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In recent decades, severe drought conditions have become increasingly frequent
in Yunnan, Southwest China. The extreme drought events cause huge losses to
agricultural economy, ecological security and human health. To uncover the
reasons behind the worsening drought conditions, this study investigates the
interdecadal variability (IDV) of summer precipitation in Yunnan during 1961–2019
and its association with the Indo-Pacific Sea surface temperature (SST)
configuration based on gauge observation and reanalysis data. The dominant
mode of summer precipitation IDV in Yunnan shows a uniform pattern
characterizing the alternations of flood and drought. Specifically, a relatively
wet period persists from the early 1990s to the early 2000s, followed by a
relatively dry period from the early 2000s to the late 2010s. The IDV of
precipitation is consistent with the IDV of the column-integrated water vapor
flux divergence, where the wind anomalies play a major role in modulating the
moisture supply. The main SST forcings of the IDV of precipitation include the sea
surface temperature anomalies (SSTAs) over the Bay of Bengal (BOB), the Western
Pacific Warm Pool (WPWP), and the western North Pacific (WNP). The negative
SSTAs over the BOB and the WPWP trigger a Gill-Matsuno-type response that
enhances the cyclonic curvature over Yunnan. The SSTAs over the WNP show a
tripole pattern that weakens the WNP subtropical high and further enhances the
cyclonic anomaly over Yunnan. The above SST configuration also favors moisture
transport to Yunnan. Numerical experiments verify the key physical processes.
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1 Introduction

Yunnan is the main part of the low-latitude highland of China, encompassing the
confluence zone of the East Asian summer monsoon (EASM) and Indian summer monsoon
(ISM). The interaction between the EASM and the ISM superimposes onto the complex
terrain of Yunnan, making a unique plateau-mountain monsoon climate (Cao et al., 2012;
Cao et al., 2016; Guo et al., 2016; Tao et al., 2016). The moisture source of Yunnan originates
from the Bay of Bengal (BOB) and the Arabian Sea to the Southwest, and tropical Western
North Pacific (WNP) the Southeast. The rainy season of Yunnan lasts fromMay to October,
when the cumulative rainfall accounts for more than 83% of the total annual precipitation
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regionwide. The rainfall variation in Yunnan is independent from
other parts of China, primarily because of the combined modulation
of the EASM–ISM interaction and the complex terrain of Yunnan
(Qin, 1998; Cheng et al., 2009; Yan et al., 2018; He et al., 2021).

The IDV of precipitation in Yunnan has been a hot topic since the
2009megadrought (Duan et al., 2000; Huang et al., 2012; Lü et al., 2012;
Pradhan et al., 2017; Zheng et al., 2017; Zheng et al., 2017; Liu et al.,
2018a; Han and Jiang, 2018; Wang et al., 2018; Li et al., 2019a; Wang
et al., 2023). From 2009 to 2012, Yunnan encountered a severe drought
for four consecutive years, not only in the dry season (from October to
April of the following year), but also in the wet season (from May to
September). The persistent drought in Yunnan directly caused major
economic losses over 40 billion Chinese Yuan (CNY) and reduced the
terrestrial ecosystem Gross Primary Productivity (GPP) by 8.6%,
17.48% and 13.85% in 2009, 2010, and 2011 (Tao et al., 2014; Li
et al., 2022). Since then, Yunnan has been experiencing recurrent
drought conditions especially in spring and early summer (Wang
et al., 2021; Liu et al., 2022; Gao et al., 2023). The IDV of
precipitation also manifests as the interdecadal variations of the
daytime and nighttime precipitation amount and the number of
rainy days (Zhu et al., 2022). Given the severity of summer drought,
many studies investigated the IDV of summer precipitation around
Yunnan and revealed the possible causes.

Previous studies so far suggest that the IDV of summer precipitation
in the neighborhood of Yunnan is attributed to multiple SST forcings
(SSTAs) over tropical Indian Ocean (IO) and the tropical Pacific (Nitta
andHu, 1996;Hu, 1997; Xie et al., 2009; Park andAn, 2014). For instance,
the tropical IO affects the IDV of summer rainfall in Southwestern China
by the interdecadal IO basinmode (themain driver) and the interdecadal
IO dipole (the secondary driver) (Liu et al., 2018b). The tropical Pacific
modulates the IDV of summer precipitation in the Greater Mekong
Subregion by the SSTAs over the western Pacific warm pool (Wen et al.,
2021). The configuration of SSTAs over tropical IO and tropical Pacific is
identified as the primary cause of the summer precipitation IDV around
Yunnan. The tropical IO and the tropical eastern Pacific modulate the
IDV of summer precipitation over Eastern China by altering the western
Pacific subtropical high (Gong and Ho, 2002). The SSTAs over the
western Pacific warm pool and the eastern IO warm pool are the main
driver of the IDV of heavy precipitation events during the wet-season
over the low-latitude highland of China (Liu et al., 2011). The anomalous
warming of western Pacific and western IO suppresses summer
precipitation over the Hengduan Mountains through inducing
anomalous moisture divergence and downward motions over the area
(Dong et al., 2019). The IDV of summer precipitation around Yunnan is
also related to the extratropical SST modes such as the PDO (Lü et al.,
2014), and the combined effect of the tropical IO SST and the Tibetan
Plateau snow cover (Wu et al., 2010).

Most previous studies put Yunnan and the surrounding areas
together for investigation (for example, Southwestern China or
Eastern China), which weakens the representability of precipitation
pattern in Yunnan and potentially underplays the impact of tropical
SST patterns on the IDV of summer precipitation in Yunnan. Since the
correlation between the summer precipitation variability in Yunnan and
the surrounding areas is statistically insignificant, we need to isolate
Yunnan from the surrounding areas for investigation. If only Yunnan is
considered, the IDVof summer precipitation and itsmain driver could be
different from the previous findings. Since the IDV of precipitation in the
neighborhood of Yunnan is affected by the SSTAs over different oceans,

we could assume that the IDV of summer precipitation in Yunnan is also
attributed to the coordinated influence of multiple SSTAs. To reveal the
main reason of the increasing drought in recent decades, a detailed
analysis on the IDV of summer precipitation in Yunnan is urgently
needed. This study aims to reveal the main characteristics of the IDV of
summer precipitation in Yunnan and elucidates its association with the
SSTAs over the ocean areas surrounding Yunnan.

The remainder of this paper is as follows. Section 2 introduces
the reanalysis data, methodology, and the atmospheric model.
Section 3 presents the main characteristics of the IDV of summer
precipitation in Yunnan. Section 4 investigates the physical
processes of the IDV of summer precipitation and clarifies the
impact mechanism of tropical SSTA configuration. Section 5
presents the model results to verify the causal link between the
IDV of summer precipitation in Yunnan and the tropical SSTA
configuration. Section 6 presents a discussion and our
conclusion.

2 Data, method, and AGCM

2.1 Data

This study employs the observed precipitation data from
124 observation stations in Yunnan provided by Yunnan Climate
Center. The 5th generation European Centre for Medium-range
Weather Forecasts atmospheric reanalysis (ERA5) is used for the
atmospheric variables including horizontal wind, vertical velocity,
and specific humidity. The ERA5 data has a horizontal resolution of
0.25° and 37 pressure levels from 1,000 to 1 hPa. The Hadley Centre
Sea Ice and Sea Surface Temperature (HadISST) dataset version
1.1 is used for monthly SST with a horizontal resolution of 1°. The
time span of the above data is 1961–2019.

2.2 Method

This study adopts the empirical orthogonal function (EOF)
analysis to extract the leading mode of summer rainfall variation
in Yunnan (von Storch and Zwiers, 2002). A 7-year low-pass
filtering is used to extract the interdecadal component of the
research data. The investigation uses the least squares regression
and the composite method to identify key physical processes. The
significance test uses the two-tailed Student’s t-test with the effective
degree of freedom Ndof � N(∑∞

k�−∞ρXX,kρYY,k)−1, where N is the
sample size and ρXX,k and ρYY,k are the lag-k autocorrelations of the
time series (Afyouni et al., 2019).

To unveil the primary cause of moisture transport anomalies, we
decomposed the column-integrated water vapor flux divergence
(CIWVFD) as follows:

−1
g
∫100 hPa

ps

∇ · qV( )′dp � −1
g
∫100 hPa

ps

∇ · �qV′dp( )
+ −1

g
∫100 hPa

ps

∇ · q′ �Vdp( )
+ −1

g
∫100 hPa

ps

∇ · q′V′dp( ) (1)
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where ps represents the surface pressure, q is the specific humidity,
V is the horizontal wind, dp is the integral variable, and g is the
gravitational acceleration. In Eq. 1, the overbar denotes the
climatological mean state, and the prime denotes the
anomalies. The three terms on the right-hand side of the
equation are respectively the dynamical term, the
thermodynamical term, and the perturbation term. Since the
only time-varying factor in the dynamical term (−1

g ∫100 hPa

ps
∇ ·

�qV′dp) is the wind anomalies, this term represents the dynamical
effect of wind anomalies on the CIWVFD. Likewise, the
thermodynamical term (−1

g ∫100 hPa

ps
∇ · q′ �Vdp) represents the

thermodynamical effect of specific humidity anomalies on the
CIWVFD. The perturbation term (−1

g ∫100 hPa

ps
∇ · q′V′dp)

represents the perturbation effect of both specific humidity
anomalies and wind anomalies on the CIWVFD.

2.3 Model

This study uses the simplified parameterizations primitive
equation dynamics (SPEEDY) model (the latest version 41) to
verify the proposed mechanism (Kucharski et al., 2013). The
SPEEDY model is a hydrostatic spectral-transform model
developed at the Abdus Salam International Centre for
Theoretical Physics. The SPEEDY model has simplified
physical parameterizations of radiation, convection, large-
scale condensation, clouds, surface fluxes, etc., which resemble
those in operational weather forecast models (Molteni, 2003).
The spatial resolution of SPEEDY model is T30L8,
corresponding to a horizontal resolution of approximately
3.75° × 3.75° on a Gaussian grid with 8 vertical levels on the

terrain-following σ-coordinate. The model output is interpolated
on 8 pressure levels at 30, 100, 200, 300, 500, 700, 850, and
925 hPa.

3 Interdecadal variation of summer
precipitation in Yunnan

We used the EOF analysis to reveal the spatiotemporal
characteristics of precipitation in Yunnan during summer
(June–July–August: JJA). The leading EOF mode (EOF1)
characterizes a uniform pattern with positive centers over the
southern and central-eastern Yunnan (Figure 1A). The spatial
pattern of EOF1 suggests a region-wide uniform increase or
decrease of precipitation in Yunnan. The variation contribution
rate of the EOF1 is 32.4%. The first principal component (PC1)
shows an intense interannual-to-interdecadal variability (Figure 1B).
The power spectral analysis of the first principal component (PC1)
shows a significant IDV period of 9–11 years (Figure 1C). To
determine the IDV phase change, we performed a 11-year sliding
t-test on the PC1. Results show three interdecadal dry-wet
transitions during 1961–2019, including a relatively wet period
before 1974, a relatively dry period of 1983–1992, a relatively wet
period of 1993–2002, and a relatively dry period of 2003–2019
(Figure 1D). The mean value of the PC1 is 0.71 for the relatively wet
period and −0.70 for the relatively dry period. The mean value
change of PC1 is significant at 99% confidence level. Thus, the
summer precipitation in Yunnan has undergone significant IDV.
Given the significant period of the IDV (9–11 years), we adopted the
nine-year binomial smoothing method to extract the interdecadal
component of PC1 (ID-PC1).

FIGURE 1
(A) Spatial distribution of the first EOF mode (EOF1) of summer rainfall over the Yunnan, (B) normalized detrended principal component (PC1) of the
EOF1, (C) continuous power spectra of the detrended PC1, (D) the sliding t-test of the PC1 with window length of 7 years. The red dashed lines in (C,D)
represent the 95% confidence level.
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The magnitude of the IDV of precipitation is investigated and
cross-validated with regression and composite methods. The
observed summer rainfall data is regressed against the ID-PC1.
The regression result shows positive anomalies regionwide, with
significant changes over the southern and central-eastern Yunnan.
The composite of summer precipitation between wet and dry
periods shows a similar pattern (Figure 2B). The precipitation
increases for all observation stations, with significant changes
mainly over central-eastern and Southern Yunnan. The regressed
anomalies of precipitation are significant at 98 weather stations, and
the composites of precipitation are significant at 71 weather stations.
The composite analysis only accounts the IDV anomaly years,
making the precipitation variation larger than the regression
result. The maximum of precipitation anomalies is around
30 mm for the regression result, and around 60 mm for the
composite result. The spatial pattern of EOF1, the regression and
composite results are consistent with each other. Thus, the IDV of
summer rainfall in Yunnan is associated with a robust change in the
precipitation amount over most parts of Yunnan.

4 Possible mechanism

4.1 Large-scale circulation

To reveal the large-scale circulation pattern, we regressed the
7-year low-pass filtered horizontal wind against the ID-PC1. The
200 hPa horizontal wind field characterizes a significant cyclonic
anomaly to the north of Yunnan (Figure 3A). This cyclonic
anomaly indicates a weakened South Asian high associated with
enhanced low-level easterly anomalies over the North of Yunnan
(Figure 3B). The 700 hPa horizontal wind field characterizes two
anomalous anticyclones over the Indo-Pacific warm pool, one over

the BOB (point A) and the other over the WPWP (point C). The
anomalous anticyclone over the BOB enhances westerly
anomalies over the Southern Yunnan, and the anomalous
anticyclone over the WPWP intensifies the Southwesterly over
the Southeastern Yunnan. The joint effect of these two
anomalous anticyclones induces an anomalous cyclonic
curvature over Yunnan (point B). This cyclonic curvature is
enhanced by the easterly anomalies over the North of Yunnan.
The cyclonic anomaly over Yunnan stretches to subtropical
WNP, suggesting a weakened Western North Pacific
subtropical high (WNPSH). The composite of horizontal wind
field between wet and dry periods shows a similar pattern as the
regression results (Figures 3C, D). The consistency between the
regression and composite results confirms the horizontal wind
pattern of the IDV of summer precipitation.

The link between the anomalous anticyclones over the Indo-
Pacific warm pool and the anomalous cyclone over Yunnan is
evident on the regression map of vertical circulation (Figure 4A).
The anomalous descent over the BOB (point A) is associated with
anomalous ascent to the southwest of Yunnan, which further
enhances the ascending motion over Yunnan (point B). The
anomalous ascent over Yunnan and the anomalous descent over
theWPWP (point C) forms an anomalous anticlockwise circulation.
Thus, the enhanced descending motion associated with anomalous
anticyclones over the BOB and the WPWP would simultaneously
intensify the rising motion over Yunnan. The composite result
resembles the regression pattern (Figure 4B). The anomalous
ascent over Yunnan is associated with an anomalous ascent over
the East Asia coastal areas and an anomalous descent over the WNP
(Figure 4C). The composite vertical circulation resembles the
regression pattern (Figure 4D). Thus, the anomalous anticyclones
over the BOB and the WPWP, and the anomalous descent over the
WNP are main boosters of the rising motion over Yunnan. The

FIGURE 2
The anomalies of JJA mean precipitation calculated by (A) regression against the standardized ID-PC1, (B) composite between the wet and dry
periods (units: mm). The stippling denotes significance at the 95% confidence levels.
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enhanced convection over Yunnan provides the dynamical
condition for precipitation.

4.2 Decomposition of moisture transport

The column-integrated water vapor flux (CIWVF) shows an
anomalous pattern basically consistent with the 700 hPa horizontal
wind pattern (Figures 3B, D). Specifically, the anomalous anticyclone
over the BOB facilitates the moisture transport from northern BOB to
Yunnan (Figure 5A). The anomalous anticyclone over the WPWP also
pushes the water vapor from the WPWP to southeastern Yunnan. The
anomalous cyclone over Yunnan reinforces the water vapor supply
from the BOB and the WPWP. The divergence of CIWVF (CIWVFD)
shows significant negative anomalies over Yunnan, suggesting a
strengthened moisture convergence favoring precipitation
(Figure 5B). The composite results resemble the regression patterns
of both the CIWVF and the CIWVFD (Figures 5C, D). Compared with
the regression pattern, the composite pattern shows larger variation
magnitude and more areas passing the significance test.

The CIWVFD can be decomposed into three terms that
represent the dynamical effect of wind anomalies, the
thermodynamical effect of specific humidity anomalies, and the
perturbation effect of both wind anomalies and specific humidity

anomalies (Eq. 1). The regressed anomalies of dynamical term
(−1

g ∫100 hPa

ps
∇ · �qV′dp) bear the closest resemblance to the

CIWVFD pattern among the three terms (Figure 6A). The
thermodynamical term (−1

g ∫100 hPa

ps
∇ · q′ �Vdp) shows a weak

moisture divergence over Yunnan, which counteracts the effect of
dynamical term (Figure 6C). The impact of perturbation term over
Yunnan is the smallest of three terms and is statistically insignificant
(Figure 6E). Thus, the dynamical term plays a major role in the IDV of
the CIWVFD. The composite results have similar patterns to the
regression results of all decomposed terms (Figures 6B, D, F). The
consistency between the regression pattern and the composite pattern
validates the central role of wind anomalies in the IDV of the CIWVFD.

4.3 SST configuration

To identify the SST drivers for the IDV of summer rainfall in
Yunnan, we regressed the JJAmean SST against the ID-PC1. The JJA
mean SST was detrended and 7-year low-pass filtered before
regression. Results show a uniform decrease in the SST over the
BOB and the WPWP regions, and a tripole SSTA pattern over the
WNP (Figure 7A). The significant SST decrease over the BOB and
the WPWP is mainly over the equatorial parts of these two regions.
Whereas the tripole SSTA pattern characterizes a significant SST

FIGURE 3
Regression of the interdecadal component of the JJAmean (A) 200 hPa horizontal winds (vector, units: ms−1), (B) 700 hPa horizontal winds (vector,
units: ms−1) against the ID-PC1. Panels (C,D) are the same as (A,B), except for the composite of the JJA mean variables between the wet and dry periods.
The black vectors denote significance at the 95% confidence level. The letters (A–C) stand for three anomaly centers. The black solid line marks the
boundary of Yunnan. The gray shadings in (B,D) represent the topography.
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decrease over the tropical WNP and the northern WNP, with a
significant SST increase in between the two regions. The composite
SSTAs have a similar pattern to the correlation pattern (Figure 7B). We
defined three SST indices to describe the IDVof the SSTAs over the BOB,
theWPWP, and theWNP regions. The SST index for the BOB region is
defined as the area average SST over (2.5°N–22.5°N, 80°E–105°E), and the
SST index for the WPWP region is defined as the area average SST over
(2.5°N–22.5°N, 105°E–130°E). Since the WNP tripole (WNPT) pattern
resembles the North Atlantic tripole (NAT) but positioned at the WNP,
we referred toWu’s definition of the NAT index to define the index of
the WNPT pattern (Wu et al., 2011). The WNPT index is defined as
(S* + N*)/2 − M*, where S*, N*, and M* refer to the normalized SST
anomalies averaged over (2.5°N–17.5°N, 130°E–150°E), (25°N–40°N,
140°E–160°E), and (45°N–60°N, 140°E–160°E), respectively.

The IDV of summer precipitation in Yunnan is forced by the
combined effect of the SSTAs over the BOB, the WPWP, and the

WNP regions. To determine their relative contribution to the
IDV of summer precipitation, we adopted the relative weights
analysis to calculate the contribution rate of each SSTA
(Johnson, 2000; Tonidandel and LeBreton, 2011). Specifically,
the SST indices defined above represent the SSTAs over
respective regions. The 7-year low-pass filtered average
summer precipitation in Yunnan represents the IDV of
summer precipitation. Results indicate that the contribution
rate is 34% for the SSTA over the BOB, 20% for the SSTA over
the WPWP, and 46% for the SST tripole over the WNP. Since
the BOB and the WPWP regions constitute a major part of the
northern Indo-Pacific warm pool, the combined effect of the
BOB and the WPWP (54%) approximately equals to that of the
WNP. Thus, we could assume that the northern Indo-Pacific
warm pool and the WNP share an equal contribution to the IDV
of summer precipitation in Yunnan.

FIGURE 4
The anomalous vertical circulation derived from (A) regression against the ID-PC1 and (B) composite between thewet and dry periods along the line
ABC of Figure 3A, and the anomalous vertical circulation averaged between 20°N and 30°N for (C) regression against the ID-PC1 and (D) composite
between the wet and dry periods (unit: ms−1 for horizontal wind and 10–2 Pa s−1 for vertical velocity). The black vectors denote significance at the 95%
confidence level. The gray shading represents the topography.
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5 Modelling results

We used the SPEEDY model to verify the effect of the SSTAs over
the BOB and the WPWP on the IDV of summer precipitation in
Yunnan. The SST forcing is set to the composite SSTA in Figure 7 over
respective regions. Specifically, the negative SSTA over the BOB (BOB-)
is used in the experiment No. 1 (EXP1, Figure 8A), the reversed SSTA
over the BOB (BOB+) is used in the experiment No. 2 (EXP2,
Figure 8B), the negative SSTA over the WPWP (WPWP-) is used in
the experiment No. 3 (EXP3, Figure 8C), the reversed SSTA (WPWP+)
is used in the experiment No. 4 (EXP4, Figure 8D), the WNP tripole
(WNPT-) is used in the experiment No. 5 (EXP5, Figure 8E), the
reversed SSTA (WNPT+) is used in the experiment No. 6 (EXP6,
Figure 8F), the negative SSTAs over the BOB and the WPWP regions
(BOB-&WPWP-) are used in the experiment No. 7 (EXP7, Figure 8G),
and the reversed SSTAs (BOB+&WPWP+) are used in the experiment
NO. 8 (EXP6, Figure 8H), the SSTAs over three regions (BOB-
&WPWP-&WNPT-) are used in the experiment No. 9 (EXP9,
Figure 8I), and the reversed SSTAs (BOB+&WPWP+&WNPT+) are
used in the experiment No. 10 (EXP10, Figure 8J). In each experiment,
the SSTAs are superimposed onto the climatological monthly mean SST
in summer. For other seasons, the SSTAs are set to zero. The air-sea
coupling is activated outside the prescribed SSTA regions. The model is

integrated for 31 years in each experiment, and the first year of model
integration is treated as the spin-up period. The model output of the last
30 years is used for analysis.

The negative SSTA over the BOB induces a significant low-level
anticyclonic anomaly over the Indian subcontinent and the BOB
(Figure 9A). This anomalous anticyclone is centered to the
northwest of the SSTA, suggesting a Gill-Matsuno-type response.
The westerly anomalies over the northern flank of the anticyclone
favor the water vapor transport from the BOB to Yunnan. The
westerly anomalies also conduce to the formation of an anomalous
convergence over Yunnan. Consequently, the precipitation increases
over Yunnan, but the significant changes are located to the South of
Yunnan (Figure 9B). The negative SSTA over theWPWP induces an
anomalous anticyclone stretching from tropical Northern IO to
tropical WNP (Figure 9C). This elongated anticyclone also
resembles the Gill-Matsuno-type response to the SSTA over the
WPWP. The anomalous anticyclone enhances the anomalous
convergence over Yunnan, causing a significant increase in
precipitation (Figure 9D). Compared with the atmospheric
response to the SSTA over the BOB, the SSTA over the WPWP
further strengthens the Southwesterly anomalies over southeastern
Yunnan. The WNPT induces an anticyclonic anomaly over the
northern WNP and a cyclonic anomaly over the central WNP

FIGURE 5
The anomalous CIWVF in summer derived from (A) regression against the ID-PC1 and (C) composite between the wet and dry periods (units:
kg m−1 s−1). Panels (B,D) are the same as (A,C) except for the CIWVFD (units: 10−5 kg m−2 s−1). The black vectors denote significance at the 95% confidence
level. The stippling in (B,D) denotes significance at the 95% confidence level. The black solid line marks the boundary of Yunnan.
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(Figure 9E). This anomalous anticyclone–cyclone pair resembles the
atmospheric response to the North Atlantic tripole. The cyclonic
anomaly over the central WNP weakens the WNPSH that further
strengthens the anomalous convergence over Yunnan. The negative
SSTA over the tropical WNP induces an anomalous anticyclone that
also strengthens the cyclonic curvature over Yunnan. Consequently,
the precipitation increases in Yunnan (Figure 9F).

The combined SSTAs over the BOB and the WPWP induce a
stronger anticyclonic anomaly over the tropical IO and tropical
WNP, making a stronger cyclonic anomaly over Yunnan
(Figure 9G). The precipitation increases more than that in the
single SSTA forcing experiments (Figure 9H). The WNPT
reinforces the cyclonic anomaly over Yunnan by inducing a
stronger anticyclonic anomaly over the Indo-Pacific warm pool
and a stronger cyclonic over the WNP (Figure 9I). The
horizontal wind pattern suggests an intensified cyclonic curvature
over southern Yunnan, associated with a weakened WNPSH.

Consequently, the combined SSTAs over the three regions
induces the largest increase in precipitation (Figure 9J). The
anticyclonic anomaly over the central WNP (Figures 3B, D) is
located to the east of 150°E in the model results, suggesting that
the local air-sea coupling (not applicable in the prescribed SST
forcing) also matters to the horizontal wind patterns.

The CIWVF resembles the 700 hPa horizontal wind pattern in
each experiment (Figures 10A, D, G, J, 10 m). The SSTA over the
BOB mainly enhances the moisture transport from tropical IO to
Yunnan (Figure 10B). Likewise, the SSTA over the WPWP
intensifies the moisture transport from the WPWP to Yunnan
(Figure 10E). The WNPT induces the water vapor divergence
over the tropical BOB, the WPWP, and the tropical WNP, which
favors the moisture transport to Yunnan from the three regions
(Figure 10H). The combined SSTAs over the BOB and the WPWP
intensifies the water vapor divergence to the South of Yunnan,
causing more moisture supply to Yunnan than under the single

FIGURE 6
Regression coefficient of (A) dynamical term (−1

g ∫100hPa

ps
∇ · �qV′dp), (C) thermodynamical term (−1

g ∫100hPa

ps
∇ · q′ �Vdp), and (E) perturbation term

(−1
g ∫100hPa

ps
∇ · q′V′dp) against the ID-PC1 (units: 10–5 kgm−2 s−1). Panels (B), (D), and (F) are the same as (A), (C), and (E) except for the composite between

the wet and dry periods. The stippling denotes significance at the 95% confidence level. The black solid line marks the boundary of Yunnan.
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SSTA forcing (Figure 10K). The presence of WNPT reinforces the
water vapor divergence over the tropical WNP and the WPWP
(Figure 10J). Consequently, the moisture convergence over Yunnan
is the strongest among all cases. The major contributor to the CIWVF,
the dynamical term (−1

g ∫100 hPa

ps
∇ · �qV′dp), shows a consistent

pattern with the total CIWVFD (Figures 10C, F, I, L, O). The
gradual increase in moisture convergence over Yunnan also
highlights the synergistic effect of the SSTAs over the BOB, the
WPWP, and the WNPT on the IDV of summer precipitation in
Yunnan. The abovemodel results confirm themodulating effect of the
SSTAs over the three regions, and the dominant role of dynamical
term (−1

g ∫100 hPa

ps
∇ · �qV′dp) in modulating the moisture supply.

6 Discussion and conclusion

In this study, the IDV of summer precipitation in Yunnan and
its possible causes were investigated with the ground-observation
data, the ERA5 and the HadISST reanalysis data during 1961–2019.
Results suggest that the IDV of summer precipitation in Yunnan has
a significant period of 9–11 years. The IDV pattern characterizes
consistent changes regionwide, with large amplitude over the
Southern and central-eastern Yunnan. The IDV of summer
precipitation has undergone three dry-wet transitions since 1961.
The phase change of the IDV characterizes a relatively wet period
before 1974, a relatively dry period of 1983–1992, a relatively wet
period of 1993–2002, and a relatively dry period of 2003–2019. The
IDV of moisture transport is essential to the IDV of summer
precipitation. The IDV of moisture supply over Yunnan is
ascribed mainly to the dynamical term (−1

g ∫100 hPa

ps
∇ · �qV′dp),

where the wind anomalies play a central role in modulating the
water vapor transport.

The IDV of summer precipitation in Yunnan is attributed
mainly to the SSTAs over the BOB, the WPWP, and the WNP
regions. The negative SSTA over the BOB induces a Gill-Matsuno-
type response that manifests as an anticyclonic anomaly over the
Indian subcontinent—BOB region. This anomalous anticyclone
intensifies westerly anomalies over the northern BOB that
facilitates the moisture transport to Yunnan and strengthens the

cyclonic anomaly over Yunnan. Likewise, the negative SSTA over
the WPWP induces an elongated anticyclonic anomaly over the
Northern Indo-Pacific warm pool. The anomalous anticyclone
enhances the water vapor transport from the WPWP to Yunnan,
and also strengthens the cyclonic anomaly over Yunnan. The SSTAs
over the WNP characterizes a tripole pattern (WNPT) that favors
the moisture transport from the BOB, the WPWP, and the WNP to
Yunnan. The joint effect of SSTAs over the BOB and the WPWP
intensifies the cyclonic anomaly over Yunnan and enhances the
moisture transport from the BOB and the WPWP to Yunnan. The
WNPT reinforces the moisture convergence over Yunnan by
intensifying the anticyclonic anomaly over the Indo-Pacific warm
pool and weakening the WNPSH. Consequently, Yunnan
experienced a relatively wet period. The positive SSTAs over the
BOB and the WPWP would induce the opposite atmospheric
response that further reduces the precipitation in Yunnan.
Numerical experiments confirm the modulating effect of the
SSTAs over the three regions, and the primary contribution of
the dynamical term (−1

g ∫100 hPa

ps
∇ · �qV′dp) to the changes in

moisture transport.
The main characteristics of anomalous circulation patterns

associated with the IDV of summer precipitation in Yunnan still
remain unchanged using the JRA55 dataset (Kobayashi et al., 2015)
(Supplementary Figures S1, S2). The horizontal wind pattern
characterizes an elongated anticyclonic anomaly over the Indo-
Pacific warm pool associated with a weakened WNPSH. When
the WNPSH is strengthened, the western ridge point shifts west and
South that would form a high-pressure barrier from the WNP to the
Indian subcontinent. This high-pressure barrier would impede the
moisture transport to Yunnan and hence reduce the precipitation.
When the WNPSH is weakened, the opposite condition occurs that
conduces to summer precipitation in Yunnan. Note that the
anomalous patterns also resemble the EAP teleconnection. For
instance, the 850 hPa wind field characterizes an anticyclonic
anomaly over the Western Pacific warm pool and a cyclonic
anomaly over Northeast Asia. This dipole structure resembles the
850 hPa wind pattern during the EAP positive phase (Huang and
Sun, 1992; Wu et al., 2016). The IDV of moisture flux and the SST
pattern also resemble the EAP-related changes in the water vapor

FIGURE 7
Regression coefficient of the JJA mean SST (units: K 10 years−1), (B) are the same as (A), except for composite differences of the JJA mean variables
between the relatively wet period and the relatively dry period. The stippling denotes the differences significant at the 95% confidence levels. The region
bounded by the black solid line indicates the Yunnan. Black boxes are SST key zones of the BOB, the WPWP, and the WNPT.
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FIGURE 8
The SSTAs superimposed onto the SPEEDYmodel for (A) the BOB−, (B) the BOB+, (C)WPWP−, (D)WPWP+, (E)WNPT−, (F)WNPT+, (G) BOB−&WPWP−,
(H) BOB+&WPWP+, (I) BOB−&WPWP−&WNPT−, (J) BOB+&WPWP+&WNPT+ experiments (units: K 10 years−1).
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flux and the SST (Li et al., 2019b; Yin et al., 2021). Thus, the EAP
pattern could be a primary factor of the IDV of summer
precipitation in Yunnan. Since the EAP-related changes in
precipitation are statistically insignificant over many parts of

Yunnan, the EAP could indirectly affect the IDV of summer
precipitation in Yunnan by reinforcing the anomalous wind
patterns over Eastern China.

The IDV of summer precipitation in Yunnan could also link to
the interdecadal oceanic modes in the Northern Indian Ocean and
the Northern Pacific, such as the Pacific Decadal Oscillation (PDO),
North Pacific Gyre Oscillation (NPGO) and the Indian Ocean
Dipole (IOD). We calculated the correlation coefficient between
the ID-PC1 of summer precipitation in Yunnan and the indices of
oceanic decadal modes. The oceanic indices include the PDO index
provided by the National Centers for Environmental Information
(NCEI) (Deser and Trenberth, 2022), the NPGO index provided by
Dr. Di Lorenzo (Di et al., 2008), and the IOD index provided by
NOAA Physical Sciences Laboratory. The correlation coefficient
is −0.10 between the ID-PC1 and the IOD index, −0.59 between the
ID-PC1 and the NPGO index, and 0.15 between the ID-PC1 and the
PDO index. Thus, only the NPGO is a potential driver of the IDV of
summer precipitation in Yunnan. We further regressed the
horizontal wind against the NPGO index normalized by its
standard deviation. To facilitate comparison with the manuscript,
a negative sign is added to the NPGO index before regression.
Results show significant increases in precipitation over some parts of
Yunnan (Supplementary Figure S3).

The regressed wind anomalies against the NPGO index
characterize an anticyclonic anomaly over central Asia at 200 hPa
(Supplementary Figure S4A). This anticyclonic anomaly resembles
the regression pattern against the ID-PC1, but the anomalous
anticyclone is centered to the North of 40°N. For the regression
pattern against the ID-PC1, the anticyclonic anomaly is centered to
the South of 40°N. The anomalous wind pattern at 850 hPa
characterizes a cyclonic anomaly over western Pacific warm pool
(to the East of point C), a weak cyclonic anomaly over subtropical
Western Pacific, and an anticyclonic anomaly to the east of Japan
(Supplementary Figure S4B). The anomalous cyclone over the
western Pacific warm pool is opposite to the regression pattern
against the ID-PC1. The regressed wind anomalies are statistically
insignificant over the BOB (point A). The above wind anomalies
resemble the regression pattern against the ID-PC1 over the
Western North Pacific, but nearly opposite to the regression
pattern against the ID-PC1 over the tropical Indian Ocean and
theWestern Pacific warm pool. This circulation pattern weakens the
cyclonic curvature over Yunnan (point B). Consequently, the
variation in precipitation is statistically insignificant over many
parts of Yunnan. The above results suggest that the NPGO could
affect the IDV of summer precipitation in Yunnan by inducing a
wind anomaly pattern over the western North Pacific.

This study indicates that the IDV of summer precipitation in
Yunnan is affected mainly by the WNP rather than the IO.
Nevertheless, previous studies suggest that the interannual
variation of summer precipitation in Yunnan is attributed mainly
to the IO (Cao et al., 2014; Wang et al., 2018). Thus, the major
contributor to the summer precipitation in Yunnan varies with the
timescales of variability. The SST configuration involves the SSTAs
over three regions, i.e., the BOB, the WPWP, and the WNP regions.
To reveal the potential linkage among the SSTAs, we calculated the
correlation coefficients between each pair of the SST indices
(Supplementary Figure S5). Only the SST indices of the BOB and
the WPWP are significantly correlated with each other

FIGURE 9
Difference in (A) 700 hPa horizontal wind and (B) precipitation
between the BOB− and the BOB+ experiments. Panels (C,D) are the
same as (A,B) except for the difference between the WPWP− and the
WPWP+ experiments. Panels (E,F) are the same as (A,B) except for
the difference between the WNPT− and the WNPT+ experiments.
Panels (G,H) are the same as (A,B) except for the difference between
the BOB−&WPWP− and the BOB+&WPWP+ experiments. Panels (I,J)
are the same as (A,B) except for the difference between the
BOB−&WPWP−&WNPT− and the BOB+&WPWP+&WNPT+ experiments.
The black vectors in (A), (C), (E), (G), (I) denote the difference is
significant at the 95% confidence level, and the stippling in (B), (D), (F),
(H), (J) denote significant difference at the 95% confidence level.
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FIGURE 10
Difference in (A) the CIWVF, (B) the CIWVFD, and (C) the divergence of the dynamical term (−1

g ∫100hPa

ps
∇ · �qV′dp) between the BOB− and the BOB+

experiments. Panels (D–F) are the same as (A–C) except for the difference between the WPWP− and the WPWP+ experiments. Panels (G–I) are the same
as (A–C) except for the difference between the WNPT− and the WNPT+ experiments. Panels (J–L) are the same as (A–C) except for the difference
between the BOB−&WPWP− and BOB+&WPWP+ experiments. Panels (M–O) are the same as (A–C) except for the difference between the
BOB−&WPWP−&WNPT− and the BOB+&WPWP+&WNPT+ experiments. The black vectors and the stippling denote significance at the 95% confidence
level.
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(Supplementary Table S1). We further calculated the correlation
coefficient between each SST index and the interdecadal SST data
(Supplementary Figure S6). The correlation maps also show
significant SSTAs over the BOB and the WPWP regions using
the SST indices of the BOB and the WPWP (Supplementary
Figures S6A, B), whereas the WNPT has little connection with
the SSTA patterns over the BOB and the WPWP (Supplementary
Figure S6C). Thus, there is a high possibility that the SSTAs over the
BOB join forces with the SSTAs over the WPWP, but a low
possibility for them to synergize with the WNPT pattern. There
is a high possibility that the SSTAs over the BOB join forces with the
SSTAs over the WPWP, but a slight lower possibility for them to
synergize with the WNPT pattern. Given the coordinated variation
in the SSTAs over different ocean areas, the impact of tropical
Eastern Pacific and tropical North Atlantic still needs clarification.
Other external forcings such as the snow cover and soil moisture,
and the land-atmosphere interaction could also affect the IDV of
summer precipitation in Yunnan. A further investigation from the
above angles would greatly deepen the understanding of the IDV of
summer precipitation in Yunnan.
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