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ABSTRACT

This study presents a comprehensive analysis of the synergistic impacts of the Atlantic multidecadal oscillation
(AMO) and Pacific decadal oscillation (PDO) on the interdecadal variations of summer rainfall in Northeast Asia.
Following the construction of four probable scenarios under various combinations of the AMO and PDO phases, it is
found that when the AMO and PDO are out of phase, both of them induce a strong or weak East Asian summer mon-
soon and a low or high pressure system over Northeast Asia through atmospheric teleconnection, which results in sig-
nificant wet or dry conditions over the whole of Northeast Asia through the effects of superimposition. In contrast,
when the AMO and PDO are in-phase, they induce moderate and regional wet or dry conditions in Northeast Asia,
and only a slightly strong or weak East Asian summer monsoon through the effects of cancellation. During the mid-
1960s—-1990s, a period of drought first began in Northeast Asia under a negative AMO and negative PDO in the mid-
1960s, which then increased in severity under a negative AMO and positive PDO in the 1980s, before finally coming
to an end under a positive AMO and negative PDO in the late 1990s. The interdecadal predictability of summer rain-
fall in Northeast Asia may reside in the interdecadal behavior of the North Atlantic and Pacific Oceans.
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1. Introduction

The importance of decadal to interdecadal climate
changes has been increasingly recognized over recent
decades, including by the Intergovernmental Panel on
Climate Change (IPCC) and World Climate Research
Programme (WCRP). An improved understanding of
decadal to interdecadal climate changes is very import-
ant because policymakers want to know the likely cli-
mate status for the coming decades so that they can plan
for the mitigation and adaptation of the potential threat
from climate changes.

Northeast Asia is not only one of the world’s main

population centers, but also one of its main agricultural
production and industrial regions. The urgency for a sci-
entific understanding of interdecadal climate change in
Northeast Asia became evident following the persistent
drought experienced in the region from the mid-1960s
(Ma and Fu, 2006; Kim et al., 2011). Northeast Asia is
situated at the northern edge of the East Asian summer
monsoon region. It is influenced by both the low-latitude
and high-latitude atmospheric circulations (Lee et al.,
2005; Liu et al., 2010). At the mid-high latitudes, cold
vortex over Northeast Asia and blocking activities over
the Okhotsk Sea occur frequently, associated with
Rossby wave propagation (Bueh et al., 2016; Xie and
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Bueh, 2017) and atmospheric teleconnection (Liu et al.,
2012, 2020). At the mid-low latitudes, the northward ad-
vance of the East Asian summer monsoon as well as its
subsystems, such as the western North Pacific subtropi-
cal high and the water vapor transport, affects the cli-
mate in Northeast Asia (Piao et al., 2021). Due to the
unique geographic location and the complex synoptic and
climatic characteristics, predictability of the Northeast
Asian climate variability is low (Gao et al., 2014).

Observational evidence indicates that the summertime
climate of Northeast Asia has experienced remarkable in-
terdecadal changes, induced by both natural variability
and anthropogenic forcings (Jiang and Wang, 2005; Ha
et al., 2020). For instance, it is suggested that aerosol-in-
duced tropospheric cooling over Asian land areas weak-
ens the East Asian summer monsoon north of 20°N and
decreases the summer rainfall over Northeast Asia
(Wang et al., 2019). Decadal to multidecadal oceanic
variabilities have been shown to affect the interdecadal
change of Northeast Asian rainfall (Ding et al., 2009; Qin
et al., 2018; Zhou et al., 2020). In the Pacific Ocean, this
variability is referred to as the Pacific decadal oscillation
(PDO), while in the Atlantic Ocean it is referred to as the
Atlantic multidecadal oscillation (AMO).

The PDO, which is defined as the leading principal
component of North Pacific sea surface temperature
(SST) variability poleward of 20°N (Mantua et al., 1997),
has been found to relate closely to the interdecadal
changes of the East Asian summer monsoon and North-
east Asian summer rainfall. The negative phase of PDO
favors an enhanced East Asian monsoon and Northeast
Asian rainfall during summer, while the opposite trends
hold during its positive phase (Zhu and Yang, 2003; Ma,
2007; Gong et al., 2016; Zheng et al., 2017; Ding et al.,
2020). The negative phase of PDO corresponds to warm
SSTs over the tropical western Pacific Ocean, which trig-
gers a meridional wave train extending from the tropical
western Pacific to Northeast Asia along the East Asian
coast. Northeast Asia is dominated by an anomalous low
pressure in the middle troposphere and an anomalous
cyclone in the lower troposphere, which favors above-
normal summer rainfall in Northeast Asia (Qian and
Zhou, 2014; Si and Ding, 2016). Moreover, an enhanced
land—sea thermal contrast in East Asia—Pacific sector
during the negative phase of PDO strengthens the East
Asian summer monsoon, which also contributes to the
wet conditions in Northeast Asia (Qian and Zhou, 2014).

The AMO, which is defined as the mean of Atlantic
detrended SST anomalies north of the equator (Schle-
singer and Ramankutty, 1994), has significant influences
on climate fluctuations in many regions of the Northern
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Hemisphere, including Europe and North America (Sut-
ton and Hodson, 2005; Sutton and Dong, 2012; Wu et al.,
2016; Zhou and Wu, 2016), North Africa (Ting et al.,
2011), South Asia (Luo et al., 2011; Yan et al., 2018;
Nath and Luo, 2019), and Southeast Asia (Fan et al.,
2019). The AMO affects the summer monsoon and rain-
fall in East Asia, with its positive phase leading to strong
summer monsoon over East Asia and high temperature
and excessive rainfall over East China (Li et al., 2017;
Zhang et al., 2018; Jiang et al., 2020). The positive phase
of AMO leads to a strong East Asian summer monsoon
through atmosphere—ocean coupling in the western Pa-
cific-Indian Ocean sector and tropospheric temperature
changes over Eurasian continent (Lu et al., 2006). Other
studies suggest that the AMO can influence the global
surface temperature and ocean heat redistribution (Hu et
al., 2018) as well as the climate effect of the Tibetan
Plateau (Lu et al., 2019). A recent study has shown that
the AMO affects Northeast Asia via a circumglobal tele-
connection pattern. This teleconnection includes seven
action centers over the North Atlantic, western Europe,
eastern Europe, central Asia, Lake Baikal, East Asia, and
the North Pacific in order (Si and Ding, 2016). The posit-
ive phase of AMO favors the occurrence of cold vortex
over Northeast Asia and blocking over western North Pa-
cific through the circumglobal teleconnection, which en-
hances the East Asian summer monsoon and southward
intrusion of cold air from high-latitude, and leads to
above-normal summer rainfall in Northeast Asia (Si et
al., 2021).

The impacts of the PDO and AMO on the summer cli-
mate in East Asia have been considered separately in
nearly all previous works, with little attention having
been paid to their synergistic impacts. Therefore, in this
study, our aim is to analyze how the summer rainfall
variation in Northeast Asia is influenced by synergistic
impacts of both the PDO and AMO. The paper is organ-
ized as follows. Section 2 introduces the observational
data, method, model, and experiments. Section 3 ana-
lyzes the temporal fluctuations of the PDO and AMO. In
Sections 4 and 5, we analyze the composites of summer
rainfall and the monsoon over Northeast Asia under
varying PDO and AMO regimes, respectively. Finally,
Section 6 provides a summary of our findings and fur-
ther discussion.

2. Data, method, model, and experiment

2.1 Data and method

The gridded precipitation dataset is from the Climate
Research Unit (CRU) (CRU-TS 3.26), and covers
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1901-2017. The other precipitation dataset is a 113-yr-
long station precipitation dataset (Wang et al., 2000), of
which 11 stations (Taiyuan, Beijing, Jinan, Yantai,
Zhengzhou, Xuzhou, Xinyang, Chaoyang, Shenyang,
Changchun, and Harbin) are used to represent the inter-
decadal variation of summer precipitation in Northeast
Asia. Atmospheric data are from the NOAA 20th cen-
tury global reanalysis, version 2 (NOAA-20C) (Compo
et al., 2011), including the 500-hPa geopotential height,
850-hPa zonal and meridional wind components, and
850-hPa specific humidity. Monthly mean SST data are
from a merged product of the Hadley Centre and NOAA’s
optimum interpolation SST dataset (Hurrell et al., 2008).

The PDO index is defined as the time coefficient of
the leading empirical orthogonal function (EOF) mode
of North Pacific (20°-70°N, 110°E-100°W) June—July—
August (JJA) mean SST. Prior to the EOF analysis, the
linear trend is removed from the SST time series at each
grid point. The AMO index is expressed as the locally
detrended JJA mean SST anomalies averaged over the
North Atlantic (0°—60°N, 0°-80°W). To emphasize the
interdecadal signal, a low-pass symmetric filter with a
13-yr cutoff period is applied to the PDO and AMO
indices.

2.2 Model and experiment

To further quantify the fidelity of state-of-the-art
coupled Earth system models in simulating the synergis-
tic impacts of the PDO and AMO, we analyze a large en-
semble simulation from the Community Earth System
Model (CESM-LE). All simulations are performed with
the nominal 1° latitude/longitude version of the Com-
munity Earth System Model, version 1 (CESM1; Hurrell
et al., 2013), with Community Atmosphere Model, ver-
sion 5.2 (CAMS.2) as its atmospheric component. The
CESM-LE simulation includes a 40-member ensemble of
fully coupled CESM1 simulations from 1920 to 2100.
Each member is forced by the same time-evolving ex-
ternal forcing from 1920 to 2005 and by the representat-
ive concentration pathway 8.5 (RCP8.5) scenario from
2006 to 2100 (Kay et al., 2015).

3. Temporal variations of the PDO and AMO

Different from other ocean basins whose leading SST
variabilities are characterized by interannual variability,
the North Atlantic and extratropical North Pacific are
dominated by SST variability at decadal to multidecadal
timescales. As shown in Fig. 1, the PDO and AMO in-
dices have exhibited remarkable interdecadal variability
since the 1900s. The PDO phase is negative from the late
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1900s to the mid-1920s and from the mid-1940s to the
late 1970s, but positive from the late 1920s to the early
1940s and from the early 1980s to the 1990s. The PDO
phase has been negative since the late 1990s. The AMO
phase is negative from the 1900s to the mid-1920s, and
from the early 1960s to the late 1990s, but positive from
the mid-1920s to the late 1950s and from the late 1990s
to the 2010s.

The summer rainfall over Northeast Asia shows a re-
markable interdecadal variation from 1900 to 2012
(Fig. 2). Generally, it was above normal during the mid-
1900s—mid-1910s, but below normal during the mid-
1910s—early 1920s. Since the mid-1940s, the Northeast
Asian summer rainfall increased and reached maximum
during the 1950s—early 1960s, and decreased rapidly after
the mid-1960s. During the 1980s—1990s, the summer
rainfall over Northeast Asia changed to below normal,
agreeing with a prominent drought over Northeast Asia
(Ma, 2007; Kim et al., 2011). Since the late 1990s, the
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Fig. 1. Time series of the (a) PDO and (b) AMO (°C) indices show-
ing four combinations of PDO and AMO phases.
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Fig. 2. Time series of anomalous summer precipitation (mm) aver-
aged over 11 stations in Northeast Asia from 1900 to 2012. The filling
curve is the decadal-filtered values.
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summer rainfall increased over Northeast Asia. From the
mid-1960s to 1990s, a period of drought began in North-
east Asia under a negative AMO (—AMO) and negative
PDO (—PDO) in the mid-1960s, which then increased in
severity under a —AMO and positive PDO (+PDO) in the
1980s, before finally coming to an end under a positive
AMO (+AMO) and —PDO in the late 1990s.

According to the PDO and AMO indices, we identi-
fied the positive and negative PDO and AMO phases
(Fig. 1). Four categories are classified: (1) +PDO and
+AMO (1925-1942), (2) —PDO and +AMO (1945-1959
and 2001-2016), (3) +PDO and —AMO (1980-1995),
and (4) —PDO and —AMO (1910-1924 and 1960-1979).

4. Composites of summer rainfall and mon-
soon under varying AMO and PDO phases

To reveal the synergistic impacts of the PDO and
AMO on summer rainfall (hereafter we discuss only the
rainfall anomalies in summertime) over Northeast Asia,
composite rainfall anomalies are constructed for the
aforementioned four combinations of the PDO and AMO
phases (Fig. 3). In the case of TAMO, excessive rainfall
occurs over the upper reaches of the Huaihe River, the
middle reaches of the Yellow River, Northeast China,
and the Korean Peninsula, while the rainfall over the Bo-
hai-to—Yellow Sea bay rim regions (lower reaches of the

(a) +PDO and +AMO
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Huaihe River and Yellow River, southern part of North-
east China and the Korean Peninsula) is deficient during
+PDO (Fig. 3a) but excessive during —PDO (Fig. 3b).
During +PDO, deficient rainfall occurs over most parts
of the Bohai—to—Yellow Sea bay rim regions, whereas
the rainfall over the upper reaches of the Huaihe River,
the middle reaches of the Yellow River, Northeast China
and the northern Korean Peninsula is excessive during
+AMO (Fig. 3a) but deficient during —AMO (Fig. 3c).
Among the four categories, deficient rainfall covers
nearly all parts of Northeast Asia during —AMO and
+PDO, while the rainfall becomes excessive during
+AMO and —PDO.

Under —AMO/-PDO, the anomalous rainfall pattern is
more reminiscent of the drought in the first half of the
mid-1960s—1990s, with less rainfall in the Huaihe River
valley, the middle reaches of the Yellow River, and the
Korean Peninsula (Fig. 3d). With —~AMO and +PDO, the
pattern is more reminiscent of the drought in the second
half of the 1960s—1990s, and less rainfall occurs in
nearly all parts of Northeast Asia (Fig. 3¢). As seen in
Fig. 4, the region with the highest summer rainfall in
Northeast Asia associated with the AMO is situated in
the upper reaches of the Huaihe River, the middle
reaches of the Yellow River, Northeast China, and the
Korean Peninsula. The region with the lowest rainfall as-
sociated with the PDO encompasses the Bohai—to—Yel-

(b) -PDO and +AMO
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Fig. 3. Composite summer rainfall anomalies (mm) (relative to the 1901-2016 mean) from the CRU dataset for the four regimes: (a) positive
phase PDO and positive phase AMO, (b) negative phase PDO and positive phase AMO, (c) positive phase PDO and negative phase AMO, and
(d) negative phase PDO and negative phase AMO. Values exceeding the 95% confidence level are stippled.
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(a) AMO related precipitation
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(b) PDO related precipitation
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Fig. 4. Regression of the summer rainfall (mm) from the CRU dataset on the (a) AMO and (b) PDO indices. Values exceeding the 95% confid-

ence level are stippled.

low Sea bay rim regions. These results suggest that the
AMO and PDO are two key factors affecting the inter-
decadal variation of summer rainfall over Northeast Asia,
and their impacts are generally complementary.

To address the atmospheric processes through which
the AMO and PDO jointly affect the interdecadal change
of summer precipitation over Northeast Asia, we first ex-
amine their individual impacts. The geopotential height
pattern associated with the AMO indicates a distinct cir-
cumglobal wave train in the Northern Hemisphere (Si
and Ding, 2016), with seven centers of action extending
from the North Atlantic through continental Eurasia to
the North Pacific (hereafter the ANH pattern). In the
North Atlantic sector, a southwest—northeast-tilted “high—
low—high” type pattern is closely linked to the decadal
climate change in Europe, such as the anomalously dry
summers in northern Europe and wet summers in south-
ern Europe during the 1960s—1980s (Sutton and Hodson,
2005) and the opposite trend in the 1990s (Sutton and
Dong, 2012). An enhanced (weakened) warming associ-
ated with a positive (negative) phase of the AMO in-

(a) Regression of Z500 on the AMO
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duces an eastward propagation of midlatitude Rossby
waves across continental Eurasia (Sun et al., 2015; Zhao
et al., 2020). Corresponding to +AMO, a zonal tripole
pattern is located in the Northeast Asia—North Pacific
sector, with two centers of high pressure over central
Siberia and the midlatitude western North Pacific, and a
low over Northeast Asia (Fig. 5a). The anomalous geo-
potential height pattern indicates that the AMO could in-
duce this tripole pattern through the ANH teleconnection.
For instance, a warm North Atlantic (+AMO) may con-
tribute to the occurrence of two centers of high pressure
over central Siberia and the midlatitude western North
Pacific Ocean, and a cold vortex over Northeast Asia in
summer. Idealized numerical experiments suggest that
+AMO can enhance the high pressure over Siberia
through a quasi-stationary Rossby wave train (Sun et al.,
2015). The high pressure over Siberia is favorable for
southward intrusion of cold air from the Arctic and high
latitudes to Northeast Asia. In the lower troposphere, the
zonal tripolar pattern corresponds to an anomalous cyc-
lone in Northeast Asia and an anomalous anticyclone in

(b) Regression of Z500 on the PDO
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Fig. 5. Regression of the 500-hPa geopotential height (Z500; gpm) in summer on the (a) AMO and (b) PDO indices. The solid and dashed out-

lines denote anomalous high and low geopotential heights, respectively.
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Siberia (Fig. 6a). The strong Siberian anticyclone con-
veys the cold air from the high latitudes southward to
Northeast Asia. Meanwhile, a strong East Asian summer
monsoon corresponds to strong southwesterly wind dom-
inating over central and southern East Asia, which trans-
ports humid and warm air northward to Northeast Asia.
The northward warm air mass converges with the south-
ward cold air mass over Northeast Asia, which leads to
above-normal summer rainfall over the region (Fig. 4a).
Regression of the geopotential height pattern on the
PDO index indicates that a meridional tripole-type wave
train extends from the western tropical Pacific through
Northeast Asia to the mid-North Pacific (Fig. 5b), which
resembles the East Asia—Pacific/Pacific—Japan (EAP/PJ)
teleconnection (Nitta, 1987; Huang and Li, 1988). The
EAP/PJ teleconnection is believed to be related to the
northeastward propagation of Rossby waves, which is
linked to, and likely originates from, the tropical Northw-
est Pacific Ocean (Nitta, 1987). The Rossby waves are
excited by the anomalous convective heating in the trop-
ical Northwest Pacific, which is strongly modulated by
the SST anomalies in the tropical Northwest Pacific asso-
ciated with the PDO. A +PDO corresponds to cold SSTs
over the tropical western Pacific and warm SSTs over the
tropical central and eastern Pacific (Mantua et al., 1997).
The weakened convection over the tropical Northwest
Pacific, attributable to cold SSTs, generates a “high—low—
high” EAP/PJ pattern. In the lower troposphere, an an-
omalous anticyclone locates over the tropical Northwest
Pacific and Northeast Asia, while an anomalous cyclone
locates over the southeast coast of China (Fig. 6b). This
anomalous circulation pattern weakens the East Asian
summer monsoon and the water vapor transport from the
tropics to the mid and high latitudes, and in turn de-
creases summer rainfall over Northeast Asia (Fig. 4b).

(a) Vapor related with AMO
60N
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The composite large-scale anomalous atmospheric cir-
culation patterns under the four categories of the PDO
and AMO phases are shown in Fig. 7. In the case of
+AMO, the ANH pattern contributes to a “high—low—
high” like zonal anomalous pattern over the Northeast
Asia—North Pacific sector, while the geopotential height
anomalies over the southeast coast of China are negative
during +PDO (Fig. 7a) but positive during —PDO (Fig.
7b). In the case of +AMO, a zonal anticyclone—cyclone—
anticyclone wave train extends in the lower troposphere
from Siberia to the midlatitude western North Pacific.
The anomalous circulation over the southeast coast of
China is cyclonic and the East Asian summer monsoon is
weak during +PDO (Fig. 8a), whereas the opposite holds
during —PDO (Fig. 8b). The —PDO enhances the East
Asian summer monsoon and the cyclonic anomalies over
Northeast Asia via the EAP/PJ teleconnection pattern
(Fig. 8b), leading to more rainfall in Northeast Asia (Fig.
3b). In contrast, the +PDO weakens the East Asian sum-
mer monsoon and the cyclonic anomalies over Northeast
Asia via the EAP/PJ pattern, and the water vapor conver-
gence is stronger over the upper reaches of the Huaihe
River, the middle reaches of the Yellow River, Northeast
China, and the northern Korean Peninsula, but weaker
over the Bohai—to—Yellow Sea bay rim regions (Fig. 8a),
which results in an anomalous rainfall pattern consistent
with that shown in Fig. 3a.

Under —~AMO, the ANH shifts to an opposite sign to
that under +AMO, with the geopotential height anom-
alies over the southeast coast of China turning negative
during +PDO (Fig. 7¢) but positive during —PDO (Fig.
7d). In the lower troposphere, under —AMO, anticyclonic
anomalies emerge over Northeast Asia, the circulation
over the southeast coast of China is cyclonic, and the
East Asian summer monsoon is weak during +PDO (Fig.

(b) Vapor related with PDO
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(a) +PDO and +AMO
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Fig. 7. As in Fig. 3, but for the anomalous 500-hPa geopotential
height (gpm) pattern. The symbols + and — denote anomalous high and
low geopotential heights, respectively.

8c). Conversely, the circulation over the southeast coast
of China is anticyclonic and the East Asian summer mon-
soon is strong during —PDO (Fig. 8d).

The —PDO enhances the East Asian summer monsoon
and weakens the anticyclonic anomalies over Northeast
Asia via the EAP/PJ teleconnection pattern (Fig. 8d),
thus leading to moderately excessive rainfall over North-
cast Asia (Fig. 3d). In contrast, +PDO weakens the East
Asian summer monsoon and enhances the anticyclonic
anomalies over Northeast Asia via the EAP/PJ pattern.
The water vapor divergence is enhanced over Northeast
Asia (Fig. 8c), which results in remarkably deficient rain-
fall over Northeast Asia (Fig. 3c).

The above results indicate that the interdecadal change
of Northeast Asian summer rainfall is strongly modu-
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lated by the AMO and PDO. With +AMO and —PDO, an
anomalous cyclone dominates Northeast Asia and the
East Asian summer monsoon is strong, and rainfall over
the whole region is excessive, which is more reminiscent
of the mid-1940s to early 1960s pluvial period. With
—AMO and +PDO, the rainfall and atmospheric circula-
tion anomalies become roughly opposite in sign, and the
rainfall over the whole region is deficient, which is more
reminiscent of the drought in the second half of the
1960s—1990s. With —AMO and —PDO, the East Asian
summer monsoon is slightly stronger than normal, and a
small anomalous cyclone situates over the Bohai—to—Yel-
low Sea bay rim regions. These anomalies lead to more
rainfall over the coastal rim areas but less over the rest of
the region, which is more reminiscent of the drought in
the first half of the mid-1960s-1990s. With +AMO and
+PDO, the East Asian summer monsoon is weak, and a
large anomalous cyclone with a weak center situates in
Northeast Asia, resulting in less rainfall over the coastal
rim regions but more over the remaining regions.

5. Modeling results

We also examine the synergistic impacts of the PDO
and AMO on Northeast Asian summer rainfall in the
CESM-LE large ensemble historical simulations. Among
the 40 members of the CESM-LE, member-7 has the best
skill in simulating the observed PDO and AMO indices.
The correlation coefficients of the PDO and AMO in-
dices between the observation and member-7 are 0.41
and 0.65, respectively. Using the AMO and PDO indices
simulated by member-7, we first identify the positive and
negative phases of the AMO and PDO in the CESM-LE
simulations (Fig. 9). Similar to the observational data,
they are grouped into four general categories: (1) +PDO
and +AMO, (2) -PDO and +AMO, (3) +PDO and
—AMO, and (4) —PDO and —AMO. The composites of
the SST and rainfall anomalies are then constructed.

Under +AMO and +PDO, warm SSTs appear in the
North Atlantic and the tropical eastern and central Pa-
cific but cold SSTs in the midlatitude North Pacific (Fig.
10a), while the opposite pattern holds under —AMO and
—PDO (Fig. 10d). With —AMO and +PDO, cold SSTs oc-
cur in the North Atlantic and midlatitude North Pacific
but warm SSTs in the tropical eastern and central Pacific
(Fig. 10c), and the opposite trends are true during +fAMO
and —PDO (Fig. 10b). Member-7 of CESM-LE repro-
duces well the positive correlation between the AMO and
Northeast Asian summer rainfall (Fig. 11). Compared
with the observations, the high-correlation regions in
East China shift slightly southward to the south of the
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(a) +PDO and +AMO
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(b) ~PDO and +AMO
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Fig. 8. As in Fig. 3, but for the 850-hPa moisture flux (vectors; kg s™' m™') anomalies and the divergence field (shading; 107 kg s™' m™).
The letters C and A denote an anomalous cyclone and anticyclone, respectively.
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Fig. 9. Asin Fig. 1, but for the simulations by member-7 of the Com-
munity Earth System Model large ensemble (CESM-LE).

Yellow River. The model also captures the negative cor-
relation between the PDO and summer rainfall over

Northeast Asia, and the high-correlation regions shift
more northward compared to the observation and are
situated in Northeast China. Thus, the high summer rain-
fall regions over Northeast Asia related with the AMO
are mainly located in the southern part of Northeast Asia,
while those related to the PDO are mainly in the north-
ern part in the CESM-LE simulations.

Member-7 of the CESM-LE simulates well the excess-
ive summer rainfall over the whole region under the
—PDO and +AMO category (Fig. 12), with the maximum
anomalies emerging in Northeast China and the Huaihe
River valley. Meanwhile, the rainfall over the Yellow
River valley and Korean Peninsula is slightly deficient.
The model generally reproduces the deficit over the
whole region under the +PDO and —AMO category, but
the rainfall over the Korean Peninsula and parts of the
Yellow River valley is moderately excessive. Addition-
ally, under the +PDO and +AMO category, the anomal-
ous rainfall over Northeast Asia in the simulations fol-
lows a “north less and south more” pattern, and the op-
posite holds under —PDO and —AMO. While the model
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phase AMO, (c) positive phase PDO and negative phase AMO, and (d)
negative phase PDO and negative phase AMO. Values exceeding the
95% confidence level are stippled.

fails to reproduce the regional rainfall anomalies in the
Huaihe River valley and southern Korea under the +PDO
and +AMO and the —PDO and —AMO categories. As
seen in Figs. 12a, d, the simulated rainfall anomalies in
these regions are opposite to those in the observation
(Figs. 3a, d).

The above analysis reveals that CESM-LE generally
reproduces the synergistic impacts of AMO and PDO on
the summer rainfall in Northeast Asia. These observa-
tional and modeling results confirm that the AMO and
PDO are the two key factors affecting the interdecadal
change of Northeast Asian summer climate.

6. Summary and discussion

This study has comprehensively investigated the syn-
ergistic impacts of the AMO and PDO on the inter-
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Fig. 11. Regression of the summer rainfall (mm) on the (a) AMO and
(b) PDO indices simulated by member-7 of the CESM-LE.

decadal change of summer rainfall over Northeast Asia
based on both observations and simulations. The conclu-
sions can be summarized as follows.

(1) The AMO and PDO are the two major factors
jointly affecting the interdecadal change of summer rain-
fall over Northeast Asia. The PDO-related summer rain-
fall anomaly mainly occurs in the Bohai-to—Yellow Sea
bay rim regions, while the AMO-related one locates over
the rest of Northeast Asia.

(2) The AMO induces a zonal tripole pattern from
Lake Baikal to the western North Pacific via a circum-
global teleconnection wave train. Under +AMO (—AMO),
high pressure (low pressure) exists over Siberia and the
western North Pacific, and low pressure (high pressure)
exists over Northeast Asia, which leads to a strong
(weak) East Asian summer monsoon and more (less)
summer rainfall in Northeast Asia. The PDO modulates
the summer monsoon over East Asia and rainfall over
Northeast Asia via the EAP/PJ meridional teleconnec-
tion pattern. A +PDO (—PDO) results in less (more) sum-
mer rainfall over Northeast Asia and a weak (strong) East
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Fig. 12. As in Fig. 3, but for the simulations by member-7 of the CESM-LE.

Asian summer monsoon.

(3) The proposed mechanisms for the synergistic im-
pacts of the AMO and PDO on the interdecadal change
of summer rainfall over Northeast Asia are presented in
Fig. 13. Under +AMO and —PDO, an anomalous cyc-
lone dominates Northeast Asia, and the East Asian sum-
mer monsoon is strong, resulting in excessive rainfall
over the whole region. This situation is more reminis-
cent of the mid-1940s—early 1960s pluvial period. When
the phases of the AMO and PDO are reversed, i.e.,
—AMO and +PDO, Northeast Asia receives deficient
rainfall, and East Asia experiences a weak summer mon-
soon, which is more reminiscent of the drought in the
second half of the 1960s—1990s.

Under —AMO and —PDO, the East Asian summer
monsoon is slightly stronger than normal and a small an-
omalous cyclone situates over the Bohai—to—Yellow Sea
bay rim regions. These result in excessive rainfall over
the coastal rim areas and deficient rainfall over the rest of
the region, which is more reminiscent of the drought in
the first half of the mid-1960s—1990s. When the phases
of the AMO and PDO are reversed, i.e., TAMO and
+PDO, the East Asian summer monsoon is slightly weak,
and a large anomalous cyclone with a weak center situ-

ates over Northeast Asia. This results in the coastal rim
areas experiencing deficient rainfall, whereas the rest of
the region receives excessive rainfall.

This study reveals that both the AMO and PDO
strongly affect the interdecadal climate of Northeast
Asia, with the AMO acting through a zonal midlatitude
way and the PDO through a meridional tropical-midlatit-
ude way. The change of the East Asian summer mon-
soon and Northeast Asia rainfall differs considerably un-
der different combinations of the AMO and PDO phases.
The most direct and impactful atmospheric circulation on
Northeast Asian summer rainfall is the local or regional
cyclonic or anticyclonic circulation system, which is
modulated by both the AMO and PDO. Compared with
the PDO, the AMO plays a more significant role in alter-
ing the regional atmospheric circulation in Northeast
Asia. However, the PDO exerts a more important role in
modulating the large-scale atmospheric circulation and
summer rainfall over the low and midlatitudes of East
Asia and the western North Pacific through the EAP/PJ
pattern.

The drought in the mid-1960s—1990s began under a
—AMO and —PDO situation in the mid-1960s, then in-
creased in severity under a —AMO and +PDO situation in



854
(a) +PDO and +AMO
60N JorTTN bl R RS -"--\ Strong cold air
.0...--:' .'~-I:I--” "-I.‘--’. ':._I;I__,'!_ ‘ Cesst
oBonl
..
30N o PSS, omrae, n:. -:.
‘Weak monsoon '41:-" o=
0 4 Wassr -- '~...&‘ P n, W ssr
T T L B T T LI
40W 0 40E 80E 1 20E 160E
(b) —PDO and +AMO
T wma = Very strong cold air
60N emnly - 2T e 2T e .-.._\
:...--,v .'..I;I_." .’.._..o' ':..I;I-‘ ‘ y W sst
-~
Claainl 29 tf?/n\%n.gc .
30N 44, H ¥ 4’. H Y
amm® 0
Very strong monsoon i.H.: Semant
*)=
0 4 Wssr N B '~.¥.§'. - Csst
T T T T T
40W 0 40E 80E 120E 160E
(c) +PDO and ~AMO
60N - Lamnh ."""0. ..-"--‘ JUCTTON Veryweakcolda:r
SO sGE el L Csr
amme D e 18
RRTTINN ,V{?;Dilv,‘“.
S NG e ULk
Very weak monsoon 4..‘,-' Summe
- et Y,
0 1 Cosr "o .’~...-"'- - W sst
T T T L B T T — 1 T T T
40W 0 40E 80E 120E 160E
(d) -PDO and ~AMO
60N 4 emmwy Ol L AR ol 2 auma, Weak cold air
': :- .'~..--’. ".___.o' ':. L ‘: v W ssr
. - .‘\ﬁedl\ 1—1’0
_ ," hRZS ¥ --L- ----.
30N 45, LS ‘4;1‘ ,'.“L“:
Strong monseon ,---'
0 - Csst - 'o.____;' - = Cssr
T T T T T T T — 1 T T T
40W 0 40E 80E 120E 160E
Fig. 13. Schematic diagram of the synergistic impacts of the PDO

and AMO on the summer rainfall over Northeast Asia. The red W and
blue C indicate warm and cold SSTs, respectively. The letters H and L
indicate high and low geopotential heights, respectively. The green
curves with arrows denote the cold flow. The purple curves with ar-
rows indicate the monsoon flow.

the 1980s, and finally ended under a +AMO and —PDO
situation in the late 1990s. Previous studies have shown
that the East Asian rain belt has shifted northward from
south of the Yangtze River valley to north of the Yangtze
River valley (Si et al., 2009; Huang et al., 2011; Si and
Ding, 2013; Ding et al., 2020), which has mitigated
drought conditions in the middle and lower reaches of the
Yellow and Huaihe Rivers. The synergistic impacts of
the AMO and PDO not only exert a significant influence
on the Northeast Asian summer climate, but also add
complexity in understanding and predicting low-fre-
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quency climate variability in Northeast Asia due to the
decadal to multidecadal modulation produced by the
AMO and PDO.
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