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Introduction: Knowledge of precipitation over the Tibetan Plateau, often referred
to as the “Asian water tower”, is crucial for water resource management,
infrastructure planning, and disaster mitigation. However, the decadal variability
of Tibetan Plateau precipitation in response to the 11-year solar cycle remains
unknown.

Methods: Here, we used observational data obtained between 1901 and 2013,
together with proxy-based reconstructions of the past five centuries, and
discovered a notable summer wet condition over the central‒southern Tibetan
Plateau, accompanied by a dry condition over the southeastern Tibetan Plateau,
during peaks in the 11-year solar cycle. Using an ensemblemean of four solar-only
sensitivity experiments from the Community Earth System Model Last Millennium
Ensemble (CESM‒LME), we further demonstrated that the 11-year solar cycle can
induce this anomalous pattern of a wet central‒southern and dry southeastern
Tibetan Plateau.

Results and discussion: The modeling results indicated that, under a solar
maximum, a substantial surface warming occurs over the Asian continent,
especially the Tibetan Plateau region; this causes an anomalous Tibetan
Plateau–Indian Ocean thermal contrast, which enhances the Indian summer
monsoon. The additional Tibetan Plateau heating also enhances and causes a
northward shift of the South Asian High, which further intensifies the Indian
summer monsoon. The enhanced Indian summer monsoon transports water
vapor to the northern Indian continent, which rises upon reaching the central‒
southern Tibetan Plateau, substantially increasing precipitation. Meanwhile, a
negative Pacific Decadal Oscillation-like sea surface temperature pattern
occurs under a solar maximum, leading to a large-scale anticyclonic anomaly
over the Yangtze River basin, southeastern Tibetan Plateau, and southern Japan,
substantially decreasing precipitation in these regions.
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1 Introduction

The Tibetan Plateau (TP) climate is one of Earth’s most active
regional climate systems, having considerable land–air interaction
and playing an important role in Asian hydrological cycles (Yao
et al., 2015; Wu, 2020). The TP is often referred to as the “Asian
water tower” as it directly affects the hydrology of the surrounding
regions, in particular the flow ofmajor Asian rivers (Yao et al., 2022),
such as the Yangtze, Yellow, Nu, Lancang, Yarlung Zangbo, Ganges,
and Indus. Changing TP precipitation is also one of the driving
mechanisms of the retreat and advance of glaciers (Yao et al., 2012).
Understanding the variability of TP precipitation is crucial for the
ecosystem, agriculture, water resource management, and social
development of the Asian region.

Instrumental data has demonstrated the decadal variability of
TP precipitation. For example, Liu et al. (2021) analyzed summer
precipitation over the TP based on 151 meteorological stations
during the period 1976–2015 and found an interdecadal variation
in southern TP precipitation, with an increase from 1976 to
1998 and a decrease from 1999 to 2015. Using station rainfall
data from 1979 to 2018, Yue et al. (2021) found a decadal
variation in precipitation over the southern TP, with a
periodicity peaking at 10 years. The wet phase of decadal
precipitation variation has been shown to be associated with cold
sea surface temperature (SST) anomalies over the equatorial central
Pacific and warm SST anomalies over the Indo–Pacific warm pool
(Yue et al., 2021). This SST pattern resembles the pattern of Pacific
quasi-decadal oscillation (QDO), with an 11-year signal, which
might originate from internal variabilities, such as the low-
frequency mega-El Niño/Southern Oscillation (ENSO) variability
(e.g., Wang et al., 2014). Besides this internal variability, some
studies have also suggested that the decadal solar cycle can also
contribute to the formation of QDO (White and Liu, 2008; Jin et al.,
2020) and decadal variation of the East Asian summer monsoon
(Zhao et al., 2012). However, owing to the limited temporal length of
observational data, it is difficult to understand how the decadal
variability of TP precipitation responds to external forcing (i.e., solar
activity).

The period of the last millennium provides opportunities to
study the decadal variability of TP precipitation, benefiting from a
large number of high-resolution proxy datasets. These studies
provide new insights into the causes and processes behind the
decadal variability. Xu et al. (2014) reconstructed the temperature
on the eastern edge of the TP over the past four centuries, and found
that the decadal variation in temperature was synchronized with
precipitation, which was likely affected by solar activity. Shi et al.
(2018a) reconstructed the relative humidity variation on the
southeastern TP during the period 1751–2005 and suggested that
the relative humidity could be modulated by the ENSO and Pacific
Decadal Oscillation (PDO). In addition, stalagmite δ18O records
from the southeastern TP have indicated marked 11-, 12-, and 22-
year periodicities on the decadal time scale, suggesting the
importance of solar forcing (Tan et al., 2018). Specifically,
precipitation was shown to increase over the southeastern TP at

solar minima. The stalagmite δ18O record from Tianmen Cave,
central‒southern TP, showed a close agreement with the Indian
summer monsoon (ISM) and a marked 11-year periodicity,
implying that solar activity may have influenced the ISM and
further affected the δ18O record (Cai et al., 2012). On the
centennial timescale, precipitation records over the Asian
monsoon region show centennial–multi-centennial variability,
which lags the 200-year (DeVries cycle) or 300–500-year solar
activity cycles by approximately several decades (Breitenmoser
et al., 2012; Sun et al., 2022b). The above research has
demonstrated the similar periodicities of TP precipitation and
solar activity, and imply that TP precipitation may be affected by
solar activity. However, some scholars have questioned the impact of
solar activity on climate, citing the variation range of total solar
irradiance being too small (Vieira et al., 2011; Chiodo et al., 2019).
Moreover, reconstructions have failed to reveal the physical
mechanisms behind the decadal variability of TP precipitation.

Previous studies have suggested that the 11-year solar activity
cycle significantly impacts climate on a decadal time scale. The
multi-model mean result from the Coupled Model Inter-
Comparison Project (CMIP5) showed a significant increase in
global mean surface air temperature 1–2 years after the peaks of
11-year solar cycles (Misios et al., 2015). Using the ensemble of four
solar-only sensitivity experiments from the Community Earth
System Model Last Millennium Ensemble (CESM‒LME), Jin
et al. (2019) found that the decadal variation of the East Asian
summer monsoon was significantly correlated with strong 11-year
solar cycles over the last millennium; this was associated with a
negative PDO-like SST pattern at each solar maximum, but this
relationship disappeared during weak 11-year solar cycle epochs.
Using observations and climate models, La Niña-like events have
been identified over the equatorial eastern Pacific at the peaks of 11-
year solar cycles, followed by El Niño-like events several years later
(van Loon et al., 2007; Meehl et al., 2008; Meehl and Arblaster, 2009;
Meehl et al., 2009). In contrast, Misios et al. (2019) used multiple
regression analysis to suggest a weakened Pacific Walker circulation
at solar cycle maxima, caused by a thermodynamics-induced muted
hydrology mechanism. Both the ENSO-like and PDO-like SST
patterns under solar forcing can further influence precipitation
over eastern China (Ma et al., 2021; Liu et al., 2022; Xue et al.,
2022). However, the effect of the 11-year solar activity cycle on TP
precipitation remains unknown.

This study aims to address the following questions: 1) Has the
decadal variability of TP precipitation been modulated by the 11-
year solar cycle over the last millennium? 2) If so, how does solar
activity affect TP precipitation? Here, we used instrumental data,
reconstructions, and simulations from the CESM‒LME to
investigate the impact of the 11-year solar activity cycle on TP
precipitation over the last millennium. The remainder of the paper is
organized as follows: Section 2 describes the data we used; Section 3
shows the characteristics and possible physical mechanisms causing
changes in the precipitation over the TP under the influence of the
11-year solar cycle; and our discussion and conclusions are
summarized in Section 4.

Frontiers in Earth Science frontiersin.org02

Hu et al. 10.3389/feart.2023.1137205

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1137205


2 Data

2.1 Observational data

Observational data were used to validate reconstructed data and
model simulations. The precipitation observations were derived
from the Global Precipitation Climatology Centre (GPCC) full
data monthly product version 2018 (Schneider et al., 2018),
which is calculated from approximately 80,000 global station data
points. The horizontal resolution of the data is 1 × 1 and the period
covered is 1891–2016. We also used two sets of SST observations:
one was the Extended Reconstructed Sea Surface Temperature
version 5 (ERSST v5) global SST monthly data (Huang et al.,
2017) covering the period 1854–2020, whose horizontal
resolution is approximately 2 × 2; the other was the Hadley
Center Sea Ice and SST dataset version 1.1 (HadiSST 1.1)
(Rayner et al., 2003) covering the period 1871–2020, whose
horizontal resolution is approximately 1 × 1.

2.2 Simulation data

We used simulation data to explore the spatiotemporal pattern
and physical mechanism of the TP precipitation response to the 11-
year solar cycle. The simulation data were derived from the CESM‒

LME (Otto-Bliesner et al., 2015), which was conducted using CESM
version 1.1 (Hurrell et al., 2013). The resolution of the atmosphere
and land components is ~2, while that of the ocean and sea ice
components is ~1.

The simulations used here contained a control experiment
(CTRL) run from the year 850 onwards, an ensemble of 13 all-
forcing (AF) experiments, and an ensemble of four total solar
irradiance (TSI) forcing experiments. The time range of the AF
and TSI simulations was 850–2005. The AF experiments were forced
by solar activity, volcanic eruptions, land use/land cover changes,
greenhouse gases, ozone, aerosols, and orbital changes (Otto-
Bliesner et al., 2015). For the TSI experiments, only the
reconstructed solar irradiance forcing (Vieira et al., 2011) was
used to drive the simulations; the other external forcings were
kept the same as in the CTRL. Differences among the ensemble
members comprised the small random round-off differences in the
air temperature field at the start of each run. On this basis, the
ensemble-mean results from the AF and TSI experiments
represented the net effect of all external forcings and solar
activity forcing, respectively. Simulations imposed an estimated
11-year solar cycle and used linear regression of TSI at each
spectral interval to derive spectral solar irradiance (Schmidt et al.,
2011).

2.3 Proxy-based reconstructions

We used reconstructed data to reflect climate change over the
last millennium. A proxy-based gridded reconstruction dataset,
namely, the Asian summer precipitation (RAP) dataset during
the period 1470–2013 (Shi et al., 2018b), was merged with
453 tree-ring-width chronologies and 71 historical documentary
records. The RAP dataset comprises gridded data with a spatial

range spanning 8.8°S–55.3°N, 61.3°–143.3°E, and a spatial resolution
of approximately 2; it reconstructs the June–August (JJA) mean
precipitation with an annual temporal resolution. Some previous
studies have confirmed the inter annual–decadal variability of
monsoon precipitation using the RAP and its relationship with
the ENSO and Atlantic multi-decadal oscillation, and comparisons
with instrumental data, other climatic reconstructions, and climate
model simulations (Shi et al., 2019; Shi and Wang, 2019; Shen et al.,
2022). In addition to the gridded reconstructions, we also collated
some other high-resolution tree-ring and stalagmite reconstructions
from different regions of the TP (Table 1).

3 Results

3.1 Validation of reconstructions and
simulations

Precipitation over the TP is dominated by the summer mean
precipitation (e.g., Feng and Zhou, 2012); hence, we focused on the
JJA precipitation. To verify the reliability of the reconstructions and
simulations, we compared the climatological precipitation derived
from the GPCC, RAP, and CESM‒LME, respectively (Figure 1). The
GPCC data (Figure 1A) showed that the JJA mean precipitation
decreases from southeast to northwest over the TP; a similar pattern
was seen in both the RAP and CESM‒LME data (Figures 1B, C). The
results of the CESM‒LME were computed by the ensemble mean of
13 AF experiments, and the results of each experiment were
generally similar to the ensemble mean result (Supplementary
Figure S1). The spatial correlation coefficient between RAP and
GPCC was 0.77 with a root mean square error (RMSE) of
1.9 mm day−1, while the correlation coefficient between CESM‒

LME and GPCC was 0.74 with an RMSE of 3.7 mm day−1.
However, both the RAP and CESM‒LME exhibited some wet
bias over the southern TP, which is a common error in global
climate models (GCMs) (Zhu et al., 2020; Chen et al., 2022). In
addition, to detect the decadal variability of precipitation, we
conducted the empirical orthogonal function (EOF) analysis
during the period 1901–2000 for GPCC, RAP, and CESM‒LME.
The EOF first modes of all the three show an east‒west zonal dipole
pattern (Figure omitted). Overall, the RAP and CESM‒LME
reasonably captured the spatial pattern of climatological JJA
mean precipitation and the decadal variability of precipitation
over the TP.

3.2 Response of TP precipitation to the 11-
year solar activity cycle

According to the wavelet analysis of the TSI during the period
850–2000 (Supplementary Figure S2A), we selected three periods
with substantial 11-year solar cycle signals as the active epochs:
850–1400, 1550–1650, and 1730–2000. Then based on the solar
activity sequence (Supplementary Figure S2B), we manually selected
the solar maximum (Smax) and minimum (Smin) phases for each
11-year solar cycle epoch in the selected three periods. To test the net
effect of solar activity on TP precipitation, we performed a
composite analysis of JJA mean precipitation between the Smax
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and Smin (Figure 2). During the instrumental period of 1901–2013,
there were 10 cases for the differences between Smax and Smin. The
GPCC data showed that the precipitation significantly increased by
approximately 0.6 mm day−1 over the area of 28°–36°N, 85°–95°E,
accounting for 36% of the mean climatological value during the
period 1901–2013 (Figure 2A). The precipitation decreased over
the southeastern and southwestern TP. The results from the
RAP also indicated a similar pattern of precipitation anomalies
over the TP, but the amplitude of wet conditions over the
central‒southern TP was slightly weaker (Figure 2B) than
that indicated by the GPCC data. Meanwhile, we also tested
the composite results from two other well-known gridded
precipitation reconstructions, those of Cook et al. (2010) and
Shi et al. (2017). However, the patterns of precipitation shown
by these datasets were different from the observations, with an
overall drying over the TP region under solar peaks, especially
over the central‒southern TP, and a wet condition over the
southeastern TP (Supplementary Figure S3). Therefore, our
further analysis used only the RAP gridded reconstruction
because it compared favorably with the instrumental data
when reproducing precipitation changes over the TP under
the 11-year solar cycle.

The above analysis may contain the influence of internal
variability because the sample size of the 11-year solar cycle is
small during the instrumental period. Hence, we extended the
sampling period to the past millennium using the reconstructions
and CESM‒LME simulations. The composite results with 39 cases
for the differences between Smax and Smin from the RAP during
the period 1470–2013 were very similar to the result from the
instrumental period (Figure 2C), which suggests that enhanced
solar irradiance causes an increase in precipitation over the
central‒southern TP and a decrease in precipitation over the
southeastern and southwestern TP. We further performed a
correlation analysis between TSI sequence and RAP during
1470–2010, and the result was similar to that using the
composite analysis (Figure omitted). These results indicate that
the effect of the 11-year solar activity cycle on TP precipitation was
stable over the entire sampling period. Moreover, this solar-forced
pattern of TP precipitation can be confirmed by other
reconstruction studies. For example, Cai et al. (2012) found that
the stalagmite δ18O record from the central‒southern TP was
correlated with the ISM on the decadal timescale, which bears a
significant 11-year periodicity. The stalagmite δ18O record from
the southeastern TP indicated a significant 11-year periodicity,

TABLE 1 Reconstructions from different regions of the TP.

No. Location Elevation (m) Period References

1 (27°–33°N, 90°–102°E) 3,040–4,440 1,135–2,010 Wang et al. (2020)

2 (30.4°N, 95.1°E) 3,100 1,352–2,012 Wernicke et al. (2016)

3 (29.5°N, 96.4°E) 3,950 1,592–2,011 Wernicke et al. (2016)

4 (36.6°N, 75.0°E) 3,900 1,000–1,998 Treydte et al. (2006)

5 (32.2°N, 77.2°E) 2,700 1,767–2,008 Sano et al. (2017)

6 (29.6°N, 79.9°E) 3,849 1,621–2,008 Xu et al. (2017)

7 (29.9°N, 81.93°E) 3,848 1,778–2,000 Sano et al. (2012)

8 (37°–38.7°N, 97°–100°E) 2,863–4,175 850–2,011 Yang et al. (2014)

9 (37.5°N, 97.7°E) 3,570–4,085 0–2,012 Yang et al. (2021)

10 (32.2°–33°N, 76.5°–77.5°E) 2,640–3,016 1,460–2,008 Yadav and Bhutiyani (2013)

11 (28°6′N, 103°1′E) 1,407 −315 to 2,000 Tan et al. (2018)

FIGURE 1
Climatological Jun–Aug (JJA) mean precipitation (mm day−1) during the period 1976–2005 derived from (A) GPCC, (B) RAP, and (C) CESM‒LME.
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with a wet condition during solar minima (Tan et al., 2018). We
further analyzed the TP precipitation response to solar forcing
based on the TSI sensitivity experiments in the CESM‒LME. The
ensemble mean result of 304 cases from the TSI experiments
showed a dipole precipitation pattern, with a notable wet
condition over the central‒southern TP and a notable dry
condition over the southeastern TP (Figure 2D), consistent with
the reconstructions. However, there was no drying over the
southwestern TP in the TSI simulations, suggesting a degree of
uncertainty in the model.

We then conducted a power spectrum analysis of the TP
precipitation derived from the RAP and other high-resolution proxy
data (Figure 3). Since the response of RAP to 11-year solar activity cycle is
out-of-phase over central–southern and southeastern TP, we performed
the power spectrum analysis to the RAP over the two sub-regions,
respectively. The result from the RAP showed a marked quasi-11-year
cycle (Figures 3A–B), suggesting the notable effect of the 11-year solar
cycle. Ten of the eleven tree-ring-based and stalagmite δ18O-based proxy
records across the TP (Table 1) also indicated substantial 10–12-year
periodicities (Figures 3C–M), similar to the RAP data. To further detect
the effect of the 11-year solar cycle in controlling the periodicities of
precipitation, we conducted a power spectrum analysis of simulated TP
precipitation from the TSI experiments (Figures 3N–O). The four-
member ensemble-mean result of TSI experiments further showed a

statistically significant 11-year periodicity. Thus, this timescale analysis
confirms that the 11-year solar cycle significantly influences precipitation
over the TP.

3.3 Physical mechanism underlying the
precipitation response

To understand the physical mechanism of TP precipitation
under the influence of the 11-year solar activity cycles, we
analyzed the results from the TSI experiments of CESM‒LME.
We first examined the composite differences from the surface to
300-hPa vertically integrated water vapor transport between the 11-
year Smax and Smin phases (Figure 4A). We identified an enhanced
westerly anomaly over the tropical Indian Ocean and an anomalous
cyclonic circulation over the Bay of Bengal, which produces an
anomalous moisture transport from the Indian Ocean to the
central‒southern TP. This may contribute to the increased
precipitation over the northern Indian subcontinent. Meanwhile,
a significant anomalous anticyclonic anomaly occurs over Japan and
northern China, enhancing the transport of water vapor from the
Pacific Ocean and southern China to northern and northeastern
China; this induces a dry band-like zone over the Yangtze River
basin, southeastern TP, and southern Japan.

FIGURE 2
Composite differences in JJA mean precipitation (mm day−1) between the 11-year solar maximum (Smax) and minimum (Smin) phases. (A) Results
from the GPCC during 1901–2013 (10 cases). (B) Results from the RAP reconstruction during 1901–2013 (10 cases). (C) Results from the RAP during
1470–2013 (39 cases). (D) Ensemble-mean result of four TSI experiments (304 cases). The black dots denote significance at the 90% confidence level
(two-tailed Student’s t-test). The solid blue lines denote the elevation contour of 2,000 m.
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A previous study found that precipitation over the central‒
southern TP can be affected by the TP‒Indian Ocean thermal
contrast, which causes northward water vapor transport over the

Indian Ocean (Li and Xiao, 2022). We investigated the composite
differences in surface air temperature between the 11-year Smax and
Smin phases (Figure 4B). The result showed that, when

FIGURE 3
Power spectrum analysis of reconstructions (A–M) and simulations (N–O). (A) Result of RAP over central–southern TP. (B) same as (A), but over
southeastern TP (C–M) Results from different proxy records across the TP listed in Table 1. (N) Results from the ensemble mean of four TSI experiments
over central–southern TP. (O) same as (N), but over southeastern TP. Red dashed lines represent the 90% significance level; red circles mark the
significant 11-year cycle.

FIGURE 4
Composite differences in JJA mean precipitation (shading, mm day−1) overlain on the (A) water vapor transport flux (kg·m−1 s−1) and (B) surface air
temperature (K) between the 11-year Smax and Smin phases from the ensemble-mean result of four TSI experiments in the CESM‒LME. The black dots
denote significance at the 90% confidence level (two-tailed Student’s t-test).
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solar irradiance increases, there is a significant warming over mid-
latitude regions of the TP, northern China, Mongolia, and Pacific
Ocean, accompanied by a cooling anomaly over low-latitude
regions, such as the Indian Ocean, India, and Southeast Asia.
This causes an enhanced land–sea thermal contrast between the
TP and Indian Ocean, with a difference of approximately 0.1 K,
which enhances the ISM and transports more moisture to the
central‒southern TP.

Surface warming over the TP region can further heat the mid‒
upper troposphere through diabatic heating (Figure 5C), which
increases the geopotential height at the upper troposphere
(Figure 5B). The climatological South Asian High (SAH) is
located over southern Asia (Figure 5A) and is an important
indicator for the Asian monsoon (Wei et al., 2015). The anomaly
pattern of 200-hPa geopotential height showed an enhancement and
northward shift of the SAH, compared with the normal

climatological position of the SAH (Figures 5A, B). Some
previous studies have suggested that the onset of the Asian
summer monsoon is closely related to the northward shift of the
SAH, which triggers a monsoon vortex over the Bay of Bengal
through the upper-level divergence pumping effect (Liu et al., 2013;
Wu et al., 2015). Hence, the strengthening and northward shift of
the SAH under solar maxima may contribute to the enhancement of
the ISM.

Surface warming over the TP region also decreases sea level
pressure (SLP), which induces an ascending motion over the
central‒southern TP and northern Indian subcontinent regions
(Supplementary Figure S4). We further investigated the
pressure–latitude cross section of zonally averaged temperature,
vertical velocity, and meridional winds over the region
77.5–87.5°E (Figure 6). We found a uniform climatological
upward motion over the central‒southern TP and northern India

FIGURE 5
(A) Climatological JJA mean 200-hPa geopotential height (contours, gpm) and 200–500-hPa mean upper-tropospheric temperature (shading, K)
during the period 1976–2005. (B) Composite differences in JJA mean geopotential height between the 11-year Smax and Smin phases from the
ensemble-mean result of four TSI experiments in the CESM‒LME. (C) Same as (B), but for 200–500-hPa mean upper-tropospheric temperature (K). The
black dots denote significance at the 90% confidence level (two-tailed Student’s t-test).

FIGURE 6
(A) Zonally averaged (77.5°–87.5°E) climatological JJA mean pressure–latitude cross section of temperature (shading, K), vertical velocity (vectors,
0.02 Pa s−1), andmeridional winds (m s−1) during the period 1976–2005. (B) Same as (A), but for the composite differences between the 11-year Smax and
Smin phases from the ensemble-mean result of four TSI experiments in the CESM‒LME. The black dots in (B) denote significance at the 90% confidence
level (two-tailed Student’s t-test).
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during the boreal summer (Figure 6A). When solar
irradiance increases, the ascending motion is enhanced over the
central‒southern TP and the meridional circulation is also
strengthened (Figure 6B). The enhanced water vapor carried by
the ISM flow rises upon reaching the central‒southern TP, causing
an anomalous upward motion, and substantially increasing
precipitation in this region.

We also examined the changes in SST and winds at 850 hPa
under the 11-year solar cycle (Figure 7). The result showed that a
warm SST anomaly occurs over the Kuroshio–Oyashio Extension
and North Pacific, while a cold SST anomaly occurs along the North
American coastline, resembling the negative PDO phase (Figure 7B).
A previous study indicated that a cool PDO-like SST pattern can be

induced by solar forcing during strong 11-year solar cycle epochs
(Jin et al., 2019). On the basis of observational data, our composite
analysis also showed a negative PDO-like pattern between the 11-
year Smax and Smin phases (Supplementary Figure S5); this is
similar to the TSI modeling result from the CESM‒LME (Figure 7B).
The negative PDO may induce a rise in SLP over the mid-latitude
central and western North Pacific, causing a large-scale anomalous
anticyclone over the extratropical North Pacific (Figure 7A) (Sun
et al., 2022c). Asian continental warming induces a low SLP
anomaly. Then, the large SLP gradient between the western
North Pacific high and northern and northeastern China low
anomalies generates strong southwesterlies over eastern China
(Figure 7A); this causes wet conditions over northern and

FIGURE 7
Composite differences in (A) JJAmean 850-hPa wind (vectors, m s−1) and precipitation (shading, mm day−1) and (B) sea surface temperature (SST, K)
between the 11-year Smax and Smin phases from the ensemble-mean result of four TSI experiments in the CESM‒LME. The black dots denote
significance at the 90% confidence level (two-tailed Student’s t-test).

FIGURE 8
Schematic diagram of the mechanism responsible for the change in TP precipitation under the 11-year solar cycle.
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northeastern China, and dry conditions over the Yangtze River
basin, southeastern TP, and southern Japan (Figure 4A).

To explore whether the negative PDO-like SST pattern could induce
this anomalous atmospheric circulation and precipitation over East Asia,
we examined the PDO mode and its net effect in the CTRL experiment
(Supplementary Figure S6). The EOF first mode of North Pacific SST
anomalies showed a negative PDOpattern and its explained variancewas
approximately 40.6% (Supplementary Figure S6), similar to that in the
observations (Sun et al., 2022a). We then analyzed the climatic impact of
the negative PDO using the regression map of surface air temperature,
850-hPa winds, and precipitation on the associated principal component
1 (PC1). We found a remarkable warm anomaly over the mid-latitude
central and western North Pacific, and a cold anomaly along the west
coast of North America (Supplementary Figure S6B), inducing a large-
scale North Pacific anticyclonic anomaly (Supplementary Figure S6C).
Meanwhile, mid-latitude Asian continental warming causes a drop in
SLP, which leads to an SLP gradient between the mid-latitude Asian
continent and western North Pacific. This enhances the southwesterly
flow over eastern China, which induces dry conditions over southern
Japan, southern China, and the southeastern TP. The anomalous
precipitation, low-level circulation and surface air temperature over
East Asia caused by the negative PDO in the CTRL experiment
(Supplementary Figure S6) are similar to the result under the 11-year
solar cycle from theTSI experiments (Figures 4, 7). Thismeans thatwhen
solar irradiance induces a negative PDO-like SST pattern, this SST
pattern can further contribute to the drying over the Yangtze River
basin and southeastern TP, and can also further enhance the land–sea
thermal contrast leading to the strengthening of the Indian monsoon. A
schematic diagram of themechanism of TP precipitation variation under
the 11-year solar cycle is shown in Figure 8.

4 Discussion and conclusion

This study investigated the response of precipitation over the TP
to the 11-year solar cycle during the past millennium. On the basis of
observations during the period 1901–2013, proxy-based
reconstructions over the past five centuries, and other high-
resolution reconstructions, we found a significant quasi-11-year
cycle of TP precipitation. The TSI sensitivity experiments from the
CESM‒LME showed that this quasi-11-year cycle is modulated by the
11-year solar activity cycle. Meanwhile, observations and
reconstructions demonstrated a significant summer wet condition
over the central‒southern TP, accompanied by a dry condition over
the southeastern TP, during peaks in the 11-year solar cycle; this was
also captured by the TSI sensitivity experiments. Modeling results
showed that, under solar maxima, a significant surface warming
occurs over the Asian continent, especially for the TP region,
causing a strengthened TP–Indian Ocean thermal contrast, which
enhances the ISM. The TP heating induces mid‒upper tropospheric
warming, which causes a strengthening and northward shift of the
SAH; this further intensifies the ISM. The enhanced ISM transports
more water vapor from the Indian Ocean to the northern Indian
subcontinent, which rises upon reaching the central‒southern TP,
substantially increasing precipitation in this region. A negative PDO-
like SST pattern occurs under solar maxima, leading to a significant
SLP gradient between the anomalous mid-latitude Asian continental
low and North Pacific high; this induces a large-scale anticyclonic

anomaly over themid-latitudeNorth Pacific, southern Japan, Yangtze
River basin, and southeastern TP, substantially decreasing
precipitation over the southeastern TP.

Many early studies have demonstrated a dipole pattern of
precipitation anomalies over the northern and southern TP on the
inter annual time scale (Li et al., 2021). However, the EOF mode
(Figure omitted) shows that on the decadal time scale, the main
precipitation mode exhibits an east–west dipole pattern. Meanwhile,
the climatological mean precipitation suggests that, precipitation over
the northern TP is basically below 1.5 mm day–1, while precipitation over
the southern TP is even more than 6mmday–1 (Figure 1). The large
precipitation magnitude might lead to a stronger decadal variability of
precipitation over the southern TP. However, under the influence of the
11-year solar activity cycle, the GPCC and RAP data show a
“dry–wet–dry” zonal tripolar pattern over the southern TP (Figures
2A–C), while the TSI experiments show a “wet–dry” zonal dipole
pattern over the central‒southern and southeastern TP (Figure 2D).
We postulate that the bias in precipitation over the southwestern TPmay
be associated with the model’s uncertainty in simulating the precipitation
over the western TP, which is a common problem in GCMs (e.g., Zhu
et al., 2020). This type ofmodel deficiency limits our understanding of the
mechanisms responsible for TP precipitation variability.Meanwhile, there
are two potential mechanisms that can explain the influence of solar
activity on the climate system, namely, the “top-down” stratospheric
ozone mechanism (Haigh, 1996) and “bottom-up” coupled air‒sea
mechanism (Meehl et al., 2008). In this paper, only the latter
mechanism is considered; however, the former mechanism might also
contribute to the decadal precipitation variability over the TP under the
11-year solar cycle. Thus, further development of high-resolution models
and improvement of the model physics and parameters will be critical to
understanding the response of theTP climate to external forcing (i.e., solar
activity).
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