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ABSTRACT

Previous studies have shown that the Indo-Pacific atmospheric response to ENSO comprises two dominant

modes of variability: a meridionally quasi-symmetric response (independent of the annual cycle) and an

antisymmetric response (arising from the nonlinear atmospheric interaction between ENSO variability and

the annual cycle), referred to as the combination mode (C-mode). This study demonstrates that the direct El

Niño signal over the tropics is confined to the equatorial region and has no significant impact on the atmo-

spheric response over East Asia. The El Niño–associated equatorial anomalies can be expanded toward off-

equatorial regions by theC-mode throughENSO’s interactionwith the annual cycle. TheC-mode is the prime

driver for the development of an anomalous low-level anticyclone over the western North Pacific (WNP)

during theEl Niño decay phase, which usually transportsmoremoisture to EastAsia and thereby causesmore

precipitation over southern China. An atmospheric general circulation model is used that reproduces well the

WNP anticyclonic anomalies when both El Niño sea surface temperature (SST) anomalies as well as the SST

annual cycle are prescribed as boundary conditions. However, no significant WNP anticyclonic circulation

anomaly appears during the ElNiño decay phasewhen excluding the SST annual cycle. The analyses herein of

observational data and model experiments suggest that the annual cycle plays a key role in the East Asian

climate anomalies associated with El Niño through their nonlinear atmospheric interaction. Hence, a realistic

simulation of the annual cycle is crucial in order to correctly capture the ENSO-associated climate anomalies

over East Asia.

1. Introduction

El Niño–Southern Oscillation (ENSO) is an irregular

fluctuation between warm (El Niño) and cold (La Niña)
conditions in sea surface temperature (SST) over the cen-

tral and eastern tropical Pacific, arising from large-scale

ocean–atmosphere interactions (e.g., Bjerknes 1969;

Neelin et al. 1998; Wallace et al. 1998). There is wide-

spread public concern since ENSO gives rise to pro-

nounced climate anomalies around the globe (e.g., van

Loon and Madden 1981; Ropelewski and Halpert 1987,

1996; Trenberth and Caron 2000; Alexander et al. 2002).

The significant circulation and precipitation anomalies

associated with ENSO provide a potential source of

predictability for forecasting regional climate anomalies

on seasonal-to-interannual time scales, especially in the

tropics (e.g., Charney and Shukla 1981).
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East Asia is inhabited by approximately one-third of

the global population, and ENSO has been demon-

strated to strongly modulate its climate (e.g., Fu and

Teng 1988; Huang and Wu 1989; Zhang et al. 1996;

Wang et al. 2000, 2013; Wu and Hu 2003; Lau and Nath

2006, 2009; Wu et al. 2009; Zhang et al. 2014). Positive

precipitation anomalies appear commonly over the East

Asian polar front extending northeastward from south-

ern China toward southern Japan during boreal spring

and early summer of the El Niño decay phase (e.g.,

Zhang et al. 1996; Wang et al. 2000). The low-level an-

ticyclonic circulation anomalies over the western North

Pacific (WNP) serve as a major mediator linking SST

anomalies over the eastern tropical Pacific and pre-

cipitation anomalies over East Asia (e.g., Harrison and

Larkin 1996; Zhang et al. 1996; Wang et al. 2000). The

anomalous WNP anticyclone usually starts developing

during the ENSOmature phase from boreal late autumn

to winter and tends to reach its peak in the following

spring season (e.g., Harrison and Larkin 1996;Wang and

Zhang 2002; Wang et al. 2000, 2013). Since strong SST

anomalies can be directly observed during the El Niño
development, these can serve as an early indicator for

subsequent precipitation and circulation anomalies to

appear over East Asia.

Several dynamical mechanisms were proposed to

address how ENSO affects the WNP atmospheric cir-

culation. Diagnostic analyses by Zhang et al. (1996)

suggested that the WNP atmospheric circulation

anomalies are induced by suppressed convection over

the western equatorial Pacific due to a weakened

Walker circulation during El Niño. Wang et al. (2000)

argued that cold SST anomalies over the western

tropical Pacific favor the occurrence of the anomalous

WNP anticyclone as a Rossby-wave response (Matsuno

1966; Gill 1980). This anomalous anticyclone can per-

sist until early summer after the El Niño peak phase,

due to a positive feedback between local surface wind

and SST anomalies (wind–evaporation–SST feedback)

(e.g., Wang et al. 2000). However, this mechanism

was challenged by recent studies (e.g., Yang et al. 2007;

Xie et al. 2009), in which the delayed Indian Ocean

warming after the El Niño peak months was identified

as playing an important role in the development of the

anomalous anticyclone over the WNP. The delayed

Indian Ocean warming can give rise to equatorial

surface easterly wind anomalies and suppressed con-

vection in the WNP region through a baroclinic at-

mospheric Kelvin wave response, thereby establishing

the anomalous WNP anticyclone. This argument is

supported by several modeling experiments (e.g., Wu

and Liu 1995; Watanabe and Jin 2002, 2003; Annamalai

et al. 2005; Li et al. 2005; Wu et al. 2010). A recent study

hypothesized that the delayed Indian Ocean warming is

not able to fully explain the observed meridionally an-

tisymmetric atmospheric responses over the western

Pacific since the atmospheric Kelvin wave response is

symmetric about the equator (Stuecker et al. 2015). So

far, the fundamental dynamical mechanisms responsible

for the ENSO-related climate anomalies over East Asia

are still controversial and deserve further study.

As one of the latest advances in ENSO research, the

so-called combination mode (C-mode) is found to occur

in the Indo-Pacific region, resulting from the nonlinear

atmospheric interaction between the annual cycle and

ENSO variability (Stuecker et al. 2013, 2015). The

C-mode encompasses both the southward shift of low-

level zonal wind anomalies over the central Pacific and the

development of strong low-level anticyclonic circulation

anomalies over the WNP during the peak and decaying

El Niño phases in boreal winter and spring. The south-

ward shift of zonal surface wind anomalies is attributed

to the meridional seasonal march of western Pacific

background warm SSTs following the maximum in solar

insolation (e.g., Harrison 1987; Harrison and Larkin

1998; Harrison and Vecchi 1999). The circulation

anomalies associated with this are shown to accelerate

El Niño event terminations by allowing the thermocline

to adjust upward toward a normal state in the eastern

Pacific (Harrison and Vecchi 1999; Kug et al. 2003;

Vecchi and Harrison 2003, 2006; Spencer 2004;

Lengaigne et al. 2006; Ohba and Ueda 2009; McGregor

et al. 2012, 2013). As an important part of the C-mode,

strong anticyclonic low-level circulation anomalies de-

velop over the WNP, leading to greater fluxes of mois-

ture toward East Asia (e.g., Stuecker et al. 2013, 2015).

The annual cycle modulation is demonstrated to play a

key role in the ENSO-associated atmospheric circula-

tion and precipitation response over the WNP based on

idealized model experiments and a case study for the

1997/98 ElNiño episode (Stuecker et al. 2015) and hence
is expected to make a dominant contribution to climate

anomalies over East Asia. At present, it is unclear to

what extent the annual cycle affects East Asian climate

anomalies associated with ENSO in the observations,

since little attention has been paid to it. This scientific

issue deserves study in order to deepen our un-

derstanding of the mechanism by which ENSO affects

East Asian climate.

In this study, the role of the annual cycle in ENSO-

related climate impacts over East Asia will be in-

vestigated through analyses of observational data and

numerical model experiments. It is our hypothesis that

the annual cycle plays a predominant role in East Asian

climate anomalies through its interaction with ENSO

variability predominantly during the ENSO decaying
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phase. In the remainder of the paper, section 2 in-

troduces the data used, methodology, and experimental

information. Section 3 illustrates the linkage of the

ENSO mode and the associated C-mode to the WNP

atmospheric anomalies and thus East Asian climate

anomalies. In section 4, we describe the model experi-

ments utilized to further investigate the effects of the

annual cycle on the ENSO-associated climate anomalies

over East Asia. The major findings and discussion are

summarized in section 5.

2. Data, methodology, and experimental design

a. Data and methodology

The monthly 160-station gauge-based precipitation

data (1961–2012) used here were supplied by the China

Meteorological Administration. The leading wind

modes associated with ENSO and the associated atmo-

spheric circulation were investigated based on the Na-

tional Centers for Environmental Prediction–National

Center for Atmospheric Research (NCEP–NCAR) re-

analysis (Kalnay et al. 1996). The SST data (1961–2012)

were examined based on the global sea ice and sea

surface temperature analyses from the Hadley Centre

(HadISST1) provided by the Met Office Hadley Centre

(Rayner et al. 2003). Monthly anomalies were derived

relative to a 30-yr climatological mean (1971–2000), and

then a 6–120-month bandpass filter was applied to each

dataset since the ENSO interannual and C-mode near-

annual variability are our focus. Our conclusions remain

unchanged when using the unfiltered data.

Composite and linear regression analyses were employed

to analyze possible impacts of ENSO and the related

C-mode on the climate of EastAsia. Partial correlations/

regressions between atmospheric fields and the ENSO

or the C-mode are used to remove the linear influence

from each other by keeping the respective other index

unchanged (e.g., Ashok et al. 2007). The statistical sig-

nificance of our results is inferred using a two-sided

Student’s t test. The following eight strongest El Niño
events in the available record are defined by the climate

prediction center using a threshold of 0.58C for theNiño-
3.4 region (58S–58N, 1208–1708W) area-averaged SST

anomalies: 1965/66, 1968/69, 1972/73, 1982/83, 1986/87,

1991/92, 1997/98, and 2009/10. To detect a robust sig-

nal, strong warming events only are selected given

that the circulation anomalies associated with strong

C-mode events usually accompany strong El Niño
events (McGregor et al. 2012, 2013; Stuecker et al. 2013).

Even when all El Niño events are chosen for our com-

posite analysis, the main conclusions remain unchanged,

albeit with a relatively weakened atmospheric response.

It is notable that climate anomalies over East Asia

display strong seasonal differences during El Niño
conditions. As an example, significant precipitation

anomalies occur over southern China during El Niño
decaying spring seasons (e.g., Zhang et al. 1999; Wang

et al. 2000). Nevertheless, the climate signal of El Niño
over eastern China is difficult to detect in summer sea-

son during its decay (e.g., Zhang et al. 1999; Wang et al.

2000), although more moisture is clearly brought to East

Asia from the tropical oceans. This nonstationary be-

havior is possibly associated with some other modulat-

ing factors such as Tibetan Plateau snow cover and land

surface conditions over Eurasia, strongly influencing the

East Asian summer monsoon (e.g., Ye 1981; Tao and

Ding 1981; Zhang et al. 2004; Wu and Kirtman 2007;

Wang et al. 2008; Wu and Qian 2003; Wu et al. 2012). In

this study, the El Niño decaying months from February

to May (FMAM) are our focus since the land pre-

cipitation anomalies are most evident during this season

in China. The ‘‘decaying months’’ can also be defined by

March–May (MAM), and even March–June (MAMJ)

or February–June (FMAMJ), and the qualitative con-

clusions remain the same.

b. Experimental information

To examine the role of the annual cycle in modulating

ENSO impacts over East Asia, two sets of experiments

are conducted based on the atmospheric general circu-

lation model (AGCM) GFDL Atmospheric Model,

version 2.1 (AM2.1), with a horizontal resolution of

2.58 longitude 3 28 latitude with specified SST boundary

conditions (Anderson et al. 2004). The specific experi-

mental designs will be shown in section 4, which has also

been described in the supplementarymaterials of Stuecker

et al. (2013).

3. Observed analyses for linkage of ENSO and
C-mode to the East Asian climate

We perform an empirical orthogonal function (EOF)

analysis, as in previous studies (McGregor et al. 2012,

2013; Stuecker et al. 2013), on the surface wind anom-

alies over the equatorial Pacific (108S–108N, 1008E–
808W) to detect the spatial and temporal wind struc-

tures associated with ENSO and the C-mode. Figure 1

shows the leading two EOF modes and their associated

principal components (PCs). The leading two modes,

respectively, account for 23.1% and 18.0% of the total

variance, and are well separated from each other based

on the rule of North et al. (1982). The typical ENSO

mode wind anomaly pattern is captured by the leading

EOF mode (EOF1), which exhibits equatorially quasi-

symmetric westerly wind anomalies occurring over the

15 JUNE 2016 ZHANG ET AL . 4349



central Pacific (Fig. 1a). A high correlation (r 5 0.87)

between the Niño-3.4 index and PC1 further confirms

that the first EOF mode represents the direct atmo-

spheric response associated with ENSO. Compared to

EOF1, the EOF2 wind anomaly pattern displays me-

ridionally antisymmetric wind anomalies (Fig. 1b). An

anomalous anticyclone is located over the WNP and a

cyclonic meridional shear of wind anomalies occurs over

the central South Pacific. This wind anomaly pattern is

referred to as the C-mode and arises from the in-

teraction between the annual cycle and interannual

ENSO variability (Stuecker et al. 2013, 2015). The PC2

time series can be well reconstructed by using a product

of PC1 and the annual cycle of the western Pacific SSTs,

as documented by Stuecker et al. (2013). The direct

ENSO circulation response therefore does not include

the characteristic pattern of the anomalous WNP anti-

cyclone (Fig. 1a), the key mediator linking the tropical

eastern Pacific warming and the climate anomalies over

East Asia. The WNP anticyclonic circulation anomalies

depicted by EOF2 suggest that the annual cycle plays a

key role modulating ENSO climate impacts over East

Asia. We will demonstrate this hypothesis in the re-

mainder of the paper.

Figure 2 shows the seasonal evolution of surface wind

PC1 and PC2 during the El Niño events. The composite

PC1 describes a canonical El Niño evolution, with

anomalies developing in summer, peaking during late

autumn or winter, and decaying in the following spring.

Following the traditional definition, we choose the

winter [December–February (DJF)] mean PC1 values

to investigate the impacts of PC1 on the following sea-

sonal climate anomalies over East Asia. In contrast to

PC1, PC2 remains negative until September of the El

Niño developing year and then reverses its sign abruptly

(Fig. 2). It reaches its peak during late winter and early

FIG. 1. (a),(b) The leading two EOF spatial patterns and (c) their corresponding normalized PC time series of

surface wind anomalies (m s21) over the tropical Pacific. The EOF spatial patterns are obtained by the regression of

normalized PCs on the surface wind anomalies. Light (dark) yellow and blue shadings in (a) and (b) present

westerly and easterly anomalies exceeding the 90% (95%) confidence level, respectively.

FIG. 2. Composite monthly evolution of normalized PC1 (red

dotted line) and normalized PC2 (blue dotted line) for all El Niño
events during the 1961–2012 period. The abscissa indicates a

24-month period from January of year 0 to December of year 1.
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spring, capturing a strong southward shift of the central

Pacific westerly anomalies and the development of the

WNP circulation anomalies (McGregor et al. 2012). PC2

enters its decaying phase during summer and early au-

tumn following the El Niño mature phase. Compared to

PC1, the peak phase of PC2 is delayed by approximately

two to three months and it exhibits much faster time

scales [for a discussion of the near-annual time scale, see

Stuecker et al. (2013, 2015)]. Here, the season January–

March (JFM) is defined as the PC2mature phase and the

JFM mean is used as a measure of the C-mode to detect

its linkage to East Asian climate during the El Niño
decaying phase. It is noted here that other possible

definitions for the mature phases of PC1 and PC2 (e.g.,

by including the adjacent months) do not alter our

conclusions.

To detect possible ENSO impacts on precipitation

changes, Fig. 3a shows the FMAM precipitation anom-

alies regressed on the preceding DJF average PC1. In

this study, the region of eastern China is shown as an

example to illustrate the ENSO impacts on the East

Asian precipitation. Following El Niño events, eastern

China usually receives enhanced precipitation during its

decaying phase, especially for the southern part ap-

proximately south of 358N and east of 1108E. Further-
more, the composite precipitation anomalies over the

period 1961–2012 are computed during eight strong El

Niño events to confirm robustness of the precipitation

response. As shown in Fig. 3b, similar precipitation

anomalies are evident over eastern China (east of

1058E) despite the statistically significant anomalies

being confined to southeastern China. Recently, another

type of El Niño, the so-called central Pacific (CP) El

Niño, is argued to occur more frequently over the cen-

tral tropical Pacific in the post-2000 period, which ex-

hibits very different climate impacts over East Asia

(Larkin and Harrison 2005; Ashok et al. 2007; Weng

et al. 2007; Kao and Yu 2009; Kug et al. 2009; Yeh et al.

2009; Feng et al. 2010; Ren and Jin 2011; Zhang et al.

2011, 2013; Feng and Li 2011; Xie et al. 2012, 2014a,b;

Karori et al. 2013; Xiang et al. 2013; Yuan et al. 2012;

Wang and Wang 2013). We further inspect the pre-

cipitation composite for the canonical El Niño events

(i.e., eastern Pacific El Niño) to test if this El Niño di-

versity might bias our analysis. Almost the same El Niño
signal occurs in the precipitation over southeastern

China when we remove the CP events (not shown).

Even for CP El Niño events, such as the 1991/92 and

2009/10 events, similar positive precipitation anomalies

are also evident in this region (not shown). These results

suggest that El Niño events are usually accompanied by

increased precipitation over eastern China, which has

been mentioned by many earlier studies (e.g., Zhang

et al. 1999; Wang et al. 2000).

Figure 4 shows the correlation and partial correlation

between the JFM PC1 and the FMAM precipitation

anomalies to detect the pure impacts of PC1. As in

Fig. 4a, a statistically significant positive correlation is

observed over southeastern China between the FMAM

precipitation anomalies and the JFM PC1. The corre-

lation coefficients obtain values as high as 0.5. However,

almost no significant correlation is detected in this re-

gion after removal of the effects of PC2 for a partial

correlation (Fig. 4b). The correlation and partial corre-

lation techniques are also utilized to distinguish the

impact of the C-mode (PC2) from the ENSO mode

FIG. 3. (a) FMAM precipitation anomalies (contours; mmmonth21) regressed upon the preceding normalized DJF

PC1. (b) Composite FMAM precipitation anomalies during the El Niño decaying phase for the period 1961–2012. Light

(dark) shading indicates where the regression coefficient and composite values exceed the 90% (95%) confidence level.
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(PC1). A statistically significant positive correlation

between the C-mode and the precipitation anomalies is

detected over southeastern China (Fig. 5a), which is not

contaminated by the ENSOmode signal (Fig. 5b). These

statistical relations suggest that the ENSO SST forcing

itself is not able to produce more precipitation over

southeastern China and its impacts on precipitation over

southeastern China are only conveyed via the C-mode

through the interaction of ENSO with the annual cycle.

To further confirm those results, the FMAM rainfall

variability is reconstructed using the simultaneous PC1

and PC2 information (Fig. 6). Almost no obvious pre-

cipitation variability is explained by the PC1 time series

alone. However, in excess of 30% of variance can be

explained when further considering the PC2 time series.

This highlights the importance of the C-mode.

The atmospheric teleconnection is also examined here

to understand possible links between precipitation

anomalies over eastern China and the two leading

modes (i.e., ENSO mode and the C-mode). For the

ENSO mode, there is an anomalous eastward moisture

transport located on the equator, causing more pre-

cipitation over the central–eastern equatorial Pacific

(Fig. 7a). The moisture transport anomalies are mainly

induced by the meridionally quasi-symmetric CP west-

erly wind anomalies during El Niño events (Fig. 1a). No

FIG. 4. (a) Correlation between the FMAM precipitation anomalies and the preceding DJF PC1 time series.

(b) As in (a), but for partial correlation removing linearly the impact of the preceding JFM PC2. Light (dark)

shading indicates a correlation coefficient exceeding the 90% (95%) confidence level.

FIG. 5. (a) Correlation between the FMAM precipitation anomalies and the preceding JFM PC2 time series.

(b) As in (a), but for partial correlation removing linearly the impact of preceding DJF PC1. Light (dark) shading

indicates a correlation coefficient exceeding the 90% (95%) confidence level.
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statistically significant atmospheric anomaly occurs over

the WNP (Fig. 7a). When zonally averaging the merid-

ional circulation over 1108–1208E, one finds strong

sinking motion over the equatorial western Pacific due

to a weakened Walker circulation for the ENSO mode

(Fig. 8a). In contrast to the ENSO mode, significant

moisture transport anomalies associated with the

C-mode appear over the WNP region and the central

South Pacific (Fig. 7b), consistent with the surface wind

EOF2 pattern (Fig. 1b). In the northwest section of the

anomalous WNP anticyclone, an anomalously north-

eastward moisture transport prevails over southern

East Asia, thereby bringingmore moisture to East Asia

from the deep tropics. For the meridional overturning

circulation, the center of the anomalous sinking motion

is shifted northward by approximately 108N for the

C-mode compared to the ENSO mode (Fig. 8b). Simul-

taneously for the C-mode only, statistically significant

rising air anomalies appear on both sides of the equator

at approximately 108–158S and 208–308N (Fig. 8b). The

anomalous rising motion is much stronger north of the

equator, corresponding to large precipitation anomalies

over southern China. Our statistical analyses from

Figs. 4–8 suggest that the direct atmospheric response to

the ENSO mode is confined to the equatorial region,

modifying the zonal atmospheric circulation rather than

the meridional circulation. The C-mode acts to expand

the equatorial atmospheric anomalies toward off-

equatorial regions. Therefore, ENSO variability itself

seems to have no significant impact on the East Asian

climate; rather, it may affect the East Asian climate

variability through its interactionwith the annual cycle of

SST and lower tropospheric winds.

4. Model experiments

According to our analysis of the observational data,

we summarize that ENSO without the presence of the

C-mode would give rise to very different atmospheric

circulation anomalies, especially over the WNP region.

To verify this, two experiments were designed. In the

first experiment (EX_AC), the ENSO-associated SST

anomalies, obtained by the regression of monthly SST

anomalies upon the normalized PC1 (Fig. 1), are

FIG. 6. Explained variance of FMAMprecipitation (%) over east China by (a) the simultaneous PC1, (b) both simultaneous PC1 and PC2,

and (c) their difference. The contours indicate values of 10%, 20%, 30%, and 40%.

FIG. 7. Vertically integrated moisture transport anomalies (vectors; kgm21 s21) and anomalies of its divergence (shading;

1025 kgm22 s21) during FMAMpartially regressed upon the preceding normalized (a) DJF PC1 and (b) JFM PC2. Vertical integration is

performed from the surface to 300 hPa. Only values with a partial correlation coefficient exceeding the 95% confidence level are shown.
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imposed on the climatological annual cycle of SST in the

entire tropics (208S–208N). Multiplying the SST anom-

aly pattern by the normalized PC1 gives the spatiotem-

poral evolution of the SST anomaly field. SST anomalies

outside of the tropical bands are set to zero. The second

experiment (EX_NO_AC) has the same ENSO SST

anomaly forcing but not the annual-cycle-associated

meridional movements of climatological SSTs as

boundary forcing. The climatological SSTs are specified

as the September equinox conditions when the sun is

located directly over the equator. The EX_NO_AC

experiment is designed to investigate the importance of

the SST annual cycle to ENSO-associated atmospheric

circulation anomalies over the WNP through in-

tercomparison with the EX_AC experiment. All simu-

lations are integrated from 1958 to 2001, a period that

covers all the observed strong El Niño events except for

the 2009/10 event. We conduct a 10-member ensemble

of the experiments.

Figure 9 shows the evolution of the total SST fields,

with and without inclusion of the annual cycle, which are

used to force the atmospheric model. The meridional

movement of the central Pacific SSTs during the 1997/98

El Niño event is taken as an example to display the

crucial difference arising from the two experiment de-

signs. We choose a zonal mean region near the date line

(1608W–1808) to display the SST evolution, since the

ENSO SST anomalies and the background SSTs are

both relatively strong here and hence can easily excite

an atmospheric convection response. For the experi-

ment including the seasonal cycle (EX_AC), the maxi-

mum SSTs are first found centered on the equator from

June to October of 1997. Afterward, the maximum SSTs

move abruptly into the Southern Hemisphere and be-

come centered at about 58S (Fig. 9a). In contrast, in the

experiment excluding the SST annual cycle (EX_NO_

AC), the maximum SSTs stay centered on the equator

and display no meridional movement for the entire

FIG. 8. Zonal mean (1108–1208E) FMAM vertical pressure velocity (contours; 1022 Pa s21) partially regressed

upon the preceding normalized (a) DJF PC1 and (b) JFM PC2. Light (dark) yellow and blue shadings indicate

positive and negative partial correlation coefficients exceeding the 90% (95%) confidence level, respectively.

FIG. 9. Seasonal evolution of zonal mean (1608W–1808) SST (8C) from June(0) to June(1) during the 1997/98 El

Niño event for the (a) EX_AC and (b) EX_NO_AC experiments.
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1997/98 El Niño event (Fig. 9b). Differences in this SST

latitude–time evolution clearly indicate that the south-

ward shift of the total SSTs is dependent on the seasonal

cycle of climatological SST, which is very similar to the

observations (Zhang et al. 2015).

Figure 10 shows the composite surface wind anoma-

lies during the strong El Niño decaying phase for the

observations and the two experiments. For the experi-

ment including the annual cycle of SST (EX_AC), the

atmospheric model realistically simulates two dominant

observed features during the El Niño decaying phase:

one is the southward shift of the CP zonal wind anom-

alies and the other is the strong anticyclonic circulation

anomaly over the WNP region (Figs. 10a,b). This wind

anomaly pattern is very similar to that of EOF2

(Fig. 1b). In the northwestern section of the anomalous

WNP anticyclone, northeastward wind anomalies pre-

vail over East Asia, which bring more water vapor from

the south to China (Figs. 10a and 7b). In contrast to the

EX_AC experiment, no obvious meridional movement

of the CP zonal wind anomalies is found in the EX_NO_

AC experiment (Fig. 10c). In this experiment, the cold

and warm SST anomalies are, respectively, specified

over the WNP and Indian Ocean, which have been ar-

gued to be important for the occurrence of the WNP

anticyclonic anomalies in previous studies (e.g., Wang

et al. 2000; Xie et al. 2009). However, no significant

WNP anticyclonic circulation anomaly is seen in our

experiment when the annual cycle of SST is excluded

(Fig. 10c). This shows that the SST annual cycle is the

crucial necessary condition for the development of the

anomalous low-level WNP circulation.

We also examine the sea level pressure (SLP) anom-

aly evolution over the Philippine Sea (108–208N, 1208–
1508E) associated with strong El Niño events (Fig. 11),

following the area definition of Wang et al. (2000). The

observed Philippine Sea SLP anomalies stay negative

before the autumn season of El Niño developing phase

and then rapidly reverse their sign around September

of year 0 [September(0)]. Higher-than-normal SLP

anomalies over the Philippine Sea persist for three or

four seasons into the El Niño decaying summer (Fig. 11).

The EX_AC experiment exhibits a similar Philippine

Sea SLP anomaly evolution to the observations. In

contrast to the EX_AC experiment, there are no posi-

tive SLP anomalies developing over the Philippine Sea

in the EX_NO_AC simulation. Figures 10 and 11 high-

light the importance of the SST annual cycle for the

formation of the WNP anticyclonic anomalies during El

Niño conditions. Contrasting the atmospheric response

in these two experiments, we expect to find very differ-

ent precipitation anomalies over eastern China. Indeed,

FIG. 10. Composite FMAM surface wind anomalies (m s21) dur-

ing the El Niño decaying phase for the (a) observations, (b) EX_AC

experiment, and (c) EX_NO_AC experiment. Light (dark) yellow

and blue shadings indicate westerly and easterly anomalies ex-

ceeding the 90% (95%) confidence level, respectively.

FIG. 11. Composite monthly evolution of sea level pressure

anomalies (hPa) over the Philippine Sea (108–208N, 1208–1508E)
during El Niño events.
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in the EX_AC experiment, we find that southern China

receives stronger precipitation anomalies during the

El Niño decaying phase (Fig. 12a), consistent with the

observations (Fig. 3). Northern China experiences dif-

ferent precipitation anomalies from the observations,

possibly due to too strong impacts from the midlatitudes

in the model and/or model biases in simulating theWNP

circulation. However, in the EX_NO_AC experiment,

no statistically significant precipitation anomalies can be

found even over southern China (Fig. 12b), consistent

with the absence of the anomalous WNP anticyclonic

circulation in this experiment. Comparisons of the two

modeling experiments verify our hypothesis that ENSO

SST variability itself and its associated circulation pat-

tern, without interaction with the annual cycle (C-mode),

cannot give rise to the observed WNP atmospheric cir-

culation anomalies and their associated precipitation

anomalies over East Asia.

5. Conclusions and discussion

Southern China usually receives enhanced precipita-

tion during the decaying phases of El Niño events and

many studies have proposed various possible mecha-

nisms as to how ENSO affects the East Asian climate

(e.g., Zhang et al. 1996; Wang et al. 2000; Yang et al.

2007; Xie et al. 2009). In this study, we emphasize the

key role of the SST seasonal cycle in the genesis of the

ENSO-related climate anomalies over East Asia. It is

shown that the direct (independent of the annual cycle)

atmospheric response to the ENSO mode does not

generate any statistically significant climate anomaly

over East Asia, although it can give rise to climate

anomalies over the midlatitude regions via atmospheric

teleconnections (e.g., the PNA pattern). In the tropical

Pacific and adjacent continents, the direct ENSO signal

is confined to the equatorial region and does not expand

meridionally toward, for instance, the East Asian re-

gion. The C-mode, resulting from the interaction be-

tween interannual ENSO variability and the seasonal

cycle of SST and circulation, is the key player in en-

hancing precipitation over southern China during the

decaying phase of El Niño. As an important feature of

the C-mode, strong anticyclonic low-level circulation

anomalies are observed over theWNP region, which act

to transport warm and moist water vapor to East Asia

from the equatorial oceanic region. Our numerical

model experiments reproduce well the key features of

the anomalous WNP circulation during the El Niño
decaying phase when including the SST annual cycle.

However, no statistically significant WNP atmospheric

circulation anomaly and thus no precipitation anomalies

over southern China are generated when the SST bound-

ary forcing is fixed to September equinox conditions (no

annual cycle). As mentioned previously, the C-mode

provides the crucial bridge to bring ENSO impacts to

the off-equatorial region (e.g., southern China). Further-

more, we emphasize that the C-mode also provides a

bridge in the spectral domain: the impacts of ENSO in

these regions are characterized not only by the inter-

annual ENSO time scale but most importantly by near-

annual combination tones [see discussion in Stuecker et al.

(2013, 2015) for details]. This key spectral feature of the

C-mode has been overlooked in many previous climate

impact studies by filtering out the near-annual variability

and only focusing on the interannual frequency band.

FIG. 12. Composite FMAM precipitation anomalies during the El Niño decaying phase for the (a) EX_

AC and (b) EX_NO_AC experiments. Light (dark) shading denotes values exceeding the 80% (90%)

confidence level.
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Previous studies proposed that the WNP SST cooling

and delayed Indian Ocean warming (both due to air–sea

interaction) are the key mechanisms in forcing the WNP

anticyclonic circulation anomalies during the El Niño
decaying phase (e.g., Wang et al. 2000; Yang et al. 2007;

Xie et al. 2009). In our simulations, the anomalous WNP

circulation cannot be produced when the annual cycle is

omitted, although the WNP SST cooling and Indian

Ocean warming are included in the experimental SST

anomaly boundary forcing. Stuecker et al. (2015) argued

that the WNP anticyclonic circulation anomalies are

predominantly a result of the southward shift of increased

convection anomalies, which could induce subsidence

over theWNP through ameridional circulation. In recent

decades, steady progress has been made in simulating the

key observed features of El Niño (e.g., AchutaRao and

Sperber 2002, 2006; Guilyardi 2006; Randall et al. 2007;

Zhang and Jin 2012). However, many studies demon-

strate the existence of systematic errors in the simulated

mean state and annual cycle (e.g., van Oldenborgh et al.

2005; Capotondi et al. 2006; Guilyardi 2006; Guilyardi

et al. 2009; Wittenberg et al. 2006). These biases may

cause large problems in simulating the regional climate

responses of El Niño, even if we simulate a relatively re-

alistic El Niño as defined by its anomalous evolution. This

suggests that the climate community should pay close

attention to the simulation of both realistic ENSO vari-

ability and the annual cycle in order to be able to simulate

the El Niño–associated regional climate anomalies.
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