 0.5 nT in the Sun-Earth direction are removed, as they should come from different source regions
with different magnetic polarities. In total, 59784 (60432) hourly samples of the solar wind are analyzed during the
SC 23 (24). The samples of CH, AR, QS, and UN wind are 23568 (21780), 17388 (14604), 11184 (13200), and 7644
(10848) during SC 23 (24).

The proportions of ICMEs and different types of the near-Earth solar wind in each year during 1999-2020 are
presented in the bottom panel of Figure 3. The SSNs in each year during 1999-2020 are given in the top panel of
Figure 3. The SCs 23 and 24 are further divided into different solar activity phases based on the SSNs, as the sources
and properties of solar wind all change with solar cycle phases (Zhao et al. 2009; Fu et al. 2015, 2017, 2018). The
solar maximum, declining, and minimum phases during SCs 23 and 24 are analyzed and compared in the present
study. The maximum phase of SC 23 (24) spans from 1999-2002 (2011-2014), the declining phase of SC 23 (24) spans
from 2003-2006 (2015-2017), and the minimum phase of SC 23 (24) spans from 2007-2009 (2018-2020). It should be
noted that the rising phase interval is not included in the statistical analysis because of the small sample of data
available when compared to the other solar activity phases. The CH, AR, QS, and UN steady solar wind are denoted

6 https://izwl.caltech.edu/ACE/ASC/DATA /level3/icmetable2.htm
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Figure 2. Illustration of the classification scheme of the solar wind based on the source region types. The footpoints of the
solar wind are denoted by green crosses. According to the source region types, the solar wind is categorized into CH (first
row), AR (second row), QS (third row), and UN (fourth row) solar wind. The EUV synoptic images are shown on the left
column, and the corresponding photospheric magnetic field images are shown on the right column. The yellow outlines denote
the boundaries of coronal holes and magnetically concentrated areas.

by blue, red, yellow, and purple, respectively. The proportions of different types of solar wind are all changed with
solar activity phases. The proportions of AR (QS) wind are significantly decreased (increased) with the decrease of
solar activity. The proportion of CH wind during solar maximum is lower compared with those during solar declining
and minimum phases (see blue bars in the bottom panel of Figure 3). The periods occupied by ICMEs (black bars)
are also significantly decreased with a decrease of SSNs. The statistical results are consistent with the fact that the
number of active regions decreases with solar activity. The above characteristics are the same as those reported by
Fu et al. (2015) in which the solar wind during SC 23 is only analyzed.



Table 1. Numbers of hourly solar wind and ICMEs analyzed in each year

Year CH winds AR winds QS winds Undefined ICMEs

1999 1092 2472 324 816 1014
2000 1824 2376 216 684 1561
2001 1200 2388 336 984 1534
2002 2412 2604 372 1020 853
2003 3312 2112 600 864 612
2004 2364 1632 144 1212 666
2005 2520 1392 636 780 843
2006 1968 948 1320 624 294
2007 2580 732 1980 348 34
2008 2436 636 2772 180 65
2009 1860 96 2484 132 228
2010 1428 972 1392 1344 370
2011 1464 2580 504 1128 641
2012 1572 2220 468 828 867
2013 1164 1836 372 1356 644
2014 900 1608 216 1224 566
2015 2016 1800 588 1860 703
2016 2532 1188 1320 1176 358
2017 2832 984 1332 1056 276
2018 3444 288 2136 264 189
2019 2292 240 2916 240 224
2020 2136 888 1956 372 117

The main point of the present study is to explore whether the proportions and properties of the solar wind originating
from the same source region type are influenced by the solar cycle amplitude? Therefore, we concentrate on the
comparison between the two solar cycles, SC 23 and SC 24. The proportions of three types of solar wind (CH, AR,
and QS wind) in the same solar activity phases during SCs 23 and 24 are analyzed and compared. For simplicity, the
solar minimum between SCs 23 and 24 (2007-2009) will be referred to as ”the minimum phase of SC 23”, and the solar
minimum between SCs 24 and 25 (2018-2020) will be called ”the minimum phase of SC 24”.

The proportions of the same type of near-Earth solar wind during the two solar cycles are not the same. The
proportions of AR and CH wind during SC 23 solar maximum and declining phases are higher than those during SC
24 maximum and declining phases. Whereas, the proportion of CH wind during SC 23 minimum is lower than that
during SC 24 minimum. The proportions of CH wind during SC 23 (24) maximum, declining, and minimum phases
are 30.91% (26.23%), 45.32% (39.50%), and 42.35% (45.84%), respectively. The proportions of AR wind during SC
23 (24) three phases are 46.59% (42.41%), 27.13% (21.26%), and 9.02% (8.25%), respectively. The proportions of QS
wind during SC 23 maximum and declining (minimum) phases are lower (higher) than those during SC 24 maximum
and declining (minimum) phases. The proportions of QS wind during SC 23 (24) solar maximum, declining, and
minimum phases are 5.91% (8.02%), 12.04% (17.34%), and 44.57% (40.81%), respectively.

The present statistical results demonstrate that the source of the near-Earth solar wind is influenced by the solar
cycle amplitude. The solar activity of SC 23 is significantly stronger than that of SC 24. The average yearly sunspot
numbers of SC 23 maximum (161.1) and declining (58.8) phases are significantly higher than those of SC 24 maximum
(93.2) and declining (39.1) phases. Previous studies demonstrated that the solar minimum of SC 23 is the weakest in
nearly a century (Gibson et al. 2009; Rahmanifard et al. 2017). The average SSNs during solar minimum of 23 (2007-
2009) is 7.2. The SSNs during the solar minimum of SC 24 (2018-2020) are also lower and similar to the previous
solar minimum. The proportion differences in the three types of solar wind between SCs 23 and 24 can be explained
reasonably by the solar cycle amplitude. The SSNs of maximum and declining phases during SC 23 are significantly
higher than those of SC 24 (see top panel in Figure 3). The higher the SSNs, the more and stronger the active regions.
Therefore, the proportions of AR wind during SC 23 maximum and declining phases are higher than those of SC 24.
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Figure 3. The sunspot numbers (SSNs) and the proportions of different types of solar wind in each year during 1999-2020.
The period is divided into different solar activity phases based on the SSNs (top panel). The CH, AR, QS, and UN steady solar
wind are denoted by blue, red, yellow, and purple, respectively (bottom panel). The proportions of near-Earth ICMEs are also
included, and it is represented by black. The proportions of AR (QS) wind and ICMEs are significantly decreased (increased)
with the decrease of solar activity.

Generally, the near-Earth CH wind mainly comes from mid and low latitude coronal holes during solar maximum and
decline phases (see top panel in Figure 4). In addition, the mid and low latitude coronal holes are closely related to
the active regions (Wang 2009). As a result, strong solar activity not only leads to an increase in the number of active
regions but also leads to an increase in the mid and low latitude coronal holes. This is consistent with the previous
study that the area of coronal holes during the solar maximum of SC 23 is larger than that during the same phase
of SC 24 (Lowder et al. 2017). Hence the proportions of CH wind during SC 23 maximum and declining phases are
higher than those of the same phases during SC 24. During SC 23 maximum and declining phases, there are more
active regions and coronal holes compared with the SC 24 same phases. Therefore, there is less QS wind during SC
23 maximum and declining phases compared with the same phases during SC 24.

It is worth noting that the proportion of QS (CH) wind during the SC 23 minimum is higher (lower) than that during
the SC 24 minimum. The proportions of QS (CH) wind during the minimums of SCs 23 and 24 are 44.57% (42.35%)
and 40.81% (45.84%). To investigate the sources of the near-Earth solar wind in more detail, we show the footpoint
latitude distributions for CH, AR, and QS wind in Figure 4. The CH, QS, and AR wind are presented from the top
to the bottom panels. The bars denote the median, upper, and lower quartiles of the footpoint latitudes during the
maximum (1999-2002 and 2011-2014), declining (2003-2006 and 2015-2017), and minimum (2007-2009 and 2018-2020)
phases of SCs 23 and 24. Generally, the footpoints of the solar wind are mainly located at the mid and low latitudes,
ranging from the south to north 30 degrees.

The solar wind footpoint distribution characteristics during SCs 23 and 24 are also not the same. There are three
characteristics of the footpoint distributions. First, the footpoint distribution of AR wind (bottom panel in Figure 4)
also presents the butterfly diagram, which is the same as that of sunspots. Second, the footpoint distribution ranges
during SC 23 are smaller than those during SC 24 for all three types of solar wind. The median footpoint latitude
for CH wind during SC 23 (24) maximum, declining, and minimum phases are 2.38 (6.10), -4.30 (5.83), and -11.05
(-21.88), respectively. The differences between the upper and lower quartiles of CH wind footpoint latitudes during
SC 23 (24) maximum, declining, and minimum phases are 21.13 (25.61), 16.61 (21.26), and 29.30 (72.11), respectively.
The AR and QS winds present the same characteristics as CH wind, the median and distribution ranges are shown
in Table 2. Third, the footpoint distributions of SCs 23 and 24 solar minimums are significantly different. The near-
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Figure 4. The footpoint latitude distributions of CH, QS, and AR wind in each year during 1999-2020. The CH, QS, and AR
wind are presented from the top to the bottom panels. The bars denote the median, upper, and lower quartiles of the footpoint
latitudes during the three solar activity phases of SCs 23 and 24. The bars denote the median, upper, and lower quartiles of
the footpoint latitudes during the maximum (1999-2002 and 2011-2014), declining (2003-2006 and 2015-2017), and minimum
(2007-2009 and 2018-2020) phases of SCs 23 and 24.

Earth solar wind mainly comes from QS and CH regions during the two solar minimums (see bottom panel in Figure
3). The footpoint distributions of CH and QS winds during SC 23 minimum are generally symmetrical. In contrast,
the distribution of the footpoints for CH (QS) wind is concentrated to the south (north) hemisphere during SC 24
minimum (see top and middle panels in Figure 4). The median of the CH (QS) footpoint during SC 24 minimum is
more than 20 degrees south (north), with the upper and lower quartiles of 12.07 and -60.04 (46.32 and -9.14).

The proportion and footpoint distribution differences of CH wind between SCs 23 and 24 solar minimums should
be related to the larger structures of the corona. The present statistical results demonstrate that the proportion is
lower and the footpoint distribution range is smaller for the CH wind during SC 23 minimum compared with those
during SC 24 minimum. The previous study demonstrated that the polar coronal hole area during SC 23 minimum
is 15% smaller than that of the previous solar minimums (Kirk et al. 2009). During SC 23 minimum, the solar wind
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Table 2. The footpoint distributions for the three types of solar wind during solar maximum, declining, and minimum phases.

Median Lower quartile Upper quartile Difference

MAX 238 -10.12 11.01 21.13
SC23 DEC  -4.30 -11.00 5.61 16.61
CH winds - — — — _ MIN'  -11.05  -2534 396 29.30
MAX  6.10 -12.06 13.55 25.61
SC24 DEC 583 -7.58 13.68 21.26
MIN  -21.88 -60.04 12.07 72.11
MAX  7.79 -11.07 13.74 24.81
SC23 DEC -6.72 -10.83 0.90 11.73
AR winds - — — — — 2 MIN' - -714 786 486 300
MAX 891 -12.37 14.61 26.98
SC24 DEC 823 1.58 12.00 10.42
MIN  5.76 -7.04 24.99 32.03
MAX 244 -5.43 10.60 16.03
SC23 DEC -5.30 -14.00 2.71 16.71
QS winds - — — — — 2 MIN' - -183  -1716_ 1468 3184
MAX  -1.85 -13.57 12.87 26.44
SC24 DEC  3.74 -5.26 12.76 18.02
MIN  21.12 -9.14 46.32 55.46

originating from polar coronal holes is not easily transported to the Earth which is located at the ecliptic plane as the
polar coronal holes shrink to the higher latitude. Therefore, the proportion of CH wind during the SC 23 minimum
is lower than that during the SC 24 minimum. In addition, the CH wind is mainly coming from low latitudes during
SC 23 minimum. In contrast, more CH winds originate from polar coronal holes during SC 24 minimum. Hence a
lot of CH winds come from high latitudes and the proportion of CH wind during SC 24 minimum is higher than that
during SC 23 minimum. Quanititively, during SC 23 (24) minimum, 21.99% (55.03%) of CH wind comes from regions
with latitudes higher than 30 degrees (see the top panel in Figure 4). The proportion differences of QS wind during
SCs 23 and 24 minimums can also be explained by the larger structures of the corona. The above statistical results
show that the proportion of QS wind is higher during SC 23 minimum compared with that during SC 24 minimum.
Because the polar coronal holes shrink to the higher latitudes during SC 23 minimum. Therefore, the proportion of
CH wind is lower and the proportion of QS wind is higher during SC 23 minimum.

3.2. The comparison of the footpoint and in-situ magnetic field strengths, and speeds of the near-Earth solar wind
between solar cycles 23 and 24

The footpoint magnetic field strengths of the three types of solar wind during SCs 23 and 24 are presented in Figure
5. The statistical results are shown in solar maximum (left column), declining (middle column), and minimum (right
column) phases, as the properties of solar wind change significantly with solar activity phases. The red and blue
histograms represent SC 23 and SC 24. To make the introduction clearer, the statistical results are introduced in the
following sequence. First, the properties of the three types of solar wind are simply compared. Second, the variations
of the solar wind parameters with the solar activity phases are presented. Finally, the differences in the solar wind
properties between SCs 23 and 24 are highlighted, as the present study concentrates on the influence of the solar cycle
amplitude on the sources and properties of the solar wind.

The footpoint magnetic field strength of AR wind is much higher than that of QS and CH wind, and the footpoint
magnetic field strength of CH wind is slightly higher than that of QS wind. The footpoint magnetic field strengths of
the three types of solar wind all decrease from solar maximum to minimum.

It is worth noting that the footpoint magnetic field strengths of all three types of solar wind are all higher during SC
23 maximum and declining phases than those during SC 24 maximum and declining phases. In contrast, the footpoint
magnetic field strengths of the three types of solar wind are close during the two solar minimums. During SC 23
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Figure 5. The footpoint magnetic field strengths of three types of solar wind during SCs 23 (red) and 24 (blue). The dotted
vertical lines denote the median footpoint magnetic field strengths. The magnetic field strength ranges (x-axis in the panels)
for AR wind are larger as the magnetic field strengths of AR wind footpoints are much higher than those of QS and CH wind
footpoints. The footpoint magnetic field strengths for all three types of solar wind are all higher during SC 23 maximum and
declining phases than those during SC 24 maximum and declining phases.

(24) maximum, declining, and minimum phases, the median footpoint magnetic field strengths of CH wind are 20.57
(13.69), 12.71 (9.59), and 5.42 (4.64) nT, respectively. The median footpoint magnetic field strengths of QS wind are
13.67 (7.97), 9.68 (6.54), and 5.11 (4.45) nT during SC 23 (24) three solar activity phases. The median footpoint
magnetic field strengths of AR wind are 113.74 (75.20), 102.51 (65.88), and 59.86 (45.91) nT during SC 23 (24) three
activity phases.

Statistical results indicate that during the same phase in different solar cycles, the footpoint magnetic field strength
of the solar wind is modulated by the SSNs. For the maximum and declining phases of SC 23, the SSNs are significantly
higher than those in SC 24. Consequently, the footpoint magnetic field strengths of the solar wind in the corresponding
periods of SC 23 are much higher than those in SC 24. During the minimum phases of the two solar cycles, the SSNs
are similar and the footpoint magnetic field strengths of the same type solar wind are also comparable.

The in-situ magnetic field strengths of the three types of solar wind during SCs 23 (red) and 24 (blue) are presented
in Figure 6. There are only minor differences in the in-situ magnetic field strengths of the three types of solar wind.
This is not the same as the footpoint magnetic field strengths of the three types of solar wind. The in-situ magnetic
field strengths of all three types of solar wind also decrease from solar maximum to minimum. During the maximum
and declining phases of SC 23, the in-situ magnetic field strengths of AR and CH wind are both higher than those in
SC 24. This is clear for the solar maximum (see left in Figure 6). While during the solar minimum, it is the opposite,
the in-situ magnetic field strengths of the CH and QS wind in SC 23 are both slightly lower than those in SC 24. The
top panel of Figure 6 gives the median in-situ magnetic field strengths of the CH wind during the maximum, declining,
and minimum phases of SC 23 (24), which are 5.16 (4.06), 4.77 (4.52), and 3.47 (3.83) nT, respectively. The median
in-situ magnetic field strengths of AR (middle panel) and QS (bottom panel) wind also show a clear dependence on the
strength of solar activity. The median in-situ magnetic field strengths of the AR and QS wind during the maximum,
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Figure 6. The in-situ magnetic field strengths of three types of solar wind during SCs 23 (red) and 24 (blue). The dotted
vertical lines denote the median in-situ magnetic field strength. Generally, the in-situ magnetic field strengths of AR and CH
wind during SC 23 maximum and decline phases are higher than those of SC 24. The in-situ magnetic field strengths of CH
and QS wind during SC 23 minimum are lower than those of SC 24.

declining, and minimum phases of the SC 23 (24) are as follows: for the AR wind, they are 5.71 (4.40), 4.96 (5.07),
and 3.82 (3.73) nT, respectively; for the QS wind, they are 5.28 (4.27), 3.86 (4.09), and 3.27 (3.61) nT, respectively.

Our statistical results show that the in-situ magnetic field strengths of the three types of solar wind are very similar.
In contrast, the footpoint magnetic field strengths of the AR wind are significantly higher than those of the CH and
QS wind, approximately by an order of magnitude. This means that during the propagation from the Sun to the
interplanetary, the AR wind undergoes a more pronounced super-radial expansion process and the degree of super-
radial expansion is significantly higher than that of the CH and QS wind. In contrast, the degree of super-radial
expansions of the CH and QS wind are similar. This is consistent with the notion of Wang et al. (2009) who suggested
that the expansion factor of the AR wind is significantly higher than that of the CH wind.

Our present statistical results demonstrate that the in-situ magnetic field strengths of the three types of solar wind
are all modulated by the solar cycle amplitude. To ensure statistical significance, we focus on all three solar phases
for the CH wind, as there are sufficient CH wind samples in each solar phase. However, for the AR wind, we mainly
focus on the solar maximum and declining phases, since there are very few AR wind during the solar minimum phase.
Similarly, for the QS wind, we only focus on the solar minimum phase.

During the solar maximum and declining phases, the in-situ magnetic field strengths of CH and AR wind during SC
23 are higher than those during SC 24. Comparing the sunspot numbers between the two solar cycles, it is evident
that the SC 23 has a significantly higher number of sunspots than SC 24 during the maximum and declining phases,
resulting in a higher in-situ magnetic field strengths of the solar wind during those two phases in SC 23 than those
in SC 24. In contrast, during the solar minimum phase, the in-situ magnetic field strengths of the CH and QS wind
in SC 24 are higher than those in SC 23, although the SSNs of the two solar minimums are nearly the same. This
indicates that the solar activities during the minimum phase of SC 23 are weaker than those of SC 24. This result
also coincides with previous studies showing that the minimum phase of SC 23 is the weakest minimum in nearly a
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century. The present study indicates that the properties of solar wind may be the more sensitive index for representing
solar activity. This is consistent with the results of McComas et al. (2008), in which the authors found that the speed,
density, temperature, and dynamic pressure for high latitude solar wind during SC 23 minimum are all lower compared
with those during SC 22 minimum.
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Figure 7. The speeds of three types of solar wind during SCs 23 (red) and 24 (blue). The dotted vertical lines denote the
median speeds.

The speeds of three types of solar wind during SCs 23 (red) and 24 (blue) are shown in Figure 7. The CH wind
is faster than AR and QS wind. The speeds of the three types of solar wind are all influenced by solar activity
phases, and they are all fastest during the solar declining phase. The speeds of all three types of solar wind during
the maximum and declining phases of SC 23 are higher than those in SC 24, and the speeds of CH (QS) wind during
SC 23 minimum are faster than (the same as) those during SC 24 minimum. The median speeds of CH wind during
the solar maximum, declining, and minimum phases of the SC 23 (24) are 450 (435) km s™1, 509 (491) km s~!, and
472 (411) km s~ respectively. The median speeds of AR wind during the solar maximum, declining, and minimum
phases of the SC 23 (24) are 415 (396) km s~1, 449 (396) km s~!, and 432 (374) km s~!, respectively. The median
speeds of QS wind during the three solar activity phases of the SC 23 (24) are 433 (380) km s, 418 (432) km s~ !,
and 372 (372) km s, respectively.

The present study demonstrates that the stronger the solar cycle amplitude, the higher the speeds of the solar wind
originating from the same type of source region. During the maximum and declining phases of SC 23, the speeds of all
three types of solar wind are higher than those during the same phases of SC 24. This indicates that the solar cycle
amplitude can influence the speed of the solar wind, considering that the sunspot numbers are significantly higher
during the maximum and declining phases of SC 23 than those in SC 24.

During the minimum phase, the speed of CH wind in SC 23 is significantly higher than that in SC 24, which may
be related to the different latitudes of source regions during the two solar cycles. We further analyzed the speed
distributions of CH wind from middle-low latitudes (below 30 degrees) and high latitudes (above 30 degress) during
the SCs 23 and 24 minimum phases (see Figure 8). The speed of CH wind from middle-low latitudes is notably higher
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Figure 8. The speed distributions of CH wind from middle-low latitudes (left column) and from high latitudes (right column)
during the SC 23 (top row) and 24 (bottom row) minimum phases. The dotted vertical lines denote the median (red) and mean
(blue) speeds. The speeds of CH wind from middle-low latitudes are higher than those from high latitudes.

than that of CH wind from high latitudes. During the SC 23 (24) minimum phases, the median speed of CH wind
from middle-low latitudes is 492 (471) km s~!, while the median speed of CH wind from high latitudes is 400 (384)
km s~!. This suggests that the solar wind from higher latitudes is associated with lower speed. The CH wind from high
latitudes mainly originates from the boundaries of polar coronal holes, where the expansion factor is relatively large,
resulting in slower solar wind speeds (Wang & Sheeley 1990). Additionally, part of solar wind from high latitudes
should be generated by the S-web model and be associated with slow speed. The above reasons may lead to the slower
speeds of the CH wind from high latitudes. During the minimum phase of SC 23, the CH winds mainly (78.01%)
come from middle-low latitudes. In contrast, nearly half of the CH winds originate from higher latitudes during the
minimum phase of SC 24. Additionally, during the minimum phase of SC 24, the polar coronal holes had larger areas
with more open magnetic field lines. Therefore, during the solar minimum phase of SC 24, the solar wind from high
latitudes is more likely generated by the S-web model and is associated with lower speed. This can reasonably explain
the result that the speed of CH wind during the minimum phase of SC 23 is higher than that of SC 24.

During the SC 23 minimum phase, CH wind primarily originated from middle-low latitudes coronal holes, which
may contribute to the double-peak distribution of CH wind speeds during the SC 23 minimum. The left peak with
a lower speed should originate from coronal hole boundaries. In contrast, the right peak with a higher speed should
come from the center regions of coronal holes. It should be noted that the double-peak distribution of CH wind speeds
during the SC 23 minimum may also be due to inaccurate classification of solar wind. Due to errors introduced by the
tracking method and the inherent inaccuracies of the PFSS model, each type of solar wind may include other types
of solar wind. Therefore, the double-peak distribution observed in CH wind speeds during the SC 23 minimum could
also be attributed to classification inaccuracies.

3.3. The comparison of the charge states and helium abundance in the near-Farth solar wind between solar cycles 23
and 24

The average charge states of iron (Qp.) in the three types of solar wind during SCs 23 (red) and 24 (blue) are
presented in Figure 9. In short, the differences in Q. among the three types of solar wind are not very significant.
The most noticeable characteristic is that the Qg in the three types of solar wind are all extremely lower during
the SC 23 solar minimum. During the maximum, declining, and minimum phases of SC 23 (24), the median Qp. in
CH wind are 10.19 (9.90), 10.05 (9.89), and 9.32 (9.79), respectively; the median Q. in AR wind are 9.75 (9.80),
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Figure 9. The Q. in three types of solar wind during SCs 23 (red) and 24 (blue). The dotted vertical lines denote the median
Qre. The most noticeable characteristic is that the Qr. in three types of solar wind are all extremely lower during SC 23 solar
minimum.

9.80 (10.00), and 9.39 (9.86), respectively; the median Qp. in QS wind are 9.86 (9.78), 9.91 (9.84), and 9.39 (9.97),
respectively. During the SC 24, the median Q. in the three types of solar wind show minor differences across the
three solar phases, ranging from around 9.8 to 10.0. However, there is a notable decrease in the median @ p, in all
three types of solar wind during the minimum phase of SC 23, dropping to around 9.3-9.4. In contrast, the @ . during
the SC 24 minimum is nearly the same as that during the SC 24 maximum and declining phases (see left panel in
Figure 9).

The density ratio of O™ and O (O™ /O®") in the three types of solar wind during SCs 23 (red) and 24 (blue)
are shown in Figure 10. Different from the @ ., which is similar in the three types of solar wind, the O+ /O%* is the
highest in AR wind and lowest in CH wind, with QS wind lying in between. The O+ /O%* in the three types of solar
wind all decrease significantly from solar maximum to minimum during the SC 23. In contrast, during the SC 24, the
O"* /0% in the three types of solar wind all decrease slightly from solar maximum to minimum. Comparing the two
solar cycles, the O™* /O57 in all three types of solar wind during the SC 23 solar maximum and declining phases are all
higher than those during the same phases of SC 24. In contrast, the O7* /05T in the three types of solar wind during
the SC 23 minimum are lower than those during the SC 24 minimum. During the maximum, declining, and minimum
phases of SC 23 (24), the median O /O%* in CH wind are 0.11 (0.08), 0.07 (0.07), and 0.03 (0.08), respectively; the
median O /0T in AR wind are 0.18 (0.13), 0.15 (0.15), and 0.07 (0.11), respectively; the median O”*/O5* in QS
wind are 0.16 (0.14), 0.14 (0.11), and 0.06 (0.10), respectively.

The above results on charge states of Qr. and O7"/O%* indicate that the temperature distribution characteristics
of the corona are not the same at different altitudes. Our statistical results show that there is a significant difference
in O™ /O%7 in the three types of solar wind, the O”* /O%* in AR wind is the highest, CH wind is the lowest, and QS
wind lies in between. However, the @Q re in the solar wind originating from different types of source regions is nearly the
same. Previous simulations have shown that the freezing heights of the two elements are different, the charge states of
oxygen freeze at about 0.5 Ry, and the charge states of iron freeze at about 3-5 R (Ko et al. 1997; Esser et al. 1998;
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Figure 10. The O™" /O®" in three types of solar wind during SCs 23 (red) and 24 (blue). The dotted vertical lines denote the
median O”T /O%". The most noticeable characteristic is that the O”T/O®" in three types of solar wind are all extremely lower
during SC 23 solar minimum.

Esser & Edgar 2001). Qualitatively, the charge states of solar wind represent the temperature when the freezing effect
occurs. Therefore, our statistical results mean that there is a significant difference in the temperatures of the AR, QS,
and CH regions in the low atmosphere. In contrast, the temperatures of the corona may be nearly the same at the
altitude of 3-5 R. This is consistent with the observations taken by Habbal et al. (2010, 2013, 2021) during solar
eclipses. It is clear that the temperatures of AR, QS, and CH regions are quite different at low altitudes. However,
the temperatures of above three types of regions are almost uniform at high altitudes (please see Figure 2, 4, and 5 in
Habbal et al. (2021)). Additionally, our statistical results demonstrate that the minimum of SC 23 is extremely weak,
as the charge states for all three types of solar wind during SC 23 minimum are significantly lower than those of SC
24 minimum.

The Ap. in three types of solar wind during SCs 23 (red) and 24 (blue) are shown in Figure 11. Generally, the
Ape is highest in CH wind, and lowest in QS wind, with AR wind lying in between. The Ap. in the three types of
solar wind all decrease from solar maximum to minimum. During solar maximum and declining phases, the Ag. is
higher during SC 23 than that during SC 24 for all three types of solar wind. The Ay, of CH (QS) wind during SC
23 minimum is higher (lower) than that of SC 24 minimum. During SC 23 (24) maximum, declining, and minimum
phases, the median Ap. in CH wind are 4.51 (4.29), 4.34 (4.23), and 2.85 (2.09), respectively; the median Ag. in AR
wind are 4.06 (3.45), 3.86 (3.39), and 3.03 (2.24), respectively; and the median Ay, in QS wind are 4.06 (3.30), 3.17
(3.14), and 1.67 (1.89), respectively.

The statistical results of Ay, in the three types of solar wind indicate that the stronger solar activity is more likely
to produce higher Ap.. During solar maximum and declining phases, the SSNs in SC 23 are much higher than those
in SC 24. Therefore, the Ag,. in all three types of solar wind during SC 23 maximum and declining phases are higher
than those during SC 24. However, the Ag, in the solar wind during the minimum phase is more complicated. The
Apge in QS wind during SC 23 minimum is lower than that during SC 24. This is consistent with the fact that the
solar activity during the SC 23 minimum is lower than that during the SC 24 minimum.
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Figure 11. The Ag. in three types of solar wind during SCs 23 (red) and 24 (blue). The dotted vertical lines denote the
median Apge.

The solar wind generated by the S-web model can also connected with the solar wind differences between the two solar
minimums. According to the S-Web model, the slow wind comes from the continuous opening and closing of narrow
open-field corridors with an intrinsic dynamic process (Antiochos et al. 2011, 2012; Abbo et al. 2016; Chitta et al.
2023; Baker et al. 2023). In this scenario, the plasma of the solar wind comes from the middle corona with heights
of about 1.5 Ry (Abbo et al. 2016; Higginson et al. 2017; Chitta et al. 2023). During solar minimum, the slow solar
wind can be produced by the S-Web model, in which the dynamic rather than quasi-static. During the solar minimum
phases of the two solar cycles, the areas of polar coronal holes in SC 23 are smaller than those in SC 24. Therefore,
during the solar minimum phase of SC 24, the larger polar coronal hole area may result in a more extensive open
magnetic field region with more open magnetic field lines. This could lead to the formation of more or wider magnetic
corridors, thereby increasing the amount of slow solar wind. Additionally, the solar wind generated by the S-Web
model should associated with lower Ap. as the helium abundance in the higher corona is lower than that of the lower
atmosphere (Suess et al. 2009). During the solar minimum phase of SC 24, a larger portion of the CH wind is more
likely to be generated through the S-web model. Therefore, the speed and Ay, of CH wind during SC 24 minimum
are both lower than those during the solar minimum phase of SC 23.

Previous studies have shown that the minimum of SC 23 is longer and its SSNs are lower compared with the previous
minimums in nearly a century (Gibson et al. 2009; Rahmanifard et al. 2017). Hence, there are significant differences
in coronal structures and the properties of solar wind in different latitudes between the minimum of the SC 23 and the
previous minimum phases. The properties of the fast solar wind originating from large polar coronal holes measured
by Ulysses during the minimums of SCs 22 and 23 are not the same. Smith & Balogh (2008) found that the radial
heliospheric magnetic field strength is lower during the minimum of SC 23 than that during the minimum of SC
22. The statistical results demonstrate that the fast solar wind originating from large polar coronal holes during the
minimum of SC 23 is associated with lower speed, density, temperature, and dynamic pressure compared with the
previous solar minimum (McComas et al. 2008; Issautier et al. 2008). In addition, the parameters of the solar wind
near the Earth during the minimum of SC 23 are also different from the previous minimums. The heliospheric magnetic
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field strength near the Earth is lower during the minimum of SC 23 than that of the previous minimums (Owens et al.
2008; Lee et al. 2009). Zerbo & Richardson (2015) compared the parameters of the solar wind detected near the Earth
over the four solar minimums. They found that the magnetic field strength, density, and speed during the minimum of
SC 23 are all lower compared with the previous solar minimums. The above statistical results show that the minimum
of SC 23 is indeed very weak. Now we know that the solar activity of SC 24 is also extremely weaker compared to the
previous solar cycles in the recent century. This means that the lowest solar cycle amplitude follows the weakest solar
minimum in the recent century.

The present study indicates that the properties of the solar wind during solar minimum might be used to infer
the amplitude of the following solar cycle. We find that the in-situ magnetic field strengths and charge states of the
three types of solar wind during SC 24 minimum are generally higher than those during SC 23 minimum, although
there is not a significant difference in sunspot numbers between the two minimums. Consistently, the amplitude of
SC 25 (following the SC 24 minimum) is also stronger than that of SC 24 (following the SC 23 minimum). The
property differences are more significant in the charge states between the two minimums. The charge states of the
solar wind during SC 23 minimum are significantly lower than those during SC 24 minimum. The Q. for CH, AR,
and QS solar wind is 9.32 (9.79), 9.39 (9.86), and 9.39 (9.97) during SC 23 (24) minimum. The O™*/O%* for CH,
AR, and QS solar wind is 0.03 (0.08), 0.07 (0.11), and 0.06 (0.10) during SC 23 (24) minimum. Our statistical results
indicate that the charge states of the solar wind may be a more sensitive indicator of solar activity. Previous studies
have shown that the response of the higher atmospheric layers to solar activity is more significant. For instance, in
the lower atmosphere, the radiation from the photosphere differs by only 0.1% between solar maximum and solar
minimum (Frohlich 2003; Solanki et al. 2005), while the radiation from the chromosphere varies by several tens of
percentages (Heath & Schlesinger 1986; Woods et al. 2000; Frohlich 2013). The radiation from the outermost atmo-
spheric layer, the solar corona, varies several times or more between solar maximum and solar minimum (Aschwanden
1994; Rybansky et al. 2005; Ramesh & Vasantharaju 2014). However, we cannot continuously and reliably measure
various properties of the solar corona, such as the temperature and elemental abundance. In addition, the coronal
structures are highly non-uniform, so it is challenging to provide an accurate description of how coronal properties
evolve with solar activity. The solar wind carries information from the Sun, and can be used to infer the properties of
the solar atmosphere. Therefore, the solar wind properties during the minimum phase may be used to infer the solar
cycle amplitude. Certainly, more observations are needed for the above speculation.

4. SUMMARY AND CONCLUSIONS

In the present study, we use the improved two-step mapping procedure to trace the near-Earth solar wind back to its
source region during 1999-2020. The statistical results demonstrate that our improved method can link the near-Earth
solar wind to its source region accurately. Subsequently, we classify the solar wind into three types: coronal hole, active
region, and quiet Sun solar wind based on the characteristics of source regions. We concentrate on the comparison of
sources and properties of the solar wind between SCs 23 and 24. The statistical results demonstrate that the solar
cycle amplitude influences the sources and properties of the solar wind. The main results are as follows:

1. The sources and footpoint latitude distributions of the three types of solar wind are all influenced by solar cycle
amplitude. During the maximum and declining phases, the proportions of CH and AR wind are higher in SC
23 than those in SC 24. While during the solar minimum, the proportion of QS wind is higher in SC 24. In
addition, the footpoint latitude distribution ranges during SC 23 are smaller than those during SC 24 for all
three types of solar wind. It is worth noting that during the SC 24 minimum, the proportion of CH wind from
high latitudes is much higher than that during the SC 23 minimum.

2. The footpoint and in-situ magnetic field strengths of the three types of solar wind are also affected by solar cycle
amplitude. During the solar maximum and declining phases, the footpoint and in-situ magnetic field strengths
of the three types of solar wind are all higher during SC 23. During the solar minimum, the above parameters of
the three types of solar wind are higher during SC 24 or similar during the two solar cycles. The in-situ magnetic
field strengths of the three types of solar wind are similar, but the footpoint magnetic field strength of AR wind
is much higher than that of CH and QS wind. During the solar maximum and declining phases, the speeds of
the three types of solar wind are all higher during SC 23 than those during SC 24.

3. Generally, the charge states (Qr. and O"T/0%) and Ay, in the three types of solar wind during the solar
maximum and declining phases of SC 23 are all higher than those during the same solar phases of SC 24.
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However, during the solar minimum, the charge states during SC 23 have a sharp drop compared with other
phases of SC 23, and they are also significantly lower than those during SC 24 minimum. The O™ /0%t in AR
wind is significantly higher than that of the CH wind, with the O”*/O%" in QS wind lying in between. While
the Qpe in the three types of solar wind is nearly the same.

Our statistical results demonstrate that the sources and properties of the solar wind are both influenced by the solar
cycle amplitude. During the maximum and declining phases, the sunspot numbers of SC 23 are much higher than
those of SC 24. Therefore, the speeds, footpoint and in-situ magnetic field strengths, Qr., O"* /0%, and Ap,. of
all three types of solar wind are generally higher during SC 23 than those during SC 24. In contrast, our statistical
analyses demonstrate that the above solar parameters during SC 24 minimum are higher or equal to those during SC
23 minimum, although the sunspot numbers are nearly the same during the minimum phases of SCs 23 and 24. The
above results indicate that the charge states of the solar wind may be a more sensitive indicator for the intensity of
solar activity. In addition, our statistical results mean that there is a significant difference in the temperatures of the
AR, QS, and CH regions at the lower atmosphere. In contrast, the temperatures of the above three types of regions
are almost uniform at the altitude of 3-5 Ry.
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