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ABSTRACT: The western North Pacific anomalous anticyclone (WNPAC) is the key circulation modulating the East
Asian summer climate. In this study, the formation mechanism of the summer WNPAC that is independent of El Niño–
Southern Oscillation (ENSO) is investigated. Although ENSO has a significant relationship with WNPAC, except for the
super El Niño years, the WNPAC index remains almost unchanged after removing ENSO’s impact, suggesting the possibil-
ity of other origins of the WNPAC apart from ENSO. An Atlantic-to-Pacific two-step mechanism is proposed for the
formation of ENSO-independent summer WNPAC. In boreal spring, diabatic heating induced by the positive sea surface
temperature anomalies (SSTAs) over the tropical Atlantic could stimulate a stationary equivalent barotropic Rossby
wave train that travels across the Eurasian continent and ends in the tropical North Pacific. At the end of the Rossby wave
train, the lower-level anomalous anticyclone advects negative moist enthalpy into the equator, which suppresses the local
convection over the tropical North Pacific and equatorial central Pacific, and thus triggers the lower-level equatorial east-
erly anomaly to its west. During boreal summer, the lower-level easterly anomaly leads to the zonal dipole SSTA pattern
with a negative center in the tropical central Pacific and a positive one in the Maritime Continent. Then, this dipole SSTA
pattern over the Pacific exerts a relaying effect that further reinforces and westward shifts the dipole convection anomaly
pattern, generating the WNPAC as a Gill-type response. This study underpins the independent role of Atlantic oceanic
forcing through the extratropical route in the formation of ENSO-independent summer WNPAC.

SIGNIFICANCE STATEMENT: By linearly removing ENSO’s impact on summer monthly sea surface temperature
anomalies (SSTAs), this study explores the sources of summer western North Pacific anomalous anticyclone (WNPAC)
apart from ENSO. It is found that the high correlation between WNPAC and ENSO largely depends on the super El
Niño events, and the origin of the ENSO-independent WNPAC is rooted in the tropical Atlantic oceanic forcing. The
positive tropical Atlantic SSTAs in spring can independently induce atmospheric teleconnection from the North Atlan-
tic to the North Pacific through the extratropical route, which triggers anomalous easterlies over the equatorial Pacific
via suppressed local convection caused by the dry air advection over the North Pacific. The equatorial easterlies en-
hance the dipole anomalous SST and convection pattern over the Maritime Continent and tropical western/central Pa-
cific in summer, which finally stimulates the WNPAC. The result emphasizes the independent role of tropical Atlantic
SSTAs in the formation of summer WNPAC, thus providing a new perspective for the seasonal prediction of East
Asian summer climate.
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1. Introduction

As the strongest climate mode on the interannual time
scale, El Niño–Southern Oscillation (ENSO) exerts significant
remote impacts on East Asian climate (Huang and Wu 1989;
Zhang et al. 1996, 1999; Wang and Chan 2002; Wu et al. 2003;
Chou et al. 2009; Wang et al. 2017). The western North Pacific

anomalous anticyclone (WNPAC; also referred to as the
anomalous Philippine Sea anticyclone) (Wang et al. 2000;
Chou 2004; Li et al. 2017) acts as the atmospheric bridge con-
necting ENSO and East Asian climate.

The WNPAC forms in fall before the peak of El Niño, and
its intensity increases with the development of El Niño (Wang
and Zhang 2002). Maintained from the El Niño mature phase
(winter) to the El Niño decaying summer (B. Wu et al. 2009;
Xie et al. 2009), it directly affects East Asian summer climate
(Chang et al. 2000). For example, due to the abnormally
strong WNPAC, severe floods hit the middle and lower
reaches of the Yangtze River basin in the summers of 1998
and 2020 (Wang et al. 2017, 2020; Liu et al. 2020; Takaya et al.
2020; Zhang et al. 2021; Zhou et al. 2021; Tang et al. 2022),
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and heatwaves occurred over southeast China in the summer
of 2013 (Wang et al. 2014). Besides, summer WNPAC can
also modulate the genesis and moving tracks of tropical cyclo-
nes over the western North Pacific (Wang et al. 2013; Wang
and Wang 2019). Therefore, unraveling the dynamic origin of
the interannual variability of summer WNPAC is critical to
understanding the East Asian summer climate.

Previous studies have already demonstrated the mecha-
nisms of the formation and maintenance of summer WNPAC.
When warm sea surface temperature anomalies (SSTAs) ap-
pear in the equatorial central/eastern Pacific during the peak
of El Niño episode, a cyclonic anomaly forms at the northwest
side of the SSTA-induced diabatic heating based on the Gill-
type model (Gill 1980). The anomalous northeasterly on the
northwestern flank of the cyclonic anomaly strengthens the
trade wind in situ. Consequently, the enhanced evaporation
causes local cold SSTAs. The cold SSTAs induce local dia-
batic cooling, which further leads to the WNPAC to its west
as a Rossby wave response (Wang et al. 2000). When the El
Niño SSTAs dissipate in summer, the tropical Indian Ocean
characterized by positive SSTAs and enhanced convection,
which stores the effect of El Niño via zonal circulation, starts
to play a critical role in driving the WNPAC via inducing a
Kelvin wave response (Xie et al. 2009; B. Wu et al. 2009). Re-
cent studies suggest that without the trade wind–SST feed-
back and Indian Ocean warming, the WNPAC could still be
maintained according to the moisture enthalpy theory (Wu
et al. 2017a,b). In addition to the influences from the tropical
Pacific and Indian Ocean (Wu et al. 2010; Jiang et al. 2019),
the tropical Atlantic SSTAs also impact WNPAC through the
tropical Rossby wave response to the west (Ham et al. 2013;
Park et al. 2022), the tropical Kevin wave response to the east
(Rong et al. 2010; Jiang and Li 2021; Yu et al. 2016), and the
zonally overturning circulation anomaly (Hong et al. 2014;
Zuo et al. 2019). Apart from the tropical SSTA forcings, the
atmospheric signals from mid-to-high latitudes, such as the
Arctic Oscillation (AO; Gong et al. 2011; Gao et al. 2016) and
the North Atlantic Oscillation (NAO; Z. Wu et al. 2009; Wu
et al. 2012) together with its downstream effects in the form
of stationary Rossby wavetrains (Enomoto 2004; Kosaka et al.
2012), can significantly influence the WNPAC. In addition,
the atmospheric internal variability can also influence the
WNPAC (Wang et al. 2018, 2020).

However, although several factors can lead to WNPAC for-
mation and maintenance via different routes, it is still possible
that these factors are either directly or indirectly related to
ENSO. In addition, the mechanisms of Atlantic influence on
WNPAC above mostly emphasize the tropical routes, the ex-
tratropical influence routes remain largely unexplored.

An unprecedented abnormal WNPAC causing severe floods
over the Yangtze River basin occurred in the summer of 2020
without appearance of strong El Niño event in the preceding
winter (Takaya et al. 2020; Chen et al. 2021; Qiao et al. 2021;
Pan et al. 2021; Zhang et al. 2021; Zheng and Wang 2021; Zhao
et al. 2022), suggesting that the WNPAC may have other
origins apart from ENSO. Motivated by this conundrum, this
study investigates what contributes to the interannual variabi-
lity of the summer WNPAC that is independent of ENSO’s

impact. Here we intend to address the following questions:
1) Is there any other origin of the summer WNPAC apart from
ENSO? 2) If yes, what is the physical mechanism for the for-
mation of the ENSO-independent WNPAC?

The remaining paper is organized as follows. Section 2
introduces the data, method, and model we employed. In
section 3, we present the leading mode of interannual vari-
ability of the WNPAC, and compare the associated SSTA
patterns with respect to ENSO and WNPAC. Section 4
introduces the method extracting the interannual variabi-
lity of summer WNPAC that is independent of ENSO. In
section 5, the physical mechanism for the formation of ENSO-
independent summer WNPAC is revealed. The conclusions
and discussion are provided in section 6.

2. Data, method, and model

a. Data

The datasets employed in this study include 1) the global monthly
sea surface temperature (SST) with a 2.08 3 2.08 horizontal
resolution from the National Oceanic and Atmospheric Ad-
ministration (NOAA) Extended Reconstructed SST version 5
(Huang et al. 2017); 2) the interpolated monthly outgoing long-
wave radiation (OLR) with a 2.58 3 2.58 horizontal resolution
from NOAA (Liebmann and Smith 1996); 3) the monthly pre-
cipitation gridded at 2.58 3 2.58 horizontal resolution from the
Global Precipitation Climatology Project (Adler et al. 2003);
4) the monthly wind and geopotential height at multiple levels
with a horizontal resolution of 2.58 3 2.58 from the National
Centers for Environmental Prediction–National Center for
Atmospheric Research Reanalysis (Kalnay et al. 1996); 5) the
monthly wind, geopotential height, and specific humidity at
multiple levels from the fifth-generation ECMWF reanalysis
for the global climate and weather (ERA5; Hersbach et al.
2019) with a 2.58 3 2.58 horizontal resolution. To reduce the
uncertainty from different data sources, the arithmetic means
for the monthly wind and geopotential height of two datasets
(NCEP–NCAR and ERA5) have been applied in this study.
All datasets cover the period of 1979–2020.

b. Method

To focus on the interannual time scale, the 9-yr running
means of all variables were removed first. The leading mode
of East Asian summer circulation was obtained through the
multivariate empirical orthogonal function (MV-EOF) analy-
sis (Wang 1992) on the 850-hPa wind field over the East
Asia–western North Pacific sector (08–508N, 1008–1508E). The
North’s test was employed to analyze the significance of the
MV-EOF mode (North et al. 1982). The Student’s t test was
used to test the significance of the correlation coefficients and
regression coefficients.

The Niño-3.4 index was calculated as the SSTA averaged
over 58S–58N, 1208–1708W in winter (DJF). Following Wang
et al. (2008), the WNPAC index (IWNPAC) was defined as the
850-hPa zonal wind contrast between 22.58–32.58N, 1108–1408E
and 58–158N, 908–1308E.
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A linear regression analysis method was used to exclude
the influence of ENSO (Gong et al. 2011; Gao et al. 2014):
XNoEN 5 X 2 IEN 3 Reg(X onto IEN). Here, IEN denotes the
indices representing the impact from ENSO, and X represents
the original variables. Therefore, IEN 3 Reg(X onto IEN) de-
notes the reconstruction fields with ENSO’s impact, and the
XNoEN indicates the variable fields that are independent of IEN.

To explore the atmospheric teleconnections associated with
the ENSO-independent WNPAC, the Rossby wave activity
flux (WAF) was calculated based on the following formula
(Takaya and Nakamura 2001):
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Among them, c and U 5 (u, y) represent the streamfunction
and the horizontal wind, respectively, and W refers to the two-
dimensional Rossby WAF. The overbar and the prime repre-
sent the climatological mean and the anomaly, respectively.

Vertical motions are constrained by moist static energy
(MSE) budget balance in the tropics (Neelin and Held 1987).
To investigate the moist enthalpy advection process for the
formation of ENSO-independent WNAPC, the horizontal ad-
vection of climatological moist enthalpy by anomalous wind
h2u′ ?=h(cpT 1 Lyq)i from the simplified MSE equation
(Neelin 2007; Wu et al. 2017a) was calculated. The simplified
MSE equation was written as

hv′­phi ’ F′
net 2 hu ? =h(cpT 1 Lyq)′i

2 hu′ ? =h(cpT 1 Lyq)i 2 hv­ph′i 1 NL: (2)

Here, angle brackets represent the mass integral from 1000 to
100 hPa; u and v denote horizontal wind and vertical pressure
velocity, respectively; h 5 cpT 1 Lyq 1 u represents MSE;
cpT 1 Lyq indicates the moist enthalpy; T, q and u denote
air temperature, specific humidity, and geopotential, respec-
tively; cp and Ly denote the specific heat at constant pressure
(1004 J K21 kg21) and the latent heat of vaporization (taken
constant at 2.53 106 J kg21). Therefore, the anomalous vertical
advection of climatological MSE is denoted byhv′­phi, Fnet

represents the net MSE flux coming into the atmospheric
column from 1000 to 100 hPa, 2hu ?=h(cpT 1 Lyq)′i denotes
the climatological horizontal advection of anomalous moist
enthalpy, h2u′ ?=h(cpT 1 Lyq)i represents the anomalous hori-
zontal advection of climatological moist enthalpy, 2hv­ph′i de-
notes the climatological vertical advection of anomalous MSE,
and NL represents the sum of all the nonlinearly terms.

According to Wu et al. (2017a), moisture advection,
rather than temperature advection, primarily contributes to the
h2u′ ?=h(cpT 1 Lyq)i term in the tropical western North
Pacific (WNP;.84%). Therefore, h2u′ ?=h(Lyq)i was employed
to represent h2u′ ?=h(cpT 1 Lyq)i to examine the main process
of moist enthalpy advection.

c. Model

To further unravel the physical mechanism for the forma-
tion of ENSO-independent WNPAC, two general circulation

models were utilized in this study. One is the anomaly atmo-
spheric general circulation model (AGCM; Held and Suarez
1994), which was developed from the global spectrum dry
AGCM of the Geophysical Fluid Dynamics Laboratory. This
five-layer intermediate complex model uses sigma (s 5 p/ps)
as its vertical coordinate and has a T42 Gaussian grid horizon-
tal resolution. The basic equations include the momentum,
continuity, thermal dynamic, and hydrostatic equations. To
mimic the observed heating profile, different heating rates
were prescribed at different levels of the troposphere in the
model. The long-term climatological mean derived from the
NCEP–NCAR reanalysis is employed to be the model back-
ground state. This AGCM has been widely used to validate
the formation of various atmospheric teleconnection patterns
(Zhu and Li 2016, 2018; Lu et al. 2020). The other one is the
linear baroclinic model (LBM), which is based on the primary
equation model developed by Watanabe and Kimoto (2000).
This model is run at a resolution of triangular truncation of
T42 with 20 sigma levels in the vertical. The model has also
been widely employed to investigate atmospheric circulation
response to the anomalous heating (Sampe and Xie 2010;
Zhang et al. 2016; Wang et al. 2022). Both of the two models
were integrated for 60 days, and the averaged output in the
last 10 days was considered as the equilibrium state.

3. Interannual variability of the summer WNPAC

a. The leading mode of WNPAC interannual variability

Figure 1a shows the spatial pattern of the first EOF mode
for the interannual component of 850-hPa zonal and meridio-
nal wind field over the East Asia and WNP sector in summer.
This leading mode accounts for 51% of the total variance,
which is statistically significant and independent from other
modes (North et al. 1982). The spatial pattern of this mode
features a robust western North Pacific anomalous anti-
cyclone (WNPAC). Negative precipitation anomalies can be
observed under the main body of the WNPAC, whereas posi-
tive precipitation anomalies appear over the southern and
northern flanks of the WNPAC. Particularly, prominent
southwesterly on the northwest flank of the WNPAC advects
the warm and moist air from the tropical ocean to the middle
and lower reaches of the Yangtze River basin, the Korean
Peninsula, and southern Japan, resulting in the mei-yu/changma/
baiu during the peak stage of East Asian summer monsoon.

Figure 1b shows that the principal component of this mode
(PC1) is highly coherent with the WNPAC index (IWNPAC)
with a correlation coefficient of 0.95 (P , 0.01), verifying that
the IWNPAC index can nicely represent the WNPAC inter-
annual variability. Therefore, in the following article, the
IWNPAC index is employed to represent the interannual variation
of WNPAC. It is noteworthy that PC1 has a close relationship
with the preceding winter mean Niño-3.4 index (R 5 0.43,
P , 0.01), suggesting the significant linkage between WNPAC
and ENSO (Chou 2004; Li et al. 2017). However, it should be
noted that some years are quite deviated from the fitting line, in-
dicating the likelihood of an unreliable ENSO–WNPAC
relationship.
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b. Comparison of SSTAs related to ENSO and WNPAC

Although ENSO decays in summer, its influence on WNPAC
can be maintained from winter to summer through the Indian
Ocean capacitor effect. Considering that the impact of ENSO
during summer may vary from month to month (Wu et al. 2010;
Wang et al. 2017), we first compared the regression SSTA fields
in June, July, and August onto the IWNPAC indices and Niño-3.4
index, respectively (Fig. 2).

During summer, significant positive SSTAs related to
ENSO are observed from the tropical Indian Ocean to the
western Pacific, as well as in the tropical North Atlantic
Ocean (Figs. 2a–c). Meanwhile, a basin-scale horseshoe-like
SSTA pattern (similar to the interdecadal Pacific oscillation
pattern) could be found over the North Pacific Ocean, and
significant positive SSTAs appear in the cold tongue region.
Over the equatorial central Pacific, positive SSTAs can be
found in June, but they get weakened in July and dissipated
in August.

In contrast, significant positive SSTAs associated with
WNPAC are mainly confined in the northern Indian Ocean,
western North Pacific, and tropical North Atlantic in summer
(Figs. 2d–f). The weak negative SSTAs appear over the equa-
torial central Pacific in July and August. In addition, signifi-
cant negative SSTAs are observed over the Barents Sea and
Kara Sea in August (Fig. 2f).

Comparing the regressed SST patterns with respect to ENSO
and WNPAC indices, only the SSTs over the tropical Indian
Ocean and the western Pacific present similar features with
positive anomalies, verifying that ENSO’s impact on summer
WNPAC is through the Indian Ocean warming. Significant dif-
ferences of regressed SST patterns are over the tropical central/
eastern Pacific and tropical Atlantic, indicating the possibility of

other origins of WNPAC apart from ENSO. In the following
section, we exclude the influence of ENSO through linearly re-
moving the DJF Niño-3.4-related SSTAs during the following
summer, to explore the formation mechanism of the ENSO-
independent summer WNPAC.

4. Extraction of the WNPAC independent of ENSO

a. Definition of ENSO’s impact in the following summer

To investigate the origin of the ENSO-independent sum-
mer WNPAC, the influence of ENSO should be removed
first. As shown in Figs. 2a–c, ENSO can significantly impact
the global SSTAs during the following summer. Since Niño-3.4-
related SSTAs differ from June to August (Wu et al. 2010), the
index of ENSO’s impact (IEN) was defined month by month. To
comprehensively remove ENSO’s impact in the following sum-
mer, IEN indices are defined by the tropical averaged SSTAs
weighted by regression coefficients with respect to the Niño-3.4
index passing the 95% confidence level. Note that because the
IEN indices are spatially weighted, they can also reflect the tropi-
cal SSTA pattern (such as IOBM and other SST modes) related
to ENSO.

Based on the regressed SST onto the Niño-3.4 index over
the tropical region (308S–308N in Figs. 2a–c), the monthly IEN
indices were calculated as follows:

IEN 5
SST1b1 1 SST2b2 1 · · · 1 SSTnbn

b1 1 b2 1 · · · 1 bn
: (3)

Here, n represents the number of significant grids, bk (k 5 1,
2, …, n) refers to the kth regression coefficient (passing the
95% confidence level), and SSTk denotes the corresponding
SSTA.

FIG. 1. (a) Spatial pattern of the first MV-EOF mode of the 850-hPa winds over the domain 08–508N, 1008–1508E
for the period of 1979–2020. (b) The scatterplot for the principal component (PC) with respect to the IWNPAC

(red dots) and Niño-3.4 (blue dots) index. Shadings in (a) are the summer mean precipitation (mm day21) regressed
onto PC. Letter A denotes the center of the WNPAC.
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It is noteworthy that since SSTAs over the extratropics usu-
ally result from the passive response to the tropical forcing,
the influence of the ENSO-related tropical SSTAs would be
weakened with the inclusion of SSTAs outside the tropics.
Therefore, the IEN indices are derived only from 308S to 308N.

To further confirm whether the IEN indices could well rep-
resent ENSO’s impacts in each month of summer, the correla-
tion coefficients between summer monthly IEN indices and
the DJF Niño-3.4 index were calculated. As shown in Table 1,
all the IEN indices within summer are highly correlated with
the DJF Niño-3.4 index. Interestingly, although the correla-
tion coefficient between summer mean IWNPAC index and
Niño-3.4 index is 0.52 (P , 0.05), no significant relationship
can be found between August IWNPAC and Niño-3.4. The cor-
relation coefficient between Niño-3.4 and IWNPAC index in
June (0.35) is also lower than that between Niño-3.4 index
and the summer mean IWNPAC index (0.52). Only the IWNPAC

index in July shows a robust relationship to the Niño-3.4 index

(R 5 0.63, P , 0.01). In contrast, IWNPAC is significantly cor-
related with IEN in August (R 5 0.51, P , 0.01), indicating
that ENSO has an indirect influence on the maintenance of
the WNPAC in August. In June and July, the correlation

FIG. 2. The global SST (shading; 8C) in (a) June, (b) July, and (c) August regressed onto the DJF Niño-3.4 index. (d)–(f) As in
(a)–(c), respectively, but onto the WNPAC index. Stippled areas indicate regression coefficients passing the 95% confidence level. The
vertical and horizontal dashed lines denote the 1808 meridian and the equator, respectively.

TABLE 1. Correlation coefficients among the indices (boldface
values indicate those passing the 95% confidence level).

Niño-3.4 IEN_6 IEN_7 IEN_8

Niño-3.4 1 0.81 0.84 0.77

IWNPAC_6 0.35 0.32
IWNPAC_7 0.63 0.62
IWNPAC_8 0.23 0.51

IWNPAC_NoEN_6 0.10 0.00
IWNPAC_NoEN_7 0.14 0.00
IWNPAC_NoEN_8 20.18 0.00
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coefficient between IWNPAC and IEN has no distinct difference
from that between IWNPAC index and the Niño-3.4 index,
whereas in August the former is much higher compared to
the latter, suggesting that the monthly IEN indices could better
represent the direct and indirect impacts of the preceding
ENSO comparing with Niño-3.4 index.

b. Interannual variability of the ENSO-independent
WNPAC

The analyses above indicate that the IEN indices in the sum-
mer months could nicely represent ENSO’s impact during
ENSO decaying summer. After removing the impact of ENSO
through XNoEN 5 X 2 IEN 3 Reg(X onto IEN), the monthly
IWNPAC indices independent of ENSO (IWNPAC_NoEN) are ob-
tained. Table 1 shows that the monthly IWNPAC_NoEN indices are

correlated with neither Niño-3.4 index nor the corresponding
IEN indices, suggesting that the IWNPAC_NoEN indices are entirely
independent of ENSO.

What are the differences in IWNPAC index before and after
removing the impact of ENSO? Fig. 3 shows the year-to-year
variability of the monthly IWNPAC (red dashed lines) and
IWNPAC_NoEN (blue solid lines) indices. It is clear that the
IWNPAC and IWNPAC_NoEN indices share much in common
with only slight differences appearing in specific super El Niño
years (i.e., 1983, 1998 and 2016). The high correlation co-
efficients between IWNPAC and IWNPAC_NoEN indices imply that
ENSO can only explain limited variability of WNPAC, and the
WNPAC may have other origins apart from ENSO. We further
defined the thresholds to measure the differences between
monthly IWNPAC and IWNPAC_NoEN indices (Table S1 in the

FIG. 3. The standardized WNPAC index (IWNPAC; red dashed lines) and the WNPAC
index after removing ENSO’s impact (IWNPAC_NoEN; blue solid lines) in (a) June, (b) July, and
(c) August. The red dots and blue triangles denote the El Niño and La Niña years, respectively.
The red stars represent the three super El Niño years of 1983, 1998, and 2016.
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online supplemental material). The differences between IWNPAC

and IWNPAC_NoEN indices are larger in super El Niño years
(marked as red stars; 1983, 1998, and 2016) than those in normal
El Niño years (marked as red dots) and La Niña years (marked
as blue triangles), indicating again that only super El Niño
events can strongly affect the summer WNPAC (Wang et al.
2017).

Note that the correlation coefficients between WNPAC
and IEN indices drop to zero after the exclusion of ENSO
(Table 1) under the context of the almost unchanged IWNPAC

indices. This is because the changes of the dots representing
the correlation between IEN indices and IWNPAC/IWNPAC_NoEN

indices in super El Niño years (such as 1983 and 1998) can lead
to the drops in the relations of WNPAC indices and ENSO
(Fig. S1). The correlation coefficients between the IWNPAC and
IWNPAC_NoEN indices and their intensity retain the same feature
as those without being standardized (Fig. S2), suggesting
the robustness of the result.

The reason for removing the influence of ENSO on the
WNPAC month by month is that ENSO has different impacts
on WNPAC within summer (Wu et al. 2010). For example,
positive values of IWNPAC indices occur in June and July of
2016, but a negative one appears in August. Large values of
IWNPAC can be found in July and August of 1998, whereas
June shows a much smaller value. Meanwhile, similar values
of IWNPAC indices can be observed in each month of 1983, but
a larger difference can be found between the IWNPAC index
and IWNPAC_NoEN index in July. During 2016, after removing
ENSO’s impact, the value of the resultant IWNPAC_NoEN index

retains positive for June, but turns negative in July. Note that
we also directly exclude the summer mean influence of ENSO
(Fig. S3) and compare the indices before and after removing
ENSO (Fig. S4). The results are consistent to those based on
removing ENSO’s impact month by month.

Unlike the large differences between the IWNPAC and
IWNPAC_NoEN indices in 1983, 1998, and 2016, the high values
of the IWNPAC indices in each month of 2020 are almost
unchanged after removing ENSO’s impact, corresponding to
the absence of super El Niño for the strong summer WNPAC
in 2020. This indeed indicates that the strong IWNPAC indices
in 2020 were not influenced by ENSO, which again inspires us
to explore the origins for the formation of ENSO-independent
summer WNPAC.

5. Mechanism for the formation of ENSO-independent
summer WNPAC

As shown in the above analyses, except for the super El Niño
years, the interannual variability of WNPAC remains nearly
unchanged after excluding the impact of ENSO. Then, what is
the origin behind the interannual variability of summer mean
WNPAC?

To detect the possible tropical SSTA forcings of WNPAC,
the time evolution of tropical mean (158S–158N) SSTAs with
respect to the summer mean IWNPAC and IWNPAC_NoEN indices
from the preceding December to August is plotted (Fig. 4). The
IWNPAC index is related to the positive SSTAs in the tropical
central and eastern Pacific, which peak in the previous winter

FIG. 4. Regressed monthly SSTA (8C) averaged over 158S–158N fromDecember(0) to August(1)
onto the summer mean (a) IWNPAC and (b) IWNPAC_NoEN. The black dashed box indicates
June–August. The red, blue, and green dashed boxes represent the tropical Atlantic, central/eastern
Pacific, and Indian Oceans. Stippled areas indicate values passing the 90% confidence level.
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and dissipate in spring. The positive SSTAs over the tropical
Indian Ocean persist from winter to the following summer
(Fig. 4a), indicating that the Indian Ocean capacitor effect
can sustain ENSO’s impact on the WNPAC (Xie et al. 2009;
Yang et al. 2010). Besides, positive SSTAs associated with
IWNPAC also appear over the Atlantic from late winter and
persist to summer.

In contrast, after excluding ENSO’s impact (Fig. 4b), no
significant SSTA signals associated with WNPAC can be
found over the tropical Pacific during winter and summer, and
over the tropical Indian Ocean from winter to summer, which
confirms that ENSO’s impact has been completely removed.
However, it is worth noting that significant positive SSTAs
persisting from January to August can still be found over the
Atlantic. Following the Atlantic warming in spring, negative
SSTAs start to develop over the Pacific during the spring sea-
son, suggesting that the Atlantic SSTA forcing could exert
a remote impact on Pacific (Rong et al. 2010; Lu et al. 2020;
Exarchou et al. 2021; Jiang and Li 2021; Chen et al. 2022;
Yang et al. 2023). Therefore, we speculate that the driver of the
ENSO-independent WNPAC interannual variation may be
the tropical Atlantic oceanic forcing. In the following article,
the physical mechanism of the Atlantic SSTA oceanic forcing
on the formation of ENSO-independent WNPAC is explored.

Figure 5 shows the atmospheric circulation, SST, and OLR
anomalies associated with the ENSO-independent WNPAC
from the previous winter to summer. Consistent with Fig. 4, the
most significant SSTAs exist over tropical southern Atlantic
Ocean during winter, whereas no significant SSTA can be found
in the tropical Pacific Ocean (Figs. 5a,b). Likewise, in spring
(Figs. 5c,d) no significant SSTA can be found in the tropical
Pacific Ocean and Indian Ocean because of the removal of
ENSO’s impact. However, it can be clearly seen that the posi-
tive SSTAs over the Atlantic are further intensified and ex-
tended to cover the entire tropical Atlantic Ocean. Note that
the remarkable positive Atlantic SSTAs are accompanied by an
equivalent barotropic Rossby wave train dominating the mid-to-
high latitudes of Northern Hemisphere. This Rossby wave train
is characterized by six anomalous cyclones or anticyclones, which
are centered respectively over North America, southernGreenland,
western Europe, the western Siberian Plain, Northeast Asia,
and the tropical North Pacific. On the southeastern flank of the
barotropic anticyclone over the tropical North Pacific, lower-
level anomalous northeasterly appears with the remarkably
suppressed convection over the tropical central North Pacific
and equatorial central Pacific (Figs. 5c,d).

In summer (Figs. 5e,f), although the positive Atlantic
SSTAs have become weakened (also see Fig. 4b), they remain

FIG. 5. Regressed (a) 200-hPa wind (vectors; m s21), geopotential height (contours; gpm), and OLR (shading; W m22), and (b) 700-hPa
wind (vectors; m s21), geopotential height (contours; gpm), and SST (shading; 8C) in DJF onto IWNPAC_NoEN. (c),(d) and (e),(f) As in
(a) and (b) but for spring (MAM) and summer (JJA), respectively. The letters A and C denote the center of the anticyclonic and cyclonic
anomalies, respectively. Stippled areas and vectors indicate values passing the 90% confidence level. The black dashed box (58S–208N,
1508E–1508W) in (c) denotes the tropical central North Pacific and equatorial Pacific area with significant positive OLR anomalies.
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significant and are confined to a narrower tropical Atlantic re-
gion. The Rossby wave train dissipates without significant at-
mospheric circulation signals over the mid-to-high latitudes in
Northern Hemisphere. Instead, the tropical Pacific presents a
remarkable zonal dipole SSTA pattern with positive (nega-
tive) anomalies in the Maritime Continent (the tropical cen-
tral and eastern Pacific). Accompanied by this zonal dipole
SSTA pattern, strong anomalous easterly wind dominates
the equator from 1208W to 1208E, leading to convergence/
enhanced convection (negative OLR anomalies) over the
Maritime Continent and divergence/suppressed convection
(positive OLR anomalies) over the equatorial western and
central Pacific. Therefore, the lower-level anticyclone anomaly
over the western North Pacific (WNPAC) is formed (Fig. 5f) as
a Gill-type response to the negative (positive) diabatic heating
over the tropical western Pacific (Maritime Continent). Besides
the Pacific SSTA dipole pattern itself, the positive Atlantic
SSTAs could also induce lower-level northwesterlies over the
eastern Pacific, cooling the SST via cold advection (Fig. 5f). The
cold eastern Pacific could further strengthen the anomalous
easterly wind over the western and central tropical Pacific, and
enhance the zonal dipole anomalous SST/convection pattern via
the Bjerknes feedback, thus reinforcing and maintaining the
WNPAC.

It is worth mentioning that the anomalous anticyclones
over the tropical Pacific during spring and summer are totally
different. First, the anomalous anticyclone in spring is mainly
located over the tropical North Pacific, which could hardly in-
fluence the East Asian coast. The WNPAC appears much
westward, which directly influences East Asia with enhanced
rainfall over the Yangtze River basin. Second, the formation
of the anomalous anticyclone in spring is related to the equiv-
alent barotropic Rossby wave train associated with positive
tropical Atlantic SSTAs, whereas the WNPAC in summer is
induced by the tropical diabatic heating related to the zonal
dipole SSTA pattern over the Pacific.

Then, two questions arise: 1) How do the Atlantic SSTAs
remotely induce the anomalous anticyclone over the tropical
North Pacific during spring? 2) How does this anomalous anti-
cyclone over the tropical North Pacific in spring transform to
the WNPAC in summer?

To settle the first question, considering that the positive
Atlantic SSTAs appear simultaneously with the equivalent
barotropic Rossby wave train (Fig. 5c), we could speculate
that the Atlantic SSTAs may influence the anomalous anti-
cyclone over the tropical North Pacific via inducing an atmo-
spheric teleconnection from the Atlantic to the Pacific. To
support this speculation, the Rossby wave activity flux (WAF)
has been calculated as shown in Fig. 6. It can be clearly seen
that the WAF, which originates from North America, goes
northeastward to southern Greenland, and then bends south-
eastward to western Europe, where it further propagates east-
ward, and eventually ends in the positive geopotential height
(anticyclonic) anomaly over the tropical North Pacific. The
positive SSTAs over the tropical Atlantic could induce con-
vection that appears from the equatorial eastern Pacific to the
Atlantic (Fig. 5c). Then, an upper-level anomalous anticy-
clone is stimulated over the west of the Gulf of Mexico as a
Gill-type response to positive diabatic heating. The upper-
level anomalous anticyclone acts as the Rossby wave source,
leading to the equivalent barotropic Rossby wave train ema-
nating from North America to the tropical North Pacific.

To further demonstrate the Atlantic oceanic forcing on the
tropical North Pacific anomalous anticyclone via the Rossby
wave train over the Northern Hemisphere, a numerical exper-
iment was conducted by the AGCM. Figure 7 shows the
steady state of the 200-hPa (700-hPa) geopotential height and
wind response to the prescribed atmospheric heating, which is
consistent with the observed positive convection over the
equatorial eastern Pacific to the Atlantic. The maximum heat-
ing was set to 1 K day21 at 500 hPa and reduced to the upper
and lower troposphere, to mimic the vertical heating profile in
observation.

Because of the diabatic heating, convergence (divergence)
anomalies can be found around Central America. A Gill-type
response to the diabatic heating, shown as an anticyclonic
anomaly over the west of the Gulf of Mexico, is well repro-
duced. The anticyclonic anomaly acts as the Rossby wave
source and leads to the equivalent barotropic Rossby wave
train downstream from North America to the tropical North
Pacific, forming the great circle route (Hoskins and Karoly
1981). The simulated Rossby wave train is similar to the

FIG. 6. Regressed MAM 200-hPa wave activity flux (vectors; m2 s22) and geopotential height
(shading; gpm) onto the JJA IWNPAC_NoEN index. The red dashed box (208–358N, 1608E–1608W)
represents the location of the anomalous anticyclone over 700 hPa in the tropical North Pacific.
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observation despite the slightly deviated centers of the anticy-
clonic and cyclonic anomalies, and this wave train follows the
propagation pathway of WAF in observation (Fig. 6). Most
importantly, the lower-level anomalous anticyclone over the
tropical North Pacific can be well reproduced in the AGCM,
verifying the independent influence of tropical Atlantic
SSTAs on the atmospheric teleconnection toward the tropical
North Pacific.

The strong lower-level easterlies from 408W to 1208E over
the Atlantic and Indian Ocean are induced by the diabatic
heating over tropical Atlantic, which enhances the anomalous
anticyclone over the tropical North Pacific through Kelvin
wave response (Rong et al. 2010; Jiang and Li 2021; Yu et al.
2016). However, note that the lower-level easterlies cannot be
found in the observation (Fig. 5d). Because another positive
diabatic heating exists over Maritime Continent in the obser-
vation (Fig. 5c), the anomalous westerlies to the west of
this heating can offset the Kelvin wave response. Therefore,
the absence of the anomalous lower-level easterlies over the
Atlantic and Indian Ocean in the observation does not con-
flict with the results of the numerical experiment.

To further verify the induced atmospheric teleconnection is
not relied on model, we repeated this experiment via LBM
(Watanabe and Kimoto 2000). With a specified idealized adia-
batic heating centered at 48S, 308W, a similar equivalent baro-
tropic Rossby wave train from North America to Pacific, as
well as the anomalous tropical North Pacific anticyclone,
can be reproduced (Fig. S5). The consistent results of two

different models suggest that the atmospheric teleconnection
induced by the Atlantic heating is not model-dependent.

After confirming that the Atlantic SSTA could induce the
Rossby wave train and impact the anticyclone over the tropi-
cal Pacific, how could this lower-level anomalous anticyclone
over the tropical North Pacific in spring transform to the
WNPAC in summer? To answer this question, the 700-hPa
climatological specific humidity and anomalous wind in spring
have been regressed onto the summer mean IWNPAC_NoEN

index.
As shown in Fig. 8, the spatial pattern of climatological spe-

cific humidity presents abundant moisture over the Indian
Ocean and western Pacific warm pool region, and a strong
meridional gradient around the central tropical North Pacific.
The lower-level anomalous northeasterly on the southeastern
flank of the anticyclonic anomaly in the tropical North Pacific,
the end of the Rossby wave train, advects the low moist en-
thalpy air from the midlatitudes into the central tropical
North Pacific and equatorial Pacific (dashed box in Fig. 8b).
The negative moist enthalpy advection suppresses local con-
vection (positive OLR anomalies) in the tropical North Pacific
and equatorial central Pacific (dashed box in Fig. 5c), inducing
a lower-level anomalous easterly from the equatorial central
Pacific to Maritime Continent (from 1808 to 1208E). The anoma-
lous easterly could result in the negative SSTA in the equatorial
central Pacific and further suppress the local convection in spring.
The suppressed convection and negative SSTA strengthen and
maintain the anomalous easterly through the Bjerknes positive

FIG. 7. The (a) 200- and (b) 700-hPa wind (vectors; m s21) and geopotential height (contours;
gpm) response to the atmospheric diabatic heating over the tropical eastern Pacific to the
Atlantic. The letters A and C denote the centers of the anticyclonic and cyclonic anomalies,
respectively.
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feedback, leading to a more remarkable zonal dipole anomalous
SST and convection pattern over the Maritime Continent and
equatorial western/central Pacific in summer (Figs. 5e,f). Because
of the stronger anomalous easterly (from 1208W to 1208E) in
summer, the anomalous zonal dipole convection in this season is
stronger and shifted westward compared to that in spring. Conse-
quently, the summer WNPAC is stimulated as a Gill-type
response.

6. Summary and discussion

An MV-EOF analysis has been applied to the summer sea-
sonal mean zonal and meridional wind over 08–508N, 1008–
1508E to capture the main circulation feature over East Asia.
The first EOF mode shows a dominant WNPAC, which ac-
counts for 51% of the total variance. The WNPAC index

(IWNPAC) is highly consistent with the principal component
(PC) of the first MV-EOF mode with a significant correlation
coefficient of 0.95. Although the PC is significantly correlated with
Niño-3.4 index, the ENSO–WNPAC relationship is unreliable.

Comparison of the two regressed SSTA patterns onto
Niño-3.4 index and summer monthly WNPAC indices
(IWNPAC) show large differences over the tropical central/
eastern Pacific and tropical Atlantic. To represent the influence
of preceding ENSO in the following summer, the summer
monthly IEN indices have been defined as the tropical SSTA re-
lated to the previous winter Niño-3.4 index, which all have sig-
nificant relationships with the corresponding IWNPAC indices.
After linearly removing the impacts of monthly IEN indices, the
WNPAC indices independent of ENSO (IWNPAC_NoEN) differ
from IWNPAC indices only for some super El Niño events
(Fig. 3). The almost unchanged WNPAC indices after the

FIG. 8. (a) Regressed MAM 700-hPa climatological specific humidity (shading; g kg21) and
anomalous winds (vectors; m s21) onto the JJA IWNPAC_NoEN index. (b) Regressed MAM hori-
zontal advection of climatological specific humidity by the anomalous winds, which is converted
to energy units (Wm22). Stippled areas indicate the regression coefficients passing the 90% con-
fidence level. The letter A in (a) denotes the center of anticyclonic anomaly. The black dashed
box (58S–208N, 1508E–1508W) is as in Fig. 5c.
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removal of ENSO’s influence (except for the super El Niño
years) indicate the limited contribution of ENSO on the sum-
mer WNPAC, suggesting the existence of other origins of
the summer WNPAC.

The time evolutions of equatorial SSTA regressed onto
IWNPAC and IWNPAC_NoEN indices always show significant
SSTA signals over the tropical Atlantic, indicating the fidelity
of Atlantic oceanic forcing in the formation of WNPAC. In
this study, an Atlantic-to-Pacific two-step mechanism for the
formation of ENSO-independent WNPAC is proposed.

As shown in the schematic diagram (Fig. 9), the first step of
the mechanism is the Atlantic triggering effect during spring-
time. In this stage, the positive Atlantic SSTAs could induce
enhanced convection from equatorial eastern Pacific to Atlantic,
which stimulates an upper-level anticyclonic anomaly over the
Gulf of Mexico as a Gill-type response. This upper-level anoma-
lous anticyclone acts as the Rossby wave source, leading to the
equivalent barotropic Rossby wave train from North America to
the Pacific following the great circle route, and thus causing a

lower-level anomalous anticyclone over the tropical North
Pacific. The anomalous northeasterly on the southeastern
flank of the lower-level anomalous anticyclone advects low
moist enthalpy air from the midlatitudes into the equatorial
central Pacific, suppressing local convection and finally trigger-
ing the anomalous easterlies over the equatorial western/
central Pacific. An anomalous zonal dipole convection pattern
with enhanced (suppressed) convection in the Maritime Conti-
nent (central equatorial Pacific) then comes into being.

The second step of the mechanism is the Pacific relaying ef-
fect during summertime. The anomalous easterlies over the
equatorial western/central Pacific in spring lead to negative
SSTAs over the central tropical Pacific and positive SSTAs
over the Maritime Continent. This dipole tropical SSTA pat-
tern exerts a relaying effect, which further enhances the east-
erlies and leads to the intensified and westward shifted dipole
convection anomalies, finally stimulating the summer WNPAC
as a Gill-type response. Besides, the positive Atlantic SSTAs in
summer can also induce lower-level northwesterly in tropical

pos. heating
neg. heatingpos. heating

neg. heatingpos. heating

neg.

FIG. 9. Schematic diagram for the formation of WNPAC independent of ENSO. Red (blue) shadings denote the
positive (negative) SSTA. Yellow (green) shadings indicate the negative (positive) diabatic heating anomalies. Letters
C and A denote the cyclonic and anticyclonic anomalies, respectively. Blue cyclones and pink anticyclones with the
gray dashed line represent the barotropic Rossby wave train. The red anticyclone in MAM denotes the tropical
Rossby wave response at upper level. Orange anticyclones in MAM and JJA represent the lower-level anomalous an-
ticyclone over the tropical North Pacific and the WNPAC, respectively. The pink arrow denotes the negative moist
enthalpy advection, and the black ones denote the anomalous lower-level easterly (westerly/northwesterly) from the
equatorial central Pacific to the Maritime Continent (from the eastern Pacific to the tropical Atlantic).
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eastern Pacific, which cools the eastern Pacific SST and further
reinforces this coupled atmosphere–ocean interaction process.

The proposed Atlantic-to-Pacific two-step mechanism is
validated in typical El Niño years such as 1988 and 1995, in
which the WNPAC indices remained almost unchanged be-
fore and after removing ENSO’s impacts (Fig. S6) despite the
obvious El Niño events in previous winter (Niño-3.4 . 0.5).
In spring, the Rossby wave train at the mid-to-high latitudes can
be found in both years (Figs. S7a,b and S8a,b). The anomalous
anticyclone over Gulf of Mexico, as the Gill-type response, stim-
ulates the Rossby wave train and propagates to the tropical
North Pacific. The anomalous northeasterly on the southeastern
flank of the anomalous anticyclone advects negative moist en-
thalpy into the tropical Pacific, and contributes to the zonal di-
pole SSTA and convection in summer, inducing the WNPAC
by Gill-type response (Figs. S7c,d and S8c,d).

However, it is not the case for the strong WNPAC in summer
of 2020. In spring of 2020, an anomalous cyclone appears over
tropical North Pacific, missing the key component of the
Atlantic-to-Pacific two-step mechanism. Therefore, owing
to its particularity, the strong WNPAC in summer 2020 can-
not be traced back to the tropical Atlantic in previous spring. Al-
though the positive SSTA over tropical western North Atlantic is
considered to be one of the possible reasons for the strong
WNPAC in summer 2020 (Wang et al. 2021), it seems that the
crucial contributors of WNPAC in 2020 mainly include the
Indian Ocean warming (Takaya et al. 2020; Pan et al. 2021; Tang
et al. 2022; Zhou et al. 2021), Arctic sea ice loss (Chen et al. 2022;
Li et al. 2022), and intraseasonal atmospheric signals such as the
subseasonal phase transition of the NAO (Liu et al. 2020; Qiao
et al. 2021) and the abnormal Madden–Julian oscillation (Zhang
et al. 2021).

Previous studies have revealed that the negative SSTAs
over the tropical central and eastern Pacific in summer induce
and maintain the WNPAC via stimulating the Rossby wave
response to the negative diabatic heating anomaly (Fan et al.
2013; Chen et al. 2016; Li et al. 2017; Jiang et al. 2019). How-
ever, these studies regard the negative SSTAs as a natural re-
sult of SSTA evolution from the previous El Niño episode to
the La Niña episode. Here, we confirm that the negative
SSTAs over the tropical central/eastern Pacific can enhance
the summer WNPAC, but they are triggered by the atmo-
spheric teleconnection induced by the positive Atlantic
SSTAs through the extratropical route. We suggest that the
Atlantic triggering effect in spring could also be one possible
mechanism for the development of a La Niña event.

The Atlantic-to-Pacific two-step mechanism could provide
a new reference for investigating the ENSO–WNPAC rela-
tionship. However, the relative contributions from ENSO-
independent Atlantic SSTAs and ENSO-related SSTAs to
the WNPAC merit further investigation, and seasonal predic-
tion involving the predictability source from Atlantic should
be carried out to further materialize our theoretical analysis.
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Table S1. The El Niño years with the absolute values of the differences between monthly IWNPAC 

and IWNPAC_NoEN exceeding the corresponding thresholds in June, July and August. The thresholds 

are defined by arranging the absolute values of all the differences in descending order and taking 

the 5th percentile. The bold words denote strong events. 

 

June (0.56) 1983     1998   

July (1.21) 1987     1998  

August (0.89) 1998     2016  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S1. Scatter plots between (a) the IEN and IWNPAC index (blue dots), and (d) the IEN and 

IWNPAC_NoEN index (red dots) in June; (b, e) and (c, f) same as (a, d), but for that in July and August. 

Black and purple dots indicate the results in 1983 and 1998, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S2. Same as Fig. 3, but for the indices without being standardized.  



 

Fig. S3. The JJA global SST (shading, °C) regressed onto the (a) DJF Niño3.4 and (b) JJA IWNPAC 

indices. Stippling areas indicate regression coefficients passing the 95% confidence level. The 

vertical and horizontal dashed lines denote the 180° meridian and the equator, respectively. 

  



 
Fig. S4. The WNPAC index (IWNPAC, red dashed lines) and the WNPAC index after removing 

ENSO’s impact (IWNPAC_NoEN, blue solid lines) in JJA directly. The red dots and blue triangles denote 

the El Niño and La Niña years, respectively. The red stars represent the three super El Niño years 

of 1983, 1998 and 2016.  



 

Fig. S5. The (a) 200-hPa and (b) 700-hPa wind (vectors; m s-1) and geopotential height (contours; 

gpm) response to idealized heating centered at 4° S, 30° W in LBM experiment. The letters A and 

C denote the centers of the anticyclonic and cyclonic anomalies, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig. S6. The comparison between summer mean WNPAC index before (IWNPAC, red dashed lines) 

and after (IWNPAC_NoEN, blue solid lines) removing monthly ENSO’s impact. The red dots and blue 

triangles denote the El Niño and La Niña years respectively and the red stars represent the three 

super El Niño years of 1983, 1998 and 2016. The red bars indicate the El Niño years with smaller 

differences between IWNPAC and IWNPAC_NoEN, which can validate the Atlantic-to-Pacific two-step 

mechanism.  



 
Fig. S7. The anomalous (a) 200-hPa wind (vectors; m s-1), geopotential height (contours; gpm) and 

OLR (shadings; W m-2), and (b) 700-hPa wind (vectors; m s-1), geopotential height (contours; gpm) 

and SST (shadings; °C) in MAM 1988. (c–d) is the same as (a–b) but for that in JJA, respectively. 

The letter A/C denotes the center of the anticyclonic/cyclonic anomalies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S8. Same as Fig. S7, but for 1995. 
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