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Abstract 

Using observational and reanalysis datasets from 1979 to 2023, this study investigates the role of upper- and middle-
tropospheric circulation anomalies in mediating the influence of El Niño-Southern Oscillation (ENSO) on South China 
winter precipitation (SCWP). The results show that El Niño events trigger a prominent quasi-barotropic cyclonic 
anomaly over East Asia, with peak intensity occurring between 150 and 200-hPa in the upper troposphere. East-
ward of this anomaly, mid-tropospheric southerly wind anomalies induce warm air advection along the East Asian 
coastline, which enhances vertical upward motion. Additionally, the differential vertical vorticity advection—driven 
by stronger vorticity anomalies and amplified zonal winds in the upper troposphere compared to the lower levels—
further intensifies the ascending motion along the eastern flank of the cyclonic anomaly. Consequently, this upper- 
and middle-tropospheric anomalous cyclone creates a corridor of ascending motion that extends from southern 
China to the region south of Japan, leading to the development of positive precipitation anomalies in the region. This 
finding could help improve the seasonal forecast skill of SCWP.
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Introduction
In winter, East Asia is dominated by cold and dry win-
ter monsoon (Ding 1990; Huang et al. 2004; Wang and 
Lu 2013). As a result, wintertime rainfall is less than 
the other seasons in most regions, but it is still large 

and shows a strong year-to-year variability in southern 
China (Zhou and Wu 2010; Wang and Feng 2011; Li 
and Ma 2012). Given the large population in southern 
China, precipitation anomalies can lead to substantial 
economic and social impacts (Wang and Feng 2011). 
For example, a severe winter flooding event hit south 
China in the winter of 2015/16 (Guo et  al. 2019; Li 
et  al. 2020), resulting in severe impacts on agriculture 
and transport. Previous studies show that the interan-
nual variability of precipitation in southern China is 
likely affected by a series of factors, including El Niño-
Southern Oscillation (ENSO) (Zhang et  al. 1996; Wu 
et  al. 2003; Li and Ma 2012), sea surface temperature 
(SST) anomalies in the South China Sea (Zhou 2010) 
and the Atlantic (Liu et al. 2012, 2020), the Pacific Dec-
adal Oscillation (Chen et al. 2013), and the East Asian 
winter monsoon (Wang and Chen 2010; Zhou and Wu 
2010). Among these factors, ENSO’s relatively long 
persistence makes it a primary driver of the seasonal 
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predictability of southern China winter precipitation 
(SCWP). The skillful seasonal prediction of SCWP 
in climate models depends mostly on the successful 
representation of the observed ENSO teleconnection 
(Lu et  al. 2017). Therefore, understanding how ENSO 
affects winter rainfall in southern China is crucial.

One pathway through which ENSO impacts SCWP 
is by inducing changes in low-level circulation over the 
Northwest Pacific. During El Niño winters, a low-level 
anticyclonic atmospheric circulation anomaly develop 
over the Northwest Pacific (Wang et  al. 2000). This 
anomaly is driven by local ocean surface cooling and 
remotely forced subsidence associated with warming 
in the central and eastern Pacific warming (Zhang et al. 
1996; Wang et al. 2000; Li et al. 2017; Wu et al. 2017). On 
the northwest flank of the anticyclonic anomaly, south-
westerly wind anomalies enhance the transport of water 
vapor from the tropical ocean to southern China, result-
ing in increased winter rainfall in the region (Wu et  al. 
2003).

In addition to generating low-level circulation anom-
aly over the Northwest Pacific, ENSO also significantly 
influences upper- and middle-tropospheric circulation 
patterns across East Asia. There are three equatorial sym-
metric Rossby wave dumbbells of alternating signs dur-
ing El Niño mature phase (Adames and Wallace 2017). 
As part of these Rossby wave dumbbells, cyclonic and 
anticyclonic anomalies are observed in the upper tropo-
sphere over East Asia during El Niño and La Niña events, 
respectively. Previous studies reported that ENSO can 
impact on SCWP by exciting subtropical jet-trapped 
Rossby waves and altering the jet’s latitudinal position 
(Liu et al. 2012; Li and Sun 2015; Hu et al. 2018; Gao et al. 
2020; Li et  al. 2020). However, the El Niño-associated 
upper-layer anomalous cyclone over East Asia cannot 
be attributed to jet-trapped Rossby waves, as it exhibits 
a symmetric counterpart in the Southern Hemisphere. 
The impact of the El Niño-associated upper-level anoma-
lous cyclone over East Asia on SCWP remains poorly 
understood.

In this study, we aim to address the key issues. We 
found the El Niño-associated upper-level anomalous 
cyclone over East Asia plays an important role in ENSO’s 
impact on SCWP. For simplicity, we refer to the processes 
as the upper-layer pathway related to most discussed 
low-level pathway. The remainder of the paper is organ-
ized as follows. Section “Data and methods” describes the 
data used in the analysis. Section “The upper-level path-
ways of ENSO impact on SCWP” examines the dynamic 
processes through which upper-tropospheric circulation 
influences ENSO-related SCWP anomalies. Finally, Sec-
tion “Summary” provides a summary of the findings.

Data and methods
The monthly mean atmospheric circulation and tempera-
ture fields are from the fifth-generation ECMWF reanaly-
sis for the global climate and weather (ERA5; (Hersbach 
et al. 2020) at a resolution of 2.5° latitude × 2.5° longitude 
from 1979 to the 2023. Monthly global precipitation grid-
ded at 2.5° × 2.5° horizontal resolution is from the Global 
Precipitation Climatology Project (GPCP) dataset (Adler 
et al. 2003). Monthly global gridded SST dataset is from 
the U.K. Met Office Hadley Centre (HadISST), with a 
resolution of 1° × 1° (Rayner et  al. 2003). The interan-
nual variability of ENSO is quantified using the Decem-
ber–February [D(0)JF(1)] mean Niño3.4 index, calculated 
from SST anomalies averaged over the region 5°S–5°N, 
170°W–120°W. The statistical significance of the results 
was assessed using a two-tailed Student’s t-test.

The observed results are validated using AMIP (Atmos-
pheric Model Intercomparison Project) simulations from 
eleven Coupled Model Intercomparison Project Phase 6 
(CMIP6) models, including BCC-CSM2-MR, CESM2, 
CNRM-CM6-1, CanESM5, E3SM-1–0, GFDL-CM4, 
HadGEM3-GC31-LL, IPSL-CM6A-LR, MIROC6, MRI-
ESM2-0, and TaiESM1. The eleven models were selected 
based on their availability of all required variables for 
our analyses. These simulations are forced by observed 
sea surface temperatures (SSTs) during the period 1979–
2014. For simplicity, we compute the ensemble mean of 
the 11 models’ simulations and base our analysis on this 
aggregated result. More detailed online model documen-
tations for the CMIP6 models are available at https:// 
pcmdi. llnl. gov/ CMIP6/.

The upper‑level pathways of ENSO impact on SCWP
Figure  1a–c shows the D(0)JF(1) circulation anomalies 
at 150, 500 and 850-hPa, respectively, regressed onto 
the simultaneous normalized Niño3.4 index over the 
period from 1979 to 2023. Notably, pronounced cyclonic 
anomalies are observed over East Asia at both 150  hPa 
and 500  hPa, with the anomalies at 150  hPa exhibiting 
a greater magnitude compared to those at 500 hPa. The 
maximum anomaly occurred between 150 and 200  hPa 
in the upper troposphere (Supplementary Fig. 1). In the 
tropical Indo-Western Pacific regions, an anomalous 
anticyclone is evident at 850-hPa. To the north of this 
low-level anticyclone and east of the upper-level cyclonic 
anomaly, a band of positive rainfall extends from South 
China to the south of Japan (Fig. 1c). The AMIP simula-
tions (Fig.  1d–f) capture the ENSO-related circulation 
patterns, vertical velocity, and precipitation anomalies 
with remarkable consistency compared to observations, 
suggesting these anomalies are primarily driven by 
ENSO-related SST forcing. While previous research (Wu 
et al. 2003, 2010; Ke et al. 2019; Zhang et al. 2021; Huang 
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et al. 2023) have attributed this rainfall belt primarily to 
enhanced vapor transport facilitated by the low-level 
anticyclone, our analysis reveals that the rainfall belt also 
coincides with significant upward motion anomalies at 
500 hPa, extending from South China to the region south 
of Japan (Fig.  1b). This suggests that dynamic processes 
associated with vertical motion may play a pivotal role in 
the formation of the anomalous rainfall belt.

In order to analyze the mechanisms of vertical motion, 
a diagnosis employing the linearized omega equation has 
been performed followed (Kosaka and Nakamura 2010): where the overbar and prime symbols denote climato-

logical mean quantities for D(0)JF(1) and the regressed 
anomalies, respectively. The static stability, σ , is defined 
as σ = (R/P)

(
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Fig. 1 D(0)JF(1) circulation anomalies associated with ENSO. a Regression of observed D(0)JF(1)wind (vectors) and stream function (shaded) 
at 150 hPa onto the normalized D(0)JF(1) Niño3.4 index from 1979 to 2023; b regression of observed wind (vectors) and omega (shaded) at 500 hPa 
onto the Niño3.4 index, with contours denoting the D(0)JF(1) mean 500-hPa temperature (unit:k); c regression of observed 850-hPa wind (vectors) 
and precipitation (shaded) onto the Niño3.4 index, with contours representing the D(0)JF(1) mean lower-level specific humidity (vertical average 
from the surface to 850 hPa, unit: kg/kg). The right d–f shows the same as the left panel but for ensemble mean of 11 AMIP simulations from 1979 
to 2014. Dots indicate regions where anomalies pass the 95% confidence level test based on statistical significance
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relative vorticity, f the Coriolis parameter, R the gas 
constant, T  air temperature, V horizontal wind, and Q 
diabatic heating. We perform the Laplacian inversion uti-
lizing functions from the Math Kernel Library. The verti-
cal derivative at the boundary is designated as a missing 
value, thereby constraining the program to solve for 
omega exclusively within the inner layer. The first term in 
the right–hand-side of Eq.  (1) signifies the contribution 
arising from the vertical difference of vorticity advection. 
The second term represents the influence of horizontal 
temperature advection, while the third term represents 
the effect of diabatic heating. The detailed physical mean 
of each term can refer to Hoskins et al. (2003). For brev-
ity, we employ the abbreviations, ωvor , ωT , and ωQ to 
denote these three terms, respectively.

Figure 2a–d presents the spatial distribution of ωvor , ωT , 
ωQ, and their combined total, respectively, while Fig.  2e 
displays the observed 500-hPa vertical velocity anomalies 
regressed onto the normalized D(0)JF(1) Nino3.4 index. 
The combined total (Fig.  2d) demonstrates strong con-
sistency with the observed vertical velocity anomalies 
(Fig. 2e) in both magnitude and spatial pattern, indicat-
ing that the omega anomalies are primarily driven by 

the contributions of these three components. The ωvor 
exhibits negative values centered over the eastern part of 
anomalous cyclone in East Asia. As shown in Fig. 1, the 
cyclonic anomaly over East Asia are most pronounced in 
the upper troposphere. Combined with the fact that the 
climatological zonal wind is also strongest in the upper 
troposphere, the positive vorticity advection east of the 
East Asian cyclone is more intense in the upper tropo-
sphere compared to the lower troposphere. According to 
the omega equation, this vertical difference in vorticity 
advection induces ascending motion, explaining the neg-
ative ωvor over eastern China. The ωT shows negative val-
ues centered over southern China and Korean peninsula. 
Since ωT results from horizontal temperature advection, 
the ascending motion, induced by these negative values, 
is likely driven by warm air advection associated with 
anomalous mid-tropospheric southerly anomalies on the 
east frank of East Asian anomalous cyclone (Fig. 1b). The 
ωQ displays negative values from southern China to the 
sea south of Japan, which arise from diabatic heating due 
to anomalous precipitation.

All three components exhibit negative values over 
southern China, suggesting that each contributes to 

Fig. 2 ENSO-related omega anomalies and their components at 500 hPa. a Spatial distribution of ωvor (vorticity advection contribution); b ωT  
(temperature advection contribution); c ωQ (diabatic heating contribution); d their combined total, calculated by Eq. (1). e Observed 500-hPa 
vertical velocity anomalies regressed onto the normalized D(0)JF(1) Niño3.4 index during 1979–2023. f Area-averaged values of the three terms 
( ωvor , ωT  , ωQ ) and the ERA5 vertical velocity anomaly over southern China, delineated by the red box spanning 100°E–125°E and 20°N–28°N. The 
contour interval in a–e is 0.2(±0.1,±0.3,±0.5, · · · )× 10−2Pa/s , with light gray shading indicating values below − 0.2 ×10−2Pa/s and dark gray 
above 0.2 ×10−2Pa/s . Dots in e denote regressions that pass the 95% confidence level
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the ascending motion anomalies in this region. Fig-
ure 2f further quantifies the area-averaged values of the 
three terms and vertical velocity anomaly in southern 
China, delineated by the red box spanning 100–125°E 
and 20–28°N. The area-averaged contributions of ωvor , 
ωT , and ωQ account for 20%, 22%, and 24% of the verti-
cal velocity anomalies, respectively. The term ωQ should 
be considered a feedback term, as ascending motion 
induced diabatic heating, which in turn enhances ascend-
ing motion. In contrast, the 500  hPa ωvor and ωT are 
directly related to the ENSO-induced upper layer anoma-
lous cyclone over East Asia. Thus, ENSO can influence 
vertical motion over southern China by modulating the 
upper-level circulation, which subsequently impacts 
vorticity advection and temperature advection in the 
region. The contributions from both vorticity advection 
differences and thermal advection are also evident in the 
AMIP simulations (Supplementary Fig. 2).

It is noteworthy that there are some differences 
between the spatial patterns of 500-hPa vertical motion 
anomalies (Fig. 2e) and precipitation anomalies (Fig. 1c). 
For instance, significant ascending motion anomalies 
are observed over the Korean Peninsula, but the corre-
sponding precipitation anomalies are not significant in 
this region. This discrepancy can likely be attributed to 

insufficient moisture availability, even in the presence of 
ascending motion. As shown in Fig. 1c, f, a strong meridi-
onal gradient of specific humidity is evident over East 
Asia, with a contour of 0.011  kg/kg around 20°N and a 
contour of 0.003  kg/kg around 32°N. In relatively dry 
regions (specific humidity below 0.003  kg/kg), signifi-
cant ascending motion does not correspond to significant 
positive precipitation anomalies. Therefore, ascending 
motion alone is not sufficient to generate precipitation if 
the atmospheric column lacks adequate water vapor. This 
highlights the critical role of moisture supply in deter-
mining precipitation patterns. From this perspective, 
both enhanced vapor transport driven by low-level circu-
lation and ascending motion induced by upper-level cir-
culation are essential for the formation and maintenance 
of the SCWP anomalies in ENSO years.

Moreover, to analyze how ENSO induces upper-level 
circulation anomalies over East Asia, we conduct an anal-
ysis of the vorticity budget based on the linearized vorti-
city equation (Kosaka and Nakamura 2006):
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Fig. 3 Vorticity budget at 150-hPa. a Rossby wave source; b zonal advection term; c meridional advection term; d β term for 150-hPa D(0)JF(1)
vorticity anomalies regressed onto the normalized D(0)JF(1) Niño3.4 index during 1979–2023, based on Eq. (2). Solid (dashed) contours denote 
positive (negative) values, with a contour interval 4 ( ±2,±4,±8,±10, · · · )× 10−11s−2
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where S represents the linearized barotropic Rossby wave 
source (Sardeshmukh and Hoskins 1988):

In Eqs.  (2) and (3),uψ = (uψ , vψ) and uχ = (uχ , vχ ) 
represent the rotational and divergent wind compo-
nents, respectively, while ζ denotes relative velocity. The 
overbars and primes denote the D(0)JF(1) climatological 
mean and the monthly anomalies regressed onto the nor-
malized D(0)JF(1) Nino3.4 index, respectively. The terms 
ZA and MA correspond to the advections of anoma-
lous vorticity by the climatological zonal and meridional 
winds, respectively, and the β term represents the hori-
zontal advection of the mean absolute vorticity by anom-
alous winds. Vertical advection, tilting and nonlinear 
effects are incorporated into the residual terms. A posi-
tive value of any given term indicates a tendency toward 
increasing cyclonic vorticity.

(3)S = −u
′
χ · ∇H

(
f + ζ

)
−

(
f + ζ

)
∇H · u

′
χ − uχ · ∇

H
ζ ′ − ζ ′∇H · uχ .

Figure  3a–d illustrates the relative contributions of 
each dynamical term to the 150-hPa vorticity anomalies. 

A pronounced positive wave source is evident around 
30°N latitude, extending from East Asia to the North 
Pacific (Fig.  3a). Notably, the anomalous cyclone over 
East Asia corresponds to a positive wave source (Fig. 1a), 
demonstrating a robust dynamical linkage between wave 
source and the anomalous cyclone. The ZA term exhib-
its a dipole structure, with negative values to the west of 
the East Asian cyclone and positive values to its east. In 
contrast, the β term displays a comparable magnitude 
but an opposing spatial pattern. This anti-phase relation-
ship suggests that the advection of perturbation vorticity 
by mean flow is largely counterbalanced by the β effect. 
The value of MA (Fig. 3c) is negative in South China, and 
its magnitude is comparable to the positive value of the 

Fig. 4 Components of the 150-hPa wave source shown in Fig. 3a. a Advection of mean vorticity by the perturbation divergent wind; b vortex 
stretching induced by the perturbation divergent wind; c advection of perturbation vorticity by the mean divergent wind; and d vortex 
stretching caused by the mean divergent wind, calculated based on Eq. (3). Vectors in a represent the divergent wind components regressed 
onto the normalized D(0)JF(1) Niño3.4 index during 1979–2023. Solid (dashed) contours denote positive (negative) values, with a contour interval 4 
( ±2,±4,±8,±10, · · · )× 10−11s−2
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wave source (Fig. 3a). Thus, the Rossby wave source term 
in the South China region is primarily balanced by MA. 
The values of residuals, which are small in magnitude and 
spatially scattered (not shown), suggest a negligible con-
tribution. This dynamical balance implies that the upper 
layer East Asian cyclone represents a stationary wave 
response to an ENSO-induced Rossby wave source.

The wave source term, as described in Eq. (3), can be lin-
early decomposed into four distinct components (Sardesh-
mukh and Hoskins 1988): (1) the advection of mean vorticity 
by the perturbation divergent wind; (2) vortex stretching 
induced by the perturbation divergent wind; (3) the advec-
tion of perturbation vorticity by the mean divergent wind; 
and (4) vortex stretching caused by the mean divergent wind. 
Figure  4a–d shows the four components of wave source 
term, respectively. During periods of a positive D(0)JF(1) 
Nino3.4 index, convergence wind anomalies are observed in 
the western Pacific (Fig. 4a). The southward divergent wind 
over East Asia and the Northwest Pacific contributes to posi-
tive mean vorticity advection near East Asian Jet (Fig.  4a), 
a region marked by a strong meridional vorticity gradient. 
The vortex stretching term induced by the mean divergent 
wind (Fig.  4d) is also positive over eastern China, with a 
magnitude approximately half that of the vorticity advection 
by perturbation divergent winds. The results suggest that 
the advection of mean vorticity by El Niño-induced pertur-
bation divergent winds serves as the primary mechanism 
generating the East Asian anomalous cyclone, while vortex 
stretching associated with climatological convergence winds 
provides secondary intensification. These findings are con-
sistent with Kuramochi and Ueda (2023), who demonstrated 
that both anomalous vorticity advection and background 
vortex stretching contribute to shaping East Asian circula-
tion patterns. In contrast, the remaining two components, 
(1) the advection of perturbation vorticity by the mean 
divergent wind (Fig.  4b); and (2) the nonlinear advection 
of perturbation vorticity by perturbation divergent winds 
(Fig. 4c), both exhibit negative values over East Asia. These 
terms consequently act to dampen the upper-tropospheric 
anomalous cyclone in this region. The results demonstrate 
that the upper-tropospheric anomalous cyclone over East 
Asia primarily arises from two key dynamical processes: (1) 
the advection of mean vorticity by perturbation divergent 
winds; and (2) vortex stretching induced by the mean diver-
gent wind, consistent with previous studies (Sardeshmukh 
and Hoskins 1988; Kuramochi and Ueda 2023).

Summary
In this study, we investigate the influence of ENSO on 
the SCWP using reanalysis data spanning from 1970 to 
2023. Our findings reveal that ENSO exerts its impact 
through a dynamic upper-level pathway. Specifically, El 
Niño-induced changes in the Walker circulation enhance 

upper-level convergence over the tropical western 
Pacific, triggering a southward divergent flow. This flow 
facilitates positive vorticity advection, leading to the for-
mation of an anomalous cyclone over East Asia in both 
the upper and middle troposphere. The climatological 
convergence winds to the east of Tibet Plateau further 
intensify the anomalous cyclone by vortex stretching 
effect. The resulting quasi-barotropic cyclone drives 
upward motion at 500 hPa over southern China, primar-
ily through modifications in vorticity and temperature 
advection. The increased ascent, coupled with amplified 
low-level moisture transport, generates significant posi-
tive precipitation anomalies. Our results underscore the 
pivotal role of both upper-level dynamics and low-level 
moisture flux in the modulation of SCWP during ENSO 
phases.

In addition to this upper-level pathway, ENSO influ-
ences the SCWP by exciting subtropical jet-trapped 
Rossby waves (Hu et al. 2018) and altering the jet’s lati-
tudinal positions (Gao et al. 2020). Furthermore, inter-
annual variability in the Australian summer monsoon 
can independently influence East Asian upper-level 
circulation by exciting cross-equatorial divergent winds 
that propagate toward East Asia (Sekizawa et al. 2021). 
These multiple interacting processes increase the com-
plexity of ENSO’s impact on SCWP. A comprehensive 
investigation of their synergistic effects could poten-
tially improve SCWP forecast skill.
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SST  Sea surface temperature
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and NCL script for computing the vorticity budget terms, are publicly available 
under an open-source license at Zenodo (https:// zenodo. org/ recor ds/ 15123 
052).
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