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Abstract: In this study, a global atmospheric model, Specified Dynamics Whole Atmosphere Commu-
nity Climate Model with thermosphere and ionosphere eXtension (SD-WACCM-X), and the residual
circulation principle were used to study the global atmospheric circulation from the lower to upper
atmosphere (~500 km) from 2002 to 2019. Our analysis shows that the atmospheric circulation is
clearly influenced by solar activity, especially in the upper atmosphere, which is mainly characterized
by an enhanced atmospheric circulation in years with high solar activity. The atmospheric circulation
in the upper atmosphere also exhibits an ~11 year period, and its variation is highly correlated
with the temporal variation in the F10.7 solar index during the same time series, with a maximum
correlation coefficient of up to more than 0.9. In the middle and lower atmosphere, the impact
of solar activity on the atmospheric circulation is not as obvious as in the upper atmosphere due
to some atmospheric activities such as the Quasi-Biennial Oscillation (QBO), El Nifio-Southern
Oscillation (ENSO), sudden stratospheric warming (SSW), volcanic forcing, and so on. By comparing
the atmospheric circulation in different latitudinal regions between years with high and low solar
activity, we found the atmospheric circulation in mid- and high-latitude regions is more affected by
solar activity than in low-latitude and equatorial regions. In addition, clear seasonal variation in
atmospheric circulation was detected in the global atmosphere, excluding the regions near 10~* hPa
and the lower atmosphere, which is mainly characterized by a flow from the summer hemisphere
to the winter hemisphere. In the middle and low atmosphere, the atmospheric circulation shows a
quasi-biennial oscillatory variation in the low-latitude and equatorial regions. This work provides a
referable study of global atmospheric circulation and demonstrates the impacts of solar activity on
global atmospheric circulation.
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1. Introduction

Atmospheric circulation is the state of widespread atmospheric motion. It includes
the average state of atmospheric motion over a large area or a certain atmospheric layer
over a long period of time or the process of atmospheric motion over a certain period of
time [1]. It is a significant process in the global atmosphere, as it can transport and balance
angular momentum, heat, and moisture in the Earth’s atmospheric system, and mutually
convert various energies [1-5]. It is also an important result of the transport, balance, and
conversion of these physical quantities [6-8]. Therefore, studying the characteristics of
atmospheric circulation (its formation, maintenance, changes, and effects) and understand-
ing its evolution are indispensable and important parts of human understanding of nature,
and it will be conducive to improving and increasing the accuracy of weather forecasting,
exploring global climate change, and more effectively using climate resources.

There are many types of atmospheric circulations such as the Hadley circulation, the
Brewer-Dobson circulation, and so on [5,9-11]. Many related studies have been conducted
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about the influences of these atmospheric circulations. Schneider and Bordoni [5] reported
eddy-mediated regime transitions in the seasonal cycle of the Halley circulation and their
implications for monsoon dynamics. Using the Coupled Model Intercomparison Project
5 (CMIP5) model, Hardiman et al. [12] studied the morphology of the Brewer-Dobson
circulation and its response to climate change. In periods of Arctic warming and cool-
ing, the mesoscale atmospheric circulation has a significant influence on Spitsbergen air
temperature, and the frequency of warm circulation types was higher and that of cool circu-
lation types was lower during the Early Twentieth-Century Arctic Warming (ETCAW) [13].
Noguchi et al. [14] found that the Brewer—Dobson circulation was enhanced and affected
the Hadley circulation during the 2019 Antarctic Sudden Stratospheric Warming (SSW)
event, and these two circulations impact the atmosphere in the lower stratosphere and
upper troposphere. In addition, many types of atmospheric models can be used to study
atmospheric circulations. More detailed information on these models can be found in
Mabher et al. [10] and the references therein.

Atmospheric circulation can be influenced by some atmospheric phenomena and solar
activities. These atmospheric phenomena mainly include the Quasi-Biennial Oscillation
(QBO), El Nifio-Southern Oscillation (ENSO), SSW, volcanic forcing, and so on. The QBO is
a ~23-27 month oscillation of zonal wind that occurs in the tropical stratosphere. A theory
suggested by Ruzmaikin et al. states that the QBO can cause secondary meridional circu-
lation, which then impacts wave propagation in the middle and upper stratosphere [15].
White et al. [16] supported the QBO’s ability causes a secondary meridional circulation
in the subtropics and enhance the Brewer-Dobson circulation at mid-to-high latitudes,
which induces anomalous poleward wave propagation and teleconnection between the
QBO and the polar vortex. This theory has also been supported by Garfinkel et al. [17]
and Lu et al. [18]. Abalos et al. [19] used three kinds of reanalysis data to show that the
QBO provides important contributions to the Brewer-Dobson circulation. The ENSO is the
warm phase of a recurring climate pattern including oceanic and atmospheric processes
across the tropical Pacific, which has important impacts on the interannual variability
in the climate system [20]. Many studies have been conducted about the impacts of the
ENSO on atmospheric circulation. Calvo et al. [21] found that the atmospheric circulation
is enhanced in the lowermost tropical stratosphere during ENSO events. Simpson et al. [22]
studied the responses of atmospheric circulation in the lower stratosphere to the ENSO in
December-March based on observations and simulations. The stratospheric circulations
show increased upwelling in the tropical regions and downwelling in the mid-latitude
regions, and the responses in the mid-latitude regions are larger in the northern hemi-
sphere than in the southern hemisphere. SSW is a dramatic large-scale meteorological
phenomenon occurring in the winter polar stratospheric region [23], and can cause altered
atmospheric circulation. Gu et al. [24] found an altered middle atmospheric circulation
caused by the changes in planetary and gravity waves forcing during the 2009 major
SSW. Noguchi et al. [14] indicated that both the Hadley circulation and Brewer-Dobson
circulation were influenced by the 2019 Antarctic SSW. In addition, greenhouse gases also
can influence atmospheric circulation. Many studies indicate that increases in greenhouse
gases can accelerate atmospheric circulation [25-28].

Solar activity is a general term for a variety of different phenomena, such as sunspots,
solar wind, flares, corona and, so on, in the solar atmosphere, and is closely related to the
generation, transmission, and dissipation of the solar magnetic field [29]. Solar activity is
cyclical, the most obvious of which is the ~11 year cycle. Solar activity has a significant
impact on the Earth’s atmosphere. It not only affects the composition of the Earth’s
atmosphere, but also certain dynamic processes of the atmosphere [30-32]. Additionally, it
can indirectly influence seismic, hydrological, and other aspects [33]. Thus, many studies
have focused on predicting solar activity and its impact on the Earth’s atmosphere [34-38].
Whether solar activity impacts atmospheric circulation is a hot topic in atmosphere research.
Wilcox [39] conducted some investigations into the possible influence of solar activity on
atmospheric circulation. Kodera and Kuroda [40] suggested that solar activity can change
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the balance between the dynamically and radiatively controlled states, which can influence
stratopause circulation. Koval et al. [41] used a general atmospheric circulation model to
demonstrate that changes in solar activity can modify the middle atmospheric circulation.
Vasilyeva et al. [42] discussed the possible effects of solar activity on the tropospheric
temperature regime based on the analysis of the tropospheric temperature regime in the
northern and southern hemispheres in 1948-2006. Sfica et al. [43] analyzed the response of
atmospheric circulation to the solar activity in the northern hemisphere and the Atlantic
in 1948-2012. Based on the Canadian Middle Atmosphere Model (CMAM), Karlsson and
Kuilman [44] investigated the influences of solar activity on middle atmospheric residual
circulation close to the solstics. Salinas et al. [45] indicated that solar activity can affect the
circulation in the lower thermosphere which can modulate the content of CO, in the lower
thermosphere. Rao et al. [46] studied the responses of the Brewer-Dobson circulation to
the solar cycle and found that the Brewer-Dobson circulation in the lower stratosphere
intensifies during solar minima.

In this work, the Specified Dynamics Whole Atmosphere Community Climate Model
with thermosphere and ionosphere eXtension (SD-WACCM-X) was utilized, and the impact
of solar activity on global atmospheric circulation was analyzed based on simulations from
2002 to 2019. Although many relevant studies have examined the impacts of solar activity
on atmospheric circulation, these researchers mainly focused on some specific atmospheric
circulations or atmospheric circulations in specific regions such as the Hadley circulation
and the Brewer-Dobson circulation or atmospheric circulations in the middle and lower
atmosphere. In our study, we investigated the differences in global atmospheric circulation,
not only including the middle and lower atmosphere but also the upper atmosphere
ranging to ~500 km during years of different solar activities, which are reported for the first
time. In addition, the SD-WACCM-X can be run under real atmospheric and solar activities
and reflect real atmospheric states, which is described in detail in Section 2. The findings
can help us to investigate the responses of atmospheric circulation in the upper atmosphere
to atmospheric activities occurring in the middle and lower atmosphere, and to analyze the
differences in the effects of solar and atmospheric activity on global atmospheric circulation.
The findings also provide a reference for the extent of the impact of global atmospheric
circulation on specific events under different future solar activities. The model and method
are introduced in Section 2. The research results follow in Section 3, and Section 4 presents
the discussion and conclusions.

2. Model and Method
2.1. SD-WACCM-X

SD-WACCM-X is a specified dynamics mode of the Whole Atmosphere Community
Climate Model with thermosphere and ionosphere eXtension (WACCM-X), which is a
comprehensive atmospheric coupled numerical model developed by the National Center
for Atmospheric Research (NCAR). The WACCM-X uses the NCAR Community Earth
System Model (CESM) as a common numerical framework and spans a range of altitude
from the Earth’s surface to the upper atmosphere with a top boundary height ranging from
500 to 700 km. In addition to the atmospheric component, components are provided for
oceans, land, sea ice, and so on. Meehl et al. [47] indicated that the WACCM coupled to the
ocean model can produce more realistic simulations of solar responses. In this work, the
WACCM-X was run with the atmospheric component and coupled to the prescribed ocean
model, land model, and so on to ensure that the atmospheric simulations are more accurate,
especially at the interfaces with land, ocean, etc. The WACCM or WACCM-X self-generates
the QBO and ENSO and has an expanded database of volcanic sulfate aerosols [48-50]; it
can reproduce SSW events well [51]. For the WACCM-X version used in this work, the
spectral solar irradiances were input to the radiative transfer calculations to represent
the solar activity, which were specified from the model constructed by Lean et al. [50,52].
All irradiances were scaled by 0.9965 following the recommendation of the Stratospheric
Processes and Their Role in Climate (SPARC) group; this scaling reflects the new and lower
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estimate of total solar irradiance (TSI) reported by the Total Irradiance Monitor (TIM) in
NASA'’s Solar Radiation and Climate Experiment (SORCE) [50,53]. Thus, WACCM-X has
been widely used in research about atmospheric circulation responses to atmospheric and
solar activities. Calvo et al. [21] used the WACCM to study the atmospheric circulation
in the lowermost tropical stratosphere during ENSO events. They also indicated that
the results were in excellent agreement with other analyses of observations. Based on
SD-WACCM simulations, Salinas et al. [45] identified the solar cycle response of CO; in
the lower thermosphere via modulations of the circulation in the lower thermosphere. This
discovery was also demonstrated using the satellite observations. In comparison, the SD-
WACCM provides more years of simulations to further validate the relevant conclusions.
Using different reanalysis data and WACCM simulations, Rao et al. [46] studied the
evaluation of the Brewer-Dobson circulation and its responses to the ENSO, the QBO,
and the solar cycle. The WACCM simulations and those reanalysis data showed similar
responses of the Brewer—Dobson circulation to the ENSO, the QBO, and the solar cycle. In
addition, we conducted other atmospheric studies based on the SD-WACCM-X simulations
and compared these results to others based on some observations [54,55]. Therefore, we
think the SD-WACCM-X simulations in this work have high reliability and credibility. For
more detailed information about WACCM-X, the reader is referred to Liu et al. [56] and
Liu et al. [57] and the references therein. Marsh [58] also described the initial concepts and
configurations of SD-WACCM-X. The official website of WACCM-X provides its overview
and its download and installation procedures.

In this work, the range of SD-WACCM-X from the bottom boundary to 0.01 hPa was
constrained by the Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA-2) data. The MERRA-2 data are an atmospheric reanalysis dataset,
incorporating various types of satellite observations, ground-based measurements, and the
Goddard Earth Observing System (GEOS) model, produced by NASA’s Global Modeling
and Assimilation Office (GMAO) [59]. The MERRA-2 data mainly include wind, temper-
ature, and ozone and water vapor contents data. Thus, the simulations constrained by
MERRA-2 reanalysis data more accurately and credibly reflect the atmospheric statuses.
In this work, the simulations were output once per hour with a horizontal resolution of
1.9° x 2.5° (latitude X longitude). For the vertical resolution, the simulation results were
divided into 145 layers.

2.2. Method

In this study, the residual circulation was applied to represent the global atmospheric
circulation, which can be calculated as follows [23]:

v*=7—p ! (pW/Q?)Z (1)

w* =W+ (acosg) " (cosqu/@) (2)
¢

where v and w represent the meridional and vertical wind, respectively; a is the Earth’s
radius; p is neutral air density; ¢ is the latitude in radians; 0 is the potential temperature;
the horizontal line on the parameter represents the corresponding zonal mean value; the
apostrophe represents the corresponding deviations from the zonal mean value; and the
subscripts z and ¢ indicate the vertical and latitudinal gradients, respectively. Based
on the residual circulation equations and SD-WACCM-X simulations, we obtained the
atmospheric circulations of the global atmosphere from 2002 to 2019.

3. Results

Figure 1 shows the temporal variations in the F10.7 solar flux index from 2002 to
2019: the F10.7 solar indices in 2002, 2003, 2004, 2011, 2012, 2013, 2014, and 2015 are above
120, with the largest value in 2002. Thus, we define these years as having high solar
activity with the strongest solar activity in 2002. The other years are considered to have
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low solar activity. Based on the SD-WACCM-X simulations and the residual circulation
methodology described before, we calculated the global atmospheric circulation from 2002
to 2019. When analyzing the results of global atmospheric circulation, we found that the
value of the vertical circulation was too small compared to the meridional circulation. To
more accurately represent the characteristics of atmospheric circulation, we artificially
multiplied the value of the vertical circulation by 10 in some subsequent plots and mark it
on the corresponding chart.
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Figure 1. Temporal variations in the F10.7 solar index from 2002 to 2019.

Figures 2 and 3 show the temporal variations in the meridional and vertical circulation
at different latitudinal regions. Clear seasonal variations in the meridional and vertical
circulation are shown in the global atmosphere, excluding the regions near 10~# hPa and the
lower atmosphere. The meridional circulation is mainly characterized by a flow from the
summer hemisphere to the winter hemisphere. The vertical circulation shows a rise in the
summer hemisphere and a fall in the winter hemisphere in mid- and high-latitude regions.
However, in low-latitude and equatorial regions, the vertical circulation shows a fall in the
summer hemisphere and a rise in the winter hemisphere, which is opposite to that in mid-
and high-latitude regions. The amplitudes of meridional circulation at the same moment do
not differ much in different latitude regions, whereas the vertical circulation shows highest
and lowest intensity in high- and low-latitude regions, respectively. In addition, both
intensities of the meridional and vertical circulation in the upper atmosphere are higher in
years with high solar activity than in years with low solar activity, with the highest intensity
in 2002. The temporal variations in the meridional and vertical circulation at different
latitudinal regions are shown in Figure 4. The meridional and vertical circulations at ~50
and ~90 km show local maximum amplitudes in mid- and low-latitude and equatorial
regions. They do not exhibit stronger intensity during the years with high solar activity
but instead show quasi-biennial variations in low-latitude and equatorial regions. The
vertical circulation at ~90 km shows the most obvious quasi-biennial oscillation. At ~130
and ~170 km, the local maximum amplitudes of meridional and vertical circulations are
mainly observed in mid- and high-latitude regions. These local maximum meridional
and vertical circulations are clearly enhanced during those years with high solar activity.
In mid- and low-latitude regions, these meridional and vertical circulations show almost
identical intensities during different solar activities.
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Figure 2. Temporal variations in the (a,c,e) meridional circulation and (b,d,f) vertical circulation at (a,b) ~70° N, (c,d)

~40° N, and (e, f) ~10° N from 2002 to 2019.
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Figure 3. Temporal variations in the (a,c,e) meridional circulation and (b,d,f) vertical circulation at (a,b) ~70° S, (¢,d) ~40° S,
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Figure 4. Temporal variations in the (a,c,e,g) meridional circulation and (b,d,f h) vertical circulation at (a,b) ~50 km, (c,d)

~90 km, (e,f) ~130 km, and (g,h) ~170 km from 2002 to 2019.

Figure 1 shows that the solar activity was strong in 2002 and weak in 2009. Thus,
we chose simulations in these two years to investigate the details of the atmospheric
circulation in years with high and low activity, respectively, and the differences in the
atmospheric circulations in years with different solar activity intensities. Figure 5a—d shows
the temporal variations in the meridional and vertical circulations at ~70° S in 2002 and
2009. The meridional circulation shows a flow toward the southern and northern pole in
the winter and summer of the southern hemisphere, respectively. Vertical circulation shows
downward and upward motion in the winter and summer of the southern hemisphere,
respectively. These seasonal variations in the atmospheric circulation are particularly
obvious in the upper atmosphere. It can also be seen that both meridional and vertical
circulations in 2002 were stronger than in 2009, especially in the upper atmosphere. In order
to more intuitively demonstrate these differences, we subtracted the results in 2002 from
those in 2009; the differences are shown in Figure 5e f. Figure 5e,f show that the motions
of both the meridional and vertical circulations were stronger in 2002. However, in the
middle and lower atmosphere, there was no significant difference between the atmospheric
circulation in 2002 and 2009. The maximum differences in the meridional and vertical
circulation were ~40 and ~1 m/s, respectively. Considering the maximum amplitudes
of the meridional and vertical circulation in 2002 were ~70 and ~1.8 m/s, respectively,
the difference between these two years is thought to be considerable. We also analyzed
the atmospheric circulations at ~10~8 hPa in 2002 and 2009 and their differences, and
these results are shown in Figure 6. The meridional circulations showed an obvious flow
from the summer to winter hemisphere in 2002 and 2009 and the highest intensities in
mid-latitude regions. The differences in the meridional circulation, shown in Figure 6e,
indicate that the intensities of the meridional circulations in 2002 were higher than in 2009.
These differences were mainly exhibited in mid- and high-latitude regions. The vertical
circulation showed an obvious rise and fall motion in mid- and high-latitude regions of
the summer and winter hemisphere, respectively. We identified an anomaly in the vertical
circulation in low-latitude and equatorial regions compared to the mid- and high-latitude
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regions, which is also shown in Figures 2 and 3. The differences in Figure 6f show that the
vertical circulation in 2002 was stronger, especially in mid- and high-latitude regions, than
in 2009. Thus, this shows that the atmospheric circulation in 2002 was stronger than in

2009 and the differences were more obvious in mid- and high-latitude regions.
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510*ﬂ
< 10°
o 10*
@ 102
0 100
o,
10

(c) Meridional Circulation at 70°S, 2009 -10

— 108
< 10°
© 10
? 102
@100
102

2 4 6 8 10 12

(e) Difference of the Meridional Clrculatlon

(b) Vertical Circulation at 70°S, 2002 m/sx0. 1

106
10
1072
10°
102
2 4 6 8
(d) Vertical Circulation at 70°S, 2009
108

10
10
102
10°
102

(f) Difference of the Vertical Clrculatlon

m/sx0. 1

40

'.;10*ﬂ 30 10"ﬂ
< 109 ’;’g 104*
o 10* 0 10
g 102 10 102
g 100 ’;’g 10°

2 - 2

10 o 10

Date (month)

_‘QQLNON-#O

o

Date (month)

Figure 5. Temporal variations in the (a,c) meridional circulation and (b,d) vertical circulation at ~70° S in (a,b) 2002 and
(c,d) 2009. (e,f) Differences in the meridional and vertical circulation, respectively.

Based on the above results, the direction of the atmospheric circulation is different in
summer and winter. Thus, we chose the atmospheric circulation in June and December
to conduct further studies. The total atmospheric circulations in June 2002 and 2009 are
shown in Figure 7a,c: the total atmospheric circulation was upward and downward in the
high-latitude regions of the northern and southern hemisphere, respectively, and there was
obvious pole-to-pole circulation from the northern to the southern hemisphere. Again, we
subtracted the total atmospheric circulations in June 2002 from those in June 2009, as shown
in Figure 7e. The differences in the total atmospheric circulations also showed an obvious
pole-to-pole flow from the northern to the southern hemisphere and a rise and fall flow
in the high-latitude regions of the northern and southern hemisphere, respectively. In the
upper atmosphere, the differences were obvious at mid- and high-latitude regions, and the
differences were weaker in low-latitude and equatorial regions. Due to the lower intensities
of the atmospheric circulations in the middle and lower atmosphere than in the upper
atmosphere, the total atmospheric circulations in the middle and lower atmosphere are
shown separately in Figure 7b,d,f. Excluding the regions near 10~# hPa, the pole-to-pole
circulations from the northern to the southern hemisphere were obvious in June 2002 and
2009. The differences in the total atmospheric circulations do not show the same pole-to-
pole flow exhibited in Figure 7b,d, and the flow directions are different in the different
regions. This indicates that the total atmospheric circulations in the middle and lower
atmosphere in June 2002 were not always stronger than those in June 2009. The same
as in Figure 7, Figure 8 shows the total atmospheric circulations in December 2002 and
2009 and the differences between them. Excluding the regions near 10~* hPa, the total
atmospheric circulations showed a pole-to-pole flow from the southern to the northern
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hemisphere and a rise and fall flow at flow in the high-latitude regions of the southern
and northern hemisphere, respectively. The differences in the atmospheric circulations in
the upper atmosphere show the same flow directions as in Figure 8a,c, especially in the
mid- and high-latitude regions, which indicates the atmospheric circulations in the upper
atmosphere were stronger in December 2002. The differences in the middle and lower
atmosphere also show different flow directions in the different regions, which indicates
the atmospheric circulations in the middle and lower atmosphere in December 2002 were
not always stronger than in December 2009. Figures 7 and 8 demonstrate that the flow
direction of the atmospheric circulations is from the summer hemisphere to the winter
hemisphere, and the total atmospheric circulations in the upper atmosphere are stronger in
years with high solar activity.

(b) Vertical Circulation at ~10°8 hPa, 2002
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Figure 6. Temporal variations in the (a,c) meridional circulation and (b,d) vertical circulation at ~1078 hPa in (a,b) 2002 and

(c,d) 2009. (e,f) Differences in the meridional and vertical circulation, respectively.

We also analyzed the temporal variations in the meridional and vertical components
of atmospheric circulation at a specified altitude and latitude, and compared these results
to the F10.7 solar index during the same time series. From the results above, we know
that the meridional and vertical circulations show consistent variations in the northern
and southern hemispheres. Thus, we only show these temporal variations in the atmo-
spheric circulation and comparisons at the specified latitude in the southern hemisphere;
the values of atmospheric circulations are reported in magnitude only without regard to
direction. Figures 9 and 10 show these temporal variations in the atmospheric circula-
tion and comparisons in June and December, respectively. Both meridional and vertical
circulations at ~10~8 hPa show almost consistent variations with the F10.7 solar index
during the same time series. Rare differences can be identified in the comparisons. For
example, the meridional circulation in June at ~10~8 hPa and ~70° S showed inconsistent
variations with the F10.7 solar index from 2002 to 2009. At ~10~* and ~10~2 hPa, no
consistent variations can be observed between the temporal variations in the atmospheric
circulation and the F10.7 solar index during the same time series. It seems, however,
that these two variations in the corresponding component of the atmospheric circulation
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and the F10.7 solar index show consistency in years with high solar activity. In order to
more visually demonstrate the correlation between the variations in the meridional and
vertical circulation and the F10.7 solar index during the same time series, we calculated
the correlation coefficients of these corresponding parameters, as shown in Table 1. The
correlation coefficients at ~10~8 hPa are high with the highest coefficient of 0.9459; there
are also a few low correlation coefficients such as 0.1578 and 0.1907. However, from an
overall global atmospheric perspective, the variations in the atmospheric circulation in
the upper atmosphere are consistent with the corresponding variations in the F10.7 solar
index during the same time series. Table 1 also exhibits the low correlation coefficients at
~10~* and ~10~2 hPa, with some negative correlation coefficients. This indicates that the
temporal variations in the atmospheric circulation in the middle and low atmosphere are
inconsistent with the variations in the F10.7 solar index during the same time series. The
errors of these correlation coefficients are mostly about 0.1, within 95% confidence intervals,
which indicates the high credibility of these correlation coefficients. We also performed a
spectral analysis of the meridional and vertical circulations over these years, as shown in
Figures 11 and 12, respectively. For the meridional circulation at ~10~8 hPa, an obvious
~11 year period is shown in mid- and high-latitude regions, and the ~11 year period in
June and December is more obvious in the southern and northern hemisphere, respectively.
However, no ~11 year period appears in low-latitude regions. Thus, we show the spectra
only at low latitude regions. An ~11 year period was identified in low-latitude regions
but with less power than in mid- and high-latitude regions. At ~10~* and ~10~2 hPa, no
obvious ~11 year period can be observed; instead, an ~16 year period is exhibited. For
vertical circulation, an obvious ~11 year period occurs at ~10~8 hPa but not at ~10~*
~10~2 hPa, which is consistent with the periods for the meridional circulation.
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Figure 7. Atmospheric circulation in June (a,b) 2002 and (c,d) 2009. (e,f) Differences in the atmospheric circulation in June
between 2002 and 2009. Left and right panels show the atmospheric circulation in the global atmosphere and in the middle
and lower atmosphere, respectively.
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(a) Atmospheric Circulation December 2002 (b) Atmospherlc Circulation, December 2002
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Figure 8. Atmospheric circulation in December (a,b) 2002 and (c,d) 2009. (e f) Differences in the atmospheric circulation in
December between 2002 and 2009. Left and right panels show the atmospheric circulation in the global atmosphere and in
the middle and lower atmosphere, respectively.
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Figure 9. Time series of the meridional and vertical components of atmospheric circulation at a specified altitude (~10~8 hPa,
first two rows; ~10~% hPa, middle two rows; ~10~2 hPa, last two rows) and latitude (~70° S, left column; ~40° S, middle
column; ~10° S, right column) and the F10.7 solar index in June from 2002 to 2019. The black and red lines indicate the F10.7
solar index and the corresponding component of atmospheric circulation, respectively.
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Figure 10. Time series of the meridional and vertical components of atmospheric circulation at a specified altitude
(~10~8 hPa, first two rows; ~10~% hPa, middle two rows; ~10~2 hPa, last two rows) and latitude (~70° S, left column; ~40° S,
middle column; ~10° S, right column) and the F10.7 solar index in December from 2002 to 2019. The black and red lines
indicate the F10.7 solar index and the corresponding component of atmospheric circulation, respectively.

Table 1. Correlation coefficients of the meridional (V*) and vertical (W*) components of the atmospheric circulation at a
specified altitude and latitude with the F10.7 solar index in June and December from 2002 to 2019.
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Figure 11. Spectra for the meridional components of atmospheric circulation at ~10~8 hPa (left column), ~10~* hPa (middle
column) and ~10~2 hPa (right column) in June (first two rows) and December (last two rows).
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Figure 12. Spectra for the vertical components of atmospheric circulation at ~10~8 hPa (left column), ~10~% hPa (middle
column), and ~10~2 hPa (right column) in June (first two rows) and December (last two rows).
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4. Discussion and Conclusions

Although many studies have been conducted on the responses of atmospheric circula-
tion to solar activity, they focused on some kinds of atmospheric circulation in the middle
and lower atmosphere or at specified latitude regions [40,41,43,44,46]. In this work, the
responses of global atmospheric circulation from the ground to ~500 km to solar activity
were analyzed. As demonstrated by the results above, solar activity has a significant impact
on atmospheric circulation in the upper atmosphere, as high solar activity can enhance the
intensity of atmospheric circulation. The atmospheric circulation in the upper atmosphere
has an ~11 year cycle and its temporal variation is highly correlated with the temporal
variation in the F10.7 solar index during the same time series, with a correlation coefficient
of up to more than 0.9. For different latitudinal regions in the upper atmosphere, solar
activity has a stronger impact on the atmospheric circulation in mid- and high-latitude
regions than in low-latitude and equatorial regions, which is manifested by a wider varia-
tion in the amplitude of atmospheric circulation in mid- and high-latitude regions during
different solar activities, as shown in Figures 7e and 8e. However, in the middle and lower
atmosphere, atmospheric circulation shows no consistent response to solar activity such
as those in the upper atmosphere. In addition, the atmospheric circulation in the middle
and lower atmosphere does not have an ~11 year cycle, and its temporal variation has
low correlation coefficients with the temporal variation in the F10.7 solar index during the
same time series. It is usually accepted that the radiation emitted by the sun is one of the
sources of atmospheric circulation [1,60]. During years with high solar activity, increased
solar radiation provides more energy to the atmospheric circulation, and magnetospheric
energy inputs are increased in polar regions. Thus, atmospheric circulation is enhanced by
increased solar energy inputs during years with high solar activity, especially in mid- and
high-latitude regions. Increases in greenhouse gases can accelerate atmospheric circulation,
and CO, also exhibits the impacts of the solar cycle [25,26,28]. Therefore, the ~11 year
cycle of the atmospheric circulation may be due to changes in CO,. Salinas et al. showed
that CO, decreases during solar maxima throughout the Austral winter mesosphere and
lower thermosphere region [45]. This does not lead to enhanced atmospheric circulation
in these regions during years with high solar activity. Thus, we thought that the ~11 year
cycle of atmospheric circulation is not due to variations in greenhouse gases; notably,
we are not denying the impacts of the changes in greenhouse gases on the variations in
atmospheric circulation.

Another question remains: why does this response of atmospheric circulation to solar
activity only occur in the upper atmosphere and not in the middle or lower atmosphere? We
attribute the phenomenon to the influences of complex atmospheric forcing and processes
in the middle and lower atmospheres. Based on previous studies, we know that the
ENSO, the QBO, the SSW, volcanic forcing, and atmospheric waves can affect atmospheric
circulation [15,19,21,22,24,44,61]. These related studies indicate that these atmospheric
forcings, processes, and waves mainly influence atmospheric circulation in the middle and
lower atmosphere. For instance, these researchers demonstrated that the Brewer—-Dobson
circulation is significantly enhanced in ENSO winters, and it can be strengthened by the
upwelling below the easterly center of the QBO. The SD-WACCM-X used in this work self-
generates the QBO and the ENSO and provides an expanded database of volcanic sulfate
aerosols; it can also simulate atmospheric waves and reproduce SSW events well [48-50,55].
Thus, the simulations in the middle and lower atmosphere are influenced by not only by
solar activity but also by these atmospheric forcings, processes, and waves. For example,
as shown in Figure 4, the meridional and vertical circulations in the middle and lower
atmosphere show obvious stable quasi-biennial variations in low-latitude and equatorial
regions. There is a solar QBO, a phenomenon separates from the terrestrial QBO mentioned
in this paper above, and the solar QBO can be reflected in geophysical disturbances [62,63].
The solar QBO has variable periodicity, 0.6—4 years. In our work, the atmospheric circulation
shows a stable quasi-biennial oscillation, aligned with the terrestrial QBO cycle, in the
middle and lower atmosphere. Thus, we conclude that this quasi-biennial oscillation of
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atmospheric circulation is mainly due to the terrestrial QBO rather than the solar QBO.
Less solar radiation energy is found in the middle and lower atmosphere than in the upper
atmosphere, which may result in solar activity having less of an impact on the middle and
lower atmosphere. Rao et al. [46] indicated that the Brewer-Dobson circulation in the lower
stratosphere intensifies during years with lower solar activity, which does not weaken with
the atmospheric circulation in the upper atmosphere. Thus, these research results above
indicate that the response of atmospheric circulation in the middle and lower atmosphere
to solar activity is not as obvious as in the upper atmosphere. We do not deny that solar
activity can affect the atmospheric circulation in the middle and lower atmosphere as
reported in the literature.

In conclusion, based on SD-WACCM-X simulations from 2002 to 2019, we investigated
the impacts of solar activity on global atmospheric circulation. The results indicate that
global atmospheric circulation is enhanced during years with high solar activity, which
is particularly noticeable in the upper atmosphere. In the middle and lower atmosphere,
additional factors (the QBO, the ENSO, the SSW, volcanic forcing, atmospheric waves
and so on) and less solar energy lead to a less pronounced response of the atmospheric
circulation to solar activity. The impact of solar activity on atmospheric circulation also
has a certain latitudinal distribution: the atmospheric circulation in mid- and high-latitude
regions is more affected than in low-latitude and equatorial regions. Thus, when we study
some atmospheric responses to the same specific events at different solar activity intensities,
we should consider the effect of the differences in atmospheric circulation under different
solar activities. At present, limited by the amount of simulations, the full period considered
in this work is only about one-and-a-half 11-year solar cycles. More years of simulations
should be added to improve our results and confirm our conclusions in further work.
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