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ABSTRACT: Usingobservational data andmodel hindcasts producedbya coupled climatemodel,weexamine the responseof the

East Asian winter monsoon (EAWM) to three types of El Niño: eastern Pacific (EP) and central Pacific I (CP-I) and II (CP-II) El

Niños. The observational analysis shows that all threeElNiño types weaken the EAWMwith varying degrees of impact. TheEPEl

Niño has the largest weakening effect, while theCP-IIElNiño has the second largest, and theCP-IElNiñohas the smallest.Wefind

that diverse El Niño types impact the EAWM by altering the responses of two anomalous anticyclones during El Niño mature

winter: the western North Pacific anticyclone (WNPAC) and Kuroshio anticyclone (KAC). TheWNPAC responses are controlled

by the Gill response and Indian Ocean warming processes that both respond to the eastern-to-central tropical Pacific precipitation

anomalies. The KAC responses are controlled by a poleward wave propagation responding to the northwestern tropical Pacific

precipitation anomalies.We find that themodel hindcasts significantly underestimate the weakening effect during the EP andCP-II

ElNiños.Theseunderestimations are related to amodel deficiency inwhich it produces a too-weakWNPACresponseduring theEP

El Niño and completely misses the KAC response during both types of El Niño. The too-weakWNPAC response is caused by the

model deficiency of simulating too-weak eastern-to-central tropical Pacific precipitation anomalies. The lack ofKACresponse arises

from the unrealistic response of the model’s extratropical atmosphere to the northwestern tropical Pacific precipitation anomalies.

KEYWORDS: Asia; Pacific Ocean; Atmosphere-ocean interaction; El Niño; Model output statistics; Interannual

variability

1. Introduction

The East Asian winter monsoon (EAWM) is a prominent cir-

culation feature in the atmosphere, driven by the land–sea thermal

contrast between the cold Eurasian continent and warm Pacific

Ocean (e.g., Li 1955; Tao 1957). The prevailing surface northerly

wind associated with the EAWMbrings dry and cold conditions

to the East Asian continent. Strong cold surge and heavy

snowfall events can occur when the EAWM intensifies. Those

events cause severe damage to crop and livestock productivity

and socioeconomic activities over large areas of East Asian

countries, such as eastern China, the Korean Peninsula, and

Japan, as well as areas near the South China Sea (Wang 2006).

The variations of EAWM can also affect climate and weather

conditions far away, such asMadden–Julian oscillation activities

over the tropical western Pacific (Chen et al. 2017). It is also

reported that some significant EAWM variations can even im-

pact surface air temperatures over North America via atmo-

spheric teleconnections (Ma et al. 2018). For these reasons,

extensive efforts have been made to understand EAWM vari-

ability and to improve its predictability (e.g., Chang et al. 1979;

Chang and Lau 1982; Lau and Li 1984; Ding and Krishnamurti

1987; Ding 1994; Newman and Sardeshmukh 1998; Chan and Li

2004; Huang et al. 2003, 2007; Chang et al. 2006; Wang 2006;

Wang et al. 2010; Chen et al. 2017; Ma et al. 2018).

Forcing from El Niño–Southern Oscillation (ENSO) is a

major contributor to EAWM variability on interannual time

scales (e.g., Zhang et al. 1996; Ji et al. 1997; Alexander et al.

2002; Chang et al. 2004; McPhaden et al. 2006; Sakai and

Kawamura 2009; J. W. Kim et al. 2014, 2017; Li et al. 2017; Kim

andAn 2019). The intensity of EAWM tends to beweaker than

normal during El Niño years. That is because El Niño events

typically induce an anomalous anticyclone over the western

North Pacific (WNPAC), which produces southerly wind

anomalies in its western flank, weakening the prevailing

EAWM-related northerly wind (e.g., B. Wang et al. 2000;

Wang and Zhang 2002). However, this conventional view of

the El Niño–EAWM relationship is currently being revised

due to the recognition that El Niño has diverse types and their

climate impacts can be different (e.g., Ashok et al. 2007; Kao

and Yu 2009; Kug et al. 2009; Yeh et al. 2009; Yu et al. 2012a,

2017; Capotondi et al. 2015). El Niño events can be classified

into two different types based on the zonal location of their

maximum sea surface temperature (SST) anomalies. They are

often referred to as the eastern Pacific (EP) El Niño and cen-

tral Pacific (CP) El Niño, following Yu and Kao (2007) and

Kao and Yu (2009). The EP El Niño has its maximum SST

anomalies located in the tropical eastern Pacific, closer to the

South American coast, while the CP El Niño has its maximum

SST anomalies located in the tropical central Pacific, closer to

the international date line. More recent studies suggested that

the CP El Niño needs to be further divided into two subtypes

due to differences in their temporal evolutions and climate

impacts (Wang and Wang 2013). Here, we refer to these two

subtypes as the CP-I and CP-II El Niños following Chen et al.

(2019). The CP-I El Niño has its maximum SST anomalies that

mostly originate and develop in the tropical central Pacific

with a structure symmetric to the equator. The CP-II El Niño,Corresponding author: Jin-Yi Yu, jyyu@uci.edu
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besides having its maximum SST anomalies in the tropical

central Pacific, is also characterized by significant SST anom-

alies spreading between the tropical central Pacific and south

of North American coast. Hence, its SST anomaly structure is

asymmetric with regard to the equator. The CP-I and CP-II El

Niños have also been shown to produce different impacts on

rainfall amounts in southern China, typhoon tracks over the

westernNorth Pacific, and SST variations in the tropical Indian

Ocean and South China Sea (Wang and Wang 2013, 2014; Tan

et al. 2016).

A recent study by Chen et al. (2019) found that these three

types of El Niño (i.e., EP, CP-I, and CP-II types) produce dis-

tinct impacts on theWNPAC (cf. the western Pacific subtropical

high in their study). As mentioned, the conventional view in-

vokes the WNPAC to explain how El Niño can impact EAWM

variability. It is thus plausible that the El Niño–EAWM rela-

tionship would likewise change depending on the El Niño types.

Studies on the impact of each El Niño type on EAWM vari-

ability have mostly separated El Niño events into only the EP

and CP types (e.g., Yuan et al. 2012; Gong et al. 2015; Shi and

Qian 2018). In the present study, we therefore further separate

CP El Niño events into the two subtypes to show that the

EAWMresponses are indeeddifferent for theEP,CP-I, andCP-

II types of El Niño in the observations. It is also important for

contemporary climate models to properly simulate the various

EAWM responses to different El Niño types so that they can

produce skillful EAWM predictions using the El Niño infor-

mation (e.g., Kang and Lee 2019; Chen et al. 2020). In this study,

we also examine climatemodel hindcasts to understand how and

why climate models can or cannot properly simulate EAWM

responses to diverse El Niño types. We choose to analyze ret-

rospective hindcast simulations produced by the TaiwanCentral

Weather Bureau Climate Forecast System 1-tiered model

(TCWB1Tmodel; cf. Wu et al. 2019) from the Central Weather

Bureau (CWB) inTaiwan due to its availability to us. Because of

the common model deficiencies shared by many other climate

models, which wewill elaborate on later, the results and findings

obtained from the TCWB1T model can be applied to other

climate models as well.

The remaining part of this manuscript is organized as follows.

Section 2 describes the datasets and methodologies utilized in

this study. In section 3, we examine the varying responses

of EAWM to the three types of El Niño in the observations.

Then, we identify the causes controlling the EAWM responses

by invoking physical processes that impact the responses of

WNPACand another anomalous anticyclone near the Kuroshio

Extension (sections 3a and 3b). In the following section

(section 3c), we further examine themodel hindcasts so as to see

whether themodel can simulate the observedEAWMresponses

to diverse El Niño types and reveal any model deficiencies that

cause it to simulate EAWM responses differently from the ob-

servations.A summary and discussion of themain findings in this

study is provided in section 4.

2. Data and methods

We used three observation/reanalysis products in this study.

Monthly means of surface pressure Ps and zonal U and

meridional V winds at the lower troposphere (i.e., 850-hPa level)

were obtained from the National Centers for Environmental

Prediction–Department of Energy Reanalysis 2 (NCEP–DOE

R2; Kanamitsu et al. 2002), which are available from January

1979 to the present. Monthly means of precipitation (PRCP)

were obtained from the Global Precipitation Climatology

Project version 2.3 (GPCPv2.3; Adler et al. 2003), which are also

available from January 1979 to the present. Monthly means of

SST were obtained from the Hadley Center Sea Ice and Sea

Surface Temperature version 1.1 (HadISSTv1.1; Rayner et al.

2003), which are available from January 1870 to the present. For

the purpose ofmodel evaluation, we only analyzed the data from

January 1982 to December 2011 in this study. All data were

interpolated to the grid points of the model hindcasts (i.e., 18 3
18 global grids) to reduce uncertainties associated with different

spatial resolutions.

We chose to analyze the hindcast outputs produced by

the TCWB1Tmodel. The TCWB1Tmodel is an atmosphere–

ocean coupled model, composed of the Global Forecast

System in CWB as its atmospheric model component (Paek

et al. 2015) and the third version of Modular Ocean Model as

its oceanic model component (Pacanowski and Griffies 1998).

The model hindcast period covers from January 1982 to

December 2011. For each month, hindcasts were launched at

days 1, 3, 6, 8, 11, 13, 16, 18, 21, and 23 to result in 10-member

ensembles. The hindcast outputs were obtained from the

monthly averages over the daily hindcasts, which are lead-0 to

lead-5 for each ensemblemember in eachmonth. Thus, we have

10 ensembles of model hindcasts with lead months between 0 to

5 from January 1982 to December 2011.

Three climate indices were used to quantify the strengths of

EAWM, WNPAC, and an extratropical anomalous anticy-

clone near the Kuroshio Extension [KAC, abbreviated from

Kuroshio anticyclone following Son et al. (2014)]. The EAWM

index used in this study is the same as the one defined by Yang

et al. (2002), which was calculated using the boreal winter value

of low-level meridional wind anomalies averaged within an

East Asian region of 20–408N and 100–1408E (note the boreal

winter runs from December to the following February). The

index value was normalized by its standard deviation (s.d.) and

multiplied by 21 to become the EAWM index. After

multiplication, a positive (negative) index value corresponds

to a stronger (weaker) than normal EAWM intensity. This

EAWM index is known to adequately capture the El Niño–
induced southerly wind anomalies blowing along the east coast

of East Asia (cf. J. W. Kim et al. 2017); therefore, it can

properly reflect the influence of diverse El Niño types on the

EAWM. The WNPAC index was defined as the boreal winter

value of surface pressure anomalies averaged within a western

North Pacific region (i.e., 58–208N, 1208–1608E; see solid rect-

angles in Fig. 2). The KAC index was defined in the same way

as the WNPAC index except for an adjustment in the selected

region to the Kuroshio Extension (i.e., 358–508N, 1408–1608E;
see dashed rectangles in Fig. 2).

According to Chen et al. (2019), during the analysis period of

1982–2011, there were two EP El Niño events (1982/83 and

1997/98 events), three CP-I El Niño events (1987/88, 1990/91,

and 2002/03 events), and four CP-II El Niño events (1991/92,
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1992/93, 2004/05, and 2009/10 events). We used these observed

events for analysis in this study. Anomalies of the observa-

tional datasets and model hindcasts were calculated as depar-

tures from their monthly climatological values for the analysis

period. To analyze the anomalies, a number of ordinary statis-

tical methods such as composite, correlation, and regression

analyses were carried out. A statistical significance was assessed

using a two-tailed Student’s t test. Unless otherwise stated, the

boreal winter months of December, January, and February (i.e.,

DJF) were adopted as the main season of this study.

3. Results

a. EAWM responses to diverse El Niño types in the
observations

We first examine the EAWM responses to diverse El Niño
types in the observations by compositing the changes of the

EAWM index during the EP, CP-I, and CP-II El Niño events.

The solid bars in Fig. 1 indicate that the EAWM index has a

negative value during all three types of El Niño. This means

that the conventional view of the El Niño–EAWMrelationship

that El Niño weakens the intensity of EAWM is in operation

regardless of the El Niño type. However, it is also evident that

the degrees of the weakening effect are different among the

three El Niño types. The EP El Niño has the strongest weak-

ening effect on the EAWM, CP-II El Niño has the second

strongest, and CP-I El Niño has the weakest. The averaged

EAWM index value during the EP type (21.41 s.d.) is ap-

proximately 2 times stronger than that of the CP-II type

(20.75 s.d.), while the index value during the CP-I type is

only 20.17 s.d. (see Table 1). These results indicate that, al-

though all three El Niño types exhibit the conventional El

Niño–EAWM relationship, there are clear differences in the

EAWM responses to the three types of El Niño. The individual
El Niño years (delineated by red dots in Fig. 1) generally follow
the above results, ensuring that the composite analysis results

are reasonable despite the small degrees of freedom.

To understand the cause of the different EAWM responses

to diverse El Niño types, we show in Fig. 2 the composite at-

mospheric structures of anomalous low-level wind and surface

pressure for the three El Niño types. During the EP El Niño
(Fig. 2a), the atmospheric structure is dominated by a strong

anomalous anticyclone over the western North Pacific near the

Philippine Sea, namely theWNPAC. As mentioned, the WNPAC

can produce southerly wind anomalies to impair EAWM’s

northerly wind and is a key mechanism to drive the negative

relation between El Niño and EAWM. Figure 2 shows that the

WNPAC also appear in the atmosphere structures for the CP-I

(Fig. 2b) and CP-II (Fig. 2c) El Niños but with smaller mag-

nitudes. As shown in Table 1, the strength of WNPAC is about

2.52 hPa during the EP El Niño, 0.58 hPa during the CP-I El

Niño, and 0.92 hPa during the CP-II El Niño. These different

WNPAC strengths are one major reason why three types of El

Niño cause different weakening impacts on the EAWM.

Besides the differences in WNPAC strengths, there is an-

other major difference in the atmospheric structures among

the three types of El Niño. That is, an extratropical anomalous

anticyclone appears near the Kuroshio Extension (i.e., the

KAC) during the EP and CP-II El Niños, but not during the

CP-I El Niño (see Figs. 2a–c). Recent studies (Son et al. 2014;

S. Kim et al. 2017; Gong et al. 2019) have shown that the KAC

during El Niño mature winter significantly affects the East

Asian climate via enhancing the influence of El Niño on the

EAWM. Similar to the WNPAC, the KAC weakens the in-

tensity of EAWM through an enhancement of southerly wind

anomalies in its western flank, which impairs the climatological

northerly wind over Northeast Asia including Japan, the

Korean Peninsula, and northeastern China. In Figs. 2a and 2c,

such pronounced southerly wind anomalies are seen blowing

into Northeast Asia from the anomalous anticyclone near the

Kuroshio Extension. The strength of KAC has positive values

during the EP and CP-II El Niños but a weak negative value

during the CP-I El Niño (see Table 1). Therefore, our results

suggest that the EP El Niño produces the strongest weakening

effect on the EAWM via both the WNPAC and KAC. The

WNPAC and KAC both appear during the CP-II El Niño but

with weaker circulation strengths than those appearing during

the EP El Niño, enabling this El Niño type to result in the

second strongest weakening effect on the EAWM. TheWNPAC’s

weak strength and the absence of the KAC explain why the

weakening effect of the CP-I El Niño on the EAWM is smallest

among all three El Niño types. The stippling areas in Figs. 2a–c,
where the composite surface pressure anomalies are statisti-

cally significant, further support the above suggestion.

b. The WNPAC and KAC impact mechanisms

In this section, we examine why diverse El Niño types pro-

duce different strengths of theWNPACandKAC. The reasons

for the different WNPAC strengths we find in this study are in

general consistent with the results of Chen et al. (2019), where

they examined the observed responses of the western

FIG. 1. Changes in the EAWM index (s.d.) composited for the

three types of El Niño (i.e., EP, CP-I, and CP-II El Niños) for the
observations (solid bar) and the TCWB1T model hindcasts (cross-

hatched bar). Red dots indicate the observed EAWM index of

individual El Niño years (last two digits of each El Niño year are

written to the left of each red dot). The values shown for the

hindcasts are averaged from lead-0 to lead-5 month hindcasts, and

the error bars represent one standard deviation among all the lead

months.
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Pacific subtropical high to the three types of El Niño. Their
results (see their Fig. 1) showed that, during El Niño mature

winter, the western Pacific subtropical high (i.e., the WNPAC)

response is much stronger during the EP type than the two CP

types. They argued that the different WNPAC responses can

be explained by an El Niño–induced Gill-type (Gill 1980) re-

sponse mechanism proposed by C. Wang et al. (1999) and B.

Wang et al. (2000). The anomalous diabatic heating induced by

El Niño can excite a series of Gill responses and atmosphere–

ocean coupling to impact the WNPAC. Since the warm SST

anomalies of the EP El Niño are located far more into the

tropical eastern Pacific (Fig. 3a), a two-step Gill response is

needed to link the El Niño to theWNPAC. In the first step, the

positive diabatic heating anomaly released by the El Niño–
induced precipitation anomalies (Fig. 3d) excites an anomalous

cyclone to the west of the anomalies. The cyclone brings an

anomalous northeasterly on its western flank, enhancing the

climatological trade winds to produce an anomalous cooling in

the subtropical central Pacific. The cooling (i.e., negative

diabatic heating anomaly) excites a second Gill response to

induce an anomalous anticyclone over the western North

Pacific, strengthening the WNPAC. In contrast, the warm

SST anomalies and the related diabatic heating anomalies are

systematically shifted westward and close to the tropical

central Pacific during the two types of CP El Niño (Figs. 3b,c).

Consequently, an anomalous cyclone, excited by the first step

of the Gill response over the subtropical central Pacific, also

migrates westward and appears near the western North Pacific,

weakening the WNPAC as it occupies the area where the

WNPAC develops. Therefore, the Gill-type response mecha-

nism during both the CP-I and CP-II El Niños tends to weaken,

rather than strengthen, the WNPAC.

In addition to this, we also suggest that the effect of Indian

Ocean warming can be responsible for the different WNPAC

responses during diverse El Niño types. El Niño events can

lead to an anomalous warming in the IndianOcean during their

developing seasons through suppressing the atmospheric con-

vection and the related shortwave radiative heating over the

region via a change in the Walker circulation (cf. Klein et al.

1999; Lau and Nath 2003). The induced Indian Ocean warm

anomaly maintains itself during the latter seasons and, in the

meantime, helps strengthen the WNPAC by modulating the

Walker circulation–related regional overturning circulations

that further suppress the convection over the western North

Pacific (e.g., Watanabe and Jin 2002, 2003; Kug and Kang 2006;

Kug et al. 2006; J.W.Kim et al. 2017). As the composite surface

pressure and precipitation anomalies displayed in Fig. 3 indi-

cate, the EP El Niño induces a stronger anomalous Walker

circulation than the CP-I and CP-II El Niños. Figures 3a–c also
confirm that the composite warm SST anomalies in the Indian

Ocean are stronger during the EP El Niño than during the two

CP-type El Niños. Chen et al. (2019) showed that the Indian

Ocean warming effect is weaker during the CP-I and CP-II El

Niños than the EP El Niño.
Our analyses and the results from Chen et al. (2019) suggest

that the processes of aGill-type response and the IndianOcean

warming effect work constructively to enable the EP El Niño
to produce a stronger strengthening impact on the WNPAC.

However, during the CP-I and CP-II El Niños, the Gill re-

sponse process produces a weakening impact on the WNPAC,

and the strengthening effect from the Indian Ocean warming

process is also weak. The different central locations of the

warm SST anomalies are the ultimate reason why the EP El

Niño can produce a stronger strengthening impact on the

WNPAC than the two CP-type El Niños. In consequence,

these different impacts on the WNPAC enable the EP El Niño
to be more capable of weakening the intensity of EAWM than

the two CP-type El Niños do.
We next move on to uncover the cause of the different KAC

responses to diverse El Niño types. In Fig. 4a, we compute the

correlation coefficients between the KAC index and tropical

Pacific precipitation anomalies. The correlation pattern re-

sembles the typical El Niño–induced precipitation anomalies

with positive (negative) correlations in the eastern-to-central

(western) tropical Pacific. It is also clear that the strongest

correlations primarily appear in the northwestern tropical

Pacific where negative correlations reside. This indicates that

the anomalous negative precipitation forcing (i.e., negative

diabatic heating anomaly) in the northwestern tropical Pacific

plays a major role in exciting the KAC. The above arguments

are further supported by a regression analysis. We compute

regression coefficients of the anomalous atmospheric variables

(i.e., low-level wind and surface pressure anomalies) with re-

spect to a unit change of anomalous precipitation averaged in

the northwestern tropical Pacific—namely the precipitation

index. Here the precipitation index is defined as normalized

boreal winter precipitation anomalies averaged over the

selected northwestern tropical Pacific region (i.e., 08–108N,

1308–1708E; see rectangles in Fig. 4). This precipitation indexwas
inversed, multiplied by 21, so that a positive index value corre-

sponds to a negative precipitation anomaly (note that the main

results were insensitive to any reasonable changes of the selected

TABLE 1. Mean values of the EAWM index (s.d.), WNPAC index (hPa), and KAC index (hPa) in the observations (OBS) and the

TCWB1Tmodel hindcasts and their differences in percentage (relative to the observations; denoted as ‘‘Diff.’’) for the three types of EP,

CP-I, and CP-II El Niño events. Values in parentheses in TCWB1T denote one standard deviation of themodel hindcasts from all the lead

months.

EP El Niño CP-I El Niño CP-II El Niño

OBS TCWB1T Diff. OBS TCWB1T Diff. OBS TCWB1T Diff.

EAWM index 21.41 20.74 (0.27) 247.5% 20.17 20.16 (0.21) 25.9% 20.75 20.33 (0.16) 256.0%

WNPAC index 2.52 1.82 (0.45) 227.8% 0.58 0.52 (0.12) 210.3% 0.92 0.91 (0.19) 21.1%

KAC index 1.86 20.54 (0.30) 2129% 20.13 20.32 (0.31) 2146% 0.26 20.39 (0.17) 2250%
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FIG. 2. Composite maps of anomalous low-level wind at 850-hPa level (UV850; vectors; m s21) and surface

pressure (Ps; shading; hPa) during DJF for the (a) EP, (b) CP-I, and (c) CP-II El Niños from the observations

(OBS). (d)–(f) As in (a)–(c), but for the TCWB1Tmodel averaged from lead-0 to lead-5month hindcasts. The solid

(i.e., 58–208N, 1208–1608E) and dashed (i.e., 358–508N, 1458–1658E) rectangles denote the selected regions for

quantifying strengths of theWNPAC andKAC, respectively. Stippling indicates areas where the composite surface

pressure anomalies are statistically significant at the 90% confidence level according to a Student’s t test.
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region). The inversed precipitation index-regressed atmospheric

structure (Fig. 5a) shows an extratropical anomalous anticy-

clone near theKuroshio Extension centered at 458Nand 1508E,
namely theKAC. Previous studies (Son et al. 2014; S. Kim et al.

2017) have explained how the El Niño–induced negative pre-

cipitation anomalies over the northwestern tropical Pacific are

critical to driving the KAC as follows. The strong negative

diabatic heating anomaly released by the northwestern tropical

Pacific negative precipitation anomalies induces an anomalous

anticyclone in the lower troposphere (i.e., theWNPAC) and an

anomalous cyclone in the upper troposphere. The upper-

tropospheric divergence related to the anomalous cyclone

excites a poleward atmospheric teleconnection pattern via a

Rossby wave energy propagation, and subsequently produces

an equivalently barotropic anomalous anticyclone near the

Kuroshio Extension (i.e., the KAC).

As seen in Figs. 2a–c, theKACcanbe excited during both theEP

and CP-II El Niños but not the CP-I El Niño. We here suggest that

there are two reasons for the absenceof theKACduring theCP-IEl

Niño. First, the strength of negative precipitation anomalies in the

northwestern tropical Pacific is weakest during the CP-I El Niño as

compared to the EP and CP-II El Niños (Figs. 3d–f). Therefore, the
anomalous diabatic forcing there that could excite theKAC is weak

in the CP-I El Niño. Second, the anomalous cyclone over the North

Pacific is largely shifted westward during the CP-I El Niño, close to
the Kuroshio Extension, and induces anomalous northerly wind in

thewest of the cyclone (cf. Fig. 2b). These northerly wind anomalies

can then effectively offset the KAC-associated southerly wind

anomalies that would generally be capable of extending northward

to 508NofEastAsia, as shownduring theEPandCP-IIElNiños (cf.

Figs. 2a,c). Figure 6, which displays composite atmospheric struc-

tures for all three El Niño types using the Lambert conformal conic

projection, supports the above suggestion. It is shown in Fig. 6b that

the anomalous cyclone during the CP-I El Niño is largely shifted

westward, west of the date line where the Aleutian low resides,

FIG. 3. Composite maps of anomalous surface pressure (Ps; shading; hPa) and sea surface temperature (SST;

positive and negative values are expressed respectively as red and blue contours with 0.38C interval) duringDJF for

(a) EP, (b) CP-I, and (c) CP-II El Niños from the observations (OBS). (d)–(f) As in (a)–(c), but for anomalous

precipitation (PRCP; shading; mmday21) and low-level wind at the 850-hPa level (UV850; vectors; m s21).

Stippling indicates areas where the composite values of anomalous surface pressure and precipitation are statis-

tically significant at the 90% confidence level according to a Student’s t test.

FIG. 4. Correlation maps of anomalous precipitation during DJF

against the corresponding temporal variations of KAC index for the

period 1982–2011 in (a) the observations (OBS) and (b) the TCWB1T

model averaged from lead-0 to lead-5 month hindcasts. The solid rect-

angles denote the selected northwestern tropical Pacific region (i.e., 08–
108N, 1308–1708E) for defining the precipitation index (cf. section 3b).

Stippling indicates areaswhere the correlation coefficients are statistically

significant at the 90% confidence level according to a Student’s t test.
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nearing the Kuroshio Extension (see green contours and dashed

rectangles in Fig. 6). Note that this anomalous cyclone, which is the

Aleutian low deepened by atmospheric teleconnection associated

with El Niño, usually migrates southward, eastward, or southeast-

ward from its normal position (cf. Horel and Wallace 1981). In

contrast to the CP-I El Niño, the anomalous cyclones during the EP

and CP-II El Niños (Figs. 6a,c) are moving away from theKuroshio

Extension and are shifted too far eastward or southeastward to

hinder the occurrence of the KAC.

c. EAWM responses to diverse El Niño types in the model

hindcasts

We extend our analysis to the TCWB1T model hindcasts to

examine whether climate models can simulate the different

EAWM responses to diverse El Niño types. By analyzing the

lead-0 month hindcast, we find that the model reasonably

simulates the climatological patterns of the EAWM-related

wind and precipitation (Fig. 7a). Nevertheless, it is also seen

that the model tends to overestimate precipitation levels over

East Asia with 1–2mmday21 more than the observations (cf.

shadings in Figs. 7a,b). This overall wet bias over East Asia is a

common bias in simulations from contemporary coupled gen-

eral circulation models (e.g., Gong et al. 2014; Wei et al. 2014).

With relatively small differences in circulation field over East

Asia (cf. vectors in Figs. 7a,b), themodel accurately reproduces

the observed EAWM-related climatological northerly wind

generated by the strong horizontal pressure gradient between

the Siberian high over the cold Eurasian continent and the

FIG. 5. Regression maps of anomalous low-level wind at the 850-hPa level (UV850; vectors; m s21) and surface

pressure (Ps; shading; hPa) during DJF with respect to the inversed precipitation index (multiplied by21; s.d.) for

(a) the observations (OBS) and (b) the TCWB1Tmodel averaged from lead-0 to lead-5month hindcasts. (c),(d) As

in (a) and (b), but using the polar stereographic projection in theNorthernHemisphere from 308 to 908N. The green

contours over the central North Pacific in (c) and (d) indicate the climatological location of the Aleutian low, which

is depicted by raw surface pressure levels from 998 to 1006 hPa (4-hPa intervals). The solid and dashed areas are the

selected region for the WNPAC and KAC in this study, respectively.
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Aleutian low over the warm Pacific Ocean. The model also

realistically reproduces the observed seasonal change of the

monsoonal winds over East Asia (Fig. 7c), showing a prevailing

low-level northerly wind during the boreal cool season (i.e.,

October–March; blue shading in Fig. 7c) and a prevailing

southerly wind during the boreal warm season (i.e., April–

September).

We then compare the simulated EAWM responses to the three

types of El Niño with the observations, which are seen in Fig. 1. It is
found that themodel generally follows the observed results with the

order of strongest to weakest weakening effect on the EAWM,

stemming from the EP, CP-II, and CP-I El Niños, respectively.
However, it is also evident that the model underestimates the

weakeningeffect, particularly for theEPandCP-IIElNiños.During

the EP and CP-II El Niños, the simulated EAWM index values are

approximately 50% lower than those from the observations; the

error ranges measured by one standard deviation also indicate that

these underestimations are statistically significant (cf. Table 1). As

revealed in the observational analysis, the diverse El Niños’ impacts

on theEAWMareestablishedbyaltering the responses ofWNPAC

andKAC. Table 1 shows that the simulatedWNPAC (KAC) index

values are weaker than the observed by 27.8% (129%), 10.3%

(146%), and 1.1% (250%) during theEP, CP-I, andCP-II ElNiños,
respectively. These model error values indicate that the model un-

derestimates the WNPAC responses and completely fails (larger-

than-100% differences) to produce the KAC responses to the three

types of El Niño. The above results suggest that the model’s largely

underestimated weakening effect on the EAWM during the EP El

Niño is related to both the WNPAC and KAC mechanisms, while

thatduring theCP-IIElNiño isonly related to theKACmechanism.

The simulated WNPAC index value during the CP-II El Niño is

close to the observed one (cf. Table 1).

Figure 2 shows that theWNPAC for theEPElNiño is notably
weaker in the model hindcasts than in the observations

(cf. Figs. 2a,d). For the CP-II El Niño, the model reasonably

simulates the strength of WNPAC as well as its spatial structure

(cf. Figs. 2c,f). For the CP-I El Niño, the model reproduces the

observed location and strength ofWNPAC, albeit with a slightly

different structure from the observations (cf. Figs. 2b,e). The EP

El Niño–induced precipitation anomalies in the model hindcasts

(Fig. 8d) give a clue as to why the model underestimates the

observed WNPAC strength during the EP El Niño. As com-

pared to the observations (Fig. 3d), the simulated precipitation

anomalies in the eastern-to-central tropical Pacific are consid-

erably lower (Fig. 8d), despite the fact that the amplitude of

simulated SST anomalies is similar to the observed one (Fig. 3a

vs Fig. 8a). The diabatic heating anomalies associated with these

weaker precipitation anomalies excite a weaker Gill response;

thus, the model underestimates the observed WNPAC strength

during the EP El Niño. Despite minor discrepancies, the model

generally reproduces the observed precipitation anomalies

concentrated toward the tropical central Pacific during the CP-I

and CP-II El Niños (Figs. 3e,f vs Figs. 8e,f). Hence, they enable

the model to simulate the WNPAC strengths close to the ob-

servations during the two CP-type El Niños.
Regarding the Indian Ocean warming effect, the model

simulates a weaker Walker circulation anomaly than the ob-

servations during the EP El Niño, thereby inducing a weaker

anomalous warming in the Indian Ocean (Fig. 3a vs Fig. 8a).

The weakly induced Indian Ocean warm anomaly brings a

weaker Indian Ocean warming effect than the observations,

causing the model to underestimate the observed WNPAC

FIG. 6. Lambert conformal conic projection composite maps of

anomalous low-level wind at the 850-hPa level (UV850; vectors;

m s21) and surface pressure (Ps; shading; hPa) during DJF for

(a) EP, (b) CP-I, and (c) CP-II El Niños from the observations

(OBS). Stippling indicates areas where the composite surface

pressure anomalies are statistically significant at the 90% confi-

dence level according to a Student’s t test. The green contours over

the central North Pacific indicate the climatological location of the

Aleutian low, which is depicted by raw surface pressure levels from

998 to 1006 hPa (4-hPa intervals). The dashed areas are the se-

lected region for the KAC in this study.
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strength during the EP El Niño. The model does not produce a

noticeable anomalous warming in the Indian Ocean during the

CP-I and CP-II El Niños (Figs. 8b,c), which is fairly consistent

with the observations (Figs. 3b,c). Therefore, like the obser-

vations, the Indian Ocean warming effect in the model is also

weak during the two CP-type El Niños.
The absence of a KAC response is a key factor explaining

why the model underestimates the weakening effects on the

EAWMduring the EP and CP-II El Niños. Figure 2 shows that
the observedKAC responses during the EP andCP-II ElNiños
are not reproduced in the model hindcasts. We venture to

answer the question on why the model is unable to reproduce

the observed KAC during El Niños. We already showed in the

observational analysis that the KAC is resulted from an at-

mospheric wave train response to the negative precipitation

anomalies over the northwestern tropical Pacific (Fig. 4a). We

first repeat the same correlation analysis with the model

hindcasts (Fig. 4b) and find that the correlations between the

KAC index and tropical Pacific precipitation anomalies are

mostly weak (,60.2) and statistically insignificant over the

tropics as compared to those in the observations. This indicates

that the model cannot simulate the observed linkage between

the KAC and the forcing from the El Niño. We next repeat the

same regression analysis as in Fig. 5a except for the model

hindcasts (Fig. 5b). Unlike the observational result, the re-

gressed structure for the model hindcasts does not show any of

the KAC-related atmospheric structure over the extratropics

(cf. Figs. 5a,b). Therefore, a possible cause for the model’s

failure to simulate the KAC is the unrealistic response of the

model’s extratropical atmosphere to the negative diabatic

heating anomaly in the northwestern tropical Pacific. The polar

views displayed in Figs. 5c and 5d support this by showing that

the model, in comparison to the observations, simulates an

excessively expanded anomalous cyclone over the North Pacific

that shifts far westward, covering the date line where the center

of the Aleutian low is located (see green contours in Figs. 5c,d).

This excessively expanded anomalous cyclone may hinder the

formation of the KAC since it strengthens the midlatitude jet

stream that enables the poleward propagatingRossbywave train

to veer toward the east in the zonal direction, whereas the

Rossby waves are normally expected to primarily propagate

along the background jet stream in the midlatitude (cf. Hoskins

et al. 1985).

4. Summary and discussion

In this study we have examined the varying responses of

EAWM to three types of El Niño (i.e., EP, CP-I, and CP-II El

Niño types) by analyzing the observational datasets and the

retrospective hindcast simulations provided by the TCWB1T

FIG. 7. Climatological pattern of low-level wind at the 850-hPa

level (UV850; vectors; m s21) and precipitation (PRCP; shading;

mmday21) duringDJF for (a) the TCWB1Tmodel at lead-0month

hindcast and (b) its difference from the observations (OBS) [i.e.,

TCWB1T(L0) minus OBS]. (c) Seasonal cycles of climatological

low-level meridional wind (V850; m s21) averaged over the se-

lected East Asian region [i.e., 208–458N and 1058–1458E; the rect-

 
angles in (a) and (b)] for the OBS (solid curve) and the TCWB1T

model averaged from lead-0 to lead-5 month hindcasts (dashed

curve) and their one standard deviations (gray shading). The blue

shading in (c) indicates the boreal cool season from October

to March.
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model. This study has its own uniqueness from previous studies

which mostly focused on the two types of EP and CP El Niños.
The main findings of this study are summarized as follows:

d The observational analysis showed that the typical EAWM

response to El Niño, which is characterized by the negative

relation between El Niño and EAWM, dramatically changes

among diverse El Niño types by disclosing the strongest

weakening effect on the EAWM during the EP El Niño, the
second strongest during the CP-II El Niño, and the least

during the CP-I El Niño (Fig. 1 and Table 1). These varying

EAWM responses to diverse El Niño types were controlled

by the different responses of two anomalous anticyclones

during El Niño mature winter, whose centers are located

over the western North Pacific and the Kuroshio Extension,

respectively termed the WNPAC and KAC in this study

(Fig. 2 and Table 1).
d The different WNPAC responses to diverse El Niño types

were explained via two physical processes of the Gill-type

response mechanism and the Indian Ocean warming effect

that respond to the El Niño–induced precipitation anomalies

in the eastern-to-central tropical Pacific (Fig. 3). Meanwhile,

the different KAC responses to diverse El Niño types were

explained via the poleward propagating Rossby wave train

that responds to the El Niño–induced precipitation anoma-

lies in the northwestern tropical Pacific (Figs. 4, 5).
d The model analysis using the hindcast simulations similarly

reproduced the observed weakening effect of three El Niño
types on the EAWM. Nevertheless, an evident underesti-

mation was also detected for the EP and CP-II El Niños
(Fig. 1 and Table 1). These underestimations were directly

linked to the model’s simulation of a too-weak WNPAC

response during the EP El Niño and completely failing to

simulate a KAC response during the EP and CP-II El Niños
(Fig. 2 and Table 1). The too-weak WNPAC response was

attributed to the model’s too-weak El Niño–induced pre-

cipitation anomalies in the eastern-to-central tropical Pacific

(Fig. 8). The failure to simulate the KAC response was as-

cribed to themodel’s extratropical atmosphere that responds

unrealistically to the El Niño–induced precipitation anom-

alies in the northwestern tropical Pacific (Figs. 4, 5).

While this study emphasized the different central locations

of warm SST anomalies as an ultimate reason for why the EP

El Niño can strengthen the WNPAC more than the two CP-

type El Niños, it should also be noted that the different El Niño
amplitudes between the EP- and CP-type events could play a

role in impacting the WNPAC as they induce different mag-

nitudes of negative diabatic heating anomalies over the west-

ern North Pacific. Furthermore, the small difference in

WNPAC strength between the two CP-type El Niños is likely
attributed to the negative diabatic heating anomalies (also, the

cold SST anomalies) over the western North Pacific that are

slightly stronger during the CP-II El Niño than the CP-I El

Niño. These subtle but noticeable differences could drive dif-

ferent WNPAC strengths with greater intensity during CP-II

El Niño but weaker intensity during CP-I El Niño. For this

reason, alongside with the KAC that only appeared during

CP-II El Niño, the differentWNPAC strengths associated with

CP-type El Niños can also contribute to the varying EAWM

responses, leading to greater weakening of the EAWM during

CP-II El Niño but moreminor weakening during CP-I El Niño.
In addition to the unrealistic response of the model’s

extratropical atmosphere to the El Niño–induced negative

FIG. 8. Composite maps of anomalous surface pressure (Ps; shading; hPa) and SST (positive and negative values

are expressed respectively as red and blue contours with 0.38C interval) duringDJF for (a) EP, (b) CP-I, and (c) CP-

II El Niños from the TCWB1Tmodel averaged from lead-0 to lead-5 month hindcasts. (d)–(f) As in (a)–(c), but for

anomalous precipitation (PRCP; shading; mmday21) and low-level wind at the 850-hPa level (UV850; vec-

tors; m s21).
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diabatic heating anomaly in the northwestern tropical Pacific

(whichwe found in this study), anotherpossible reason for its failure

to simulate theKAC response is themodel deficiency in simulating

internal atmospheric circulation variability over the North Pacific,

such as the overestimation of the Aleutian low magnitude. Most

contemporary climatemodels have a systematic bias in reproducing

the observed atmospheric circulation field over theNorth Pacific as

they commonly overestimate the Aleutian low magnitude in their

simulations (cf. Gong et al. 2016). It is also possible that the ob-

served KAC response is forced by other basins, apart from the

western Pacific Ocean, such as the tropical Indian Ocean or the

southernMaritimeContinent. Therefore, our conclusions regarding

the model’s failure to simulate the KAC response may require

careful interpretation and further research.

Finally, although this study conducted the hindcast simula-

tions from one specific TCWB1T1 model, the model defi-

ciencies in simulating EAWM responses differently from the

observations through different responses of the WNPAC and

KAC (which we found in this study) can be shared with many

other climate models. For instance, S. Kim et al. (2017) re-

ported that climate models participating in phase 5 of the

Coupled Model Intercomparison Project tend to underestimate

the observed El Niño–induced tropical Pacific precipitation

anomalies in boreal winter, thereby leading to weaker-than-

observations atmospheric responses over the remote regions

during the same season. As we have shown in this study, these

underestimated tropical Pacific precipitation anomalies in cli-

mate models can have an influence on the impact mechanisms

of WNPAC and KAC, in turn altering the EAWM responses

during El Niño mature winter. In this context, the findings of

this study are thus applicable to other climate models to im-

prove prediction skills of EAWM and are of general interest to

the climate research community.
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