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ABSTRACT
The western North Pacific anomalous anticyclone (WNPAC) is an important atmospheric circulation system that
conveys El Niño impact on East Asian climate. In this review paper, various theories on the formation and maintenance of the WNPAC, including warm pool atmosphere–ocean interaction, Indian Ocean capacitor, a combination
mode that emphasizes nonlinear interaction between ENSO and annual cycle, moist enthalpy advection/Rossby wave
modulation, and central Pacific SST forcing, are discussed. It is concluded that local atmosphere–ocean interaction
and moist enthalpy advection/Rossby wave modulation mechanisms are essential for the initial development and
maintenance of the WNPAC during El Niño mature winter and subsequent spring. The Indian Ocean capacitor mechanism does not contribute to the earlier development but helps maintain the WNPAC in El Niño decaying summer.
The cold SST anomaly in the western North Pacific, although damped in the summer, also plays a role. An interbasin atmosphere–ocean interaction across the Indo-Pacific warm pool emerges as a new mechanism in summer. In
addition, the central Pacific cold SST anomaly may induce the WNPAC during rapid El Niño decaying/La Niña developing or La Niña persisting summer. The near-annual periods predicted by the combination mode theory are
hardly detected from observations and thus do not contribute to the formation of the WNPAC. The tropical Atlantic
may have a capacitor effect similar to the tropical Indian Ocean.
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1.

Introduction

The El Niño–Southern Oscillation (ENSO) is the
greatest interannual variability in the earth climate system. While major convection, circulation, and sea surface temperature (SST) anomalies associated with the
ENSO are confined in the tropics, its impact is global

(Rasmusson and Carpenter, 1982; Philander, 1990; Webster et al., 1998). For example, during its mature winter,
El Niño can remotely affect climate in North America,
through an atmospheric teleconnection pattern named
“Pacific–North America (PNA)” pattern (Wallace and
Gutzler, 1981). The essential dynamical process behind
this teleconnection pattern is energy propagation of sta-
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tionary Rossby waves emanated from the tropics to midlatitudes along a “big circle” (Hoskins and Karoly, 1981).
Different from northern winter, El Niño teleconnection pattern in northern summer is quite different, due to
poleward shift of the upper tropospheric jet (Zhu and Li,
2016). A recent study suggests that El Niño may indirectly affect North America in summer through an
Asia–North America (ANA) pattern by affecting East
Asian rainfall along the Meiyu/Baiu front (Zhu and Li,
2016). The El Niño teleconnection to South Asian summer monsoon has long been recognized (Webster et al.,
1998; also see Li and Hsu, 2017 for a recent review on
this topic). A simultaneous significant negative correlation was found between the Indian summer monsoon
rainfall and the Niño 3.4 index (Webster and Yang,
1992). Such a negative correlation, however, occurs
primarily during the summers of El Niño development
(Li and Wang, 2005; Li, 2010), during which the amplitude of SST anomaly (SSTA) in the eastern equatorial
Pacific has attained a relatively large value (Fig. 1). This
is in a great contrast to El Niño decaying summers when
the composite SSTA amplitude in the eastern equatorial
Pacific is nearly zero. However, during that summer, significant positive rainfall anomalies occur along the
Meiyu/Baiu front (Fu and Teng, 1988; Huang and Wu,
1989; Zhang et al., 1999; Wang and Li, 2004; Liu et al.,
2008; Wu P. et al., 2017; Zhang et al., 2017), an important large-scale atmospheric system in East Asia in early
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Fig. 1. Time evolution of Niño 3.4 SSTA (°C) for individual El Niño
events during 1956–2000. From Wang et al. (2000).

summer. The Meiyu/Baiu front is nearly zonally oriented, covering a large portion of the East Asian region
from the middle–lower reaches of Yangtze River in central China all the way to south of Japan (Tao and Chen,
1987; Tao and Zhang, 1998; see Fig. 2 of Zhou et al.,
2009a for a review). After a strong El Niño, the
Meiyu/Baiu rainfall often becomes much more intense. A
typical example is the disastrous flood along the Yangtze
River in summer 1998, 6 months after a super El Niño
episode in December 1997. It has been a puzzle for many
years for climate researchers in East Asia as how an El
Niño could exert a “delayed” impact on monsoon rain-

Fig. 2. Monthly mean anomalous 850-hPa wind fields regressed against an area-averaged rainfall index in boreal summer (May–August) over
the Yangtze River Valley (YRV) basin. Station rainfall data in China and NCEP reanalysis I datasets for the period of 1951–96 were used for the
regression analysis. From Chang et al. (2000a).
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fall over East Asia, six months after the peak phase of El
Niño when the SST in the equatorial eastern Pacific is
nearly normal (Fu and Teng, 1988; Shen and Lau, 1995).
As demonstrated in Section 2, an important circulation system that conveys the El Niño impact on East Asia
is an anomalous low-level anticyclone over the western
North Pacific (WNP). In this review paper, we will discuss how this anomalous anticyclone (named WNPAC
hereafter) is formed prior to and during El Niño mature
winter, how it is maintained from the mature winter to
the succeeding summer, and how it affects the rainfall
over East Asia in the El Niño decaying summer. Special
attention will be paid to how the WNPAC was discovered, and what theories have been proposed so far to
understand the formation and maintenance of the WNPAC. The key physical processes behind and the limitations of these theories will be discussed.
The remaining of this review paper is organized as follows. In Section 2, we will first describe how the WNPAC was discovered. In Section 3, we will present the
various existing theories that have been proposed to understand the formation and maintenance of the WNPAC,
including the warm pool atmosphere–ocean interaction
theory, Indian Ocean (IO) capacitor theory, combination
mode theory, moist enthalpy advection/Rossby wave
modulation theory, and central Pacific SSTA forcing theory. In Section 4, we will discuss some outstanding issues such as the processes that contribute to the onset of
the WNPAC and a possible role of tropical Atlantic
SSTA. Finally, a conclusion is given in Section 5.

2.

Role of the WNPAC in connecting ENSO
to East Asian climate

Two sets of pioneer observational analyses were
among the first discovering the WNPAC that links El
Niño and East Asian rainfall anomalies. The first set of
the work was based on the rainfall variability in China
(Fu and Teng, 1988; Chang et al., 2000a). Figure 2,
copied from Chang et al. (2000a), shows the horizontal
pattern of anomalous wind fields at 850 hPa regressed
onto the summer rainfall index over the Yangtze River
Valley (YRV). Note that in June–August, a simultaneous low-level anticyclonic circulation is clearly seen in
the WNP. This implies that an anomalous anticyclone appeared in the WNP when significant positive rainfall anomalies occurred in the YRV. The WNPAC signal can
be traced back to the preceding spring and winter when
there are pronounced low-level westerly anomalies over
the equatorial eastern Pacific. Accompanying the equatorial westerlies is the El Niño-like SSTA pattern in the
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eastern equatorial Pacific, which can be clearly seen from
the regressed SSTA pattern (figure omitted).
How does the anomalous anticyclone in the WNP
strengthen the summer Meiyu/Baiu rainfall over East
Asia? Chang et al. (2000a) argued that the following
three processes might be responsible for enhanced
Meiyu/Baiu rainfall along the Yangtze River basin. The
first is northward transport of high mean moisture from
the tropics by anomalous southerlies at the west edge of
the WNPAC. The second is through enhanced pressure
gradients between the low pressure Meiyu/Baiu frontal
system and the high pressure associated with the WNPAC to its southeast. The third possible process is the
slowing down of eastward propagating synoptic-scale
disturbances along the front, leading to more quasistationary rainfall.
The second set of the observational analyses was
based on the El Niño composite (Zhang et al., 1996;
Wang et al., 2000). While Zhang et al. (1996) focused on
two moderate El Niño events in 1986/87 and 1991/92
and demonstrated that an anomalous anticyclone appeared over the WNP in the mature phases of these two
El Niños, Wang et al. (2000) composed all El Niño
events since 1958. A statistically significant feature of
the El Niño composite is the occurrence of an anomalous anticyclone over the Philippine Sea during El Niño
mature winter, and this anomalous anticyclone persisted
from northern winter to the subsequent summer (Wang et
al., 2000). Wang and Zhang (2002) further showed that
the onset of the WNPAC started in northern fall during
the El Niño developing phase.
Applying a season-sequence Singular Vector Decomposition (SVD) analysis method, Wang et al. (2003) illustrated for the first time the seasonal evolution patterns
of dominant circulation anomalies over the Indo-western
Pacific domain from El Niño developing summer
[JJA(0)] to its decaying summer [JJA(1)], as shown in
Fig. 3. Major features of the season-sequence SVD analysis are summarized below. An anticyclonic circulation
anomaly occurs over the tropical IO in El Niño developing summer. This anomalous circulation may be viewed
as a direct response to a negative heating anomaly over
the Maritime Continent (Wang et al., 2003). Then, this
anomalous anticyclone moves eastward and arrives in
South China Sea (SCS) in SON(0) and in Philippine Sea
in the succeeding winter. This eastward moving characteristic was illustrated in Wu et al. (2003) and Chou
(2004) and its mechanism was discussed by Chen et al.
(2007), who studied the impact of El Niño on SCS SSTA
transition. The WNPAC is fully developed during El
Niño mature winter.
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Fig. 3. Seasonal evolving patterns of 850-hPa wind (vector, m s–1) and SST (shading, °C) anomalies associated with El Niño turnabout from the
developing summer JJA(0), to the decaying summer JJA(1) (see labels on upper left of each panel) calculated based on the SS-SVD analysis.
From Wang et al. (2003).

Accompanied with the anomalous anticyclone in El
Niño mature winter is a dipole SSTA pattern with an anomalous cooling in eastern WNP and an anomalous
warming in SCS and along the East Asian coast. Both the
WNPAC and the SSTA dipole persist from El Niño mature winter to the succeeding summer, indicative of a
possible air–sea interaction.
Over the tropical IO, a pronounced dipole SSTA pattern is clearly seen in SON(0). Associated with this SST
dipole is easterly anomaly at the equator. This seasondependent feature is consistent with the fact that the peak
phase of the IO dipole mode occurs in northern fall because a season-dependent coupled instability appears
over southeast IO off the coast of Sumatra (Li et al.,
2003). This dipole SSTA pattern quickly evolves into a
basin-wide pattern in the tropical IO in northern winter,
due to both the remote El Niño forcing and local ocean
wave dynamics (Li et al., 2003; Hong et al., 2010). The
basin-wide warming persists from El Niño mature winter
to the succeeding summer.
A notable feature is the contrast of the low-level circulation anomaly in the WNP (cyclonic vs. anticyclonic
flow) between El Niño developing summer and mature
winter, even though the SSTA pattern in the tropical Pa-

cific is quite similar between the two seasons. This
clearly indicates the modulation of the annual cycle background state on El Niño impact. But so resulted anomalies still have a dominant interannual period, differing
from a combination mode theory to be discussed in Section 3.3, which emphasizes near-annual periods.
Another interesting feature is the quasi-biennial oscillation in the WNP. A cyclonic circulation anomaly dominates the WNP during El Niño developing summer. This
is the season when typhoons tend to shift their genesis
locations southeastward (Wang and Chan, 2002) and the
season when more frequency TC genesis occurs in the
WNP (Li, 2012). In contrast, an anomalous anticyclone
dominates the WNP during El Niño decaying summer.
This is the typical season when significantly fewer TCs
occur in the WNP (Li, 2012). Thus, through background
state modulation, El Niño promotes a quasi-biennial tendency for the WNP summer monsoon. Such a biennial oscillation results from ENSO turnabout, and differs from
the previous tropospheric biennial oscillation (TBO) theories that emphasize either the South Asian monsoon–
Australian monsoon teleconnection (Meehl, 1987; Chang
and Li, 2000) or the atmosphere–ocean interaction in the
warm pool (Li et al., 2006).
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To sum up, the modulation of the El Niño remote forcing effect by the annual cycle background mean state
was clearly demonstrated in the context of the seasonsequence SVD analysis (Wang et al., 2003). The WNPAC, the IO dipole mode, the IO basin mode, and the quasibiennial oscillation are parts of the ENSO–annual cycle
interaction. Specific processes through which the WNPAC forms and is maintained due to ocean–atmosphere
coupling and atmospheric internal dynamics will be discussed in the next section.

3.

Formation and maintenance mechanisms
of the WNPAC

In this section, we will describe various theories that
have been proposed to understand the formation and
maintenance of the WNPAC. The order of these theories
is listed below following time sequence, so that readers
may have a better grapping as why a new theory is developed.
3.1

Warm pool atmosphere–ocean interaction theory

Zhang et al. (1996) explained the formation of the
WNPAC as a Rossby wave response to a negative heating anomaly over the WNP during El Niño mature phase,
but did not explain what caused the negative heating anomaly. Wang et al. (2000) proposed a local thermodynamic atmosphere–ocean interaction mechanism to explain the formation of the WNPAC. Figure 4 is a schematic diagram for this theory. In response to El Niño induced anomalous heating over the central equatorial Pacific, a Rossby wave response with low-level cyclonic
gyre appears in the eastern part of the tropical WNP. Anomalous northeasterly to the west of the Rossby gyre induces a cold SSTA due to enhanced local surface evaporation, because the anomalous northeasterly coincides
with the mean northeasterly. The cold SSTA may suppress local convective heating and induce an anomalous
anticyclone to its west, as a Rossby wave response to the
negative heating anomaly. Anomalous northeasterly to
the east of the anticyclone further strengthens the cooling due to enhanced wind–evaporation/entrainment–SST
feedback. As a result of the positive thermodynamic
air–sea feedback, the WNPAC forms and is maintained
from the winter to subsequent summer. Meanwhile, anomalous southwesterly to the west of the anticyclone induces a warming at the ocean surface due to reduced surface evaporation (as the anomalous wind is against the
mean wind there) and ocean advection. This forms a dipole SST pattern in the tropical WNP.
The atmosphere–ocean feedback process mentioned

Fig. 4. A schematic diagram illustrating the effect of a positive
air–sea feedback between the WNPAC and cold SSTA in WNP. The
double arrow denotes the background mean trade wind, and heavy
lines with black arrows represent the anomalous wind. The long (short)
dashed lines represent a positive (negative) SSTA. From Wang et al.
(2000).

above can maintain the WNPAC from the El Niño mature winter to the following spring. Some argued that
when summer arrives, the mean flow changes its direction in the WNP so that the air–sea feedback mentioned
above becomes negative, which would dissipate the local
cold SSTA during the El Niño decaying summer (Fig. 5).
This argument is not necessarily true because the monsoon trough in July is tilted southeastward from northern
SCS to (5°N, 160°E). As a result, only the southwest
Philippine Sea is under westerlies, while most of the
cooling region remains under control of easterlies. In particular, in early summer (May and June), the atmosphere–
ocean interaction in the WNP remains positive and significant (Xiang et al., 2013). The decay of the amplitude of
the cooling may be related to the increase of warming effect of solar radiation and the reduction of cooling effect
of evaporation. As noted by Xiang et al. (2013), the majority of strong WNP subtropical high cases exhibit anomalous intensification in late summer (August), which
is determined by the seasonal northward shift of mean
precipitation that makes atmospheric response much
more sensitive to local SST forcing than in early summer. In addition, dry advection to the east of the WNPAC plays a role in suppressing convection over the
Philippine Sea (Fig. 5).
While the local atmosphere–ocean interaction theory
by Wang et al. (2000) focused on the WNP, Wang et al.
(2013) further extended this theory by considering atmosphere–ocean interaction across the Indo-Pacific warm
pool as a whole. Their EOF analysis of summer mean
850-hPa geopotential height (H850) field for the period
of 1979–2009 showed that the leading EOF mode accounts for 31% of the total H850 variance. The horizontal pattern of this mode is characterized by an intense
southwest–northeast oriented WNPAC, which concurs
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Fig. 5. Seasonal evolution patterns of (left) anomalous 850-hPa wind (vector, m s–1) and 500-hPa vertical p-velocity (10–2 hPa s–1), (middle)
SST (°C), and (right) 200-hPa velocity potential (10–6 m2 s–1) fields derived from 12-El Niño composite from El Niño mature winter to the subsequent summer during 1950–2006. From Li and Hsu (2017).

with suppressed rainfall on its southeastern flank and enhanced rainfall in Korea, Japan, and eastern central China
(Fig. 6).
Wang et al. (2013) argued that a positive feedback
between the WNPAC and underlying dipolar SST anomalies over the WNP and tropical IO plays a central role in
maintaining this pattern. First, to the southeast of the
WNPAC, the SST is cooler because the anomalous
northeasterly winds strengthen mean easterlies to the east
of the monsoon trough, thereby enhancing evaporation/
entrainment. Conversely, the resultant ocean cooling
would, in turn, reduce in situ precipitation heating (Figs.
6a, b), hence generating descending Rossby waves that
reinforce the WNPAC in their westward decaying journey (Wang et al., 2000). Numerical experiments with a
coupled model demonstrate that an initial SST cooling in
the WNP in May can indeed induce and maintain an anomalous WNPAC in the ensuing summer (Fig. 6c). The
out-of-phase relation between rainfall anomalies over India and WNP inferred from the coupled simulation is
consistent with the observed South Asia–WNP monsoon
relationship (Gu et al., 2010).
Secondly, to the southwest of the enhanced WNPAC,
the SCS and northern IO warm because the easterly anomalies associated with the WNPAC weaken the southwest monsoons (Fig. 6b), thereby reducing surface latent
heat flux. Conversely, the northern IO warming would

help sustain the WNPAC (Wu et al., 2009, 2010a; Xie et
al., 2009). Thus, the interplay between the WNPAC and
this dipolar SSTA pattern contributes to the maintenance
of the WNPAC.
To sum up, the analysis of summer 850-hPa geopotential height field reveals a self-sustained interbasin
coupled atmosphere–ocean mode across the tropical IO
and WNP. Under this new framework, the IO warming is
not viewed as an external forcing to the WNPAC, rather
a part of the interbasin coupled mode. This emerging
new theory supports the notion that summer monsoon
and underlying warm oceans are highly interactive
(Wang et al., 2005). Figure 7 is a schematic diagram
summarizing the main processes associated with this interbasin coupled mode. It extends the original local
air–sea interaction theory of Wang et al. (2000) by including interbasin atmosphere–ocean interaction across
the tropical IO and WNP.
3.2 Indian ocean capacitor theory

Observed SST evolution patterns in Fig. 5 show that
the IO basin-wide warming persists from the El Niño mature winter to the succeeding summer. Does this basinwide warming exert a remote impact on WNP circulation? Early observational analyses showed significant
correlations between the IO basin-wide warming and
western Pacific geopotential height/summer Yangtze
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Fig. 7. Schematic diagrams showing the interaction between the WNPAC and Indo-Pacific SST dipole. The figure is drawn based on the
composite anomalies associated with 8 strong El Niño events during
1957–2016. “A” in black indicates the anticyclonic circulation. Adopted from Wang et al. (2017).

Let us carefully examine the seasonal evolution patterns of composite vertical velocity field in the middle
troposphere and upper-level velocity potential field from
El Niño mature winter to the succeeding summer. Note
that in the El Niño peak winter, the SSTA in the tropical
IO is approximately uniform, but the vertical velocity anomaly and the upper-level velocity potential anomaly
show a clear zonal dipole pattern, with anomalous ascending (descending) motion in the western (eastern) IO
Fig. 6. The first EOF mode derived from summer (JJA) mean 850hPa geopotential height (H850) in the Asian–Australian monsoon do- (Fig. 5). Thus, the warm SSTA in the western IO plays
main (20°S–40°N, 30°E–180°) for 1979–2009. (a) Spatial pattern an active role in driving the atmosphere, while the warm
(contour) and the correlated precipitation (shading) in the Indo-Pacific SSTA in the eastern IO plays a passive role and is infludomain with correlations significant at 90% confidence (r > 0.3). (b) enced by the atmosphere [i.e., the SSTA warming in the
The correlated SSTA (shading) and 850-hPa wind anomalies with refeastern IO is a result of the atmospheric forcing, due to
erence to the principal component of EOF-1. (c) Simulated JJA mean
H850 (contour, m), precipitation (shading, mm day–1), H850 (contours, reduced clouds and thus increased downward shortwave
m), and 1000-hPa wind anomaly (m s–1) in response to an initial SST radiation (Klein et al., 1999)].
perturbation over the WNP in a coupled model experiment. Adopted
To further demonstrate the distinctive SSTA impacts,
from Wang et al. (2013).
Chen M.-C. et al. (2016) conducted two sensitivity exRiver rainfall anomalies (e.g., Hu, 1997; Gong and Ho, periments. In the first sensitivity experiment, an atmo2002). The connection of western Pacific circulation with spheric general circulation model (ECHAM4; Roeckner
the IO basin warming has been demonstrated by numer- et al., 1996) was forced by the observed SSTA field over
ical model experiments (e.g., Lau and Nath, 2003; Lau the tropical IO (Fig. 8a). In this case, an anomalous antiand Wang, 2006; Lau et al., 2006; Yang et al., 2007; Li cyclone in the WNP with pronounced easterly anomalies
et al., 2008; Zhou et al., 2009b). Studying the remote ef- at the equator was simulated (Fig. 8b). However, the
fect of the IO basin mode leads to the discovery of the model simulated a basin-wide anomalous heating field,
second theory for the WNPAC, namely, the IO capacitor which does not agree with the observed rainfall pattern
(Fig. 8c). In the second sensitivity experiment, the anomeffect (Wu et al., 2009; Xie et al., 2009).
One important issue regarding the IO SSTA effect is alous heating field shown in Fig. 8c is specified as a forwhether or not the IO basin warming can induce an an- cing in the model. Under this forcing scenario, the moomalous anticyclone in the WNP during El Niño mature del simulates an anomalous cyclone in the WNP and prowinter. Previous atmospheric modeling studies with spe- nounced westerly anomalies at the equator. The numericified IO SSTA (e.g., Watanabe and Jin, 2002) sugges- cal model results indicate that a proper modeling strategy
ted that the IO basin warming in boreal winter would is needed in order to realistically reflect the SSTA forcontribute to the formation of the WNPAC, but these cing effect.
studies have serious flaws and are physically incorrect.
While the rainfall pattern in the IO during El Niño ma-
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Fig. 8. (a, b) Composite SSTA (left, °C) and precipitation anomaly (right, mm day–1) fields during El Niño mature phase (DJF). The composite
is based on 1980–2013. (c, d) Simulated 850-hPa wind anomaly fields (vectors, m s–1) from ECHAM4 in response to a specified SSTA and a diabatic heating anomaly forcing in tropical Indian Ocean as shown in (a, b). The blue (red) vector denotes anomalous easterly (westerly) wind response. From Chen M.-C. et al. (2016).

ture winter is characterized by an east–west dipole, it becomes a north–south dipole in the subsequent spring,
with a positive (negative) rainfall anomaly south (north)
of the equator (Wu et al., 2008). Such a dipolar rainfall
pattern is expected to have a minor impact on the WNP
circulation.
The IO basin-wide warming becomes most effective
in affecting the WNPAC only during the El Niño decaying summer, when a basin-wide ascending motion anomaly and a basin-wide rainfall anomaly appear over the tropical IO. Such a season-dependent IO SSTA forcing effect was first pointed out by Wu et al. (2009).
The processes through which the tropical IO basin
SSTA affects the WNP circulation in summer are summarized in a schematic diagram in Fig. 9. In response to
the basin-wide anomalous heating, anomalous easterlies
associated with Kelvin wave response appear to the east
of the heat source. The Kelvin wave easterlies have a
maximum at the equator and decrease with latitudes. This
generates anticyclonic shear at both sides of the equator,
leading to boundary layer divergence off the equator. The
descending motion anomaly at top of the PBL associated
with the Ekman pumping divergence leads to the decrease of local specific humidity, which further suppresses the mean convection in the monsoon trough region. The so generated negative diabatic heating anomaly further induces an anomalous anticyclone at low
level, maintaining the WNPAC (Wu et al., 2009).
Does the local cold SSTA in the WNP play a role in
maintaining the anomalous anticyclone during El Niño

decaying summer? Through a number of idealized numerical experiments, Wu et al. (2010a) demonstrated that
both the local cold SSTA in the WNP and the remote
SSTA forcing from the tropical IO are important in maintaining the WNPAC throughout the El Niño decaying
summer. Figure 10 shows the same model simulation results as in Wu et al. (2010a) but with a slightly larger
western Pacific domain (see Fig. 10a). The results indicated that on seasonal average, both the local SSTA in the
WNP and the remote SSTA in the tropical IO are equally
important in sustaining the WNPAC throughout the summer (Fig. 10b). As expected, the local SSTA effect becomes weaker as the summer progresses. However, the
remote effect becomes stronger, even though the IO

Fig. 9. Schematic diagram illustrating the impact of Indian Ocean
basin-wide heating on WNP anomalous anticyclone during El Niño decaying summer. From Wu et al. (2009).
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Fig. 10. (a) Geographic domains for the tropical Indian Ocean and western Pacific, where the SST anomalies are specified as the model lower
boundary condition for the western Pacific (WP) and Indian Ocean (IND) runs. (b) Temporal evolutions of area-averaged vorticity anomalies
(10–6 m2 s–1) over the region of 10°–35°N, 110°–160°E for the WP (dashed line) and IND (solid line) SSTA forcing runs.

SSTA decreases slightly with time.
Physical argument behind the modeling result is discussed in the following. A significant cold SSTA appears in the WNP prior to the summer monsoon onset.
This cold SSTA could have a negative impact on the
monsoon convection, even though negative air–sea feedback in summer may dissipate the cold SSTA. From
monthly SSTA evolution, one can see clearly that the
cold SSTA in the WNP decreases gradually, and the cold
SSTA signal is clearly seen in June and even in July. The
enhanced IO forcing effect with time is attributed to the
modulation of the mean state. The anticyclonic shear effect associated with the Kelvin wave response can only
be fully realized when the WNP monsoon trough reaches
a peak phase in late summer (see Wu et al., 2010a for detailed discussion on this mechanism).
To sum up, the IO basin-wide warming does not contribute to the formation and maintenance of the WNPAC
during El Niño mature winter and spring, but it does play
a role in maintaining the WNPAC during El Niño decaying summer. The remote IO forcing effect is as important as the local SSTA in the WNP during El Niño decaying summer.
3.3 Combination mode theory

Stuecker et al. (2015) proposed a “combination mode”
(C-mode) theory in an attempt to explain the formation
and maintenance of the WNPAC during El Niño. The essence of this theory lies in the nonlinear interference
between the annual cycle and ENSO frequencies. From a
pure mathematical point of view, the product of two time
series with an annual and an interannual period would
lead to two “near-annual” periods, roughly 0.8- and 1.2yr periods.
As discussed in Section 3.1, the modulation of the ENSO impact by the annual cycle background state has been
clearly demonstrated in the season-sequence SVD ana-

lysis (Wang et al., 2003). But so-resulting atmospheric
anomalies still have a dominant interannual period. A
key question related to feasibility of the mathematically
derived C-mode is whether or not the near-annual periods are observed in the real observational data. In a comment paper, Li et al. (2016) addressed this issue. Six representative regions across the tropical Indo-Pacific domain were selected for validation. By conducting the
power spectrum analysis of observed surface and lowlevel circulation anomaly fields in each of the six regions, Li et al. (2016) noted that the 0.8- and 1.2-yr periods are not detectable from these observational data (Fig.
11). In contrast, the most dominant periods are still on
the interannual timescale. In other words, the nearannual periods predicted by the C-mode theory are
hardly detected from the observational data, and their
power spectrums appear statistically insignificant.
Figure 12 compares the amplitudes of sea-level pressure and 850-hPa wind anomalies associated with the interannual period (19–84 months) and a near-annual mode
(with 13–19-month period) during 1997 El Niño development. Obviously, the interannual anomaly dominates
over the entire Indo-Pacific sector. The amplitude of the
13–19-month mode is much weaker and can be neglected.
A key limitation of the mathematically derived Cmode theory is lack of physical explanation of how the
El Niño can remotely generate the WNPAC. In the next
section, we will introduce a newly developed internal atmospheric dynamics mechanism to understand this remote forcing process.
3.4 Moist enthalpy advection/Rossby wave modulation
theory

By conducting a set of idealized, partially coupled numerical model experiments, Wu et al. (2017a, b) demonstrated that both the local air–sea interaction in the WNP
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Fig. 11. Power spectra for sea level pressure (SLP) anomalies averaged in (a) northern Indian Ocean (5°–20°N, 60°–100°E), (b) western North
Pacific (5°–20°N, 120°–160°E), (c) central North Pacific (5°–20°N, 180°–140°W), (d) southern Indian Ocean (20°–5°S, 60°–100°E), (e) Australia (20°–5°S, 120°–160°E), and (f) central South Pacific (20°–5°S, 180°–140°W). Black lines indicate the power density and colored lines indicate the respective confidence interval (CI) based on a red noise null hypothesis. From Li et al. (2016).

Fig. 12. (a) Seasonal evolution of SLP (shading, hPa) and 850-hPa wind (vectors, m s–1) anomaly fields from boreal summer to winter in 1997.
The anomaly fields were derived by subtracting a climatological annual cycle and then applying a 12-month low-pass filter. (b) Same as (a) but
for 13–19-month band-pass filtered anomalies. (c) Same as (a) but for 19–84-month band-pass filtered anomalies. The Butterworth filter was applied in the above calculations. From Li et al. (2016).
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and the remote El Niño forcing from the eastern equatorial Pacific contribute to the formation of the WNPAC
during El Niño mature winter. The two effects are approximately equal.
An important issue that needs to be resolved is why
the atmospheric response to El Niño differs between El
Niño developing summer and mature winter, even
though the SSTA patterns look similar (Fig. 13). To address this issue, Wu et al. (2017a, b) conducted a diagnosis of vertical integrated moisture and moist static energy (MSE) (Neelin and Held, 1987) budgets with observational data.
The moisture and MSE budget analyses revealed that
the negative precipitation anomaly in the WNP, which is
responsible for the formation of the WNPAC, results
from the advection of low mean moist enthalpy (defined
as cpT + Lvq) by anomalous low-level northerly, which is
induced by El Niño heating in the central equatorial Pacific. A further diagnosis shows that the moist enthalpy
advection is primarily controlled by the moisture component.
Figure 14 illustrates schematically this moist enthalpy

997

advection mechanism. In response to El Niño induced
heating anomaly in central equatorial Pacific (green filled
circular area), an anomalous cyclonic gyre is formed
north of the equator, as a Rossby wave response (Gill,
1980). In northern winter, maximum mean specific humidity/moist enthalpy appears near the equator and decreases toward the north. Anomalous northerly to the
west of the Rossby gyre would advect low background
moist enthalpy southward, leading to anomalous subsidence and thus a negative heating anomaly over the WNP
(orange filled area). The negative heating anomaly in the
WNP further induces an anomalous anticyclone at low
level as a Rossby wave response to the anomalous heat
source. As a result, the WNPAC forms.
The same low-level northerly anomaly in boreal summer, however, advects an opposite background specific
humidity/moist enthalpy gradient field due to the seasonal change of the background mean state. Figure 15
shows the distribution of climatological monthly mean
moisture field at 925 hPa from August to December.
Note that a maximum mean specific humidity center appears around 20°N in August, when the monsoon trough

Fig. 13. (a, c, e) Seasonal mean precipitation (shading, mm day–1) and 925-hPa stream function anomalies (contours, 0.3×106 m2 s–1) regressed
against the D(0)JF(1)-mean Niño 3.4 index for JJA(0), SON(0), and D(0)JF(1), respectively. (b, d, f) Same as the left panels but for SST anomalies (K). For the precipitation and SST anomalies, only values reaching the 5% significance level are shown. The red box in (e) (1°–14°N,
125°–160°E) denotes the key negative precipitation anomaly center for driving the WNPAC during the El Niño mature winter. From Wu et al.
(2017a).
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Fig. 14. Schematic of the moist enthalpy advection mechanism responsible for the formation and maintenance of the WNPAC during
the El Niño mature winter and the following spring. Warm SSTAs in
the central–eastern equatorial Pacific (red line) enhance local convection (green shading), and thus stimulate cyclonic anomalies to the
northwest (black solid line). The northerly anomalies at western flank
of the cyclonic anomalies advect dry (low moist enthalpy) air into the
tropical WNP and thus suppress convection there (orange shading).
The suppressed convection further stimulates the WNPAC (black
dashed line) to the northwest. From Wu et al. (2017a).

is located over the northern most position. As time progresses, this maximum specific humidity center gradually shifts southward, and approaches the equator in
December. The averaged value of meridional gradient of
the mean moisture field over the WNP box region in
each month is shown in the upright corner of each panel
in Fig. 15. As one can see, the meridional gradient reverses its sign in November. This implies that prior to
November, El Niño induced northerly anomaly causes a
positive moist enthalpy advection and thus induces a positive precipitation anomaly and a low-level cyclonic circulation anomaly; whereas after November, it induces a
negative moist enthalpy advection and thus a low-level
anticyclonic circulation anomaly in the WNP.
In addition to the mean moisture gradient change, the
annual cycle of background vorticity field also modulates the beta effect, which is essential in determining the
strength of Rossby wave response. It is interesting to
note that the zonal extent of the low-level cyclonic flow
anomaly during El Niño developing summer is much
greater than that of the cyclonic anomaly during El Niño
mature winter (Fig. 13). Because of the eastward retreat
in northern winter, the anomalous anticyclone has space
to develop in the WNP. Wu et al. (2017b) argued that the
eastward retreat of the Rossby wave response in the
winter is a result of the “effective” beta effect modulated
by the background annual cycle state. The effective beta
parameter (β*) may be expressed as

β * = β + ∂ yζ ,

(1)

where β is the meridional gradient of the Coriolis para-

Fig. 15. Climatological monthly mean 925-hPa specific humidity
(shading, g kg –1 ) and anomalous wind in (a) August(0), (b)
September(0), (c) October(0), (d) November(0), and (e) December(0),
obtained by regression against the D(0)JF(1)-mean Niño 3.4 index
(vectors, m s–1). The area-averaged meridional gradient of 925-hPa climatological specific humidity (g kg–1 m–1) over 1°–14°N, 125°–160°E
is given on the top right corner of each panel. From Wu et al. (2017b).

meter and ζ is climatological monthly mean relative vorticity.
Figure 16 shows the climatological monthly mean relative vorticity distributions from August to December.
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Note that maximum relative vorticity center appears over
the northern part of the box in August, similar to the
mean specific humidity distribution. This maximum vorticity center shifts southward and moves close to the
equator in December. As a result, the background relative vorticity gradient changes its sign from northern summer to winter in the key precipitation anomaly region.
Why is the season-dependent effective beta effect important? The moist enthalpy advection mechanism re-

quires Rossby wave induced wind response, which is determined by the value of effective beta. If it is zero, there
is no Rossby wave response. If it is small, the size and
intensity of the Rossby wave gyre response would be
small. To demonstrate this effect, we rely on an anomaly
AGCM (for details, see Wang et al., 2003; Jiang and Li,
2005; Li, 2006). Observed climatological monthly mean
state from August to December is specified, respectively,
as the model background mean state, and the same anomalous heating is specified in the central equatorial Pacific,
to mimic the El Niño forcing. Figure 17 shows the lowlevel steam function anomaly responses to the specified
heating. Note that a much weaker response of a low-level
negative stream function anomaly (or cyclonic circulation) appears in December than in August.
A smaller cyclonic cell at low level implies an eastward shift of northerly anomalies and thus an eastward
shift of negative precipitation anomaly, which would
leave space for the anomalous anticyclone to develop in
the WNP. Thus, the combined moist enthalpy advection
and Rossby wave modulation process holds a key for explaining the distinctive summer–winter contrast of the
WNP circulation from El Niño developing summer to its
mature winter. Figure 18 shows schematically how this
combined mechanism works in the presence of seasonal
change of the background moisture and vorticity fields.
3.5

Fig. 16. Climatological 850-hPa relative vorticity (10–6 s–1) in (a–e)
August–December derived from the ECMWF interim reanalysis
(ERA-Interim) dataset. The box area-averaged meridional gradient of
relative vorticity (m–1 s–1) over 5°–20°N, 120°–160°E (black box) is
given on the top right corner of each panel. From Wu et al. (2017b).

999

Central Pacific SSTA forcing mechanism

The aforementioned theories primarily focus on processes during the El Niño mature and decaying phases. A
direct EOF analysis of the geopotential height anomaly
field in boreal summer revealed that an anomalous anticyclone might occur without the concurrence of a decaying El Niño or IO warming (Wang et al., 2013; Xiang et
al., 2013). Thus, it is necessary to reshape the conventional thinking on the cause of the WNPAC in boreal
summer, beyond the El Niño decaying dynamics.
The leading EOF mode of the summer mean H850
field has been discussed in Section 3.1. Here, we will focus on the discussion of the second mode. The second
EOF mode accounts for 22.2% of the total H850 variance. It features a strong anomalous WNPAC and a weak
IO low (Fig. 19a). The anomalous WNPAC ridge and the
associated suppressed convection extend from the Philippine Sea southeastward to the equatorial western Pacific.
The enhanced WNPAC concurs with equatorial central
Pacific cooling (Fig. 19b); the corresponding principal
component is negatively correlated with the Niño 3.4 index (r = –0.68), suggesting that the WNPAC in this
mode reflects a developing or a persisting La Niña event.
The enhanced WNPAC associated with the second
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Fig. 18. Schematic of the combined moist enthalpy advection/Rossby
wave modulation mechanism. During the El Niño developing phase
[Sep(0)], westward stretch of the cyclonic anomalies is enhanced by
the positive meridional gradient of the mean relative vorticity
(@y ³¹ > 0 ). With the formation of negative @y ³¹ over the tropical WNP
in Nov(0), the cyclonic anomalies withdraw eastward and leave space
for the onset of the WNPAC. Meanwhile, @y q¹ changes its sign from
positive to negative over the region. These two factors, combining
with underlying cold SSTAs, cause the WNPAC to form in Nov(0)
and maintain throughout the winter and spring. From Wu et al.
(2017b).

Fig. 17. 850-hPa stream function anomalies (shading, 106 m2 s–1)
simulated by an anomaly AGCM with specified background mean
state (a–e) from August to December. Contours are the horizontal distributions of an anomalous heating field used to drive the dry anomaly
AGCM (contour: 1 K day–1). From Wu et al. (2017b).

mode is arguably forced by the central Pacific cooling
that shifts the east–west circulation (Walker) cell with the
rising limb shifting westward, thus reducing convection
around 160°E and increasing convection over the Maritime Continent (Fig. 19a). The suppressed convection
can directly strengthen the WNPAC by emanation of
descending Rossby waves. This assertion was confirmed
by numerical experiments with an AGCM forced by the
central Pacific SST cooling (Fig. 19c). Meanwhile, the
reinforced Maritime Continent convection can also enhance the WNPAC via inducing equatorial easterlies
over the western Pacific (Sui et al., 2007; Chung et al.,
2011), which generates off-equatorial anticyclonic shear
vorticity over the Philippine Sea. The main processes associated with this mechanism are summarized in the

schematic diagram in Fig. 20.
In summary, the central Pacific SSTA forcing may be
regarded as an additional mechanism for the development of the WNPAC in summer. It can occur during
either the rapid decaying of an El Niño episode or the developing/persisting phase of a La Niña. It is worth mentioning that although statistically the composite SST anomalies in the eastern equatorial Pacific are near normal
during the El Niño decaying summer, the real situation
varies from case to case depending upon the pace of El
Niño decay—positive SST anomalies are maintained in
persistent El Niño cases (such as 1986/87 episode), SST
anomalies are near zero during normal decay cases, and
negative SST anomalies develop in the cases when a
transition from El Niño to La Niña occurs. A recent modeling study by Chen Z.-S. et al. (2016) showed that during the rapid El Niño–La Niña transition, the central–
eastern Pacific cooling plays an important role in maintaining the anomalous anticyclone in the WNP.

4. Discussion
4.1

What causes the onset of the WNPAC?

An open issue is what is the role of high-frequency at-
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Fig. 20. Schematic diagrams showing the WNPAC forced by a central Pacific cooling. Green (yellow) represents positive (negative) rainfall anomalies; black arrows represent low-level wind direction; and
“A” in black indicates the anticyclonic circulation. Adopted from
Wang et al. (2017).

air–sea interaction (Wang et al., 2000), eastward
propagation of an anomalous low-level anticyclone from
tropical IO (Chen et al., 2007), and moist enthalpy advection/Rossby wave modulation (Wu et al., 2017a, b).
The first slower process involves the development of a
cold SSTA in the WNP. This process started during El
Niño developing summer (Wu et al., 2010b), with a local acceleration of SSTA cooling twice prior to El Niño
mature winter. As shown in Wang et al. (2003), the
Fig. 19. The second EOF mode derived from summer (JJA) mean
maintenance of the cold SSTA throughout the El Niño
850-hPa geopotential height (H850) in the Asian–Australian monsoon
domain (20°S–40°N, 30°E–180°) for 1979–2009. (a) Spatial pattern mature winter and succeeding spring is through surface
(contour) and the correlated precipitation (shading) in the Indo-Pacific latent heat flux and shortwave radiative flux anomalies.
domain with correlations significant at 90% confidence (r > 0.3). (b)
The second slower process is associated with the eastThe correlated SSTA (shading) and 850-hPa wind anomalies with refward propagation of an anomalous low-level anticyclone
erence to the principal component of the EOF mode. (c) Simulated JJA
–1
H850 (contour, m) and precipitation (shading, mm day ) anomalies (Chen et al., 2007). This anomalous anticyclone appears
using an AGCM model forced by a prescribed cold SSTA over the over the tropical IO during the El Niño developing sumequatorial central Pacific (blue contour, °C). Adopted from Wang et al. mer. It propagates eastward and arrives in the SCS in
(2013).
northern fall and the WNP in northern winter. Chen et al.
(2007) argued that the mechanism for the eastward
mospheric process in triggering the WNPAC? One such propagation is attributed to anomalous dry advection east
fast atmospheric process is intraseasonal oscillation of the anticyclone.
(ISO) (Wang and Zhang, 2002). Wang and Zhang (2002)
The third slower process is associated with the moist
showed that the transition from a negative sea level pres- enthalpy advection in late full/early winter (Wu et al.,
sure anomaly to a persistent positive sea level pressure 2017a), which shifts from a positive to a negative advecanomaly over the WNP is often accompanied by an ISO tion because the seasonal mean gradient of the MSE
event. In a theoretical study, Wang and Xie (1998) sug- changes its sign. Meanwhile, the eastward migration of
gested that the summer mean state favors the fluctuation the anomalous anticyclone in boreal winter is a result of
of tropical perturbations on intraseasonal timescale while seasonal change of the effective beta effect, which conthe winter mean state favors an instability and thus the strains the heating induced Rossby wave gyre to a smalpersistence of the perturbation. The argument against this ler zonal extent.
hypothesis is that the WNPAC can be generated in a
What are the relative roles of fast atmospheric promodel with weak ISO variability, as long as the El Niño cesses such as ISO and slower processes such as local
forcing is present.
SST change, eastward-propagating atmospheric circulaIn contrast to the fast process above, slower processes tion signals from the tropical IO, and moist enthalpy adthat cause the formation of the WNPAC include the local vection, in “triggering” the WNPAC? The answer is un-
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clear so far. It is likely that the formation of the WNPAC
might involve different processes for individual El Niño
episodes. Sometimes it might arise from the combination
of the different processes mentioned above.
4.2

A possible Atlantic capacitor effect

Previous studies showed that the El Niño may have a
remote impact on SSTA in northern spring over tropical
Atlantic (mostly north of the equator) (e.g., Klein et al.,
1999; Saravanan and Chang, 2000; Alexander et al.,
2002). Does the SSTA in the tropical Atlantic affect the
circulation in the WNP? Rong et al. (2010) suggested
that the Atlantic SSTA may remotely affect the wind in
the WNP and modulate the ENSO–East Asian monsoon
relationship through a Kelvin wave response. Ham et al.
(2013) emphasized the Rossby wave response to tropical
Atlantic heat source, which modulated the SSTA associ-
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ated with the Pacific Meridional Mode (PMM; Chiang
and Vimont, 2004) in the extratropical North Pacific. Yu
et al. (2016) further argued that tropical Atlantic SSTA
may modulate tropical cyclone activity in the WNP
through an IO relay effect.
To clearly illustrate the Atlantic capacitor effect, we
plotted the composite SST evolution patterns in global
tropics from El Niño developing summer to its decaying
summer. Note that statistically significant SSTA signal
appears in tropical Atlantic during El Niño decaying
spring and summer (Fig. 21). Meanwhile significant
SSTA signal also appears in the tropical Indian Ocean,
and an anticyclonic signal appears in the WNP from the
El Niño mature winter to its decaying summer.
A lead–lag correlation analysis between the SSTA
over the equatorial eastern Pacific (10°S–10°N, 180°–
120°W) and the SSTA in the tropical Atlantic (5°–25°N,

Fig. 21. Anomalous SST (shaded, °C) and 850-hPa wind (m s–1) fields regressed against the Niño 3.4 index for (a) JJS0, (b) SON0, (c) DJF+1,
(d) MAM+1, and (e) JJA+1 of 1980–2015. Year 0 denotes El Niño developing year, and year +1 denotes El Niño decaying year. Dotted areas indicate that SSTA signals exceed the 95% confidence level.
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80°–20°W) was conducted, and the result is shown in
Fig. 22. Note that the Pacific leads the Atlantic by 3
months, which clearly indicates the El Niño impact on
generating a warm SSTA in the tropical Atlantic in
northern spring. Such a relationship is statistically significant, exceeding the 95% confidence level. It is also
noted that a positive Atlantic SSTA also leads a negative
SSTA in eastern Pacific by 6–9 months. This means that
a positive SSTA in the Atlantic may promote the occurrence of a La Niña event through induced easterly anomaly at the equatorial Pacific. Such a relationship also exceeds the 95% confidence level.
The observational analysis above suggests a possible
tropical Atlantic capacitor effect in the maintenance of
the WNPAC during El Niño decaying summer. In this
scenario, the Atlantic SSTA is a result of El Niño forcing; in the meantime, it can remotely affect the WNP
circulation through either a Kelvin wave response to its
east or a Rossby wave response to its west. In the former,
the anomalous wind may interact with the IO SST to
have a relaying effect (Yu et al., 2016). In the latter, anomalous wind may interact with extratropical Pacific
Ocean through an evaporation–wind–SST feedback
(Ham et al., 2013).

5.
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Conclusions

In this review paper, we summarize how the WNPAC
was discovered in connecting El Niño and East Asian climate and how various theories were proposed in the past
20 years in an attempt to understand the formation and
maintenance mechanisms of the WNPAC. Two sets of
observational studies were conducted to reveal the role of
the WNPAC in the ENSO–East Asia teleconnection. One
was based on the rainfall variability in East Asia (e.g., Fu
and Teng, 1988; Chang et al., 2000a, b). Another was
based on the El Niño composite (e.g., Zhang et al., 1996;
Wang et al., 2000).
So far, various theories have been proposed to understand the formation and maintenance of the WNPAC.
The first is the warm pool atmosphere–ocean interaction
theory that extends the original local atmosphere–ocean
interaction of Wang et al. (2000) to a self-sustained interbasin coupled mode across the IO–WNP (Wang et al.,
2013). The second is the Indian Ocean capacitor theory
(Xie et al., 2009; Wu et al., 2009). The third is the combination mode theory (Stuecker et al., 2015). The fourth
is the moist enthalpy advection/Rossby wave modulation
theory (Wu et al., 2017a, b). The fifth is the central Pacific SSTA forcing theory (Wang et al., 2013; Xiang et
al., 2013).
Table 1 summarizes all relevant mechanisms operating at different phases of ENSO. The main mechanisms
responsible for the initial development of the WNPAC
prior to El Niño peak winter are the local atmosphere–ocean interaction (Wang et al., 2000) and the moist
enthalpy advection/Rossby wave modulation (Wu et al.,
2017a, b). The above two mechanisms are also responsible for the maintenance of the WNPAC from El Niño
mature winter to subsequent spring. During the El Niño
decaying summer, the WNPAC is influenced by both the
local SSTA in the WNP (Wu et al., 2010a) and the remote SSTA from the tropical IO (Wu et al., 2009; Xie et
al., 2009). The central Pacific cold SSTA appears importFig. 22. Lead–lag correlations between SSTA (°C) averaged over
ant during the summers of rapid El Niño decaying or La
eastern equatorial Pacific (180°–120°W, 10°S–10°N) and over the
tropical Atlantic (80°–20°W, 5°–25°N) for the period of 1980–2015. Niña developing/persistence. The near-annual periods
predicted by the combination mode theory are hardly deDashed line denotes the 95% confidence level.
Table 1. Major mechanisms operating in different phases of ENSO
ENSO phase
Key processes responsible for formation and maintenance of WNPAC
(
El Niño developing fall SON(0)
Local at mosphere{ocean int eract ion (Wang et al:; 2000) ;
El Niño mature winter DJF(1)
Moist
ent halpy advect ion=Rossby wave modulat ion (Wu et al:; 2017a; b)
El Niño decaying spring MAM(1)
8
> IO capacit or (Wu et al:; 2009; Xie et al:; 2009) ;
<
Local SSTA forcing (Wu et al:; 2010a) ;
El Niño decaying summer JJA(1)
>
: A self-sust ained IO{WNP mode (Wang et al:; 2013)
La Niña developing or persisting summer JJA

Central Pacific SSTA forcing (Wang et al., 2013; Xiang et al., 2013)
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tected from the observations and its amplitude is much
weaker compared to the observed. As a result, its contribution to formation of the WNPAC is unclear.
A new mechanism, the tropical Atlantic capacitor effect, is proposed. The SSTA in the tropical Atlantic, on
one hand, is a result of El Niño forcing, and on the other
hand, may exert a remote impact on the WNP circulation
during El Niño decaying summer. Two possible routes
may be involved. One is an eastward route through heating induced Kelvin wave response, with or without an Indian Ocean relaying effect (Rong et al., 2010; Yu et al.,
2016; Zhang et al., 2017). Another is a westward route
through heating induced Rossby wave response, in which
air–sea interaction in extratropical North Pacific is critical (Ham et al., 2013).
While great progress has been made in the past 20
years in understanding the dynamics of the WNPAC,
some important issues remain open. For example, the actual impact of the IO SSTA on the WNPAC remains a
controversy. On one hand, the El Niño composite (regardless of El Niño intensity) does show a basin-wide
warming and associated basin-wide ascending motion
and positive precipitation anomalies in boreal summer
over the IO. On the other hand, the EOF analysis based
on summertime H850 analysis (Wang et al., 2013) shows
that the WNPAC is associated with an IO warming in the
first EOF mode but such a warming is not accompanied
by a significant positive rainfall anomaly, whereas the
second mode is not accompanied by the IO warming at
all. This raises the question about the IO SSTA effect.
Another issue is about the maintenance of the WNPAC
in northern spring. While the all El Niño composite maps
(Fig. 5) show the continuous WNPAC pattern throughout
El Niño decaying phase, a composite analysis that separates strong and weak El Niño groups (figure omitted) reveals that the WNPAC is hardly seen in the weak El
Niño composite during its decaying spring. Local Vshaped SSTA appears weak too. This raises questions
about fundamental physical processes operated in regulating atmospheric circulation anomalies and underlying
SSTA and their distinctive differences between the
strong and weak El Niño groups. Therefore, further indepth observational and modeling studies are needed to
understand the IO SSTA effect, the relative roles of remote versus local processes, and internal atmospheric dynamics versus coupled atmosphere–ocean interaction
processes in affecting the WNP circulation anomalies.
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