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ABSTRACT: This study investigates the impact of boreal winter–peaked La Niña on the following-summer precipitation
in East Asia through intermediate sea surface temperature (SST) anomalies playing the role of relay in observation and nu-
merical models. There are widespread dry conditions in both North and South China and wet conditions in coastal areas of
central and eastern China. Such a pattern is mainly attributed to an anomalous low pressure over the western tropical
Pacific and an anomalous anticyclone over northeast Asia. It is found that the delayed impact of La Niña on the East Asian
climate is operated through intermediate SST anomalies}the Z-shape cold SST anomalies in the tropical North Pacific.
There might be three ways for the SST anomalies to operate. First, they produce tropical atmospheric perturbations that
can penetrate into the subtropical jet through the westerly trough over the northeast subtropical Pacific, the wave train be-
ing then excited along the jet. Second, perturbations created through the monsoon trough over the western Pacific can
directly stimulate northward-propagating Rossby waves along the East Asian coast, mainly at low level. And third,
perturbations over the tropical Atlantic–northwest Africa can also trigger downstream propagating waves along the
subtropical jet. The observation effects of the intermediate SST anomalies and their possible impact mechanisms on
atmospheric circulation are largely reproduced within numerical simulations performed with the Community Earth
System Model.
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1. Introduction

El Niño–Southern Oscillation (ENSO) is the most remark-
able phenomenon in the tropical Pacific at interannual time
scale and has a huge influence on global climate. Its positive
phase, El Niño, attracts a lot of scientific interest and public
awareness. El Niño exerts influences not only in its peak time
in boreal winter but also in its decaying stage in the subse-
quent summer (Rasmusson and Carpenter 1982; Ropelewski
and Halpert 1987). As a regional manifestation, East Asia
shows excessive precipitation in the middle and lower reaches
of the Yangtze River in summer following El Niño (Zhang
et al. 1999; Chang et al. 2000; Wang and Zhang 2002; Wu et al.
2009; Wen and Hao 2021). Since sea surface temperature
(SST) anomalies directly related to El Niño are largely re-
duced or even entirely disappear in the following summer,
intermediate players must intervene to relay effects of winter-
peaked El Niño. The atmospheric response to underlying sur-
face anomalies is very fast, within only a few days or weeks
(Hoskins and Karoly 1981; Peng and Whitaker 1999; Li and
Conil 2003), and the East Asian summer monsoon change
can only be a quasi-simultaneous response to summer SST
anomalies. Several hypotheses, which all used intermediate
SST anomalies in other oceanic basins to explain the delay

effect of El Niño, were proposed in the literature, such
as those involving local air–sea interaction sustaining the
Philippine Sea anticyclone (PSAC; Wang et al. 2002, 2003),
the “recharge and discharge” effect of the tropical Indian
Ocean (Yang et al. 2007; Xie et al. 2009), and the possible
bridging role of the tropical Atlantic SST anomalies (Rong
et al. 2010).

La Niña is the antiphase of El Niño in the ENSO cycle but
not its simple mirror. There are asymmetries in many aspects,
such as amplitude, event evolutional course, and associated
atmospheric responses (Zhou et al. 2014; McPhaden and
Zhang 2009; Dommenget et al. 2013; Okumura 2019). The
center of the La Niña SST anomaly is usually westward
shifted, relative to that of El Niño, and with weaker amplitude
(Kang and Kug 2002). This was believed to be the conse-
quence of SST nonlinear advection in the equatorial eastern
Pacific (An and Jin 2004; Su et al. 2010) or nonlinear atmo-
spheric processes including the asymmetrical wind stress feed-
back over the equatorial central Pacific (Kang and Kug 2002;
Choi et al. 2013) and stochastic forcing exerted on the ocean–
atmosphere coupled system (Eisenman et al. 2005; Rong et al.
2011). Actually, the dependency of atmospheric deep convec-
tion on the underlying SST conditions (Gadgil et al. 1984)
provides the most evident nonlinearity, convection anomalies
during La Niña being largely displaced westward relative to
El Niño. As a result, the associated atmospheric circulation
responses in the Northern Hemisphere are approximately
shifted by 358 of longitude in phase (Hoerling et al. 1997).
Similarly, Wu et al. (2010) demonstrated that the anomalous
cyclone over the Philippine Sea during the mature phase of
La Niña tends to shift westward, compared with its anticyclonic

Supplemental information related to this paper is available
at the Journals Online website: https://doi.org/10.1175/JCLI-D-22-
0650.s1.

Corresponding author: NaWen, wenna@nuist.edu.cn

DOI: 10.1175/JCLI-D-22-0650.1

Ó 2023 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
reuse of this content and general copyright information, consult the AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses).

W E N AND L I 57431 SEPTEMBER 2023

Unauthenticated | Downloaded 01/16/25 12:29 PM UTC

https://doi.org/10.1175/JCLI-D-22-0650.s1
https://doi.org/10.1175/JCLI-D-22-0650.s1
mailto:wenna@nuist.edu.cn
http://www.ametsoc.org/PUBSReuseLicenses


counterpart during El Niño. It is also noted that the nonlinear re-
sponse over the Philippine Sea can lead to asymmetrical evolu-
tion of La Niña and El Niño (Ohba and Ueda 2009). Chen et al.
(2016) showed that the asymmetric wind stress in the far
western tropical Pacific, which is associated with the Philip-
pine cyclone, exerts a distinctive impact on the thermocline
evolution at the decaying stage of La Niña. Consequently,
La Niña usually displays a weaker decay after its peak and a re-
gain of intensity in the following winter, while El Niño shows a
rapid decay and a fast phase transition (Okumura and Deser
2010).

Due to these distinctive features of La Niña, its delayed ef-
fect on the subsequent summer monsoonal rainfall in East
Asia deserves a comprehensive investigation. The questions
to be addressed are the following: How does La Niña influ-
ence the following-summer precipitation over East Asia?
What is the intermediate SST anomaly in its delay effect?
How is the case of La Niña different from El Niño? One fur-
ther remark needs to be made here about the diversity of
ENSO. Based on the spatial location of anomalous SST in the
tropical Pacific, El Niño events can be classified into different
types (Ashok et al. 2007; Kao and Yu 2009; Kug et al. 2009),
and the following-summer precipitation response over East
Asia strongly depends on the types of El Niño (Wen et al.
2022, hereafter WLH22). Actually, precipitation anomalies
are tightly linked to different intermediate SST anomalies
from other oceanic basins while El Niño decays in the tropical
Pacific. However, the classification of La Niña events has so
far been controversial. Kug and Ham (2011) found the cold
events of the ENSO cycle are highly correlated across the cen-
tral and eastern Pacific, and therefore it is difficult to define
prominent types for La Niña. Although Shinoda et al. (2011)
separated a certain pattern of La Niña Modoki from normal
events with satellite observation, there are very few cases
that can be identified. Yuan and Yan (2013) tried to sepa-
rate the influence of eastern Pacific (EP) La Niña on the
tropical atmosphere from that of central pacific (CP; for
which the SST anomaly is over the central-eastern equato-
rial Pacific). But there are many fewer EP La Niña cases
that can be identified in mature-phase winter. Using the
joint self-organizing map (SOM) analysis, Ashok et al.
(2017) also confirmed that types of La Niña are less distin-
guishable than those of El Niño. In short, there is still a lot
of uncertainty about the classification of La Niña, but it is
doubtless that SST anomalies of most La Niña cases, partic-
ularly the strong ones, are located in the central and eastern
equatorial Pacific.

In the present work, we mainly investigate the influence of
strong La Niña on East Asian precipitation in the following
summer and search for any intermediate SST anomalies that
can sustain the delay effect. The paper is organized as follows.
Section 2 describes the data and method used. The impact of
La Niña on East Asian precipitation in the following summer
and the associated regional circulation anomaly are presented
in section 3. In section 4, the intermediate SST anomalies that
relay the winter La Niña effect into the following summer are
identified. Furthermore, the possible mechanisms for the im-
pact of the SST anomaly on atmosphere are also investigated.

The observed results are further confirmed by modeling ex-
periments in section 5. Section 6 gives the summary and
discussion.

2. Data and methods

a. Observational data and diagnostic method

The observation and model data used in this study are the
same as in WLH22. For the sake of completeness, we here
give a short description. The precipitation is from the Chinese
Meteorological Data Centre, China Meteorological Adminis-
tration, with a study area (east of 1008E) including 140 sta-
tions over East China. To avoid the effect of a strong
interdecadal shift taking place at the end of the 1970s, the
time period of our investigation is taken from 1979 to 2021.
The percentage of precipitation anomaly, which is the ratio of
the anomalous precipitation to its seasonal climatological
mean, is used to represent its variability. To reduce noise, the
precipitation was reconstructed using the first-leading empiri-
cal orthogonal function (EOF) mode that retains 70% of the
total variance. The monthly SST and atmospheric variables in
the same period are from the National Centers for Environ-
mental Prediction–National Center for Atmospheric Re-
search (NCEP–NCAR) reanalysis data (Kalnay et al. 1996) at
a grid of 2.58 3 2.58. All variables are deducted from their
mean seasonal cycles and long-term trends.

The composite method is used in this study with the Stu-
dent’s t test (two tail) for evaluating statistical significance.
Strong La Niña cases in boreal winter [3-month mean of
December, January, and February (DJF0)] are selected for
the composite analysis based on Niño-4 index, where the SST
anomaly in the region 58S–58N, 1608E–1508W is beyond one
negative standard deviation. Nine events are selected from
1979 to 2021 (1988/89, 1998/99, 1999/2000, 2000/01, 2007/08,
2008/09, 2010/11, 2011/12, and 2020/21). Through a case-by-
case examination, we find that the evolution of the SST anom-
aly of 2008/09 La Niña and the atmospheric response is very
different from other events. To improve the signal-to-noise
ratio, we removed this event from the composite analysis. It is
to be noted that main conclusions presented in the paper are
unchanged, if all La Niña cases during a longer period (1958–
2020) are used following the criteria established by the Cli-
mate Prediction Center (CPC; https://origin.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/ONI_v5.php).

To investigate the physical mechanism explaining the role
of the intermediate SST anomalies in the delay effect of La
Niña on atmospheric circulation, as in Wen et al. (2020), we
also calculate the wave activity flux as defined by Takaya and
Nakamura (2001). The wave activity flux is parallel to the
group velocity of the stationary Rossby wave embedded in
the mean flow.

b. Model and experiment

To confirm the physical mechanisms deduced from the obser-
vation, we leverage the results of existing model experiments,
such as the Global Ocean–Global Atmosphere (GOGA) and
Pacific pacemaker experiments (Deser et al. 2017), which were
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performed by the Climate Variability and Change Working
Group (CVCWG; NCAR) using the Community Earth System
Model, version 1.1 (CESM1.1). GOGA was conducted using
observational SST and sea ice forcing [NOAA Extended Re-
construction Sea Surface Temperature, version 4 (ERSSTv4)],
with the Community Atmosphere Model, version 5 (CAM5),
the atmospheric component of CESM1.1. The simulation
comprises 10 members of different initial conditions, all
from 1880 to 2014. The Pacific pacemaker experiment com-
prises 20 members with CESM1.1. In this pacemaker experi-
ment, the temporal evolution of the eastern tropical Pacific
SST (108S–108N, 1608–908W, with a buffer zone extending
latitudinally to 208S and 208N and longitudinally to 1808
and the American coast) is nudged to observations during
1920–2013 (ERSSTv4). This nudging operation maintains
the observed evolution of ENSO, while the rest of the cou-
pled system is free to evolve. We use the ensemble mean
and process the model output in the same way as we do for
observations. The 2020/21 La Niña case is missing in CESM
due to its earlier ending of experiment, but our conclusion
remains robust if we also exclude the 2020/21 case from our
observation diagnosis.

3. Impact of La Niña on East Asian climate

As shown in Fig. 1a, the main body of La Niña is ellipsoidal,
mainly covering the Niño-4 and Niño-3.4 regions. Compared
to the strong El Niño (typically EP El Niño, such as shown in
Fig. 1a of WLH22), the SST anomaly of La Niña is slightly
narrower and longer, with the anomalous center westward
shifted. The maximal amplitude of the SST anomaly (Fig. 1a)
is only 1.58C, which is much smaller than that of El Niño.

These features are consistent with the fact that La Niña and
El Niño are generally opposite in sign but show strong asym-
metry (Su et al. 2010; Song et al. 2022). The corresponding
precipitation anomalies in the following summer show wide-
spread dry conditions over northern and northeastern China.
The amplitudes are around 10%–20% of the summer mean
precipitation, which pass the 90% confidence level. There are
also significantly positive precipitation anomalies along the
eastern coast of China and slightly negative precipitation
anomalies over southern China (Fig. 1b). This anomalous
level, smaller than the counterpart of El Niño (Fig. 1 in
WLH22), reveals the relatively weak influence of La Niña on
the following-summer precipitation over East Asia. The pre-
cipitation pattern is also quite different from that of El Niño,
which indicates a different physical mechanism of La Niña in-
fluence on the East Asian climate in the following summer.

The precipitation anomaly over East Asia (Fig. 1b) is
mainly attributed to an anomalous cyclone over the western
tropical Pacific and anomalous high pressure over northeast
Asia. As shown in Fig. 2a, there is a pronounced cyclone at
500 hPa with an anomalous center over the South China Sea.
It resembles the antiphase of the Philippine Sea anticyclone
(Wang and Zhang 2002), which causes the western Pacific
subtropical high to retreat eastward by 108 of longitude (as in-
dicated by the dark red dashed line in Fig. 2a). In addition, an
anomalous high pressure anomaly is situated in northeast
Asia. The low pressure in the south and high pressure in the
north create the anomalous easterlies between them, blowing
from the western Pacific to eastern-central China. This results
in the convergence of water vapor at the junction of land and
sea, which corresponds to the precipitation anomalies mainly
on the east coast of China (Fig. 2c). However, most areas in

FIG. 1. (a) Composite SST anomaly for La Niña in winter [DJF0; contour interval (CI)5 0.38C]. Events are selected
based on Niño-4 index, where the SST anomaly is beyond a negative standard deviation. (b) Corresponding precipi-
tation anomaly over East Asia (CI5 3%) in its decaying summer (JJA1). The thick black contour denotes the 90%
confidence level for precipitation and the 95% confidence level for SST anomalies.
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northern and northeast China are in the control of anomalous
high pressure. The anticyclone-induced subsidence causes the
region to be unusually dry, as indicated by the red shading in
Fig. 2b. For southern China, on the northwest flank of the
anomalous cyclone, anomalous northeasterly winds prevail
(Fig. 2c). Cold and dry airs lead to dry conditions there.
Therefore, the cyclone over the western tropical Pacific and
the anticyclone over northeast Asia are the key circulations
for the precipitation anomaly in Fig. 1b.

4. Intermediate SST anomalies sustaining La Niña
delay effect

The subsequent question to address is how winter-peaked
La Niña impacts East Asian summer precipitation while it is
at its decaying stage with original SST anomalies in the equa-
torial Pacific very much damped. To address the question, we
first use observation data to detect potential intermediate SST
anomalies in relation to La Niña in observation, and then in-
vestigate the physical mechanisms by which SST anomalies
impact the atmosphere.

a. Seasonal evolution of SST anomalies and
atmospheric response

Figure 3 displays the evolution of global SST anomalies
at La Niña’s different stages. Intermediate SST anomalies
that can relay the winter La Niña effect into the following
summer are probably located over the tropical North Pacific.
As shown in Figs. 3a–c, the most pronounced behavior is the
evolution of SST anomalies along the west coast of North
America. In the mature-phase winter, a narrow zone of cold
SST, which is connected to the main body of La Niña in the
eastern-central tropical Pacific, propagates northward along

the west coast of North America (Fig. 3a). It is strengthened
in the subsequent spring, while the main body of La Niña is
weakened westward with the anomaly center over the central
tropical Pacific (Fig. 3b). In the following summer, the coastal
SST anomaly of North America merges with the residual La
Niña SST anomaly and forms a prominent Z-shape pattern
across the tropical North Pacific (Fig. 3c), which provides
a possible “bridge” to connect the winter La Niña with the
following-summer precipitation in East Asia. The La Niña–
associated SST anomaly along the west coast of North
America in Figs. 3a–c is probably due to the adjustment of
poleward coastal Kelvin waves (Chelton and Davis 1982) or
atmospheric forcing over the tropical North Pacific (Mantua
et al. 1997; Schwing et al. 2002). The slightly amplified SST
anomalies in the northeast subtropical Pacific (off the coast of
California) may also involve local air–sea interactions (Vimont
et al. 2003). Besides SST anomalies in the northeast subtropical
Pacific, La Niña also induces cold SST anomalies in the tropical
Indian Ocean at the mature phase (Fig. 3a). They strengthen in
the following spring but almost disappear in the following sum-
mer (Figs. 3b,c). Therefore, the tropical Indian Ocean has a mi-
nor contribution to the relation of winter-peaked La Niña with
the East Asian precipitation in the following summer. Similar
results are observed in other oceans, e.g., the SST anomalies in
the tropical North Atlantic. Such a configuration suggests that
La Niña might mainly rely on the Z-shape SST anomaly in the
tropical North Pacific to convey its delayed effect.

Corresponding to such intermediate SST anomalies, the at-
mospheric circulation at the upper level shows a low pressure
belt in the tropics and a clear wave train in midlatitudes. As
displayed in Fig. 4a, the entire tropics are dominated by low
pressures with an asymmetric pair of Rossby waves across the
eastern-central equatorial Pacific at 200 hPa. The larger lobe

FIG. 2. Composite atmospheric circulation anomalies over East Asia in La Niña decaying summer. (a) 500-hPa geopotential height
(shading; CI 5 3 m) and wind (vectors; unit: m s21). The composite (climatological) western Pacific subtropical high is denoted by the
5860-m geopotential height with the thick red dashed (solid) line. (b) 500-hPa vertical velocity (2v; CI 5 0.3 3 1022 Pa s21). (c) 850-hPa
geopotential height (black contours; CI5 2 m) and wind (vectors; unit: m s21). The red letters “C” and “A” mark the cyclones and anticy-
clones, respectively. The shadings in (b) and (c) indicate precipitation anomalies as in Fig. 1b, with blue and red for precipitation anomalies
greater than16% and less than26%, respectively.
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in the Northern Hemisphere extends its low pressure anomaly
eastward to the northern subtropical Atlantic. Consistent with
what is observed at the upper level, the atmospheric circula-
tion at 850 hPa shows a clear divergence over the eastern-
central tropical Pacific, which results in a descending motion
in the midtroposphere and surrounding ascents over the
western tropical Pacific and equatorial Atlantic, respectively
(Fig. 4b). The configuration of the circulations between the
upper and low levels is in line with the atmospheric response
to the asymmetric heating about the equator (Gill 1980).

Compared with the tropics, the mid–high-latitude atmo-
spheric response is a clear wave train at the upper level with
pronounced anomalous anticyclones over eastern Europe,
northeast Asia, the central North Pacific, and northeast Canada,
as well as weak anomalous cyclones in between (Fig. 4a).
The response amplitudes of the anomaly centers are around
15–30 m, which pass the 90% confidence level. The corre-
sponding low-level wave train in mid–high latitudes (Fig. 4b)
indicates the nature of barotropic response. Besides the re-
markable zonal wave train at the upper level, there is a meridi-
onal wave train along the East Asian coast at low level with
an anomalous cyclone over the western tropical Pacific and
anomalous anticyclones over northeast Asia–North Pacific
(denoted in Fig. 4b). This is consistent with the circulation
leading to the East Asian precipitation anomalies in Fig. 2.
The meridional wave train is somewhat similar to the Pacific–
Japan (PJ) pattern in boreal summer (Nitta 1987) but with a
larger scale in the meridional direction.

b. Possible impact mechanism

To investigate physical mechanisms by which the interme-
diate SST anomaly in the tropical North Pacific impacts the

atmospheric circulation (as shown in Figs. 4a,b), we first ex-
amine the tropical precipitation anomalies in the following
summer after La Niña peaks. As shown in Figs. 5a and 5b, the
pronounced common feature of both precipitation and OLR
is the undulated pattern along the tropical oceans, with defi-
cient rainfalls over the central tropical Pacific and Indian
Oceans and abundant rainfalls in the western equatorial Pacific
and Atlantic. The last structures are elongated into the north
subtropical Pacific and North Africa, respectively. The V-shape
negative precipitation anomalies over the central equatorial
Pacific correspond well to the tropical part of the intermediate
SST anomalies (Fig. 3c) and its associated vertical velocity
change in the midtroposphere (Fig. 4b), which indicates the pri-
mary role of the intermediate SST anomalies on precipitation.
Through the Walker circulation, the SST anomalies lead to pos-
itive precipitation anomalies over the tropical Atlantic and the
western tropical Pacific, while there are negative precipitation
anomalies over the tropical Indian Ocean.

We further investigate the heating-induced convergence
and divergence in the atmosphere and the wave activities al-
lowing atmospheric perturbations to propagate across the
globe. As shown in Figs. 5c and 5d, cold SST anomalies in the
eastern-central tropical Pacific cause local wind divergence at
low level and convergence at the upper level. Although the
spatial extent of the perturbation is not very large, it is big
enough for the perturbation to penetrate into the subtropical
jet through the westerly trough over the eastern-central sub-
tropical Pacific. Such as shown in Fig. 5e, the wave activity
flux emanates from a positive vorticity over the northeast sub-
tropical Pacific, which corresponds to the asymmetric Rossby
wave response to SST anomalies, into the subtropical jet
through the channel of the westerly trough (Wen et al. 2019).

FIG. 3. Evolution of the composite SST anomalies (CI 5 0.38C) for La Niña from (left) its mature winter (DJF0), through (center) the
following spring (MAM1), to (right) the decaying summer (JJA1) from the (top) NCAR–NCEP reanalysis data and (bottom) CESM
Pacific pacemaker experiment. The thick black contour denotes the 95% confidence level. In the bottom panels, the red box indicates the
region 208S–208N, 1808–808W, where SST anomalies are nudged to ERSSTv4 observation.
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Due to the waveguide effect of the westerly jet, the perturba-
tion-induced Rossby wave may propagate downstream along
the jet, as indicated by the zonal eastward-propagating energy
flux (Fig. 5e).

Correspondingly, over the western tropical Pacific, wind
converges at the lower level and diverges at the upper level,
which results in abundant precipitation there. The divergence
center in Fig. 5c is stretched into the far North Pacific, so that
perturbations can directly enter the subtropical jet and lead to
the wave train response in mid–high latitudes (Wu et al.
2012). More importantly, the perturbation over the western
tropical Pacific can excite the low-level meridional-propagating
Rossby wave train through the monsoon trough. As shown in
Fig. 5f, the energy flux emits from the area of negative vorticity
over the western tropical Pacific, which corresponds to the
Rossby wave response to the intermediate SST anomalies
in low level. It penetrates a zone of positive vorticity over
the western subtropical Pacific and continues to propagate
into the North Pacific along the westerly jet. Conversely,
the energy flux in the upper level propagates southward

from northeast Asia to the central subtropical Pacific. The
structure of the energy propagation is consistent with that
of the PJ pattern (Kosaka and Nakamura 2010), which can
be regarded as a dynamical mode of a particular mean
state. Under the specific monsoonal circulation background
over East Asia, the subtropical anticyclone near the surface
and the upper-level subtropical jet constitutes a favorable
configuration for the meridional wave (PJ pattern) to gain
energy from the mean flow. Although the wave train along
the East Asian coast in Fig. 4b is a bit different from the
canonical PJ pattern, it can be strongly related to the en-
hanced convection activities over the Philippine Sea, origi-
nally initiated by the intermediate SST anomalies in the
eastern-central tropical Pacific. Actually, the easterly and
southwesterly wind anomalies, associated with the anoma-
lous anticyclone over the western tropical Pacific (Fig. 4b),
strengthen the convergence of the monsoon trough and
lead to unusually heavy precipitation over the Philippine
Sea (Fig. 5a) and the northward-propagating wave train.
This pathway is quite similar to the route from the western

FIG. 4. Composite atmospheric anomalies in La Niña decaying summer derived from (top) the NCEP reanalysis
data, (middle) the GOGA experiment of CAM5, and (bottom) the CESM Pacific pacemaker experiment. (left) The
200-hPa geopotential height (shading; CI 5 5 m). The black contours denote the 90% confidence level. (right) The
850-hPa wind (vectors; unit: m s21; omitted if less than one-tenth of the wind vector scalar) and 500-hPa vertical veloc-
ity with opposite sign (2v; shading; CI 5 0.3 3 1022 Pa s21; ascending in red, descending in blue). The red letters
“C” and “A”mark cyclones and anticyclones, respectively.
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tropical Pacific to North America in the persistent year of
La Niña (Jong et al. 2020).

In addition to the above two pathways, there is possibly an-
other route by which the intermediate SST anomalies impact
the midlatitude circulation. Similar to the western tropical
Pacific, there is also a large wind perturbation in the tropical
Atlantic. As shown in Figs. 5c and 5d, there is a competing
divergence (convergence) in the upper (low) level over the
tropical Atlantic–northwest Africa, corresponding to the ab-
normal precipitation there in Figs. 5a and 5b. Wind disturban-
ces are just at the entrance of the south branch of the
subtropical jet over the North Atlantic. They can easily enter
the subtropical jet and trigger the downstream wave along the
jet. This is clearly evidenced by the energy flux propagation
over the eastern tropical Atlantic in Figs. 5e and 5f. In the up-
per level, the energy flux propagates into the subtropical jet
through the westerly trough extending toward the tropical
Atlantic. However, in low level, the propagation is southward,
opposite to the upper level. It is similar to the energy propa-
gation in the eastern-central subtropical Pacific through the

westerly trough over the northeast subtropical Pacific. But there
is a significant difference. Perturbations over the eastern-central
tropical Pacific are directly induced by the intermediate SST
anomalies, while those over the western tropical Pacific and
tropical Atlantic–northwest Africa are the results of indirect
effects through the Walker circulation.

Although there is convergence over the tropical Indian
Ocean in Fig. 5c, the perturbation is weak and mainly con-
fined in the tropics. Therefore, the tropical Indian Ocean does
not seem to exert its influence beyond the tropics (Wen et al.
2020). Overall, besides their effect on the tropical low pres-
sure belt through the Kelvin wave adjustment, the intermedi-
ate SST anomalies in the tropical North Pacific might affect
the midlatitude circulation in three pathways. The first one is
through the westerly trough over the eastern-central subtropi-
cal Pacific where heating-induced perturbations can easily
penetrate the subtropical jet and generate wave train propa-
gation along the jet. The second one is through the western
Pacific monsoon trough where atmospheric perturbations can
stimulate low-level meridional wave trains along the East

FIG. 5. Composite anomalies from NCAR–NCEP reanalysis data in La Niña-decaying summer. (a) Precipitation
(CI 5 0.2 mm day21) and (b) OLR (CI 5 1.5 w m22) with black contours indicating the 90% confidence level.
(c),(d) Velocity potential (black contours; 106 m2 s21) and divergence wind (vectors; m s21) at 200 and 850 hPa,
respectively; red letters “C” and “D” denote convergence and divergence. (e),(f) Wave activity flux (vectors; unit: m2 s22;
small values omitted if less than one-tenth of the vector scale) and vorticity (black contours; unit: 106 s21) at 200 and
850 hPa, respectively; red shading indicates the 90% confidence level. In (c)–(f), the blue contours denote the
climatological westerly wind with speed of 10 and 20 m s21 at 200 hPa and 5 and 10 m s21 at 850 hPa.
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Asian coast. The third one is through the south branch of the
North Atlantic subtropical jet that may convey wave propaga-
tion in it. These pathways are similar to those of the summer
El Niño SST forcing onto the atmosphere in the developing
summer (Wen et al. 2019, 2020), although the SST anomaly
pattern and position seem very different from the summer El
Niño SST anomalies. This may be due to the geographical ad-
vantage of the intermediate SST anomalies, especially the
SST anomalies in the northeast subtropical Pacific, which is
just under the westerly trough over the eastern-central sub-
tropical Pacific.

5. Verification through numerical modeling

In this section, we use existing ocean–atmosphere coupled
model simulations to check how observation-based results
can be reproduced.

a. GOGA experiment

We first examine the CAM5 GOGA experiment, in which
any influence of other underlying surface forcings was ex-
cluded and only the effect of SST anomalies was considered.

To similar SST forcing as shown in Fig. 3c, the model atmo-
spheric response can well reproduce the observation results in
Figs. 4a and 4b. As shown in Fig. 4c, the tropical atmosphere
in the upper level presents a low pressure belt response with a
pair of asymmetric Rossby waves across the eastern-central
equatorial Pacific, which is consistent with the observation in
Fig. 4a. The simulated wave train in midlatitudes is relatively
weak, but the anticyclonic centers are roughly collocated with
the observations, especially for the anticyclone over northeast
Asia. At low level, besides the similar tropical atmospheric re-
sponse, the model can also reproduce the observed meridio-
nal wave train, although it is slightly away from the East
Asian coast (Fig. 4d). The consistent results between the
model and observation consolidate the role and effects of SST
anomalies (as shown in Fig. 3c) on atmospheric circulation
(Figs. 4a,b).

The model can also simulate the main pathways by which
the SST anomaly impacts the atmospheric circulation. As
shown in Figs. 6a and 6b, the induced dryness over the central
tropical Pacific basically reproduces the observation results,
although the pattern is split into two parts with the northern
part slightly away from the equator. The surrounding wet

FIG. 6. As in Fig. 5, but for the CAM5 GOGA experiment. (a),(b) Total precipitation and convective precipitation
anomalies (CI 5 0.2 mm day21). (c),(d) Velocity potential (black contours; unit: 106 m2 s21) and divergence wind
(vectors; unit: m s21) at 200 and 850 hPa, respectively. (e),(f) Wave activity flux (vectors; unit:m2 s22; small values
omitted if less than one-tenth of the vector scale) and vorticity (black contours; unit: 106 s21) at 200 and 850 hPa, re-
spectively. Note that the scale of vectors in (f) is half of that used in (e).
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conditions are mainly confined to the equatorial Pacific, which
are somewhat different from observations. The corresponding
wind shows a dominant convergence at the upper level
(Fig. 6c) covering the whole eastern-central tropical and
North Pacific, with opposite conditions at low level. The
upper-level atmospheric circulation shows a large-scale diver-
gence in North Africa and the tropical Indian Ocean, with a
subordinate center in the western tropical Pacific. As a result,
there are prominent positive precipitation anomalies over
northeast Africa and the western tropical Pacific. These char-
acteristics are slightly different from observations, showing
several competing divergences (Fig. 5c) and precipitations
(Fig. 5a) over the western tropical Pacific and tropical Atlantic–
northwest Africa. Corresponding to the wind perturbation, it is
clear that the energy flux over the eastern-central tropical
Pacific is effectively transmitted into the subtropical jet through
the westerly trough and then propagates downstream along the
jet (Fig. 6e). Despite the limited amplitude of the wind pertur-
bation over the western tropical Pacific, there is still the north-
ward propagation wave through the monsoon trough, as
indicated by the propagation of energy flux along the coast of
East Asia (Fig. 6f). The two pathways are consistent with those
observed. However, relative to the observation, the third path-
way of the model is slightly shifted to the east of North Africa.
As shown in Fig. 6e, the energy flux propagates from North
Africa to mid–high latitudes, which corresponds well to the
wave train over northern Eurasia (Fig. 4c). That causes pertur-
bations over northeast Africa, which are located on the west
side of the South Asian high, and can be transmitted by the
southerly wind into the extratropics and stimulate the north-
eastward-propagating wave in mid–high latitudes (Wang et al.
2005). This is consistent with the findings of Wen et al. (2020) in
terms of different types of El Niño influence on the atmosphere.
Overall, the model can reproduce the main effect of intermedi-
ate SST anomalies on the atmospheric circulation in observa-
tion, which enhances our confidence for the proposed physical
mechanism.

b. Pacific pacemaker experiment

Using the CESM Pacific pacemaker experiment, we dem-
onstrate that winter-peaked La Niña can indeed trigger inter-
mediate SST anomalies in subsequent seasons (spring and
summer), as identified in the observation. As shown in Figs. 3d–f,
La Niña can initiate SST anomalies along the west coast of
North America in winter. They are amplified in the following
spring (Fig. 3e) and remain persistent in the following summer
(Fig. 3f), which resembles the Z-shape SST anomalies in the
tropical northern Pacific in Fig. 3c (observation). However, un-
like the observation, the model shows a strong relation of win-
ter La Niña with the basin-scale cold SST in the tropical
Indian Ocean, where the SST anomalies generated in winter
can be sustained into the following summer. Despite the dis-
crepancies for the simulated SST anomalies in the following
summer, CESM can still reproduce the main characteristics of
the atmospheric responses in observation. As shown in Fig. 4e,
the atmospheric response at the upper level is also a low pres-
sure belt in the tropics with a pair of asymmetric cyclones over

the eastern-central tropical Pacific and a salient wave train in
midlatitudes. At low level, Fig. 4f also shows a meridional
wave train slightly away from the East Asian coast. Compared
with GOGA, there are some differences for the pacemaker re-
sults, such as the largely amplified anticyclone over northeast
Asia–northwest Pacific and enhanced circulation anomalies
along the East Asian coast. That might be the joint effect of
the SST anomaly forcing over the tropical Indian Ocean. Fur-
thermore, we also examine how the SST anomalies in Fig. 3f
exert their influence on the circulation. Despite the interfer-
ence of the tropical Indian Ocean, the first two pathways of
the observations for SST anomalies to affect the atmospheric
circulation are clearly simulated (as shown in Fig. 4 of the on-
line supplemental material). This further confirms the bridge
role of the SST anomalies in the tropical North Pacific in relay-
ing the winter-peaked La Niña effect into the following
summer.

In addition, we also examined the model-simulated precipi-
tation and associated key circulation patterns over East Asia
in the following summer after La Niña peaks in boreal winter.
As shown in the supplemental Fig. 3, the model can capture
the main features of the circulation in Fig. 2, such as the
anomalous anticyclone over northeast Asia and the anoma-
lous cyclone over the western subtropical Pacific. But the
two key circulations are slightly shifted to the southeast.
This results in a southeastward displacement of the entire
rainband in the model, relative to the observation in Fig. 1b.
Overall, the model results can roughly demonstrate the de-
layed effect of La Niña on the following-summer East Asian
climate through the intermediate SST anomalies identified
in Fig. 3.

6. Summary and discussion

This paper aims to investigate impacts of boreal winter–
peaked La Niña on the following-summer East Asian precipi-
tation and study how the intermediate SST anomalies can sus-
tain the delayed effect of La Niña on the atmospheric general
circulation. Our result indicates that, in the decaying summer
[June–August (JJA1)]of La Niña, precipitation shows anoma-
lous dryness in North and South China but anomalous wet-
ness on the east coasts of central China. Such a precipitation
pattern is attributed to two key atmospheric circulation struc-
tures: the anomalous cyclone over the western tropical Pacific
and the anomalous anticyclone over northeast Asia. It is also
shown that winter-peaked La Niña affects the East Asian cli-
mate in the following summer mainly through intermediate
SST anomalies}a Z-shape cold SST over the tropical North
Pacific (as shown by the schematic in Fig. 7). It should be
noted here that the intermediate SST anomalies actually in-
clude the residual SST anomalies of La Niña in the central
equatorial Pacific, which can exert direct effect of La Niña’s
persistence in summer (DiNezio and Deser 2014; Okumura
et al. 2017; Song et al. 2022; Anderson et al. 2023).

To the intermediate SST anomaly forcing, the atmospheric
circulation shows a low pressure belt response in the tropics
due to equatorial Kelvin wave adjustment. In midlatitudes,
the atmospheric response presents a zonal wave train in the
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upper level and a meridionally propagating wave in low level.
Three pathways were suggested for the intermediate SST
anomalies to affect the midlatitude atmospheric circulation
(as illustrated by the schematic in Fig. 7). One refers to the
fact that the SST anomaly–induced perturbations are trans-
mitted into the subtropical jet through the westerly trough
over the northeast subtropical Pacific, which in turn stimulates
the wave train propagation along the jet. Another is that the
SST anomaly–associated perturbations excite the northward-
propagating wave along the East Asian coast through the
monsoon trough over the western Pacific. And the last one is
that the SST anomaly}associated perturbations over the trop-
ical Atlantic}northwest Africa can trigger the downstream-
propagating wave through the south branch of the North
Atlantic subtropical jet.

To confirm the role of the intermediate SST anomalies and
their operating mechanism on atmospheric circulation, we
further analyzed the existing GOGA and Pacific pacemaker
experiments conducted with CAM and CESM1.1. The model
well reproduced the atmospheric circulation anomalies and

the first two affecting pathways over the northeast subtropical
Pacific and western Pacific. It is also confirmed that the winter
La Niña SST anomalies in the eastern-central tropical Pacific
can indeed induce the Z-shape cold SST anomaly over the
tropical northern Pacific. However, the model generated
too-strong, large-scale wind convergence/divergence, and the
third pathway in the observation looks much drifted to north-
east Africa. The relationship between ENSO and the SST
anomalies in the tropical Indian Ocean is also slightly stronger
in the model.

In this study, we focused on the recent period of 1979–2020,
which is posterior to the climate shift that occurred in East
Asia in 1976/77 (Ding et al. 2008). Our choice was intended to
avoid possible interference from interdecadal variability. Ac-
cording to Yuan et al. (2014), the influence of La Niña on si-
multaneous winter precipitation in southern China presented
a clear decadal change around 1980. Therefore, the robust-
ness of our findings (including relevant mechanisms) deserves
a short discussion in terms of interdecadal variation of the re-
gional climate. Actually, we did prolong our investigation

FIG. 7. Schematic showing winter-peaked La Niña impact on the following-summer East
Asian precipitation through intermediate SST anomalies in the tropical North Pacific. (top) Pre-
cipitation anomalies, together with an anomalous cyclone over the western subtropical Pacific
(blue dashed oval) and an anomalous anticyclone over northeast Asia (dark red dashed circle).
These precipitation and circulation anomalies are fundamentally caused by the (bottom) winter
La Niña–associated intermediate SST anomalies showing a Z shape in the following summer in
the tropical North Pacific (light blue shadings). The intermediate SST anomalies exert influence
on atmospheric circulation following three pathways. One is near the westerly trough over the
northeast subtropical Pacific (blue curve). Another is through the monsoon trough over the
western Pacific (red curve). The last one is connected to the south branch of the North Atlantic
subtropical jet (light red curve).
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period and extended it back to 1958. Three strong La Niña
events were identified from 1958 to 1978. There are some var-
iations in local precipitation, such as in South China (as shown
in supplemental Fig. 1b), which is certainly the manifestation
of the interdecadal variation. Despite a few subtle differences,
main large-scale characteristics that we present here remain
unchanged, such as the widespread anomalous dryness in
North China and the anomalous wetness along the east coast
of China (properties shown in supplemental Figs. 1b and 2b).
It should also be noted that other features in terms of atmo-
spheric circulation, intermediate SST anomalies, and relevant
physical mechanisms, have no significant changes (figures not
shown). This illustrates the stability and representativeness of
our conclusions.

From our analysis, we can see that the intermediate SST
anomalies that relay La Niña’s delay effect into the following
summer are quite different from El Niño (Xie et al. 2016; Li
et al. 2017). This can be considered as a manifestation of the
asymmetry between the two phases of the ENSO cycle,
largely due to nonlinear processes of both ocean and atmo-
sphere (Hoerling et al. 1997; Ohba and Ueda 2009; Chen et al.
2016; Okumura 2019). However, when choosing La Niña in-
dex, we find that the circulation response (especially for pre-
cipitation anomalies over East Asia) is more sensitive to
SST anomalies in the central Pacific than those in the eastern
Pacific. This may also be related to nonlinear processes in the
atmosphere, in particular, to the threshold issue of atmo-
spheric convection. It implies that La Niña might also need to
be typed to study its climate effects in the decaying summer,
as is usually the case for El Niño (WLH22). In addition, we
can observe many continuous La Niña cases in the past. How
the intermediate SST anomalies in the tropical North Pacific
contribute to the continuity of La Niña through its induced
easterly anomalies in the far western tropical Pacific would be
specifically discussed in a separate paper.

Some other issues also need to be addressed in the future.
For example, our present study cannot distinguish the propa-
gation modes or regimes within the subtropical jet for the
three pathways connecting tropical perturbations to mid- and
high latitudes. Further investigation is needed to accurately
determine the propagation modes through the use of simpli-
fied dynamic models, such as the stationary wave model
(Ting and Hoerling 1993) or the linear baroclinic model
(Watanabe and Kimoto 2000).
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