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Abstract: The sun plays a crucial role as the primary source of energy for the Earth’s climate
system and the issue of the influence of solar activity on the climate has been actively discussed
recently. However, the precise impact of solar activity on extreme precipitation on the decadal
timescale remains insufficiently confirmed. In this study, we investigate the relationship between
summer extreme precipitation events exceeding 20 mm (R20mm) in China and the 11-year sunspot
number (SSN) cycle from 1951 to 2018. Results showed that the first mode of June–July R20mm,
a “south-drought and north-flooding (SDNF)” distribution, exhibited a significant correlation with
the SSN cycle (p = 0.02). The fundamental driver is likely the pronounced periodic response of
stratospheric ozone to solar forcing. During summer of the high-solar-activity years (HSY), there is
a notable increase in ozone concentration and high temperatures in the stratosphere, particularly in
the Southern Hemisphere. This phenomenon leads to a layer of anomalous temperature inversion,
suppressing convection at the subtropics. This induced downward anomalous airflow toward the
north stimulates convective activity in the equatorial region and generates northward wave activities.
These wave activities produce rising and sinking anomalies at different latitudes in the Northern
Hemisphere troposphere, finally causing the “SDNF” pattern in China.

Keywords: solar cycle; extreme precipitation; south-drought and north-flooding; climate; East Asian
summer monsoon

1. Introduction

The sun serves as the primary source of energy for Earth and plays a crucial role in
driving the Earth’s climate system through various energy transmission processes [1,2].
On the other hand, due to its prominent quasi-11-year cycle and potential significance,
solar variability could provide some degree of predictability for long-term regional climate
variability and reduce uncertainty [3–5]. Therefore, sun–climate research has lasted for
hundreds of years and has made important progress in recent decades [3,6–17].

The laws and causes of decadal variability in precipitation have always been one of
the focuses and difficulties of meteorologists. According to data from the China National
Climate Center, since 1951, there has been a significant decrease in the average number of
precipitation days in China, with an average decline of 1.9 days per decade. However, the
number of storm station days has increased, and the cumulative intensity of rainstorms has
also risen, with an average increase of 4% per decade [18].

On a decadal timescale, the climate-forcing factors play a role in influencing Earth’s
climate, including greenhouse gas concentrations, volcanic activity, aerosols, land use
and land cover changes, oceanic circulation patterns, and solar variability. Consequently,
numerous researchers have extensively investigated the relationship between the solar
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cycle (SC) and decadal precipitation variability [19–26]. Some studies have indicated
a correlation between variations in solar activity and seasonal precipitation. For instance,
research has revealed that the SC can influence drought and flood levels in the African
Sahara [27], Arabia [28], and India [26]. Significant changes have been observed in the levels
of drought and flood occurrences [29]. Precipitation anomalies during periods of peak solar
activity have shown a decrease in rainfall around the equator in the Western Pacific Region.
This decrease coincides with a “cold tongue” of anomalous sea surface temperatures (SSTs),
similar to the pattern observed during a cold event of the El Niño-Southern Oscillation
(ENSO), known as La Niña [3]. The interaction between solar activity and climate factors,
such as ENSO, may have an impact on extreme precipitation. In the East Asian monsoon
region, Wang and Zhao [24] revealed that the decadal variation of the summer monsoon
boundary is modulated by SC. They found that the solar signal is weak or insignificant in
the inner monsoon and westerly region in summer.

The sun can influence the decadal variability of precipitation either through top-down
mechanisms [8,29–33] or bottom-up mechanisms [34,35]. An amplification mechanism
may also exist. Meehl et al. [36] suggested that during periods of high solar activity,
the stratospheric atmosphere’s response to solar forcing in a top-down manner and the
ocean–atmosphere coupling’s response in a bottom-up manner may combine, ultimately
amplifying the climate response of the tropospheric climate system. Recent studies further
support the earlier evidence of an indirect solar influence from the stratosphere. Strato-
spheric changes can have an impact on the troposphere, not only in the extratropics but
also in the tropics. This is due to the downward migration of wave–zonal mean flow inter-
actions and alterations in the stratospheric mean meridional circulation [12]. Additionally,
the response of the ocean to solar activity can interact with the atmosphere, leading to
an accumulation of energy that affects the Walker circulation on decadal timescales. The
Walker circulation [37–39] is an atmospheric circulation pattern that occurs in the tropical
regions of the Pacific Ocean. The main driving force behind the Walker circulation is the
temperature contrast between the warm Western Pacific and the cooler Eastern Pacific.
Warm air rises in the west, creating a low pressure and triggering convection and rainfall.
This uplifted air then flows eastward at upper levels, descending in the Eastern Pacific,
creating a high pressure and suppressing convection. This, in turn, results in increased
rainfall in the Indo-Pacific region [22,40–42].

Zhao et al. [25] indicated that solar signals can be amplified over the intersection
region between monsoon and westerlies by planetary wave convergence from tropical and
extratropical regions and then significantly affect local precipitation. However, why does
the sun affect precipitation only in some special areas? This hints that the sun likely affects
a certain pattern of precipitation with some special variability centers; that is, a certain
mode of precipitation in monsoon regions is likely modulated by SC, not just the boundary
of the monsoon region being modulated by the SC. In order to further investigate this
problem, in this work, we firstly investigate the relationship between solar activity and the
summer extreme precipitation pattern in China, and then further explore transmission of
solar signals in the atmosphere in the East Asian summer monsoon region.

2. Data and Methods
2.1. Data and Temporal Coverage

Solar activity is commonly measured using the sunspot number (SSN), which is obtained
from the Sunspot Index and Long-Term Solar Observations website at https://www.sidc.be/
silso/datafiles accessed on 1 January 2020. To align with the precipitation data, our analysis
focused on variations in solar activity from 1951 to 2018.

The gridded land surface extremes indexed to precipitation in the HadEX3 dataset [43,44]
were used for our analysis. The indices mainly include monthly maximum consecutive 5-day
precipitation (RX5day), monthly maximum 1-day precipitation (RX1day), monthly count
of days when precipitation ≥ 10 mm (R10mm), monthly count of days when precipitation
≥ 20 mm (R20mm), and annual total wet-day precipitation (PRCPTOT). The dataset can
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be accessed at https://www.metoffice.gov.uk/hadobs/hadex3/download.html accessed
on 1 January 2020. It covers the period from 1901 to 2018 and has a spatial resolution of
1.25◦ × 1.875◦. For the China region, data are available from 1951 to 2018. These indices
represent seasonal or annual values derived from daily station data. In this study, the term
“summer” is defined as the average of June and July.

ERA5 is the fifth generation of the European Centre for Medium-Range Weather Fore-
casts (ECMWF) re-analysis dataset used to analyze global climate and weather over the past
80 years. The data are available from 1940 onward and can be accessed from https://cds.
climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels-monthly-means?
tab=overview accessed on 1 January 2020. In our study, we utilized the 1◦ × 1◦ monthly
mean atmospheric variations from the ERA5 dataset. This dataset includes information on
winds, vertical velocities, air temperature, and ozone.

The Detection and Attribution Model Intercomparison Project (DAMIP), which is
part of the Sixth Coupled Model Intercomparison Project (CMIP6 [45]), aims to enhance
estimations of the impacts of both anthropogenic and natural factor variations on observed
global warming [5]. The DAMIP Tier 3 experiments include solar, volcanic, and CO2
individual forcing experiments. The hist-sol simulations are driven solely by solar forcing,
which were used in this study. Previous studies in CMIP5 have highlighted the necessity
and significance of solar-induced ozone changes in climate simulations [33,35,46]. The
CMIP6 hist-sol experiments will aid in characterizing the solar signal for each model and
potentially enable the separation of solar signals from volcanic effects. Table 1 presents the
four CMIP6 models participating in the DAMIP hist-sol experiment. Their performance
has been significantly improved compared to the CMIP5 version. For example, the errors
in the MRI-ESM2.0 model regarding shortwave and net radiation at the top of the atmo-
sphere have been greatly reduced by implementing a new stratocumulus cloud scheme.
Additionally, the representation of the stratospheric quasi-biennial oscillation and ozone in
the four models has been enhanced by improving the vertical resolution, non-orographic
gravity wave drag parameterization, and utilizing a higher-top model version [47,48].

Table 1. CMIP6 models.

Model Horizontal (◦) Levels Model Top (hPa) Reference

CanESM5 2.8 × 2.8 49 1 Swart et al., 2019 [49]
MIROC6 1.4 × 1.4 81 0.004 Shiogama et al., 2019 [50]

GISS-E2-1-G 2.5 × 2.0 40 0.1 (NASA/GISS), 2018 [51]
GISS-E2-2-G 2.0 × 2.5 102 0.002 (NASA/GISS), 2021 [52]
MRI-ESM2-0 1.1 × 1.1 80 0.01 Yukimoto et al., 2019 [47]

High-solar-activity years (HSY) or low-solar-activity years (LSY) were selected for the
period from 1951 to 2018, corresponding to the maximum or minimum SSN, along with
one year before and after each SC (Table 2).

Table 2. HSY or LSY over the period 1951–2018.

SC Number Cycle Years HSY LSY

18 1944–1954 1953, 1954
19 1954–1964 1956, 1957, 1958 1955, 1963, 1964
20 1964–1976 1967, 1968, 1969 1965, 1975, 1976
21 1976–1986 1978, 1979, 1980 1977, 1985, 1986
22 1986–1996 1988, 1989, 1990 1987, 1995, 1996
23 1996–2008 1999, 2000, 2001 1997, 2007, 2008
24 2008–2019 2013, 2014, 2015 2009, 2018
Total years (1951–2018) 68 18 19

https://www.metoffice.gov.uk/hadobs/hadex3/download.html
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels-monthly-means?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels-monthly-means?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels-monthly-means?tab=overview
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2.2. Methods

The empirical orthogonal function (EOF) method is also known as principal com-
ponent analysis (PCA), which captures the dominant spatial patterns and their temporal
variability characteristics by deriving orthogonal empirical eigenvectors of covariance
matrices associated with climate variables [53–56]. These spatial modes are EOFs, which
can be regarded as the basis functions (a set of base vectors in space) corresponding to the
variance. The corresponding time projections are the principal components (PCs), which
are the time coefficients of the EOFs. In our study, we utilized the orthogonal properties
among modes to effectively capture the patterns of extreme summer precipitation in China.

Pearson correlation analysis, also known as Pearson’s correlation coefficient, is a statistical
technique used to measure the strength and direction of the linear relationship between two
continuous variables. To calculate Pearson’s correlation coefficient, we need a sample of paired
observations for the two variables of interest. The formula involves computing the covariance
between the two variables and dividing it by the product of their standard deviations. It
quantifies the extent to which the variables are linearly related by providing a value that
ranges from −1 to 1, where −1 indicates a perfect negative linear relationship, 0 indicates no
linear relationship, and 1 indicates a perfect positive linear relationship.

Wavelet analysis is a valuable tool for examining localized variations in power within
a time series. It decomposes the time series into a time–frequency space. When using
wavelets for feature extraction, Morlet’s wavelet is considered a suitable choice, as it pro-
vides a balanced localization of both time and frequency [57]. In this study, we have chosen
the Morlet wavelet as the mother wavelet for power spectrum analysis [58]. Subsequently,
wavelet coherency (WTC) was employed to discern the localized correlation between the
two variables, namely ZCD and SSN. Additionally, cross-wavelet analysis (XWT) was
implemented to explore areas exhibiting prominent shared power and provide additional
insights into the phase relationship between the two variables. For specific formulas and
more details on the wavelet analysis, refer to [57].

The Monte Carlo test [59] is a statistical method that uses random simulation to
estimate the probability distribution of a statistic under a given hypothesis. It involves gen-
erating multiple simulated datasets based on the null hypothesis and calculating the statistic
of interest for each simulation. By repeating this process numerous times, a distribution
of the statistic is obtained. The observed statistic is then compared to this distribution
to determine its significance level or p-value. The Monte Carlo method is well-suited for
addressing the issue of significance level testing in time series numerical filtering.

3. Results
3.1. Relationship between Solar Activity and Extreme Summer Precipitation in China

Through calculating the correlations of five precipitation indices (PRCPTOT, Rx1day,
Rx5day, R10mm, and R20mm) with SSN, R20mm (the count of days when precipitation
is ≥20 mm) was selected to characterize extreme precipitation and used to analyze the
relationship between the 11-year SC and extreme precipitation. Since the correlation
between the principal component series of the first EOF mode (PC1) of R20mm and SSN
was the highest among the indices, Figure 1a illustrates the first mode of EOF (EOF1)
for R20mm in China during summer from 1951 to 2018. The pattern exhibited a distinct
distribution of “SDNF”. A high spatial correlation coefficient of 0.82 was found between
this EOF1 pattern (Figure 1a) and the correlation map of R20mm and SSN (Figure 1c). This
result suggests a potential relationship between the EOF1 pattern for R20mm (depicting
the “SDNF” pattern) and SC.
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showed improvements after 1960. Therefore, the first mode of the R20mm with the SDNF 
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From the spatial distribution of the 68-year (1951–2018) mean, also known as the 
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ward and southward winds originated in the monsoon region and the westerlies, respec-
tively. Therefore, the north margin of the East Asian summer monsoon EASM might well 
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tion near the frontal zone facilitates precipitation in the Huaihe River Basin (HRB) region 

Figure 1. (a) Spatial distribution of the EOF1 mode of R20mm for summer from 1951 to 2018.
(b) Standardized time series of unfiltered (solid blue line)/9–13-year band-pass-filtered (thick blue
line) PC1 and corresponding annual SSN (shaded in red). (c) Spatial distribution of linear correlations
between the summer mean R20mm at each grid and the corresponding annual SSN for the period
1951–2018. Black dots indicate regions that pass the 95% significance test. The middle and bottom
rectangles outline HRB and SYR, respectively. (d) Spatial distribution of 68-year (1951–2018) mean
R20mm (shade; units: d) and 700 hPa horizontal wind (vector arrows; units: 10 m/s) for summer
averaged over the period 1951–2018. Thick black contours are the mean southerly velocity contours
of 0 m/s, representing the margin of the EASM.

Although the correlation between unfiltered PC1 and SSN was not high (r = 0.28,
p = 0.02), the correlation coefficient between the 9–13-year band-pass-filtered PC1 (the thick
blue line in Figure 1b) and the SSN showed a much higher significant correlation (r = 0.66,
p = 0.02 after Monte Carlo random tests), and the agreement between filtered PC1 and SSN
showed improvements after 1960. Therefore, the first mode of the R20mm with the SDNF
pattern is likely related to the SC.

From the spatial distribution of the 68-year (1951–2018) mean, also known as the multi-
year mean R20mm and circulation in summer across China (Figure 1d), the northward
and southward winds originated in the monsoon region and the westerlies, respectively.
Therefore, the north margin of the East Asian summer monsoon EASM might well be
denoted by the main 0 m/s contour of southerly velocity near 30–40◦ N [24]. This boundary
also indicates the position of the frontal zone. The cyclonic shear of wind direction near the
frontal zone facilitates precipitation in the Huaihe River Basin (HRB) region and Northern
China. The southern part of the Yangtze River (SYR) is located within the dominant area of
the EASM, characterized by a prevailing anticyclonic circulation anomaly. That is, the HRB
and SYR are located in different positions within the EASM system. Opposite precipitation
anomalies in these two regions can lead to the “SDNF” pattern, as shown in Figure 1a.
Therefore, the SYR (110–120◦ E, 25–29◦ N) and the HRB (105–120◦ E, 31–35◦ N) were chosen
as the main study areas for this research.
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Wang and Zhao [24] established that solar activity modulates the boundary of EASM;
nonetheless, there were no very strong correlations between June precipitation in the north
and south (westerly region and inner monsoon region) of the boundary and the SSN. In
that case, we inferred that there is likely a certain precipitation spatial mode regulated
by the boundary, which is associated with SC. The aforementioned findings offer proof
supporting this deduction, although our work was based on extreme precipitation from
June to July.

3.2. Mechanism Analysis

The two regions examined in this study exhibited disparities in terms of the dominant
regional climate factors. Figure 2a shows the disparities in the circulation field between
HSY and LSY. The position of the 0 m/s contours of southerly velocity clearly indicated
that the impact range of the monsoon during HSY is considerably larger than during LSY,
with its leading edge extending further northward. Analysis of the wind field disparities
revealed significant southwest wind anomalies in HRB, which is situated at the boundary
between the monsoon and westerly belts. This indicates that during HSY, the summer
monsoon flow in this region becomes stronger, leading to increased precipitation in the
HRB. However, the presence of an anticyclonic anomaly circulation in the central part of
the EASM, known as the SYR, along with signs of weakened monsoon flow, hinders the
occurrence of rainfall in the central part of the SYR. Consequently, this pattern favors the
occurrence of floods in the southern region and droughts in the northern region.

Atmosphere 2024, 15, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 2. Composite difference map (vector arrows) of summer wind between the HSY and LSY for 
the period 1951–2018, showing: (a) horizontal wind (units: m/s) at a 700 hPa constant pressure sur-
face, composite differences between HSY and LSY extreme precipitation R20mm (color-filled plots, 
units: days), and (b) meridional wind (units: m/s) and vertical pressure wind (units: −0.02 Pa/s, so 
that positive is upward) along the longitude 113° E cross-section. The thick solid/long dashed con-
tours indicate the HSY/LSY mean southerly velocity contours of 0 m/s, representing the margin of 
the EASM. Dark and light green and red shaded areas indicate areas where meridional wind differ-
ences are significant at 95% and 80% confidence levels (t-test). 

The above analysis suggests significant disparities in the response of monsoon edge 
and interior circulations to solar activity, which can account for the variations in precipi-
tation patterns. To further investigate the underlying reasons for these circulation differ-
ences, we introduced the zonal circulation dipole index (ZCD) as the disparity in 700 hPa 
zonal winds between the HRB and SYR study areas. The correlation coefficient between 
ZCD and SSN was 0.30 for the period 1951–2018, passing the significance test at the 99% 
confidence level. We conducted wavelet power spectrum analysis to determine the dom-
inant period. The Morlet wavelet was selected as the mother wavelet [58] and applied to 
both the ZCD and SSN. Figure 3d illustrates the global wavelet spectra of the ZCD and 
the corresponding annual SSN. It is evident that the ZCD exhibited a significant 11-year 
periodicity, similar to the SSN. 

The scale-averaged wavelet power spectrum (SAWP) is a time series that represents 
the average energy spectrum within a specific frequency range. It is commonly used to 
detect whether one time series modulates another [58]. In this study, we utilized the 
SAWP to examine the relationship between the spectral energy variation of ZCD and SSN 
at the quasi-11-year scale. Figure 3e displays the time series of the quasi-11-year SAWP of 
ZCD and SSN for each year. The quasi-11-year spectral amplitude of the ZCD has become 
significant since the 1980s, indicating that the difference in circulation between the edge 
and interior of the EASM has exhibited a stronger quasi-11-year period after the 1980s 
compared to before. After 1979, there was an increase in satellite data, leading to signifi-
cant improvements in observational data compared to the period before. Consequently, it 
became possible to detect the 11-year solar cycle with greater accuracy and precision. This 
finding is consistent with Figure 3b. 

Results of the co-varying relationships between the SSN and summer ZCD, as de-
picted by the wavelet coherence and cross-wavelet, are presented in Figure 4. Wavelet 
coherence analysis (WTC) is a statistical tool used to measure the strength and significance 
of the relationship between two time series in different frequency bands. The cross-wave-
let transform (XWT), constructed from two continuous wavelet transforms, can reveal 

Figure 2. Composite difference map (vector arrows) of summer wind between the HSY and LSY
for the period 1951–2018, showing: (a) horizontal wind (units: m/s) at a 700 hPa constant pressure
surface, composite differences between HSY and LSY extreme precipitation R20mm (color-filled plots,
units: days), and (b) meridional wind (units: m/s) and vertical pressure wind (units: −0.02 Pa/s,
so that positive is upward) along the longitude 113◦ E cross-section. The thick solid/long dashed
contours indicate the HSY/LSY mean southerly velocity contours of 0 m/s, representing the margin
of the EASM. Dark and light green and red shaded areas indicate areas where meridional wind
differences are significant at 95% and 80% confidence levels (t-test).

The variation in the frontal position of the EASM is primarily caused by the southwest
monsoon flow originating from the Bay of Bengal and the Western Pacific, as well as the
position of the Western Pacific subtropical high. As shown in Figure 2a, the monsoon flow
originates from the tropical Indian Ocean and the Western Pacific. Under the influence of
the Western Pacific subtropical high, it turns northward toward China. During the HSY,
there is a cyclonic anomaly circulation over the Bay of Bengal and India, which promotes an
increased transport of water vapor toward the north. Meanwhile, an anticyclonic anomaly
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circulation exists over the Northwest Pacific and Southeastern China region, indicating that
the Western Pacific subtropical high is positioned further north. This positioning facilitates
the northward extension of the EASM.

In addition, the composite differences in the vertical wind fields along 113◦ E (Figure 2b)
revealed that during the HSY, the 0 m/s contour of southerly velocity is generally located
further north and at a higher altitude compared to the LSY. Notably, there is significant
northward and upward motion above the HRB north of 30◦ N. This finding suggests that
during the HSY, the range of the summer monsoon in summer is larger, leading to more
extreme rainfall days in the HRB compared to the LSY. However, the abnormal subsidence
flow over the SYR restricts convection and precipitation, resulting in a dry environment.
This result supports the previous conclusion that extreme precipitation in the Chinese region
during HSY often exhibits a “SDNF” pattern. Additionally, it suggests that the edge of the
regional climate system may be more susceptible to external forcing, such as solar forcing,
than its interior.

The above analysis suggests significant disparities in the response of monsoon edge and
interior circulations to solar activity, which can account for the variations in precipitation
patterns. To further investigate the underlying reasons for these circulation differences, we
introduced the zonal circulation dipole index (ZCD) as the disparity in 700 hPa zonal winds
between the HRB and SYR study areas. The correlation coefficient between ZCD and SSN
was 0.30 for the period 1951–2018, passing the significance test at the 99% confidence level.
We conducted wavelet power spectrum analysis to determine the dominant period. The
Morlet wavelet was selected as the mother wavelet [58] and applied to both the ZCD and SSN.
Figure 3d illustrates the global wavelet spectra of the ZCD and the corresponding annual SSN.
It is evident that the ZCD exhibited a significant 11-year periodicity, similar to the SSN.

The scale-averaged wavelet power spectrum (SAWP) is a time series that represents
the average energy spectrum within a specific frequency range. It is commonly used to
detect whether one time series modulates another [58]. In this study, we utilized the SAWP
to examine the relationship between the spectral energy variation of ZCD and SSN at
the quasi-11-year scale. Figure 3e displays the time series of the quasi-11-year SAWP of
ZCD and SSN for each year. The quasi-11-year spectral amplitude of the ZCD has become
significant since the 1980s, indicating that the difference in circulation between the edge
and interior of the EASM has exhibited a stronger quasi-11-year period after the 1980s
compared to before. After 1979, there was an increase in satellite data, leading to significant
improvements in observational data compared to the period before. Consequently, it
became possible to detect the 11-year solar cycle with greater accuracy and precision. This
finding is consistent with Figure 3b.

Results of the co-varying relationships between the SSN and summer ZCD, as depicted
by the wavelet coherence and cross-wavelet, are presented in Figure 4. Wavelet coherence
analysis (WTC) is a statistical tool used to measure the strength and significance of the
relationship between two time series in different frequency bands. The cross-wavelet
transform (XWT), constructed from two continuous wavelet transforms, can reveal their
common power and relative phase shift [57,58]. If the dipole circulation index (ZCD) of the
present study is related to the SC, their common power and a consistent or small phase lag
should be detectable.

The WTC of the SSN and summer ZCD is shown in Figure 4a, showing a significant
continuous common power in the 11-year band, and it became more significant after
1996. The 11-year common power between ZCD and SSN was more pronounced in XWT
(Figure 4b). The relative phase relationship (arrows in Figure 4b) shows that in the sectors
with significant common power (near the 11-year band), the SSN was primarily in phase
with or slightly led the ZCD by about 1.4 years. This result suggests that for the majority of
the 20th century, there was a strong synchronization or phase lock between the decadal
oscillations of ZCD and SSN.
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Figure 3. The 1951–2018 summer-averaged (a) dipole circulation index (ZCD; blue solid line) and
SSN (red shaded) time series. (b) ZCD wavelet power spectrum (Morlet wavelet): the blue solid
line denotes the region where the confidence level exceeds 95%. (c) Same as (b) but changed to SSN.
(d) Global wavelet (Morlet wavelet) spectra of ZCD (blue solid line) and SSN (red solid line) for
the current year (test lines, dashed lines, representing the 95% confidence level). (e) Quasi-11-year
(9–13 years) scale-averaged wavelet power spectrum (SAWP) (ZDC: blue solid line, SSN: red solid
line) with test lines, dashed lines, representing the 95% confidence level.
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The zonally averaged circulation is a crucial component of atmospheric circulation and
plays a significant role in its variations. To comprehend the intricate processes involved in
the transmission of solar signals, a composite difference analysis of zonal wind variations
from the stratosphere to the troposphere was conducted for the HSY and LSY. The analysis
of the zonal wind difference between the HSY and LSY, as depicted in Figure 5a, revealed
an abnormal wave pattern of “+ − + − +” in the composite difference of zonal wind across
the middle-to-high latitudes along the meridional direction during summer throughout
the troposphere. In the off-equatorial region, convection is intensified, while in the SYR,
convection is weakened. Additionally, convection is strengthened in the HRB region.
Conversely, the zonal wind composite difference in the middle-to-high latitudes along
113◦ E for the stratosphere, from 30 hPa to 5 hPa, exhibited a wave pattern of “− + −”. This
pattern is essentially opposite to that observed in the troposphere. It demonstrates that the
positive zonal wind response in the upper levels of the subtropical region is accompanied
by a negative wind response in the lower levels.

However, the scale of waves in the stratosphere is usually larger than that in the
troposphere, indicating that the signals in the stratosphere propagate at a slower pace
compared to those in the troposphere (e.g., [60]). This could cause misalignment of the
anomaly centers of the stratosphere and the troposphere. Therefore, the above finding is
consistent with previous studies [60].

To examine the contrasting phase change between anomalies in the stratosphere and
troposphere, the composite difference of zonal wind speeds at 10 hPa (113◦ E, 33◦ N)
and 700 hPa (113◦ E, 18◦ N) can be utilized. Figure 5b illustrates the time series of zonal
wind differences at 10 hPa and 700 hPa. The correlation coefficient between the zonal
wind difference and the sunspot number (SSN) was 0.25, which is significant at the 96%
confidence level. Additionally, the correlation coefficient between the zonal wind difference
and the first principal component (PC1) of R20mm was 0.34, with a p-value of 0.004. The
correlation coefficient between zonal wind speeds at 10 hPa and SSN was 0.19, while
at 700 hPa it was −0.17. Therefore, the composite difference of zonal wind speeds at
10 hPa (113◦ E, 33◦ N) and 700 hPa (113◦ E, 18◦ N) was more strongly correlated with SSN
compared to a single region.

The spatial distribution of correlation coefficients between the zonal wind difference
series and R20mm (Figure 5c) illustrated that significant differences in the zonal wind
between the troposphere and stratosphere in the subtropical region result in HRB expe-
riencing a higher number of extreme precipitation days, while SYR has fewer extreme
precipitation days. This finding potentially provides further support for the association
between the vertical difference of zonal wind over the subtropics and the “SDNF” extreme
precipitation pattern in China. There may be an inherent connection between the variations
in zonal wind from the stratosphere to the troposphere and the 11-year SC. The East Asian
subtropical westerly jet, located in the convergence zone of warm and cold air masses at
mid-latitudes in the Northern Hemisphere (NH), along with the upper-level front, plays
a crucial role in determining the pathways of storm systems. These storm systems travel
along specific pathways, leading to the occurrence, development, or interaction of cyclones
or anticyclones with circulation systems at different latitudes. As a result, this dynamic
process between the stratosphere and troposphere significantly influences the occurrence
of extreme heavy precipitation weather events in East Asia.

3.3. Solar Signals in CMIP6 Simulations

In order to verify the authenticity and significance of the responses of precipitation
and atmospheric circulation to the 11-year solar signal in observations, we assessed the
simulation capabilities of five models (Table 1) through a DAMIP hist-sol experiment,
where hist-sol simulations are driven by solar forcing only. These experiments focused on
the climate response to SC since the Industrial Revolution. In this study, we investigated
variations of precipitation, atmospheric circulation, and ozone in these experiments from
1951 to 2018. Among the five models, the EOF1 mode of MRI-ESM2-0 (Figure 6a) closely
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resembled the observed EOF1 of R20mm (Figure 1a), with a spatial correlation coefficient
of 0.70. Additionally, the PC1 of MRI-ESM2-0 exhibited the highest correlation with SSN
among the five models. The MRI-ESM2-0 model effectively simulated the primary modes
of EOF and their temporal evolution characteristics of summer precipitation in China from
1951 to 2018.
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Figure 5. (a) Latitude–pressure cross-section of the composite difference in zonal wind between the
HSY and LSY along 113◦ E from 1951 to 2018 (unit: m s−1). The light and dark shading indicate regions
where the zonal wind t-test exceeds the 80% and 95% confidence levels, respectively, represented by
positive (red) and negative (blue) colors. (b) SSN time series (red solid line) averaged over summer
from 1951 to 2018: PC1 of extreme precipitation R20mm in China (blue solid line) and the zonal
wind difference time series between 10 hPa and 700 hPa (blue shading). (c) Spatial distribution of
correlation coefficients between R20mm and the zonal wind difference series averaged over summer
from 1951 to 2018, with the dotted region being the area where the t-test for zonal wind differences at
10 hPa and 700 hPa exceeds the 95% confidence level.
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Figure 6a shows a “SDNF” pattern in the dominant mode of the precipitation field
for the hist-sol of the MRI-ESM2-0 model during the summer from 1951 to 2018. The
correlation coefficient between the PC1 series and SSN was 0.13 (Figure 6b). Additionally,
the correlation distribution between SSN and the MRI-ESM2-0 precipitation also exhibited
the “SDNF” pattern (Figure 6c). The EOF1 of the MRI-ESM2-0 model, along with its
correlation distribution with SSN, demonstrated a distinct “SDNF” pattern that closely
resembled that of R20mm (Figure 1a,c). This indicates that the sol experiment data from
the MRI-ESM2-0 model can effectively simulate this long-term variation trend.

For atmospheric circulation associated with the EOF1, we compared the similarities
and differences between the observations in Figure 2a and the hist-sol results of the MRI-
ESM2-0 model. Figure 7 illustrates that, over the past 70 years, the MRI-ESM2-0 model
has successfully reproduced the observed precipitation patterns at a climatological scale.
Specifically, during the HSY period, there was a significant amount of precipitation in the
HRB region, while less precipitation was observed in the SYR. The 700 hPa wind field
showed a significant southwest wind anomaly in the HRB region, while a cyclonic anomaly
circulation pattern was observed in the SYR. Overall, the model reasonably reproduced the
spatial distribution characteristics of precipitation, circulation, and horizontal wind fields
across a large area of China.
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Figure 7. Similar to Figure 2a but using data from the MRI-ESM2-0 model.

4. Discussion and Conclusions

Previous studies showed that the anomalies in atmospheric circulation in the strato-
sphere and troposphere may be linked to the response of stratospheric ozone to SC
(e.g., [25,30,33,61]). Figure 8 illustrates the vertical cross-section of composite differences in
ozone, temperature, and wind fields in summer for the HSY and LSY in observations and
models. In observation (Figure 8a) during the HSY, there was an increased concentration
of ozone and higher temperatures in the SH (winter hemisphere), which aligns with the
findings of Hood et al. [33]. This phenomenon includes a negative meridional gradient
of temperature, intensifying westerlies, and a vertical temperature anomaly with warm
upper and cold lower layers, i.e., a temperature inversion layer, suppressing convection
and facilitating a sinking movement. The northward downward airflow associated with
this process enhances convective activity in the equatorial region. Additionally, this airflow
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transports warm anomalies to the upper troposphere in the NH, leading to anomalous
warmth near the tropical and subtropical tropopause. Consequently, convection over the
subtropical region is inhibited.
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Figure 8. (a) Mean difference of the summer ozone mixing ratio (color-filled plots, units: 10−6 kg/kg),
temperature (contours, units: ◦C), and vertical meridional circulation (vector arrows) averaged along
105–120◦ E of unfiltered summer horizontal meridional wind (units: 1 m/s) and vertical pressure
velocity (units: −0.02 Pa/s, so that positive is upward) between the HSY and the LSY from 1951 to
2018. (b) Similar to (a) but using data from the MRI-ESM2-0 model.

Notably, there is a distinct anomaly of downward motion observed around 20–30◦ N,
which is unfavorable for precipitation and favorable for a high-pressure anomaly, specifi-
cally enhancing the Western Pacific subtropical high. This enhanced high-pressure system
in the Western Pacific will promote precipitation on its northwest side. Additionally, it
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is evident that there is a decrease in ozone levels in the middle stratosphere of the NH
during the HSY, which is in contrast to the trend observed in the Southern Hemisphere.
The warming anomaly in the lower stratosphere at mid-latitudes in the NH is weaker
compared to that in the Southern Hemisphere. Additionally, there is a strong cold anomaly
in the tropopause over the 60–80◦ N region, which results in westerly anomalies over the
mid-latitudes. These westerly anomalies coincide with the existing westerly winds in the
northern part of the subtropical high, leading to the formation of a robust cyclonic anomaly
and upward motion around the 30–45◦ N region. Consequently, an anomalous circulation
pattern was established, characterized by sinking air south of 30◦ N and ascending air
north of it.

Therefore, it can be speculated that a fundamental driver of precipitation and circula-
tion patterns is the significant response of stratospheric ozone to solar forcing. The impact
of ozone and temperature responses has also been confirmed in several studies (e.g., [62]).

For the hist-sol results of the MRI-ESM2-0 model, we evaluated the performance of the
MRI-ESM2-0 model in simulating various meteorological variables’ responses in Figure 8b.
The hist-sol simulation results can roughly reproduce the observed solar signals in the
stratosphere and the troposphere, including the ozone response in the stratosphere and
the wave train in the troposphere. In comparison to Figure 8a, the simulated horizontal
meridional wind difference in the stratosphere (5–30 hPa) of the SH exhibited an anti-phase
relationship with the observed. This anti-phase behavior was also evident in the NH
stratosphere (50–200hPa). Additionally, when examining the simulated SH polar region,
it became apparent that the stratospheric ozone significantly decreased in comparison to
the observed, accompanied by an expansion of the cold anomaly range reaching approxi-
mately 30◦ S. Furthermore, the simulated warm anomalies in the NH were notably higher
compared to those depicted in Figure 8a. The temperature increase in the NH is associated
with an elevated ozone concentration in the local upper atmosphere and its transport in
the SH.

This work investigated the relationship between the 11-year SC and the occurrence
of the “SDNF” pattern in China during the past 6 SCs based on 68 years of extreme
precipitation data and the corresponding SSN data. The first EOF principal mode of R20mm
(monthly count of days with precipitation ≥ 20 mm) in China during summer from 1951 to
2018, exhibiting a distinct distribution of “SDNF”, was revealed to be modulated by the
11-year SC. The study also explored the dynamic mechanism underlying this relationship.
Positive or negative correlations were also observed in areas both north and south of the
Yangtze River. Based on the evaluation of precipitation modeling capabilities in China from
1951 to 2018, using the hist-sol of the MRI-ESM2-0 model in the DAMIP project within
CMIP6, the solar modulation effect on the “SDNF” pattern in precipitation was confirmed.

The strengthening and northward expansion of the EASM during the HSY period
resulted in an increased number of days with extreme precipitation in the HRB compared
to the LSY period. This phenomenon likely contributed to inter-decadal oscillations in
precipitation at the HRB. Additionally, anomalous descending over the SYR suppressed
convection and precipitation, creating a dry environment.

Analysis of the zonal wind anomalies during HSY and LSY revealed a complementary
relationship between the positive response in the upper troposphere and the negative
response in the lower troposphere in the subtropical region. The zonal wind difference
between the upper and lower troposphere in the subtropics exhibited a positive correlation
with the pattern of drought in the southern regions and floods in the northern regions.
Further investigation suggested that the negative gradient of ozone and temperature in
the stratosphere (20–40◦ N) precisely corresponds to the positive anomalies in the zonal
wind, resulting in abnormal easterly winds in the tropical stratosphere of the NH. These
abnormal winds subsequently propagate downwards, leading to a warm anomaly at
the 100 hPa level in the tropical region. This suppresses convection below and induces
the propagation of anomalous meridional wind in a “+ − +” wave pattern. Kodera [63]
indicated that the solar influence on monsoon activity originates from the stratosphere, not
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the troposphere, through the modulation of tropical upwelling. Our results suggested that
the solar modulation effect is due to the response of stratospheric ozone to variations in
solar radiation. The ozone response should be related to solar-induced variations in the
Brewer–Dobson circulation (BDC) [64].

Further analysis revealed that the potential pathway of the “top-down” mechanism is
as follows: SSN → ozone → temperature → circulation (in the EASM region) → extreme
precipitation. Ozone plays a crucial role as an intermediary, connecting solar activity
with the tropospheric climate. The solar signal is transmitted vertically from the upper
atmosphere to the stratosphere, affecting ozone concentration and, subsequently, influ-
encing temperature distribution. Lower temperatures at higher levels enhance convective
processes, which have implications for the occurrence of extreme precipitation events.
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