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and Korea (Ninomiya and Muraki, 1986; Ding 1992, 2007; 
Kubota et al. 2016), which are densely populated and home 
to approximately one-fifth of the global population (Zhou 
et al. 2019). Extreme rainfall events occur frequently in the 
Meiyu season, which strongly influence agriculture, socio-
economic development, and societal activity over the mid-
dle and lower Yangtze River Valley (MLYRV) (Zhu et al. 
2008; Gao et al. 2011). Previous studies have suggested that 
the Meiyu onset date (MOD) is a critical factor that controls 
the total rainfall and duration of the full Meiyu season (e.g., 
Wei and Zhang 2004; Huang et al. 2012). An earlier MOD 
favors a longer Meiyu duration and more rainfall, while a 
later MOD favors a shorter Meiyu duration and less rain-
fall. The MOD has therefore attracted considerable attention 
given its utility for predicting subsequent weather condi-
tions and anomalies.

Previous studies found that ocean forcings are of great 
importance to MOD variations besides circulation factors 
such as the East Asian upper-level jet and subtropical high 
(Lu et al. 2001; Li et al. 2018), the Northeast China cold 

 1 Introduction

Meiyu (Changma or Baiu) is an important weather and 
climate phenomenon in East Asia during the boreal sum-
mer (Tao 1987; Ding et al. 2007; Ding 2020). As the major 
rainfall belt of the summer monsoon, Meiyu exerts a great 
impact on East Asian countries including China, Japan, 
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Abstract
This study investigates the impact of boreal spring tropical South Atlantic surface sea temperature anomalies (TSA-SSTA) 
on the anticyclone over the western North Pacific (WNPAC) and the Meiyu onset date (MOD) based on reanalysis data 
and numerical experiments. The results indicate an intimate linkage between the MOD and TSA-SSTA, in which warmer 
spring TSA-SSTA are associated with an earlier MOD and vice versa, and the underlying mechanism is identified. Warm 
TSA-SSTA can trigger a Gill-type response and anomalous equatorial Walker circulation, which leads to anomalous 
upward motion and latent heating over the Maritime Continent. This anomalous condition over the Maritime Continent 
strengthens local Hadley circulation accordingly accompanied by anomalous descending motion over the western North 
Pacific. This descending motion reduces the local rainfall and enhances the equatorward northerly wind at low level. 
Further analysis reveals that local Sverdrup positive feedback between the anomalous diabatic cooling owing to reduced 
rainfall and the lower-level equatorward northerly wind is critical for sustaining the well-developed anomalous WNPAC. 
The abundant water vapor transport embedded in the northwestern flank of the anomalous WNPAC eventually favors an 
earlier MOD. Atmospheric conditions corresponding to cold TSA-SSTA produce the opposite effect. The spring TSA-
SSTA can therefore prominently communicate with the subsequent East Asian MOD via the aforementioned mechanism, 
and the spring TSA-SSTA can be interpreted as a precursor signal of the East Asian MOD.

Keywords Meiyu onset · Tropical South Atlantic · Western North Pacific anticyclone · East Asian summer monsoon

Received: 5 May 2022 / Accepted: 27 August 2022 / Published online: 18 October 2022
© The Author(s) 2022

Influence of boreal spring sea surface temperature anomalies over the 
tropical South Atlantic on the Meiyu onset

Shaoyu Zhang1,2 · Yimin Liu1,2  · Chen Sheng1,2 · Tingting Ma1

1 3

http://orcid.org/0000-0002-5050-1642
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-022-06483-y&domain=pdf&date_stamp=2022-10-17


S. Zhang et al.

vortex (Wang et al. 2010), the East Asian winter monsoon 
(Hu et al. 2014), and the South Asian high (Li et al. 2019a). 
For example, several studies demonstrated that the El Niño-
Southern Oscillation (ENSO) in the Pacific had an influence 
on MOD (Zhao 1996; Gao et al. 2011). By comparing with 
the eastern Pacific (Niño3 region), Wang et al. (2009) indi-
cated that the central Pacific (Niño4 region) sea surface tem-
perature (SST) anomalies exert a more significant impact 
on the MOD, in which a warm (cold) ENSO favors a later 
(earlier) MOD by altering the water vapor transport. Yao et 
al. (2019) highlighted the role of different ENSO types with 
regard to MOD variations, and suggested that a warm ENSO 
in the eastern Pacific (central Pacific) winter could result 
in strong (weak) intra-seasonal oscillation over the western 
North Pacific, thus leading to an earlier (later) MOD. Sea 
surface temperatures in the Indian Ocean, as a capacitor that 
can sustain ENSO effects, in May favor the establishment 
of an earlier Indian summer monsoon and thus influences 
the subsequent MOD (Yao et al. 2019). Previous research 
has shown that SST anomalies over the North Atlantic could 
trigger a Rossby wave train and thereby influence MOD 
variations (Xu et al. 2001; Wang and Qian 2005; Zhu et 
al. 2008). Warm SST anomalies over the North Atlantic in 
the preceding winter tend to favor an earlier MOD and vice 
versa.

Several studies have addressed MOD variations in terms 
of SST forcing signals that span from the tropical Pacific, 
Indian, and North Atlantic oceans. There is also a prominent 
signal over the tropical South Atlantic (TSA) (e.g., Wang 
and Qian 2005), but further insight is presently limited. To 
address this knowledge gap, the present study focuses on 
the TSA. Previous statistical analysis and model experi-
ments have demonstrated a close linkage between tropical 
Atlantic SST and East Asia climate (e.g., Jin and Huo 2018; 
Choi and Ahn 2019; Yuan and Yang 2020; Qiu et al. 2021). 
However, it should be noted that the SST over the tropical 
North Atlantic and TSA belong to different major empiri-
cal orthogonal function modes (Huang et al. 2004; Handoh 
et al. 2006a, b), which means that SST variations over the 
tropical North Atlantic and TSA are relatively independent 
of each other (Enfield et al. 1999). The tropical North Atlan-
tic has been recognized as an important source in regulating 
the East Asian climate (Rong et al. 2010; Li et al. 2019b; 
Chen et al. 2018; Liu et al. 2020a; Qiu et al. 2021) and the 
variation of the MOD (Xu et al. 2001; Wang and Qian 2005; 
Zhu et al. 2008). However, climate effects of the TSA have 
received scarce attention in the literature and are therefore 
worth a deep investigation. To date, it remains unclear 
whether and how the TSA affects the MOD.

The aims of present study are to identify the interannual 
impact of SST anomalies over the TSA (TSA-SSTA) on 
the MOD and investigate the underlying mechanism. The 

remainder of this paper is as follows. Section 2 presents the 
data, methods, and model. Section 3 presents the relation-
ship between TSA-SSTA and the MOD. Section 4 inves-
tigates the possible mechanism using numerical models. A 
conclusion and discussion including the multi-regression 
equation are given in Sect. 5.

2 Data, method and models

2.1 Data

This study uses monthly mean data from the MERRA2 
reanalysis product (Rienecker et al. 2011) and SST data 
from the Extended Reconstructed Sea Surface Temperature, 
version 5 (ERSSTv5) dataset (Huang et al. 2017). Precipi-
tation data are from the Global Precipitation Climatology 
Project (GPCP V2.3) (Adler et al. 2018), which merges 
observations and satellite precipitation data. The outgoing 
longwave radiation (OLR) data is obtained from National 
Oceanic and Atmospheric Administration (Liebmann and 
Smith 1996). Observational precipitation data are also used 
from 824 stations in China provided by the Chinese Meteo-
rological Information Center (http://data.cma.cn/en/?r=site/
index) to calculate the MOD. The ERA5 data (Hersbach et 
al. 2020) and COBESST (Ishii et al. 2005) are also used, and 
the results are generally consistent with the present study.

The research period in this study is 1980–2018. The hori-
zontal resolutions of the MERRA2, NOAA ERSSTv5, and 
GPCP precipitation data are 1.25° × 1.25°, 2.0° × 2.0°, and 
2.5° × 2.5°, respectively.

The indices used in this paper include Niño4, Niño3, 
Niño3.4, NTA (North Tripole Atlantic SST), NAO (North 
Atlantic Oscillation), TNA (Tropical Northern Atlantic 
Index), and PNA (Pacific North American pattern), which 
are obtained from https://psl.noaa.gov/data/climateindices/
list/. The Indian Ocean dipole mode index (DMI; Saji et al. 
1999) is calculated as the difference between area-averaged 
SST anomalies in the western pole (10° S–10° N, 50° E–70° 
E) and eastern pole (10° S–0°, 90° E–110° E). The Indian 
Ocean basin uniform mode (IOBM) index is the time series 
of the first empirical orthogonal function mode of tropical 
Indian Ocean SST (Zhao et al. 2018).

The monthly data in March, April, and May (MAM) are 
used to calculate the seasonal mean during boreal spring. 
To focus on the interannual variability, the linear trend and 
decadal variation (> 9 years) are removed from all raw data 
sets and indices.
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2.2 Method

Following Chen and Zhao (2000) and Ding et al. (2007), 
the definition of the Meiyu onset date (MOD) is based 
on the daily total precipitation in a group of stations over 
the MLYRV. This group consists of five gauges includ-
ing Shanghai (31°24ʹ N, 121°27ʹ E), Nanjing (32°00ʹ N, 
118°48ʹ E), Wuhan (30°37ʹ N, 114°08ʹ E), Jiujiang (29°44ʹ 
N, 116°00ʹ E), and Wuhu (31°20ʹ N, 118°23ʹ E). The details 
of the definition of the MOD are as follows. First, a rainy 
day is identified when the daily total precipitation in a group 
exceeds 10 mm and the number of stations with daily pre-
cipitation exceeding 0.1 mm is more than one. Second, if 
the number of rainy days is greater than five in a successive 
10-day period, the first single rainy day is identified as the 
MOD. The Meiyu onset date index (MODI) is defined as the 
normalized time series of the MOD. A positive MODI phase 
indicates that the MOD is later than normal and vice versa.

The TSA-SSTA index (TSAI) is defined as the normal-
ized time series of the averaged SST over the TSA region 
addressed in this study. This defined region is enclosed by 
25°S–0° and 30°W–15°E. A positive TSAI phase indicates 
that the area-averaged TSA-SSTA is warm and vice versa.

To examine the water vapor transport anomalies related 
to the MOD, we calculate the horizontal water vapor flux 
(WVF), WV F = 1

g

−→
V q = (1

g
uq, 1

g
vq), where q is the specific 

humidity, −→V = (u, v) is the horizontal wind, and g is the 
gravitational acceleration.

This study applies statistical methods including corre-
lation, partial correlation, and linear regression. The two-
tailed Student’s t-test is used to determine the statistical 
significance.

2.3 Models

Atmospheric moisture backward trajectory simulations are 
conducted based on the Hybrid Single-Particle Lagrang-
ian Integrated Trajectory (HYSPLIT) 5.0 model (Stein et 
al. 2015) to explore the variation of the MLYRV moisture 
source in June. The modeling period is from 00:00 UTC on 
June 1 until 00:00 UTC on June 30 for each year from 1980 
to 2018 with an integration time interval of 6 h. The tar-
get region is the MLYRV, which is portioned into 45 points 
as starting parcels. The parcels are released at 500, 1000, 
and 1500 m (850 hPa) above ground level. The 16,200 tra-
jectories are derived each year based on the product of the 
numbers of horizontal points (45), the vertical levels (3) 
and the times (30days×24 h/6 h). The average duration of 
moisture persistence in the atmosphere is approximately 10 
days (Trenberth et al. 1998, 1999), and the model is less 
accurate when the integration duration is more than 11 days 
(Jiang et al. 2013). The backward trajectories are therefore 

integrated over 10 days (240 h) for each grid site. Follow-
ing Liu et al. (2020b), the variation of the moisture source 
is determined by analyzing the specific humidity along the 
backward trajectories.

The linear baroclinic model (LBM) (Watanabe and 
Kimoto 2000) is applied to investigate the feedback influ-
ence of the anomalous diabatic heating on circulation. The 
model used in this study has 20 σ levels and T42 horizontal 
resolution. More details regarding the model description are 
given in Watanabe and Jin (2003). The LBM is a time-vary-
ing model that linearizes the basic state based on primitive 
equations. We take climatology in June as the basic state 
in this study. A 30-day integration for each experiment is 
conducted. Because the model reaches its steady state after 
approximately 14 days, the results averaged over 15–30 
days are shown here.

Numerical experiments to investigate the influence of 
TSA-SSTA on the general circulation are conducted based 
on the Community Earth System Model, version 1.2.0 
(CESM1.2.0). The land component is the community land 
model, version 4.0 (Oleson et al. 2010); the oceanic compo-
nent is the parallel ocean program, version 2.0 (Smith and 
Gent 2010); the sea ice component is the Los Alamos sea 
ice model, version 4.0 (Hunke and Lipscomb 2008); and 
the atmospheric component is the community atmospheric 
model, version 4.0 (CAM4, Neale et al. 2013). For more 
details, see http://www.cesm.ucar.edu/models/cesm1.2/. 
The horizontal resolution of the atmospheric component 
(CAM4) of CESM1.2.0 in this study is approximately 2°. 
The number of vertical levels is 26 extending from the sur-
face to 3.5 hPa. Two atmospheric general circulation model 
(AGCM) experiments based on CAM4 are conducted, as 
presented in Sect. 4.3.

3 Relationship between the MOD and TSA-
SSTA

The correlations between the MODI and spring global SST 
anomalies are shown in Fig. 1a. A significant positive cor-
relation appears over the tropical central eastern Pacific, and 
negative correlation coefficients spread across its flanks in 
a K-shape. This anomalous horseshoe-shaped SST pattern 
over the Pacific closely resembles a warm Central Pacific 
type ENSO pattern. We calculate the correlation between 
the MODI (defined in Sect. 2.2) and spring Niño4 and find 
that a coefficient of 0.32 passes the 0.1 significance level. 
These results suggest that the Meiyu onset is significantly 
affected by ENSO events (Wang and Qian, 2005; Wang et 
al., 2009; Yao et al. 2019). A positive correlation is evident 
over the Indian Ocean in association with the warm ENSO, 
especially in the southwestern Indian Ocean. There is also 
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lead-lag correlation between the MODI and TSAI and 
Niño4. It is evident that the coefficients between the MODI 
and TSAI are significant throughout the entire spring and 
can sustain until the following June owing to the oceanic 
thermal memory (Fig. 1d). The above results thus further 
verify the close linkage between the spring TSA-SSTA and 
MOD. Positive spring TSA-SSTA favor an earlier MOD, 
while negative spring TSA-SSTA favor a later MOD. The 
teleconnection between the TSA and East Asia is presented 
in the following section.

3.1 Water vapor conditions

Because the MOD is determined by the rainfall, and because 
the rainfall is closely linked to the water vapor transport, 
we use HYSPLIT to show the backward trajectory of the 
water vapor source in June in the climate mean state (Fig. 2a 
and b) and in the positive TSAI phase (Fig. 2c and d). The 
climatological water vapor sources (Fig. 2a) regarding the 
Meiyu onset are located in the northern Indian Ocean, South 
China Sea, and the western North Pacific, which is generally 
consistent with previous findings (e.g., Yang et al. 2014). 
The water vapor sources in these regions (Fig. 2b) are con-
centrated at lower levels. There is also some water vapor 
from the westerly jet at middle to upper levels (Fig. 2b), but 
the amount along this path is relatively small (Fig. 2a). This 
result suggests that the three major water vapor sources are 
related to the Meiyu onset, including the northern Indian 
Ocean, South China Sea, and western North Pacific.

a uniform mode with significant negative correlation coeffi-
cients occurring over the TSA. This signal was also detected 
in an early study by Wang and Qian (2005), and suggests 
an intimate linkage between the MOD variability and TSA-
SSTA. To exclude the ENSO’s effects, Fig. 1b presents the 
partial correlation between the MODI and SST by removing 
the spring Niño4 index. A comparison with Fig. 1a clearly 
shows that the Central Pacific type ENSO signal and Indian 
Ocean capacitor signal are insignificant, but that the signifi-
cantly negative correlation coefficients over the TSA remain 
nearly unchanged. This is mainly because the concurrent 
spring correlation between TSA-SSTA and the Niño4 index 
is low (only − 0.07, not shown in the figure). These statisti-
cal results imply that the relationship between the MOD and 
spring TSA-SSTA is unrelated to the spring ENSO, which 
is consistent with the previous findings (Chang et al. 2006; 
Kucharski et al. 2007; Sheng et al. 2022). Moreover, the 
TSA-SSTA pattern (Fig. 1a, b) bears great resemblance 
to the major variation mode of the SSTA over the tropical 
Atlantic (Huang et al. 2004). Therefore, the TSA-SSTA is 
considered as a potential independent driver that contributes 
to the interannual variation of the MOD.

The time series of the MODI and TSAI (defined in 
Sect. 2.2) is shown in Fig. 1c. The correlation coefficient 
between the MODI and spring TSAI is − 0.42, passing 
the 0.05 significance level. When the spring Niño4 is lin-
early removed, the robust correlation coefficient between 
the MODI and spring TSAI remains almost unchanged 
(− 0.417, not shown in the figure). Figure 1d shows the 

Fig. 1 (a) Spatial distribution of the correlation coefficients between 
the MODI and spring sea surface temperature anomalies. (b) Same as 
(a), but for the partial correlation coefficients with the spring Niño4 
index is removed. The dots in (a) and (b) indicate the area exceeding 
the 0.05 significance level. The blue rectangle marks the TSA region. 

(c) Normalized time series of the MODI (bar), TSAI (black line) and 
Niño4 (green dash line) in MAM. (d) Correlation coefficient between 
the monthly TSAI (red bar) and MODI and that between Niño4 (blue 
bar) the MODI. The green (red) dashed line denotes that the correla-
tions are significant at the 0.1 (0.05) significance level
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and b) and MODI multiplied by − 1 (Fig. 3c and d). The 
circulation anomalies revealed by the TSAI (Fig. 3a and b) 
closely resemble the typical circulation mode revealed by 
the MODI (Fig. 3c and d), indicating that the anomalous 
circulation triggered by TSA-SSTA (Fig. 3a and b) plays a 
critical role in the MOD anomaly. In the following discus-
sion, unless otherwise specified, the circulation anomalies 
are particularly referred to those in June, which is the cli-
matic Meiyu onset month. In the positive TSAI phase, there 
are two anomalous high centers embedded in the South Asia 
High at 200 hPa (Fig. 3a) over the western Tibetan Plateau 
and Japan, which might enhance the South Asian High and 
make it slightly northward shift. The divergent wind to 
the southwestern flank of the anomalous high centered in 
the upper level over Japan is conducive to the anomalous 
upward motion associated with the Meiyu onset over the 
MLYRV. The anomalous anticyclone circulation over the 
western North Pacific leads to a climatic WNPAC farther 
westward at 850 hPa (Fig. 3b). The south–westerly wind 
associated with the anomalous WNPAC will transport more 

Figure 2c shows the trajectories of water vapor in the 
positive TSAI phase. It is clear that the anomalous water 
vapor over the MLYRV coming from the northern Indian 
Ocean is not prominent in the positive TSAI phase. How-
ever, water vapor coming from the South China Sea and 
western North Pacific is evident. The WVF and its diver-
gence are shown in Fig. 2d. This anomalous anticyclonic 
WVF (Fig. 2d) could enhance the climatology transport of 
water vapor from the western North Pacific and South China 
Sea and converge water vapor over the MLYRV, which is 
conducive to an earlier MOD. The results shown in Fig. 2d 
are in line with those in Fig. 2c, further supporting that the 
WNPAC in the positive TSAI phase is an important system 
that favors the transport of water vapor to the MLYRV. The 
negative TSAI phase corresponds to the opposite situation.

3.2 Circulation characteristics

Figure 3 shows that in June the horizontal circulation and 
geopotential height regressed upon the spring TSAI (Fig. 3a 

Fig. 2 (a) Climate mean of the number of particles weighted by the 
specific humidity (shading; units: kg/kg) in June arriving in the domain 
of the MLYRV for day − 10. (b) Same as (a) but shows the particle 
pressure (units: hPa). (c) Difference between the positive TSAI phase 
(greater than 1.0 standard deviation) and climatology of the number of 

particles weighted by the specific humidity (shading; units: kg/kg) in 
June arriving in the domain of the MLYRV for day − 10 and an 850-
hPa WVF (vectors). (d) Correlation between the TSAI and 850-hPa 
WVF (vectors) and its divergence (shading). The purple arrows and 
dots in (c) and (d) indicate variables exceeding the 0.05 significance 
level
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The anomalous convergence is evident over the tropical 
central western Pacific. The low-level pattern (Fig. 4b) is 
out of phase with its counterpart at the upper level (Fig. 4a). 
The anomalous rising and sinking motion implied by the 
vertical structure (Fig. 4a and b) is well matched with 
anomalous Walker circulation (Fig. 4c). Governed by the 
Gill response (Gill 1980; Hong et al. 2014) regarding dia-
batic heating, the anomalous westerlies (Fig. 4d) prevail to 
the west of the warming TSA, which enhances the anoma-
lous ascending motion over the TSA region and changes the 
zonal Walker circulation along the equator (Fig. 4c) (Jin and 
Huo 2018). The low-level anomalous easterly wind (Fig. 4c 
and d) over the central Pacific is found to cause anomalous 
cooling SST over the central Pacific by enhancing the cli-
matic easterly wind. The atmospheric responses along the 
tropical region are further maintained by Bjerknes positive 
feedback (Bjerknes 1969; Ham et al. 2013). The anomalous 
easterlies as well as the anomalous WNPAC (Fig. 4d) are 
consequently well organized over the tropical central west-
ern Pacific and western North Pacific.

It is noteworthy that the anomalous easterlies associ-
ated with anomalous Walker circulation are confined to the 

water vapor to the MLYRV (Fig. 2). As a result, the anoma-
lous abundant water vapor and upward motion lead to an 
earlier Meiyu onset. In the negative TSAI phase, the situa-
tion is the opposite.

4 Possible mechanisms

The above results document that the abundant (deficient) 
water vapor and upward (downward) motion triggered 
by warm (cold) spring TSA-SSTA favor an earlier (later) 
MOD. In this section, we examine the possible mechanism 
by which spring TSA-SSTA affect the remote general circu-
lation over East Asia.

4.1 Dynamical diagnosis

Figure 4a and b show the correlation between the TSAI and 
anomalous velocity potential and divergence wind at 200 
and 850 hPa in June, respectively. Associated with TSA-
SSTA, the anomalous divergence is observed over the tropi-
cal Atlantic and the Maritime Continent at 200 hPa (Fig. 4a). 

Fig. 3 (a) Regressed 200-hPa geopotential height (contours; units: 
gpm) and wind (vectors; units: m/s) on the TSAI in June. (b) Same 
as (a), but for 850 hPa. (c) and (d) Same as (a) and (b), respectively, 
but for the MODI. Contours exceeding the 0.05 significance level 

are shown. Vectors exceeding the 0.05 significance level are colored 
green. The climatic June geopotential height exceeding the 1520 gpm 
at 850 hPa and 12,500 gpm at 200 hPa are colored purple and blue, 
respectively
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Figure 5 shows the correlation between the TSAI and 
rainfall (Fig. 5a) and OLR (Fig. 5b). A meridional dipole 
mode of diabatic heating centered at the Maritime Continent 
and western North Pacific is clear in Fig. 5a and b. Spe-
cifically, consistent with the anomalous rising motion over 

equatorial central western Pacific. However, the reason why 
the anomalous subtropical anticyclone is well developed 
over the western North Pacific remains unclear and is fur-
ther addressed later in the paper.

Fig. 4 Distribution of the cor-
relation coefficients between 
the TSAI and (a) 200-hPa and 
(b) 850-hPa velocity potential 
fields (shading) and divergent 
wind (vectors) in June. The 
purple arrows exceed the 0.1 
significance level. (c) Distribu-
tion of correlation coefficients 
between the TSAI and 5°S–5°N 
mean zonal vertical circulation 
(vectors). Vectors exceeding the 
0.1 significance level are colored 
in gray shading. (d) Distribu-
tion of correlation coefficients 
between the MODI and spring 
SST anomalies (shading) and the 
regressed 850-hPa wind (vectors; 
units: m/s) in June on the TSAI. 
Areas in (d) exceeding the 0.1 
significance level are colored as 
white dots. Anomalous hori-
zontal winds exceeding the 0.1 
significance level are shown as 
green vectors
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Maritime Continent (Fig. 6a and b). In the second experi-
ment (Exp2), negative diabatic heating is prescribed over 
the western North Pacific (Fig. 6d and e). The heating in 
Exp1 and Exp2 is given as the ideal elliptic pattern shown in 
Fig. 6b and d, respectively. The vertical structures are pre-
sented by a gamma curve with a peak at 0.45 sigma level to 
mimic the latent heat released in deep convection. The heat-
ing peak around 400 hPa is 1 K day− 1 in Exp1 (Fig. 6a) and 
− 1 K day− 1 in Exp2 (Fig. 6d), which approximately equal 
an anomalous rainfall rate of 2 mm day− 1 (Jiang et al. 2015).

Figure 6 shows the atmospheric circulation in response 
to heating over the Maritime Continent (Exp1) and cooling 
over the western North Pacific (Exp2). In Exp1 (Fig. 6a and 
b), the positive diabatic heating over the Maritime Continent 
induces a Gill-type response (Gill 1980). It is evident that 
a Rossby wave with a pair of cyclonic circulation appears 
to the west of heating and a Kelvin wave with easterlies 
appears to the east of the heating. The easterlies cover the 
area of 20°S–20°N (Fig. 6b). An anticyclonic wind shear 
centered over Japan to the south of 30° N is stimulated 
(Fig. 6b). However, compared with the reanalysis (Fig. 3b), 
the strength of this anticyclone in Fig. 6b is too weak and 

the Maritime Continent (Fig. 4c), the rainfall is strength-
ened (Fig. 5a) and the OLR is reduced (Fig. 5b), whereas 
the opposite occurs over the western North Pacific. The 
anomalous diabatic heating over the Maritime Continent 
and western North Pacific is linked via local Hadley circula-
tion (Fig. 5c). On the one hand, the extratropical anomalous 
sinking motion and lower-level equatorward northerly wind 
in the anomalous local Hadley circulation favor less rainfall 
(Fig. 5a) and more OLR (Fig. 5b) to the east of Taiwan prov-
ince and the Philippines. On the other hand, the feedback 
of diabatic heating in turn favors reinforcing of the meridi-
onal circulation, which is highly important for shaping the 
WNPAC (e.g., Wang et al. 2000; Neale and Slingo 2003; Li 
et al. 2020).

4.2 Linear baroclinic model experiment

The role of diabatic heating in the formation of the WNPAC 
is further examined using the LBM. Two experiments were 
conducted to investigate the anomalous diabatic heating 
induced by the positive TSAI phase. In the first experiment 
(Exp1), positive diabatic heating is prescribed over the 

Fig. 5 (a) Correlation coefficients between the TSAI and rainfall. (b) 
Same as (a), but for OLR. Area exceeding the 0.1 significance level are 
highlighted by dashed black lines. (c) Correlation coefficients between 

the TSAI and circulation (vector) in cross section along the red oblique 
line in (b). Areas exceeding the 0.1 significance level are colored in 
gray shading
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However, it is evident that diabatic heating can change 
the local Hadley circulation, inducing an ascent motion 
over the Maritime Continent and a descent motion over the 
western North Pacific (Fig. 6c). This descent motion could 
contribute to the negative rainfall anomalies and diabatic 
cooling anomaly over the western North Pacific. In Exp2, 

the area is too small, which is not similar to the reanalysis 
(Fig. 3b). This is mainly because the atmospheric response 
decreases with latitude in the Gill solution (Gill 1980). 
This result suggests that the sole diabatic heating over the 
Maritime Continent can hardly directly trigger a realistic 
WNPAC.

Fig. 6 (a) Vertical structure of the specified ideal diabatic heating over 
the Maritime Continent (units: K day− 1). (b) Horizontal distribution 
of the specified ideal diabatic heating over the Maritime Continent 
and the atmospheric response of horizontal wind (vector, units: m/s) 
at 850 hPa. (c) Area average of the vertical motion over the Maritime 

Continent (red shading; average of the red line area in (b)) and western 
North Pacific (green shading; average of the green line area in (b)). (d) 
and (e) are the same as (a) and (b), respectively, but for specified ideal 
diabatic cooling over the western North Pacific
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mean SST. The second AGCM experiment is TSAI_POS, 
which is forced by 1.5 times the composite SST anomalies 
in the six strong positive TSAI years (larger than 1.0 stan-
dard deviation) plus the climatological SST from February 
to July over the TSA (25°S − 0°, 30°W–15°E). Both experi-
ments are integrated over 20 years.

In general, the characteristics of the atmospheric response 
are basically consistent with the observations. The model 
captures the upper anomalous anticyclone circulation to 
the south of Japan (Fig. 7a) and the lower-level WNPAC 
(Fig. 7b). The WVF simulated by the model (Fig. 7c) is 
also similar with the reanalysis with convergence over the 
Maritime Continent and divergence over the western North 
Pacific (Fig. 2d).

The underlying mechanism in the sensitivity experiments 
is further shown in Figs. 8 and 9. The lower-level anoma-
lous winds converge over the Atlantic and Maritime Con-
tinent, and diverge over the central Pacific (Fig. 8b). The 
upper level follows roughly the opposite scenario (Fig. 8a) 
with its counterparts at the lower level (Fig. 8b). The 
anomalous Walker circulation ascends over the TSA and 
Maritime Continent, and descends over the central Pacific 
(Fig. 8c). These results are consistent with the reanalysis 
shown in Fig. 4a and c. Figure 9 shows the composite dif-
ference of the rainfall and vertical circulation along the red 
line shown in Fig. 9a. The diabatic heating related to the 
rainfall over the Maritime Continent (Fig. 9a) stimulates 
local Hadley circulation, which favors anomalous ascend-
ing motion around 0°–10° N and descending motion around 
15°–20° N (Fig. 9b). As a result, less rainfall occurs over 
the western North Pacific, which could initiate local positive 
Sverdrup feedback and eventually lead to a well-developed 
anomalous WNPAC. The abundant water vapor associated 
with the WVF (Fig. 7c) embedded in the WNPAC favors an 
earlier MOD. The mechanism revealed by the model is con-
sistent with the statistical analysis, confirming that warm 
TSA-SSTA could contribute to an earlier MOD.

5 Conclusion and discussion

5.1 Conclusion

Meiyu is the major summer monsoon rainfall belt over the 
East Asia and exerts a strong impact on agriculture, socio-
economic development, and societal activity. The MOD has 
received wide attention given its important implication for 
the prediction of the subsequent total rainfall and duration 
in the Meiyu season. The present study reveals the close 
interannual relationship between TSA-SSTA and the MOD, 
which has previously received little attention in the litera-
ture. The possible mechanism is examined using statistical 

we show how the atmospheric circulation responds to the 
diabatic cooling over the western North Pacific.

In Exp2 (Fig. 6d and e), the diabatic cooling over the 
western North Pacific triggers a prominent anomalous anti-
cyclone to the west of cooling. This atmospheric response in 
the subtropical high belt can be explained by the Sverdrup 
balance rule (Liu et al. 1999; Wu and Liu 2003), which is 
shown as follows:

 
βv ∝ ∂Q

∂Z
,

where β  is the meridional gradient of the Coriolis param-
eter, v is the meridional wind, and ∂Q

∂Z  is the vertical gradi-
ent of diabatic heating. Because the center of the anomalous 
diabatic cooling is above 850 hPa, the vertical gradient of 
diabatic heating is negative from the surface to 850 hPa. 
Subject to the Sverdrup balance, the northerly wind is trig-
gered and the accompanied anticyclone thus forms to the 
west of the cooling center (Fig. 6e). Because the dry and 
cold northerly wind is conducive to less rainfall over the 
western North Pacific, the diabatic cooling associated with 
less rainfall, in turn, further strengthens the northerly wind. 
The anomalous WNPAC is consequently maintained and 
well developed under such a positive feedback mechanism. 
The well-developed anomalous WNPAC in Fig. 6e bears a 
close resemblance to the observation, suggesting that the 
local positive Sverdrup feedback effects of diabatic cooling 
over the western North Pacific on circulation play an impor-
tant role in forming the anomalous WNPAC.

In summary, statistical analysis shows that TSA-SSTA 
could affect diabatic heating over the Maritime Continent 
by triggering a Gill response and anomalous Walker circu-
lation. Diabatic heating over the Maritime Continent could 
induce diabatic cooling over the western North Pacific by 
stimulating local Hadley circulation. A sensitivity experi-
ment (Exp1) reveals that diabatic heating alone over the 
Maritime Continent cannot lead to a realistic anomalous 
WNPAC. Further analysis reveals that local positive feed-
back mechanism (Sverdrup balance) between the anoma-
lous diabatic cooling owing to reduced rainfall and the 
lower-level equatorward northerly wind plays an important 
role in the formation of the anomalous WNPAC, which is 
critical in the variation of the MOD.

4.3 AGCM sensitive experiment

The above results suggest a clear physical pathway in which 
TSA-SSTA affects the remote East Asian circulation. Two 
AGCM experiments were conducted based on CAM4 to 
further verify the mechanisms. The first AGCM experiment 
is a control run (CTL) driven by the climatological monthly 
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Continent enhances the local Hadley circulation, which 
could meridionally spread the tropical signal to the 
extratropic region. The descending branch in the local 
Hadley circulation around 20° N thus leads to lower-
level equatorward northerly wind and an accompanied 
WNPAC to the west of the equatorward northerly wind. 
The abundant water vapor is consequently transported 
to the MLYRV by the anomalous WNPAC and thus 
favors an earlier MOD. In the negative TSAI phase, the 
situation is the opposite.

(3) The LBM experiments suggest that local positive Sver-
drup feedback over the western North Pacific plays 
a fundamental role in maintaining the anomalous 
WNPAC. The anomalous equatorward northerly wind 
initiated by local Hadley circulation favors less latent 
heating over the western North Pacific. Subject to the 
Sverdrup constraint, less latent heating in turn strength-
ens the anomalous northerly wind. Under such positive 

analysis and numerical experiments, and the main conclu-
sions are summarized as follows.

(1) The boreal spring TSA-SSTA as a driver independent of 
the spring ENSO could exert a significant influence on 
the Meiyu onset. A robust negative correlation between 
the spring TSAI and MOD is identified, with a correla-
tion coefficient reaching − 0.42 (passing the 0.01 sig-
nificant level), which means that warm (cold) spring 
TSA-SSTA favor an earlier (later) MOD.

(2) The underlying mechanism by which TSA-SSTA affect 
the MOD is examined by reanalysis and numerical 
simulation. A schematic diagram showing this mecha-
nism is presented in Fig. 10. In the positive TSAI 
phase (Fig. 10), warm TSA-SSTA could trigger a Gill 
response and change the Walker circulation along the 
equator. As a result, anomalous upward motion appears 
over the tropical Atlantic and Maritime Continent, and 
downward motion appears over the tropical central 
Pacific. Accordingly, more latent heating associated 
with the anomalous upward motion over the Maritime 

Fig. 7 Differences of (a) 200-hPa geopotential height (contours; units: 
gpm) and wind (vectors; units: m/s) between the TSAI_POS and CTL 

ensemble means in June. (b) Same as (a), but for 850 hPa. (c) Same 
as (a), but for an 850-hPa WVF (vector; units: 10-4 kg/(s · m · Pa)) 
and its divergence (shading; units: 10-9 kg/(s · m2 · Pa))
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Fig. 9 Differences of (a) rainfall (units: mm/day) and (b) local meridional-vertical circulation (v; −50 × ω ) along the red line shown in (a) 
between the TSAI_POS and CTL ensemble means

 

Fig. 8 Differences of variables 
between the TSAI_POS and CTL 
ensemble means. (a) 200-hPa 
velocity potential (shading; units: 
106 m2/s) and divergent wind 
(vectors; units: m/s; vectors 
with wind speed greater than 
0.3 m/s are shown). (b) 850-hPa 
velocity potential (shading; units: 
106 m2/s) and divergent wind 
(vectors; units: m/s; vectors with 
wind speed greater than 0.1 m/s 
are shown). (c) 5°S–5°N mean 
zonal vertical circulation (arrows: 
u;−100 × ω )
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Ocean pathway from which TSA-SSTA influence East Asia 
is therefore not prominent in this study.

In addition to TSA-SST, the MOD can also be affected 
by other factors. We calculate the correlation between the 
MODI and some well-understood factors (Fig. 11). The 
results in Fig. 11 suggest that the TSA, ENSO, and IOBM 
are the major predictors for the MOD anomaly. The two lat-
ter factors have been widely discussed in previous studies 
(Gao et al. 2006; Zhu et al. 2008; Wang et al. 2009; Yao 
et al. 2019). Other signals (e.g., NTA, NAO, TNA, PNA, 
DMI) are insignificantly correlated with the MODI. We 
further construct a regression equation using multiple lin-
ear regression analysis. Because the IOBM is largely deter-
mined by the preceding ENSO signal (Xie et al. 2009; Xie 
et al. 2016), we only consider the TSAI and Niño4 signal in 
the regression equation, which is given as:

 MODI∗ = −0.396 × TSAI + 0.297 × Niño4

.The partial regression coefficient magnitude for TSAI is 
larger than that for Niño4, thus this regression equation sug-
gests that the connection between the MOD and TSA-SSTA 
is more intimate. The correlation coefficients between the 
MODI and reconstructed MODI* is − 0.51, whereas the 
correlation coefficients between the MODI and single TSAI 
and Niño4 are − 0.42 and 0.32, respectively. The relationship 

feedback, the anomalous WNPAC to the west of the 
anomalous equatorward northerly wind could develop 
well.

5.2 Discussion

Besides the tropical route, there is also a possible pathway 
that the TSA trigger a Rossby wave propagating into the 
westerlies, dispersing downstream and affecting the south 
Asian high eventually (Jin and Huo 2018; Choi and Ahn 
2019). This pathway deserves further study.

Previous studies have suggested that an eastward propa-
gating teleconnection could transfer signals from the tropi-
cal Atlantic to the Indian Ocean (Kucharski et al. 2007, 
2009). It is of interest to determine whether TSA-SSTA can 
affect East Asia via the Indian Ocean. Indeed, warm TSA-
SSTA can produce a Kelvin wave with easterlies over the 
Indian Ocean as the response to the Gill mode (Kucharski 
et al. 2007, 2009). However, this Kelvin response to the 
east of the TSA is relatively weak in this study (Fig. 4), 
mainly because the propagation of the Kelvin wave damp-
ens rapidly when coming across the Africa continent and 
because the easterlies over the Indian Ocean induced by the 
TSA-SSTA are offset by westerlies produced by the cold 
SST over the western Indian Ocean (Fig. 4d). The Indian 

Fig. 10 Schematic diagram showing the interannual impact of spring 
TSA-SSTA on the MOD. The red shading over the TSA region indi-
cates the anomalous warm spring TSA-SSTA. The horizontal green 
vectors overlain on the bottom map indicate anomalous 850-hPa wind 
in June from the reanalysis (identical to Fig. 4d). The red (navy blue) 

circle over the western North Pacific (tropical Atlantic) schematically 
indicates the anomalous anticyclone (Gill response). The shading over 
the western North Pacific and Maritime Continent denotes anomalous 
rainfall (identical to Fig. 5a). The light blue and dark blue vectors indi-
cate Walker circulation and local Hadley circulation, respectively
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