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ABSTRACT

How the Atlantic multidecadal oscillation (AMO) affects El Niño–related signals in Southeast Asia is

investigated in this study on a subseasonal scale. Based on observational and reanalysis data, as well as

numerical model simulations, El Niño–related precipitation anomalies are analyzed for AMO positive and

negative phases, which reveals a time-dependent modulation of the AMO. 1) In May–June, the AMO in-

fluences the precipitation in southern China (SC) and the Indochina peninsula (ICP) by modulating the El

Niño–related air–sea interaction over the western North Pacific (WNP). During negative AMO phases, cold

sea surface temperature anomalies (SSTAs) over the WNP favor the maintaining of the WNP anomalous

anticyclone (WNPAC). The associated southerly (westerly) anomalies on the northwest (southwest) flank of

the WNPAC enhance (reduce) the climatological moisture transport to SC (the ICP) and result in wetter

(drier) than normal conditions. In contrast, during positive AMO phases, weak SSTAs over the WNP lead to

limited influence of El Niño on precipitation in Southeast Asia. 2) In July–August, the teleconnection impact

from the North Atlantic is more manifest than that in May–June. During positive AMO phases, the warmer

than normal NorthAtlantic favors anomalous wave trains, which propagate along the ‘‘great circle route’’ and

result in positive pressure anomalies over SC, consequently suppressing precipitation in SC and the ICP.

During negative AMO phases, the anomalous wave trains tend to propagate eastward from Europe to

Northeast Asia along the summer Asian jet, exerting limited influence on Southeast Asia.

1. Introduction

Southern China (SC) and the Indochina peninsula

(ICP) are among the most densely populated areas in

the world, and they are vulnerable to hydroclimatic ex-

tremes such as floods and droughts. The interannual

variability of precipitation in SC and the ICP is greatly

affected by ENSO (Huang and Wu 1989; Dai and

Wigley 2000; Chen et al. 2014; Zhang et al. 2015; Ge

et al. 2017; Lin et al. 2018). A typical ENSO event (for

both El Niño and LaNiña) matures in winter and decays

in the following spring and summer. During the mature

phase of El Niño, the local surface cooling over the

western tropical Pacific and a warming central Pacific

induce an anomalous anticyclone over the western

North Pacific (WNPAC) (Wang et al. 2000; T. Li et al.

2017). The WNPAC, influencing the climate over both

SC and the ICP, persists from the El Niño maturing

winter to its decay in summer, which is maintained by

the following factors: the local wind–evaporation–sea

surface temperature (SST) feedback (Wang et al. 2000),

the combination mode produced by interactions
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between the El Niño and the annual cycle (Stuecker

et al. 2015; Zhang et al. 2016), the basinwide warming of

the Indian Ocean (Xie et al. 2009), and anomalous moist

enthalpy advection (Wu et al. 2017). Normally, in the

summer of an El Niño decaying year, flood (drought)

occurs in SC (the ICP), due to enhanced (reduced) water

vapor transport associated with wind anomalies on the

west flank of theWNPAC (Zhang et al. 1999; Zhang and

Sumi 2002; Lim and Kim 2007; Nguyen et al. 2007;

Zhang et al. 2017). However, recent studies have in-

dicated that the correlation between El Niño and the

precipitation anomalies in SCmay not be stable (Hu and

Feng 2012; Wang et al. 2012; Goly and Teegavarapu

2014; Kayano and Capistrano 2014; Chen et al. 2018; C.

Li et al. 2017), which could be influenced by midlatitude

circulations. For instance, C. Li et al. (2017) suggested

that the anomalous midlatitude wave activity was re-

sponsible for the drought in SC in August during the El

Niño decaying phase in 2016 (which was not the case for

the catastrophic flood during the ElNiño decaying phase
in 1998). Chen et al. (2018) pointed out that the tropical

Pacific and Atlantic SSTs jointly led to the unusual

drought in SC in the late summer of 2016.

The Atlantic multidecadal oscillation (AMO), a 60–

80-yr oscillation of the SST anomaly (SSTA) in the

Atlantic Ocean, has been considered as an important

pacemaker for the North Hemisphere climate (Kerr

2000). Previous studies indicate that the AMO shows

significant impacts on ENSO and its influences on re-

gional climate (Zhang and Delworth 2005, 2007; Li and

Bates 2007; Y. Wang et al. 2009; Luo et al. 2011; Geng

et al. 2017; Hao and He 2017). First, the AMO induces

an anomalous Walker circulation between the tropical

Atlantic and the central Pacific (Kucharski et al. 2016).

The corresponding surface wind anomalies over the

equatorial Pacific are argued to disturb the thermocline

based on the Sverdrup balance, and to further impact

ENSO variability via modulating the thermocline feed-

back due to the changed oceanic vertical stratification

(Dong et al. 2006; Lu et al. 2008). Second, a warmer than

normal North Atlantic during positive AMO phases

generates atmospheric responses to the North Pacific,

and further leads to warm SSTAs over the western

tropical Pacific via a series of air–sea interactions (Sun

et al. 2017). Third, the AMO can modulate mid- to high-

latitude wave activities, leading to circulation anomalies

over East Asia and modifying the ENSO–monsoon re-

lationship (Li et al. 2008; Zhu et al. 2011; Luo et al. 2011;

Geng et al. 2017, 2018; Fan et al. 2018).

On one hand, El Niño directly impacts precipitation in

SC and the ICP by exerting its influence on theWNPAC.

In the meantime, it is under the modulation of the

AMO. Considering the essential role of El Niño in

climate prediction and risk prevention in Asia, it is of

great importance to further investigate how the AMO

modulates El Niño–related precipitation anomalies in

SC and the ICP.

Previous studies addressing El Niño–related pre-

cipitation anomalies have mostly been carried out using

seasonal mean data. Recently, subseasonal variability is

gaining increasing research interest (B.Wang et al. 2009;

Yun et al. 2010; Gill et al. 2015; Jung and Kirtman 2016;

Xing et al. 2017). Gill et al. (2015) indicated that the

correlation between ENSO and Indian precipitation

changes with the monsoonal progression through early

(June), middle (July and August), and late summer

(September). B. Wang et al. (2009) pointed out that the

climate over East Asia in early summer (May and June)

shows significant differences compared to those in late

summer (July and August). It has also been suggested

that only an extreme El Niño will lead to wet anomalies

in SC throughout the entire summer, while a normal El

Niño will induce wet anomalies during early summer but

dry anomalies during late summer (Zhang et al. 1999;

Ding andHu 2003; B.Wang et al. 2009; C. Li et al. 2017).

Accordingly, the current study divides summer into

early summer [May–June (MJ)] and late summer [July–

August (JA)] to separately investigate the variations in

precipitation.

The paper is structured as follows: Datasets and

methods are briefly described in section 2. Evolutions

of the El Niño–related SSTAs during different AMO

phases are outlined in section 3a. AMO modulating El

Niño–related precipitation anomalies in MJ and JA are

investigated in sections 3b and 3c, respectively. Further

evaluation of model simulation results is presented in

section 3d. A summary and discussion of the study is

provided in section 4.

2. Datasets and methods

a. Datasets

In this study, the annual-mean AMO index from 1856

to 2017, which was computed from the area-weighted

average over the North Atlantic (08–708N), is derived

from https://www.esrl.noaa.gov/psd/data/timeseries/

AMO (Enfield et al. 2001). The circulation andmoisture

data are from the Twentieth Century Reanalysis V2c

dataset (Compo et al. 2006) covering the period of 1850–

2014. The SST data are from the NOAA ERSST v4

dataset, with coverage from 1854 to 2014 (B.Huang et al.

2015). Both these datasets have a resolution of 28 3 28
and are available at http://www.esrl.noaa.gov/psd/. The

CRU TS4.01 monthly precipitation dataset from 1901

to 2016, with a horizontal resolution of 0.58 3 0.58
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(http://data.ceda.ac.uk/badc/cru/data/cru_ts/cru_ts_4.01/

data/), is used to investigate the precipitation anoma-

lies over SC and the ICP. In addition, an observation-

station-based Chinese (CN05.1) gridded precipitation

dataset and the Global Precipitation Climatology

Centre (GPCC) monthly precipitation dataset are also

employed to verify the precipitation anomalies. The

CN05.1 precipitation data are released by the National

Climate Center of China, with a resolution of 0.58 3
0.58, covering the period of 1961–2014 (Wu and Gao

2013). The GPCC monthly precipitation dataset

has a resolution of 18 3 18 and covers the period of

1901–2013 (https://www.esrl.noaa.gov/psd/data/gridded/

data.gpcc.html). The model simulation data are from

the historical simulation (1901–2005) of GFDL CM3

in phase 5 of the Coupled Model Intercomparison

Project (CMIP5; Taylor et al. 2012) provided by the

NOAA Geophysical Fluid Dynamics Laboratory.

Previous studies have demonstrated that GFDLCM3

can reproduce the annual monsoon variations in SC

reasonably well (Wang et al. 2013; Fan et al. 2018).

Moreover, GFDL CM3 can capture the spatial pat-

tern features of ENSO and the AMO (Griffies et al.

2011; Ruiz-Barradas et al. 2013; Kavvada et al. 2013;

Cai et al. 2014). Therefore, we employ the SSTs,

circulation, and precipitation outputs of the GFDL

CM3 historical simulations in the model evaluation

(section 3d). Considering the potentially large

spread of model ensembles at longer time scales, five

runs of the GFDL CM3model are evaluated; the runs

determine the r1i1p1 member for the following

investigations, which shows the most reasonable

simulation of the AMO modulated precipitation

anomalies (ensemble: r1i1p1; more details at https://

esgf-node.llnl.gov/search/cmip5/).

b. Methods

The horizontal anomalous large-scale wave activity

flux, according to Takaya and Nakamura (2001), is

W5
1

2juj

2
4u(c02

x 2c0c0
xx)1 y(c0

xc
0
y 2c0c0

xy)

u(c0
xc

0
y 2c0c0

xy)1 y(c02
y 2c0c0

yy)

3
5 ,

where overbars and primes denote mean states and de-

viations from the mean states, respectively; the sub-

scripts x and y represent zonal and meridional gradients,

respectively; u 5 (u, y) denotes the horizontal wind

velocity components; and c0 represents the eddy

streamfunction.

The AMO is a mode of natural variability occurring in

the Atlantic Ocean and has its principal expression in

the SST field. The AMO is identified as a coherent

pattern of variability in basinwide North Atlantic SSTs

with a periodicity of 60–80 years. As shown in Fig. 1,

periods with a positive (negative) 13-yr running average

AMO index are defined as positive (negative) phases of

the AMO. Based on this criterion, two negative AMO

periods (1901–29 and 1964–94) and two positive AMO

periods (1930–63 and 1995–2014) are identified. The

Niño-3.4 index is calculated through the monthly mean

of the SSTAs over the Niño-3.4 region (58S–58N, 1708–
1208W). An El Niño event is identified when the linearly

detrended normalized winter (seasonal mean of De-

cember, January, and February) Niño-3.4 index is

greater than 0.5 from 1901 to 2014. The years with El

FIG. 1. Time series ofAMO(red solid line) andNiño-3.4 (green solid line) indices subject to
a 13-yr running mean and standard deviation, respectively (1900–2011). Normalized yearly

AMO indices are displayed as blue bars.
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Niño under different phases of the AMO are listed in

Table 1. Composites of El Niño events during positive

phases of the AMO (1AMO) represent the combined

effect of El Niño and 1AMO (1AMO/EL Niño), and
composites of El Niño events during negative phases of

the AMO (2AMO) represent the combined effects of

El Niño and 2AMO (2AMO/El Niño). The basic cli-

matological period for composite anomalies is from 1901

to 2014. In the following investigation, the SC area (208–
308N, 1108–1228E) and the ICP area (88–248N, 908–
1108E) are denoted as Southeast Asia. Wet (dry)

anomalies are identified by positive (negative) pre-

cipitation anomalies passing the Student’s t test at the

95% confidence level. For reanalysis, over the Tibetan

Plateau, the fields are masked at layers lower than

850 hPa by the boundary data obtained from the In-

stitute of Geographic Sciences and Natural Resources

Research (Zhang et al. 2002).

Following B. Wang et al. (2009), the current study

divides summer into early summer (MJ) and late sum-

mer (JA) to investigate the precipitation variations

separately. As shown in Fig. 2, the climatological set-

tings of circulation and precipitation over SC and the

ICP in MJ and JA are different. In MJ, southwesterlies

and westerlies prevail over SC and the ICP, respectively,

and the monsoon trough is located over the South China

Sea (Fig. 2a). In JA, the western North Pacific sub-

tropical high marches to the north, inducing an eastward

shifting monsoon trough, which controls both the South

China Sea and the Philippine Sea (Fig. 2b). The mon-

soon precipitation zone expands to both the north and

west, covering a larger area in JA (Fig. 2b) compared to

MJ (Fig. 2a). Hence, there is also a climatological basis

for dividing summer into MJ and JA in the following

investigation. Additionally, in this study, the two-month

periods of January and February and ofMarch andApril

are referred to as JF and MA, respectively.

3. Results

a. The evolution of El Niño–related SSTAs during
different AMO phases

The AMO modulates the El Niño–related summer

SSTAs by influencing the ENSO variability and the

western North Pacific SSTs. Previous studies have il-

lustrated that the El Niño variability is stronger

(weaker) during negative (positive) phases of the AMO

(Dong et al. 2006; Goswami et al. 2006; Lu et al. 2006; Lu

et al. 2008). As shown in Fig. 1, the AMO and ENSO

TABLE 1. The El Niño events, characterized by the Niño-3.4 indices being greater than 0.5, during positive phases of the AMO (1AMO;

i.e., 1930–63 and 1995–2014) and negative phases of the AMO (2AMO; i.e., 1901–29 and 1964–94).

1AMO 2AMO

El Niño 1931, 1940, 1941, 1942, 1946, 1958, 1995,

1998, 2003, 2005, 2007, 2010

1903, 1905, 1906, 1912, 1914, 1915, 1919,

1920, 1924, 1926, 1964, 1966, 1969, 1973,

1983, 1987, 1988, 1992

FIG. 2. Climatological mean precipitation derived from the CRUTS4.01 dataset (shading; mmmonth21) and the

wind field at 850 hPa (vectors; m s21) in (a) MJ and (b) JA during 1901–2014. The orange curve indicates the

position of the western North Pacific subtropical high. The red rectangle marks the SC region (208–308N, 1108–
1228E), and the blue rectangle marks the ICP region (88–248N, 908–1108E).
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variability are negatively correlated with their correla-

tion coefficient of 20.30. Moreover, the western Pacific

is warmer (colder) than normal during positive (nega-

tive) phases of the AMO from JF to JA (Fig. 3). Con-

sequently, the influences of the AMO on the western

Pacific SSTs and tropical eastern Pacific, as a long-term

period background, produce important impacts on the

evolution of the El Niño–related anomalous SST

pattern.

Normally, during the mature phase of a typical El

Niño event, the central and eastern Pacific (western

tropical Pacific) are covered by warm (cold) anomalies

(Fig. 4a). This spatial feature persists from JF to MA

(Figs. 4a,b) and disappears in JA (Fig. 4d) after a

weakening phase inMJ (Fig. 4c). During positive phases

of the AMO, since the western North Pacific is warmer

(Figs. 3a–d) and El Niño is weaker than normal (Fig. 1),

the El Niño–related cold SSTA pattern in the western

Pacific weakens earlier: cold SSTAs in the western Pa-

cific only persist from JF to MA (Figs. 4e–f) and almost

disappear in MJ (Fig. 4g). By contrast, during negative

phases of the AMO, with a colder than normal western

North Pacific background (Figs. 3e–h) and a stronger

than normal El Niño (Fig. 1), the El Niño–induced cold

SSTA pattern in the western North Pacific (Figs. 4i–l)

decays more slowly than normal (Figs. 4a–d): the cold

(warm) anomaly in the western (eastern) Pacific that

persists from JF to MA (Figs. 4i,j) is still visible in MJ

(Fig. 4k), and then it weakens in JA (Fig. 4l). Moreover,

in JA, the El Niño–related SSTAs are generally weak in

the tropical Pacific, in contrast to the strong AMO-

related SSTAs in the North Atlantic (Figs. 4h,l), which

shows warm (cold) anomalies during positive (negative)

AMO phases.

From the above analysis, two essential conclusions

can be stated. 1) In MJ, because the El Niño–related
SSTA pattern lasts longer during negative phases of the

AMO than during positive phases, the cold (warm)

anomalies over the western (eastern) Pacific disappear

during positive AMO phases (Fig. 4g), whereas they are

still significant duringAMOnegative phases (Fig. 4k). 2)

In JA, the SSTAs weaken in the tropical Pacific along

FIG. 3. SST composites of (left) positive AMO phases minus the climatological state and (right) negative AMO

phasesminus the climatological state during 1901–2014 in (a),(e) JF, (b),(f)MA, (c),(g)MJ, and (d),(h) JA (K). The

hatched shading shows statistical significance at the 90% confidence level according to the Student’s t test.
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with the decaying El Niño, while they are manifested

over the North Atlantic (Figs. 4h,l). Considering the

great difference in anomalous SST patterns in MJ and

JA, we focus on the early and late summer separately to

investigate the El Niño–related precipitation anomalies

modulated by the AMO in the following section.

b. El Niño–related early summer (MJ) precipitation
anomalies modulated by the AMO

Previous studies have pointed out that El Niño in-

fluences the East Asian climate via the WNPAC (Wang

et al. 2000; Wu et al. 2010; Wu et al. 2017). Different

strengths or positions of the WNPAC lead to different

influences on the climatological circulation, inducing

different anomalous precipitation patterns in SC and the

ICP (Gong and Ho 2002; Zhang and Sumi 2002; Chan

and Zhou 2005; Zhou et al. 2009; Y. Huang et al. 2015;

Matsumura et al. 2015; Ge et al. 2017; Zhang et al. 2017).

In early summer, the El Niño–related SSTAs over the

western North Pacific are crucial for the maintenance of

the WNPAC (Wang et al. 2000; Wang et al. 2008; Wu

et al. 2010;Wu et al. 2014;Wu et al. 2017). Induced by El

Niño–related SSTAs, the suppressed convective heating

over the western Pacific leads to the formation of

WNPAC in the winter of an El Niñomature period (Gill

1980; Wang et al. 2000). Generally, the anomalous cold

SSTs in the western North Pacific persist from January

to June (Figs. 4a–c) and induce ocean surface cooling

and positive air–sea interaction feedback, thus contrib-

uting to the maintenance of WNPAC in early summer

(Wang et al. 2000). As mentioned above, during positive

phases of the AMO, the cold SSTAs in the western

North Pacific have disappeared in MJ (Fig. 4g), whereas

they are still significant during negative phases (Fig. 4k).

As a result, in MJ the El Niño–induced WNPAC is

stronger (weaker) than normal during negative (posi-

tive) phases of the AMO (Figs. 5a,d,g).

As shown in Fig. 5, the El Niño–related WNPAC is

located at approximately 158N, 1408E (Fig. 5a), and the

westerly (easterly) anomalies on the (north) south flank

FIG. 4. SST composites of El Niño events (K) in (a),(e),(i) JF, (b),(f),(j) MA, (c),(g),(k) MJ, and (d),(h),(l) JA during (left) the entire

period of 1901–2014, and during the (middle) positive and (right) negative AMOphases. The dotted shading shows statistical significance

at the 95% confidence level according to the Student’s t test. The black rectangles in (g) and (k) indicate the Pacific region (408S–408N,

1208E–808W), and the black rectangles in (h) and (l) indicate the North Atlantic region (08–708N, 908W–08).
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of the WNPAC enhance (reduce) the climatological

wind (Fig. 5a) and water vapor transport over SC (the

ICP) (Fig. 5b), leading to wet (dry) anomalies (Fig. 5c).

During positive phases of the AMO, the El Niño–
related WNPAC is weaker than normal (Figs. 5a,d). A

cyclonic anomaly is located over the northern portion of

the Philippine Sea (Fig. 5d), influencing water vapor

transport (Fig. 5e) and precipitation anomalies in

southeastern China (Fig. 5f). For the ICP and south-

western China, there are no significant moisture trans-

port anomalies (Fig. 5e) or precipitation anomalies

(Fig. 5f; see also Figs. S1a and S2a in the online sup-

plemental material). During negative phases of the

AMO, the WNPAC is stronger than normal, and its

center is located around 158N, 1408E (Fig. 5g). There-

fore, anomalous southwesterlies (easterlies) on the

northwest (southwest) flank of the WNPAC enhance

(reduce) the climatological southwesterlies (westerlies)

over SC (the ICP) (Fig. 5g), leading to anomalous water

vapor convergence (divergence) (Fig. 5h) and significant

wet (dry) anomalies (Fig. 5i; see also Figs. S1c and S2c)

over SC (the ICP). To sum up: InMJ during the negative

phases of AMO, colder than normal western North

Pacific favors the maintaining of the WNPAC. Conse-

quently, southerly (westerly) anomalies on the north-

west (southwest) flank of theWNPAC enhance (reduce)

the moisture transport and precipitation anomalies in

SC (the ICP). In contrast, during positive AMO phases,

FIG. 5. Anomalous (a),(d),(g) 850-hPa winds (m s21), (b),(e),(h) vertically integrated water vapor transport (kgm21 s21), and (c),(f),(i)

precipitation derived from theCRUTS4.01 dataset (mmmonth21) inMJ during (left) the entire period of 1901–2014, (middle)1AMO/El

Niño, and (right) 2AMO/El Niño. The marker ‘‘AC’’ in (a), (b), (g), and (h) represents an anticyclone. ‘‘D’’ and ‘‘C’’ in (h) represent

divergence and convergence, respectively. The shading in (a), (b), (d), (e), (g), and (h) and the hatched shading in (c), (f), and (i) show

statistical significance at the 95% confidence level according to the Student’s t test.
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weak SSTAs over the western North Pacific lead to

limited influence on the precipitation in Southeast Asia.

c. El Niño–related late summer (JA) precipitation
anomalies modulated by the AMO

In late summer, when El Niño decays, although the El

Niño–related SSTAs are generally weak in the eastern

and central tropical Pacific, El Niño also has an impact

on the WNPAC via affecting SSTAs in the western

North Pacific and Indian Ocean, as well as the combi-

nation mode. The anomalous warming in the Indian

Ocean contributes to the WNPAC persistence through

excitation of a tropospheric Kelvin wave, suppressing

convection over the western North Pacific (Xie et al.

2009). Therefore, the El Niño–related WNPAC still

persists in JA (Fig. 6a), exerting effects on the water

vapor transport (Fig. 6b) and precipitation (Fig. 6c) in

Southeast Asia. During positive phases of the AMO,

however, the El Niño–related WNPAC (Fig. 6d) is lo-

cated around 208N, 1158E, being westward from the

climatological state (Fig. 6a). The strengthened and

westward-shifted WNPAC during positive phases of the

AMO can be attributed to theAMOmodulation of mid-

to high-latitude wave activities. [Note that in MJ the

anomalous wave activities show insignificant influences

on the climate in SC and the ICP during both positive

(Fig. S3a) and negative (Fig. S3b) phases of the AMO.]

In JA, during positive phases of the AMO, accompanied

by warmer than normal SSTAs over the North Atlantic

(Fig. 4h), anomalous convergence (divergence) in the

lower (upper) troposphere (Fig. S4) provides a vorticity

source for generating Rossby waves (Sardeshmukh and

Hoskins 1988; Qin and Robinson 1993). The warm

SSTAs in the North Atlantic may influence the diabatic

heating and transient eddy activities over the North

Atlantic, exciting an arching wave train that propagates

FIG. 6. As in Fig. 5, but for the anomalies in JA.
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along a ‘‘great circle route’’ from the North Atlantic to

East Asia (Li et al. 2008; Zhu et al. 2011; Fan et al. 2018).

As shown in Fig. 7, compared to the climatological state

(Fig. 7a), the anomalous upper-troposphere meridional

temperature gradient over the North Atlantic during

positive phases of the AMO (Fig. 7c) favors a weaker

than normal subtropical westerly jet over the North

Atlantic and a stronger than normal and more north-

ward subpolar jet (Figs. 7b,d). As pointed out by Zhu

et al. (2011), the large-scale setting during positive

AMO phases corresponding to a more northeastward-

tilted North Atlantic storm track favors the

Scandinavian–Southeast Asia wave train. Additionally,

the positive AMO phase is characterized by an in-

creasing frequency of strong positive North Atlantic

Oscillation events in summer, which could strengthen

the North Atlantic storm tracks, influencing the propa-

gation of anomalous wave activities (Goswami et al.

2006; Rodríguez-Fonseca et al. 2016). Therefore, as

shown in Fig. 8, an anomalous wave train originates in

the North Atlantic, propagates northeastward to Scan-

dinavia, and then heads southeastward to the Ural

Mountains (Fig. 8a), inducing a high pressure anomaly

over SC in JA (Fig. 8b) during positive phases of the

AMO. As a result, during positive phases of the AMO,

SC is mostly under the control of the anomalous anti-

cyclone whereas the ICP is influenced by the easterly

anomalies on the southwest flank of the anticyclone

(Fig. 6d). Consequently, the anomalous anticycloneweakens

the climatological low-level winds, leading to anomalous

water vapor divergence (Fig. 6e) and thus dry anomalies

(Fig. 6f, Figs. S1b and S2b) in SC and the eastern ICP.

Unlike positive AMO phases, Southeast Asia is less

influenced by the anomalous mid- to high-latitude wave

activities during negative phases. As shown in Fig. 7, the

stronger than normal meridional temperature gradient

around 308N (Figs. 7a,e) tends to strengthen the sub-

tropical Atlantic jet (Figs. 7b,f). As a result, the anom-

alous wave train over the North Atlantic propagates

straight eastward (Fig. 8c), rather than northward to

Scandinavia during positive AMO phases (Fig. 8a).

Furthermore, the anomalous wave activity propagating

fromEurope to Northeast Asia along the summer Asian

jet acts as a waveguide (Hoskins and Ambrizzi 1993;

Schneidereit et al. 2012; Orsolini et al. 2015) and

therefore exhibits limited influence on the climate in SC

and the ICP (Figs. 8c,d). Consequently, in JA during

AMO negative phases, the WNPAC center is located

around 208N, 1458E (Fig. 6g), which is similar to the

climatology condition (Fig. 6a), showing weak in-

fluences on the climatological low-level winds (Fig. 6g),

water vapor transport (Fig. 6h), and the precipitation

anomalies (Fig. 6i; see also Figs. S1d and S2d) over SC

and the ICP.

FIG. 7. Anomalous (a),(c),(e) vertically integrated tropospheric temperatures between 200 and 600 hPa (K), and (b),(d),(f) zonal wind

speeds (m s21) at 200 hPa in JA for the composites of El Niño events during (left) the entire period of 1901–2014 and (middle)1AMO/El

Niño and (right)2AMO/El Niño. The dotted shading shows statistical significance at the 95% confidence level according to the Student’s

t test.
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d. Model simulation

How well the state-of-art coupled model GFDL CM3

works in simulating the El Niño–related precipitation

anomalies during different phases of the AMO is eval-

uated in this section. Compared with the reanalysis

(Fig. 2), GFDLCM3 reasonably represents distributions

of climatological wind fields and precipitation inMJ and

JA over both SC and the ICP (Fig. 9). With similar

methods as those used for the reanalysis data, the El

Niño events during positive and negative AMO phases

are then determined for composite analysis based on the

GFDL CM3 historical simulation during 1901–2005.

First, compared with the reanalysis data (Fig. 3), GFDL

CM3 captures the characteristics of the climatological

warm (cold) SSTAs over the western North Pacific

during positive (negative) phases of the AMO (Fig. 10).

Additionally, results based on GFDL CM3 also suggest

that during positive phases of the AMO, El Niño–
related SSTAs over the western North Pacific decay

faster (Figs. 11e–g) than those during negative phases

of the AMO (Figs. 11i–l). Moreover, the model simu-

lation reproduces the weaker (stronger) than normal

WNPAC, water vapor transport, and precipitation

anomalies inMJ during positive (negative) phases of the

AMO (Fig. 12), which is consistent with the reanalysis

results (Fig. 5). It should be noted that, in MJ, the re-

analysis results show that the WNPAC is not significant

during the positive AMO phases (Fig. 5d), whereas the

GFDL CM3 simulation shows a persistent WNPAC

(Fig. 12d). The bias could be attributed to differences in

the decay speed of the El Niño–related SSTA pattern

during positive AMO phases between model simula-

tions (Figs. 11e–g) and the reanalysis (Figs. 4e–g): inMJ,

the cold SSTAs over the western North Pacific are not

significant in the reanalysis (Fig. 4g), while they are still

retained in the model simulation (Fig. 11g). Corre-

spondingly, the simulated circulation anomaly (Fig. 12d)

is stronger compared to that of the reanalysis (Fig. 5d).

In JA, the circulation, water vapor transport, and

precipitation anomalies during positive AMO phases

derived from the GFDL CM3 simulation (Figs. 13d–f)

show similar characteristics with the reanalysis

(Figs. 6d–f). However, the simulated WNPAC during

negative phases of the AMO shifts more westward

(Fig. 13g) than the reanalysis (Fig. 6g), leading to biases

for simulated water vapor transport (Fig. 13h) and pre-

cipitation anomalies (Fig. 13i). Namely, significant dry

(wet) anomalies occur over SC (the ICP) (Fig. 13i),

which is inconsistent with the reanalysis (Fig. 6i). In

addition, during positive phases of the AMO, the model

simulation can hardly reproduce the anomalous wave

activity propagation (Fig. S5). The simulatedWNPAC is

shifted northward (Fig. 13d) relative to the reanalysis

(Fig. 6d). To sumup, theGFDLCM3 simulation shows a

certain consistency with the reanalysis, with biases

mainly due to its limited ability in simulating the mid- to

high-latitude processes.

4. Summary and discussion

El Niño–related summer precipitation anomalies in

SC and the ICP show different bimonthly variations

during different phases of the AMO.

(i) In MJ, the AMO affects the tropical air–sea in-

teraction via modulating the western North Pacific

SSTs and the strength of ENSO, further influencing

FIG. 8. Anomalous (a),(c) wave activity flux (vectors; m2 s22) and

geopotential height (contours; gpm) at 300 hPa, and (b),(d) sea

level pressure (Pa) in JA during1AMO/El Niño in (a) and (b) and

2AMO/El Niño in (c) and (d) for the period of 1901–2014. The

shading in (a) and (c) and the dotted shading in (b) and (d) show

statistical significance at the 95% confidence level according to the

Student’s t test.
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the intensity and position of the El Niño–related
WNPAC and leading to anomalous precipitation in

SC and the ICP. Results show that El Niño and the

corresponding SSTAs are stronger and persist longer

during negative phases of the AMO than during

positive phases (Fig. 4). InMJ during positive phases

of the AMO, the relatively weak SSTAs over the

western North Pacific (Fig. 4g) lead to a short per-

sistence of the WNPAC, with limited influence on

the precipitation anomalies over SC and the ICP

(Figs. 5d–f). By contrast, during negative phases of

the AMO, the El Niño–related cold SSTAs (Fig. 4k)

FIG. 9. As in Fig. 2, but with the results derived fromGFDLCM3 for the period of 1901–2005 (shadings;mmday21).

FIG. 10. As in Fig. 3, but with the results derived from GFDL CM3 for the period of 1901–2005.
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over the western North Pacific favor persistence of

the WNPAC (Fig. 5g). Therefore, the anomalous

southwesterlies (easterlies) on the northwest (south-

west) flank of the WNPAC strengthen (weaken) the

monsoon flow over SC (the ICP), leading to wet (dry)

anomalies (Figs. 5g–i). In conclusion, during positive

phases of theAMO, theweakElNiño–related SSTAs

have a limited influence on the monsoon flow. During

negative phases of the AMO, maintained by the El

Niño–related cold SSTAs over the western North

Pacific, the WNPAC modifies the climatological

wind, leading to wet and dry anomalies in SC and the

ICP, respectively.

(ii) In JA, SSTAs in the tropical Pacific weaken with El

Niño decaying, manifesting the teleconnection im-

pact from the North Atlantic. During positive phases

of the AMO, the subtropical jet is weaker than nor-

mal, and the subpolar jet over the North Atlantic

shifts northward (Figs. 7b,d). The warm SSTAs in the

North Atlantic (Fig. 4h) impact the diabatic heating

and transient eddy activities over the North Atlantic

(Li et al. 2008; Zhu et al. 2011). Therefore, during

positive phases of the AMO, anomalous wave train

tends to propagate along a ‘‘great circle route’’ from

the North Atlantic to East Asia (Fig. 8a), inducing a

high pressure anomaly over SC and the ICP (Fig. 8b),

accompanied by negative precipitation anomalies

(Fig. 6f). During negative phases of the AMO, cold

SSTAs in the North Atlantic enhance the meridional

temperature gradient over 308N (Fig. 7e). Corre-

spondingly, the subtropical Atlantic jet strengthens

and is more zonally oriented (Fig. 7f) compared to

the climatological composite of all El Niño events

(Fig. 7b). With these large-scale conditions, the

anomalous wave train tends to propagate eastward

(Fig. 8c) rather than northward to Scandinavia during

positive AMO phases (Fig. 8a), showing limited in-

fluences on the precipitation in SC and the ICP

(Fig. 6i). In summary, during positive phases of the

AMO, the North Atlantic is warmer than normal,

and the subpolar jet shifts northward. The anomalous

wave train tends to propagate along a great circle

route and leads to dry anomalies in SC and the ICP.

During negative phases of the AMO, the colder

North Atlantic and warmer tropical Atlantic favor a

more zonally oriented subtropical jet, and the

anomalous wave train propagates straightly eastward,

with limited influence on SC and the ICP.

FIG. 11. As in Fig. 4, but with the results derived from GFDL CM3 for the period of 1901–2005.
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Additionally, we evaluated the GFDL CM3 on sim-

ulating the abovementioned mechanisms. It is con-

cluded that, in MJ of an El Niño decaying year, the

model reasonably reproduces the slowly (fast) decaying

SSTAs (Fig. 11), a strong (weak) WNPAC, and strong

(weak) water vapor transport and precipitation anom-

alies in Southeast Asia during negative (positive) phases

of theAMO(Fig. 12). In JA of anElNiño decaying year,
model simulations are characterized by large biases in

the mid- to high-latitude wave activity anomalies

(Fig. S5) compared with the reanalysis (Fig. 8). There-

fore, the associated circulation and precipitation

anomalies are unsatisfactorily represented. Besides,

analyses of the other CMIP5 models indicate that

CCSM4 and FIO-ESM, which are provided respectively

by the National Center for Atmospheric Research

(NCAR) and the First Institute of Oceanography, State

Oceanic Administration of China, also reasonably gen-

erate the WNPAC and anomalous water vapor

transport but fail to reproduce the wave activity anom-

alies in JA (figures not shown). Biases of model simu-

lations could be attributed to the following factors. First,

the simulated western North Pacific subtropical high in

the CMIP5 model is westward from the observations in

most cases (He and Zhou 2014). Second, large un-

certainties always feature the model simulations on cli-

mate internal variability and nonlinear progresses. The

evaluations indicate that the used models show limited

ability in reproducing the mid- to high-latitude pro-

cesses, suggesting the great importance of further im-

provement in simulations on mid- to high-latitude

processes.

Our study illustrates the role that the AMO plays

in modulating the El Niño–related summer precipitation

anomalies in SC and the ICP. However, it should be noted

that it is difficult to detect a causal relationship based

on statistical methods. In addition, there are still many

other factors that impact the El Niño–precipitation

FIG. 12. As in Fig. 5, but with the results derived from GFDL CM3 for the period of 1901–2005.
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relationship, such as the Pacific decadal oscillation and

the Indian Ocean SSTs (Chan and Zhou 2005; Wu and

Mao 2016; Chen et al. 2018). Further investigation into

the relative importance and the specific influence

of these factors is needed to provide a deeper un-

derstanding of the El Niño–precipitation relationship.

Moreover, the diversity of El Niño events has not yet

been considered in this study. Since the impacts of the

central Pacific El Niño are different from those of

the eastern Pacific El Niño, it is also necessary to

take El Niño types into consideration in further

investigations.
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