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Abstract
In 2021, the Yangtze–Huaihe River Basin (YHRB) of China underwent normal precipitation during the classical Meiyu 
period in June–July but suffered extreme precipitation and severe floods in August. The present study revealed that the 
extreme heavy precipitation anomalies over the YHRB region were closely related to the combined effect of the strong 
western North Pacific anomalous anticyclone (WNPAC) and East Asian middle–high latitude circulation anomalies in 
August 2021. Moreover, the background of sea surface temperature (SST) anomalies was a strong eastern-Pacific La Niña 
event that rapidly decayed in spring and a second La Niña emerged in late summer, accompanied by a weak tropical Indian 
Ocean warming and a strong tropical Atlantic warming in summer. The rapidly decaying La Niña event and the weak tropical 
Indian Ocean warming alone seem to be insufficient to induce the strong WNPAC in August 2021. Observational evidence 
and numerical experiments suggest that the rapid tropical Atlantic warming from late spring to summer observably con-
tributed to the enhancement and westward shift of the WNPAC, and the cold SST anomalies in the eastern tropical Pacific 
associated with the second La Niña event also provided favorable conditions for a strong WNPAC in August 2021. Overall, 
rapid tropical Atlantic warming and the development of the second La Niña contributed to the strong WNPAC in August 
2021, while the maintenance mechanism of the East Asian middle–high latitude circulation anomalies that controlled cold 
air activity remains unclear.

Keywords Extreme precipitation over the Yangtze–Huaihe River Basin · WNPAC · La Niña · Tropical Atlantic · East Asia 
cold air activity

1 Introduction

Meiyu (Baiu in Japan, and Jangma/Changma in Korea) is 
the major and unique rainy season controlled by the East 
Asian summer monsoon (Ninomiya and Muraki 1986; 
Tao and Chen 1987; Ding 1992). It generally refers to the 
consecutive precipitation and high temperature weather in 
early summer over the Yangtze River–Huaihe River Basin 
(YHRB) of China, which accounts for 30–40% of the aver-
age annual precipitation in that region (Wu et al. 2006; Ding 
et al. 2020). The duration and intensity of Meiyu exhibit 
high interannual variability, leading to a high frequency of 
drought/flood events in the YHRB (He et al. 2007; Zhao 
et al. 2018a, b; Li et al. 2019). For example, the Meiyu 
intensity was strong, and thus, the YHRB experienced heavy 
floods in the summers of 1998, 2016 and 2020 (Li 1999; 
Zhao et al. 2018a, 2021). Especially in the summer of 2020, 
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the longest Meiyu season occurred over the past sixty years 
(Ding et al. 2021; Zhang et al. 2021; Qiao et al. 2021), and 
the associated significant flooding affected approximately 
45.5 million people and caused a direct economic loss of 
more than 100 billion Chinese Yuan (Wei et al. 2020).

In June–July 2021, the intensity of Meiyu was normal 
(Zhao et al. 2022a). In August 2021, however, the YHRB 
region experienced prolonged heavy precipitation and 
extensive flooding, and the regionally averaged precipita-
tion for the basin was 227 mm, which was 58.7% higher 
than the climatological mean precipitation in August for the 
period of 1981–2010 and set the highest record since 1981. 
These anomalously long-lasting precipitation and heavy 
flooding events have caused significant impacts. Hence, the 
sustained heavy precipitation that occurred in August was 
referred to as “Dao huang mei” weather by the media and 
the public in China, denoting the second Meiyu period in 
late summer. Therefore, it is important to explore the causes 
of the remarkable subseasonal variation in the YHRB pre-
cipitation anomalies in the early and late summer of 2021. 
Zhao et al. (2022a) showed that the western North Pacific 
(WNP)–East Asian atmospheric circulation experienced 
remarkable subseasonal changes between June–July and 
August in 2021; that is, the western North Pacific anoma-
lous anticyclone (WNPAC) was normal in June–July but 
became stronger than normal in August, leading to weaker 
Meiyu in June–July and stronger “Dao huang mei” weather 
in August. Concurrent with this evident subseasonal change, 
the central–eastern tropical Pacific Ocean (TPO) featured 
a decaying La Niña event in spring and a second develop-
ing La Niña in the eastern tropical Pacific in late summer, 
while sustaining weak sea surface temperature (SST) warm-
ing occurred in the tropical Indian Ocean (TIO). However, 
previous studies have demonstrated that La Niña decaying 
summers generally witness an anomalous low-level cyclone 
over the WNP (Wu et al. 2010; Tao et al. 2017; Feng et al. 
2017; Wang et al. 2019b). Then, questions arise concerning 
what caused the strong WNPAC and thus heavy precipitation 
over the YHRB region in August 2021.

Numerous studies have shown that the WNPAC plays a 
vital role in influencing the extreme weather and climate 
in the western Pacific–East Asian region. The WNPAC 
strongly affects moisture transport and precipitation anoma-
lies over East Asia by modulating monsoon variability and 
tropical cyclone activities (Wang et al. 2013; Li et al. 2017; 
Zhao et al. 2021, 2022b). Over the past decades, extensive 
studies have focused on the physical mechanisms for the for-
mation and maintenance of the WNPAC (see review papers 
by Li and Wang 2005; Li et al. 2017), which involves ENSO-
related Indo-Pacific SST forcing (e.g., Zhang et al. 1996; 
Wang et al. 2000; Xie et al. 2009, 2018; Wu et al. 2017a, b) 
and remote forcing of tropical Atlantic (TA) SST anomalies 
(Rong et al. 2010; Hong et al. 2014, 2015; Zuo et al. 2019). 

The WNPAC, persisting from the developed El Niño winter 
to the subsequent summer, is a predominant connection of 
El Niño and the East Asian summer monsoon (Chang et al. 
2000; Wang et al. 2000; Li et al. 2007; Chen et al. 2012). 
Wang et al. (2000) showed that the WNPAC is generated as 
a response to El Niño heating over the central–eastern TPO 
and maintained by local air–sea interactions. Furthermore, 
the warming SST anomalies (SSTAs) over the TIO, follow-
ing the winter El Niño events, contribute to the persistence 
of the WNPAC by inducing an eastward atmospheric Kelvin 
wave (e.g., Xie et al. 2009, 2016). Therefore, these studies 
demonstrated that El Niño and the associated TIO warm-
ing play an important part in forming and maintaining the 
strong WNPAC. However, the physical mechanisms driv-
ing the extremely strong WNPAC in August 2021 during a 
La Niña decaying phase remain unclear. Hence, we revisit 
the possible mechanism for the subseasonal change in the 
WNPAC in summer 2021 through observational analysis and 
numerical simulations.

The rest of this paper is organized as follows. The data 
and methods are described in Sect. 2. Subseasonal changes 
in the YHRB precipitation anomalies and associated circula-
tion anomalies in summer 2021 are presented in Sect. 3. In 
Sect. 4, the evolution of SSTAs during 2021 and their influ-
ence on the subseasonal changes in the WNP–East Asian 
atmospheric circulation using both observations and numeri-
cal modeling experiments are explored. Finally, Sect. 5 con-
tains a summary and some discussion on the impact of the 
Madden–Julian Oscillation (MJO).

2  Datasets, methodology, and numerical 
experiments

2.1  Datasets and method

In this study, we used daily precipitation data from 2400 
stations provided by the National Meteorological Informa-
tion Center of China (Ren et al. 2012), and the combined 
precipitation data from monthly mean Global Precipitation 
Climatology Project (GPCP; Adler et al. 2018), which have 
been gridded at 2.5° × 2.5° since 1979. Atmospheric vari-
ables are obtained from the NCEP/NCAR reanalysis gridded 
at 2.5° × 2.5° (Kalnay et al. 1996) and available from 1948 
to the present. The monthly outgoing longwave radiation 
(OLR) is obtained from the NOAA Interpolated OLR data-
set (Liebmann and Smith 1996), which has been gridded 
at 2.5° × 2.5° since 1974. The SST data are obtained from 
the Hadley Centre Sea Ice and Sea Surface Temperature 
(HadISST, Reynolds et al. 2002), which has been gridded at 
1.0° × 1.0° since 1870. The daily real-time multivariate MJO 
(RMM) indices (Wheeler and Hendon 2004) are available 
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from the Australian Bureau of Meteorology (http:// www. 
bom. gov. au/ clima te/ mjo/).

The Niño3.4, TIO and TA SST indices are defined 
as the averaged SSTAs over the region (120°–170°  W, 
5° S–5° N), (40°–110° E, 10° S–20° N) and (70° W–0°, 
5° S–5° N), respectively. The WNPAC index is defined as 
the averaged stream function at 850 hPa over the region 
(10°–25° N, 110°–155° E), where the WNPAC variability 
is strong in summer (Zuo et al. 2019). Following Zhang et al. 
(2018), the position of the East Asian subtropical westerly 
jet (EASWJ) is represented as the difference in the 200-
hPa zonal wind between (37.5°–42.5° N, 90°–130° E) and 
(32.5°–37.5° N, 90°–130° E) in June, between (40°–45° N, 
90°–130° E) and (35°–40° N, 90°–130° E) in July, and 
between (42.5°–47.5° N, 90°–130° E) and (37.5°–42.5° N, 
90°–130° E) in August. The positive (negative) index repre-
sents a northward (southward) shift of the EASWJ.

In this paper, the anomaly fields are obtained relative to 
climatology during the period of 1981–2010. The statistical 
significance of correlation coefficients, regression and the 
ensemble-mean differences of model outputs are evaluated 
using a two-tailed Student’s t test.

2.2  Model and experimental setup

The Community Atmospheric Model version 5.3, which 
is an atmospheric general circulation model developed by 
NCAR (CAM5.3; Hurrell et al. 2013), is used in this study. 
This model has been widely used to validate the impact of 
tropical SSTAs on the WNP large-scale atmospheric circula-
tion and East Asian precipitation anomalies during summer 
(e.g., Ren et al. 2017, 2021; Li et al. 2018; Zuo et al. 2019; 
Liu et al. 2022). It has a resolution of 1.9° in latitude, 2.5° 
in longitude and thirty levels in the vertical direction. Three 
sensitivity experiments are designed to assess the contribu-
tion of SSTAs in the tropical Atlantic (TA2021 run), the 
tropical Pacific Ocean (TPO2021 run) and their combina-
tions (TA + TPO2021 run). Each sensitivity experiment con-
tains fifty ensemble members that are integrated from May 1 
to August 31 with slightly varying atmospheric initial condi-
tions. The model outputs in May of each run are discarded 
as spin-up, and outputs from June to August are used. The 
ensemble mean of the fifty members is used in the analysis. 

The underlying boundary forcings are the observed monthly 
SSTAs plus the monthly climatological mean SST in the 
forced region (Table. 1). SSTAs in the forced region are set 
as 1.5 times the observations in the sensitivity experiments 
due to the insufficient simulation of the general circulation 
model of observed atmospheric circulation anomalies (Kang 
et al. 2002; Hong et al. 2015). In the control run, the model 
is forced with prescribed monthly climatological means of 
SST and sea ice that are obtained from the HadISST data, 
and runs continually for 60 years. The first 10-years are dis-
carded as spin-up. More details of the sensitivity experi-
ments are described in Sect. 4.2.

3  Precipitation and circulation anomalies 
in summer 2021

3.1  Precipitation anomalies over the YHRB region

The spatial distributions of precipitation anomalies over 
East China in June–July and August 2021 are presented in 
Fig. 1a, b, respectively. Apparent differences in precipitation 
anomalies are observed between June–July and August in the 
YHRB region. In June–July, the precipitation anomaly was 
nearly normal in most parts of the YHRB region, except in 
the eastern part (Fig. 1a). In August, however, the precipita-
tion anomaly became positive and was obviously higher than 
normal in most parts of the YHRB region (Fig. 1b).

To further investigate the interannual variation in the 
YHRB precipitation anomalies, we selected 539 stations in 
the YHRB region (28°–34° N, 105°–122.5° E; black box 
in Fig. 1a) and constructed the YHRB precipitation index 
(YHRBPI) averaged over those 539 stations since 1981 
(Fig. 1c). The regionally averaged precipitation was 418 mm 
in June–July 2021 and the anomaly was 0.32 times the stand-
ard deviation. Notably, that the precipitation anomalies for 
most stations over the YHRB region were less than their 
climatological mean after the precipitation amount induced 
by typhoons in June–July 2021 were removed, especially 
Typhoon In-Fa, which listed the longest overland retention 
time since 1949 (Zhao et al. 2022a). In contrast, the region-
ally averaged precipitation over the YHRB region reached 

Table 1  Scheme design for the numerical experiments

Experiment name Underlying boundary forcings

CTL Monthly climatological mean SST and sea ice
TA2021 Attach monthly warm SSTA in the TA (10° S–60° N, 70° W–0°) in May–August 2021 on the SST in the CTL
TPO2021 Attach monthly La Niña-like cold SSTA in the tropical Pacific (20° S–20° N, 150° E–80° W) in May–August 

2021 on the SST in the CTL
TA + TPO2021 Attach SSTA in the TA and TPO on the SST in the CTL

http://www.bom.gov.au/climate/mjo/
http://www.bom.gov.au/climate/mjo/
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227 mm in August 2021 and the anomaly was 2.5 times the 
standard deviation, leading to the wettest August since 1981.

Figure 2 displays the features of the daily precipitation 
over the YHRB region during June–July and August 2021. 
The ratio of daily precipitation (gray bars) exceeding its 
climatology (blue dots) was approximately 45.9% (28 out 
of 61 days) in June–July 2021 (Fig. 2a), which was far 
less than that in June–July 2020 (52 out of 61 days; Zhang 
et al. 2021). In contrast, the daily precipitation exceeded 
its climatology for most days in August 2021 (21 out of 
31 days) (Fig. 2b). In particular, 8 heavy precipitation 

events occurred over the YHRB region in August 2021, 
leading to several devastating floods in that region.

3.2  Large‑scale atmospheric circulation anomalies

Figure 3 displays the subseasonal changes in the large-
scale atmospheric circulation anomalies in summer 2021. 
There is a notable difference in the atmospheric circula-
tion anomalies over the WNP–East Asian region between 
June–July and August. In June–July, an East Asia–Pacific 
(EAP)-like pattern was observed in the lower troposphere, 
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accompanied by an anomalous cyclone over the WNP and 
an anomalous anticyclone over Northeast Asia (Fig. 3a), 
leading to intensified water vapor transport from the ocean 
into northeast China (Fig. 3b) and thus heavy (light) pre-
cipitation anomalies in northeastern China (the YHRB 
region) (Fig. 1a). In August 2021, however, strong low-
level anticyclonic anomalies occurred over the WNP 
(Fig. 3e), indicating an intensified WNPAC. As shown in 
Fig. 4a, the WNPAC index in August 2021 was 1.51 times 
of its standard deviation and ranked the third in intensity 
since 1981, while the index was normal in June–July 2021. 
Therefore, the intensified WNPAC in August 2021 induced 
water vapor transport along its western flank from the 

tropical ocean into the YHRB region (Fig. 3f), providing 
favorable conditions for the heavy precipitation anomalies 
in that region (Fig. 1b).

In addition to the water vapor transport along the western 
flank of the WNPAC, cold air activity over the Eurasian 
middle–high latitudes is also very important to the precipita-
tion anomalies over the YHRB region during summer (Tao 
and Chen 1987; He et al. 2007). In August 2021, negative 
geopotential height anomalies occurred over the East Asian 
middle latitudes and opposite anomalies occurred over the 
Ural Mountains and the Sea of Okhotsk at 500 hPa (Fig. 3g), 
accompanied by an enhancement and southward shift of 
the East Asian subtropical westerly jet (Fig. 3h). These 

Fig. 2  Daily precipitation (bar; 
mm/day; left vertical axis) and 
daily accumulated precipitation 
(pink line; mm; right vertical 
axis) over the YHRB (red box 
in Fig. 1a) a from June 1 to July 
31 of 2021 and b from August 
1 to August 31 of 2021. Orange 
dots and the green line express 
climatological daily precipita-
tion (mm/day, left vertical 
axis) and climatological daily 
accumulated precipitation (mm, 
right vertical axis), respectively. 
The blue dots represent the 
accumulated precipitation (mm; 
right vertical axis) in all other 
years (from 1981 to 2020)
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atmospheric circulation conditions favor the southward 
intrusion of middle–high latitude cold air into the YHRB 
region (Fig. 3e). In June–July 2021 (Fig. 3c, d), however, 
the atmospheric circulation anomalies over the Eurasian 
middle–high latitudes were obviously weaker than those 
in August. Moreover, the pattern of the circulation anoma-
lies over East Asia in August 2021 was similar to that of 
the regressions against the YHRBPI during 1981–2020 
(Fig. 3e–h vs. Supplementary Fig. 1e–h), supporting the 
important role of the East Asian middle–high latitude cir-
culation anomalies on the precipitation anomalies over the 
YHRB region in August.

To represent the intensity of the East Asia cold air 
(EACA) in August, an EACA index was constructed as 
the difference in the 500-hPa geopotential height between 
Northeast Asia (50°–70° N, 120°–150° E) and East Asia 
middle latitudes (35°–45° N, 100°–140° E) (see the boxes 
in Fig. 3g), where the regressed H500 anomalies against 
the standardized YHRBPI are also significant and strong 
in August during 1981–2020 (Supplementary Fig.  1g). 
It is shown in Fig. 4b that the intensity of August EACA 
reached its historic peak in 2021. Moreover, more precipita-
tion tends to occur over the YHRB region when the WNPAC 
and EACA indices are both strong in August (Fig. 5b). 
In particular, the extremely high index of the EACA and 
WNPAC coincided with the most extreme precipitation over 
the YHRB region in August 2021. In June–July, more pre-
cipitation generally occurred over the YHRB region when 
the WNPAC index was higher than one standard deviation 
(Fig. 5a), and the most extreme precipitation occurred in 
2020, when the WNPAC was the strongest on record since 
1981 (Fig. 4a).

To confirm the impact of subtropical and middle–high lat-
itude atmospheric circulation anomalies on YHRB precipita-
tion, the relationship of the YHRBPI with the WNPAC and 
EACA indices in June–July and August during 1981–2020 
was further examined (see Supplementary Fig.  2). The 
WNPAC index is significantly correlated with the YHRBPI 
index, with a correlation coefficients of 0.55 (p < 0.001) and 
0.48 (p < 0.01) in June–July and August, respectively. The 

EACA index has correlations of 0.31 (p < 0.05) and 0.37 
(p < 0.05) with the YHRBPI index in June–July and August, 
respectively. This result supports the combined effect of the 
subtropical and middle–high latitude circulation anomalies 
on the precipitation anomalies over the YHRB region.

To quantify the contribution of the WNPAC and EACA 
to the YHRB precipitation anomalies in 2021, the YHRBPI 
in August was reconstructed from the WNPAC and EACA 
indices in a multi-regression equation during 1981–2020 
(see Supplementary Fig. 3). Notably, the correlation coeffi-
cient between the WNPAC and EACA is only 0.17 (p > 0.10) 
during 1981–2020, indicating that they are independent of 
each other. The WNPAC and EACA indices explain respec-
tively 24.2% and 21.8% of the YHRBPI in August 2021, 
respectively, confirming their important contribution to the 
extreme YHRB precipitation event in 2021. It should be 
noted that there are still other circulation patterns linked 
to heavy precipitation in the YHRB region in some years, 
such as landfalling typhoons (Cheung et al. 2018), the east-
ward shortwave trough and the southwest vortex over the 
upstream region (Wang 1987; Wang and Gao 2003).

In addition, changes in the East Asian subtropical west-
erly jet (EASWJ) are also important to precipitation vari-
ability over East Asia during summer (Zhang et al. 2018). 
For example, the YHRBPI has a significant and out-of-phase 
relationship with the EASWJ position index (R = − 0.54, 
p < 0.001) in August during 1981–2020 (Supplementary 
Table 1). The EASWJ in August 2021 almost reached its 
southernmost position since 1981 (Supplementary Fig. 5), 
consistent with the result obtained from the EACA index.

4  Tropical SST anomalies in 2021 and their 
possible influences

4.1  Observational analysis

Tropical SSTAs play an important role in driving the cli-
mate variability over the WNP–East Asian region during 
summer. The central–eastern TPO experienced a decaying 
La Niña event in spring and a developing La Niña-like state 
in late summer 2021 (Fig. 6a–d). From September 2020 to 
April 2021, the monthly Niño3.4 index was below − 0.5 °C 
(Fig. 6e), and the southern oscillation index remained posi-
tive. According to Li et al. (2022), there was a strong La 
Niña event starting in August 2020 and ending in April 
2021, with a center located near the eastern TPO (the 
Niño3 region; Fig. 6a). The cold SSTAs in the central–east-
ern TPO were weaker in June–July (Fig. 6c) than those in 
spring (Fig. 6b), and became colder beginning in August 
(Fig. 6d). Results from real-time monitoring show that the 
SST cooling in the eastern TPO is developing into another 

Fig. 3  Atmospheric circulation patterns in a–d JJ and e–h August 
2021: a, e 850-hPa horizontal wind (UV850; vectors; units: m  s−1) 
and stream function (SF; shadings; units:  105   m2   s−1) anomalies; b, 
f vertically integrated (surface to 300  mb) moisture flux anomalies 
(IMF; vectors; units: kg  m−1  s−1) and moisture divergence anomalies 
(IMD; shadings; units:  10−5  kg   m−1   s−1); c, g 500-hPa geopotential 
height (H500; contours; units: gpm) and anomalies (shadings), the 
pink contour indicates the climatological 5880  gpm; d, h 200-hPa 
zonal wind (U200; contours; units: m   s−1; starting from 20 with an 
interval of 10 m  s−1) and anomalies (shadings), the pink contour indi-
cates the climatological mean. C and AC denotes cyclone and anticy-
clone, respectively. The East Asia cold air (EACA) index is defined as 
the difference in the H500 between the two boxes (the blue box minus 
the red box)

◂
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Fig. 4  Time series of the 
normalized a WNPAC and b 
EACA indices in June–July 
(blue) and August (red) during 
1981–2021
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La Niña event in the subsequent autumn and winter, which 
is agrees the previous results that La Niña events can occur 
after another La Niña (Hu et al. 2014).

Consistent with the cold SSTAs in the central–eastern 
TPO associated with the La Niña event, there was a per-
sistent anomalous cyclone around the Philippine Sea in the 
lower troposphere and below-normal precipitation in southern 
China from winter 2020 to early summer 2021 (Liu and Gao 
2021; Zhao et al. 2022a). This is consistent with previous 
studies showing that an anomalous low-level cyclone is likely 
to generate around the Philippine Sea following a La Niña 
event (Wang et al. 2000; Tao et al. 2017; Feng et al. 2017), 
leading to light precipitation in the YHRB region (Wu et al. 
2010). However, the strong WNPAC and thus heavy precipita-
tion anomalies in the YHRB region in August 2021 occurred 
under the La Niña decaying state, implying that other factors 
may contribute to the extreme case in 2021.

The TIO showed persistent warming from March to 
August 2021, with a value of the TIO index between 0.14 
and 0.26 °C (Fig. 6e), less than one standard deviation 
(between 0.24 and 0.29 °C). This indicates that the TIO 

warming was relatively weak in spring and summer 2021. 
In contrast to the TIO warming, the overlying convection 
activity was suppressed (i.e., positive OLR and negative 
precipitation anomalies) over the eastern TIO in June–July 
(Fig. 7a, b). In August, the strong negative OLR and posi-
tive precipitation anomalies over the eastern TIO (Fig. 7e, 
f) were primarily related to the active MJO activity, which 
will be discussed in later section. These results suggest that 
weak TIO warming could not explain the obvious subsea-
sonal variation in the WNPAC in August 2021.

Notably, the warm SSTAs over the tropical Atlantic 
enhanced rapidly from spring to summer 2021, with the 
value of the TA index increasing from 0.05 °C in March 
to 0.87 °C in July (Fig. 6e). The TA index was 0.38 °C and 
0.62 °C in May and June 2021, respectively, both of which 
were higher than one times their standard deviations (0.29 °C 
and 0.38 °C, respectively). The TA index was 0.87 °C and 
0.77 °C in July and August 2021, respectively, which were 
higher than two times of their standard deviations (0.35 °C 
and 0.33 °C, respectively). In June–July, the OLR (precipita-
tion) anomalies are positive (negative) over the TA (Fig. 7a, 

Fig. 7  Anomalies of a OLR, b precipitation (units: mm/day) and horizontal wind (vector; units: m  s−1) at 850-hPa, velocity potential (shading, 
units:  106  m2  s−1) and divergent wind (vector, units: m  s−1) at c 850-hPa and d 200-hPa in JJ 2021. e–h are same as a–d, but for August 2021
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b). In August, opposite OLR and precipitation anomalies are 
observed over the TA (Fig. 7e, f), accompanied by anoma-
lous low-level convergence and upper-level divergence in 
that region (Fig. 7g, h). This suggests that the warm SSTAs 
in the TA favored strong local convection activity, and might 
contribute to the enhancement of the WNPAC and thus the 
heavy YHRB precipitation anomalies in August 2021 (Hong 
et al. 2014, 2015; Zuo et al. 2019). In addition, the WNPAC 
index in August is significantly correlated with the TA, 
Niño3.4 and TIO index in July–August, with a correlation 
coefficients of 0.59 (p < 0.001), − 0.48 (p < 0.01) and 0.36 
(p < 0.05) during 1981–2020, respectively (see Supplemen-
tary Fig. 6 and Supplementary Table 2). This indicates that 
the WNPAC in August is more closely related to the SSTAs 
in the TA and the TPO than that in the TIO.

4.2  Numerical experiments

We designed a series of numerical experiments to validate 
the influences of tropical SSTAs on the large-scale atmos-
pheric circulation and thus the YHRB precipitation anoma-
lies in August 2021. The global climatological SST with 
an annual cycle drives the CAM5.3 model in the control 
(CTL) run. Considering the SSTA intensity and persistence 
in 2021, the sensitivity runs were forced by the observed 
SSTAs in May–August 2021 over the TA, TPO, and their 

combinations (Table 1). These experiments are referred to as 
TA2021, TPO2021 and TA + TPO2021 experiments, respec-
tively. Atmospheric circulation responses to SSTAs forcing 
are defined as the difference in the ensemble–mean between 
the sensitivity experiments and the control run.

Figure 8 presents the responses of the stream function, 
horizontal wind and velocity potential anomalies in the 
TA2021 experiment. In June–July, an anomalous cyclonic 
response occurs over the subtropical eastern Pacific–North 
Atlantic and an anomalous anticyclonic response occurs over 
the WNP at 850 hPa (Fig. 8a). However, the amplitudes of 
the responses are relatively weak. Similar patterns of the 
responses are observed in August, but with amplitudes much 
stronger than those in June–July. In addition, there are evi-
dently positive precipitation responses over the TA in August 
(figures not shown), and the associated diabatic heating trig-
gers a pair of Gill-type low-level cyclonic responses over 
the subtropical eastern Pacific–western Atlantic (Fig. 8d), 
which are similar to their observed counterparts (Fig. 7f). 
Furthermore, there are anomalous low-level convergence 
and upper-level divergence responses over the TA and oppo-
site responses over the central tropical Pacific in August 
(Fig. 8e, f), with an amplitude obviously stronger than that in 
June–July. These results reveal that the TA warming benefits 
enhanced subsidence and thus weakened convection activity 
over the central tropical Pacific, which further enhances the 

Fig. 8  a Anomalies of horizontal wind (vectors; units: m   s−1) and 
stream function (shadings; units:  105   m2   s−1) at 850-hPa, velocity 
potential anomalies (units:  106   m2   s−1) at b 850 hPa and c 200-hPa 
averaged during June–July in response to the anomalous TA SST 

forcing in 2021. Blue vectors in a and dots in b, c represent sig-
nificance at 95% confidence level. d–f are the same as a–c, but for 
August
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WNPAC by triggering a Gill-type Rossby-wave response to 
the west of the subsidence in August (Gill 1980). This result 
agrees with previous studies showing that warm SSTAs in 
the TA favor the strengthening of the WNPAC by modulat-
ing the Walker circulation over the Atlantic–Pacific Oceans 
during boreal summer (Hong et al. 2014; Chang et al. 2016; 
Zuo et al. 2019; Zhao et al. 2021, 2022b). Therefore, subsea-
sonal changes in the WNPAC response to the TA SST forc-
ing in the sensitivity experiments are consistent with their 
observed counterparts, confirming that rapid TA warming 
had an important contribution to the subseasonal change in 
the WNPAC and thus extreme precipitation over the YHRB 
during summer 2021.

Notably, the TA warming peaked in July 2021, whereas 
the WNPAC response became much stronger in the follow-
ing August. This is consistent with previous studies show-
ing that the responses of tropical atmospheric circulation 
tend to lag the TA SST forcing by approximately one month 
during summer (Jin and Hoskins 1995; Zuo et al. 2019). 
Moreover, the WNP monsoon trough moves further north-
ward in August than in June–July (Xiang et al. 2013), which 
provides a favorable background for a stronger WNPAC 
response to the TA SST forcing in August (Zuo et al. 2020). 
Finally, cold SSTAs in the central–eastern TPO associated 
with the second La Niña event developing in summer could 
also provide favorable conditions for the enhancement of 
the TA-induced anomalous overturning Walker circulation 
over the Pacific–Atlantic Oceans. As shown in Fig. 9, there 
are low-level easterly wind responses in the tropical western 

Pacific and divergence responses over the central tropical 
Pacific in both June–July and August in the TPO2021 exper-
iment, which are consistent with the Matsuno–Gill theory 
(Gill 1980). In addition, a low-level anti-cyclonic response 
is observed in August in the TPO2021 experiments (Fig. 9d), 
indicating that the cold SSTAs in the central–eastern tropical 
Pacific associated with the second La Niña event also con-
tributed to the enhancement of the WNPAC in August 2021.

To validate the combined effect of the TPO and TA 
SSTAs, Fig. 10 shows the atmospheric circulation response 
in the TA + TPO2021 experiments. A comparison of Figs. 10 
and 8 indicates that the pattern of the tropical atmospheric 
circulation responses in the TA + TPO2021 experiment 
resembles that in the TA2021 experiment. This implies that 
the atmospheric circulation response in the tropics was pri-
marily dominated by the TA SSTAs, which is consistent with 
the fact that SST anomalies in the TPO were relatively weak 
in 2021 when compared to those in the TA.

Moreover, probability distribution functions (PDFs) of 
the simulated YHRBPI and WNPAC in August for the dif-
ferent experiments were further examined (Fig. 11). It is 
indicated that the WNPAC index clearly shifts to its high 
index phase in all the sensitivity experiments when com-
pared to the control run in August (Fig. 11b), with a shift 
more obvious in the TA2021 and TA + TPO2021 experi-
ments. This is consistent with the aforementioned result 
that both the TA and TPO SSTAs contributed to the strong 
WNPAC in August 2021 and that the TA SSTAs played a 
more important role. Consistently, the precipitation response 

Fig. 9  Same as Fig. 8, but for the TPO2021 experiment
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over the YHRB region is stronger in the TA + TPO2021 
experiment, and the occurrence of extreme precipitation 
events is more frequent in both the TPO and TA + TPO2021 
experiments than in the control run (Fig. 11a). Although the 
warmer TA SSTAs benefit a strong WNPAC, the probability 
of above-normal YHRB precipitation anomalies increases 
moderately. This may be related to the southward shift of 
the WNPAC in the experiment compared with that in the 

observation, and the distribution of precipitation anomalies 
is sensitive to the location and shape of the WNPAC. Nev-
ertheless, the large-scale atmospheric circulation (i.e., the 
WNPAC) response is robust in the sensitivity experiments, 
and the precipitation response is generally consistent with 
the large-scale atmospheric circulation response, especially 
in the combined sensitivity experiment.

Fig. 10  Same as Fig. 8, but for the TA + TPO2021 experiment

Fig. 11  Probability distribution functions (PDFs) of the a YHRBPI and b WNPAC in August in the control run (grey line) and sensitivity exper-
iments
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We have shown that the atmospheric circulation anoma-
lies over the East Asian middle–high latitudes were very 
important to the precipitation anomalies over the YHRB 
region in August 2021 (Fig. 5b). However, the middle–high 
latitude circulation responses in all the sensitivity experi-
ments are obviously different from their observed coun-
terparts in August 2021 (Fig. 12), although the model can 
reasonably reproduce the observed circulation anomalies 
over the tropics and subtropics. For instance, the 500-hPa 
geopotential height response is negative over the Sea of 
Okhotsk in the TA2021 and TPO2021 experiments, which 
is opposite to the observed response. This implies that the 
relatively weak precipitation response over the YHRB is 
possibly related to the failure of the model in reproducing 
the large-scale atmospheric circulation anomalies over the 
East Asian mid–high latitudes. To confirm this notion, we 
divided the model outputs into two categories based on the 
above- and below- normal precipitation responses over the 
YHRB in August and then examined the behavior of the 
WNPAC and EACA in each group (Supplementary Fig. 7). 

In the group with an above-normal precipitation response, 
the average value and minimum value of both the WNAPC 
and EACA are higher than those in the group with a below-
normal precipitation response in all the sensitivity experi-
ments. Moreover, the ensemble-mean WNPAC response is 
positive in both groups, while the EACA response tends to 
be positive (negative) in the group with an above- (below-) 
normal precipitation response. Therefore, this result con-
firms the robustness of the WNPAC response, and the rela-
tively weak EACA response likely contributed to the weak 
YHRB precipitation response in the sensitivity experiments.

5  Conclusions and discussion

During the Meiyu period in June–July 2021, the YHRB 
region experienced normal precipitation. In August, the 
YHRB suffered reoccurrence of Meiyu and devastating 
precipitation extremes, and the regionally averaged precipi-
tation amount listed the highest value since 1981, resulting 

Fig. 12  H500 (black contour; units: gpm) and their anomalies (shad-
ing; units: gpm) in August 2021 derived from the a observation, b 
TA2021, c TPO2021 and d TA + TPO2021 experiments. Pink con-

tour indicates the climatological mean of the H500 (unit: gpm) with 
a value of 5880 in the observation and the control run. Dots represent 
significance at the 95% confidence level
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in severe floods and disasters. Such a remarkable subsea-
sonal change in the YHRB precipitation anomalies was 
closely related to the subseasonal change in the WNPAC 
and East Asian middle–high latitude atmospheric circulation 
anomalies in summer 2021, which played an important role 
in controlling moisture transport and cold air activity that 
converge over the YHRB region, respectively. This study 
reveals the mechanism of the subseasonal change in the sum-
mer WNPAC and thus YHRB precipitation anomalies in 
2021 through observational diagnosis and numerical model 
experiments.

The results showed that the rapid tropical Atlantic warm-
ing from late spring to summer and the second La Niña-
like event in late summer contributed to the strong WNPAC 
and thus extreme precipitation over the YHRB in August 
2021. There was a strong eastern-Pacific La Niña that rap-
idly decayed in spring and developed into another La Niña 
event in August 2021, accompanied by weak SSTAs in the 
TIO. Such a decaying La Niña event and the weak TIO 
SSTAs alone seem to be insufficient to induce the strong 
WNPAC in August 2021, since anomalous cyclonic flows 
are likely to be generated around the Philippine Sea follow-
ing a La Niña event. In contrast, warm SSTAs in the TA 
rapidly strengthened from May to June, and persisted until 
August, which observably contributed to the enhancement 
and westward shift of the WNPAC by inducing a westward-
extending overturning circulation over the Pacific–Atlantic 
Oceans in August 2021. Moreover, the cold SSTAs in the 
eastern tropical Pacific associated with the second La Niña 
event provided favorable conditions for a strong WNPAC 
in August. Notably, the 2020/2021 La Niña event was fol-
lowed by another La Niña that emerged in August 2021, and 
whether the previous event has an impact on the develop-
ment of the follow-up event and thus the WNPAC remains 
unclear, and deserves further study in future works.

Finally, we found that the MJO was active and long-lasting 
over the tropical Indian Ocean in August 2021 (Zhao et al. 
2022a), which is obviously different from the eastward prop-
agation characteristics of classical MJO events. Convection 
activity associated with MJO activity has been recognized 
as a vital factor contributing to extreme precipitation anoma-
lies over East Asia (Hsu et al. 2020; Zhang et al. 2021). The 
MJO activity in August 2021 was obviously different from 
that in June–July 2021 (Fig. 13a); that is, the MJO activity 
was weak in early June and active over the western hemi-
sphere in late June, while in July, the MJO activity moved 
eastward from the western TIO into the western Pacific. In 
contrast, during August 2021, the MJO was persistently active 
over the western Indian Ocean for 26 days, far beyond its 
climatology (Fig. 13b). Wang et al. (2019a) classified this 
kind of MJO activity as a “standing” type. To investigate the 
possible impact of the standing type of MJO event on East 
Asian climate variability, we display in Fig. 13c the composite 
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Fig. 13  a The phase space diagram of MJO active from June 1 to 
August 31, 2021, with green, pink and gray for the June, July and 
August, respectively. b Time series of the August MJO active days in 
Phases 1–2 from 1981 to 2021. The red bar denotes the year 2021. c 
Composite precipitation (shading; unit: mm/day) and wind anomalies 
at 850-hPa (vectors; units: m/s) for the MJO active years in Phases 
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anomalies of the horizontal wind at 850 hPa and precipitation 
with respect to Phases 1–2 of the MJO events with more than 
20 active days in August during 1981–2020. Corresponding to 
the enhanced convection activity in the western TIO for MJO 
Phases 1–2, a strong anomalous anticyclone and suppressed 
convection activity dominate the WNP, which benefits abun-
dant water vapor from the Indo-Pacific Oceans to East Asia 
(Fig. 13b). Similar anomalies of convection and atmospheric 
circulation occurred in August 2021 (Fig. 7f). This indicates 
that the MJO persisting in Phases 1–2 may play an anchor-
ing role in maintaining the strengthening of the WNPAC in 
August 2021. However, the cause of the anomalous MJO 
activity in August remains unclear.

Figure 14 shows a schematic diagram explaining the main 
drivers of the robust WNPAC and heavy precipitation over 
the YHRB in August 2021. We emphasize the important role 
of the rapid warming of tropical Atlantic SSTAs and the sec-
ond developing La Niña event, particularly the lagged effects 
of the former. Moreover, in this paper, we focused on SSTAs 
forcing to find the pre-signal for climate prediction. It should 
be noted that MJO activity is another important factor worth 
investigating. In addition, atmospheric circulation anomalies 
over the East Asian middle–high latitudes are very impor-
tant to the YHRB precipitation anomalies in August. How-
ever, the maintenance mechanism of the record-breaking 
middle–high latitude circulation anomalies in August 2021 
remains unclear. The seasonal evolution of tropical SSTAs 
in 2021 is obviously different from that associated with the 
EACA index in August (Fig. 6 vs Supplementary Fig. 8), 
and the SSTAs are even opposite in sign in the equatorial 
central–eastern Pacific, implying that the EACA extreme in 
August 2021 was likely related to other factors instead of 

the tropical SSTAs emphasized in this study. The observed 
atmospheric circulation anomalies over the mid–high lati-
tudes in August 2021 might be related to interval variabil-
ity and/or other underlying boundary forcings, such as the 
spring Arctic sea ice concentration, Eurasian snow cover 
and soil moisture (Wu et al. 2009; Zhang and Zuo 2011; 
Zhang et al. 2017), which needs further examination in 
future works.
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tary material available at https:// doi. org/ 10. 1007/ s00382- 023- 06683-0.
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