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Abstract
Spring precipitation in southeastern China and Bengal, occurring during the transitional phase
from winter to summer monsoons, serves as a critical window into the dynamics of large-scale
circulations and the subsequent summer monsoon. While many studies have analyzed spring
precipitation in southeastern China and Bengal, their interconnections and implications for the
summer monsoon have remained relatively under explored. We utilized the Empirical Orthogonal
Function of spring precipitation to reveal Synchronous Spring Precipitation (SSP) in southeastern
China and Bengal. This synchronicity is bridged by the East Asian Subtropical Jet (EASJ) that
extends from Bengal to southeastern China. The EASJ was predominantly correlated with
precipitation in southeastern China prior to the 1990s, while it developed a more profound
connection with precipitation in Bengal after the 1990s. Notably, SSP anomalies occurred during
the developing phase of the El Niño-Southern Oscillation (ENSO). The predictive capacity of SSP
for the Indian summer monsoon (ISM) amplifies during periods of the intensified SSP-ENSO
correlations and positive phase of the North Pacific Meridional Mode. Tree-ring based
reconstructions spanning the past two centuries further corroborate the persistent linkages among
the SSP, ISM, and ENSO. Our research sheds light on the intricate interplay of these factors and
their significance in understanding and predicting the monsoon dynamics in the region.

1. Introduction

Spring precipitation bridges the winter and summer
climates and plays a pivotal role in ecological pro-
cesses and agricultural activities, primarily due to its
alignment with the onset of the plant growing sea-
son (Tian and yasunari 1998, Wang et al 2002, Wan
and Wu 2007, Tang et al 2022, Chen et al 2023).
The spring climates were considered as precursors
of the following Indian summer monsoon (ISM),
including the Eurasian snow cover, the El Niño-
Southern Oscillation (ENSO), wind and pressure

modes (Kumar et al 1999, Kakade and Kulkarni 2016,
Hari et al 2022). However, it is unclear about the pre-
dictability of the spring precipitation on the ISM. In
contrast to the summer monsoon rainfall that has
been extensively studied (Kumar et al 1999,Wang and
Ding 2008, Wang et al 2017, Hari et al 2022), changes
in spring precipitation in southern and eastern Asia
are less understood.

The spring precipitation in southeastern China
is recognized as the second most influential weather
system in China (Tian and Yasunari 1998, Huijun
et al 2002, Chen et al 2014, 2023, Zhu et al 2014,
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Figure 1. Precipitation pattern in Southern and Eastern Asia. (a) Spatial pattern of spring (March-May) precipitation, (b)
monthly total precipitation for southeastern China (20–30◦ N, 110–120◦ E), and (c) monthly total precipitation for Bangladesh
and its surrounding areas (22–28◦ N, 88–94◦ E) during 1950–2021 period.

Li et al 2020, Luo et al 2020, Wang et al 2021),
occurring predominantly from March to May, and
accounts for 40%–60% of the annual precipitation
centered in Fujian and Guangdong provinces in
southeast China (figure 1). The spring precipitation
in southeastern China is closely linked to the pre-
summer precipitation from April to June centered in
Guangdong and Guangxi provinces (Li et al 2020,
Luo et al 2020). Several studies have revealed the
thermal and dynamic effects of the Tibetan Plateau
on the spring precipitation in southeastern China,
particularly through the East Asian Subtropical Jet
(EASJ) (Wan and Wu 2007, Wang et al 2021). The
EASJ is generally positively correlated with the spring
precipitation in southeastern China (Huang et al
2015, Wang et al 2021). Others suggest that the west-
ern Pacific Subtropical High can enhance the spring
precipitation via increased moisture transport from
ocean to southeasternChina (Tian andYasunari 1998,
Zhu et al 2014).

Apart from southeasternChina, Bengal stands out
for its substantial extratropical spring precipitation,
with spring rainfall levels nearly ten times greater than
in winter (figure 1). The spring and summer climate
in eastern Asia and the ISM domain aremodulated by
the interconnected ENSO,western Pacific Subtropical
High and EASJ, which showed a regime shift around
1990 (Huang et al 2018, Li and Wang 2013). It is
intriguing to explore whether there exists intercon-
nection between spring precipitation in southeastern
China and Bengal and their time-varying relation-
ships with the ISM.

2. Methods

2.1. Climate and tree-ring data
We utilized monthly Climate Research Unit (CRU
TS4.06) land temperature and precipitation data in
southern and eastern Asia (0–50◦ N, 60–140◦ E),
which spans from 1901 to 2021 with a grid resolution

2



Environ. Res. Lett. 19 (2024) 104008 K Fang et al

of 0.5◦ × 0.5◦ (Harris et al 2020). To ensure the
robustness of our analysis, we focused on post-1950
data, as comprehensive meteorological data become
available after 1950 (Cook et al 2010). To discern
climate patterns associated with oceanic and atmo-
spheric conditions, we conducted an extensive ana-
lysis of the regional climate data in relation to SST,
Geopotential Height, and near-surface (10 m) wind
speed. For the SSTdata, we incorporated theHadISST
dataset, which offers a spatial resolution of 1◦ × 1◦

and spans from 1870 onwards (Rayner et al 2003).
Regarding Geopotential Height and wind data, we
relied on the European Center for Medium-Range
Weather Forecasting (ECMWF) Reanalysis version
5 (ERA5). This dataset provides hourly estimates
of climate variables from 1940 to the present day
(Hersbach et al 2023). To characterize the Indian
summer monsoon (ISM), we employed the homo-
geneous Indian monthly rainfall datasets spanning
from 1871 to 2016. In our analysis, we employed the
well-recognized Niño 3.4 and Niño 4 index to char-
acterize the ENSO (Trenberth and Stepaniak 2001),
extending from 1871 to 2022.

To assess the stability of spring precipitation
regimes, we harnessed the invaluable attributes of
tree rings, which offer precise dating, high resolu-
tion, and strong climate sensitivity (Frank et al 2022).
Our dataset incorporates tree-ring data obtained
from 167 subtropical sites (15–35◦ N, 80–130◦ E).
Among these, 142 samples were obtained from the
International Tree-Ring Data Bank (ITRDB), with an
additional 25 samples collected by our research team
(table S1). To ensure the integrity of our tree-ring
data, we detrended by fitting a negative exponen-
tial curve and subsequently constructed chronologies
using a biweight robust mean (Cook 1985).

2.2. Statistical and reconstructionmethods
In our study, we employed the widely recognized
EOF analysis to identify the dominant spatial patterns
of spring precipitation. Prominent EOF modes and
their corresponding time series are typically regarded
as key indicators of climate patterns (Lorenz 1956).
To evaluate time-varying correlations across different
timescales, we utilized Wavelet coherence (Grinsted
et al 2004). This approach involves breaking down
time series data into various temporal components
throughwavelet analysis and subsequently calculating
localized correlations, allowing to gain insight into
the evolving relationships between variables cross dif-
ferent timescales. Running correlations, specifically
21 year moving window correlations, are utilized to
examine the temporal variations in the relationships
between SSP and ISM, as well as ENSO.

We applied the principal components regression
approach for our tree-ring-based climate reconstruc-
tions (Cook et al 2010). This involved the selection of
the tree-ring chronologies that exhibited significant
correlations with the target climate variables, which

were then used to extract principal components
for climate reconstruction. The model’s effectiveness
was ascertained by the leave-one-out cross-validation
technique (Michaelsen 1987), which is particularly
well-suited for situations with short observational
data.

3. Results

3.1. Synchronous spring precipitation (SSP) and its
linkages with the EASJ
The leading empirical orthogonal function (EOF1)
associated with spring precipitation accounts for
22.2% of the total variance and exhibits its highest
loadings over the Philippines and the surround-
ing regions (figure 2(a)). On the other hand, EOF2
explains 10.7% of the variance and displays signi-
ficant loadings in southeastern China and Bengal
(figure 2(b)). The first 2 modes passed the North test
with a confidence level of 95% (figure S1). Our par-
ticular focus is on EOF2, as it provides a clear rep-
resentation of SSP between southeastern China and
Bengal. Accordingly, we leverage the EOF2 for our
SSP analysis. The SSP between southeastern China
and Bengal is also observed for the global domain
(figure S2). Notably, the SSP experienced a not-
able historical trajectory, hitting its lowest point in
the 1960s, reaching its peak in the 1970s, and sub-
sequently declining since then (figure 2(d)). This
trend, characterized by decreasing spring precipita-
tion and a narrowing range of variability in recent
years, aligns with the findings of earlier studies on
spring precipitation in southeastern China (Li and
Wang 2013, Tang et al 2022).

Prior to approximately 1990, spring precipitation
in southeastern China was closely associated with
the SSP, as substantiated by their strong correlations
(figures 3(a) and (c)). However, a noteworthy shift
occurred after 1990, where correlations with precip-
itation in southeastern China weakened, while those
with Bengal’s precipitation intensified (figures 3(b)
and (d)). This regime shifts around 1990 is also evid-
ent in correlations with the East Asian Subtropical
Jet (EASJ) (figure 4). Before the regime shift around
1990, precipitation in southeastern China exhibited
significant correlations with the EASJ, as indicated by
strong zonal wind associations at 200 hPa over east-
ern subtropical Asia (figure 4(a)). However, these cor-
relations vanished after 1990 (figure 4(b)). In con-
trast, Bengal’s precipitation showed no significant
correlations (p < 0.1) with the EASJ before 1990
(figure 4(c)) but emerged with strong correlations
after 1990 (figure 4(d)). Regardless, the SSP exhib-
its significant correlations with the EASJ, underlining
the co-variability between southeastern China and
Bengal (figures 4(e) and (f)).

The EASJ acts as a bridge, linking the local cir-
culations in southeastern China and Bengal, ulti-
mately influencing the development of SSP. Spring
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Figure 2. Dominant Spring Precipitation Patterns in Southern and Eastern Asia. (a) and (b) The first two leading Empirical
Orthogonal Functions (EOF1 and EOF2) and (c) and (d) their respective principal components (PC1 and PC2) for the spring
(March-May) precipitation in this region (60–140◦ E, 0–50◦ N).

Figure 3. Linkages of the Synchronous Spring Precipitation (SSP) with the spring precipitation in southeastern China (SE China)
and Bengal. (a) and (b) Comparative analysis of the SSP and spring precipitation. Correlation coefficients (r) are calculated
separately for period before and after 1990. The double asterisk (∗∗) and triple asterisk (∗∗∗) represent significance levels of 0.01
and 0.001, respectively. (c) and (d) The wavelet coherence between the SSP and the spring precipitation. The distinct shift around
1990 is demarcated by vertical lines. The black solid lines represent the 5% significance levels against red noise.
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Figure 4. Relationships between spring precipitation and East Asian Subtropical Jet (EASJ). Correlations between zonal winds at
200 hPa and the spring precipitation (a) and (b) in southeastern China, (c) and (d) Bengal and (e) and (f) Synchronous Spring
Precipitation (SSP) between the two regions for the 1950–1989 and 1990–2021 periods. Significant correlations with the EASJ are
accentuated by blue squares. All datasets have been detrended.

precipitation in southeastern China, situated on the
western flank of the western Subtropical Pacific
High, shows positive correlations with the south-
erly winds from the ocean (figures S5–S9), agree-
ing with previous findings (Tian and Yasunari 1998,
Chen et al 2014, 2023). This demonstrates that a
stronger western Subtropical Pacific High intensi-
fies southerly winds, enhancing moisture transport
towards southeastern China, leading to increased
spring precipitation (He et al 2015, Zhang et al 2022).
Meanwhile, in Bengal, the prevailing low-level anti-
cyclonic pattern originates in the Bay of Bengal,
moving eastward until it encounters the Hengduan
Mountains and then deflects westward along the
southern Himalayas (figures S5–S9). This anticyc-
lonic flow, obstructed by the complex topography of
the Himalayas and Hengduan Mountains, leads to

minimal spring precipitation in the adjacent north-
ern Himalayas and the eastern side of the Hengduan
Mountains (figure 1).

3.2. Linkages among the ENSO, SSP and ISM
A distinct positive correlation between SSP and the
ISM is evident, especially during the period span-
ning the 1970s to the early 1980s (figures 5(b) and
(d)). Interestingly, this period of strong correlation
between SSP and ISM aligns with the era that shows
the most robust correlations between SSP and the
ENSO, as shown in figures 5(a) and (c).

To test whether the SSP-ISM association is stably
controlled by the SSP-ENSO linkage over a long
period, we reconstructed SSP data dating back to
1796 through the use of tree rings (figure 6(a)).
For the reconstruction, we selected thirteen tree-ring
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Figure 5. Linkages of the Synchronous Spring Precipitation (SSP) with the El Niño-Southern Oscillation (ENSO) and Indian
Summer Monsoon (ISM). Running correlations using a 21 year window between the SSP and (a) the ENSO (Niño 3.4) index in
the following winter (DJF) and the (b) total Indian summer (JJAS) precipitation, as well as (c) and (d) their wavelet coherence.
The period exhibiting the most robust wavelet coherence is indicated by a black square.

chronologies (table S1) based on their significant
(p< 0.1) correlationwith SSP from1950 to 1990. Two
principal components (PC1 and PC2) derived from
these chronologies were used to reconstruct SSP dat-
ing back to 1796, capturing 31.6%of the instrumental
variance (figure 6(a)). Verification statistics support
the robustness of the reconstruction model (Sign
Test: 30+/11-; Reduction of Error = 0.25; Product
Mean = 3.73). The reconstructed SSP data indicate
that current fluctuations in SSP fall within the histor-
ical ranges. For example, the driest period from 1926
to 1930 coincides with a dry spell in northern China
and a failure of the ISM, which has been linked to the
accelerated warming of the 20th century (Liang et al
2006, Cook et al 2010, Hegerl et al 2018). India has
relatively long historical climate records compared to
eastern Asia (Cook et al 2010), and all Indian rainfall
indices since 1871were employed to represent the his-
torical ISM. Indeed, the time-varying SSP-ISM link-
ages is strong in periods with strong SSP-ENSO cor-
relations over the longer reconstruction period for
both the typical eastern Pacific ENSO and central
Pacific ENSO (figure 6(b)).

To further examine the controlling factor on the
interdecadal shifts of the SSP-ISM relationships, we
calculated the correlations between the time series
of the SSP-ISM running correlations and the Sea

Surface Temperature (SST) (figure 6(c)). We found
that the interdecadal SSP-ISM correlations are posit-
ively linked to a pattern resembling the North Pacific
Meridional Mode (NPMM) (Chiang and Vimont
2004). This association is further supported by a
significant correlation with the NPMM wind index
(figure S4). This suggests that SSP’s predictive capa-
city for the ISM is enhanced when it aligns with the
ENSO during the positive phase of NPMM.

4. Discussion

4.1. Regime shift of the SSP in around 1990
The SSP between southeastern China and Bengal is
connected primarily relies on the high-level EASJ,
which leads to convergence and sustained precip-
itation in both southeastern China and Bengal as
revealed herein and previously (Wan and Wu 2007,
Wang et al 2017). In addition, a wave train has been
observed along the subtropical jet streams, influen-
cing low-level convective activities (Ding and Wang
2005). This interplay of high-level atmospheric pat-
terns plays a vital role in connecting the distinctive
low-level spring circulations observed in southeastern
China and Bengal. Unlike the SSP observed between
southeastern China and Bengal, previous research
pointed to a contrasting dipole spring precipitation
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Figure 6. Reconstruction of Synchronous Spring Precipitation (SSP) reconstruction and its interplay with the El Niño-Southern
Oscillation (ENSO) and Indian Summer Monsoon (ISM). (a) Comparisons of the reconstructed and observed SSP data, (b)
21 year running correlations among the SSP, ISM, Niño 3.4 and Niño 4 and (c) spatial correlation between the time-series of the
SSP-ISM running correlation and the annual sea surface temperature (SST). The SSP-Niño 3.4 and SSP-Niño 4 correlations were
reversed to facilitate visual comparison. Post-1950 SSP data utilized for computing running correlations were substituted with
observational data. The correlations between two running correlation series are 0.86 (SSP-ISM vs SSP-Niño 3.4) and 0.66
(SSP-ISM vs SSP-Niño 4), with a significant level of 0.001. For the 21 year spell, correlation coefficients greater than 0.37 (dashed
line) represent significance at the 0.05 level (one-tailed).
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pattern between southeastern Tibetan Plateau and
southeastern China (Zuo et al 2012, Fang et al 2021).
These seemingly opposite results to our study are due
to their focus on a larger study area. In fact, there are
also significant regional differences in spring precip-
itation in Bangladesh and nearby areas of the south-
eastern Tibetan Plateau (Fang et al 2010, Sun et al
2023).

Around 1990, the key regions associated with the
SSP signal notably shifted from southeastern China
to Bengal, as evidenced by higher correlations with
southeastern China precipitation before 1990, and
with Bengal precipitation after 1990 (figure 3). Our
findings emphasize that when Bengal becomes the
dominant influence over the SSP, the SSP shows
strong correlations with the EASJ extends from
Bengal to southeastern China.

However, when southeastern China takes preced-
ence, strong correlations are observed over the east-
ern part of the EASJ. Before 1990, the eastern branch
of the EASJ is relatively strong and thus the SSP is
mainly linked to the precipitation in southeastern
China to the east (figure S10). This eastern part of
the EASJ is linked with a strengthened West Pacific
teleconnection (Linkin and Nigam 2008), as evid-
enced by positive correlations with the western Pacific
Subtropical High and negative correlations with the
Geopotential Height over the north-central Pacific
Ocean (figures S8 and S9). The enhanced linkages
between the EASJ and spring precipitation in Bengal
after 1990 may be related to the strengthening of the
western section of EASJ (figure S10). The EASJ is loc-
ated over the northern ridge of the western Pacific
Subtropical High. After the 1990, the frequent occur-
rences of the central Pacific ENSO and the westward
shift of western Pacific Subtropical High, resulting
in strong influences ISM domain climate as revealed
previously (Huang et al 2018, Li and Wang 2013).
This is evidenced in our study by strength correlations
with the ENSO (figure S11) and ISM domain climate
(figures S5–S9) after 1990.

The regime transition in around 1990 may
also be associated with factors such as diminishing
Eurasian snow cover that affects atmospheric cir-
culation anomalies, and changes in dominant SST
areas that influence precipitation anomalies (Zuo
et al 2012, Zhu et al 2014, Tang et al 2022). The
modulation of the EASJ is influenced not only by
the downstream West Pacific teleconnection but also
by the upstream North Atlantic Oscillation (NAO)
(Hurrell andDeser 2010), as supported by themarked
correlations of the SSP with the Azores High and
Icelandic Low (figures S8 and S9). The exact factors
responsible for the regime change likely multifaceted
and complex. This may also link with phase shifts
in the Interdecadal Pacific Oscillation and Atlantic
Multidecadal Oscillation (Cai et al 2024). Future

research efforts could explore the potential roles of
these factors in driving the observed regime shift in
SSP.

4.2. SSP as an indicator of ISM
ENSO is a key factor in projecting ISM trends via
the Walker circulation, which changes through time
along with shifts in the downward limb of the Walker
circulation and changes in the ENSO variability
(Kumar et al 1999, Li et al 2013, Xu et al 2023).
Moreover, the regional Hadley circulation and Indian
Ocean SST anomalies also modulate the influence of
ENSO on the strength and position of ISM (Cherchi
and Navarra 2012, Yu et al 2021). The uncertainty in
ENSO predictability during spring, which is referred
to as the spring predictability barrier (Lai et al 2018),
further complicates predictions of the ISM based on
the persistence of ENSO from spring to summer
and the ENSO-ISM relationship. This highlights the
intricate nature ofmonsoon forecasting and the other
precursors in spring to predict the behavior of the
ISM.

The linkages between SSP and spring precip-
itation in southeastern China and Bengal primar-
ily occurs on scales of 4–10 years (figures 3(c)
and (d)). This timescale partially overlaps with the
ENSO period (2–7 years), suggesting a potential link
between ENSO and SSP. Indeed, ENSO plays a pivotal
role in affecting both SSP and ISM, acting as a bridge
between these two systems (Li et al 2013, Chen et al
2023). An observed decrease in SSP (since 1970s,
p < 0.05) can potentially signal a northward shift
of the summer monsoon, making it a potential pre-
dictor for the ISM. Evidence of the enhanced pre-
dictive power of SSP on ISM is underscored by a
notably stronger correlation between SSP and ISM
(r = 0.27, p < 0.05) than between spring ENSO
and ISM (r = −0.11, p > 0.1). Interestingly, positive
correlations between the SSP and the eastern equat-
orial Pacific SST are observed in the preceding winter,
which weaken in concurrent spring and reverse to
negative correlations in the subsequent winter (figure
S12). ENSO typically develops from the prior spring
to the following spring and summer with a persist-
ent pattern, while the ENSO in the decaying phase
in winter often shift to the negative phase in the fol-
lowing year (Li et al 2014). According to the evolu-
tion phase of the ENSO, the SSP is positively with the
ENSO in its decaying phase and negatively correlated
in its developing phase. The warm ENSO SST anom-
alies can lead to an anomalous low-level anticyclone
over the western North Pacific in the decaying spring.
This anticyclonic flow enhances the southwesterly
winds, which in turn increases moisture transport
and precipitation in southeastern China and Bengal
(Xu et al 2021). While previous research emphasized
positive correlations between SSP and the decaying
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phase of ENSO (Wu and Mao 2016), our focus leans
toward the developing phase due to its strengthened
correlations.

The robust persistence observed in ENSO’s devel-
oping phase means that the SSP-ENSO connection
often extends into summer, consequently influencing
both ENSO and ISM. The NPMM emerges as a pre-
cursor to ENSO, peaking in spring (Amaya 2019, Jia
et al 2021, Hari et al 2022). Moreover, the impact
of the spring PMM on the following winter ENSO
has been increasing over the past 70 years (Zheng
et al 2023). With NPMM in its positive phase, the
seasonal coherence within the Indo-Pacific climate
among NPMM, ENSO, and ISM strengthens, poten-
tially enhancing the predictability from SSP to ISM.

Spring precipitation in southeastern China is also
influenced by the South China Sea summer mon-
soon. This monsoon typically starts in May, mark-
ing a significant climatic shift for the region (Hu
et al 2022). Beyond the timing of its onset, interan-
nual variations in the intensity of the summer mon-
soon also impact spring precipitation. Notably, El
Niño events can delay the onset of the summer mon-
soon, leading to reduced spring rainfall in southeast-
ern China. Conversely, La Niña events often bring an
earlier and stronger summer monsoon, resulting in
increased spring precipitation (Hu et al 2020, Choi
2021).

5. Conclusions

This research provides valuable insights into the SSP
in southeastern China and Bengal and its poten-
tial as an indicator for the ISM. The co-variability
of SSP is intricately linked with the EASJ. Prior to
1990, the EASJ primarily influenced spring precipita-
tion in southeastern China, giving its dominance over
SSP. However, Bengal’s precipitation became more
predominantly influenced by the EASJ and associ-
ated SSP after 1990. The predictive capability of SSP
for ISM depends on its connections with ENSO.
Particularly during the 1970s and early 1980s, when
the linkage between SSP and ENSO intensified, the
relationship between SSP and ISM was solidified.
Our extended reconstruction of SSP dating back to
1796 demonstrates that the connections among SSP,
ISM, and ENSO remain consistent over this exten-
ded period. This consistency suggests the potential
for predicting ISM from SSP, especially when the rela-
tionship between SSP and ENSO strengthens during
the positive phase of the NPMM. While our study
provides valuable insights, further research utilizing
coupled models and paleoclimate data is crucial for
a more comprehensive understanding of the underly-
ing mechanisms and the long-term predictive power
of SSP for the ISM.
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